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M easurements of resistivity and impurity concentration in heavily doped
silicon are reported. These and previously published data are incorporated
in a graph showing the resistivity (at T = 300°K) of n- and p-lype stlicon
as a function of donor or acceptor concentration.

The relationship between surface concentration and average conductivity
of diffused layers in silicon has been calculated for Gaussian and comple-
mentary error function distributions. The resulls are shown graphically.
Similar caleulations for subsurface layers, such as a transistor base region,
are also given.

I, INTRODUCTION

A diffused layer in silicon is generally characterized by four parame-
ters: the concentration, (', , of diffused donors or acceptors at the surface,
the concentration, 'y , of acceptors or donors originally in the material
(background concentration), the depth, x;, of the resultant junction,
and the sheet resistivity, p, , of the layer. A knowledge of the relationship
between these parameters is essential to the establishment of device
processing recipes, the evaluation of diffusion techniques, and investiga-
tions of the thermodynamic properties of silicon.

The desired relationship may be readily calculated, given a knowledge
of the distribution of the diffused impurities, the variation of the re-
sistivity of n- and p-type silicon with donor or acceptor density, and a
fast electronic computer. The results of such a computation were first
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made generally available three years ago, in the form of curves relating
C, to 1/p,x; for a given (g, for n- and for p-type layers in silicon, and
for several common distributions." Recent calculations, however, based
on new and more extensive silicon resistivity data, have indicated con-
siderable error in the earlier results. Thus a comprehensive recomputa-
tion has been undertaken, the outcome of which is presented herewith.

A necessary adjunct to the calculation is an accurate knowledge of the
resistivity of n- and p-type silicon with varying dopant concentration.
To this end, most of theextant data have been reviewed and supplemented
here and there with some new determinations. The results of this search
are also presented here.

II. THE RESISTIVITY OF SILICON AS A FUNCTION OF IMPURITY CONCEN-
TRATION

The variation of the resistivity of silicon at 300°K as a function of the
concentration of acceptors or donors is shown in Fig. 1. This graph
represents the author’s judgment of a most reasonable compromise to
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Fig. 1 — Resistivity of silicon at 300°K as a funetion of acceptor or donor con-
centration,
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TaBLE [ — REsisTiviTiEs AND IMPURITY CONCENTRATIONS
N Siicon (T = 300°K)

]({:tﬁ‘-"lc‘;ét)y Impurity Ci unceggrl?:l-tlﬁ;y (cm™7) Con:ent(g:g;;r (cm™?)
0.00076 B 1.66 X 102

0.00089 B 1.41 X 10%°

0.0010 B 1.49 X 102
0.0010 B 1.12 X 1020

0.0012 B 1.04 X 10%

0.0011 B 1.12 X 1020

0.0014 B 9.23 X 10%

0.0013 B 8.84 X 10w

0.0067 B 1.43 X 10w

0.0073 B 1.43 X 10%

0.013 B 7.41 X 108

0.014 B 7.03 X 10

0.00095 As 1.80 X 102¢

0.00094 As 1.86 X 102

0.00094 As 1.1 X 102
0.00093 As 1.87 X 10%

0.00094 As 1.97 X 1020

0. 00088 As 2.10 X 10%

0.00088 As 2.19 X 10%

(.00089 As 1.1 X 10%
0.00083 As 2.30 X 102

0.00083 As 2.20 X 102

0.00080 As 2.46 X 10%

0.00082 As 2.44 X 1020

the mass of available and not altogether compatible data on the subject.
These data include most of the previously published work (Refs. 3-12),
recent, unpublished results kindly provided by other investigators,®"
as well as some measurements obtained expressly for the present study.

The last data are shown in Table I. The erystals involved were pulled
from quartz crucibles, and hence can not be expected to be particularly
low in oxygen content. After dissolution of the horon-doped crystals
and separation of the dopant,'* boron concentrations were determined by
a photometric carmine technique essentially similar to published meth-
ods."” Arsenic concentrations were measured by gamma-ray spectrometry
after pile neutron activation. Resistivity measurements were done with
a four-point probe. In the case of a few samples, resistivity and carrier
concentration were measured in Hall-effect apparatus (where it was
assumed pg/p = 1).

Drawing curves through these many points was accomplished by a
succession of smoothing procedures, which were primarily visual. 75 per
cent of the data points deviate less than 10 per cent from the curves thus
obtained, both for the p-type and the n-type cases. The uncertainty is
greatest in the degenerate region. I'or p-type silicon, suitable data be-
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come searce at dopings greater than 10” em™, and none are available
beyond 3 X 10” em™. For n-type material, there is an abundance of
rather conflicting data representing donor concentrations between 10"
em™ and 6 X 10" em ™. In this region a 10 per cent variation in the
chosen line still includes 67 per cent of the data, however.

A single pair of curves obviously can not characterize with the same
degree of accuracy all silicon material, regardless of dopant employed
or degree of compensation. However, over the range 10%em™ £ Ny =
10" em *, and subject to the limitations discussed below, Fig. 1 is con-
sidered to be within 10 per cent of reality. This graph refers specifically
to uncompensated silicon containing a donor or aceceptor impurity con-
centration, Nr, consisting of arsenic, phosphorus, or antimony for
n-type, and aluminum, boron, or gallium for p-type material. (Actually,
even among samples doped with the aforementioned impurities, small
but consistent differences in carrier concentration and mobility, depend-
ing on the specific choice of donor or of acceptor have been reported
recently for silicon in the 0.001 ohm-cm reglon *%) Tn case of moderate
compensation, the net impurity density, | N4 — Nop |, should be used
for N; . However, heavy compensation requires allowance for the added
impurity scattering.

Tor impurity densities near or greater than 10" em ¥, Fig. 1 can not
be considered very reliable. At such concentrations, impurity band
conduction is prominent and its effects are apt to differ appreciably
depending on choice of impurity. Even more serious are the degrees of
impurity precipitation and lattice imperfection which occur in highly
doped material and which furthermore vary with growth conditions
and history of the crystal. Tt will be noted with some con‘sternamon that
the p-type and n-type curves are shown to cross near Ny = 3 X 10 em ™,
The paucity of data, of course, casts considerable doubt on this result.
However, for what they are worth, such are the indications. Perhaps this
can be understood in light of the acceptor action of imperfections,
especially vacancies, which are abundant in very highly doped material.
" The caleulations discussed in the remainder of this paper require a
mathematical representation of Fig. 1. Straight-line approximations of
the form (1/p) = BN:" have been obtained, which depart 10 per cent
from the desired curve at the turning points and rapidly approach
coincidence elsewhere. The parameters B and « are listed in Table 1T
for the respective straight-line regions.

III. DIFFUSION PROFILES AND CALCULATIONS

The diffusion profiles of current practical interest are the comple-
mentary error function, €. = C, erfc (z/2+/Dt), and the Gaussian,
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TapLe IT — Vavues oF B AxD « v THE EquaTtion (1/p) = BN,

REPRESENTING STRAIGHT-LINE APPROXIMATIONS TO THE p V8

N; CurvES OF n-TYPE AND p-TYPE SivicoN (T = 300°K)

Region (cm™3) { B a

n-type
2.36 X 10°* = Np 1.04 X 1078 0.456
6.00 X 10 < Np = 2.35 X 10% 1.43 X 10712 0.744
9.50 X 101 < Np < 6.00 X 109 2.00 X 10718 0.940
1.00 X 107 = Np = 9.50 X 1018 6.93 X 107 0.543
3.50 X 101 = Np = 1.00 X 107 6.97 X 10~ 0.837
Np = 3.50 X 108 2.00 X 10716 1.000

p-type
1.50 X 10 = N4 4.00 X 1077 0.966
2.40 X 10% = N, = 1.50 X 10 1.47 X 10~ 0.832
1.50 X 104 = N4 = 2.40 X 10 3.30 X 1071 0.650
N, = 1.50 X 10'® 7.20 X 1077 1.000

(. = C,exp (—2°/4Dt). In these expressions, x, D, and ¢ are the depth,
diffusion coefficient (assumed independent of impurity density), and
time, respectively. C; is the concentration of the diffused impurity at
depth x and C, , that at the surface. The former distribution is expected
when diffusion takes place with the surface concentration €, held con-
stant; the latter when the total impurity diffusing is constant. Unfor-
tunately it must be admitted that the accuracy of these expectations is
open to question in some situations.*'" Also, precipitation and compen-
sation of impurities near the surface may further distort the distribution.
However, it is still useful to solve the problem under these assumptions,
leaving corrections for later determination.

The “average conductivity” of a diffused layer (which throughout
this paper is assumed to be diffused into a silicon slice of opposite con-
ductivity type and uniform doping C'5) is given by the expression

= 1/px; = (1/x;) j; J quC dx

where ¢ is electronic charge, g the carrier mobility typical of a total
ionized impurity density of ('; + Cp, €' = #(C; — () is the density of
carriers, 7 being the fraction of uncompensated diffused impurity atoms
which are ionized, and C. the total density of diffused impurity atoms at
depth 2. (Possible variation of the mobility as a function of the proxim-
ity of the surface is a hazard which should be recognized in passing but
is otherwise ignored in the present calculation.) Multiplying and dividing
within the integrand by " (€, + Cz), where v’ is the ionized fraction
associated with an uncompensated dopant density of (C; + ), and
writing
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qur'(Cz + Cp) = o(ezrom = B(C: + Cp)*®

the average conductivity becomes
.'Ej '
¢ = (1/x;) j; (r/r')(C; — Co)B(C; + Cy)* ' du.

Now (r/r") represents the ratio of degrees of ionization corresponding
to ¢ — Cy and C, + Cjp respectively. This ratio is very nearly unity
unless C; and Cp are comparable in magnitude. Such is the case only for
the lamina nearest the junction, which contributes negligibly to the
conductance of the whole layer. Hence, (»/r') may be justifiably taken
as equal to unity, and writing C; = Cgf(a), where f(x) depends on the
profile of interest,

5 = (1/;) f " [Cuf(2) — CalBICsf(z) + Cal*™ da.

A program for the evaluation of this expression has been devised
previously by others and employed in the analysis of diffused layers in
gernmnium.17 With slight additions to facilitate automatic plotting, the
same program has been used in the present work. Computations were
performed on an IBM 704, and plotting of points was carried out with
an Electronic Associates Variplotter,

IV. PRESENTATION OF RESULTS

Of frequent interest in transistor design and in the analysis of diffused
layers, are the characteristics of a “subsurface” layer such as illustrated
in Fig. 2. This layer, bounded on one side by the junction and on the
other by a plane paralleling the junction at depth =, may be characterized
by an average conductivity

5= Ules' oy — o)) = ot [ quc s

(@

where p,’ is the sheet resistance of the subsurface layer. It will be recog-
nized that the base region of a diffused-base, alloyed-emitter transistor
is an example of a subsurface layer. Another example is that portion of
a diffused layer remaining after removing the top strata of depth z.
Here, however, it must be remembered that the value of C, specifying
this layer pertains to the original surface at x = 0.

Since a subsurface layer becomes the entire diffused layer when x = 0,
it is convenient to display the properties of both in the same plot by
introducing the parameter (x/x;). On pages 394 to 410 such graphs are
presented for n- and p-type diffused layers of Gaussian and comple-
mentary error function profile. Each graph contains the family of ten
curves (z/x;) = 0, 0.1,-+-,0.9, and relates the average conductivity of
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Fig. 2 — Profile of a diffused layer with subsurface Iayer shaded.

each layer to the surface concentration (at the original surface) for a
given value of C'z. A separate graph is required for each value of (',
which in the present work ranges from 10" em™ to 10* em™ at one-
decade intervals. In each plot the range of surface concentrations
spanned is from 'y to 10* em . The so-called “Backenstoss” curve for
a particular (s is simply the right-most line (x/z; = 0) in each graph.

The wiggle in the n-type average conduetivity for diffusant concentra-
tions near 10" em™ is aseribable to the rather large change in slope oc-

curring in the n-type resistivity plot at Ny = 10" em ™.
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A Miniature Tuned Reed Selector of High
Sensitivity and Stability

By L. G. BOSTWICK
(Manuseript received August 23, 1961)

This paper describes a selective contacting device that is responsive only
to sustained frequencies in a discrete narrow band and is insensitive to
speech and noise interference. It is of small size suilable for use in a pocket-
carried radio receiver and is sufficiently stable to permit 33 discrete res-
onant frequencies, spaced 15 cycles apart, in less than an octave between
517.5 and 997.5 cycles per second. It has a threshold sensitivity of about 35
microwatls and other operating characteristics that are essential in large
capacity systems.

I. INTRODUCTION

Tuned reed selectors used as selective receivers in multifrequency
systems involving large numbers of individual selections, such as per-
sonal radio signaling,' must operate within close and specifiable limits
in order to avoid false signaling and to assure satisfactory performance
under devious environmental and circuit conditions. In particular, three
operating characteristics, or their equivalents, must be controlled,
namely: the resonant frequency, the sensitivity (current or power needed
at the most sensitive frequency), and the bandwidth (the frequency
band in which contacting occurs with an input power twice that needed
at the most sensitive frequency).

The permissible variation in these characteristies is much smaller than
would seem necessary from first considerations. Resonant frequency
changes that seem negligible compared to the frequency spacing between
adjacent selectors often become important when other system require-
ments are considered simultaneously. For example, the frequency range
over which contacting will oceur depends upon the electrical input level
and the selector bandwidth. Consequently, feasible limits for both of
these latter quantities must be considered, and in determining allowable
frequeney deviations from nominal, the lowest probable input level and
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the narrowest bandwidth must be taken into account. On the other
hand, excessively high input levels cannot be allowed even in those
unusual instances where conserving power is unimportant, because this
necessitates wider channel separations in order to avoid transient opera-
tion of adjacent selectors, particularly those having high sensitivities.
Furthermore, high input levels result in longer decay times, which often
cannot be tolerated. When these and other related factors are considered
and the widest manufacturing tolerances are sought, it is found that the
above three selector characteristics are closely interrelated, and one
cannot be relaxed without making one or both of the others more
stringent.

The tuned reed selectors described in this paper have factory adjust-
ment provisions and sufficient structural stability to control in a practical
manner the resonant frequencies, the sensitivities and the bandwidths
within adequate and compatible limits. As a result, it is feasible to use
33 discrete resonant frequencies, 15 cycles apart, in less than an octave
between 517.5 and 997.5 cycles. An available electrical power of 35
microwatts at each individual resonant frequeney will just operate the
contact, and a power of 100 microwatts will close the contact to a low
resistance over 20 per cent or more of the reed period. These and other
capabilities to be described distinguish these selectors from many others
that are not adequate for reliable operation in large systems.

II. GENERAL DESCRIPTION

Fig. 1 is a photograph showing one complete reed selector with the
outside shell removed. I'ig. 2 is a partially exploded view showing
the subassemblies and indicating how the parts are fitted together.
The shell is formed from permalloy sheet; it serves as an effective shield
from extraneous fields and as a high-permeability flux path for the
internal magnetic circuit. All parts are electrically insulated from the
shell. The complete selector weighs about 8 grams.

As shown in these photographs, a tuning fork formed from two reeds
brazed to a base block serves as the resonant element. This balanced
type of structure does not require a massive support as would a single
cantilever reed in order to isolate it from extraneous influences, an im-
portant matter for a miniature device. This fork is freely supported
within the shell by a compliant frame that further isolates any small
residual vibration of the fork base from the rest of the selector, and yet
is sufficiently stable to permit the vibrating contact on the end of the
tuning-fork tine to be precisely positioned with respect to the stationary
contact. This latter contact is earried by a loop of wire spot-welded to a
rotatable stud that fits into a tapered hole in an insulating bushing in
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[T

g
ONE - IN- Gl

Al

Fig. 1 — Tuned reed selector with shell removed.

the frame between the tines. A magnetic polepiece is positioned between
the open ends of the tines, forming two equal gaps. Polarizing magnetic
flux is set up in these gaps by a small permanent magnet attached to
the opposite end of the polepiece. The energizing coil surrounds the
center portion of the polepiece.

The tuning fork is made of a nickel-iron-molybdenum alloy® (vibralloy)
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Fig. 2 — Exploded view showing individual parts.

having controlled elastic and magnetic properties. Annealed permalloy
with low coercive force and high permeability is used for the polepiece
and shell to reduce magnetic flux changes. The materials and shapes of
other parts are chosen to minimize dimensional changes with time and
environmental conditions.

III. FREQUENCY SELECTION AND FINE TUNING

The range of resonant frequencies is obtained with tuning forks that
have the same over-all length but varying free tine lengths. The small
dimensions of these forks require the brazing fillets and the free reed
lengths and thicknesses to be precisely controlled. By special attention
to rolling of the reed stock, precise jigging of the reeds and base block,
and brazing with minimum fillet dimensions, it is feasible to produce
forks in which the individual tine frequencies are sufficiently close to
chosen nominal frequencies spaced 15 cycles apart so that they may
then be accurately tuned to these desired frequencies.

Precise or fine tuning is accomplished with spring sliders that may be
moved along the tines. This requires a slider that will stay in place
under shock and vibration, will provide an adequate tuning range, and
will allow the necessary fineness of frequency adjustment. This is
achieved by means of small spring clips that snap on and ride along the
edges of the tines. These sliders are shaped so that pressure at the center
releases the force with which the slider seizes the reed and permits it
to be moved. Each slider has a mass of about 1 milligram and provides
a tuning range of about 10 eyecles on forks near 500 cycles and of about
25 cycles on forks near 1000 cycles. The sliders may be moved in incre-
ments less than a thousandth of an inch, permitting the resonant fre-
quencies to be readily set to a desired value within =40.05 cycle. The
seizure forces are large so that shock and vibration acceleration in ex-
cess of 1500 G are required to move the sliders.
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IV. CONTACT FACILITY AND SENSITIVITY ADJUSTMENT

The sensitivity is adjusted in manufacture by changing the contact
gap separation. A fine rhodium wire having a resonance frequency above
the frequeney range of the tuning forks is supported by a loop of larger
wire that may be rotated on a tapered stud through the frame. The
fine wire is pretensioned with a preseribed force against the loop wire to
form a lift-off type of contact that is accurately positioned and will
follow large tine excursions without objectionable interference with the
tine motion. This construction® results in a contaet that makes to a low
resistance with the vibrating contact on the reed for intervals of time
that may be 25 per cent or more of the reed period, depending on the
applied power. The operating sensitivity of the selector is precisely set by
rotating the loop on the stud axis and thereby causing the end of the
contact wire to move toward or away from the reed contact. The point
of contact is close to the axis of rotation so that a fine control of the
contact gap may be achieved.

Bandwidth Control

The bandwidth or sharpness of the resonance curve is determined pri-
marily by three dissipative factors, namely: internal frictional losses in
the reed material, viscous losses in the air surrounding the reeds, and
eddy-current losses in electrically conducting parts. The last factor has
been chosen as the adjustment or control means for bandwidth. A
copper washer is placed around the polepiece and where flux changes
due to motion of the reeds induce eddy currents in the copper. By
selecting the proper washer thickness and diameter and by setting the
magnet strength to yield the proper flux density, eddy currents are
developed when the tines vibrate that ahsorb energy and reflect into the
system as an effective mechanical resistance that broadens the resonance
curve by the desired amount.

V. VIBRATING SYSTEM PARAMETERS

Tabulated in Table I are some measured and derived data that show
the magnitudes of the more important vibrating system constants of
two selector samples with resonant frequencies nearly an octave apart.
These are typical values that will be of interest to those concerned with
the vibrational mechanics, electromechanieal coupling, and other ana-
lytical design factors.
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TasLe I
Nominal Frequency Nominal Frequency
517.5 cps 997.5 cps
Reed dimensions — length 1.4 em 1.01 em
thickness 0.015 em 0.015 em
width 0.254 cm 0.254 cm
Effective reed stiffness 1.45 X 10° dynes/em | 3.88 X 10° dynes/em
Resonant frequency as brazed 560 eps 1068 eps
Resonant frequency with contact | 530 eps 1011 eps
Resonant frequency with slider as | 517.5 eps 997.5 eps
tuned
Effective reed mass as brazed 0.0118 grams 0.0087 grams
Effective reed mass with contact | 0.0130 grams 0.0096 grams
Eﬁ'ecti;e reed mass with slider as | 0.0138 grams 0.0099 grams
tune
Electrical impedance at resonant | 478 + j231 448 -+ 7430
frequency
hlentucul blocked impedance at | 220 + 5277 235 + j485
same frequency
Electrical motional impedance at | 258 — j46 213 — 755

same frequency
Current to just close contact
Bandwidth
Effective mechanical resistance
of fork at resonance

Electromechanical coupling fac-
tor

Effective magnetic gap stiffness
(each gap — from {requency
shift measurements)

Corresponding gap flux density

Maximum tine flux density (as-
suming fringe flux equal to gap

0.275 milliamps
1.1 cycles
0.19 mechanicnl ohms

2.24 X 107 [5° dynes/
abamp

—0.02 X 10° dynes/
cm

200 gauss
4000 gauss

0.275 milliamps
1.3 cycles
0.16 mechanical ohms

1.88 X 108 [7.2°
dynes/abamp

—0.02 X 10° dynes/
em

200 gauss
4000 gauss

flux)

VI. PERFORMANCE OBJECTIVES

Consideration of the over-all system operating requirements for
personal radio signaling pertaining to such factors as the needed number
of individual selections, practical radio receiver power levels, calling
rates, and environmental conditions, led to the following objectives for
the performance of the reed selectors:

1) Nominal frequency range — 517.5 to 997.5

2) Nominal frequency separation — 15 cycles.

3) Frequency deviation limits — 0.3 cycle, including adjustment
tolerances, aging, shock, magnetic changes, and all other instabilities
except those due to temperature changes.

4) Temperature-frequency deviation limits — 0.2 eycle over tem-
perature range of 35°F to 110°F (2°C to 43°C).

5) Nominal bandwidth — 1.0 eycle.

cycles.
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6) Bandwidth deviation limits —0.8 to 1.4 ecycles resulting from
temperature changes and all other eauses.

7) Nominal current to just operate contact — 0.25 milliamps for a
nominal 500-ohm coil impedance at resonance.

8) Just-operate current deviation limits — £3.0 db resulting from
temperature changes and all other causes.

These objectives are mutually consistent in that the limits given in
each case are as large as can be tolerated without reducing the limits on
some other factor. There are other important design considerations that
must not be neglected, such as weight, size and shape, contact life,
shock tolerances, corrosion resistance, magnetic interaction and so
forth, and with respect to which the selectors must, of course, be ade-
quate. However, the above-tabulated characteristics are the most sig-
nificant from an operating standpoint and are sufficient under marginal
conditions to assure positive operation and avoid false signaling.

VII. TYPICAL MEASURED DATA

Presented below are measured data showing that the above-deseribed
reed selector meets these objectives. By means of the spring sliders, the
two tine frequencies are made alike within a small fraction of a cycle
and are given values that result in a comhined fork frequency well within
requirements. Attention is given in the assembly and adjustment pro-
cedure to magnetically and mechanically stabilize the whole structure.
The magnet is stabilized well below its maximum remanence; the whole
final assembly is subjected to a moderately high temperature to relieve
residual stresses; and the tines are vibrated at a suitable level to bring
them into a normalized magnetic state prior to final adjustment. The
resulting selectors have resonant frequencies that will remain within
=+0.3 eyele from their nominal frequencies at normal room temperatures
and under reasonable conditions of mechanical shock and electrical over-
load. Negligible changes oceur under shocks up to 1500 G (2 milli-
seconds duration) or with input levels 20 db above the just-operate
values.

Frequency stability with temperature is achieved by making the
forks of a nickel-iron-molybdenum alloy of such a composition that
magnetic permeability changes are small and the temperature coefficient
of Young’s modulus is low and of a magnitude to compensate for di-
mensional changes with temperature. Operate current stability is real-
ized by additional attention to the design geometry and materials so
that changes in temperature cause variations in contact separation that
are a small fraction of a mil-inch.
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Fig. 3 — Variation with temperature in the operating characteristics of a
typical lower-frequency tuned reed selector.

Fig. 3 and Fig. 4 are graphs of measured data showing variations with
temperature in the resonance frequency, just-operate current and hand-
width of two typical samples, one at each end of the nominal frequency
range. The range covered by these graphs is much wider than that
required for most applications. In the more common temperature range
of 35° to 110°F, the deviations are well within the limits tabulated above.

Fig. 5 and Fig. 6 are electrical impedance diagrams of the same two
selector samples with resistance and reactance as coordinates and fre-
quency as the variable parameter. This form of plot emphasizes the
interesting values near resonance and may be used for analytical pur-
poses.* From these graphs, it can be determined that the conversion of
electrical to effective mechanical power is about 46 per cent and that
the available electric power necessary to just operate the contact is
about 33 microwatts.
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Fig. 4 — Variation with temperature in the operating characteristies of a
typical upper-frequency tuned reed selector.

VIII. NOMINAL OPERATING LEVELS AND TIMIES

The eleetrical power source supplying selectors in a system must have
an available power capacity sufficient to cause dependable contacting
under the worst temperature and adjustment conditions. These worst
conditions obtain when the frequency deviation from nominal and the
just-operate current are at their maximum values. Considering the
limits permitted in these selectors and making allowance for contact
quality and life with some statistical advantage taken of the small
chance of all limiting conditions occuring simultaneously, it was deter-
mined that the minimum eleetrieal input power should he 6 db above
that needed to barely close the contact of a nominal selector. At this
level, the time required to close the contact after energizing the coil is
equal to the time needed for the reed amplitude to decay below contact-
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Fig. 5 — Vector impedance diagram of a typical lower-frequency unit.

ing amplitude after the coil current is stopped. For nominal selector
constants, this time is approximately 225 milliseconds. Input levels
higher than 6 db above just-operate will result in faster operating times
and slower deeay times, but the sum of the operate and deecay times will
increase less than 20 per cent up to input levels 12 db above the nominal
just-operate value.

IX. CONTACT CAPACITY AND LIFE

The contact has greater capability than would at first seem likely.
Such a light contact is most frequently used in circuits to change the
potential on a tube or transistor and thereby trigger some desired sig-
naling or switching function without the contact current exceeding a few
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Fig. 6 — Vector impedance diagram of a typical upper-frequency unit.

milliamperes. The contact closure is intermittent at a rate corresponding
to the frequency of the selector, and the duration of the individual
closures is a small fraction of a millisecond, depending upon the fre-
quency and input level. These short closures, however, occurring at a
rate of several hundred times per second, may control current pulses that
have an integrated or averaged power that is a substantial fraction of a
watt.

The maximum power that can be controlled depends mostly upon the
reactive elements in the contact ecircuit and the life needed from the
selector. As an example of what may be expected, I'ig. 7 shows changes
that oceurred in the resonance frequency and the sensitivity of a typical
selector when operated continuously (except for a few minutes about
every 100 hours during check test) over a period of 1500 hours. The



422 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

o 578
g LO_LQ_E‘?_
zZ0o O—r = R ——
B~
2e
g% 577
e FREQUENCY
Wy,
T
"%
576
0.4
b ]
E:J;z 03 o—"" /xr'
E> o
<z e G
52—
L9802
RS SENSITIVITY
g2
xQd
ng 0.1
SrL
(0]
0 200 400 600 800 1000 1200 1400 1600

DURATION OF TEST IN HOURS

Fig. 7 — Variation with time in the sensitivity and frequency of a selector
closing a 12-volt hattery through a 240-ohm resistor,

electrical input was 9 db above the just-operate value, and the contact
closed a 12-volt battery through a 240-ohm resistor, giving a closure
current of 50 milliamperes. Throughout the test period the resonance
frequency changed only slightly and the just-operate current increased
about 20 per cent. This later change was due to erosion of the contact
wire, which increased the contact gap. Erosion was minimized by con-
necting the fine contact wire to the negative side of the battery. At the
end of the test, the diameter of the contaet wire was approximately half
its original value.

X. APPLICATIONS

The manner in which these selectors are used in the circuits of the
BELLBOY Personal Radio Signaling system will be deseribed in a paper
to be published on the pocket radio receiver. In this system, three tuned
reed selectors are operated simultaneously in the receiver, and these
trigger a transistor oscillator that gives an audible signal. The power
controlled by the contacts in this case is small.

The substantial power capacity of the contacts ean be used to operate
relays and other devices direetly. Pulses of current from a battery at
the selector frequency can be supplied to a smoothing or integrating
sapacitor, and the relatively constant voltage across the capacitor can
be used to operate a sensitive de relay. The battery may be at the loca-
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tion of the reed selector or may he supplied by superposition over the
same circuit used to transmit the selector frequency.

The contact may also be used as a synchronous rectifying means to
generate de from the same ae source that operates the selector, as shown
in Fig. 8. When the source frequency corresponds to that of the reed
selector, the contact of the selector eloses in synehronism once each cyele
to send unidirectional pulses to the capacitor and relay in parallel. The
apacitor smoothes the pulses and gives a nearly constant eurrent in the
relay winding. FFor maximum sensitivity it is desirable that the eontact
closures occur near the peaks of the supply voltage wave, and this is
accomplished by connecting a large reactance (either inductive or
apacitative) in series with the seleetor winding. This reactance also
serves to attenuate the supply voltage applied to the selector winding
to avoid overdriving the reeds, hecause a supply voltage large enough to
operate a relay is ordinarily many times that needed to operate the reed
selector. Combination cireuits using reed selectors and mercury-wetted
contact relays provide a simple means of seleetively controlling sub-
stantial powers to perform a multiplicity of functions over a single pair
of wires.

When operated just below the contacting level, these selectors have a
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Q (resonant frequency-to-bandwidth ratio) in the range of 500 to 1000
and therefore may be used effectively in a selective bridge or filter cireuit
as described in a previous paper.® The use of such a selective circuit in
the feedback loop of a single transistor oscillator results in an attractively
simple source of frequency having a precision corresponding to that of
the selector.
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An X-Ray Diffraction Study of the

Structure of Guanidinium Aluminum

Sulfate Hexahydrate

By S. GELLER and H. KATZ?

(Manuseript received March 21, 1961)

The Busing-Levy IBM 704 least squares program has been applied to
three-dimensional X-ray diffraction data from erystals of guanidinium
-aluminum sulfate hexahydrate taken with the Bond-Benedict single-crystal
automatic diffractometer. Indications of inferactions between parameters
were evident in the early stages of refinement and were not removed in the
subsequent cycles. Strong inleractions were subsequently corroborated by
large values of many of the correlation coefficients of pairs of paramelers.
In this case these interactions prevent refinement. The correctness of the
general features of the structure as given in a previous paper on the gallium
isomorph is nevertheless corroborated by the present investigation.

To enable those who have had similar difficullies to compare resulls, a
fairly detailed account is given of the course of the attempt to refine the
structure. The effects of highly correlated parameters are emphasized.

I. INTRODUCTION

The purposes of the investigation to be deseribed were manifold. An
approximate structure of the isomorphous gallium compound has al-
ready been reported.' The gallium compound with the heaviest metal
atom among the isomorphs appeared to be best for establishing the
general features of the structure.” However, in the hope of finding a
closer relation hetween the structure and its electrical properties, it
appeared that a refinement of the structure would be very worthwhile.
In such a case, one would wish to have all of the atoms of more nearly
the same seattering power; thus the guanidinium aluminum sulfate
hexahydrate (G.A.S.H.) compound seemed most suitable for this pur-

T The contribution of H. Katz to this work was made during a period of employ-
ment at Bell Telephone Laboratories in the summer of 1959,

425
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pose. Furthermore, this crystal would have the lowest linear absorption
coefficient for all practical radiations; the importance of this feature will
be discussed later. But probably most important, it was anticipated
that the aluminum compound would be the one on which most measure-
ments of various sorts would be made. This has indeed been the case.

While our earlier paper' was in press, a note’ appeared in Kristallo-
grafita which gave an approximate structure for G.A.S.H. and its iso-
morphs which differed from that reported by us. A check w1th our data
mdl(nled that the structure reported by Varfolomeeva et al.” was incor-
rect,” but this did not mean that the structure reported by us was neces-
garily correct. We had to face the question as to whether the correct
structure might lie between the two structures or as mentioned in our
first paper, perhaps some subtle disorder existed in the structure. In any
case the appearance of the other result gave additional impetus to
completion of work that had been started several years ago.

There is a further importance of this work. The quantitative X-ray
data were taken with the Bond-Benedict single-crystal automatic dif-
fractometer.” It is the only erystal so far studied with this equipment
and perhaps is the first X-ray structure analysis to be based on three-
dimensional data collected automatically. Thus at least a small part of
this paper will be devoted to an assessment of this equipment and sug-
gestions as to future plans.

Perhaps the most frustrating experience encountered is to find inde-
terminate a problem which has taken considerable expenditure of time
and effort of various sorts. One such reported problem in the field of
X-ray erystallography is that of the determination of the structure of
tetragonal BaTiO; ; this problem was found by Evans’ to be indeter-
minate by X-ray analysis, at the very least on the basis of the data
collected. The results of the work on the three-dimensional data of
G.A.S.H. indicate that the structure as originally reported by us is
essentially correct. But we find that although a low discrepancy factor
and standard error of fit are obtained by the least squares method of
refinement, the structure cannot be refined; that is, convergence is not
attained: there are parameter oscillations in each least squares itera-
tion; some improbable interatomic distances and large error estimates
are obtained. The cause appears to be strong interdependence of many
of the parameters.

In this investigation the correlation matrix is used to demonstrate the
existence of the strongly interacting parameters. The importance of this
approach has also been demonstrated by a recent investigation de-
scribed in a paper written by one of us (S.G.).°
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TaBLe I — Larrice CoNsTANTS OF GUANIDINIUM ALUMINUM
SULFATE HEXAHYDRATE

Investigators a,A oA
Wood 1177 4+ 0.04 8.08 =+ 0.03
Ezhkova, et al 11.737 4 (.002 8.948 4+ 0.002
This work 11.75 4 0.02 8.94 =+ 0.01

II. CRYSTAL DATA

Guanidinium aluminum sulfate hexahydrate, C(NH, };A1(SOy),- 6H,0,
is isostruetural with the previously reported’ gallium compound. The
morphology and unit cell dimensions have been reported by Wood.
Lattice constants have also been reported by Ezhkova et al.” The central
values of our lattice constants, obtained from careful measurement of
Buerger precession camera photographs, differ from those reported in
hoth of the aforementioned papers, but are in better agreementt with
those of Izhkova et al.® For purposes of comparison, the variously re-
ported values are listed in Table I.

As deseribed earlier,’ the most probable space group to which the
crystal belongs is P31m and the unit cell contains three formula units.
The molecular weight of the Al compound is 387.29, the volume of the
unit cell is 1,069 zfia, and the X-ray density is 1.804 g/ce.

II1. DETERMINATION OF THE STRUCTURE

The determination of the structure has been described in the paper
on the gallium compound. The evidence for the correctness of the general
features of the structure deseribed in that paper, including the orienta-
tion of the guanidinium ions, is conclusive as will be shown subsequently.

V. EXPERIMENTAL

The Bond-Benedict single-crystal automatic diffractometer® was used
to collect the three-dimensional data. Some changes from the original
design of the instrument and in the electronics were made before the
final data were taken. A detailed description of these changes must be
left to the original authors. However, it should be mentioned that for
these particular data (which were taken in 1956 ), a proportional counter
replaced the Geiger counter and the “back-set” correction' was virtually

1 Dr. E. A. Wood and Mrs. V. B. Compton have informed us that their recent

measurements of lanttice constants of G. A8 H. give values which agree mare closely
with those of Ezhkova ef al® and of the present work.
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eliminated by circuitry changes. Also, the internal geometry of the
collimator was changed to square cross section.

The need for a collimator with square cross section derived from the
mechanics of the instrument. The “back-setter” produces a jarring of
the goniometer head which could at times translate the crystal very
slightly out of the original alignment in the X-ray beam. If the beam
has a circular cross section, slight deviation from coincidence of crystal
cylinder and rotation axes causes significant differences in intensity
when the diameter of the erystal is large relative to the beam ecross
section. This is not true of a beam with a more or less square cross
section.

Of eourse, one would not have to worry too much about this if small
crystals were being used. However, for this instrument and the use of
the usual type of sealed X-ray tube, it is necessary to use large crystals
to obtain the data. (This will be discussed further later.)

Two cylindrical erystals were used to obtain the data attainable by
this instrument with CuKe radiation and a pentaerythritol mono-
chromator. The crystal aligned along the c-axis had a diameter of 0.67
mm; the erystal aligned along the [20-1] direction (orthohexagonal
A-axis) had a diameter of 0.54 mm. With a linear absorption coefficient
for CuK« radiation of 48.7 em™, the values of uR for these crystals are
1.64 and 1.32 respectively.

As described in the paper by Bond,' the single-crystal automatic
diffractometer works on a prineiple similar to that of the equi-inelination
Weissenberg camera. With CuKe radiation, seven levels were obtain-
able about the c-axis and fifteen about the orthohexagonal A-axis.

Data from a particular level n were collected as follows: The align-
ment of the erystal was checked. This was done in two ways whenever
possible. A microscope could be used to align the erystal cylinder axis
with the rotation axis of the instrument. The equi-inclination angle was
calculated and the erystal set to this angle. The arrangement of the
counter of the instrument is always set so that the diffracted beam is
incident perpendicularly to the window. Thus the counter is actually
moved to twice the angle of the crystal from the zero level situation.
If a particular reflection (for example, 00-f on the Ith level about the
c-axis) was ohservable when the counter angle was equal to zero de-
grees for a given layer, this reflection was used to readjust crystal and
counter.

To obtain the weak intensities, the diffraction unit settings were usu-
ally 40 kv and 20 ma. To obtain the stronger reflections, proper settings
of the voltage and tube current were made so as to record enough
moderate reflections to establish a scale between the two patterns.
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Integrated intensities, erystal angles and counter angles for each level
were recorded automatically by the Leeds-Northrup two-pen recorder
as described in the papers by Bond and Benedict.' As indicated above,
resetting was made manually for each new level.

Following the collection of the data by the recorder, it was necessary
to index the data: This was the most time-consuming (i.e., on a man-
hour basis) part of the data processing required to obtain the observed
amplitudes. The indexing was carried out with the use of the plotting
device." (The indexing problem will be discussed further later.)

TFollowing the indexing of all the data, the usual absorption, Lorentz-
polarization and Tunell’ rotation factorst were applied to extract the
relative | 7, [>. (The polarization correction is for monochromatized
radiation.) The caleulation was programmed for the IBM 704 by R. G.
Treuting. The corrections caleulated were based on the formulael
given hy Bond and the tables used for the absorption corrections are
those given in Bond’s paper." The program written by Treuting put the
resultant | , [”s or | F, |’s out on cards as well as on a print-out. The
individual Lorentz-polarization, absorption and Tunell rotation factors
were also printed out for each reflection for each layer on which it
appeared.

Having extracted the |/, |’s for each layer about each of the two
axes, the next step involved an iterative cross-calibration process to
bring the values to the same basis. An IBM 704 program written by
W. R. Romanow allowed us to apply constant factors to the sets of
F, | put out by the intensity correction program. Romanow’s program
also put out new eards go that we could apply a different constant to the
new values if necessary.

When we felt we had arrived at the best values, it was decided to
arry out the subsequent least squares refinement on the basis of the
| #,] values. Using a short program written by Romanow, square roots
were taken of all the | #, |”s and put out on cards. Those that came from
layers abhout the orthohexagonal A-axis were then sorted on the values
of [ for ease in setting up the data for the least squares refinement.

As described in the Bond-Benedict papers, some reflections do not
get entirely into the counter; thus, in order to be sure that all are ob-

t The proportional eounter employed had a linear response to counting rates of
over 20,000 ¢ps. Because for even the strongest reflections, observed counting rates
over 10,000 eps gave integrated intensities which went off scale on the recorder, no
dead-time correction® was necessary for any of the reflections.

1 The formula for P, on p. 380 of Bond’s paper should read

; ¢ — sin?w 2q ; 1
= T sin 2 1 — ] (1 s 202 — —— (1 108 26) ¢ .
P sin ﬂ/{ + (U + o) cos l') + cos 26 i q( + cos ),{
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tained, the instrument was designed to obtain each reflection twice.
I'or this reason the counter has a 4° window. Even at that, not all the
reflections of a given form will have the same intensity, but usually
about a twofold axis, a form of reflections of moderate intensity will
have two with the same intensity. About a threefold axis, perhaps eight
of twelve reflections from a given hk-[ form will have the same intensity
or 12 out of 16 of a given hk-0 form. Unfortunately, the weaker reflec-
tions do not give as good results as the moderate to strong ones. In the
case of the c-axis layers, if there was a variation in the height of peaks
which appeared to have been fully in the window, the value taken for
the integrated intensity was the average of the several peaks. In the
case of the orthohexagonal A-axis layers, because there were fewer
peaks contributing to a form and therefore a greater possibility that
only one peak was squarely in the window, the value recorded in most
cases was the measure of the highest peak.

In taking the averages of observed strueture amplitudes, the weighting
was in accord with the above. For example for a given | Fue.; [, k&l # 0,
the value from the ¢-axis layer was weighted four times and a value from
an orthohexagonal A-axis layer once. The standard deviation was cal-
culated in accordance with the analysis given in Chapter 16 of the book
by Dixon and Massey'' and as suggested earlier by Ibers.” However,
for the unohserved, the standard deviation was taken as equal to half
the minimum observable. For | Fy.; |'s which would have unity weight
since they appear only once, the ¢ was taken in accordance with a
subjective estimate comparing the particular | Fo.,| with others of
similar value. The agreement between or among | F7, |’s from the same
form but from different layers was quite good generally except for the
weakest reflections.

In the CuKa sphere, there is a total of 895 X-ray forms of guanidi-
nium aluminum sulfate hexahydrate. The geometry of the Bond diffrac-
tometer allows us to observe only 842 of these. Of those possibly ob-
servable by the instrument, only 546 were actually observed.

V. ATTEMPT TO REFINE THE STRUCTURE

Because the major point of this paper is to demonstrate that the
refined structure under discussion is effectively unattainable from the
X-ray diffraction data, it seems worthwhile to give some of the details
of the caleulations. To make such a discussion simpler, the pertinent
data are collected in tables. In Tables IT and TV the values of parameters
and some other important information are listed. In Table II two col-
umns are assigned to each cycle; the left one lists the starting parameters,
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the right, the calculated “corrected” parameters. A blank space in the
left column indicates that the last previous caleulated value was the
starting value for the particular parameter. In the cases of eycles 9 and
10, all of the parameters had the last previous caleulated values of
cycles 8 and 9 respectively.

The order in which the atoms are listed in Tables IT and IV is not
the same as that of the paper' on the gallium isomorph, but the atom
labeling is. In writing the special position symmetry patch for the
Busing-Levy" IBM 704 least squares refinement program, it is most
convenient to list the atoms in general positions first. Then to avoid
mistakes in the listing of results, it is best to leave the order the same
as that of the output of the program.

In the caleulation of structure amplitudes the following atomic scat-
tering factors were used: for O, AI"*, N and C, those of Berghuis ez al;"
and for 8, those of Viervoll and Ogrim."

In eycles 1 and 2, 895 reflections, all those representing independent
forms and ohservable in the CuKa sphere, but perhaps not observable
with the single-crystal diffractometer, were included. Eight of the
parameters were scale factors, all of which were initially equal to 0.6667,
one for each value of { from 0 to 6 and the eighth value for all the re-
maining { values. Also in the first two cycles, isotropic temperature
factors were used despite the fact that it was obvious that the thermal
motions of the atoms in this erystal must be highly anisotropic.

The starting structural parameters for the first eycle were those given
for the gallium isomorph' except for changes in the S and Al tempera-
ture factors and the y-parameter of N(II), which was inadvertently
taken as 0.418 instead of 0.333. Now it may be seen in Table II under
cycle 1, that this y-parameter did not change as radically as one might
have hoped, in fact as one might have expected, for an incorrect parame-
ter. But the temperature factor of the atom did increase considerably,
perhaps indicating that the atoms did not want to be at the positions
indicated. On the other hand, the temperature factor of the N in the
special position decreased considerably to a negative value as if to
compensate for the other. This, in retrospect, was already indicative of
strong interaction between the thermal parameters of these two atoms.
Another important change was the large one, to —0.392, in the value of
the O(III) z-parameter; this implies a very short 8—O distance, 1.31
.7\, in one set of the SO, groups.

The estimated error of fit™" at the end of the least squares caleulation
of eyele 1 was very much lower than the first computed error of fit,"
and it appeared that by readjustment of some of the temperature factors
we could go a step further toward convergence before changing to aniso-
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tropic temperature factors. Initially cycle 2 showed that even with the
readjustment of temperature factors, the R valuet had dropped from
0.473 to 0.303, the weighted R from 0.299 to 0.193. But the error of fit
was higher than that estimated in cycle 1 on the basis, of course, of the
parameters computed in that cycle, some of which were physically
impossible (i.e., negative temperature factors).

However, cycle 2 ended with an estimated error of fit somewhat lower
than that of cycle 1. The N(II) y-parameter decreased toward the value
which we believe to be the more nearly correct one, but the N(II) B
value increased greatly and the N(I) B value became a large negative
value. Also the x-parameter of N(I) decreased to imply an unlikely short
C— N distance. Changes in the 8 and Al pesitional parameters were not
laige but several oscillations cceurred. The O(III) (atom 10) z-parameter
retiined to —0.400, but even this value implied a rather short S—0O
distance, 1.37 A.

At this point, it seemed necessary to change to anisotropic thermal
parameters. The Busing-Levy program will compute these from the
isotropic thermal parameters using the following relations: i, = Ba**/4;
B2 = (Ba*h* cos v*)/4; cte.

The starting parameters were those computed in cycle 1 and adjusted
for cycle 2 (see Table I1). For cycle 3, a critical estimate of the reflec-
tions really observable by the single-crystal automatic diffractometer
was made. This resulted in the removal from the calculation of 43
unobserved reflections, some of which had rather high caleulated strue-
ture amplitudes when compared with the respective estimated threshold
values. Included in eycle 3 was a rejection test: that is, when A/o was
>10.00, the reflection was not counted in the caleulation of the R
values or the standard error of fit, nor was it included in the least squares
caleulation. This reduced the number of Fj.'s used in the least squares
caleulation to 790. (Unfortunately the R values and the calculated
amplitudes computed in this eycle have been lost.)

The estimated error of fit resulting from the cycle 3 least squares
caleulation decreased from 4.99 to 2.30, an apparently tremendous im-
provement. However, the still incorrect N(II) y-parameter did not
improve; also the values of the N(II) thermal parameters greatly in-
creaged. The O(IID) values still implied a short 8—O distance. The
C(1) z-parameter indicated possible nonplanarity of the guanidinium
ion in the special position, but this parameter also had an apparently

T Unless otherwise stated, the R value is that for the independent Fj..’s, ie.,
multiplicity is neglected. This is the R value calculated by the Busing-Levy pro-
gram.
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large estimated error, 0.0115, indicative of potential difficulty. Twelve of
the atoms had calculated thermal parameters which did not satisfy all
the criteria for physical reality (see Ref. 13). Therefore, for cycle 4 some
of the thermal parameters had to be adjusted to satisfy these criteria.
Also, the N(II) y-parameter was corrected. The R value and error of fit
decreased considerably sinee cycle 2, but the weighted R value inereased
slightly. The same rejection test as used for eycle 3 allowed 809 reflections
to be included in the cyele 4 caleulation. The least squares caleulation
led to an estimated error of fit of 2.23, not too different from that esti-
mated in the previous eycle.

In cycle 4, the values of the N(IT) thermal parameters decreased,
indicating that the high values had been caused by the wrong y-parame-
ter. One would prefer to think, however, that the y-parameter should
have tended to approach the correct value rather than to have the
thermal parameters act as if the atom should be removed. This time the
a-parameter of N(I) (atom 6) hecame rather large, implying too large a
C—N distance. A number of the other positional parameters showed
oscillation, and again there were twelve atoms which had thermal
parameters not satisfying the eriteria for physical reality (Table II).
The O(III) z-parameter continued to imply a short S—O distance.
The C(II) and N(II) atoms did not have the same values in z-parame-
ter, nor did the C(I) and N(I) atoms have the same z-parameter. Also,
in this cycle many of the seale factors, especially sy , had almost reached
their starting values after having at first decreased substantially.

The necessary adjustments were made on the thermal parameters
hefore eycle 5 was carried out. Also, the rejection test was removed. Iive
reflections which appeared to have substantial contribution from the 54
hydrogen atoms or to have suffered from extinetion were given zero
weight. Thus, of the 852 reflections, 847 were used in the cycle 5 least
squares caleulation, Because some of the initially estimated o(F,)’s were
really very small, a few of these also were readjusted. Initially the R
value was 0.198, while the weighted R decreased to 0.139, this latter
reduction resulting mostly perhaps from the few adjustments made on
the o(F,)'s. The error of fit for the 847 reflections was larger than for
the 809 of the previous eyele. The caleulated estimated error of fit after
the least squares caleulation did deerease, however.

But in eyele 5 there was no improvement in the way the caleulation
was going. There were further oscillations, and, very important, the
C(II)—N(IT) distance continuing from eyele 3 was short, whereas the
C(D—N(I) distance continued to be long. Considering the guanidinium
ion to be planar, the C—N distances were respectively 1.22 and 1.48 ;3,
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the average is 1.35 A good agreement with the acceptable guanidinium
C—N value 1.34 A.1% Again this indicated interaction between the N(II)
a- and y-parameters and the N(I) z-parameter. Also, the paramecter
values of the S(I) and O(III) atoms still indicated an improbably short
S—O distance. There were other indications of interaction: for example,
the y-parameters of the O(V) and O(VI) atoms (2 and 3 respectively)
behaved strangely, that of O(V) indicating an improbably large [SO,
0—O distance, that of O(VI), too small an [SO,] O—O distance.

It seemed at the time, however, that there might be other possibilities
for explaining the course of events in the attempt to refine the structure.
For example, there could be many reflections to which the hydrogen
atoms would contribute, and, perhaps particularly because this is a non-
centrosymmetric structure, the affected structure amplitudes were hav-
ing a detrimental effect. Therefore, in cycle 6 all reflections for which
sin’/A* < 0.0800 were given zero weight. Necessary adjustments were
made in thermal parameters (Table IT); the N(I) and N(II) positional
parameters were readjusted each to yield the C—N distance 1.34 A—?\;
and the O(V) and O(VI) y-parameters were adjusted to yield more
reasonable [0y O—O distances. The R value for the 755 amplitudes
(with nonzero weights) was 0.200, weighted R = 0.128 and error of fit,
2.82.

In the eycle 6 least squares calculation, only 43 parameters were
varied: the scale factors and all positional parameters except the N(I)
a-parameter. The estimated error of fit decreased to 2.38, but this cycle
was also discouraging in that again there were oscillations and some
rather large changes in parameter. The S(I)—O(ITI) distance continued
to remain improbably short; the O(VI) y-parameter again implied too
short an [80,] O—O distance; and the values of the N(II) x- and y-
parameters implied a C(II)—N(II) distance of 1.25 A,

In the paper on the gallium isomorph,' we had eoncluded that the
arrangement of the guanidinium ions on the threefold axes were related
to that at 3m to close approximation by 4,30 and £,50 — (u,0,w;
0,u,w; #,,w). However, some doubt remained, and therefore it was
decided to try some different orientations of the guanidinium groups.

For eyele 7, the N(I1) parameters were readjusted, presumably back
to the starting parameters of cycle 6. However, a card-punch error
(0.5333 instead of 0.5533) was made in the x-parameter. The N(I)
parameter was set to —0.1130. This we shall call the (—,—)f orienta-

1 This symbolism is derived as follows: The =+ orientations of N(I) are those for
which in (z,0,2) of positions 3¢, zx(1y = ==u where u is very nearly +0.113. The +
orientations of N (II) are those for which in (z,y,z) of positions 6d, znan = § =+ u,

y = 2. Thus (—,—) here means that zxy = — 0.113, a1 = 0.220, yyan = 0.667.
By symmetry the latter two are equivalent to 0.553 and 0.333 respectively.
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tion. The positional parameters of O(VI) were also readjusted. The R
value for the 755 reflections increased to 0.250, the weighted R to 0.187,
and the error of fit to 4.10. In eycle 7 all scale and positional parameters
were varied. At the end of the cycle, the estimated error of fit was 3.53.
The C(II)—N(II) distance again was too short, ~1.21 A; again the
O(VI) y-parameter decreased from the adjusted value; the difference in
the C(I) and N(I) z-parameters increased. Also again there were oscil-
lations. The results of cycle 7 did not look promising.

In cycle 8, the (4,4 ) arrangement of the guanidinium ions was tried
with the other starting parameters the same as those used in eycle 7.
In this case the R value for the 755 amplitudes was 0.231, weighted R,
0.155, and error of fit, 3.40. Again only scale and positional parameters
were varied. The estimated error of fit obtained at the end of the least
squares caleulation was 3.14. The results of this eycle looked promising,
The C—N distances looked good; the O(V) and O(VI) parameters
were not too bad. However, the S(I)—O(III) distance still looked
improbably short. The agreement for individual amplitudes actually did
not look as good as it did in cyele 6, but it was felt that perhaps some of
this poorer agreement resulted from hydrogen contributions and/or from
required changes in thermal parameters.

It was decided to continue to cycle 9 using the values of scale and
positional parameters obtained in cycle 8. The R value inereased to
0.240; the weighted R value decreased to 0.140; the error of fit was very
close to that previously estimated. Despite this, the parameter results
of this eycle ("Table IT) looked even better than those of the previous
cycle, but the S(I)—O(III) distance continued to be improbably
short,

The seale and positional parameters resulting from cyele 9 were used
in cyele 10. There was not much change in R, weighted R or error of fit.
In eycle 10, all scale and positional parameters which had changed less
than le in cyele 9 were held constant and all thermal parameters were
allowed to vary. The estimated error of fit at the end of the eycle was
2.55. It appeared that the thermal parameters of the N(II) atom in-
creased considerably as if trying to eliminate this atom, and as before
this seemd to be an indication that the N(II) atom was not placed
correctly. Also as if to compensate, the previously large 83 of N(I),
0.01480, decreased to —0.00095. Eight of the atoms had thermal
parameter matrices which were not positive definite.

With this continued disappointment, another notion became more
important. Was it possible that the structure given by Varfolomeeva
et al® was correct? It seemed advisable to make the caleulation with the
model proposed by those authors. The results proved that the structure
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cannot possibly be correct. The initial R was 0.559, weighted E, 0.473
and error of fit, 10.38 for the 755 reflections. Examination of the calcu-
lated and observed amplitudes showed a great many very large dis-
crepancies indicative of an improbable structure. Only the scale and
positional parameters were varied in the least squares calculation.
Thermal parameters for the N atoms were those initially used in eycle 6.
All other thermal parameters were essentially those obtained in cycle 10
with necessary adjustments made. The initial and final positional
parameters are shown separately in Table ITI. The estimated error of fit
was 8.92, indicating no real possibility of convergence. The parameter
changes were mostly drastic. The N(I) z-parameter, for example, would
imply a C(I)—N(I) distance of 1.16 X. Interestingly enough, the
S(I)—O(III) distance continued to remain very short.

In eyele 12, the guanidinium ions on the two three-fold axes (i.e., at
2 1 and % 2) were turned 30° from their original positions. The thermal
parameters were the same as those used initially in cycle 11 and are
shown in the next to the last columns of Table II. The R value was
0.238, weighted R, 0.154, and error of fit, 3.38 (the latter two being
somewhat higher than for the starting parameters of cycle 10). The
estimated error of fit obtained from the least squares caleulation was 3.14.
The results of this ealeulation did not look promising. The C(I)—N(I)
distance was large; there was an extraordinarily large change in the
z-parameter of O(VIII). Also, agreement of many individual amplitudes
was poorer than for the very first orientation of the guanidiniums. In
fact, from the calculations of eycles 7-10 and cycle 12, it had become
apparent that the (+,—) orientation was indeed the best. It also ap-
peared that disorder or rotationf of the guanidinium ions was highly
unlikely unless very subtle. In the case of complete disorder or the
equivalent free rotation, there would be no contributions from the nitro-
gen atoms to the amplitudes Fue.,, b — k 5 3n, exactly as in the case
of the (+,4) orientation. This alone makes it appear that the orig-
inally reported' (+,—) orientation of the guanidinium ions was corrob-
orated.

In cycle 12, the normal equations and inverse matrices were obtained.”
Examination of the inverse matrix showed that there were large values
of correlation coefficients, p;; = b;/+/bibj; , for many pairs of parame-
ters. A few examples are:

t Two reportsi?-1# based on nuclear magnetic resonance investigations of G.A.
S.H. mention the possibility of rotation of the guanidinium groups. We have
learned (by private communieation) from, and have been permitted to quote, the
author, D. W. McCall, of one of these,'7 that further investigation now indicates
that this rotation is highly unlikely.
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Zov) — foan; 0.81
2o(vy T Ro) 0.58

Zocvin, 0.84

Zo(x)

Zoav) — Zowm, 0.65

Zaamy — Zsam,  0.96.

It is noteworthy that the correlation coefficient for Tygn—enm was
very low, 0.10; it will be seen later that this low value resulted from the
incorrect orientation of the guanidinium (IT) ions.

It seemed unlikely that the weighting scheme could be the cause of
the difficulties encountered. Nevertheless, it was decided to try a
weighting scheme radically different from that used in the first twelve
cycles.

In cyele 1/ (Table 1V), all amplitudes with sin’/x* < 0.0800 were
still weighted zero. Also all unobserved amplitudes were to be weighted
zero and all observed, unity. However, a number of amplitudes which
should have been weighted zero were weighted unity, and a few which
should have been weighted unity were weighted zero. This left 534
reflections included in the least squares caleulation. The initial parame-
ters were those from cycles 9 and 10, except for the N’s which were
started at the exact (+,—) orientation and the O(IIT) z-parameter
which was started at —0.405 to give an S—O value closer to 1.48 A.
The R value was 0.204, weighted R, 0.149 and error of fit 2,19 for the
534 amplitudes and these parameter values. The least squares caleula-
tion gave an estimated error of fit of 1.90. Again the S(I)~—O(I1I) distance
decreased to 1.38 1&, the C(I)—N(I) distance increased again and the
C(ID)—N(IT) distance decreased again. Some of the other distances are
listed in Table V.

Starting with this caleulation, the veetor v; = 2( VD) (VwA) was
obtained as outputf as well as the direct and inverse matrices,” the
purpose being to see whether Ap.’s from the diagonal term approxima-
tions would be much different from those obtained by the exact solution
of the normal equations. Not many of these were checked in this and
subsequent cycles, but enough differences were found to indicate the
importance of the off-diagonal terms.

It appeared that it would be most convenient to have the correlation
or normalized inverse matrix to examine in each eycle. A program patch
to enable us to do this was written by Misses D. C. Leagus and B. B.
Cetlin.

t The program patch for this ealculation was written by Miss D. C. Leagus.
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TasLe V— SomeE INTERATOMIC DIisSTANCES OBTAINED FROM
Leasr Squares Cavncurations (Seconn SeEr oF WEIGHTS)

| . , ’

Distance ‘ Ly‘;{El C’;{le z
C(I)—N(I) 1.40 1.43
C(II)—N(II) 1.29 1.25
S(IH—0(V) 1.46 1.44
S(I)—O(I11) 1.38 1.38
S(I)—O(I) 1.46 1.44
S(L)—O(VI) 1.47 1.48
S(11)—O(1V) 1.48 1.50
S(IDH—O(1I) 1.50 1.49
Al —O(VII) 1.92 1.89
Al(L)—O(VIII) 1.86 1.86
ANID—O(IX) \ 1.90 1.92
Al(IT)—O(X) 1.91 1.91

In cycle 2" the starting parameters were the same as those resulting
from cycle 1" (new weights) except for the x-parameters of N(I) and
N(II) and the z-parameter of N(I). Also, it was found that under the
conditions set for the weighting in eyele 1/, only 496 amplitudes should
have been weighted unity. For these reflections and the starting parame-
ters shown in Table III, the R value was 0.176, weighted R, 0.119 and
error of fit, 1.85. Again only seale and positional parameters were allowed
to vary. Changes were not large except for the N and C(II) parameters.
Some distances calculated from these parameters are given in Table V.
(C—N distances are always on assumption of planarity of the guani-
dinium group.) Note that again the C(I)-—N(I) distance is short, the
C(ID-—N(ID) long, but the average is the expected value for such a
bond. Also noteworthy is the continued tendency of S(I)—O(I1I) to
be short. In fact, there is a tendeney throughout for the S(I)—0O dis-
tances to be shorter on the average than the S(II)—0O distances. Ex-
amining the correlation matrix for this eycle we may summarize the
results as follows (Table VI). Only those pairs for which | p | = 0.40 are
listed. Thus of the 946 pi; (7 # j) terms only 75 are =0.40. Important
also is the fact that a large number, 677, of the terms are less than 0.10,
many much less than 0.10; 194 of the | p;; | lie between 0.10 and 0.40.
These could be important especially if one parameter has many inter-
actions of moderate size with other parameters.

Barlier we gave some examples of | p;; | that were calculated from the
inverse matrix of cycle 12 (old weights). It is seen from examination of
Table VI that the values for the particular | p;; | obtained from eyele 2
are essentially the same except for the value for the wygqn—axq in-
teraction. The value is much higher, 0.62, than the one, 0.10, obtained
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from the incorrect orientation of the guanidinium ions. Thus, Zneorrect
values for paramelers can uncouple parameters. Furthermore, this ap-
pears to be the reason that there was not much change in the incorrect
y-parameter of N(II) in the first three eycles. That is, a parameter which
is given a value which tends to make it independent may not change
rapidly to a value which tends to make it dependent.

The purpose of the next eycle was to see the results of allowing the
parameters, both positional and thermal, of only the N and O(III)
atoms to vary. Before earrying out this caleulation, however, the posi-
tions of hydrogen atoms were estimated. The guanidinium ions were
considered to be essentially planar, and the z-parameters of the guanidi-
nium H’s taken as 0.55 for those about the threefold axes at 1,2 and
#,3, and 0.505 for those about the axis at 0,0. For the water molecules,
the links with the SO, oxygen atoms were considered and the tilt of the
water molecule estimated accordingly. In any given level of HisO) mole-
cules about either of the nonequivalent axes, the z’s were taken equal.
The H—0O—H angle was taken as 105° and the O—H distance, 0.96
A. (The initial H-parameter values will not be listed; however, the
last set used will be listed later.) I'irst, H contributions to the ., for
h,k,l positive were caleulated for two different orientations of the
guanidinium ions, namely: (4+,—) and (4+,+). (The program used
for this caleulation was written by R. G. Treuting; the atomic scattering
factors for H were those of Viervoll and Ogrim.") These calculations,
together with consideration of previous calculations of the amplitudes,
corroborated the conclusion that the (4,—) orientation was the most
probable one.

The N-purameters were readjusted to yield the most probable C—N
distance, and the z-parameter of O(III) was started at —0.405. Those
observed amplitudes with sin’8/A* < 0.0800 which were not strongly
affected by extinetion were reweighted unity. The total numhber of re-
flections weighted unity was 5G8. The H atoms were put into the caleu-
lation as “fixed atoms” (see Ref. 13) with isotropic temperature factor
B = 3.00 A%, The over-all R value was 0.177, weighted R, 0.117, and
error of fit, 1.90.

The results of the least squares calculation are given in Table IV
eyele 3'. 1t is seen that the O(III) z-parameter returned to that of the
previous cycle. The N(1) r-parameter increased somewhat, implying a
C(I)—N(I) distance of 1.37 A. The parameters of N(II) imply a
C(11)—N(II) distance of 1.33 A.

In Table VII, we list those correlation coefficients greater than or
equal to 0.40. If this table is compared with Table VI, one finds that the
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coupling of N(I) and N(II) positional parameters is still as strong as in
the previous eycle. In both cycles 2’ and 3, the correlation matrices
showed no strong interaction between O(III) and nitrogen atom
parameters. The correlation matrix of eycle 3’ indicated that there are
some very strong interactions in pairs of thermal parameters. As ex-
pected, there was corroboration of a strong interaction between the
Baa’s of the N atoms.

Tor this case, it might be worthwhile to show the Ap/’s obtained from
the complete solution of the 21 normal equations compared with those
obtained from the diagonal term approximation. These are given in
Table VIII together with the o’s calculated by the Busing-Levy pro-
gram. As expected, several of the Ap/’s for particular 7 are quite different,
particularly for those which are highly correlated (see Table VII).

Before proceeding to the next cycle, the calculated and observed data
were examined for any outstanding discrepancies and rechecks were
made on the intensity data. It was found that 27 of the reflections which
were listed as observed should have been listed as unobserved. It was
also found that 5 reflections which were recorded as unobserved should
have been observed by the instrument but were missed. These-were
obtained from film data.

Slight changes were made in the H-parameters; the x-parameter of
N(I) was returned to 0.113 and necessary changes made in the 8, and
815 thermal parameters of N(I). Now the Busing-Levy program caleu-
lates and stores all derivatives, so that it is possible to allow different
sets of parameters to remain constant and solve for sets of Ap; for each
initial set of parameters. In cycle 4'a, therefore, we first allowed only
the N(I), N(IT), and O(III) parameters to vary and then in 4'b,

TasLe VII — Correration Coerricients From Cycue 3

lo] ij
0.40-0.50 1,2 7,12 8,9 8,15
0.50-0.60 4,7
0.60-0.70 1,10 5,7 5,14
0.70-0.80 3,11 6,13
0.80-0.90
0.90-1.00 12,14 18,20
Parameter numbers
x 4 s Bu B fAn \ fiz B | B
N (IT) 1 2 3 4 5 6 7 8 9
N(@) 10 11 12 13 14 15
O(I1I) 16 17 18 19 20 21
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TaBLE VIII — PArRAMETER CHANGES AND IKRROR ISSTIMATES

rroMm CycLe 3/

443

4 . iagonal t o's from
P#;:eljl'l‘eztucbrlenu\’nf%cr Busing-Levy Dmﬁn?.ru:rm Busing-Levy
1 —{0.0029 —0.0020 0.0027
2 —0.0056 —0.0027 0.0022
3 0.0058 0.0046 0.0037
4 —0.00661 —0.00105 0.00268
5 (.00270 0.00418 0.00245
6 0.00231 0.00477 0.00420
7 —0.00273 —0.00136 0.00202
8 —0.00227 —0.00333 0.00271
9 —0.00371 —0.00053 0.00225
10 0.0048 0.0051 0.0025
11 0.0057 —0.0030 0.0048
12 0.00411 0.00023 0.00296
13 —0.00124 0.00172 0.00527
14 0.00614 0.00113 0.00466
15 —0.01098 —0.00983 0.00552
16 —0.0003 —0.0009 0.0014
17 0.0121 0.0120 0.0023
18 0.00092 0.00160 0.00228
19 —0.00216 —0.00133 0.00311
20 —0.00145 —0.00230 0.00307
21 0.00419 0.00025 0.00351

varied all parameters except the seale factors. The results are shown in
Table TV. Again in both cases, the N(I) a-parameter increased; there
were changes in the N(II) parameters, but the implied C—N distance
1.35 & was good. Also the z-parameter of O(III) seemed to improve,
especially when all the parameters were allowed to vary. But in 4'a,
the thermal parameter matrix of the N(1) atom was not positive defi-
nite, while in 4'h, seven atoms had thermal parameter matrices which
were not positive definite. Also there were continued oseillations and
large error estimates. It was evident that real convergence would not be
attained.

However, because the N and O(111) parameters did look encouraging,
it was decided to try one more cycle. This time the parameters of the
water hydrogen atoms were recaleulated in a somewhat different way.
Iu a recent paper,” Aleksandrov, Lundin and Mikhailov report results
of a study of the distribution of hydrogen atoms in guanidinium alumi-
num sulfate hexahydrate by means of proton magnetic resonance experi-
ments. They report that the nearest neighbor p—p (proton-proton)
vectors are perpendicular to the @, , a. and a; axes.T They argue that on
the basis of symmetry considerations all II atoms bonded to s in a

t Previously, Spence and Muller'® had reported this to be so for the p — p

vectors of the water molecules, but had concluded that the p — p vectors of the
guanidinium groups could be parallel to the ¢-axis with a separation of 2.05 A.
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single octahedron layer about a threefold axis must have the same
z-parameter. Of course, this is frue only for those hydrogen atoms
bonded to N(I) atoms and to the water molecules about the threefold
axis at 0,0. The trigonal axes and planes of symmetry are such that only
three atoms about the axis at 1,3 and three about the axis at 2,7 must
have the same value of z.

Thus contrary to the statements of Aleksandrov et al,” symmetry
conditions do not require all the nearest neighbor H—H vectors to he
parallel to the (00-1) plane, nor must they all be perpendicular to the
a;, a; and ay axes. Only for those about the threefold axis where the
mirror planes intersect, namely at 0,0 must this be the case. However,
it is possible that the nearest neighbor H—H vectors about the three-
fold axes at 3 2, 3 § are close to parallelism with the (00-1) plane and
perpendicularity to the a; , a», as axes.

Furthermore, Aleksandrov et al” refer to the trial structure reported
by Varfolomeeva et al.’ Although that structure is incorrect, it would
have no noticeable effect on the conclusions of Aleksandrov et al, since
they discuss only the nearest neighbor H—H vectors.

Thus, in ealculating the H parameters, the tilting of the water H—H
bonds out of the (00:1) plane and skewness to the a, , a» , a; axes was
permitted in those water molecules about the threefold axes at § 3, 2 3.
(The guanidinium ions, however, were assumed to be planar.) In caleu-
lating the H positions, the water molecules were assumed to lie in the
planes connecting the water oxygen atom with the two sulfate oxygen
atoms involved in the hydrogen bonding. The bisector of the H—0O—H
angle of 105° was taken as the line passing through the center of the
water oxygen atom and the center of the line conneeting the two sul-
fate oxygen atoms involved. The parameters of the N and O atoms
involved were those from eycle 4’b. The H-parameters thus deduced are
listed in Table IX. The new parameters caused some differences in the

TapLe IX — H ParameTers Usep IN Finan CycLE

Description x ¥y z
on N({I)(atom 6) 0.205 0.086 0.51
on N(II)(atom 1) 0.465 0.256 0.56
(.564 0.434 0.56
on O(VIII)(atom 7) 0.139 0.218 —0.148
on O(VII)(atom 8) —0.072 0.134 0.156
on O(IX){atom 4) 0.457 0.257 —0.124
0.526 0.400 —0.111
on O(X) (atom 5) —0.452 —0.260 0.2056
0.464 0.588 0.219
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contributions to several amplitudes, but in general not very important
ones.

Some necessary adjustments of thermal parameters resulting from
cycle #b were made. In eycle 5'a,f only those positional parameters
were varied in which changes greater than ¢/5 occurred between previ-
ous cycles 2" and 4/, all thermal parameters were varied in which there
were changes greater than ¢/5 between cyeles 1’ and 4'; all scale factors
were kept constant. In 5’b, only those parameters were varied in which
changes in 5'a were greater than ¢/5. In 5’c, only positional parameters
were varied. In 5'd all parameters were varied. All results are listed in
Table IV. Differences range from very small to very large and are in-
dicative of the unattainability of convergence. We list also the o's] in
the Ap,’s for the last eycle 5’d in the last column of Table IV. These
are especially large for most of the thermal parameters and for most of
the z-parameters, and reflect the strong interdependence in pairs of
parameters.

The correlation matrix for eycle 5'd contains 6,670 p;;(¢ # j) terms.
Thus we shall again only list the values of | p;; | = 0.40 (Table X). Of
the 6,670 terms in the matrix, 176 have values greater than 0.40; 1,389
have values greater than 0.10.

On examining Table X, one finds that no interactions of seale factors
with positional parameters are listed. In fact, the correlation coefficients
for such combinations are all very low. However, there are all the other
types of interactions, namely: scale factor-thermal parameter, thermal
parameter-thermal parameter, positional parameter-positional parame-
ter, and several (those with asterisk) positional parameter-thermal
parameter. Most often, also, the interdependence is between analogous
parameters; for example, a z-parameter of an atom interacts with z-
parameters of other atoms. Even when a positional parameter inter-
acts with a thermal parameter, an analogy exists, e.g., a z-parameter
interacts with a @y-parameter. This makes physical sense, of course,
and gives us some confidence that the correlation coefficients reflect the
structural interdependence of the parameters. Correlation may be
caused partially by the experimental technique§ but it is unlikely to
result mainly from the ill-conditioning of the normal equations by a

+ It should be kept in mind that all eyeles 5 refer to the derivatives evaluated
with the parameters of ¢yele 5'a.

1 It is worth emphasizing that statistical theory precludes the use of the error
estimates or normal equations matrix to determine the statistieal significance of
the parameters listed. Only if convergence is actually attained can these numbers
be so used. Nevertheless, in a practical way, the error estimates and correlation co-
efficients do give us important information in the course of refinement or, as in the

present case, relative to the unattainability of convergence.
§ X-ray vs neutron diffraction.
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TaBLE X — CorRELATION CoOEFFICIENTS FroM CycrLe 5'd.T
(ONLY | pij| > 0.40 Are LisTED)

el £ — ji,da, 50,

0.40-0.50 | 3-4,5; 4-105; 6-75; 7-75; 8-75; 11-38,47,61,67,85; 15-56; 18-19,34;
20-471,61,07,103; 21-30; 24-30,86,88; 25-26,27; 20-47,61; 30-33;
36-37; 38-61,103; 40-51,62; 42-68; 43-661; 44-461; 45-46; 47-55,
67,73,85,91,103; 51-64; 52-53; 55-97,103; 57-59; 61-73,79,85,91;
63-69; 67-103; 75-81; 77-791,83; 70-831,07,103; 81-83; 97-108,114;
103-108,114; 105-113; 108-1101; 113-116

0.50-0.60 | 4-5,6,7,8; 5-113; 8-00,113; 11-97,103; 12-15; 13-15,58; 16-59;
19-84; 20-91; 29-24; 26-80; 27-041; 20-85,07,103; 30-04; 37-531;
38-47.97; 39-42; 41-50,63,60; 43-71; 47-97; 48-51; 50-69; 51-62;
61-97.103; 67-97; 73-831,97,103; 85-91,97,103; 110-115

0.60-0.70 | 5-105; 13-50; 14-57; 20-20; 21-24,88; 23-86; 27-021; 28-90; 30-92;
37-46; 40-12,49,68,70; 40-64; 52-65; 72-78,80%,821; 74-78%; 76-
781; 86-88; 06-1041,1063; 98-102%; 100-102f; 108-115%; 111-116%

0.70-0.80 5-G,7,8; 8-105; 9-54; 18-27; 21-86; 32-93; 35-95; 36-66; 45-60;
49-51,62; 50-63; 96-102; 108-114; 111-113%

0.80-0.90 6-7,8; 11-55; 25-91; 38-67; 62-64; 73-79; 98-100
0.90-1.00 7-8; 47-61; 56-58; G8-70; 74-76; 80-82; 92-94; 97-103; 104-106

t See last column of Table IV for parameter numbers.
T Positional-thermal parameter correlation.

reasonable but not necessarily ideal weighting technique. It will be
noticed also that the same pairs of parameters show very nearly the
same measure of interdependence as indicated by earlier calculations,
again corroborating the point that it is the structural model (including
atomic form factors) which causes the interactions.

For the sake of completeness, we show in Table XTI a list of observed
amplitudes compared with those calculated from the parameters used
initially in eycle 5" and including the contributions of the H atoms with
parameters shown in Table IX. Including consideration of multiplicity
and the differences when caleulated amplitudes are greater than the
threshold values (with half the threshold value included in the denom-
inator) for reflections not ohserved, the discrepancy factor is 0.11.F

The over-all agreement is quite good despite several discrepancies in
which a calculated amplitude is above the threshold value for an unob-
served reflection.} Table XI attests to the validity of the conclusion
that the general features of the structure are correct.

t Six amplitudes, those of reflections 30-0, 11-1, 21-1, 22-1, 42-1 and 21 -2, suffer-
ing from extinction were excluded in ealculation of this discrepancy factor.

1 These are a produet of the instrument which sometimes missed reflections,

which, according to visual estimates of photographie intensities, it should not have
missed.
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V1. FURTHER COMMENTS ON THE INDETERMINACY OF THE EXACT STRUC-
TURE OF GUANIDINIUM ALUMINUM SULFATE HEXAHYDRATE

6.1 Importance of the Weighting Procedure

The use of two very different weighting procedures did not break down
the high correlations existing between parameters. It is doubtful,
especially in the case of so large a number of parameters, that any
reasonable weighting procedure would suceeed in uncoupling the parame-
ters sufficiently to lead to greater determinacy.

6.2 Effect of Keeping Some of the Parameters Constani while Allowing
Others to Vary

In the case that there is correlation between parameters, it would seem
that, at least in the final stages of the refinement, holding of such parame-
ters constant could lead to erroneous results. In a case involving a smaller
number of parameters it might be possible to obtain a confidence region®
for all the parameters by holding some of the parameters constant, but
at several different values. 'or example, suppose the problem involves n
almost independent parameters and two almost completely dependent
parameters which appear to prevent convergence. Choosing several
judicious values of one of the latter and making the calculation for each
one will give sets of values for the other parameters which will allow the
construction of the equiprobability ellipsoids.

However, in a problem invelving many parameters, and many large
and multiple correlations, such a technique would appear to be im-
practical. It should be mentioned that if the model were very nearly
linear, only those correlations very near 41 would be important in the
unattainability of convergenee. However, it is possible that the more
nonlinear the model, the more important the other correlations hecome.

6.3 Possible Effeets of Inereasing the Nwmber of Observed Data

There are two ways in which the number of data might be increased.
One is to obtain more of the weak intensities by increasing the detector
sensitivity. It does not seem that this would have the effect of decreas-
ing the correlations. This was shown to some extent by the ealeulations
based on the two different weighting schemes. In the first case the
weighted evaluated derivatives for unobserved reflections were included;
in the second, these were given zero weight and therefore excluded.
Also, the exclusion of reflections for which sin*/A* < 0.0800 did not
have an apparently significant effect on the correlations. (Compare, for
example, analogous values in Tables VI and X.)
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The other way in which to inerease the number of data is to use shorter
wavelength radiation. Now, it is not necessary actually to measure these
data before determining the effect on the correlations because the cor-
relation coefficients, as caleulated, depend only on the model and the
evaluated derivatives. It is unlikely that the situation would change very
much if the additional terms were included beecause the relationship of
the derivatives with respect to correlated parameters would probably
not change very much.

In the case of tetragonal BaTiO;,”* higher index reflections would
have almost no important contributions from the oxygen atoms. Thus
the interactions among oxygen ion parameters will not be affected.
Similarly, interactions among the metal ion parameters will probably
not be much affected. But interactions hetween the two groups could be
reduced. However, in the case of an all light atom structure, it would
appear that the extra data would probably not reduce the correlations.

6.4 Possible Effect of Greater Accuracy in Measurement of Observed In-
tensilies

The effect of greater accuracy in measurement of the observed in-
tensities is not really predictable in this case. To be sure, in each iteration
the reduction of s = V' Z(x/wA)*/A/m — n would reduce the apparent
size of the equiprobability surfaces. This we certainly know.

However, we must ask first whether there is a limit to the accuracy of
the observed amplitude. One would suspect that there is such a limit.
Furthermore as pointed out by Caticha-Ellis and Rimsky,” there will
always be a discrepancy between the caleulated and true values of the
amplitudes. Thus s has a lower positive limit.

Reduction of s would not only decrease the size of the equiprobability
surfaces (and therefore, of course, the standard estimates of error) but it
would also decrease the components of the vector v, v; = Z(V/wD;)-
(+/wA), where the D; are the evaluated derivatives. Thus, for example,
if eycle 5'd were repeated with each A decreased to § of its value, each v;,
and therefore each Ap; = >, b;v; would be reduced to the same extent.
Of course an average reduction of 3 might not do the same thing. In fact,
with a poor distribution of the reduction in A, the Ap; in some cases
could even he larger, depending on the algebraic values of the D; .

Actually the nature of the shape of the equiprobability surfaces might
give the best clue to what might happen if increased accuracy of measure-
ment were attainable. The nonlinearity of the model would probably
play an important part. The more nonlinear, the more important are apt
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to be those correlations which are not perfect. Of course, even one perfect
correlation +1, renders the whole problem indeterminate’ if insistence
is made on allowing all parameters to vary in an iteration. This is not
necessary, however, and one could learn a great deal about the parame-
ters of a strueture which has only one perfeet correlation and the rest
very small ones (see Section 6.2). In the present case, there are many
correlations having absolute values between 0.90 and 1.00 (Table X).
These have the specific values: 0.917, 0.905, 0.913, 0.907, 0.975, 0.963,
0.901, 0.979, and 0.902, respectively. Perhaps the most important ones
are the three closest to unity.

In the case of gross nonlinearity it seems possible that these and so
many of the other high correlations of Table X could cause unattain-
ability of convergence even if the lowest limit of s were attained. That is,
the shape of the equiprobability surface may be such as to prevent the
practical attainment of separate estimates of the parameters (see also
Ref. 21) from the given data. This seems to be true of the BaTiO,
case.”’

Needless to say, a measure of doubt remains. Further work might aid
in removing this doubt. This would involve trying to obtain more data
and of greater accuracy, and further caleulations. Our doing this is not
presently contemplated.

6.5 Fourier Synthesis vs Least Squares

In the case of tetragonal barium titanate, Fourier synthesis produced
no improvement on the least squares method.” It is likely that with the
present data, the situation in the case of the G.A.S.H. would be the
same. On the other hand, there is no requirement of linearity in the
Fourier synthesis: the actual amplitudes are the Fourier coefficients.
In the least squares technique, an approximation is used: i.e.,

Fra(pr,pe, - p0) = Furd(py + Apy, Po + Ape, - -+ + Ap,)
S = s = O
Fua(py, pay -+ pn) + Z *_L

=L 9p; |5

Ap;

where f; ,f., - -+, p, are approximate but nearly true values of the
parameters. It is possible that higher order terms could be important
here, but it is not clear that inclusion of the next higher order terms would
necessarily lead to improvement. Also, the calculation would increase in
complexity.

Cochran has shown that a rather close relationship exists between the
Fourier synthesis and least squares techniques. There are conditions on
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this relationship given by Cochran® and Hoard and Geller”, and in
addition in the actual least squares calculation, an approximation is
made and nearness to linearity is assumed. Therefore, if the nonlinearity
is not serious, convergence should be attainable in either case. If it is
serious, the relationship could break down further and the Fourier
synthesis could conceivably converge when the least squares caleulation
tends not to converge.

VII. COMMENTS ON THE SINGLE-CRYSTAL AUTOMATIC DIFFRACTOMETER

As mentioned earlier, the data used in this work were collected four
years ago. Since that time only one or two attempts were made to use
the instrument for other studies. These were unsuccessful because of
difficulties which are probably surmountable, but require modification
of the instrument.

The present instrument puts a lower limit on the sample size. To keep
the time for recording a layer within reasonable bounds and to prevent
the instrument from reacting to background scattering, only intensities
above a certain preset count energize the circuitry which sets the crystal
back and shifts speed. To obtain satisfactory counting rates the use of
large crystals is required. (The intensity is proportional to the number
of unit cells irradiated.) However, to obtain adequate or meaningful
intensities from highly absorbing materials one must have small crystals.
In short, the instrument presently is suited mainly to crystals with low
absorption and from which sizable eylindrical specimens can be made.

The indexing of the reflections was a tedious process. The possibility
of error, particularly at the high angles, was great, but the use of photo-
graphs and cross examination of data helped prevent errors. An improve-
ment on the Bond-Benedict automatic single-crystal diffractometer
would be provision for foolproof pre-indexing of the reflections.

VIII. SUMMARY

Extensive application of the least squares refinement technique
(through the use of the Busing-Levy IBM 704 program) to three-
dimensional X-ray data from crystals of guanidinium aluminum sulfate
hexahydrate indicated that although the structure as originally reported
for the isostructural guanidinium gallium sulfate is essentially correct,
an exact structure is unattainable from the present data by means of the
least squares method of refinement. The numerous high correlations of
pairs of parameters, apparently linked with the nature of the structure,
appear to be a primary cause of prevention of convergence.
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The course of the calculations has been outlined with special emphasis
on some of the more obvious parameter interactions, but tables are given
to enable the more interested reader to examine the results in somewhat
greater detail.

The work also further demonstrates the importance of the correlation
matrix as a tool for establishing the existence or nonexistence of inter-
dependence of structural parameters.
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Discrimination Against Unwanted Orders
in the Fahry-Perot Resonator

By D. A. KLEINMAN and P. P. KISLIUK
(Manuseript received September 20, 1961)

It is proposed here that the usual Fabry-Perot interferomeler structure of
the optical maser may be modified in a very simple way to provide discrimi-
nation against unwanted orders. The modification is an exira reflecting sur-
face suitably positioned outside the maser which can greatly affect the losses
of the various orders. A simple one-dimensional analysis is given for the
effect, and numerical results are presented for a realistic case, showing that
the effect can be large. It is concluded that this technique may be useful in
preventing unwanted oscillations in the optical maser.

1. INTRODUCTION

The Fabry-Perot interferometer has recently become important as a
resonant cavity for electromagnetic radiation at optical frequencies."**
The nature of the modes of such a cavity has been discussed by Schawlow
and Townes' and by Fox and Li.* The modes may be specified by three
quantum numbers, one of which is the familiar order number giving the
separation of the plates in units of the half-wavelength. The other two
quantum numbers specify the possible field configurations across the
plates, which are essentially identical in each order. Fox and Li have
investigated these configurations and the corresponding frequencies and
losses for interferometers consisting of perfectly reflecting plates in air. In
the usual laboratory interferometer the Fox and Li modes cannot be
resolved because of insufficient reflectivity of the plates. Therefore the
role played by these modes in optical masers is not settled. On the other
hand, fine structure which could be due to various Fabry-Perot orders
has been seen in the output of both the gas® and the ruby’ optical maser.
It has been pointed out"® that the optical maser is inherently a multi-
mode device, and that the excitation of many modes can lead to unde-
sirable effects in the noise, stability, and ultimate usefulness of the de-
vice. Therefore it is proposed here that it would be useful to discriminate
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against many of the Fabry-Perot orders which can occur in the output
by increasing their losses relative to other “preferred” modes.

The Fabry-Perot orders present a problem only when the fluorescence
emission of the maser covers a frequency band wider than (2ud)™ wave
numbers, where u is the refractive index and d the separation of the
plates. This is the case in the gas maser of Javan, Bennett, and Herriott"
where (2ud)™" ~ 0.005 cm ' and the doppler broadened Ne transition
would be expected to have a width ~0.05. Also, in the ruby optical maser
of Collins et al’, (2ud)™" ~ 0.1 while the fluoresence line width at room
temperature ~10. The orders cannot be eliminated in these cases by
shortening the mager and hence spreading the orders, because the gain
would then be insufficient to produce oscillations.’ In ruby, however, the
gain could be increased’ by more than an order of magnitude by cooling,
so that the crystal could be shortened. At the same time, the cooling
could decrease the line width by more than an order of magnitude,!® so
that elimination of orders appears possible in ruby optical masers by cool-
ing. These examples show the interrelation of gain, line width, and the oc-
currence of Fabry-Perot orders in the optical maser output.

The idea of using a Fabry-Perot interferometer to discriminate against
unwanted orders in the optical maser has occurred to a number of
people.” Indeed, if the external beam contains several orders, a Fabry-
Perot etalon could be constructed which would transmit only one of
them. This, of course, would not necessarily have any effect on the losses
of the various modes in the maser. If the etalon were put in the internal
beam, elementary considerations do not tell us what to expect for the
relative losses of the modes. The structure to be proposed in the next
section is equivalent to making the etalon one of the reflecting ends of
the maser. It is believed that a detailed discussion of how discrimination
comes about in such structures is given here for the first time.

II. A MODIFIED INTERFEROMETER

It is proposed that another reflecting plate parallel to the maser plates
be provided outside the maser with a means for adjusting the separation
of the new plate from the maser. This would produce a modified inter-
ferometer having three essential optical surfaces with the active medium
in the space between two of these surfaces. It is expected that the separa-
tion of the third surface from the maser will be much less than the length
of the maser. The purpose of the extra surface is to provide discrimina-
tion between the Fabry-Perot orders of the original maser by making
some orders very lossy compared to other orders. The losses may be due
to scattering by inhomogeneities in the medium and irregularities on the
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reflecting surfaces, absorption by processes other than the fluorescence
process of the active medium, and transmission through the outer reflec-
ting surfaces. For convenience of discussion, all losses may be aseribed to
the last mechanism by assigning suitable effective reflectivities to the
outer surfaces. In any case, it is clear that the proposal has meaning only
when losses are taken into account, since the only other effect of the extra
surface would be to shift the frequencies of the already existing orders
by amounts less than (2ud) ™" and to introduce new frequencies corre-
sponding to the increased over-all length of the modified interferometer.
Therefore the performance of the device cannot be deduced in an ele-
mentary way by considering the two regions between the surfaces as two
interferometers with the shorter preferentially selecting and rejecting
certain orders of the longer. The truth is that the modified interferometer
has more, not fewer, orders than the original maser, but unlike the latter
the orders may have very different losses.

I11. ANALYSIS

IFor analysis it is convenient to consider the one dimensional problem
shown schematically in Tig. 1. A medium of real dielectric constant
e > 1 and real conductivity ¢ occupies the region —a £ 2z = a. For

£>1
<o
77
-b -a 0 a b
4
i - ikz Lkgz
i g5 g LA Ae" e °
b . - —
-1 ikz Ltk,(2b-z
+e LRDZ iAEL I"bE g( )
- —— -

Fig. 1 — Schematic diagram of one-dimensional symmetric structure chosen
for analysis of modified interferometer. The value of the constant A is not needed
in the analysis.
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|z| > ait is assumed that ¢ = 1 and ¢ = 0. At z = +b are placed re-
flecting surfaces having the reflectivity for amplitude

r=¢". (1)
Since the phase angle of reflection is unimportant here, it has been as-
sumed zero. For later use the quantity
T = tanh f (2)
will now be defined. The reflectivity of the surfaces at 2 = Fais
re = (Ve —1)/(Ve+ 1). (3)
From (1), (2) and (3) one can write
T=(1—r)/(14+m)
1/vVe= (1 —r)/(1 + ra).

It is therefore possible in this example to consider arbitrary reflectivities
at z = —a,4b by suitable choices for T and 14/¢ in the range 0 to 1.

The symmetry of Fig. 1 about a plane at z = 0 causes the field to be
either even or odd with respect to reflection in this plane. The even solu-
tions are shown by (+) and the odd solutions by (—) signs in Fig. 1.
The propagation constants are given by

(4)

ks = w/c
k= kA e[l + i(4mo/ew)] (5)
= ke + i(2na/cNe) + - .

The continuity of the field and its derivative at z = a gives the conditions

Etan(ka) = —ko tan(hod — ke + if) (6)
for even modes, and
ko tan(ka) = +k cot(keb — koa + if) (7)

for odd modes. These equations give, in general, complex eigenvalues for
the angular frequency w.

It is convenient to require that « be real and allow ¢ to assume an ap-
propriate negative value. Both w and ¢ are determined by (6) or (7) for
even or odd modes respectively. Physically this corresponds to supplying
sufficient gain through the negative ¢ to maintain steady oscillations at
frequency w. The larger the value of —o the greater are the losses of the
mode in question. Now let the dimensions be so chosen that

n(b — a) = mave (8)
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where m,n are positive integers. It is then possible to write
ko(b — a) = mr + (m/n)A
vk = nr + A.
The conduetivity to be determined is contained in the parameter
x = tanh(2woa/cy/e). (10)

In any practical case the ratio &/k oceurring in (6) and (7) can be con-
sidered real, k/ky ~ A/e. The equations for the real frequency and con-
ductivity then reduce to

(9)

tan A = —(mnﬂ‘a)Hi‘/fo (11)
n Ve + Tx
R l = /e tan A tan (m/n)A (12)
+/e — tan A tan (m/n)A
for even modes, and to
tan A = (Cot i A) £+_—XT (13)
/1 4+ Ve
R /e tan (m/n)A + tan A (14)

tan (m/n)A 4+ /e tan A

for odd modes. When tan A is eliminated between (11) and (12) or be-
tween (13) and (14) the same quadratic equation for X is obtained,
namely

X+2px+1=0 (15)
where

e+ T+ (1 + €T?) tan® (m/n)A
TA/e(1 + tan” (m/n)A)

The solution of (15) which reduces properly asm, — 0 (T — 1) is
x=—-p+ |0 -1 (17)
When | x | < 1, this reduces to

U TVell + tan® (m/n)A)
e+ tan® (m/n)A )

2p = (16)

(18)

The most practical method of solution is to find the frequencies by neglee-
ting Tx in (11) and (13), which gives



458 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

Vetan A = —tan(m/n)A  (even) (19)
Ve cot(m/n)A (odd) (20)

respectively. I'rom these solutions, the values of tan(m/n)A can be sub-
tituted into (17) or (18) to obtain x.

From (15) and (16) it is seen that x depends upon A through
tan®(m/n)A. As a result of the “tuning” condition (8), A = 0 is a solu-
tion of (19); this is the “preferred” mode having the lowest loss

Xmin = —T/Ve (21)

The largest losses belong to modes having tan*(n/n)A > 1. The solut'on
(17) gives two results in the limit tan’(m/n)A — o, depending on
whether ¢7° < Lor > 1

Xmax = _T‘\/; (ET2 < ].)
Xmax = _1/(T'\/;) (€T2 > ]).

tan A

(22)

Let the quantity
B = x/Xmin (23)

be called the discrimination ratio; then R,.« = € or 1/T%, whichever is
smaller. Therefore the extra reflecting surface should satisfy

Ty g Ta (24)
to achieve the maximum diserimination, but there is no advantage in

making r, exceed r, . It should be noted that the practical approximations
(19) and (20) are not valid if 7" > 1.

1V. DISCUSSION

The properties of the solutions are best discussed with the aid of an
example. For simplicity, a ease is chosen in which (19), (20) are valid.
Let

m/n = 15
Ve =10 (25)
T = 0.02.

The corresponding reflectivities for amplitude are r, = 0.82, r, = 0.96.
According to (21) the loss of the preferred mode A = 0 is measured by

X(O) = Xmin = —0.002. (26)
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From (19) it is seen that A = 5x/2 is a solution with tan’(m/n)A = «
50 that according to (22)

X(51"/2) = Xmax = —0.2. (27)

The graphical solution of (19) and (20) is sketched in Fig. 2 with circles
representing even solutions and squares odd solutions. The results are
summarized in Table I up to A = 57/2 = 450°; the remaining roots in
the fundamental period of 5= may be obtained from the symmetry about
A = Hm/2. The roots are alternately even and odd as shown in the second
column, and tan(m/n)A in the fourth column rises monotonically from
0 to = corresponding to increasing losses. The discrimination ratio R,

10CcoT A/s

-1/10TAN A/5

~ Fig. 2 — Graphical representations of (19) and (20) for m/n =1/5, /¢ = 10.
Odd solutions are indieated by squares and even solutions by cireles except at
A = 57 /2, where the intersection is at 4=,
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TaBLE [—SUMMARY oF RESULTS FOR NUMERICAL EXAMPLE WITH

m/n = 1/5, Ve = 10

A type tan A tan A/5 R
0 even 0 0 1
88°10" odd +31.46 +0.318 1.1

175°58’ even —0.0705 +0.705 1.49
262°34" odd +7.67 +1.304 2.66
345°21' even —0.261 +2.61 7.27
412°38’ odd +1.31 +7.63 37.4
450° even £ £ 100

given in the fifth column, increases from 1 to 100. These results are fur-
ther summarized in Fig. 3, where the spectrum just calculated is com-
pared with that of the “original” interferometer having no surfaces at
z = =b. The loss in the original interferometer is x = —1/ Ve= —0.1
for all modes. The heights of the spectrum lines in Fig. 3 are proportional
to 1/R to indicate the relative “Q” of each mode. The total number of
frequencies in the fundamental period is twelve compared with ten in
the original interferometer for the same period. This is exactly what one
would expect, corresponding to the 20 per cent increase in optical length
of the modified interferometer. Also as one would expect, the spacing of
the preferred modes corresponds to the orders of an ordinary Fabry-
Perot interferometer of spacing d = b — a.

It will be seen in T'ig. 3 that the three modes on either side of a pre-
ferred mode have frequencies very close to modes of the original inter-
ferometer at A = =4x/2, +x, +37/2. The losses of these modes can be

.

N Y I I O

Fig. 3 — The calculated spectrum with the “@Q"" of each mode indicated by
the height of the lines. Shown below for comparison is the spectrum of the “origi-
nal’’ interferometer.
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calculated to a good approximation from these values of A. In general
the approximation is

tan(m/n)A ~ tan[(m/n)Nw/2] (28)

where N = 0,1,2, - - - but N << n/m. Using (28) the evaluation of (17)
or (18) can then be carried out immediately without solving for all of
the frequencies. This is very convenient since only the modes near the
preferred mode are expected to be of interest. It will be noted that the
extra modes introduced by the extra surface are among the lossy modes.
The periodicity in the above example is a result of choosing n/m an
integer. If n/m is chosen not an integer, the periodicity is destroyed, but
A = 0 remains a preferred mode with minimum loss. Except for extra
modes in the regions of high loss, the general effect of the extra surface is
to impose a modulation of period (n/m)x on the original modes. It is of
course not essential for the desired effect that this modulation have a
period commensurate with the period of the orders of the original inter-
ferometer. Greatest advantage in discrimination against unwanted
Fabry-Perot orders is obtained by setting

b —a~ (2a»)"" (29)

where A is the half-width at half-maximum of the fluorescence emission.

V. SUMMARY

The theory of the orders of the modified interferometer has been
treated in one dimension by considering the symmetrical structure of Iig. 1.
The analysis clearly shows the nature and magnitude of the effects to be
expected. These effects do not depend in any essential way upon the
symmetry assumed for convenience in the analysis, and similar results
would be expected for an unsymmetrical modified interferometer with
only one extra reflecting surface. It is clear that details in the analysis
could be generalized in various ways without changing the substance of
the conclusions. The most important of these would be to allow arbitrary
reflection and absorption at the interfaces at 4a to represent the prop-
erties of deposited metal layers. On the basis of what has been presented,
however, it can be asserted that a third surface of suitable reflectivity
and properly positioned can provide considerable diserimination between
the orders of a Fabry-Perot interferometer.
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The One-Sided Barrier Problem
for Gaussian Noise

By DAVID SLEPIAN
(Manuseript received September 21, 1961)

This paper is concerned with the probability, P[T,r(7)], that a stationary
Gaussian process with mean zero and covariance function r(+) be nonnega-
tive throughout a given interval of duration T. Several strict upper and lower
bounds for P are given, along with some comparison theorems that relate
P’s for different covariance functions. Similar results are given for
F[T (7)), the probability distribution for the interval between two successive
zeros of the process.

INTRODUCTION

Let X(¢) be a real continuous parameter Gaussian process, stationary
and continuous in the mean. We shall assume throughout that
EX(t) = 0 and shall write r(7) = EX({)X(t + 7). We further assume
throughout that we are dealing with a separable, measurable version of
the process,

Our main concern in this paper is the probability P[T,r(7)] that X (¢)
be nonnegative for 0 < ¢t = T. This quantity is of interest as a means of
describing the duration of the excursions taken by the process from its
mean. From P[T,r(r)], the distribution function #[A\,r()] of the inter-
val between successive zeros of the process can be determined by differ-
entiation [see (19)]. This latter quantity is of importance in a variety of
engineering applications of noise theory.

Considerable effort has been directed in the past toward the numerical
determination of F[A\r(r)] both theoretically'™ and empirically.*"
These researches have resulted in various approximations for F[\,r(7)],
but many of these are neither upper nor lower bounds for #, and exact
circumstances under which they are good approximations are not clear.
Generally speaking, they are good for small values of X and become nuga-
tory for sufficiently large \. There appears to be nothing rigorous in the
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literature concerning the asymptotic behavior of F for large A. (An ap-
proximation method is given in Ref. 21.)

In this paper we summarize some known results and present a number
of new strict bounds and comparison theorems for P[T,r(7)] and
F[\r(7)). The most important of these are: Theorem 1, Section 1.3;
Theorem 3, Section 1.4; and Theorem 10, Section 1.8. Theorems 12 and
13 (Section 2.7) dealing with class 2 covariances (defined in Section 1.1),
though of less importance for our goal, are perhaps of more than passing
interest. These and other results presented shed some light on theoretical
questions regarding P and F. Their utility in numerically determining
these quantities will be discussed elsewhere.

The paper is divided into two parts: Part I presents definitions, results,
and discussions; Part II contains the more technical aspects of proofs
and other supportive material for Part L.

PART I — DEFINITIONS, RESULTS AND DISRCUSSIONS

1.1 Preliminaries

From its definition, it is clear that P[T',r( r)] is a nonincreasing function
of T. It assumes the value % for 7 = 0. It obeys the scaling laws

P[T\r(r)] = P[T;(7)] (1)
PIT;r(Ar)] = PIAT,r(7)] (2)
A >0

In asserting (2) for all A > 0 we have assumed r(r) given for all 7.
This is a convention that will be adhered to throughout this paper. It is
to be noted, however, that P[T,r(7)]for0 = T' < T, depends only on the
“piece” of the covariance function r(7),0 = 7 £ 7.

The scaling law (1) suggests normalizing the covariances to be con-
sidered so that

r(0) = 1. (3)

We adopt this convention hereafter.

The scaling law (2) suggests that a normalization of the time scale is
in order. There does not appear to be a convenient way to do this for the
class of all covariances. For processes continuous in the mean, such as
are,being considered here, all one can say in general about covariances is
that they are even continuous nonnegative-definite functions. This is a
rather large class of functions containing a great variety of pathologies
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such as nowhere differentiable continuous functions. In what follows we
shall have occasion to consider covariances r(r), strictly monotone in
some right neighborhood of 7 = 0 and such that »(7) — 1 behaves like a
nonnegative power of | = | for sufficiently small | | . We normalize and
define this class as follows: The continuous covariance r(r) is said to be
of class « if, as r approaches zero,

[7]°
T(e + 1)

and if r(r) s strictly monotone in some right neighborhood 0 < r < 7,
of the origin. Here necessarily 0 £ o« £ 2 and T'(a + 1) is the usual
gamma function. The normalization is contained in the specific choice
of the coefficient of | 7 |,

To the author’s knowledge, when the scaling laws (1) and (2) are
taken into account, there are’only three distinet covariances for which
P[T(7)]is known explicitly. These are:

() nlr)=¢", 0=27r=< =,

2 : -7 7]
—aresin e 0=T < =;
™

r(ir) =1 — + o(| 7 |,

P[T,‘-"l(T )]

Il

l_ﬁﬁ_’_ﬁz(-()_q(/g)’ 0§T<3°, Oé,@él,

1 T 1 . . (T T
> — 2 — 2 ares sin (= &L %
5 4r 9 aresin [,B sin (2.3)]’ 0= g = 2,

il — 2r £ - < =;
2[ ﬁ], Tﬁﬁ

(i) ra(Br)

P[T,H(ﬁﬁ)]

1 —|r T| =
(i) rs(r):‘{ J(l, ; ifl

v

PITri(r)] = i-l— ;’—]-.v_r laresin(1 — T) — A/T(2 = T)l, 0=T=<1.

The process with covariance r( ) is Markovian, and it is this special
property that permits determination of P[T,r(7)] in this case (see Ref.
22 or Ref. 21, Section [X).

Case (42) corresponds to the stochastic process

X(t) = A + B cos [; + q:],

with 4, B and @ independent random variables, the two former being
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normal with mean zero and variances 1 — 8° and 8° respectively, and the
latter being distributed uniformly in (0,2x). The determination of P
in this case is an exercise in integration and elementary probability the-
ory that will be omitted here. For the obvious generalization of this case,
namely,

N
X(t) = A + 2 Bicoslt/B: + @),

P[T,r(7)] can be expressed in principle as a (2N + 1 )-fold integral. Ex-
cept in the case N = 1 presented, the integrals appear untractable.

The form for P[T,rs(7)] given follows from results found in Ref. 23.
Note that it is valid only for T < 1. We have been unable to extend P
beyond this point.

These examples shed little light on the many questions that naturally
arise concerning the behavior of P[T',r(7)], both as a function of T and
as a functional of »(r). What are possible asymptotic behaviors of P
for large T? What features of r(7) determine this behavior? To what
extent is P determined by the behavior of 7(7) in the neighborhood of
r = 0? (For example, if r(7) is analytic in the neighborhood of r = 0,
then it can be extended as a covariance in only one way, namely, by its
analytic continuation. In this case, then, P[T,r(r)] is completely deter-
mined by the behavior of 7(7) near r = 0.) If ¢(~) is another covariance,
in some sense close to 7(7) for 0 < r £ T, is P[T,r(7)] close in some
sense to P[T,q(7)]? How can P[T,r(7)] be determined numerically for a
given covariance 7(7)?

These and many other Lasic questions await to be answered in full.

1.2 PT (7)) as a Limat

Let0 =t < s < --+ < t, = T be a partition of the interval (0,7')
into n — 1 parts. The n random variables X (1), X(t), -+, X(t.) are
jointly Gaussian with covariance matrix r = (ri;), where ri; = (& — ;).
Denote by P,(r) the probability that these n random variables be non-
negative. Because of the assumed separability of the process,

P[Tyr(r)] = lim Py(r), (4)

n-+

where it is understood that the limit is taken as the partition is refined
with mesh tending to zero. If r(7) is positive definite, then | r | > 0 for
any choice of partition, and one can write explicitly

Pu() = (20 [ [ dr oo [ gt (5)
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It is somewhat surprising that information about P[T,r(7)| is so difficult
to obtain when it can be expressed as the limit of the apparently not too
unwieldy expression on the right of (5). This integral is deceptive. For
n > 3 it cannot be expressed in terms of elementary functions of the co-
variance elements r,; . Series expansions and upper and lower bounds can
be easily written for this integral, but most of the obvious ones yield
vacuous results in the limit as the partition is refined.

The integral (5) admits of a simple geometric interpretation obtained
by reducing the quadratic form in the exponent to a sum of squares by
a linear transformation and performing a radial integration. P,(r) is the
fraction of the unit sphere in Euclidean n-space cut out by n-hyperplanes
through the center of the sphere. The angle 6;; between the normals to
the 7th and jth hyperplanes directed into the cutout region is given by

cos fij = rij, 1,7 = 1,2, -+ | n. This geometric interpretation of P,(r)
holds even when [r| = 0. For n = 2 and 3, this picture gives at once
P, = 2%_ [w — 8] = _11 + 2lﬂ_a,rt‘:?jin i (6)

1
P3=I[2W—9|2—91s‘9aa]
T

(7)
=4 + 1 [aresin ri2 4+ aresin ri3 4 aresin r..
8 4

Seen on the surface of the sphere, the region described above is the
generalization of the spherical triangle in three-space and is known as an
n-dimensional spherical simplex. GGeometers have studied the problem
of expressing the content of the spherical simplex in terms of the angles
between its bounding surfaces.”™™ Many of their results can be readily
derived from known results in probability theory using the connection
with P,(r) just mentioned (see Section 2.1).

It is clear that P,(r) is an upper bound for P[T,r(r)]. The result (7)
then is a simple upper bound for P[T(7)], where r, = r(ta — &),
rg = r(ts — ), r3 = 7(t; — &) and & , &, {; are any three points in the
interval (0,7"). For very small values of T, this upper bound can be made
close to the true value of P[T,7(7)]. For large values of 7, this is gen-
erally not the case. If, for example, r(7) is never negative, P; is always
greater than §. If 7(7) oscillates in sign, there is a minimum value for P,
different from zero (unless r(7) achieves the value —1) obtainable for
any choice of i < . < t3, and hence this bound for P[T,r( )] does not
approach zero for large 7.
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1.3 A Comparison Theorem for P[Tr(r)]

Recall that in the geometrie picture of P.(r), 7i; = cos 8;; where 8;; is
the angle between the inward normals to hyperplanes ¢ and j. Intuitively,
it is clear that if this angle is decreased, ie., if 7; is increased, P,(r)
should also increase. This is borne out by the following

Lemma 11— Let P,(r) be the probability that n joinily Gaussian vari-
ales with mean zero and normalized covariance matriz r(ry; = 1) be non-
negative. Let g be another normalized n X n covariance matrix. If ri; 2 qi;
forij=1,2, -+ ,n,then P,(r) 2 P.(q).

Note that the matrices r and q need only be nonnegative definite (as
distinguished from positive definite).

By regarding P|T,(r)] as a limit of P,(r), as explained in the pre-
ceding section, Lemma 1 can be used to deduce the following comparison
theorem.

Theorem 1 —1I) v(7) = q(7) for 0 = 7 £ T,, then P[Ty(7)] 2
PlTg(r))for0=T=T,.

The covariance funetion of a process is generally regarded as a rough
measure of how much the process “hangs together.” This view is sup-
ported by the theorem. A process with a larger covariance function
hangs together more and is more likely to maintain the same sign than
one with a smaller covariance.

The comparison theorem can be used with the three covariances
(Section 1.1) for which P[T'r(7)] is known exactly to bound this quan-
tity for other covariances. The theorem is particularly useful for com-
paring covariances of the same class. Let 7(r) and ¢(r) both be of class
@, and suppose that r(7) = ¢(r) in some neighborhood of the origin.
Then P[T,(7)] = P[T,q(r)] in this neighborhood. But, for any A >
1,4(r) = r(Ar) in some sufficiently small neighborhood of the origin,
so that also P[T,q(7)] = P[T,r(A7)] = PAT,r(7)] by the scaling law
(2). Choosing \ appropriately leads to the following

Theorem 2 — Let r( =) and g(+) be of elass a with r(v) Z q(r) in some
neighborhood of + = 0. Then for some T* > 0,

PITy(7)] 2 P[Tyq(7)] 2 Pir(g(T)r(7)], 0=T =T"

The theorem is proved in Section 2.3 where the determination of 7™*
and the choice of proper branch for #'(¢) are also discussed. Knowledge
of P[T(7)] thus provides both upper and lower bounds for P[T,q(7)]
near 7 = 0.

+ Proved in Section 2.2. A special case of this lemma was proved by J. Chover*
by a completely different method. He applied his result to obtain a weak version
of our Theorem 1. Chover’s result inspired much of the present paper.
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1.4 Some Related Results Useful for Large T

From Lemma 1, it is easy to deduce (see Section 2.4)
Theorem 3 — Let Ty = 0,7y 2 0,73 = 0 be such that Ty + Ty = T, .
Ifr(r) 2 0for0 = v = Ty, then

P[TJ 3 ?"(T.)] é l’[T1 3 ?(T)]P[T;} ¥ 7'{7‘”. (8)

This theorem provides some asymptotic information on P[Tr(7)] for
covariances that are never negative. It implies for these covariances
that —(1/7') log P|T,r(7)] approaches a nonnegative limit as 7' becomes
infinite. In this sense, then, for nonnegative covariances, P[T,r()| cannot
decrease asymplotically more rapidly than exponentially. An exponential
lower bound for these covariances is found by iterating (8). Thus, if
T = NT,, P[Tyr(r)] = PINT,, r(7)] 2 P[T,, r(7)]". One obtains in
this manner the exponential bound

PT x(x)] 2 PP T=zT, (9)

which holds for nonnegative »(7) with P, = P[T,, #(7)], T, > 0.

For covariances for which P[7T',r(7)] is not known, (9) still gives useful
information by replacing P, by a lower bound. For example, from the
lower bounds presented helow Theorem 6 in Section 1.6, it follows that
for nonnegative r( ) of class 2, P[Tr(7)] = f(1") where

1 ?' m

o = 1[3 T 3 W)
b am
= I X ’15 -
{[2 r]’ !

— 2’ .
By choosing T, to maximize f(7,)"" and using this maximum value for
Py in (9), one obtains the following
Lower Bound — If r(7) s of class 2 and nonnegative, then

PITr(7)] = 0.121 ¢ *™, T = (1.016).

I\
IIA

(ST |

Lol y
1A

For a specific nonnegative covariance of class 2, a somewhat smaller
exponent can often be obtained by using for f the lower bound of Theo-
rem 6, or a lower bound obtained from the comparison theorem and
example (27) of Section 1.1.

For covariances (such as ry( ) of Section 1.1) that are identically zero
for 7 =z Ty for some Ty > 0, an exponential upper bound can readily be
written for P[T.r(7)]. For example, if 7 = (2N — 17T, , then
PI(2N — 1Ty, r(7)] is certainly not greater than the probability that
the process be nonnegative in the intervals (0,7v), (27, 37)), - ,
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((2N — 2)T,, (2N — 1)T:). But the process in any one of these inter-
vals is independent of the process in the other intervals because of the
vanishing of r(r) for r = Ti. Thus, P[T;r(7)] = {P[Ti, r(r))}".
Arguing in this manner, one arrives at the

Upper Bound — If r(7) vanishes for = 2 Th, then

1 2
PlTr(r)] = \/17— ) e T'zT,
1
where Py = P[Ty, r(7)].

1.5 Bounds from Rice’s Series

LetO = & <t < ++- < &, = T be a partition of the interval (0,7")
inton — 1 parts. Let 4, denote the event: “X(¢) changes sign at least
once in the interval &; < & < tiy,” ¢ = 1,2,-+,n — 1. Then, by the
method of inclusion and exclusion,

P[Tr(r)] = 1 — 2. Pr{d} + 2 Prid, N 4}
; i<i
— Z PI‘[A,' ﬂ A,ﬂ Ak]
i <<k
+ - F (—1)"_1P['[A1 n A, n---nN An—l},
is the probability that none of the events A, occur. If 77(0) exists, the

above series approaches as a limit as the partition is refined with mesh
tending to zero

T T T
2PITp(r) = 1 — [ ot d+ 5, [ dt [ dbgst, ) = -
0 . YD
(compare Rice,"” Equation 3.4-11) which we write as

2P(Tyr(r)] = 1 + 2 ——4(‘111),"3",
; . (1)
B,,=f dt;---f Alagulty, =+, t).

Here ¢, (i , - - ,tu)dly+ - dl, is the probability that X(¢) has one or more
zeros in each of the intervals (& , & + dh),- - -,(t. + di,). The existence
of #”(0) assures us that X(#) has a derivative almost everywhere in
(0,7 for almost all sample functions. One then has

ity o) = [dte [ de bt )

'[.’P(El, PR E'I y L1y "y -En)]z-u=0-
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Here p(&, «+«,#0, 21, -+ -,2,) is the joint density for the random vari-
ables X'(t1),-+,X'(t.),X(#), - -,X(t,) with & associated with X’(#;)
and 2; associated with X(¢;),7 = 1,2,---,n. X'(¢) is the derivative of
X (t) with respect to t.

From the derivation of the method of inclusion and exclusion, sue-
cessive partial sums of (11) alternately overestimate and underesti-
mate 2P( 7). We therefore have the sequence of bounds

0 < 2P[Tx(r)] £ 1,

_B_ _ 1B B
Bl Bg B3 v Bl 32 B3 B~l
l—ﬁ+27_3—1§2P[g:T(T)]§1_ﬁ+2—z-§+4—!1

etc. Unfortunately, except for n = 1,23, the integrand q. (&, - - t,)
oceurring in the definition of B, cannot be expressed in terms of ele-
mentary functions. For covariances r(r) of class 2, one has

nlh) = ;lr,
@l , b)) = %Fﬂyl (—1 a_2 ;;:;?N.Siu a]’
where
=l — £ WL —s") = (24 2? — r’g)’
a = [(1=ry" + /1 =7 =2,
and

r = '?'(tg — tl), = F"(‘f‘; e !']), # = r”(t;! - tl)

The expression for g; is too complicated to warrant display here.
Bounds given by partial sums such as (13) cannot be expected to
yield useful results for large 7. Typically, for large T, B, behaves like
T": the upper bounds exceed unity for large 7' and the lower hounds
become negative.
For small 7, however, (13) yields useful information. One has

o
Ifr(r) =1 —7%/2 + CT"/-}! + O -r"), a very tedious computation shows
that for small 7,
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g—17

B, —_ + G(Tﬂ),
m

*T T
B; = O(T®).

From this and the inequalities (13) follows
Theorem 4 — If for small =

2 4
r(r) =1 — "3 + % + 0(+%),

then the first three right-hand derivatives of P[Tr(+)] with respect to T
exist al T = 0 and are given by

POy(r)] = 3,

Plo+7(r)] = —,
27

P'[0+(0)] = 0,

P04 = 56

The assumed form for 7(7) in Theorem 4 is important. It has been
shown by Longuet-Higgins"* that if r(r) = 1 — /2 + b| 7 I®+ 0,
b 5 0, then for small 7, B, = O(T*) for n = 2,3,4,-++. One can only
conclude in this case that P'[04,(r)] = — 1/2m.

The power series 1 + 31" B,A"/n! can be written formally as

exp 2 c\"/n.
1

Expand the latter in a power series, equate coefficients of like powers

of A and set A = — 1. There results the formal identity using (11)
2P[Txr(7)] = o Crtea/ti—calaite. , by
where
g1 = B = .T
m™
s BB (15)

C3 = Ba = 3BlBg + 2Bl'T
¢, = By — 4B,B; — 3B," + 12BB; — 6B/,

ete., with the B’s given by (11) and (12). Relations (15) are the usual
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ones connecting semi-invariants with central moments (see Ref. 39, p.
37 or Ref. 40, p. 186). Kuznetsov, Stratonovich and Tikhonov' have
suggested the use of (14) keeping a finite number of ¢’s as a better ap-
proximation to P than series (11). For large 7', (14) will perhaps yield
a better approximation than (11), but it is difficult to see under just
what circumstances this will be true. A knowledge of the asymptotic
behavior of the ¢’s for large 7' is needed, but this appears to be a difficult
point.

A truncated form of (14) will not in general yield the correct asymp-
totic behavior of P[T,r(r)]. For example, retaining only ¢, , (14) gives
2 P[T,r(7)] ~ ¢ "' for all class 2 covariances. That this is not in general
correct can be seen from a family of simple counterexamples. If ¢(7) is
of class 2, then so is

r*(r) = q(a‘r) sin 'BT, (16)
Bt

where @ = v/1 — /3 and 0 < 8 £ /3. If X(¢) has covariance r*(7),
then since r*(nn/B8) = O,n = =1,2£2,-- -, the random variables

X(x/8), X(2n/B), X(37/B), - -
are independent. Set N = [37/x|. Then
P[Ty*(r)] = Pr{X(jr/B) 2 0,5 = 1,--- N} = ()

< 2(%)&!”1’ = 2(‘7!{.’! log ?l?‘fr.

Thus if

- - 1 .
V3i=17322z28> og2 1.442, (17)
¢""PITr*(7)] approaches zero exponentially for large 7', and the first
term in the exponent of (14) yields an incorrect asymptotic behavior,
It is interesting to note that the form ¢ ™" ohtained from (14) hy
retaining only ¢; would be correct for a process in which the axis cross-
ings were independent. One would then have g,(t,, ---t.) = [[m(t)),
B, = (B))" and ¢, = 0,n > 1. For processes with the covariance (16)
with 8 given by (17), P[T»*(7)] decays even more rapidly. This has
nothing to do with the asymptotic behavior of r*: by proper choice of
q(7), this can be altered at will. One must suppose this rapid decay of
P[T,r*(7)] is due to the fact that typically r*(r) takes negative values
so that at certain time separations the process is anticorrelated. Indeed,
lt is tempting to conjecture that for nonnegative class 2 cov ariances,
"7P(T,r(+)] increases without limit for large 7.
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1.6 Some Other Bounds for P[T (7))

In this section we list a few miscellaneous bounds on P[Tr(7)].

Theorem 5§ —

PIT(r) <2

™

1
f (1 — ) aresin r(Tu) du.
1]

The theorem is proved in Section 2.5. If r arcsin 7(7) is integrable, the
bound in Theorem 5 approaches zero like 1/T.

Lower bounds for P[T,r(7)] are difficult to obtain. One is given by
(see Section 2.6)

Theorem 6 — If r(r) is of class 2,
3 T 1 .
> — — == g
PlTr(r)] = =0 + = arcsin (7).

This bound goes negative for relatively small values of T' (at least be-
fore T = 2). It gives somewhat more information than the bound

PITy()] 2 %[1 - 3—:] (18)

obtained from Rice’s series (Section 1.5) by retaining only Bi. The
bound obtained by retaining B, , B and Bj is of course generally much
better than that of Theorem 6 but is so complicated that it can be used
only with difficulty even with a modern computer. For nonnegative
covariances of class 2, Theorem 6 gives P[T,r(7)] 2 3§ — T/4x. This,
together with (18), gives (10).

Theorem 7 — If in the neighborhood of 7 = 0,

17

2
) =1 T 42T -~
r(r) =1 2+624!+“( ),

then

PlTr(z)] = é — I—W — 2%[ aresin [ﬁ sin (g_ﬂ):l : 0

where Ty = min(Bm,7.) and 7, is the smallest positive value of = for which
r(r) = 1 — 24/B. This theorem follows from the comparison Theorem
1, the result (i7) of Section 1.1 and the fact (see Theorem 14, p. 494),
that for 0 < r < Ty, the covariance of Theorem 7 is dominated by

”2(611‘)'

1IA

T,
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Theorem 8 — If v(1) is nonnegative and of class 2, then

T 1 T
P[Tr(r)] 2 1.2 1 arcsin [—-— sin ———] ; 0o=sT
2 4r  2r V27 /2

IIA

=1
V3
This theorem follows from the comparison Theorem 1, the result (77)
of Section 1 and the fact (see Theorem 13 in Seetion 2.7) that for 0 <
7 = m/4/2, every nonnegative covariance of class 2 is greater than
r(1/4/2,7).

We conclude this section with a rather weak, but sometimes useful,
result proved in Section 2.8.

Theorem 9 — Let h(&) be nonnegative for 0 < ¢ = 6 and let h(E) = 0
Jor £ < O and t > 6. Define

Gi(x) = [ hx + DA(D) at
and sel
ro(7) = _[: r(r — z)Ge(a) dx.

Then
P[Tre(7)] = P[T + 0,r(7)].

1.7 Relationship Between P[T,r(r)] and F[\r(7)]

If »”(0) exists, then almost all sample functions X () possess a deriva-
tive almost everywhere. If 7”(0) does not exist, then almost all sample
functions are nowhere differentiable. In this latter case, if a realization
X(t) has a zero at { = 0, it almost certainly has infinitely many zeros
in every right neighborhood of ¢ = 0. In discussing F[\,»(7)], the
distribution of the interval, [, between successive zeros of X (1), we ac-
cordingly restrict our attention to covariances for which r”(0) exists.

The quantity P[T,(r)] — P[T + Ar(r)] is the measure of those
sample functions which are nonnegative in (0,7') but are not nonnega-
tive in (—A,0), i.e., the measure of those sample functions that are
nonnegative in (0,7") and have at least one axis crossing in (—A,0).
Divide this quantity by the probability »A + o(A) that X(¢) have one
or more upward axis crossings in (—A,0) and allow A to approach zero.
There results

1a
v dT
Here Q[T,r(7)] is the conditional probability that X(¢) be nonnegative

QITx(7)] = PITr(r)] =1 — F[Tr(s)]. (19)
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in (0,T) given an upcrossing of the axis at ¢ = 0; Fxr(r)] = Pr(l £ 1))
is the distribution function for the interval I between zeros. One should
note carefully that the condition in the definition of Q is in the “hori-
zontal window sense” (see Ref. 10, Section 2 for a more complete dis-
cussion of this term). We shall find @Q[7,7(7)] more convenient to deal
with than F[T,r(7)].

From its definition, Q[7,r(r)] is nonincreasing as a function of 7'. It
assumes the value 1 for T = 0. Like P[T,r(7)], it satisfies the scaling
laws

QITr(7)] = QIT,r(7)]
QIT,r(Ar)] = QINT,r(7)] (20)
A > 0.

For most purposes, then, it suffices to consider only class 2 covariances.

In this case (see Ref. 19, Equation (3.3-10)) v = 2-—1; and (19) becomes

QT (1] = —2n {% PIT ()], (21)

Clearly upper and lower bounds on Q[7',( )], say
Qu|Tr(7)] = QTr(7)], 0o=T
QuT ()] = QITr(7)), O0=T

furnish bounds on P[T,r(7)] by integration:
L g L L[ el da,

2 2 2
0= T=Th.

lIA
3

IA
3

I " Quler(s)] dz < PITyr(r)] <

However, since @ is nonincreasing, it is also possible to obtain weak
bounds on @ from known bounds on P. For example, since @ is non-
increasing, if b > a = 0,

(b — )Qlag()] = [ Qv dy = (b — Qb2

Y4y

or from (21)

Pla,r(r)] — Plby(7)]
T

)= Bl 2 qior(n)l. ()

Qla,r(7)] = 2
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Thus if Py(7T) and PL(T) are respectively upper and lower bounds for
P[T,r(7)] valid for all T,

PL(T) o P(r(.]')

max 2w < QITr(r)]
z2T x—=T
(23)
< i QWPU(.B) = PL(T} )
To<zzr T—=x

Note that the left inequality of (22) for @ = 0, b = T again gives (18).
Also from (21) and the fact that @ is nonincreasing, it follows that
P[Tr(7)] for class 2 covariances must be convex downward.

To the author’s knowledge, when the scaling laws (20) are taken into
account, the only covariance for which Q[T,r(r)] is known explicitly
is ro(B,7) of (47), Section 1.1. One has

r(Byr) = 1—.32'1'!32('0-‘5(%): 0<B=1,
T
cos | 5z
_% I 4+ ( ﬁ) ) 0= T = 2n,
AT ()] = | /1= i ) g
e\ T = 1 2{3
0, 2r = gg o

1.8 A Comparison Theorem for Q[T ,r(r)]

Imposing the condition that X (¢) have an upcrossing at ¢ = 0 in the
horizontal window sense greatly complicates computation of probabil-
ities associated with the process. For instance, when X (t) is conditioned
in this manner, the random variables X(4,),X(t),-,X(t,) are no
longer jointly Gaussian. If »(7) is of class 2, their joint density is

2 f d EP(E, Xoy &1y - ',-'Ffe)zu=0,
0

where p(§ 2,, 21, ---,2,) is the Gaussian density of the unconditioned
variables X'(0), X(0), X(t), -, X(t.).

It is possible, nevertheless, to derive a comparison theorem for
Q[T r(r)] and Q[T,q(r)] for class 2 covariances somewhat in the spirit of
Theorem 1. (See Section 2.9 for proof.) The funetion g(f) = ¢'[r(0)]
plays a role here. Writing = = g(t), then ¢(+) = r(f). For a given value
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of t, we choose g(f) as the smallest positive value of r for which ¢(r) =
r(t). At ¢t = 0, we have 7 = 0. As ¢ increases from 0, so does 7. One of
two difficulties can oceur as ¢ increases: #(f) may reach a local minimum
r(t,) at t = t, before g(r) has reached its first local minimum, say q(r);
r may assume the value 7, when ¢ assumes the value {; £ ¢,. In the
former case we define g(t) only for 0 < ¢ < ¢, ; in the latter case, we
define g(f) only for 0 < t £ & . The comparison theorem can now be
stated as follows:

Theorem 10 — Let () and q(r) be of class 2 and let g(t) = ¢ '[r(1)]
be defined as above. If for all nonnegative x and y with x + y = T,,

g(x) +g(y) = gl +y), (24)
then for0 = T = 171,

QIT,r(r)] = Qlg(T),q(7)). (25)

It is easy to show that if »(7) 2 ¢(r) in some neighborhood of the origin,
then ¢(¢) has the subadditive property (24) in some sufficiently small
neighborhood of the origin so that the theorem is not vacuous.

The steps which led from Theorem 1 to Theorems 2 and 3 are no
longer valid when X (t) is conditioned to have an uperossing at ¢ = 0.
We have found no analogue of these theorems for Q[T,r(7)].

By using (21), one can integrate the inequality (25) to obtain a more
complicated comparison theorem for P[T,r(7)], namely

@ (T)
PITy(r)] = & + f n'(s)a‘gms,«;cf)] dt = Plg(T),q(1))/g'(T)

g(T) 5

- j Ple,g(nIK" (8) dt,
valid for0 < T < T,. Here h(£) = ¢ '(§) = r '[g(§)].
PART 1I — PROOFS AND SUPPORTIVE MATERIAL

2.1t The Geometric Approach to P,

We wish to consider the probability P.(r) that n jointly normal
variates, each with mean zero and normalized covariance matrix r, be
nonnegative. Throughout this section we assume that r is nonsingular.
Then P.(r) can be written as in (5). Denote the eigenvalues and nor-

+ The material in this section was developed in 1952. Many of the results have

been obtained independently by other workers and have been reported in the
literature. Cf. Plackett!! in particular.
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malized eigenvectors of r by i and ¢ = (Y' W', )i = 1,2, n.
One has

); ras = A,
; v = kZ vt = 6,
rij = Ek MY,

(26)

1!.] = 1121' 1
In (5) make the substitution r; = Ek ¥i*/Ni . There results

‘Dﬂ(r) = (211’)_""2] fd-h s dy,e izw. :

where the region R is defined by
H. = Z'/’.-"\/)_\;yk g 0, 1 = 112y"',n-
k

Denote by A, the (n — 1)-dimensional content of the intersection of
this region with the surface of the unit sphere having center at the origin.
Then, by changing to a spherical coordinate system,

P, = (%)""%4,,[ dro" e = 21
0 S
where S, = 2r"*/T'(n/2) is the area of the unit sphere. Thus, P, is the
fraction of the unit sphere on the positive side of the n hyperplanes
H; = 0. The unit normal a' to H; directed into R has components ak =
1.!«. VA - From the last of (26), we find for the angle 6;; between a’ and
a’,cos 0;; = a-a’ = r;.

As mentioned in Section 1.2, expressions for the content A4, of the
spherical simplex in terms of the angles between its bounding surfaces
are not known for n > 3. However, for the determination of P[T,r(7)]
one is concerned with the limit as n — « of P, where the angles 6;;""
are given, for example, by cos 6;;'" = r[(i — j)T/n] with r(7) a given
positive definite function. Thus, sufficiently tight bounds for P, might
in the limit yield useful results concerning P[7,r(7)]. The geometric
picture suggests a large number of such bounds. Unfortunately, none
has been found which yields useful limits. Since, however, approxima-
tions for the n-variable normal integral P, are of interest in their own
right, we digress to mention several such bounds which may be useful.
(See Ref. 42 for a bibliography on the multivariate normal integral.)
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Cireular cones with vertices at tlie origin can be inscribed and cir-
cumseribed about the region R. The half-angle of the inscribed cone is
found to be given by

. 1
gin §; = ——— -
)

Dt ’ (27
i
and the half-angle of the circumseribed cone is given by

1

/‘/Z'Tij\/r_n:m - (28)

i

cos 0, =

The fraction of the unit sphere cut out by a cireular cone of half-angle
g is

Fa(0) = —— ’ (’5)

. . . 43
where I is Pearson’s incomplete beta function.” One has

8 e = n—11
d(p s ¢ = quin!a ' 5 (29)
0 2 72

Fu(si) é I)n. é Fn(ﬂc)- (30)

Bounds for P, can also be written in terms of inseribed and circum-
scribed Euclidean simplexes. The planes H; = 0 intersect n — 1 at a
time in lines which pass through the origin and a vertex of the spherical
simplex. Let b* denote the unit vector from the origin to the vertex not
contained in H; = 0. One finds for the components b = )
and for the content of the Euclidean simplex determined by the origin
and the end points of the b’

1
"l VI

This simplex lies within the region of interest. The hyperplane through
the end points of the vectors b’ sec 6, is tangent to the unit sphere. The
Euclidean simplex determined by the origin and the ends of these vec-
tors therefore contains the region of interest. Thus,

G
¥ n

G (31)

< sec” 0.G,,
- ‘f n !

= P. (32)

where V, = 1r"""/ I'(n/2 + 1) is the content of the unit sphere, 8, is
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given by (28) and (7, by (31). Incidentally, for the cosines of the angles,
between the b’s one finds the interesting reciprocal relations
s = bbb’ = i Y s
! Vg™ R
which is the natural generalization of the usual relationship between the
sides and angles of a spherical triangle in three-space.

‘One can expect the bounds in (30) to be close to each other when the
b' are nearly coplanar, e.g., when all the entries of r are near unity. One
can expect the bounds in (32) to be close to each other when the b* are
nearly codirectional, e.g., when all the entries of r™' are nearly equal.

An important differential recursion relation first derived by Schlafli®
for the content of the spherical simplex can be obtained in an analytic
manner from the expression (5) for P, . We write

P.(r) =f dry -+ f de,ga(xy, +++ , 2,1) (33)

where the n-variate Gaussian density is given in terms of its character-
istic function by

o o0
g"(‘rl, ¥ila .’_[g";r) = f dE! Yatd f dEn eiErjE;!"*!Er;kijk.
-—Q0 —0

I'rom this latter expression it follows that

ag. _ d'ga
67‘,‘;, ﬂ.l‘_,‘a,t’;,- ’

k> (34)

Here we regard g, as a function of the n{n — 1)/2 variables rj , k > j,
and recall that »;; =1, rj = ri; . Regarding P, as a function of this same
set of variables, we find from (33) and (34)

aP,(r) f f"" 8
H [ L d-'n —— n\T g & .T,,;r .
oy M ) A gea gal, e )

Perform the integrations indicated on x; and x, . There results
aP,(r) _ =

ary 0

dry - - f dr,g. (0,025, - - xmr) = 0. (35)
0

Now if g, is the density for the random variables Xy, -+ - X, ,
g"(‘rl y Uyl ;r) = P(-l'l ] -F?)P(-l'.'! y C el | £y, '132))
where p(2,, ,x») is the joint density for X, and X, and

plas, - xu| 21, 22)
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is the conditional density of X3, --+,X, given that X; = 2, and X, =
2. In the case of Gaussian variates, these densities are well known
Evaluating this expression at z; = x» = 0, one finds

1
21!"\/1 == Tuz
When combined with (35) and generalized for arbitrary indices, this
yields

gn(O,Ox‘ta, * ';-Eil;r) = Gn—ﬂ(-l’a, * ';ﬂ:n;r-l!)-

oP,.(r) 1
s = — P, o(r.;) = 0. 36
a?'jk, o ,————1 — rjk2 n 2( :k) ( )
Here r- ; is the customary notation of the statistician for partial corre-
lation coefficients (see Ref. 40, Section 23.4 and pp. 318-319), so that,
for example with g # j.k, v # j,k

Twr Tuj Tuk
Tjv 1 Tjk
Tky Tkj 1 |

Tyve jk = i
1 7. T,.ki 1 Ty Tk

Tin 1 Tk T jv 1 T ik
Tk Tkj 1 Tro Tki 1

Equation (36) is Schlifli’s celebrated differential recursion formula.
His many relations connecting the angles of the boundary simplexes are
familiar to the statistician as identities among partial correlation co-
efficients.

We close this section with a simple demonstration that for odd n, P.
can be expressed in terms of the content of lower dimensional simplexes.
Let p: denote the probability that X: be nonnegative, pi; denote the
probability that X; and X, be nonnegative, ete. Then P, = pia.... . Set
M, = Zpi, My = 2.i<; pii, ete. Then from the well-known inclusion
and exclusion formula, the probability @, that none of the variates be
nonnegative is

Q,, = ] = .ﬂffl‘l‘ Mg’— + (—l)"M,..
But from symmetry, P, = @, = M, so that
M= (=D"Pa=1—M+M— -+ (=1)"" M.

(Cf. Sommerville,” Chapter IX, Section 1.9.) No recursion is known for
even n.
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2.2 Proof of Lemma 1

Lemma 1 follows directly from (35). Note that in the derivation of
this result, it was not necessary to normalize the covariance matrix.
This result thus states that if g is a position definite symmetric matrix,
then

aP,(p)
dpij
with P,(g) defined by (5).
Now let r and q be nonnegative definite n X n symmetric matrices with
rii = ¢ii = 1. Then g = Ar 4+ (1 — A\)q + €I, where I is the n X n unit
matrix, is positive definite for each ¢ > 0 and each A satisfying 0 <
A = 1. Consider P’,(p) as a function of \. It is readily established that
P.(p) possesses a continuous derivative and indeed that

20, > (37)

d\ isi dpi; dX
P,
= 4 _-a—(g—) (ris — qu).
i>i pij

If now ri; 2 ¢i;,7 > 1, (37) then gives

dP,(p)
d\

Integration on A from 0 to 1 yields P.(r 4+ ¢I) = P, (g + ¢ I). From
well-known continuity theorems (see Cramer,” Section 24.3 and 10.7),
Lemma 1 follows by letting e tend to zero.

1%

0.

2.3 Proof of Theorem 2

Let r(7) and ¢(r) both be of class & > 0 and suppose that r(r) =
g(7) for0 = r = T,. Then for any A > 1,

r(r) 2 g(r) 2 r(rr)
0< 7= mn(r),
for some suitable 7,(A). By Theorem 1, then, and the scaling law (2)
P[Ty(r)] 2 P[T\q(r)] = PINT(7)]
0=7 = n(r).

To see how best to choose X to obtain a good lower bound for P[Tq(7)],
it is convenient to define a version of h(7) = r'[¢(7)]. Let 7, be the

(38)

(39)
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smallest value of 7 > 0 for which ¢(7) is not decreasing. (Strictly speak-
ing, 7, = inf. of those T for which g(7) is not strictly monotone for
0 < r < T. If this T set is empty, define r, = =.) Define 7, in an anal-
ogous manner. The function r(q) is defined for 1 = ¢ = r(7.) by the
branch having values between 0 and 7, . Similarly we define g (r) for
1 = r 2 g(r,) by the branch having values between 0 and 7, . If ¢ 1) =
r(7), we define h(7) = r '[g(7)] only for 0 = 7 < g r(7)] I g(rg) 2
r(r:), we define h(7) for 0 < 7 < 7,. Clearly h(0) = 0. As 7 increases
from zero, k() is at first at least as large as r, since r(7) = ¢(7) near
r = 0. For small 7, r(h) = q(7), so that h'(+)?'(h) = ¢'(7) or

’ a—1 I—a
wo+) = tim £ = tim 7 =i (M) - w0,
ts0 7" (h) =0+ HEL -0+ T

so that #/(04+) = 1. Three typical curves for y = h(r) are shown in
Fig. 1. Note that k(r) is strictly monotone in its domain of definition.

Consider now the plots of ¥ = h(r) and y = Ar as shown on Fig. 1.
For all values of A, these curves have the origin as a point in common.
When A = 1, the straight line y = Ar is tangent fo y = h(r) at the
origin. As \ is increased from 1, a second point of intersection moves
out from the origin. It may happen, as in Fig. 1(a), that the line y =
Ar becomes tangent to y = h(r). If g0, we denote by T* the abscissa
of the first such point of tangency as X increases from unity and we de-
note the corresponding value of A by A*. If no such tangency occurs, we
denote by T* the largest value of 7 in the domain A(r). In this case we
set A* = h(T*)/T* (Note that A* may be infinite.) Observe that for a
given A < \*, the abscissa of the first point of intersection of y = Ar
with 4 = h(7) to the right of the origin, say =, satisfies h(m) = A
or g(r1) = r(Ary). For = < i, the right inequality of (38) maintains;
for r = 7 + er(Ar) > ¢(7) for small positive e

The lower bound PIAT,r(7)] on the right of (38) is a nonincreasing
function of A for a fixed 7. For a given T < 7*, then, this bound is made
as large as possible by choosing A as the smallest value greater than unity
for which ¢(7') = r(AT). With this choice, AT has the value A(T') and
Theorem 2 is proved. The largest 7* for which the theorem as stated in
Section 1.3 is true is the value T* defined in the previous paragraph.

Note that if »(7) and ¢(+) cross at 7, > 0, i.e., r(r.) = q(r), T* is
necessarily less than 7, , for in this case, y = A( T) crosses y = 7 at 7,
as in Fig. 1(a) and a tangency occurs as indicated. '

2.4 Proof of Theorem 3

Let Ty > 0and T2 > 0be given and set 75 = Th + T%. Consider
the approximation to P[Ts, r(7)] given by the probability P,(r) that
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X)), - X (), X(71), -, X(70y)
all be nonnegative. Here 0 = t, < t, < -+ < {,, = T, is a partition

of (0,1")and Ty < 7y < 12 < -+ < 7, = Tyis a partition of (7,
T, 4+ T5) and n; + n. = n. The covariance matrix r ean be written in

bloek form
(A B
=\8 ¢/

where A is an n; X n, normalized covariance matrix with elements
r(t; — t;) C is an na X n, normalized covariance matrix with elements

g:A*r y=r7r
y=Ar Zg:h(r)

(a)

[ J| SR, ..,

y=h(r) y=r

y=h(r)

(b) {c)

AN

T — T =—

Fig. 1 — The curve y = h(r).
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r(r; — r;), and B has n; rows and n. columns and elements »(f; — 7;).

Now
s — (A 0
—\0 c)’

is also a covariance matrix, and if r(r) = Ofor 0 = 7 = T4, the ele-
ments of r are not less than the corresponding elements of . From Lemma
1, it follows that P,(r) = P.(t). But f is the covariance matrix for two
independent sets of random variables so that

Pa(r) = P.(#) = P.,(A)P,,(C).

By refining the partition with mesh tending to zero, one has P[T;, r(7)]
> P[T.,r(7)|P[T2,7(r)] and the theorem is established. (It is trivi-
ally true if 7' or T, or both are zero.)

2.5 Proof of Theorem 5

Theorem 5 is a consequence of the following more general

Theorem 11 — Let the random variables X, , Xz , -+ -, X, n > 2 have
a joint density p(x1, - ,x.) with the property p(—a1, -+, —%) =
p(xy, - xn). Then

1 4
. ) = < —— — . B ol
PriX;= 0,2 1,2, ,n] = —3 =+ ( 2) ,Z(,- PriX; =z 0X; = 0}.

The proof of this theorem follows that of a theorem by Gaddum®
concerning spherical simplexes and their angle sums. We introduce the
following notations: P;; = Pr(X, = 0, X; 2 0),P=Pr{X;=z 0,7 =
1,2,' . ','ﬂ], R(ﬂ-l y g, ',ﬂ-n) = Pr[a;Xl _2 0, azXz _% 0, v -,a,.X,. g 0],
ai = +1,7=1,---,n. Thus P = R(1,1,--+,1) and

Z Rla,a, - ":aﬂ) =1,
s
where in the sum each a takes values +1 and —1. The 2" symbols R
are equal in pairs;
R(fh y G2y o 'Ja'n) = R(_a‘l y 02, - ':-"a’n)-

We call R(—a;, —as, - -+,—@,) the complement of R(a:, a., coe ).
Ome has

Piw= P+ ZR(1,l,a3,a4, -+ *,0)
Py =P+ Z'R(l,a2, L4, “yln) (40)

Pn(n—]-) =P+ E'R(al y @2, " n-2, 1,1)'
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Here the R symbol on the right of the equation having P;; as left mem-
ber has a 1 in the 7*" and j*" places and a’s elsewhere. In each equation,
the sum is over all combinations of plus and minus 1 for the a’s except
for the combination all a’s plus 1.
Now consider adding the n{n — 1)/2 equations (40). One has

2 Pij=[(n — 1)/2IP + 8,

i<j
where § is the sum of all the sums of R symbols on the right of (40). A
given R symbol with precisely j of its arguments 41 will oceur j(7 — 1)/2
times in S, j = 2,3,---,n — 1. Denote by 7'; the sum of all R symbols
that have precisely 7 of their arguments +1. Then

S, =M olp V=2,

i<i 2
n—2 7 (41)
+ Z:J(J 2— 1) T,
Now
ZJ(J—I) Z (”—J)(n—.f—l)h_j
so that
E.?(J 7, 2“2°[J(.} T, 4 (n —j)(?té"j—l) Tn_j].

But since an R symbol and its complement are numerically equal, 7'; =
T,_;j, so that (41) becomes

S p, = n(n — 1) P (n — lfl.)(n - 1) T,

i<i 2
1[G —-1D , (n=Nn—-7-1)
5,-;2[ . + = T;.

Now, forj = 23,---,n — 2,

j(j—1)+(n—j}(n—j—1)>n(n—2)

2 2 = 4 .
so that
;Pu= nf)_ 1)P+(n_1)(n_2) n—l
1<) &

n—2

n(n.— ))E T, > nin — 2)P+n(m — 2) S,

j=1 .; 8 =1
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However, the last appearing sum is 1 — 2P and Theorem 11 follows
directly.

In the case of a Gaussian process X (¢) with normalized covariance
function 7(7), we consider the application of Theorem 11 to the random
variables X; = X(iT/n),i = 1,2,---n. Then from (6), P;; = § +
1/27 aresin r[(i — j)T/n]. By taking limits as n becomes infinite, The-
orem 11 then yields

[ 4
Tf dy f dx aresin r(y — x).
T' 0 0

Elementary manipulations then lead to the result stated as Theorem 5.

PTy(r)] < 2
=

2.6 Proof of Theorem 6

Consider n random variables, X,, X», ---,X,, and the following
mutually exclusive events: (4) the variables are all nonnegative; (B;)
the first j variables are nonnegative and the (j + 1)™ is negative, j =
1,2,3,---,n — 1. The union (' of these events is the event X; = 0. We
suppose Pr{C} = } and write P, = Pr{4},V; = Pr{B}},j = 1,2,---;n — 1
so that

n—l1
-Sv,.
=1
But V; £ Pr{X; 2 0, X; 2 0, X4 <0}, = 2,---,n — 1 so that

n—l1

P,z23-PriX,20,X: 50} — SPrX: = 0,X;20 X, <0}, (42)
i=

Pn:

i

Consider a stationary Gaussian process X (¢) with a class 2 covariance
r(7). In (42) set X; = X(j7T/n). From (7), one obtains

PriX; 20X, 20X, < 0}

1 . . T ; T o T
+4—7r|:ﬂ.1(8u1 r [(_] - 1) Ew] — aresin r[_y H:I — aresin r[ﬁ]:l,

and from (6)

Q0| —

4 27

PriX.i2 0,X; < 0} = & — 51_ G G‘aﬂ)

Insert these values in (42) and pass to the limit as n becomes infinite.
Theorem 6 results.
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2.7 On Class 2 Covariances
Let »(r) be a class 2 covariance. I'rom the Bochner representation

r(r) =f cos At dIF(N),

0

\Vhf’l‘P we now h{LVP
1 =f dF(\) =f NdF()),
0 o

it is not hard to show that » is continuous, that 7'(7) exists everywhere
and is continuous, and that »”(7) exists and is continuous everywhere
except perhaps at r = 0.

If the process X (¢) with mean zero has »(7) as its covariance func-
tion, then the four random wvariables X(0),X’(0),X(¢),X'(t) have
covariance matrix

1 0 r r
0 | —r! —p”
7 —r 1 0
P = 0 I

where we write » = r(t),r" = d/dl r(t),»” = d*/df* »(t). For this to be
a nonnegative definite matrix it is necessary that the determinant of
all major diagonal submatrices be nonnegative. Evaluating these deter-
minants, one finds the system of differential inequalities

(1 =7 =) =" =) — (' + ") 2 0, (43)

1 =+ =2*20, (44)
1 -9 =20, 1 — " =" 20,
1—720, 1-—-—¢20 1-=r"20

These inequalities can also ke derived without raising the question of

existence of the derivative process by demanding that the covariance

matrix of the four random variables X(0), X(e) — X(0), X(1), X(t+¢)

— X(¢) be nonnegative definite for arbitrarily small values of e.
Consider now the family of covariances

1A

m(Br) =1 — 8 + g cos (é), 0<B=1, (45)

introduced in Section 1.1, In what follows, we shall be concerned with the



490 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

family, F, of curves r = r.(8,7), where for each Bwith0 < g = 1 we
restriet our attention to the interval 0 < r = =@. Several members of
the family are shown in Fig. 2. The following statements, evident from
the figure, are easy to prove analytically. (1) The curves of the family
do not intersect each other except at + = 0. (2) A horizontal line r =
r, with | 7,| < 1 intersects exactly once each member of F' with param-
eter value in the range 1 = 8 = /(1 — 7,)/2. For each value of «
satisfying —v/1 — r.2 < a < 0, there is a unique member of the famly
that intersects the line » = r, with slope a. If 8(«) denotes the param-
oter value of this member of F, B(a) is a continuous strictly monotone
decreasing function of @, —4/1 — r? £ a = 0.

We shall say that the curve » = r(r) intersects the curve r = g(r)
from below if at the point of intersection »’ > g'.

Lemma 2 — Let r(r) be of class 2.

a. If the first local minimum of v(7) is at 7o, then r = r(7) cannot
intersect from below any member of the family F,

T=T2(.B,T)=1—f92+ﬂ2COSC%), 0=7 =B 0=p=1,

n the interval ) = 7 = 1.

b. If r = r(7) passes down through the point (7, ,7.) with slope 1.’
satisfying — /1 — r2 £ r' £ 0, then there is a unique translated member
of F, say r = rs(Bo, T — u) which passes through (7, ,r.) with slope 1,
If r(Bo,  — u) and r(r) are nonincreasing for ¥ = 7 = 7o, then r(7)
SEnBo,r—p)for T =27 =10.

1.0

08 —/A=0.35 ]
06 ~
A=05
- \\
0.2
r o - A=0.707

AT \\\

-0.4 \""--._
~N —~3=0.85
e \\
-0.8 ~
. BA=10
) 30 60 90 120 150 180

7 IN DEGREES

Fig. 2 — The family F.
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Proof — Part a of the lemma will be deduced from part b. The first
conclusion of part b is the remark (2) above. The second conclusion of
part b follows from the inequality (43). If | r| # 1, this latter can be
written by elementary algebraic manipulations as

1 = r2 e ?"’2 ol

—_— " <
- =7 +1—r2_ 1 — 7

The right-hand inequality can be rewritten as

r” r? 1
+ <
(=) (1 =73~ (1 —r2
or,if ' £ 0, as
2" + 2, > 2
(1 —r)2 (1 =73~ 0=nr)2
or
d ' _ d 1

= = 2=

Integrate this expression from r to r, with r < 7, to obtain

72 1?2
r 2 o 2

P < =y A6
T—m T—r-U-rp T-n (46)

where the subseript o refers to quantities evaluated at 7, . Denote the
right member of this inequality by — 1/k% and note that, as is indicated
by the notation,

1 201 —r)—1r" (l+r‘,)(l—41)—r‘, ==

BT (1 =r) = a =) = Ta—np 20
by (44). Inequality (46) now becomes
=201 —-17) = Hil? (1 —r),
or what is the same
= __]1, 1 —r)(r— ),
where
=1 — 2" (47)
It follows then that
r !
V(I —=7r)(r=x) =&’
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with h a nonnegative quantity. Integrate this again from r to 7, to ob-
tain

.-Tn—(1+?\)/2__ .r—(14+N)/2 To— T
arc51n—_(1_k)/2 aresin 0 =)/2 = 7 a

Thus one finds

rlr) < 1+ w) 1= Agn I:T" ; T 4+ arcsin "D_(—i(—l—;;i)ﬁ] (48)

2 2
= g(r).

This inequality is valid in a r-range to the left of 7, until either ¢( ) or
r(7) has a local maximum.
Now by (47), ¢{ ) can be written

glr) =1 — hz-i—h"ms(r ; 'u),
for suitably defined 4, and one finds by using the various definitions

q(1e) = 1o
g'(7) = 7o',
Thus ¢(r) is the member of the family F which, when translated in the
r-direction, passes through the point (7,,7,) with slope 7,’. To the left
of 7,, the curve r = r(r) remains below this translated member of F.
Part b is thus proved.

Now suppose that » = r(7) intersects a member of the family I from
below, say at (r,,r,) with r, £ 7. Let the parameter value of this
member of F be 8, . Since 0 = #'(1,) > r'(Ba, 7.), the translated mem-
ber of F passing through (7, ,r,) with slope r'(7,) has a parameter
value 8 = B, < B, . This translated version of 7 = (B, r) has no local
maximum in the interval (0,7,), and its value at r = 0 is less than unity.
One thus has the contradietion 7(0) < 1 and the lemma is proved.

Theorem 12 — Let #(z) be a class 2 covariance. Then
r(r) = cos T, 0=r=m

Proof: In a region where »'(7) < 0, inequality (44) implies
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Integrating from 7, to 7 > 7, assuming that r'(r) = 0 throughout
(1a, 7), one finds

— (r — 1) + arccosr, < arccosr < (r — 7,) + arccos r,,

where 7, = r(7,). This in turn implies cos[r — 7, — arcecos r,] = r(r)
and r(7) = cos[r — 7, + arccos r,], where the former inequality holds
from 7 = 7, until the cosine assumes the value unity, and the latter
inequality holds from r = 7, until the cosine assumes the value minus
unity. The result may be stated as follows: Let the class 2 covariance
r(7) pass downward (= not upward) through the point (7, ,r,) in the
r-r plane, The curve r = cos 7 can be translated in the r-direction
to pass downward through (., 7). Then to the right of r,, r = r(7)
lies above this translated cosine curve until either the cosine curve or
r(7) has its next local minimum. Similarly, a cosine curve can be trans-
lated to pass up through (r,, 7). To the rvight of r, , r = r(7) lies below
this translated cosine curve until either r(7) has its next local minimum
or the cosine curve has its next maximum,

A similar result holds if »( 7) increases through (7, , r,).

Now let 7, = 0, 7, = 1. Then r = r(7) lies above r = cos r until the
first minimum of either. If the first minimum of r(7) occurs at r = ,
the theorem is proved. Suppose now 7, < 7 and that » = »(7) crosses
r = cos v in (0,7). The first such crossing must be downward, since
r(7) = cos 7 from 0 to 7. If the crossing is at 7, then r(7) = cos 7,
and »'(7) = — sin 7. If indeed »'(7) < — sin 7, one obtains from (43)
the contradiction 1 = »*(7) + r*(#) > cosF + sin’F = 1. On the
other hand, if the crossing takes place with »/(7) = — sin 7, then b of
Lemma 2 shows that »(7) £ cos ¢ for ¢+ < 7 which contradiets the
assumption that the crossing was downward. Thus, the theorem is
proved.

Theorem 13— If r(7) is of class 2 and

(S]]

r(r) 2 0, ngrgv"‘,
then

1 g a9
r(r) = r ($,r) =14 1cos/27 = cos’ (L;)
for
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The theorem is a consequence of repeated applications of Lemma 2.
We prove the theorem by supposing it false and then arrive at a con-
tradiction. We refer to the curve r = r5(1/4/2,7),0 < 7 < n/4/2as C.

Suppose now that r(r) = 0for 0 £ r < =/+/2 and that some point
P,onr = r(r),say (7., 7)), lies below C'. Denote »’(r,) by r,’. We can
suppose P, chosen so that r,/ < 0, since r = r(7) cannot be nondecreas-
ing at all points where it lies below C. Let the horizontal line r = r,
through P, intersect ' at P, and denote the slope of C"at Py by C'(r,).
The point P; has larger abscissa than the point P, . The curve r = r(r)
possesses a continuous derivative. As the height r, of the horizontal line
r = 7, is continuously decreased to zero from its initial value, a value
must be found with P, to the left of Py and r,’ = C'(r,). By b of Lemma
2, a curve of the family F with parameter value 8 = 1 /4/2 can be trans-
lated to the left to pass through P, with slope 7. In the interval 0 =
r < 7., this translated member of F lies strictly below €' and is mono-
tone. The first local maximum of » = r(7) to the left of P, therefore
lies below € as must also the local minimum just preceding this maxi-
mum. A curve of F can then be translated to pass through this local
minimum with slope zero, and repetition of the argument shows that
all local maxima of r = r(7) for 0 £ r < 7, lie below C. In particular
#(0) < 1, which contradicts the initial assumption concerning r(r).
Q.E.D.

Theorem 14 — Let the covariance r( ) have the behavior
2 1
r(r) =1— :;— + m;—! + o(+),

near r = 0. Then

1
T'(T)é?‘z(\/ﬁ,r), 0=r=T,

with r.(B8,7) given by (45). Here Ty = min(Bm,7,) and 7, 1s the smallest
positive value of = for which r(r) = 1 — 2/m.

Proof — The first four derivatives of r(7) exist at r = 0. From the
Bochner representation for »(r), it is easy to show using Schwarz’s
inequality that

r=m—120. (49)

It also follows that »”(r) exists everywhere and is continuous.
The Gaussian process X (¢) having covariance r( ) has first and second
derivates X'(¢) and X”(t) almost everywhere with probability 1. The
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covariance matrix of the random variables X (0),X(¢),X"(¢),X"(¢t) is

1 ror r?
r 1 0 -1

r' 0 1 0"
=10 m

The determinant of this matrix cannot be negative. This is equivalent
to the inequalities

r+ "

S E St

In any region where » < 0, the right-hand inequality gives

r(r + r” l
"\_/T(-_T_)WZ“%V/I—rﬂ—r*éW'-

Integrate this from 0 to 7 to obtain

V1= =7 2 (l — 7). (50)
Note that if 7, is the first positive value of r for which +'(r) = 0, (50)
gives

=1
=— .
rir) = 2 1

Thus we have the interesting side result that if r(7) is everywhere non-
negative v = 1 orm = 2.
Squaring the inequality (50) and rearranging the terms, one finds

2 (140 = r)(r — a),

where

l

:

<1. (51)

I’I

Since ' = 0, this implies

rf

VI =00 —a) ~

if » > . Integration from 0 to = yields

-1+,

r — (1 —a)-’?_

(1 —a)/2

aresin

IIA

-1 + v?r,

(S|
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where it is assumed that = < 7, . If then

g—‘\/mr é%,
T—-{_I(—-l%%%ébm( \/1+vﬂ)

or, what is the same thing in virtue of the definitions (49) and (51),
rir) £1 — — + —; €08 (mr).
The theorem is thus proved.

2.8 Proof of Theorem 9

Let h(£) be nonnegative for 0 = ¢ = 6 and zero elsewhere. Then

Il

t oo
v = [ (= OX() df [ du X = w du,

t— o
will certainly be nonnegative for 0 < ¢ < T whenever X (t) is nonnega-
tive for —8 < t < T. The probability that the ¥ process be nonnega-
tive in (0,7) is therefore not less than the probability that the X process
be nonnegative in (—6,7). If X is Gaussian with mean zero and covari-
ance (), then ¥ is Gaussian with mean zero and covariance

EY(O)Y(t + 7) =f duf dv Rh@EX(t — WX+ 7 — )

7‘9(1‘)

f du[ dv h(a)h()r(z — w + v)

= [Cdrrie ) [ denta + ono).
One has then P[T,rs(7)] = P[T + 0,r(7)], which is Theorem 9.

2.9 Proof of Theorem 10

LetO =t <t < -+ < t, = T bea partition of (0,7"). Define Q.(r)
by

Pr(X(t) < 0,X(t;) 20,5=2,3,---,n)

Pr(X(t) <0,X(h) = 0) ) (52)

Q.(r) =

where X (¢) is a Gaussian process with zero mean and class 2 covariance
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r(7). As the partition is refined with mesh tending to zero, Q,(r) ap-
proaches Q[T r(7)] as a limit. The numerator on the right of (52) is
P,(f) where

1 — (L) —r(ls) R %,
—1'([2) 1 T(tu — 12) e r(tn - tﬂ)
T= _?'(ta) 7'(63 - tﬂ) 1 e T(ln = 13) ! (03)
—r(t) =) (e — 1) 1

and as usual P,(r) denotes the probability that n normal variates of
mean zero and covariance matrix r Le nonnegative. Note that the de-
nominator of the right of (52) depends only on r(t).

Let another Gaussian process, Y (1), have class 2 covariance ¢(r).
Wedefine »~'(7), ¢ (), h() = r '[g()] asin Section 2.3 and set g(¢) =
q 'l[r(£)] = h'(1). Note that g(¢) is strictly monotone within its domain
of definition. Assume that T is within the domain of definition of g.
With the points {; given as in (52), set r; = g(t;),i = 1,2,---,n. The
points0 = 7, < 7 < -+ < 7, = g(T) form a partition of the interval
(0,g(7T)). The mesh of this partition tends to zero with the mesh of the
{; partition,

Consider now the approximation to Q[g(T'),q(7)] given by

PriY(rn) <0,Y(r,) 2 04 =1,2,3,---,n)

1,
Q.(q) = Pri{Y(n) < 0,Y(rn) = 0]

(54)

The numerator here is P,(§) where q is given by (53) with r replaced
by g and ¢ replaced by 7. Since v; = g(t;), ¢(#) = r(t;),71 = 1,2,---n, s0
that the first row and column of # are the same as the first row and
column of 4. For any other entry of # with ¢; = ¢; , one has

riti — &) = qlg(ti — t5)]
= glri — 7 + lglti — t;) — g(L:) + gt}
Since ¢(7) is nonincreasing
(i — ) = q(ri — 1;)
and hence by Lemma 1
P.(1) £ P.(3),
provided

glt: — t;) — g(t) + g(t;) = 0.
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or what is the same thing, provided
g(x) + g(y) 2 g(x + y), (55)

where0 Sz =1 < bli=2+y.

When (55) is satisfied, the numerator of (54) is not less than the
numerator of (52). The denominators of these expressions are equal
since they are the same function of r(f;) = ¢(r2). Therefore, Q.(q) =
Q.(r). The conclusion of Theorem 10 results by passing to the limit as
the { partition is refined.

2.10 Generalizalions

A number of the results presented in this paper can be generalized in
a direct manner. We only mention here an obvious extension of Theorem 1.

In the derivation of Lemma 1, the lower limit of integration for x; in
(33) can be replaced by a;. Now choose a; = a(t;) with a(i) a given
function defined for 0 < ¢ £ T, and where the points ¢; form a partition
of (0,7). Proceeding as in the derivation of Theorem 1, one arrives at
the following more general result. Let X (&) be a Gaussian process with
EX(t) = 0, EX(1)X(s) = r(st). Let Y(¢) be a Gaussian process with
EY(t) = 0, EY(t)Y(s) = g(s,t). Then if

r(s,s) = q(s,8), 0=ss=T
and

r(st) = qls,t), 0=st =T

Pr{X({) = a(t),0 St =T} 2 PrjY(t) 2 a(t),0 =t = T}

2.11 Asymptotics

As already remarked in the introduction of this paper, there appears
to be little in the literature concerning the asymptotic behavior of
P|T,r(7)] for large 7. Intuition would indicate exponential falloff for a
wide class of covariances. Example (i) of Section 1.1, though special
in nature since ro(8,7) is periodie, provides a counterexample to expo-
nential Lehavior, and so the class must be carefully defined. Here, by
the two bounds presented in Section 1.4, we have shown exponential
behavior for nonnegative covariances that vanish identically for r
greater than some 7, > 0. Recently, by using Theorem 1, M. Rosenblatt
has established an asymptotic exponential upper bound for P[T,r(r)] for
all covariances which are ultimately majorized by a decaying exponen-
tial. This, together with the lower bound of Section 1.4, establishes the
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asymptotic exponential behavior of P[T,r(7)] for all nonnegative co-
variances that themselves decay exponentially. Professor Rosenblatt has
also established that if () — 0 with increasing r, then T"P[Tr(7)] — 0
with inereasing 7' for every n > 0.

We conelude with the remark that from (23) of Section 1.7, one can
show that asymptotic exponential behavior of P[T ()] implies asymp-
totic exponential behavior for Q[T,r(7)].
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Probability Distributions for the Phase
Jitter in Self-Timed Reconstructive

Repeaters for PCM

By M. R. AARON and J. R. GRAY
(Manuscript received August 25, 1961)

Probability distributions for the timing jitter in the output of an idealized
self-timed repeater for reconstructing a PCM signal are approximated.
Primary emphasis is focused on self-limed repealers employing complete
retiming. In this case the probability distribution for the timing jitter reduces
to the computalion of the phase error in the zero crossings at the output of
the tuned circuil excited by a jitter-free binary pulse train. It is assumed
that the tuned circuit is mistuned from the pulse repetition frequency, and
the individual pulses are either impulses or raised cosine pulses. Both
random pulse trains and random plus periodic trains are considered. In
general, the probability distributions are skewed in the direction of increasing
phase error. The approach lo the normal law in the neighborhood of the
mean when the circuit Q becomes arbitrarily large 1is demonstrated. Results
oblained from the analytical approach are compared with two computer
methods for the case of random impulse excitation of a tuned circuit char-
aclerized by a Q of 125 and mistuning of 0.1 per cenl. Excellent agreement
between the three techniques is displayed. For no mistuning and raised
cosine excitation two methods for computing the phase error are given and
numerical results obtained from both techniques agree closely.

Some atlention is given lo an idealized version of a reconstructive repeater
employing partial retiming and it is shown that the timing performance of
such a repeater for random signals is very much inferior to the completely
retimed repealer.

I. INTRODUCTION

Over the past several years the problem of maintaining pulse spacing
within very close hounds in PCM transmission has received considerable
attention both theoretically and experimentally. The effects of timing
jitter in degrading repeater performance, in introducing distortion in
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the decoded analog signal, and in enhancing the difficulty of dropping
or adding several pulse trains in time have been documented."™ Sources
of mistiming in a self-timed reconstructive repeater are well catalogued
and include: noise, crosstalk, mistuning, finite pulse width effects, and
amplitude to phase conversion in nonlinear devices. The first four of
these sources have been considered in various analyses of timing jitter
in self-timed and separately-timed PCM repeaters. Amplitude to phase
conversion in nonlinear circuits has received attention primarily from
the experimental viewpoint.

The majority of the theoretical work to date has been concerned with
timing errors in self-timed repeaters when the timing-wave extractor is
a simple tuned cireuit. For a random pulse train exciting the tuned circuit
in the presence of noise and mistuning, results have been obtained for
the mean displacement and the standard deviation of the zero crossings
from their ideal location. This analysis is appropriate to repeaters em-
ploying complete retiming. These time displacements can also be
considered as phase errors and we will use this terminology in what
follows. If the probability density function for the phase error is normal,
the mean and standard deviation are sufficient for a complete statistical
description. In this paper we will show that in general the probability
density funetion is not normal, and is inherently unsymmetrical about
the mean.

An approximation to the probability density and the cumulative
distribution for the phase error at the output of a mistuned resonant
cireuit will be derived for both random and random plus periodic pulse
trains. A completely random pulse train is defined to be one in which
pulses and spaces are equally likely. The individual pulses of the binary
pulse train are assumed to be jitter free and are either impulses or raised
cosine pulses. The approach to the normal law when the circuit @ is
large is demonstrated. For a value of @ of 125, and a mistuning of 0.1
per cent from the pulse repetition frequency a comparison of numerical
results obtained from the analytical approach and two computer methods
is made. Agreement among the three approaches is excellent.

Our plan of attack is to place all of the manipulations required to
specify the tuned circuit response to the most general pulse trains in
the Appendix and concentrate on most of the probabilistic notions in
the main hody of the paper. Appendix A covers the response of the
tuned circuit to a random or random plus periodic binary pulse train of
arbitrary pulse shape, and Appendix B is concerned with the specializa-
tion to raised cosine pulses. Section I of the text deals with the terminol-
ogy required, covers the tuned circuit response to impulses, and briefly
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summarizes the results of Appendices A and B. In Section III, the
probability density function for the phase error is derived. Section IV
is devoted to the cumulative distribution function and Section V alludes
to the semi-invariants that are required in the evaluation of the density
and cumulative distribution functions. These semi-invariants are de-
rived in Appendix C. The approach of the probability density function
for the phase error to the normal law as the circuit @ becomes arbitrarily
large is displayed in Section VI with the algebraic support relegated to
Appendix D. The comparison of numerical results mentioned previously
with other computer approaches is made in Section VII. For zero mis-
tuning, but finite pulse width excitation, it can be shown that the proba-
bility distributions for the phase error can be related directly to the
probahility distribution for the timing wave amplitude. This is demon-
strated in Section VIII. A discussion of further numerical results is given
in Section IX. We consider an idealized model of a partially retimed
repeater in Section X for purposes of comparison with the results of
Section IX. A wrap-up of the procedures, results, and future work
concludes the paper.

II. RESPONSE OF THE TIMING CIRCUIT

Before we go on to the general equation for the phase error due to
finite pulse width and mistuning, we will specialize to impulse excitation
of a simple tuned circuit characterized by its @ and mistuning from the
pulse repetition frequency. This should provide the casual reader with
some feel for how the more general equation for the phase error arises
without going through the detailed manipulations of Appendices A and
B. The procedure adopted in the analysis to follow is equivalent to that
of I1. IS, Rowe.”

Assuming the input to the timing circuit to be a train of jitter-free
unit impulses occurring at random with spacing 7', the excitation may
be represented as

n=x=

f) = 2 as(t — al), (1)
n=—w
where a, is a random variable taking the values 0 or 1 with probability
3% 6(t — nT) is a unit impulse whose time of arrival is 27", and the
spacing 7' is the reciproeal of the pulse repetition frequency f,.. For a
parallel resonant cireuit the impulse response is given by

* Unless otherwise specified, the ease of equal likelihood will be considered in
all calenlations,
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h(t) = A e P cos (2nfut + @), (2)

where

1 /1 1y} _ 1
fo=gt/ 70~ (a0) 4~z VL,

a1
tan™ —.
an— 5 0
Here f, is the natural resonant frequency as distinguished from the
steady-state resonant frequency f, = (1/2w)4/1/LC. Combining (1)
and (2), the total response to all impulses occurring in time slots up to
and including the one at { = 0 may be written as

It

Q = 2xf,RC, and )

n=0

F(t) = A Y a,e ™00 cos [2nf(t — nT) + o). (3)

n=—=uw

This expression gives the output of the timing circuit for values of ¢
in the interval between ¢ = 0 and the arrival time of the next impulse.
Rewriting (3) in the form of a carrier with hoth amplitude and phase
modulation we get

F(t) = AVt + g e 7Y% cos 2aful + ¢ + 0], (4)
where

—1 7
-tanlzv—’,

£
|

o0
—_ T
x =3 a,e %" cos 2xfnT, and

n=(0

y = an,, ¢ LT gin afnT.

In the above z and y represent the in-phase and quadrature components
of the response. If the tank could be tuned exactly to the pulse repetition
frequency (f, = f, = 1/T'), then the phase modulation would disappear
and the amplitude modulation would be dependent on x alone. In prac-
tical applications this is not possible and the phase shift # does occur.
If we denote the fractional mistuning Af/f, by k, we may write f, in
terms of f, as follows

fo=f(1 1+ k).

In this case (4) becomes, neglecting k with respect to unity in the
exponential term
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F(t) = A2t + 2 e ™9 cos Rafu(1 + k)t + o + 6], (5)

with
o0
= ) .
v = 3 a,¢ ™" cos 2rkn,
n=0
-]
y= 2 a,¢ ™" sin 2rkn,
n=0
and

6 = tan"" y/x.

To illustrate the relationship between the timing deviation {4 and
the phase error 8, it is assumed that repeater delays have been adjusted
so that the timing wave supplied to the regenerator in the absence of
mistuning is properly aligned with the signal impulses in the information-
bearing channel. In this case, the negative-going zero crossing oceurring
ideally at t, = 7'/4 determines the instant of regeneration. When mis-
tuning is present this zero crossing is displaced such that it occurs at
the instant ¢, = T'(} — 6/2x). The difference {, — ¢, will then give the
timing deviation which, expressed as a fractional part of the pulse
spacing, is

. J0N_ (6)

T 2r
From (6) and the definition of 6, the phase error corresponding to
the timing deviation is related to the random variables 2 and y by

f = tan™" % (7)
In deriving (7) it should be recalled that only the incidental approxima-
tion &k < 1 has been made. When we consider a binary pulse train in
which the pulses representing the binary “one” are of arbitrary pulse
shape, it is necessary to make other approximations to arrive at a tract-
able expression for the phase error. Furthermore, the excitation en-
compasses the infinite past as well as the tails of succeeding pulses to
accommodate driving pulses that may overlap or are not time limited.
The most general result given by (59) is an extension along two lines
of Rowe’s relationship for the timing jitter in the output of the tuned
circuit due to mistuning and finite pulse width. Iirst, the results are
applicable to arbitrary pulse shape. Secondly, our relationship for the



508 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

phase error is based on a different approximation in the case of finite
width pulses.

In appendix B we specialize to the case of raised cosine pulses in order
to make use of some of Rowe's results. Ior this case the phase error is
given by (73) and takes the form

y+a
x4+ b

where a, b, and ¢ are constants that depend upon @, k, and the pulse
width 7/s of the raised cosine pulse. x and y are correlated random vari-
ables that depend upon @, k, and the pulse pattern. They are defined
below (5) with the additional constraint that a, = 1 when we consider
finite width pulse; i.c., a pulse definitely occurs at the origin. In our
notation, a positive phase error corresponds to the zero crossing of
interest occurring prior to the reference. The largest pulse width we
consider is 1.57. This avoids the necessity of considering the effect of
the presence or absence of a following pulse on the negative-going zero
crossing of interest. Similarly, for positive-going zero crossings we do
not have to use special methods for considering the occurrence or non-
oceurrence of a preceding pulse. This is not a serious analytical restrie-
tion, since larger pulse widths can be handled by the machinery provided
in Section A-4. As a practical matter in the design of a self-timed recon-
struetive repeater for operation in a long repeater chain, wider pulses
would introduce intolerable phase jitter. In the following, we will also
neglect the constant ¢ in (8), since it is independent of pulse pattern
and can in principle be compensated for in either the timing path or
information-bearing path in a self-timed reconstructive repeater.

f = + ¢, (8)

1II. PROBABILITY DENSITY FOR THE PHASE ERROR

3.1 Preliminaries

I'rom the above, the random variable of interest is

y+a hn

=2 - ==, (9
r + b 1 ) )
To determine the probability density p(8) or the cumulative distribu-
tion F(0), we consider the joint probability density of the correlated
random variables x, and vy, p(ar, w). F(8) = Pr (y/2,) < 6), which
may be written

0z,

o 0 o0
Fa) —_~f day dyp(xy, ) + f d.rlj; dp(xe, ).
0 —x — o0 ES
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Differentiation of #(8) with respect to 8 plus rearrangement yields
p(8) = f wipley, 0ay) duy —{—f ap(—x, —0xy) dxy.  (10)
1] 0

Therefore if p(ay, y) is known, p(6) ean be determined by integration.

As is typical of this class of problems when @ and y, are not correlated

normal variables, the exact determination of p(x;, i) is rarely obtain-

able. Therefore, we find it essential to proceed along approximate lines.
We can write the characteristic funetion e(u,p) for p(a, y1) as

elup) = j d.rl[ dye T (e ) (11)

If we take the partial derivative of (11) with respect to u, evaluate it
at w = —6p, divide both sides by 277, and integrate over » from — = to
o, we gef

1 ” d (-?[,P) 1 ” ” ” iy —r A
51 wau ’F_h dy = e LG dv [m diy .[m dipie” " "V p(ay, ) .

When we interchange the order of integration to integrate over v first,
1 fm el upy)
2ri L= du

where §(jy; — 6ry) is the Dirae delta function. Integration over y, then
results in

dv = f n’.rlf dipeid(in — e plagn) ,

u= —fly

nE

1 “ de(u) ;
At dy = j opluey, 0ry) dry
= —fp o

27i e AU

. . (12)
= f rip(ay, ) dey — f op(—x1, —6ay) duy.
(1) o

A comparison of (10) with (12) reveals that they are equal provided
that @, is always positive, in which case p( —uxy, —8xy) is zero. Under
this condition

. = fm de(u)
ple) = 271 L du ’..=_.9.»

In the following we will use (13) to approximate p(8); before doing
so we make a few remarks about the range of the random variables a;
and 6.

dv. (13)*

* The result in (13) is given as an exercise for the reader on p. 317 of Ref. 0.
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3.2 Minimum Values of x1 and i

Our comments in this section will largely be confined to the case of
impulse excitation in which case z; = = and y1 = y, where x and y are
defined following (5). From the definition of z it can be seen that it
attains its minimum value for the set of @, = 1 in which the argument
of cos 2xkn is in the second and third quadrants (modulo 2x). With this
pulse pattern it is easily shown that

,6 sin zwke—(n‘ikQ)(l + e—(r!?kq)) e-(rn'ikQ)
Tmin = Ttk ) (1 — 28 cos 2wk + %) =% (1 — e~(ri2k@))
where 8 = ¢ ™9 and § = average value of ¥ (from Appendix D).

For the values of k and @ that we consider, namely kQ less than about
0.1 and @ = 100, an excellent approximation for Tmin is

Tmin = —27¢ 7Y
When kQ is fixed at 0.1,
o = @ e
ki3
and for Q = 100, Zwin = —0.005. The ratio mis/Z, where T = average
value of x, can be shown to be
Lmin . —4kQ o F/EQ

xr

which for kQ = 0.1 is —0.00016, or very close to zero. Based on un-
published work of one of the authors, the probability of x/& of even going
negative is so remote as to be completely unimportant and decreases
with increasing @ for kQ fixed.

Another interesting way of looking at the probability of z becoming
negative is to consider the probability of pulses occurring in the first
quadrant of the argument of cos 2«kn to constrain the minimum value
of  to zero. This ean occur in any of several ways. One possibility is to
choose a single pulse (a single @, = 1) in the sector of the first quadrant
bounded by n = 0 and the largest integral value of n that satisfies

B" cos 2xkn > | Zwmin |-

For Q = 100 and kQ = 0.1, the above is satisfied for a value of n that
is less than about 148. The probability of at least one pulse in this range
of nis1 — (1 — p)™® which is about 1 — 107" for equally likely pulses
and spaces. Therefore, v is positive with probability very close to unity.
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For inereasing values of @, with kQ fixed at 0.1, the probability that
x is >0 approaches unity even more closely.

By an argument that parallels the above, the probability that y < 0
for k£ > 0 and impulse excitation is very small. Similarly, probability
y > 0 for k < 0 is extremely small.

For raised cosine execitation, rui, is increased by 1 + b, which for
the pulse widths considered herein is always >0.25, thereby making
ZTmin positive for the @’s of interest to us. We also note that long strings
of zeros as required in attaining %wi. cannot be tolerated in a PCM
repeater with a simple tuned circuit timing extractor, since the timing
wave amplitude would fall well below the point at which it would be
useful in the repeater. A higher minimum on the timing wave amplitude
can be assured by constraining the transmitted pulse train to avoid such
long strings of spaces.” In this paper we simulate this constraint by the
introduction of a forced periodic pattern of pulses in the otherwise
random train. This serves to increase x.,;, and decrease the range of 6
as we shall see below and in Sections VIT and VIII.

3.3 Range of 0

For random impulse excitation, it is apparent from (5) that 6 is un-
bounded when we choose a single a, = 1 for n large and all the rest zero.
However, with @, = 1 and the values of @ we consider, v is always
positive, and from the results of Section 3.2 8 is essentially confined to
(0, /2) for k > 0 and [0, — (x/2)] for & < 0. In the following we seek
tighter bounds under the practically important case a, = 1. Experi-
mentally, a, = 1 means that we examine only those time slots containing
pulses.

For the general form of 8, D. Slepian and E. N. Gilbert of Bell Tele-
phone Laboratories* have developed an algorithm for determining the
pattern that yields the maximum value of 8. Their result is particularly
simple when kQ < 1; then we can approximate = by

14+ 3 g, a0
1
and y by

x
2rk > a, ne O™,
1

Under this condition Gilbert and Slepian have shown that the pulse

* Private communication.
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Tig. 1 — ne vs 8 for random impulse excitation.

pattern giving the largest value of 8 is specified by all pulses present for
n = n, and pulses absent for n < n. . The value of n. is obtained from*
g a

(_i_—ﬁ)z—nu(l-kb) ~ 57 (14)
where 8 = ¢ %, For random impulse excitation a = 0 = b. For this
case, n, versus # obtained from (14) is shown in Iig. 1. For g < 3§, all
pulses present (n, = 1) yields the maximum value for §. In the range
1 < B < 0.639 the pulse immediately adjacent to the origin is dropped
out to obtain 8.« and so on.

The maximum value attained in a specified interval is achieved for
the largest 8 in the interval and the maximum value is given simply by
97k times the n. defined by the 8 interval. The 8 intervals corresponding
to constant n, get smaller and smaller as B approaches one. This is
illustrated in Fig. 2, where we have plotted n. against @ rather than g,
showing a continuous approximation to the actual staircase character-
istic. We note that for @ = 100, n., = 80 and 8. = 2rkn. = 160xk.
With £ = 107", fiee = 0.167 radians.

* 8ee Appendix E for the proofl.
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Ifor finite width pulses, a and b are non-zero. With raised cosine pulses
of pulse width less than 1.5 time slots @ < 0.65 and b > —0.75 with the
largest negative value of b corresponding to the consideration of positive
going time slots, When the mistuning, £, is positive, the effect of finite
pulse width then is to raise the maximum value of n. over the impulse
case and consequently to raise 8., . On the other hand, when £ < 0,
B, can be reduced over the impulse case. We will demonstrate this
effect in connection with the eumulative distribution in Section IX of
the paper.

As noted previously, the long string of spaces implied by large n.
make the timing wave amplitude so small as to be useless in a real re-
peater. The timing wave amplitude can be increased by foreing a periodic
pulse pattern. With the constraint that every A/th pulse must oceur,
the pattern that yields the maximum value for @ is as before where n.

is now given by
6r|,+l a Py £ == ﬂr,")
:#—‘I'”'cl:]'“f'b‘l‘ﬁTl_—'Buj

(1 — B)? 2xl
MY (1 — g™y Mg

+ Qmhk(1 — g¥)2 2rk(1 — ™)’

(15)

where r is the largest integer less than n./M. Tt can be seen that (15)
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reduces to (14) as M — = as expected. Furthermore, since the difference
in the last two terms of (15) is positive and the term added to | + b is
also positive, it is apparent that the effect of the periodic pattern is to
reduce 7, and consequently ... as expected.

3.4 Probability Density Function, p(6)

With the above preliminaries disposed of, we will proceed to use (13)
to develop an approximate expression for p(8). To do this we assume
that the logarithm of the characteristic function possesses a power
series expansion in the neighborhood of u = 0 = ». The general form of
this series is"

gty =3 ): e (i) ()" (16)

r=0 =0
r+l;£0

where the A, are the semi-invariants of the distribution for z; and y, .
Since

de _ .
- @ o “05 ¢l,
we may write
2@ = L [ Llogel| expliogell w.  (m)
2wt Lw Ou =0 u=—fy

Using (17) and performing the differentiation indicated in the integrand,

we get
ra rary s Art+s d
= (-7 2] as)

0 = 5 [ on 5 20

df

We now remove terms from the double summation for which » + s < 2.
The remaining terms we treat as u, and expand ¢” in a power series
retaining only the first two terms (¢“ ~ 1 -+ w). In this case p(8) be-
comes approximately

r+5=6

p(8) — p,(8) + Z Z = (= 1pn0), (19)

r+! )2

where

. o0 2
po(68) = &%[2%— [m%—v exp —w(hf — Ao) — % (Nt — 22018 + Auz):l,
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or p,(0) = (d/de)f,(8), where [,(8) is defined by comparison with the
above.
Similarly,

pra(g) [ f a ('w)rﬂ

2
-exp —i(Mlf — Aoy) — ;— (A2of® — 226 + )\02)],
or
d
pra(e) = d_gfm(a) -

An upper limit for the double summation in (19) is set in order to make
the approximation for p(#) consistent with the number of terms used
in the power series expansion for ¢“. The reason for 6 as an upper limit
will become apparent when we discuss the semi-invariants, A, , in detail
in Section V. Performing the differentiations and integrations indicated
in (19) we finally arrive at

_ L Au9) _A(8)?
SV ()L "“"[ ‘2,11(8)]

I ( A, (8)
" I + EZ(_I] r'_g'lg (vm)r+a {20)

; Ao(ﬂ) |
+ e ( 24.(6) ,-1"“’)J
(+/24:(8)) 1 GAz(a)

r L]
r+e>2

where
Ao(8) = Mol — 8,),
Ay (8) = Aagb® — 200 + Age,
Au(0) = Mol N20be — M) — (Asfle — Ao2)],
A,(0) = hob® + (r — $)Aub — rhoa,
and
o = M

A
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The H’s are Hermite polynomials defined by

\n 22 d" —z2

H.(Z)=(-1)"¢ 537"(8 N

The result in (20) gives a general expression for p(8) as a function of
the semi-invariants of the distribution of x, and y,. The solution ob-
tained is approximate in that it depends upon an asymptotic expansion
analogous to the Edgeworth Series. As noted by Cramer,’ one is not
particularly interested in whether series of this type converge or not,
but whether a small number of terms suffice to give a good approximation
to the probability density function over a specified range of its argu-
ment. In our case, the statistical properties of the input pulse pattern,
and the parameters of the timing circuit are controlling in this regard.
With this in mind, the determination of the range in 6 over which a
valid approximation may be obtained in various cases is deferred for

the present.

IV. CUMULATIVE DISTRIBUTION FUNCTION

The cumulative distribution function F(8) may be determined using
the results derived in the preceding section. Beginning with (19) we
may write
k

3 -1y (21)

rik!

rh
p(8) ~ 1, (8) + 2
rH

k>2

By definition*
o8
F(g) = j plu) du.

Integrating (21) between the limits indicated, F(6) becomes

r+4s==6
F(8) = f,(0) + 2 2

r+a>2

Arn r l &
T!S[(_I) frn(a) +§ (22)

Referring back to (19) and performing the integration over v necessary
to determine f,(8) and f..(8), we get

* The significance of the lower limit of integration in the definition of ()
will be discussed in connection with the numerical results,
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— | e:f A.(8) ] 1
F)~3+ 5 [\/2.41(6) 2, (0)
ﬁ Hown ( A,(8) (23)
e _ 441:(8)2 S Anll _1\yg" e '\/ 41(9
e"p[ 2:11(0)] Zj ?’F@( Ve WO

where A4,(8), A4,(6) and H,;,_, have been previously defined.

V. SEMI-INVARIANTS FOR THE DISTRIBUTION OF @ AND ¥

In this section we consider the coefficients of the power series expan-
sion for the logarithm of the characteristic function ¢(wu,w). These are
determined as functions of the parameters of the timing cireuit, and the
excitation and provide the necessary information for an explicit solution
for p(8) and F(8). A closed form for the A, is obtainable for all excita-
tions of interest under the condition p = 3 (pulses and spaces equally
likely). [The semi-invariants for any p can be obtained by appropriate
differentiations of log ¢(u,r). We have not expended the energy for this
exercise.] The semi-invariants are shown below for random impulse
excitation under the condition @ < 7 and are derived for all excitations
we consider in Appendix D.*

1 Tk
Mp = —— Nop =5 P 24)
“IaT—p M T -pe (
(=1)'B,.(2™ — 1) . .o d 1 .
Are 'r+n>1 = i (2mk) @ (1——8‘") (25)

where 8 = ¢ "' g = #/Q (r + ), and the B,,, are Bernoulli numbers.

Since B,y = 0 for r 4+ s odd and > 1, we note that the odd order semi-
invariants given in (24) and (25) vanish beyond order 1. Therefore
since the A for » 4+ s = 3 are zero, one can extend the upper limit in
the double summation in (19) to 6, and still maintain consistency with
the fact that only 2 terms in the power series expansion for the expo-
nential, €', were used in the approximation for p(8). This conelusion is
valid for all excitations of interest.

VI. BEHAVIOR OF Pp(f) FOR LARGE Q
When the  of the resonant circuit becomes large, the past history of
the input signal becomes increasingly important in determining the

* The more general semi-invariants without the restriction 2Q <« = are given
in Appendix D; however, they are too long to be repeated here.
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statistical properties of x and y. This follows from the form of the ex-
ponential term in the expressions for x and y given in (5). Invoking the
Central Limit Theorem under this condition, one would expect the
values of 2 and y to begin heaping up about their respective means with
the probability density function p(x,y) approaching a two dimensional
normal distribution. Analogous behavior is expected of 8 and we will
now consider p(#8) as given by (20) in the neighborhood of its mean for
large Q. The discussion is restricted to the case of random impulse
excitation, but the results for other excitations parallel those of this
section.

To determine p(8) near its mean, we write, using the previous condi-
tion kQ < m,

. oak D ame "
o = !{ = (26)
g Z an g

n=0

where

For this to hold as @ becomes arbitrarily large, we require the kQ
product to be constant. Since

-
e~ D a, e
n=0

# can also be written as

d I d x =
0~ —2mk i (log 2] = —2xk = [log = + log .I::I, (27)
where # is the average value of x. Expanding log /% in a power series
in the neighborhood of 1 (x near #), and keeping only the first term, 6

becomes

d . d|lz— %
0~—2rkd—a[log.1] QTE%-[ ~ ] (28)

Differentiating the above with respect to a we get for 4 in the neighbor-

hood of its mean

LI =
o~ T (29)
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In determining this result we make use of the fact that
_ d .. ;
§ = —2xk — [z]. (30)
da

Using (29) one can determine the logarithm of the characteristic func-
tion of 6, and the associated semi-invariants of the # distribution. When
this is done, the mean of § is

_ 2rkB
b

0 ~

=S

which also can be derived directly from (29). The standard deviation
and the 4th semi-invariant are given by
_ 2(2xk)2B2
(1 =8)(1+8)

—2(27k)"g’ [1 _48' 1 -8

68°(1 + 8 (1 — 8)*

)\-l = +

(1 — 8% (1 —p4) (1 —pi)?
3 _ a\? 4 3
481 ﬁ)(1+4§8 +8) (32)
(1 =8
L= B (1 + 118 + 118° + %)
=g

with 8 = ¢ . These same results can be derived using (20) and including
only the first correction term from the double sum (i.e., only those A,
for which r 4+ s = 4). The details of the calculation along with the A,
of interest are given in Appendix D. The final result for p(8) is

6 — ﬂu
2 H,—F—
1 (6 — 8,)" Ay 20 ). (33)
P{G)"‘“’ — exp————(l—i-#___)
‘\/

I a 2" 4! 461

The above equation for p(6) is in the form of the standard Edgeworth
approximation. In the limit as @ becomes large (8 — 1), and with £Q
constant, p(8) reduces to

1 (0—=8)[, 5r 8 — 6,

with 8, = 2kQ and ¢ = k+/xQ. Equation (26) indicates the approach
to the normal law as @ becomes large with the first correction term going
as 1/Q). The above results for 8, and ¢ correspond to those derived
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earlier by Bennett' by another method. If we rewrite o as kQ/7/Q we
notice that p(8) becomes more peaked with increasing @, and falls off
quite rapidly as 6 departs from the mean. In the high @ case the concen-
tration about 8, becomes more pronounced as expected.

It is to be emphasized that the general properties of p(8) for large @
demonstrated here will be true for the other inputs also. For example,
with random impulse excitation plus 1 out of M pulses forced, the
average value will remain the same as above but ¢ will be a function of
M;

. rM(M — 1) Q
= kQ 1/Q———(M+1)2 forMﬂ_»l.

The effect of M is to reduce ¢ and therefore increase the concentration
about the mean. As M becomes large (fewer pulses required to occur),
the effect of M becomes insignificant for this large @ case.

VII. NUMERICAL RESULTS FOR p(8) AxD 1 — F(f): IMPULSE EXCITATION

7.1 p(#)

To determine the behavior of the probability density function for
finite @, we must use the general form of the approximation to p(f)
given by (20), since most of the approximations made in the previous
section for @ arbitrarily large are no longer valid. By way of illustration
we consider the case Q = 100, k = 10" with impulse excitation and all
pulses random (p = }). For negative mistuning, k = —107* the curve
for p(#) will be identical with that for k positive except that 6 is re-
placed with — 8. The result for the probability density function is shown
in Fig. 3. The calculations* upon which this curve is based include
the first and second correction terms of (20); i.e., terms for which r +
s = 4and r + s = 6. Points beyond 8 = 0.13 radians on the lower end
and 8 = 0.35 radians on the upper end are not included, since the ap-
proximation begins to fail at these extremes. More specifically, the
probability density obtained from (20) goes negative somewhere be-
tween @ = 0.13 radians and § = 0.12 radians and 6 = 0.35 and 6 = 0.36
radians. However, as we shall see later, up to these points the results
for the cumulative distribution are in good agreement with computer
simulation. The eumulative distribution is also shown on Fig. 3 to point
out the fact that the median oceurs slightly below the approximate mean
given by 2kQ. In addition, it is apparent from the shape of p(8) and

* Equation (20) and all subsequent calculations for p(6) and F(8) were pro-
grammed for the IBM 7090 computer by Miss E. G. Cheatham.



PHASE JITTER IN PCM REPEATERS 521

0s P/ a=to0
-

0.7

| |
0.6 I
|
|

0.5

p(®)/21.3,F(8)

. |
o\
o J 1\

o 0. 0.2 0.3 0.4
8 IN RADIANS

Fig. 3 — p(#) and F(#) as a function of 8 for £ = 107 and @ = 100. Random
impulse excitation.

F'(8) that the probability density is skewed in the direction of increasing
phase error. This is more easily visualized from Fig. 4 where we have
shown p(8) as in Fig. 3 plotted on log paper. The normal probability
density with the same mean and variance as our computed curve is also
shown to further illustrate the skewness.

On Fig. 5 we have plotted p(#), as defined in (20), to illustrate the
contribution of its constituent terms. I'rom this figure we see that the
principal term (always positive) predominates over most of the range.
At the tails, the terms involving A for r 4+ s = 4 pulls p(8) in and
forces the density to become negative. The last term in the approxima-
tion, for which » 4+ s = 6, serves to extend the region over which p(#)
remains positive,

When 1/37 pulses are forced, the skewness is reduced, as is the vari-
ance. There are several ways of explaining this effect. First, as discussed
in Section 3, the denominator of 8 in (8) or (9) is raised, thereby reducing
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Fig. 4 — p(6) for k = 103 and @ = 100. The normal curve with the same mean
and variance is also shown for eomparison. Random impulse excitation.

the range of variation of the timing wave amplitude and confining 8 to a
narrower range. This is expected from the physical standpoint, since
forcing a periodic pattern with the remaining pulses and spaces equally
likely is similar to increasing the probability of oceurrence of a pulse in
an all-random sequence. Since the pulses, when they occur, have the
proper spacing, they will tend to correct for the departure of the zero
crossings from the mean that has occurred during the free response of
the tuned circuit in the absence of a pulse. Indeed, in the limit when
M = 1 (all pulses definitely occur), all the probability is concentrated
at the mean, 2kQ, which is identical to the steady state phase shift of
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the tuned cireuit in response to a sine wave at the pulse repetition fre-
quency. This behavior is also predicted mathematically from (20) and
the fact that A, goes to zero forr + s > 1 when M = 1. The same effect
oceurs when @ approaches infinity with kQ constant and it can be shown
from the results of the previous section that p(#) goes to 8(8) when the
limit is taken. In this light, we can view the introduction of foreed pulses
as effectively increasing the @ of the tuned circuit while maintaining k@
fixed.
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Fig. 5 — Contributions of various terms involved in the p(f) approximation
given by (20). Random impulse excitation is assumed, with £ = 1073 and @ = 100.
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100.

In practical applications, the effect of a pulse at the origin is of par-
ticular interest. Mathematically, this corresponds to M = . Physically
this means we examine and record phase error only for those time slots
containing a pulse. Fig. 6 illustrates the narrowing of the density fune-
tion for M = = (pulse at the origin), and M = 16, 8, and 4. It is
interesting to note that, for these cases, the probability density function
remains positive over the range of 8 we have used in the computations
from 0.1 to 0.4 radian. This encompasses values of p(8) < 107" on the
left of the mean and p(6) < 107" to the right of the mean. This is to be
expected since Ay decrease with decreasing M for r + s 2 2, thereby
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reducing the importance of the terms involving the Hermite polynomials
in (20) and improving the approximation.

Fig. 7 depicts the behavior of p(8) as @ grows with k) fixed at 0.1.
The results are consistent with the predictions of the previous section.

7.2 1 — F(0)

For a closer inspection of the behavior of the distribution at its tails,
1 — F(8) will be examined. This function as evaluated from (23) for
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Fig. 7 — The effect on p(8) of increasing @ with #Q = 0.1 and random impulse
excitation.
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Q = 100,k = 10~* and purely random excitation (p = %) is shown in
Fig. 8. The plot shown gives the probability that 6 deviates from its
mean by more than some constant C' times ¢. In the same figure a
comparison of the calculated approximation with the normal curve of
identical mean and standard deviation indicates a substantial departure
from the normal law as the phase error increases. When periodic patterns
are interspersed with the random train, the departure from the mean is
further reduced, as can be seen from Fig. 9. Similar behavior is exhibited
in Fig. 10, where Q is increased from 100 to 500 and k@ maintained
constant at 0.1.
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Fig. 8 — Comparison of 1 — F(6) with the normal curve in the vicinity of the
tails. The normal curve is computed assuming the same mean and variance used
in determining 1 — /(6). Random impulse excitation with @ = 100 and k& = 107?
is assumed for computing 1 — F(6).
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Fig. 9 — The effect on 1 — F(8) of requiring 1/M impulses to oceur. k = 1073,
Q = 100.

7.3 Comparison with other approaches

Since we have made approximations in arriving at our expression for
the phase error, it is natural to ask how these approximations affect our
computed results. A comparison of our results with two other approaches
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Fig. 10 — The effect on 1 — F(8) of increasing § with £Q = 0.1 and random
impulse excitation.

will be made for the case of impulse excitation. We recall from Section 2
that the phase error under impulse excitation is given by

tan 8 = Q‘
x

For kQ sufficiently small we can write
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-]

2. na,8"’

n=(
& . 35)
2mk = (

2 "

n=>0
The approximation of tan 6 by its argument is not crucial in this case,
since a straightforward transformation can be made on the probability
distribution to correct for this approximation [i.e., p(#) = sec’ fp(tan 6)].

H. Martens* shows that (35) can be manipulated to yield a recursion
relationship for the phase error that is in a convenient form for digital
computer evaluation. T'. V. Crater and S. O. Rice used this approach in
some of their work, and a probability distribution so determined is
shown by the dots in Fig. 11 for Q@ = 125. For the same value of Q, we
have computed the probability distribution from the series in (23), and
it is displayed as the solid curve of F'ig. 11. It can be seen that the agree-
ment between the two approaches is excellent. The scattering of the
“experimental”” points at the 10 level and below is due to the limited
number of pulse positions considered by Crater and Rice. Specifically,
10" pulse positions were processed after an initial transient of some
5 X 10" pulse positions had elapsed.

In addition, S. O. Rice in unpublished work has shown that the tail
of the distribution should behave as A (% )" where A is an unknown
constant. When we take the values of 8 at the 10 * and 10™* levels and
substitute these in Rice’s asymptotic form and form a ratio, the con-
stant A eancels out and we should obtain 10. The actual value for the
ratio is 10.9, which tends to indicate that the asymptotic behavior has
virtually been reached. This suggests that an extrapolation of the distri-
bution to larger values of # by merely continuing with the same slope
should be valid.

We also note that we can write

)9"..'zk _ (%)ﬂqlxﬂ(,

where we have made use of 8, = 2kQ). With kQ constant, one would
expect the cumulative probability to fall off faster for larger @, as is
indeed the case. The slopes of the curves of Iig. 10 follow Rice’s pre-
dictions quite closely.

While the above comparisons are comforting, they only indicate that
our final expressions for p(8) and #(8) are accurate for computing these
quantities from the initial defining equation for 4. Approximations have
been made in arriving at the starting relationship. A check on these
initial approximations may be obtained from a simulation of the problem.

* Unpublished memorandum.
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Fig. 11 — Comparison of 1 — F(6) computed hy (23) with the results of the
Crater-Rice simulation for @ = 125. Random impulse excitation is assumed.

One such simulation has been accomplished by Miss M. R. Branower
using & combination of analogue and digital computers. The prineipal
errors introduced in this process involve the stability of the analogue
computer with time and the number of pulses processed. Tor a tuned
circuit characterized by a @ of 125 and mistuning k = +107°, the
computer simulation yields the results of Fig. 12. Results obtained using
(23), the exact semi-invariants of Appendix C, and the tan 0 transforma-
tion mentioned previously yield the “computed curve” of Fig. 12.
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Again the results are in very close agreement. To indicate the effect of
the approximation k@ < m, we have repeated the computed curve of
Fig. 11 on Fig. 12.

VIII. RAISED COSINE EXCITATION

8.1 Results for 1 — I'(0)

With raised cosine excitation, the computations are performed as before
and only the semi-invariants \,, for » + s = 1 are changed from the
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Fig. 12— Comparison of 1 — F(6) computed by (23) with the results of an
analog simulation due to M. R. Branower. Random impulse excitation with
€ = 125 and k = 1072 is assumed. The efiect of the tan # approximation is shown
together with results for both approximate and exaet semi-variants.
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previous case. Results obtained for this excitation are shown on Fig. 13,
where it is apparent that the use of widest pulses and positive-going zero
crossings yields the largest phase error. The effect of @ and M with this
type of input is the same as with impulses.
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8.2 Comparison with another approach when k = 0

In the absence of mistuning, the phase error becomes

a L) ]
9 = m, {-3())
and the probability distribution for § may be obtained by methods given
previously, or by the following relationship:

a
Prob (§ = A) = Prob (-L_ g > )\)

= Prob (.ar = 4 ; b)\).

Therefore, if the distribution for . is known, the distribution for § may
be determined from it. The random variable x is the normalized timing
wave amplitude defined by Rowe. This random variable has been con-
sidered by S. O. Rice in unpublished work and he has developed a pro-
cedure for closely approximating its probability distribution. Using the
method of moments, one of the authors also computed this distribution.
The results were in excellent agreement with Rice’s results and the
cumulative distribution obtained by the moment method is shown in
Iig. 14. It can be shown that the probability density for & is unimodal
and symmetric about its mean; therefore, the data on Fig. 14 suffices to
specify the complete distribution. With this data and (37) we can
determine the distribution for 8. Alternately, we can use (23) to make
this computation. A comparison of the distribution obtained by the two
approaches is shown in Fig. 15 and it can be seen that the agreement is
very close. Thus we have found another check on our series approxima-
tion for p(#). Conversely, we can use the distribution for 8 to compute
the distribution for x. In this regard it is interesting to note that when
the Edgeworth expansion including semi-invariants through order 6 is
used to approximate the distribution for r, the density function begins
to turn negative in the neighborhood of 3¢ from the mean indicating
failure of the approximation. On the other hand, using the same number
of semi-invariants in the expansion for p(8), where @ in this case is es-
sentially the reciproeal of r, we obtain a good approximation to the
cumulative distribution for x. This is believed to be due to the narrowness
of the range of 6 as compared with r; i.e., x variesfrom 1 to1/(1 — §) =
Q/w, while 1/x goes from 1 — 8 = 7/Q to 1.
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IX. OPTIMUM TUNING — FINITE PULSE WIDTH

In the case of impulse excitation it should be apparent that zero mis-
tuning, k = 0, is the desired objective for no phase error. On the other
hand, with finite width pulses zero mistuning does not yield zero phase
error. Mistuning can be purposely introduced in the finite pulse width
case to make the mean value of 8 zero, to minimize the variance of 6, or
to optimize some other parameter of the 6 distribution.

An approximation to making the mean of 6 zero may be obtained by
choosing k such that the average value of the numerator of ¢ is zero.
This means that
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g1=a+géa+(—l_"fﬁ—w=o, (38)
or
2
- _a(l == ﬁ) . (39)

3

For example, when @ = 100 and a = 0.65, as for raised cosine pulses of
width 1.57, then k = —2.05 X 10~* to satisfy (39). In the high Q case
(39) becomes k = — (an/Q").
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Fig. 15 — Comparison of the distribution of # as computed by (23) and that
determined from the distribution of the timing wave amplitude of Fig. 14. Raised
cosine pulses of width 1.57T drive a tuned circuit with a (B = 100 and zero mistun-
ing. Timing deviations in the neighborhood of negative-going zero erossings are
considered,
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When the objective is to minimize the variance of 6, we consider o
as defined in Appendix D; i.e. '

o | Ol — 2hl + M)

Ap (40)

A plot of ¢ versus k is shown in Fig. 16, where it is seen that the minimum
& oceurs close to the “zero mean’ value of k. Probability distributions
for values of k that encompass the optimum are shown on Fig. 17. The
narrowing of the density function for the optimum value of k is evident.

The results of this section suggest that when the tuned circuit in a
self-timed repeater is adjusted, it should be excited with a random pulse
train and the tuning adjusted to minimize the jitter on the leading edge
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Fig. 16 — Standard deviation of phase error as a function of mistuning with
raised cosine pulses 1.57 wide. Negative-going zero crossings are considered. @ =
100.
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of the output pulse train as viewed, for example, on an oscilloscope. This

is the method used for the adjustment of the repeater of Ref. 8.

X. PARTIAL RETIMING

In Section VIIT we have shown that, in the absence of mistuning, the
variable 6 can be related to the normalized timing wave amplitude «»
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and the distribution for 8 determined from the distribution for x. Here
we will also make use of the distribution for z in order to analyze an
idealized version of a forward-acting partial retiming scheme. The
scheme we consider has been described by E. D. Sunde’ and analyzed
for periodic pulse patterns in Ref. 7. We make the same assumptions
here as in the later reference, namely
1. The pulses exciting the tuned circuit are so narrow that they can
be considered impulses. They are obtained by processing incoming
pulses to the repeater and they excite a simple tuned circuit.
2. The timing wave is so clamped that its maximum excursion is at
ground.
3. Reconstruction of the raised cosine pulse takes place when the
algebraic sum of the timing wave and the raised cosine pulse crosses
a threshold assumed to be at half the peak pulse amplitude.
For random impulse excitation of the tuned circuit prior to ¢ = 0 and
the definite occurrence of a pulse at { = 0, we have, according to the
above assumptions (with no pulse overlap)

1 2ris T 2wt 1
g(l‘[—(‘obT)_E‘E(l_‘(Uh'f{—‘)—é (41)
for | t| £ T/2s
where
x =2, ab"
n=0
a, = 1 (the pulse at the origin definitely occurs),
and

# = average value of x.

Equation (41) is based on the assumption that the average timing wave
has a peak-to-peak amplitude equal to the peak pulse height (i.e., when
@ = %, the timing wave amplitude varies between —1 and 0). If we
define ¢, as the time at which regeneration takes place and 8, = 2uxl,/T
as the corresponding phase angle, then it can be seen from (41) that
this phase is a random variable dependent upon the random variable x.
We will solve for 8, under the condition s = 1, which means that the
information-bearing pulses are resolved.* Under this condition — (w/2)
< 8, < 0. Consistent with our previous definition of phase error, we will
consider the negative of 6, , since this makes the phase error positive

* Other pulse widths and different ratios of average timing wave amplitude to
pulse peak can be handled, but we will not consider them here.
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when we take our reference as the phase corresponding to the time at
which the pulse peak occurs (at ¢t = 0). In this way a positive phase
error corresponds to regeneration prior to the pulse peak and permits
direct. comparison with the results of section 8 for the complete retiming
approach. Solving (41) for cos 6, gives

=l

cos 0, = _ (42)
4

and

Prob (cosf, < \) = Prob (8, = cos '\)

= Prob =

=il =
Il
=
S
o
S
]
IIA
>
&
S
N
w.

kY
L 42

It is apparent from the above that we can use the distribution for x to
determine the distribution for 8, . For @ = 100, the distribution for x
is shown in Pig. 14 and with (43) enables us to obtain the distribution
for 8, as shown in I'ig. 18. When we compare this result with that of Fig.
15, which shows 1 — F(8) for the case of complete retiming, it is ap-
parent that partial retiming results in a considerably larger variation of
phase error. This supports the contention made in Ref. 7.

XI. CONCLUSIONS AND FUTURE WORK

We have derived an approximate relationship for the probability
density and cumulative distribution for the phase error at the output of a
tuned ecireuit when it is excited by a random or random plus periodic
pulse train. The effects of mistuning of the tuned circuit and the finite
widths of the driving pulses have been considered. Three independent
checks of our results indicate that the expressions given are excellent
approximations to the true state of affairs for k@ < 0.1 and @ > 100.
Regions defined by these limits encompass values of & and @ of interest
in PCM systems under consideration.

More specifically, we have shown that the distributions are not normal
and are skewed in the direction of increasing phase error. When we
consider pulse positions in which a pulse definitely ocecurs, it has been
shown that the maximum phase error is bounded. In addition with
raised cosine excitation we have demonstrated that the mistuning can
be adjusted to minimize the mean or variance of the distribution for the
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Fig. 18 — Distribution of the phase error with partial retiming. ¢ = 100 and
k = 0. Raised cosine excitation pulse width = T'.

phase error. The performance of an idealized version of a forward-acting
partial retiming scheme has been analyzed and shown to be considerably
inferior to a completely retimed repeater.

There are several desirable directions to proceed from our present
position. First, it appears to be possible, in the case where we examine
pulses only, to start from the maximum value of 8 and work back toward
the mean to better approximate the distribution near the tails. S. O. Rice
has used this approach in related problems with success. Second, it is of
interest to determine the pattern to give the maximum phase error at
the output of a string of repeaters. This is not necessarily the pattern
that creates .. in a single repeater. In this regard, we have concen-
trated on only a single repeater. Obviously it is of interest to extend our
results to a repeater string. This extension remains elusive.
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APPENDIX A. DERIVATION OF EQUATION FOR NORMALIZED TIMING ERROR

A-1. Response of tuned circuit to random pulse train

The impulse response of a parallel resonant circuit is well known to be

h(t) = Real part of [ ( ’Q) THHlQN it Ak :l (44)

Iollowing Rowe,” we will imply the real part in all subsequent caleula-
tions involving complex quantities. The pulse train applied to the tuned
cireuit is given by

r(t) = Do aug(t — al), (45)
where:
a, = | with probability p,
a, = 0 with probability 1 — p, and

g(t) = pulse shape representing the binary 1.

The response of the tuned circuit to r(¢) is
t
20 = [ r(oh(t = 1) dr. (46)
In view of (45), this can be written

4o
z2(t) = T2 a.h(t — nT)

(t/T)—n
. f glaT) exp ]i('r"g’r — j2qr_L,T) .1-] dzx.

(47)
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Define
14k
o= 1R =g+ ), (48)

with & = fractional mistuning from the pulse repetition frequency.
Equation (47) can be manipulated to yield

2(t] = [AD) [P, (49)
where
®(1) = tan™" % + 2nf ket
Z: a,,e’""”“)"[—h (Tt, - n) sin 2wkn
o + I, (,1,1, — n.) cos 21rkn_ (50)
. i
l i it BT AR [I; (% - n) cos 2mkn
+ I (qi‘ — ) sin 21rim-
and

(51)

(t/T)—n i - T ]
= Im f g(zT) exp [(af,, — jQrf.,T) x:l dx.

—o0

In (49), | A(t) | represents the amplitude modulation on the carrier,
while ®(¢) represents the phase modulation, the quantity of primary
interest here.

A-2. Equation for normalized timing error

There is no loss in generality and it is convenient if the timing error
is evaluated in the neighborhood of the pulse that occurs for n = 0.
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In this neighborhood, negative-going zero crossings occur where

2l + ®(1) = g
or
t 1 ®(2) =
a1 =2
Similarly, positive-going zero crossings occur for
t 1 s :
A S = By

In the absence of tuning error, and with impulse excitation, ® = 0
and the negative and positive-going zero crossings oceur close to +=7'/4
respectively.* Using these zero crossings as a reference, it is easily seen
that the equations for normalized timing error become

1 €1
e 4+ 2
e _ (—l t T) (54)
T 27
for negative-going zero crossings and
£g _1 2 RE
T (i} ( i + T) (55)

for positive-going zero crossings.

With the exception of the minor generalization to arbitrary pulse
shape, the method employed thus far is identical with that used by
Rowe.” At this point in the evaluation of the timing error, we depart
from his approximate solutions of (54) and (55) and attempt other
approaches. Before proceeding in this direction, an indieation of the
approximation used by Rowe will be given. For the high @ case, ® will
he small and will change only a small amount for small changes in 2xft.
Based on this assumption,

er . _ ®(%)

T 2r (56)
5

er . _®(=%)

T 2r

* Neglecting tan™ QITQ in (50)
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It should be pointed out that these initial approximations are good for
Rowe’s purposes (steady-state error for 1/M patterns). However, for
our purposes they need to be improved.

A-3. Approvimale solution of equation for normalized timing error

One method for improving the accuracy of the initial approximation
is to expand @ in a power series about T'/4 for negative-going zero cross-
ings and retain two terms in the expansion to get

a_ @) (57)
1 2r + @'(%)
The form of @ makes this approach messy and makes the determination
of the probability distribution more difficult.

Another approach that is more tractable involves the separate Taylor
expansion of I, and I (51) in @ about the reference time. If we retain
only the first two terms in the Taylor expansion, replace the arctangent
by its argument, and neglect k with respect to unity, we obtain for
negative-going zero crossings

ev _ 1k
T= 470 1
Z a, ™" [—sin 2xkn (12 — n) + ]y (2 — n)
1 + cos 2xkn(1:(: — n) + esly' (3 — n))]
2r & . :
i > ane ™ "cos 2rhn (I(2 — ) + ey’ (2 — n))

+ sin 2wkn (L(2 — n) + e,/ (3 — 2))]

. (58)

If terms in (e;/T)* are neglected, multiplication of both sides of (58)
by the long denominator on the right results in a linear equation for
ei/T. This equation is applicable to arbitrary pulse shape, time-limited
or not, and has been applied by one of the authors to periodic patterns
of both Gaussian and raised cosine pulses in unpublished work. The
results were compared with digital computer simulation and were in
excellent agreement, thereby giving us confidence in using this approach
for random pulse patterns. In this paper, we will concentrate on raised
cosine pulses. This enables us to make use of some of the results given
by H. E. Rowe in Section 2.5 of his paper.’ For these time-limited pulses,
the limits of integration on the /’s of (51) are modified in an obvious
way, and the upper limit on the sum over n is limited to the pulse im-
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mediately succeeding the time slot of interest at n = 0 for negative-
going zero crossings. The evaluation of the various [’s required is dis-
cussed in Appendix B.

Subject to the above conditions, the normalized timing error, as de-
rived in Appendix B, can be written in the following form:

g Ay+ Bx+ C

T Dy+Ezt+F’ (59)
where
y =2 ae 7" sin 2rkn,
n=0
(60)

x =2 ae "'V cos 2rkn,

n={
and a, = 1 (a pulse definitely occurs for n = 0). A through F are de-
fined in Appendix B and are functions of the pulse width and @ and
mistuning of the tuned circuit. In addition, (" and F are functions of the
presence or absence of a pulse in the succeeding time slot for negative-
going zero crossings if sufficient pulse overlap exists. For positive-going
zero crossings the form of the equation for the normalized timing error
is the same and the new C and [ are dependent upon the presence or
absence of a pulse in the preceding time slot. This assumes that the
pulse width is less than 2.57.

A-4. Modification of probability distributions for pulse overlaps

With the dependence on the occurrence of a succeeding pulse, as is
the case for negative-going zero crossings with sufficient pulse overlap,
we must modify the determination of the probability distribution as
given in the main body of the paper. If we denote e,,/7 and €' = (',
' = F, for @y = 1 (a succeeding pulse definitely oceurs), and denote
¢w/Tand ' = o, F = F, for @, = 0, then the average probability dis-
tribution for the timing deviation will be given by

Prob (‘% < )\) = p Prob (‘T“ < a) + (1 — p) Prob (‘;‘T < )\). (61)
When the pulse width is less than 1.57, ¢} = (s, Fy, = F,, and there-
fore e;; = e and the above modification is not required. A similar pro-
cedure is applicable for positive-going zero crossings.
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APPENDIX B, RAISED COSINE PULSES

B-1. Determination of I's

For a raised cosine pulse centered at the origin and of width 7'/s, I
of equation (51) becomes

I(z) =0 x < _L
28
I(z) = f (1 + cos sy, e TIO—ArIE= g, |z| < 1 (62)
(1/2a) 2s
1 1
I(z) = 1(2—8) z > 5
where
K= (1+41k
The integral in (62} is readily evaluated to give
1 ﬂl(wa)—jﬂr]Kx — g UriQ)—i2m1K[2
—il = — x
* 2rK (1 _'_i)
20
& 1 —GUWIO)—J'EF]KI e+3‘2rm _ e*l(rmlﬂ"hlmza
47 . K (63)
K—35)4+j5=
| ( )+ 50
N 1 —el{ﬂQ)ijrlK:c e—ﬂnx _ e—[(r:’QJ—J‘Jr]KIZa
4r K
i (K +s)+7J 30

The derivatives required in the evaluation of (58) may be obtained
from
dI
dx
In the evaluation of I and dI/dx, mistuning makes very little differ-
ence for the allowable values in practical systems. Therefore, with K = 1

oy = —j €™ [1 + cos %ﬂ (65)

e(r,'a).h'z [GA*JEI'KJ _|_ % e—J‘Zr(K—a):: + % efﬂr(K+J):]. (6"1‘.)

My =j e [1 + cos %{I (66)
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Nomgps = j 6™ [1 + cos 3—3] (67)

f)

Ioe gy = —j ™ [1 + cos E;,Ls] (68)

Equations (65) and (68) above are required for negative-going zero
crossings, while (66) and (67) are needed for positive-going zero cross-
ings.

B-2. Equation for Normalized Timing Error with Reised Cosine Pulses

TFrom (58) we can write the equation for normalized timing error as

e . 1 k_ 1N .
T 50 1 25 P’ (69)

where N and P are defined by comparison with (58). Cross multiplica-
tion by P, neglecting terms in e,* and collecting terms, yields

o _ Ay + Bx 4+ C
T Dy+ Ex—+ F’
where x and y are defined by (60), and A through I are as follows:

1= g (g) + g+ i (@)

5= 5.0(3) - [+ 4]0 )

—J;r [2() - = @)] - [+ 3] () -2 G)]
a, 70 { L [&,m 9kl (—Z) _ cos 2xkl; (—;i-)]
L e s ]

= ti2

_x 1N £ 1, k], {1 1, (1
F‘“(a 8(g) *[me t i w @)+ =2 ()

(70)

)
Il



548 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

4 a4, ¢/ {gos 2rh [zl,r o (_2) + 1 (_g)
+ (4:(1} + ) (—D:I + sin 2rk ’:—%r b (_2)
L (_z) U (41rQ T ) (_2):'}

For positive-going zero crossings, only the constants C' and F are
changed.

B-3. Numerical Evaluation of Constants
In order to make use of some of Rowe’s results, we will choose the
same two cases for pulse width that he used.

Case 1. s = 1, Pulses Resolved

a. Negative-Going Zero Crossings. Since mistuning has a small effect
on the evaluation of the I’s, we negleet it in this regard. Neglecting
terms in 1/Q" and k/Q, after some arithmetic one arrives at

1 (1 K., 00795 , 0.0316 )
e _ _Ey (——1‘_“@ 8) T+ I + 0 + 0.0085k -
L 3 q+_(q;—1)+0375+0_06
162G Y Q

Q > 50 and k) < 0.2 encompass values of practical interest. In this
region the term in y in the denominator of (71) can be neglected and
the numerator term 0.0085% is also negligible. It is also convenient to
deal with phase error rather than timing error. Therefore, we rewrite
(71) as

. r,—l[l—"—r (,‘3]::+()159+LJ7
91 _ .Z‘ﬂ’(’l _ Q 4 2 Q (72)
T 0.12 ’

x — 025 4+ Q
The multiplication by —2= is used to avoid any questions later on as
to which way certain inequalities are to be taken. This means that 8 is
the negative of the phase error as previously defined. A positive value
of 6 signifies that the zero crossing occurs prior to £7/4 for negative
going and positive going zero crossings respectively. The general form
of @ for all the cases to be considered herein then can be written as
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_yta y
BA.1:+L+C' (73)

IFor the situation under consideration in this section,

0.334 T

.15¢ imsnh i =k

0.159 + 0 + ]
0.12

b= —025+ —=
T

111 =
c = _a[i_éllQ]l

b. Posiltive-Going Zero Crossings. Proceeding in the same way as in
Sections B-2 and B-3 above, the phase error for positive-going zero
crossings is as in (73) with

a

02 3T
= 0.159 ——= — k
a H) 0 + g,
0.62
b= —075+ —~-
? Q
11 T
c = _(—2[1 - i""‘Q].

In this case it should be noted that with zero mistuning (y = 0) and
with a pulse for n = 0 and nowhere else, a positive-going zero crossing
does not oceur in the neighborhood of —7'/4. Under this special con-
dition, * = 1 and (73) with the constants of this section would predict
an incorrect error in the positive-going zero crossing. Of course such a
sparse pattern occurs with probability zero. Fortunately, for all other
more reasonable periodic patterns, results obtained from (73) are in
good agreement with computer simulation.

Case 2. s = %, Pulses Overlapping, Base Width = 1.5T

a. Negative-Going Zero Crossings. In this section we will dispense
with all of the algebra and arithmetic and simply write down the final
results. I'or the case at hand

0—'225- Yy — }- (0.073 — 0.064%Q)zx + 0.0264 + £
27 Q Q .
(74)
-(0.034 — 0.02kQ)
0.255x — 0.062 + 0.048/(Q) ’

==
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When this is converted to the form of (73), we have

a = 065 + QQ;L — 0.21%

., 0188

b= —0243 + =~
¢ = — =118 — L58IQ)
Q o at 3 .

b. Positive-Going Zero Crossings
a = 065 — % + 0.94%

1.66
b= —0753 + —
53 + 0

8 —1@ [18 — 1.58k0Q).

The remarks made in connection with positive-going zero crossings
for Case 1 are equally applicable here.

APPENDIX ¢, SEMI-INVARIANTS FOR THE JOINT DENSITY FUNCTION OF
Iy AND i1

C-1. One out of M pulses definitely occur; the remaining pulses are in-
dependent and occur with probability 3; raised cosine pulses.

The characteristic function is defined as
e(up) = B exp i(ux + vin), (75)

where E is the expectation operator, and from Appendix B

e ™ cos 2rkMm + b 4+ D, a.e" cos 2rkn,

Il
M

rn =

m=0 n#EmM

" g (76)
=2, e ™ gin 2rkMm + a + Y. a.e ™" sin 27kn,

m=0 nZEmM

with @ = x/Q. Substituting (76) in (75) and performing the expecta-
tion operation gives
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==}
olur) = expi 2, ¢ ™O¥" (y cos 2ok Mm + v sin 2xkMm)
m=I0

cexp i(ub + va) X ][] E‘XP{; f-’(”m"(ucos‘.l!arfm+uahlzwim)} (77)

n=mM

nEmM

—(w/Q)n
X H (05{ 3 (_ u cos 2wkn + v sin 21rk-n)}

which may be rearranged to

0

elup) = expl:?-; 5 {P_'”m‘u" (u cos 2wk Mn + v sin 2rkMn)

< n=0 |

+ ¢ O (4 cos 2rkn + v sin 21rlm)}:| exp i{ub + va)
(78)

—(x/@)n

11 cos {e
n-D
X I —{w/Q)Mn

H cos —— (u cos 2rkMn + v sin erfﬂfn)}

(u cos 2rkn + sin 2m’fn)}

When we take the logarlthm of (78), we obtain

= % Z 8" (w cos 2akMn + v sin 2akMn)

& =0

log e(uw)

+ B8*(u cos 2rkn + v sin 2xkn))
+ i(ua 4+ vb) + Z_O log cos [% (u cos 2xkn + v sin 21r/i'n):| (79)

Mn
= Z log cos |:-ﬁ—— (1 cos 2rkMn + v sin _.)m'u'l[n):l

n=I0

where g = ¢ ™9,

The first sum in (79) may be carried out, and when combined with
2(ua + wb) yields the semi-invariants A, and Ao which are of course
the mean values for x; and y, respectively. Since the last two terms of
(79) are similar in form, we will confine our manipulations to the next
to the last term. We denote this term by

n

Flup) = Z log cos l:"?—) (u cos 2xkn -+ v sin 21r]m):| . (80)
n=0 =
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o

Using the infinite product expansion for the cosine and the power series
expansion for the log; i.e.,

cos 2 = TIED [1 = ((zm—z—im)g] (2 < =)

and

log (1 —x) = i% (z* < 1).

j=1

F(u,p) becomes

. ) ] o (ucn + L’Sﬂ)ﬁ
Flup) = nzo mz=0 & i om T 1) (81)

where C,, = ¢ “" cos 2rkn and S, = ¢ *" sin 2xkn. The sum over j may
be obtained by virtue of

i 1 _ (2 — (=17 (2n)"By

m=0 (2m + 1)¥ 22+1(24) |
where the By; are the Bernoulli numbers. With the above sum over m
and the expansion of (uC, + »8,)" in a binomial series, we arrive at

o0 J 23
Flup) = Z( 1) B"J() =) Z( ) Z Cu (S.0)™ T (82)
= 27(24) =

Proceeding in the same manner that took us from (80) to (82), it can
be verified that the last term of (79) takes the same form as the right-
hand side of (82) with n replaced by nd. These results and comparison
with the definition of the semi-invariants for a two dimensional dis-
tribution® lead to the following for the semi-invariants for the process
under consideration:

R = 1[ 1 — B cos 2nk 1 — 8" cos 2akM ] L,

1 — 28 cos 2nk + B* T 1 — 2% cos 2rkM + B*¥

1 8 sin 2wb g™ sin 2wkM :I
Hon. = QI:I — 28 cos 27k + 52 + 1 — 28 cos 2rkM + B2 + @,

and

rtaorts
B2 — D) S5 (009t — OS] (83)
r+ s =0
The sum over n can be shown to be a geometric series multiplied by
two finite series if the sines and cosines in S and ' respectively are rep-
resented in exponential form and use is made of the binomial expansion.
After some algebra, an alternate form for (83) can be shown to be

Rra]r{»x >1 =
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B, (277" — 1)114!
&5 ke,
Ara]r-l-u)l (I‘ + 8)2'_(21.)' G(r,s,ﬁ, £} I), (81{)

where G(r,s,8,k,M) is (shortened to &)

(=1)*
G = ;ﬂgq;(, —p)gl(s — o)1

[ ! (85)
1 — IB(H-«) exp [i21'rk(7' + 5 — 210 - 29)] ?

1
- 1 — gMirts exp [2xkM(»r + s — 210 - 2QJ]:|

For u and » in the neighborhood of zero, the contributions to the series
in (79) become smaller as n becomes larger. The importance of suc-
cessive terms is judged by the exponential decay factor ¢ ™, If we
consider all terms up to some 7uax Where fmex 3> Q/7 and kg < 1,
then we arrive at the following inequality
M, (86)
m
Under the above condition cos 2xkn can be replaced by unity and sin
2wkn by 2xkn for all terms of importance in the series and (79) becomes
approximately

' wl 1 1 B Mg" ]
log ¢(up) c{‘)Ll + ﬁy]+“ﬂ" [(1_ )-3'1'(] — )
+ (ub + va)} -+ Z log cos {— (u + ’w-."\ml)1 (87)
- z log cos {B 2xk Mm')}
n=0

Paralleling the operations performed on (80) to obtain (82) it can
be shown that the semi-invariants obtained from (87) under the con-
dition (86) are

1 1
7\1n=5( + : )+b,

1—g " 1—p~
. ' B ‘n[ﬁll ‘
Aop = 7l ((l Y + 1= ﬁ”)i) + a, and (88)
_ _ uBr+r(~r+“ - 1) ( 1 — 1 )
Al = (=1 == @) e\ = ~ 1= )

with ¢ = (r + s)7/Q.
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C-2. Same as I Above Execept That Pulses are Impulses

For this case the semi-invariants are as above witha = 0 = b.

C-3. Impulse Excitation, All Pulses Random
With this type of excitation, we have

\ =1|: 1 — B cos 2wk ]
= 5|1 =28 cos 20k + B2’

oy 1 [ B8 sin 2=k il,

2|1 — 28 cos 2xk + @

and

.Br+1|(2‘,+ll = l)r!-[[ . = (_l)q

Aearsist = (r + 8)2r(2¢)* iz = pl(r — p)lgi(s — ¢)! (89)

1
"1 = gtrexp [2rk(r + s — 2p — 2q)]:|'

It is readily shown in this case that the approximate semi-invariants
[subject to (86)] are

1 1
hln _§(1 —ﬂ)’

_wkB
Ny = T (90)
= (Bl =D e (1)
)\ra]r+-">l = ( 1) uﬁ (211-"') d_g; (1 —ev)’

with g = (r + s)7/Q.
APPENDIX D

High Q Behavior of p(6)

To illustrate the behavior of the probability density function when
the Q of the resonator becomes large, we consider p(8) in the neighbor-
hood of the mean, 6,. We include terms of the double summation in
(19) for which » + s = 4. Since the Bernoulli numbers B,,, = 0 for
r + sodd and >1, the terms A, for r 4 s = 3 are zero. For § ~ 6,,
therefore, p(68) becomes



o
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p(6) = — Auo
‘\/277r (hgﬂaﬂ2 == 2A1100 + Aug)!
-exp —bﬁ (6 — 6,)° ;
2 (bt — 2Anfs + Ao2) (91)
H ( Ao(8 — 8,) )
14 * \/é(?\zoﬂaz — 2Anb, + M‘.’)i i’i (— Ars 9_
\/ﬁ()\zuﬂoz — 2\ub, + ?\Dg)* ) s! Awo?

Ao

The semi-invariants of interest in the above equation are given below
and were determined using the results of the previous section for the
case ‘“‘all impulses random,”” subject to k@ < .

_ 1 _ }\_01 _ 21k
Mam—m T T-8
VR S S LR Ay = (TR + 6°)
R NCE:D) 2 (1 - @) (1T —p)°
U SR S G /Y AN €./ A B Y -9
PUe - T Ay ™ 5 (1-p)
4
hs = = (o) o £ i (1 + 48"+ )
d
A = —2(wh)! —— a—pgy(l+ 118" + 118° + 8%).

Using the above expressions for the A\'s, the following quantities in (91)
may be reduced to

Ao _ 1 =1
Oofi? = 20 + M)t +/2(2xk)8 @
(1= )1 — p)t
r4-a=4 . U 1 2(211']\')4,84
2.2 (=) r'sfxm S Tn T
T+l>2
.[1 48— ), 680+ (1 — )’
(1 — BY) (1 —g)°
40 -1+ 48+ 87 (11— 8+ 118 + 118" + ,e”)]
(1 — 34)3 (1 = B;)n:_ ’

or
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r4a=4 r

35 -l B b
r 8 r!s!km‘ 4!
r48>2

The probability density therefore takes the form

_(6—0,)" 1+EH“ (G\E:) . (92)

N 2ro 207 Y R—

p(8) =

This result is in the form of the standard Edgeworth approximation
with 6, , ¢, and A\, the mean, the standard deviation and the 4th semi-
invariant of the 8 distribution, respectively. In the limit as @ becomes
large (8 — 1) we approximate 1 — 8 by =/ and

c— kv/nQ 8, — 2kQ

The coefficient of the 4th Hermite polynomial approaches — (57/128@Q).
Equation (92) then indicates the approach to the normal law with the
first correction term going as 1/@Q. The results for 8, and ¢ correspond
to those derived earlier by Bennett, Rice and others.

APPENDIX E

Determination of Omax

Tor kQ < w, a good approximation for 8 is (from Appendix B)

a + 2wk E a.nB"
g = =1 ) (93)

b+ Z a,3"

n=0

When a, = 1, we have

0 _
Onk

a’ o0
m + HZ:I Gnﬂ,@ (94:)

1+b+21a,,3"

It is of interest to determine the pulse pattern that yields the maximum
value of 8/2rk. This is equivalent to the determination of a one-zero
sequence of @,’s such that (94) is a maximum,
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Assume that an initial pattern has been chosen such that 6/2xk =
A./B, . If a single a, is changed from zero to one (pulse added), then
8/2rk is changed to (A, + nB8")/(B, + 3"). Clearly, we should effect
this conversion if

A, + ng" " A,

B, + B* = B,
or

s Ao :
nz g (95)
On the other hand if a one is changed to a zero (pulse removed), then
8/2xk will be increased if

A, — nf" _ A,
Bo — ﬁn > E
or
A,

The process is continued in this manner until all @, = 1 for n = n. and

all @, = 0 for n < n, (execept a,, which is constrained to be unity).
n. may be determined from the ahove process, since

a o0
o4 3 ns
Ok =
n, = ?,’“"_’f o T (97)
1+b+ 2 8

n=ng

which ean be rearranged to

an‘rl
(1—p7

When a periodic pulse pattern of 1 out of every M pulses is foreed,
fuax 18 found in the same manner as above and the relationship between
the various parameters to achieve this maximum is given by (15) of
the main body of the paper.

_oi + n(1 4+ b). (98)
~7rI\'
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Properties and Design of the Phase-
Controlled Oscillator with a
Sawtooth Comparator

By C. J. BYRNE

(Manuseript received September 1, 1961)

A sawtooth phase comparator has advantages over the more common
stnusoidal comparator in a phase-controlled oscillator because its output
18 linear for larger values of phase error. For some applications, it is no
more complex or expensive than the sinusoidal comparator.

This paper analyzes properties of the phase-cantrolled oscillator with a
sawtooth comparafor that have been mentioned in the literature for sinu-
soidal comparators. In addition, there 1s new theoretical material on the
effect of fast jitter and noise.

The properties of the cireuit are presented in a manner which is con-
venzent for design.

Since it is easter to analyze the circuil with a sawtooth comparator, many
applications of the deviee have been considered. Because of this wide view-
point, the paper may be helpful in understanding the phase-controlled
oscillator in general.
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I. INTRODUCTION

The phase-controlled oscillator (see Fig. 1), otherwise known as the
phase-locked oscillator, is often used to produce a signal whose frequency
and phase are controlled by an input signal. The literature'** on the
subject assumes that the phase comparator, which is the error detector
of the loop, produces an output which is proportional to the sine of the
phase difference.

This paper considers the case of the sawtooth comparator, whose
output is a linear function of the phase difference over a periodic range
(see Fig. 2a). Because of this linearity, the sawtooth comparator is
superior in operation to the sinusoidal comparator for some applica-
tions. In general, the sinusoidal comparator is simpler and cheaper, but
in applications involving digital signals, the two are comparable in cost
and complexity.

The purpose of this paper is to present a comprehensive survey of
many properties of the phase-controlled oscillator, relating to many
different applications. We have drawn heavily on the literature, modify-
ing the analysis to make it apply to the sawtooth comparator. In addi-
tion, there is new theoretical material on the effect of fast jitter and
noise. New results derived by A. J. Goldstein in a companion paper”
are presented in an abbreviated form, more suitable for design.
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Most of the properties are presented in a graphical form which facili-
tates design.

1I. DESCRIPTION

2.1 General

The block diagram of a phase-controlled oscillator is shown in Fig. 1.
Notice the resemblance to a negative feedback amplifier or a servo loop.?
There is a forward gain path, a feedback path, and a subtracting or
error detecting device.

The input and output signals are not the voltages themselves, but
are the phases of the nearly periodic voltages. If the input and output
voltages are at different frequencies, dividers or multipliers must be
used to bring them to a common frequency at the phase comparator.
In this paper, we will assume that the output and the input are at the
same frequency. We will however, consider the use of dividers to allow
the comparator to operate on the Nth submultiple of the input and out-
put frequency. We will measure phase of the submultiple signals in
radians of the original frequency.

2.2 Phase Comparalor

The phase comparator is the error detector of the servo loop. It pro-
duces a voltage which depends on the phase difference between the input
submultiple and the output submultiple.

Of course, the comparator cannot distinguish between different cycles

VARIABLE
PHASE FREQUENCY
DIVIDER COMPARATOR FILTER OSCILLATOR
= vy =T (¥e) [ Y V2 s _%y, aulnor
bk =0y Pg 2 2 ! 0= "5 v2 %
Fe=P % FORWARD GAIN:

o e

o
p=—1"23 gy = L (g
DIVIDER [r\!Zl S 5

Fig. 1 — Block diagram of the phase-controlled oscillator.
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of the input and output submultiples. Therefore, its output must be a
periodic function of the phase difference between input and output, with
a period equal to one cycle of the submultiple frequency or N cycles of
the input and output frequency. We see that the greater the divider
ratio, the greater the range of the phase comparator, in eycles of the
input and output frequency.

The sawtooth and sinusoidal comparator functions are shown in Fig. 2.
The phase error is measured in radians of the input and output fre-
quency. The gains have been adjusted so that the slopes at zero are
identical. This means that the functions have the same small-signal
performance at zero quiescent phase error. Note that the peak output
of the sawtooth comparator is = times the peak of the sinusoidal com-
parator.

" The sampler and mixer types of sinusoidal comparator are described
in the literature.”

Since the sawtooth characteristic is not common, we will describe
one method of building such a comparator. We assume that the input
and output signals are available as short pulses. If the signals are orig-
inally sinusoids, the pulses can be obtained from zero crossings. As
shown in Fig. 3, these pulses control a flip-flop. The input is sent into
the set terminal of the flip-flop and the output is sent into a comple-

+ ITNO, s

-27N -TTN o +7T'N +27TN
PHASE
ERROR

s —7TNe,

OUTPUT

(a) SAWTOOTH CHARACTERISTIC

+ N,

y e, Y AN v
/—arm —WN\-ZNOOC‘ +77rJ\/+aJTN

(b) SINUSOIDAL CHARACTERISTIC

Tig. 2 — Characteristics of the sawtooth and sinusoidal phase comparators.
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Fig. 3 — Flip-flop sawtooth phase comparator,

ment (or count) terminal. Therefore the time spent in the set state
will be the time between the input pulse and the output pulse.

If the flip-flop puts out a positive voltage in the set state and an equal
negative voltage in the reset state, the average output voltage will be
a linear function of the phase error. The average output will be zero
when the pulses are 180° out of phase. Therefore one of the signals
should be inverted before pulse forming if the output is desired to be
in phase with the input.

If the phase error exceeds ==, the pulses will pass each other. There
will be a sudden discontinuity, and the voltage will change quickly from
one extreme to the other.

If the input signal is turned off, the flip-flop acts like a binary counter,
driven by the output signal. The average output voltage will be zero.

The average voltage will be extracted from the flip-flop output by the
low-pass filter. It should have a cutoff frequency low enough to remove
signal eomponents near the submultiple frequency.
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Since this type of comparator works on zero crossings, its conversion

zain is independent of signal amplitude.

A sampler comparator can also have a sawtooth characteristic, if the
input has a sawtooth waveform.

Because of the operation of the phase comparator, the phase-con-
trolled oscillator is really a sampled system. E. G. Kimme has shown®
that the phase-controlled oscillator can be treated as a continuous sys-
tem if the sampling frequency is so high that its effects are strongly
attenuated by the closed loop. We will assume this to be the case through-
out this paper.

2.3 Filler

The filter has a low pass characteristic to attenuate fast changes in
the phase error due to noise in the input signal. It also helps to smooth
out the high frequency component of the phase comparator output.
Usually a simple RC filter or a phase lag filter is used, as shown in Fig. 4.

2.4 Oseillator

The variable oscillator produces the output signal. When its input
voltage v, is zero, the output frequency is the demgn center frequency
w. . If v; is not zero, the output frequency varies in proportion to v, .
Since the important property of the output is the phase, which is the
integral of the frequency, the variable oscillator acts like a perfect in-
tegrator.

III. OPERATION

Readers who have a background in servo systems may find it helpful
to think of the phase-controlled oscillator as a type 1 servo system, such

R R
v, ] V; 1
ci ; O2 Vi Va
T,=RC T=(R +R2)C
Ti=aRC Ra 7,=a(R+Rz2)C
~C T==0 Tz R-C
Tazo c OCR2C
_ _ 15T
- HIgY= |+ST 1: His) 1+5T,
(a) R-C FILTER (b) PHASE LAG FILTER

Fig. 4 — Filters.
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as a velocity motor with position feedback.” The analogy is clear from
Fig. 1.

3.1 Aligned Operation

Let the frequency of the input signal be identical to the center fre-
quency of the oscillator and let the phase error be zero. Then the input
to the oscillator is zero and its frequency will be identical to that of the
input.

Now let us quickly advance the input phase by a small amount and
continue at the center frequency. There will be a positive error voltage
which will increase the output frequency. The output phase will advance
until it catches up to the input. The circuit cannot settle down until
the output phase is identical to the input phase, because of the integrat-
ing action of the oscillator.

3.2 Mistuning

Assume that the input frequency increases a little, causing the input
phase to continually advance. As before, a positive error signal will
result, inereasing the output frequency. Therefore the output phase will
continually advance. When the circuit settles down to a steady state,
the phase error will be constant, and just sufficient to detune the oscil-
lator so that its frequency will be identical to the input frequency. The
greater the phase-to-frequency gain of the forward path, the less phase
error will result from a given input frequency deviation.

3.3 Jitter

Now let the average input frequency be constant, but assume that
the phase is jittering back and forth. Suppose the jitter is very rapid.
Even if there were no filter, the integrating action of the oscillator would
smooth out the jitter so that the output would be more stable than the
input. The low-pass filter, of course, smooths the error signal before it
gets to the oscillator and attenuates the jitter even more.

If the amplitude of the jitter is too great, the phase comparator will
go through a discontinuity, and when the cireunit settles down again, it
will have slipped N eycles of the input, either ahead or behind.

As the rate of jitter decreases, the operation of the loop becomes more
complex. Because of the integration, jitter in the oscillator phase lags
the fluctuations in its input voltage by 90°. If the low pass filter also
has about 90° phase lag at some frequency of jitter, we see that we have
positive feedback instead of negative feedback. The open loop phase
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gain is the ratio of a change in output phase to a change in phase error.
If this is large enough at a frequen(y where we have positive feedback,
we can actually have an increase in jitter, or even a jitter oscillation'
which would destroy the usefulness of the device for most purposes.

If the jitter is very slow compared to the loop time constants, the
servo loop will track it, and the jitter will be passed on to the output.

If the jitter is distributed in a wide band, such as that caused by the
addition of white noise to a coherent signal, the circuit will respond only
to that jitter resulting from noise components near the frequency of the
coherent signal. Therefore the eircuit can be used to enhance the signal-
to-noise ratio of a phase-modulated carrier. This property also allows
the ecircuit to lock on a coherent signal of approximately known fre-
quency although it is surrounded by strong wide-band noise.

3.4 Phase Modulation

The error signal », (see Fig. 1) is essentially proportional to the phase
modulation of the input at frequencies higher than the cireuit can track,
and to the frequency modulation at frequencies that can be tracked.
The signal at v, is filtered to reduce noise. Therefore the circuit can be
used as a demodulator of phase or frequency modulated signals in noise.

The circuit can also be used as a phase modulator. The carrier is con-
nected to the input. The modulating voltage is added to the output of
the comparator. The feedback tends to keep the oscillator input voltage
small. Therefore the comparator output must be nearly equal to the
negative of the modulating voltage. This means that the output phase
is nearly proportional to the modulating voltage. At high frequencies,
the loop gain drops, and these relations are no longer valid.

3.6 Quieling

If the input signal is smooth, but the oscillator itself is jittery because
of internal noise, the oscillator will be quieted by the feedback, especi-
ally at low frequencies where the problem is likely to be most serious.

3.6 Disconlinuities

We have looked at the small-signal linear performance of the phase-
controlled oscillator; now let us examine its operation when it is passing
through discontinuities. Suppose we increase the input frequency until
the phase error is nearly equal to +Nw, where N is the divider ratio.
A small further increase will cause the phase comparator to go through
a discontinuity, making the error —Na. This will start to decrease the
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oscillator frequency and the error will rapidly return to +Nw, and then
jump to — N again. After a short time, the error will settle down to a
periodic behavior, with discontinuities at regular intervals. Since the
average error must be somewhat less than 4N, the average output
frequency will be somewhat less than the input frequency, and the fre-
quency of the phase error will be the beat frequency between input and
output, divided by N.

3.7 Pull-in

As the input frequency is reduced in this “flickering” state, the beat
frequency decreases. F'inally, the phase error does not quite hit a dis-
continuity at its highest excursion, and the error settles down to a static
value. We say the loop has pulled into lock with the input.

Depending on the nature of the filter, there may or may not be hys-
teresis in the pull-in action. If there is hysteresis the pull-in frequency
deviation will be less than the deviation which can be held in lock, once
lock has been established.

IV, APPLICATIONS

The phase-locked oscillator has many interesting capabilities, and
consequently has found many diverse applications.! Some of the fune-
tions and examples of use are:

a. Locking a high frequency signal to a submultiple; television syne
signals are locked to the power frequency.

b. Locking a strong steady signal to a weak, intermittent signal;
television color ecarrier recovery.

¢. Loeating and locking on a weak coherent signal in wide-band noise;
space communication.

d. Detecting phase or frequency shifts in a signal; space communica-
tion,

e. Smoothing a jittery signal; smoothing jitter in a digital signal.

f. Locking a high-power oscillator to a more stable low-power oscil-
lator; microwave generation.

g. Phase modulation of a reference carrier.

h. I'requency synthesis.

Each of these applications requires a different viewpoint in analyzing
the circuit. An optimization process for one application may be useless
in another. Even an expression such as noise bandwidth may not have
the same meaning with a jitter reducing cireuit as with a miecrowave
source.

The application we have foremost in mind is that of capturing and
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smoothing a jittering timing signal for a digital channel. Most of the
properties we analyze are chosen for this application. However, we
present additional material which is needed for other applications. We
have attempted to be explicit in revealing our viewpoint when we define
noise bandwidth, figure of merit, ete.

V. QUIESCENT OPERATION

5.1 Steady-State Error

If a phase-locked oscillator is synchronized with a signal whose fre-
quency is not identical with the oscillator’s center frequency, there
must be a steady phase error. The comparator converts this phase error
into the voltage required to tune the oscillator so that its output fre-
quency will be identical to the input frequency.

The gain « is the low frequency conversion gain from phase error to
frequency (see Fig. 1). It is the change in output frequency (in radians
per second ) that results from a change in phase error of one radian. The
mistuning frequency w, is the difference between the input frequency
and the oscillator center frequency. Then the steady phase error is

0o = 2, (1)

The phase error is directly proportional to the mistuning. With a
given mistuning, the error may be made as small as desired by increas-
ing the gain, a. However, we shall see that high gain has undesirable
effects also.

5.2 Lock Frequency

The greatest frequency mistuning that can be locked in synchronism
is determined by the maximum output of the phase comparator. At the
limit,

| @m | = wz = Nwa. (2)

We call w; the lock frequency.

5.3 Phase Error Margin

One of the advantages of the sawtooth comparator over a sinusoidal
comparator is that the small-signal performance is independent of the
steady mistuning, since the gain does not depend on the phase error.
However, mistuning reduces the margin between the steady phase error
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and the error which will cause a discontinuity. This limits the permis-
sible peak jitter amplitude, if no discontinuities are allowed.
The phase error margin is

oo =N =1l 3)

(04

VI. RESPONSE IN THE LINEAR REGION

As long as the circuit is in synchronism and the phase error does not
exceed the bounds of N, the phase controlled oscillator acts like a
linear feedback system,

6.1 Phase Response
I'rom Tig. 1, we see that the forward gain of the loop is the product

of the gains of the comparator, filter, and oscillator:

u = laalloH(5)] [%]

H(s)

s 1

(4)

=«

where a = masasy .
The feedback is
The response of the output phase to changes in the input phase is
given by the familiar negative feedback equation:
b, m al(s)
4 == —_— = = x (‘
Y = . " TF 8 st aH@) (6)

The signals ®; and &, are phases of the input and output voltages.
The phase error, as a function of the input phase, is

§
b, =0, — 9, = — —— D, 7
s + aH(s) (7)
Notice that we measure phase of the submultiple signals in radians of
the original signals.
The filter is usually either an R(' filter or a phase lag filter, as shown
in Tig. 4. Tor the phase lag, the more general case,
_ 1 + STg

H(s) —m, (8)
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where
Tv=1T..

In the RC case, T\ = 0.
When we substitute (8) into (6), the transfer ratio becomes

1-+~sE
Y = (9)
1+ 1‘+’1‘2+82
where
n = aly, 1o = als.

The phase error response is found from (7):

s(l-l-sil)
"pu: q’i- (10)
1 +s 1+T2+ 2 T

Note that the denominator of transfer functions (%) and (10) is a sec-
ond order polynomial, of the form

‘ 2
1+ s B (i) ,
Wy Wy

@ £ = 1+ 1

2 Vno
Equations (9) and (10) appear frequently in the literature, but have
been included here for completeness. Some of the literature'™ uses the
natural frequency w, and the damping ratio { as defining parameters
of the system. We shall use @, r, and 7, more often, because they are
more closely related to physical quantities.

Most of the important properties of the phase-controlled oscillator
can be expressed as normalized ratios which are independent of «. There-
fore we shall present these properties as functions of the two remaining
design parameters, 7, and 7, . As an example of our method of presenta-
tion, contours of constant damping ratio £ are shown on a plot of 7. vs
1 in Fig. 5. We will call this the filter plot. Properties of the filter plot
are discussed in Section IX.

where:

(11)
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Fig. 5 — Contours of constant damping ratio on the filter plot.

6.2 Voltage Response

As we have mentioned, the phase-locked oscillator can be used as a
phase modulator by adding a modulating voltage vy to the error voltage
v1 . The response of the output phase is:

L e
fIJo = == ) |} Af - (12)
ay
where ¥ is given by (6) and (9). Note that we have used Vy for the
transform of vy . Examination of (9) shows that the output phase will
follow the input voltage as long as the modulating frequency is low
enough, since ¥ approaches unity as s approaches zero.
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If the phase-locked oscillator is used as a demodulator the output
can be taken before or after the filter. Therefore we present the response
equations for the voltages at each point (see Fig. 1).

Vi=a(l — Y)&; (13)
1

V2 = = SY¢.‘. (14)
oy

VII. SMALL-SIGNAL PROPERTIES

The small-signal properties we shall analyze are the response of the
output phase to sinusoidal jitter of the input phase, the noise bandwidth,
the peak jitter gain, the response to a step change in phase, and the
response to a step change in frequency. All of these effects are not per-
tinent to every system, but each is useful in some of the applications.

7.1 Sine Wave Jitter Response

The small signal transfer ratio ¥ between input phase jitter and out-
put phase jitter was given in (9). Tor sinusoidal jitter, the squared

magnitude (power gain) of ¥(w) is
w . 2
1+ (—) Ty
(¢4

L 4 s
1+ (‘i’> 1 — 2(r — 7) + ] + (‘i’) 7
o (23

The phase of ¥(w) is

g (9) (14 )
8(w) = tan* (—) e — tan' a——z—. (16)
(23 w
HoE
(44
The jitter attenuation curves for several sets of filter parameters are
plotted in Fig. 6.
In Case 1, no filter, we have simply an integrator with unity feedback
around it. At low frequencies the jitter is not attenuated; at high fre-
quencies there is a 6 db per octave roll-off. When an RC filter is added,

the additional high frequency attenuation produces a 12 db per octave
roll-off. When the filter time constant is very large, the phase shift in

| Y(w)[* = (15)
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Fig. 6 — Jitter attenuation with various filter parameters.

the forward loop results in positive feedback, and causes a region where
jitter is amplified.

When a phase lag filter is used, the second break point caused by the
resistor in series with the capacitor can be used to stabilize the feedback
loop and reduce the peak jitter gain. Since the attenuation of the phase
lag filter is constant at high frequencies, the final slope is 6 db per oc-
tave.

7.2 Noise Bandwidth

One of the functions of a phase-controlled oscillator is to reduce noise.
In the absence of better information, it is usual to assume that some-
where in the system the noise is white and Gaussian. Since most of the
noise at the output is usually restricted to a narrow band by the filter-
ing action of the circuit, it is convenient to express the amount of noise
that remains as the bandwidth of an ideal filter (i.e., rectangular filter)
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that would pass the same mean square noise. The familiar formula for
computing noise bandwidth is

B= [ |6 [ do, (17)

where G(w) is the normalized transfer function between noise input and
noise output, and B is in radians per second. The transfer function which
is used for (w) will depend on where the noise input and output are,
and this in turn will depend on the application.

When the phase-controlled oscillator is used to clear up jitter in dig-
ital signals, the appropriate transfer function is ¥, the ratio of output
phase shift to input phase shift, as given in (9). We will call the noise
bandwidth of ¥ the jitter bandwidth B;. When we substitute (9) into
(17), we have

T
B 117
e 2147

We recall that Nwa is the lock frequency. An increase in N increases the
lock frequency without changing B; .

For no filter, or for any RC filter, the normalized jitter bandwidth is
1 For r°/r, much greater than 1, the normalized jitter bandwidth
approaches (ro/7). The jitter bandwidth is shown on the filter plot
in Fig. 7.

With a sawtooth phase comparator, the jitter bandwidth is inde-
pendent of the mistuning. This is not true of the sinusoidal comparator.
The jitter bandwidth for the sinusoidal case is

(18)

2
1+ ;_1 €¢as ¢,
1
COB @, i—m (19)
where « is the gain at zero error.

Equation (19) can be obtained from (18) by replacing a by (a cos
.), the small signal gain at a quiescent phase error ¢, . Note that a is a
factor in 7, and 7. . Notice that the jitter bandwidth for the sinusoidal
comparator decreases as the mistuning (and therefore @.) increases.

Now let us consider the effect of interference due to broad-band noise
added to the input signal. To justify a small signal analysis, we must
assume that filtering limits the total energy of the interference, to keep
it well below the signal level. However, we assume that the filtered
noise is essentially flat in a band around the signal which is much wider
than the interference noise bandwidth which we shall derive.
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Fig. 7 — Contours of normalized jitter noise bandwidth on the filter plot.

The effect of interference depends strongly on the type of phase com-
parator in the system. We shall analyze the linear zero-crossing case
and the sinusoidal mixer or sampler case.

Interference noise disturbs both the phase and the amplitude of the
input signal. When a zero-crossing comparator is used, only the phase
disturbance is detected. If the noise power density is 1,2 (volts® per
radians per second) and the input sinusoid has a peak »;, the jitter
“power” density for phase in radians is (2,/2;)° (radians® per radians
per second ).

The output jitter will be

ot = By (20)

The effect of broad band input noise is quite different when a sinu-
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soidal sampler or mixer phase comparator is used. The following dis-
cussion assumes that the reader is familiar with the literature of the
sinusoidal comparator. With this type of comparator, noise at the input
produces a voltage at the output of the comparator which is independent
of the amplitude and phase of the input signal. The noise density of the
comparator output voltage is (ar/v:)’v,? where v; is the expecled peak
signal amplitude used in computing the expected ey at zero error (if no
limiting is used with this type of comparator, the gain depends on the
signal amplitude). When the comparator is connected in a feedback
loop, the appropriate method of analysis is to consider the interference
noise injected at the oulput of the phase comparator. The appropriate
transfer ratio is that previously used for modulation in (12).

The interference bandwidth B; ean be found by substituting (12) into
(17);

B;

1 1+ (r_; cos :p.g)
— = (cos g) ' —— L —= (21)

1 4+ (72 cos ¢@.)

This is the noise bandwidth given by Rey.'

Notice that the interference bandwidth B; increases as the phase
error increases, while the jitter bandwidth B; decreases. The reason for
the difference is that the sampler and mixer comparators are sensitive
to the amplitude of the input signal as well as the phase.

Now we can compare the output phase noise performance of the linear
zero-crossing comparator with the sinusoidal sampler or multiplier type.
If they have the same gain at zero error, they will have the same re-
sponse to jitter and interference at zero error. In the presence of mis-
tuning, however, the sinusoidal comparator will be more sensitive to
interference and less sensitive to jitter while the linear comparator will
not change.

When the phase-controlled oscillator is used as a demodulator, still
another definition of noise bandwidth is required. If we take the output
signal after the filter, which cuts off some of the noise, and assume that
interference noise is added to the input signal, we have for the zero-
crossing detector,

e = [ﬁ Y] i (22)

a Uy

By substituting the expression in brackets into (17), we can find the
demodulator noise bandwidth, B, . This bandwidth is not finite for the
phase lag filter, because the transfer ratio does not approach zero at
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high frequencies. Therefore higher order filters are desirable for this
application.

7.3 Peak Jitter Gain

We have shown in Fig. 6 that it is possible for the jitter transfer ratio
to be greater than unity. In most systems, this is not very harmful.
However, where phase-controlled oscillators are connected in cascade,
zain can be very troublesome.

We can find the peak gain | ¥ | by examining (15) for its maximum.,
The frequency at the peak is

(g)z _ ?12[(1 + (:_1) [ls, = o) = 1])! - 1]. (23)

A. J. Goldstein® has shown that the square of the peak magnitude can
be written

- 1
[ Y| = T A (24)
T
o

An examination of (23) shows that there is no peak, and the gain is
never greater than unity if

= 7 < 1. (25)

The peak gain is shown on the filter plot in Fig. 8.

7.4 Response to a Step Change in Phase

Fast phase changes can occur because of quick changes in the trans-
mission path or because the signal has been deliberately modulated.
When a step in phase occurs there is a sudden change in the phase error,
since the phase of the oscillator cannot change instantaneously. The
error signal controls the oscillator so that the error returns eventually
to its quiescent value.

To act like a step change, the phase shift does not have to be instan-
taneous, as long as the rise time is much less than the shortest time
constant of the phase-controlled loop. Therefore if the phase comparator
works from a subharmonic of the input frequency the amplitude of the
phase change can be several input periods, as long as the change is slow
enough for the subharmonic generator (counter, ete.) to follow, but
faster than the loop time constants.

If a counter is used as a subharmonic generator, an error in the counter,
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Fig. 8 — Contours of peak jitter gain on the filter plot.

or an extraneous pulse introduced into the counter, will act like a step
change in input phase.

The response of the phase error to the phase input is given in (10).
When the input phase is a step of amplitude Ag;, the time response of
the phase error can be shown to be

@ = Apie | cosh (V8 — lw,t) — =
(26)
-sinh (4/8 — lwat)
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For the underdamped case (¢ < 1) the hyperbolic functions in (26)
become trigonometric functions. The damping ratio £ and the natural
frequency w, have been defined in (11).

At ¢ = 0, just after the step, we see that the phase error equals the
change in input phase. If we examine the initial derivative of (26), we
find that it is never positive. This means that the phase error will never
exceed its initial value.

Some examples of the phase error response to a step change in phase
are shown in I'ig. 9.

7.5 Response to a Step Change in Frequency

A sudden change in frequency can occur because of a change from
one source to another, because of malfunction, or because the signal has
been modulated. When a frequency step occurs, the error signal builds
up until the oscillator frequency catches up to the input frequency,
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Fig. 9 — Scope traces of the response of the phase error to a step change in
phase of the input.
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leaving a static change in phase error. If a low-pass filter is used between
the phase comparator and the oscillator, the transient phase error can
have a peak value much greater than the quiescent phase change.

Let us assume a frequency change Aw;. This is equivalent to a ramp
phase input, Awif. We can use (10) to find the response of the phase
error:

e 2004

(a4

@e 1 — e ™| cosh (v/E — lwal)

(27)

= \/L’fg—ﬁnh (VE — 1w,t)

Some examples of the phase error response to a step change in input
frequency are shown in Fig. 10.
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The peak phase error is of particular interest. For the overdamped
case it is
. O 14+ (r — )} exp S tanh ™’ e—1

o

e (28)

IPor the underdamped case, the inverse hyperbolic tangent is replaced
by the inverse trigonometric tangent. The value of this angle is between
zero and . An expression closely related to (28) has been derived by
R. D. Barnard,” as a capture condition.

A large value of 7, can result in overshoot which is many times the
quiescent phase error. This means that the response of such a system
to a sudden frequency shift looks like a pulse. This characteristic is
useful in demodulation of a frequency shift signal,

The large overshoot can throw the loop out of synchronism if it ex-
ceeds the capacity of the phase comparator. This effect will be discussed
more fully in Section 8.5.

The normalized peak phase error is shown on the filter plot in Fig. 11.

VIII. LARGE-SIGNAL PROPERTIES

We have examined the operation of the synchronized phase-controlled
oscillator when the error is within the range of the phase comparator.
For this “small-signal” case, the problem was completely linear. When
the eirenit is not in synchronism, or when disturbances of the input
signal are large enough to produce a phase error which exceeds the range
of the comparator, discontinuities are present in the output and the
problem becomes nonlinear. Despite this difficulty, we have been able
to analyze certain large-signal properties of the phase-controlled loop
with a sawtooth comparator. These are the pull-in frequency, the seize
frequency, the settling time, the maximum allowed frequency shift,
and the effect of certain types of jitter on large-signal performance.

8.1 Pull-in Frequency

A very important property of the phase-locked loop is the range of
frequencies that can pull the oscillator into synchronism. In general,
this range is smaller than the range of frequencies which can be held in
lock. When the system is not synchronized, the phase comparator goes
through periodic discontinuities, which prevent the loop from synchro-
nizing. Whether or not a loop will pull a given frequency into lock de-
pends on the past history of the loop and the jitter of the signal.

We define the pull-in frequency as the maximum steady mistuning
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Fig. 11 — Contours of normalized peak phase error caused by a step change
in frequency. !

of the input frequency that will always pull the cireuit into synchronism.
Frequencies outside of the pull-in range but inside the lock range may
or may not be pulled in, depending on the initial conditions.

We can determine the pull-in frequency experimentally by mistuning
the input beyond the lock frequency and then slowly reducing the mis-
tuning until the circuit locks. When the mistuning exceeds the lock
range, there are frequent discontinuities in the phase error; it appears
to “flicker.” As the mistuning is slowly decreased, the flicker rate de-
creases.

When the mistuning is brought down to the pull-in frequency, the
flicker mode becomes unstable. With the mistuning then held constant,
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just under the pull-in frequency, the phase error trajectory from dis-
continuity to discontinuity slowly changes as shown in Fig. 12. Finally,
the error misses a discontinuity and synchronism is achieved.

The pull-in frequency, then, is the mistuning for which the stable
asynchronous mode disappears. For lower values of mistuning, the cir-
cuit must eventually reach a synchronous condition since there is no
asynchronous solution.

A. J. Goldstein® has found an exact answer for the pull-in frequency

Wy

wp 1—D

R e D q 1 h” . 2(
Nra  tanh 3fw,T, + (D) tanh $£. Ty (29)
where Ty, the critical flicker period, is the smallest positive solution of

T — tanh }fw, T
VnvE -1 tanh 34/2 — 1 «, Ty

:\/Flg—?(1—1/1—:—*)=cl,
2 1

01(\/:15,: - 1) — 71(52 - 1)
o — (- 1)

and D is given by

D =

IFor the underdamped case (damping ratio £ < 1) the hyperbolic tan-
gent is replaced by the trigonometrie tangent.

A. J. Goldstein' has used a digital computer to evaluate (29). The
data is presented on the filter plot in Fig. 13.

We can see from (29) that the pull-in frequency is directly propor-
tional to the lock frequency Nwe, for a given set of parameters r, and

7a. We will call w,/Nma the pull-in to lock ratio, or the relative pull-in.

PHASE ERROR

TIME »=—»

Fig. 12 — Seope trace of the phase error after the mistuning is brought just
below the pull-in frequency. The flicker mode becomes unstable.
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Fig. 13 — Contours of the pull-in to lock ratio on the filter plot.

We have shown that the small-signal properties of the phase-con-
trolled oscillator are completely specified by the parameters ;, 7. and
«. Therefore, for constant small-signal performance (such as noise band-
width), the pull-in range is proportional to the count ratio N. We can
get any pull-in frequency we wish by using a large enough count ratio.

There are two limitations on increasing the count ratio. The first is
economy; high counts require more equipment. The second is theoretical.
The comparator supplies data only once every period of the submultiple
frequency. For our analysis to be valid, the submultiple frequency should
be much higher than the cutoff frequency of the forward path, which
is of the order of w, . This limits the maximum count.
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For 72 >> 1, and /7, < 0.5, the pull-in frequency approaches

Wp % Ta e
Nra =AY 50
It is interesting to compare the pull-in frequency of a sawtooth com-
parator to that of a sinusoidal comparator' with the same gain at zero
error. The normalized pull-in frequencies for both types of comparator
are shown in I'ig. 14, for a damping ratio £ of 3.
Fig. 14 shows that the sawtooth phase detector has a pull-in frequency
at least twice that of a sinusoidal detector which has the same small-
signal performance.

8.2 Figure of Merit

In most applications, a large pull-in frequency and a small noise band-
width are desired. Unfortunately, these requirements are antagonistic,
since a small noise bandwidth means that the loop cannot react to a
rapidly flickering phase error. Examination of the formulas for pull-in
(29) and jitter noise bandwidth (18) shows that both are proportional
to the gain, «. Therefore a natural figure of merit is the ratio of pull-in
frequeney to the jitter noise bandwidth:

- 2
M =% (31)

Sinee the pull-in frequency is proportional to the count ratio N while
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Fig. 14 — Normalized pull-in of the sinusoidal and sawtooth comparators for
a damping ratio of 1/2.
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the noise bandwidth is independent of N, the figure of merit is propor-
tional to N. This means that we can get as large a value of pull-in as we
wish for a given noise bandwidth, if we are willing to use a large count
ratio.

The normalized figure of merit /N is shown on the filter plot in
Fig. 15.

D. Richman® has defined a different figure of merit, since he wished
to compromise between noise bandwidth and gain. His figure of merit
is equivalent to our normalized noise bandwidth (18), plotted in Fig. 7.
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Fig. 15 — Contours of normalized figure of merit on the contour plot. The
normalized figure of merit is the ratio of the pull-in to the noise bandwidth, di-
vided by the count ratio N.
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8.3 Seize Frequency

As long as the mistuning of a signal is less than the pull-in frequency,
we can be sure the cireuit will lock; but it may flicker for a long while
before it does.

For some applications, it is important that the circuit synchronize
immediately on a signal that has just started, without flickering through
discontinuities. We define the seize frequency w, as the maximum mis-
tuning of a suddenly connected signal that cannot cause a discontinuity
after the initial phase jump (see Fig. 16).

We have described a phase comparator which produces a zero error
signal when there is no input signal. With such a device, the effect of
suddenly connecting a signal is equivalent to a step phase shift of an
arbitrary value between —Nx and +N= and a step change in frequency
equal to the mistuning of the signal w,, .

In the marginal case, the phase error between the oscillator and the
signal at the instant of connection is nearly Nx. The seize frequency is
the value of mistuning for which the initial derivative of the phase error
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Fig. 16 — Scope traces of the phase error during capture.
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is zero, so that no discontinuity results. It is easily shown that

e I (32)

N1ra TL‘

Note that a circuit with an RC filter (7. = 0) may go through a dis-
continuity for any nonzero mistuning, if the initial phase shift ig large
enough.

According to Richman® the seize frequency for the sinusoidal com-
parator is a(72/71). As indicated by a comparison with (32), the seize
frequency in general is simply /7, times the lock frequency.

8.4 Settling Time

The settling time is the time required for the phase error to settle
nearly to its steady state value after a change in input conditions. If no
discontinuity occurs, the settling time {, may be estimated to be the
time at which the damping term ¢ *"* [in (26) and (27)] decays to 0.1.
Then, substituting for ¢ according to (11),

4.6
t. = ™1 T:. (33)

If a discontinuity is crossed, an additional time will be required to
allow the flickering to die out. During each flicker period a small charge
is added to the filter capacitor, bringing the average output frequency
of the oscillator closer to the input frequency. Finally, the circuit locks.

The flicker time for a given mistuning depends on the initial conditions,
especially on the initial capacitor voltage. For the special case of a sud-
denly connected signal (initial capacitor voltage zero), D. Richman has
derived® an approximation for s, the time in the flicker state, for the
sinusoidal comparator.

He assumes that the capacitor voltage does not change appreciably
during a single flicker period; in effect, he replaces the capacitor with a
variable battery. Further, Richman neglects the effect of the initial
phase. By applying his methods to the sawtooth comparator, we ob-
tain:

T Wy
f,,v -/'Tuﬁ""l T_v d ;L
T:  dintor wn 1 Wr T2 afrne\ |
(== )+ (1 —=) | coth | ——
wy, To Wy, T1 T2 Wy,

where w; is an “instantaneous mistuning” parameter introduced by
Richman.

(34)
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Equation (34) is a good approximation for r, 3> 1 and tr >> ¢, .

To earry out the integration, we must use numerical methods. We have
plotted {p/T: against wn,/w, for various values of 7./, in Fig. 17. Ex-
perimental results are also shown in I'ig. 17.

Note that {r goes to zero as w,, approaches the seize frequency and
to infinity as w, approaches the pull-in frequency. If a short pull-in
time is important, the mistuning frequency should not be allowed to
approach the pull-in frequency.

8.5 Maximum Frequency Shift

Consider a phase-controlled oscillator which is locked on an input
which is frequency modulated by a digital signal (frequency-shift key-
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Fig. 17 — Flicker time during pull-in. The time is zero for mistuning less than
the seize requency and infinity for mistuning greater than the pull-in frequency.
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ing). Let us find the maximum frequency shift that will not cause the
phase error to cross a comparator discontinuity. We assume that the
center frequency of the oscillator is set midway between the two signal
frequencies. We further assume that the time constants of the phase-
controlled oscillator are much smaller than the maximum time between
shifts, so that the circuit may be in steady state before the next shift
oceurs.

We will consider the case of a sudden increase of frequency Aw;. The
initial phase error is —(Aw;/2a). The maximum allowed phase error is
+N. Thus the peak change in phase error @, , caused by the maximum
allowable change of input frequency Ad;, is

4, = Nr + 201 (35)
2

The error ¢. has been given in (28). Solving (35) for Ad; in terms of
$o/Ad; , we have:
as 1
Nwe ade _ 1 (36)
Ad; 2

In the presence of mistuning, Nr in (35) and (36) is replaced by the
margin g.. , given in (3). Values of ag./Aw; have been plotted in Fig. 11.

8.6 Effective Comparator Characteristic in the Presence of Fast Jitter

One of the functions of a phase-locked oscillator is to produce a steady
output despite jitter and noise in the input signal. Therefore, we can
expect that a major part of the phase comparator output will have fre-
quencies much higher than the oscillator can follow. In such a situation
only the low frequency component of the comparator output is signi-
ficant in controlling the cireuit.

The low-frequency component of the comparator output is the time
average taken over a time interval which is longer than the period of
the predominant jitter, but shorter than the response time of the cir-
cuit. The following analysis assumes that such an intermediate time
range exists; i.e., that there is very little jitter whose frequency is low
enough to cause the circuit to respond.

Let us write the phase error as the sum of a low-frequency component
@.0 and a fast jitter component ¢.; . Then the instantaneous output of
the phase comparator is f(¢. =+ ¢.;). The average output of the com-
parator is
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i 1 (7=

n= g Flee + @oi) dt, (37)
a Y0

where T, is the averaging time.
Let us define an effective comparator characteristic in the presence of
jitter:

v = fi(¢e)- (38)

This new characteristic governs the response of the circuit to slow phase
changes in the presence of fast jitter.

Now we assume that the time of integration is such that the time
spent at each value of ¢.; is proportional to the probability density of
¢.; at the value. For random processes, this requires that 7’ be much
greater than the correlation time of the process. If ¢,.; is periodie, it is
sufficient that 7'; be equal to one period.

If this assumption is valid, we can replace the time integral (37) by
an ensemble integral:

]

fj(%o) = - f('Pao 2= sﬂ’ej)p(%j) d%j, (39)

where p(e.;) is the probability density of the jitter.

Equation (39) represents a smoothing operation by the jitter prob-
ability funection upon the comparator characteristic. If the density fune-
tion has even symmetry, (39) is analogous to the general filter equation

out(l) = f_ﬁ vin(t — 7)i(7) dr (40)

where #(r) is the impulse response of a hypothetical filter.

The effective sawtooth comparator characteristic for Gaussian, sinu-
soidal, and square wave jitter is shown in Fig. 18. These photographs
were obtained by opening the phase-controlled oscillator loop and allow-
ing the oscillator to free run. This means that the average phase error
¢« increases linearly with time. The phase comparator output was passed
through a low-pass filter to obtain f;(¢.).

Note that jitter always decreases the peak comparator output veltage.

For Gaussian noise, we can evaluate (39) by neglecting the possi-
bility of jitter crossing two or more discontinuities. Then the effective
comparator characteristic for ( —Nx < ¢ < +N7) is

—zy 1 gt w q P
f__,. (‘Pcﬂ) = @0 + Nzﬂ'[ . \/5;6—(1 L dr — f ‘\/Q_ € uzm)d.v] (41)

2 ™
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where
Nﬂ- + @e0
Ty = — <"
(.)Tms
Nz — ¢,
Ty = i , and
(. )rms

(g.)rms is the root mean square phase error due to fast jitter.

The peak effective comparator output for Gaussian jitter is plotted
in Fig. 19.

The effective comparator function for the sinusoidal comparator is
very easy to find, using the filter analogy:

fle.) = sin g,
(42)

—e,) 2 »
e ¢Pel)rms SN @u0.

J‘J(.[Pﬂﬂ) =

Therefore the effect of high-frequency Gaussian jitter for the sinu-
soidal comparator is simply to reduce the loop gain.

In general, the presence of fast jitter causes a deterioration of large
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Fig. 18 — The phuse comparator characteristic in the presence of fast jitter.
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Fig. 19 — Normalized lock frequency (peak comparator output) in the pres-
ence of fast Gaussian jitter.

signal performance. For example the lock frequency depends directly
upon the peak comparator output, which decreases as jitter increases.

8.7 False Synchronization Mode

As shown in Iig. 18(d), the sawtooth comparator characteristic can
have a region with positive slope centered on an average phase error
Nm. This means that the circuit can synchronize in this region instead
of the region near zero error. In this false mode the jitter continually
crosses and recrosses the discontinuity.

Tortunately, this undesirable mode is possible only for certain types
and amplitudes of jitter. We can test for the possibility of the false mode
by examining the slope of f;(¢.) at Nx. We can write f(¢.) in the viein-
ity of Nz as ¢, — 2N#U(p. — Nw), where U is the unit step function.
Substituting this in (39) and taking the derivative, we have

dfi(¢e)

oy |, =1 = 2Nmp(0), (43)

where p(0) is the probability density of ¢.; at 0. Therefore the false
mode is possible when p(0) < 1/2N7.

For square wave jitter, p(0) = 0. Therefore the false mode is always
possible.

For sine wave jitter with an amplitude 4,p(0) = 1/4x. Therefore
the false mode is possible only when A4 > 2N, Since the comparator can
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accommodate only jitter error amplitudes less than «N in the normal
mode, we are not likely to encounter sinusoidal jitter large enough to
support the false mode.

It can be shown by using the filter analogy that Gaussian jitter cannot
produce the false mode; the slope of f;{ N ) is always negative. The p(0)
criterion is not applicable in the case of Gaussian jitter because more
than one discontinuity is involved.

We see that the false mode need be considered ounly for signals with
jitter such that p(0) is very small.

Even if the false mode has been established, a lull in the jitter will
cause the circuit to jump to the normal mode. It will stay in the nor-
mal mode even if jitter returns, as long as no discontinuities occur.

IX. DESIGN METHODS

We have analyzed many properties of the phase-controlled oscillator
with a sawtooth comparator. Some of these properties, notably the lock
range, pull-in range, and noise bandwidth are significant in nearly all
applications of the device. Others, such as peak jitter gain, seize fre-
quency, and settling time are important only for certain specific applica-
tions.

Usually, in a particular design problem, two or three of the properties
will be of prime importance and the rest can be neglected. Then the
problem is to find the values of the design parameters (a, 7, r9) which
yield the best combination of the important properties. If the properties
are simple, like the lock frequency (Nwa), it is casy to find the best
design.

9.1 Filter Plot

Unfortunately, most of the properties of the phase-controlled oscil-
lator turn out to be complicated transcendental functions of the design
parameters 7, and 7, . Therefore we have presented many of the prop-
erties as contour curves on a plot of 7, vs. 72, which we call the filter
plot (Tigs. 5,7, 8, 11, 13, and 15). Most of the properties are normalized
through division by the gain constant a. In some cases, the count ratio
N is also used as a normalizing factor.

7 and 7, are the time constants of the phase lag filter (I'ig. 4b), mul-
tiplied by the gain a. We have plotted r, and 7. on logarithmic scales,
to allow the presentation of large ranges. A useful property of these
scales is that a given percentage change in 7, or =, appears as a constant
displacement on the plot. This facilitates estimating the effect of vari-
ations of the parameters.
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7 is always larger than r, ; therefore the possible designs are restricted
to the region below the 45° line on the plot. Points along this 45° line
are identieal, and correspond to the ease of no filter. When . is zero,
the phase lag filter degenerates to the RC filter. Since this ease is of some
interest, we have provided a zero 7. axis below the plot and indicated
the intersection of the various contours with this line.

9.2 Approximate Relations

An examination of the filter plots shows that there are large regions
where the contours approach straight lines. It is possible to derive sim-
plified formulas for these regions. A summary of these approximations
and the conditions for their validity is given below.

o e, O 2T _
Pull-in frequency: Nra =3V 1 (ra > 1) (44)
. . . BJ' T2 2 &
Noise bandwidth: — =1 — (re /m1>> 1) (45)

me T1
M 4 =5
Figure of merit: N o _\/§ ,‘/ 5 (/11> 1) (46)

Peak error, fre- ad 71 2
quency step:  Aw;, T (rs'/m 2> 1) (47)

Equation (44) has been derived from (29) by A. J. Goldstein.' Equa-
tion (45) can easily be found from (18). Equation (46) is found by
dividing (44) by (45), according to the definition (31). Equation (47)
can be derived from (28).

These approximations sometimes allow analytic methods to be used
to find an approximate optimum solution. This requires justification of
operating in the region where the approximations are valid.

9.3 Optimization Techniques

There are several types of optimization methods, which we shall dis-
cuss in order of inereasing difficulty.

The simplest method optimizes one property by varying one param-
eter, all other parameters being fixed. This yields a class of designs which
has one less parameter than the general case. The remaining param-
eters can be assigned to satisfy requirements on other properties, in
confidence that the final design will have high performance for the op-
timized property.

An example of this approach has appeared in the literature."* The
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gain o and the time constant =, (which together specify the resonant
frequency) are held constant and the time constant . is varied to min-
imize the noise bandwidth B; . This process restricts the design to

m+1=2/rn+ 1L (48)

For large values of ,, the damping ratio £ approaches 0.5. Equation
(48) is plotted in Fig. 20, against the figure of merit contours.

Let us describe one procedure for designing a circuit using (48). The
gain « can be set to give the proper lock frequency. Then 7, and 7 can
be set to give the required pull-in frequency, while satisfying (48).

This approach is good, and yields rather useful designs. However, it
does not necessarily produce the best possible design for a given set of
requirements.

100
80 I _ /]
- | . L 1
40 / L
20 7

74 %/ /)
2 par/4 / ,L * .~ //
: P // / 3 h“o 1
) /}/ //6 :ty//ff
/ LA e = 1
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g / L] 1
2 i -
=
A
1 ///é i"%/’////
A /
z: ~ d /:/ . ,/
3 / /) ' / / // ] e
S
0.2 7z | A !
0'10.1 0.2 0.4 060810 2 T 4 6 810 20 40 60 80 100

Fig. 20 — “Optimized” designs of Jaffe and Rechtin® and T. Rey,' with the
figure of merit contours on the filter plot.
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For example suppose the lock and pull-in frequencies have been speci-
fied, with a pull-in to lock ratio of 0.5. Following the above procedure,
we compare Ifigs. 13 and 20 to find that 7, and 7 should be 18 and 3.2
to satisty (48) and have w,/w, = 0.5. From Fig. 7 we find that the nor-
malized noise bandwidth is 0.19.

To see that a better design than this is possible, suppose that r, and
72 were 100 and 20. Then the noise bandwidth would be 0.12, a large
improvement.

A more powerful technique is possible when some properties are speci-
fied by system requirements and another property should be optimized.
The specified properties are used to restrict the range of the design
parameters. Then the remaining range is examined to seek the optimum
design.

For example, suppose that the lock range has been specified, and the
normalized noise bandwidth is required to be less than 0.2. It is desired
to maximize the pull-in frequency. A comparison of Fig. 7 and Fig. 13
shows that the design should lie on the upper part of the 0.2 noise band-
width eontour, and 7, and 7, should be as large as possible.

The most common problems require a compromise design which yields
good results for two or more properties. Sometimes it is possible to ex-
press the relative importance of the properties mathematically. Then
the optimum design can be derived analytically. A good example of this
is given by Jaffe and Rechtin," where the desirable properties are low-
noise bandwidth and a high peak phase error due to a frequency step.
Their design curve is shown in Fig. 20.

More often the relative importance of the properties is indistinctly
known, and the engineer must use his judgment in striking a compro-
mise. The filter plots are intended to aid this process by giving the en-
gineer a “feel” for the circuit properties over the entire range of the
parameters.

9.4 Numerical Ilvample

To show how the design aids we have presented can be used in practice,
we will do a realistic problem.

A phase-controlled oscillator is to be designed to smooth jitter in a
1.5 megacyele signal. In the worst ease of mistuning, the circuit must
pull itself into synchronism. We wish to design a circuit with low jitter
noise bandwidth.

The uncertainty of the input signal is 10" or 415 eyeles per second.

The oscillator center frequency is controlled by a frequency deter-
mining element, which we shall assume to be a erystal, and by the sur-
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rounding circuit. We take the range of the crystal as +107° or £15 cps.
The effect of variations in the cireuit will depend on the control the cir-
cuit has on the crystal, which is in turn related to the gain «. We assume
that the range of center frequency due to circuit variations is 0.2
Nra.

The count ratio NV is 4.

Let us make the following definitions:

5, — maximum deviation of the signal frequency (rad per sec)

5y — maximum deviation of the crystal tuning (rad per sec)

¢ — maximum deviation of the oscillator center frequency due to
cireuit variations, divided by Nra.
Then the maximum mistuning (which determines the pull-in frequency)
15

B = wp = 8 + & + eNrwa. (49)

If we assume that the final design will be in a region where the ap-
proximate relations hold, we can use (44) and (45) for the pull-in fre-
quency w, and the jitter noise bandwidth B; .

When (44) and (49) are combined, we find

Ta 3 aa + 6‘[3 4
T1 =4(N1ra +e) (50)
For this value of 7o/7 , the jitter bandwidth is
3 8s + & .
Bj=é1ra(N1ra0+e). (51)

Note that the only variable is . When we minimize B; by varying a,
we obtain

I
“ 7 Nme ’
i 3¢,
" (52)
wp = 2(8, + &), and
3 (8, + &a)e
By oy

When the numerical substitutions are made, we have
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a = 75 rad/sec per radian,

T2 _
il (53)

wp = 377 rad/sec, or 60 cps, and
B; = 14 rad/sec, or 2.25 cps.

Now we have not yet completely specified the design, because we only
have the ratio of 7, and r, . We ean be confident of the numbers above
for any value of 7, as long as we have the proper value of r,/r and as
long as we stay in the region where the approximate relations are valid.

If we make 7, very large, we will require a very long time constant
in the filter. Therefore we will make , just large enough to satisfy the
condition for the approximate noise bandwidth relation, =.°/r; > 1.
Let us set 7.'/r; = 4. Then, from (53)

Ta = 33,

T, = 275,

(54)

T2

Ty = = = 044 sec, and
[24

T1

T, = = = 3.67 sec.
[23

If high accuracy is required, the values of 7, and =, given in (54) can
be used to find the exact values of w, and B;, instead of using the ap-
proximate values given in (53).

X. CIRCUIT MODIFICATIONS

A two mode system has often been used" to increase the pull-in fre-
quency. In this system, a frequency detector as well as a phase detector
is used; the output of the frequency detector adjusts the oscillator tuning
until the phase-controlled loop can synchronize. This scheme greatly
extends the pull-in range, but requires additional hardware.

Another means of extending the pull-in frequency has been published
by R. Ley.” Back-to-back diodes are placed across the series filter re-
sistor ;. When the circuit is in synchronism and the jitter is small,
the diodes do not conduet. The small signal properties are just as we
have analyzed them. However, if the circuit is not synchronized, the
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flickering error voltage will cause the diodes to conduet, shorting out
Ry . This will bring the pull-in frequency up near the lock frequency.
The major drawback of this method is that large jitter error voltages
will make the diodes conduct, and he passed on to the oscillator.
Either or both of these methods may be used to greatly extend the
pull-in range if the other system requirements permit their use,

XI. SUMMARY

" Nearly all the properties of the phase-controlled oscillator which
have appeared in the literature have been analyzed for the case of the
sawtooth comparator and the phase lag filter.

New theoretical material has been introduced on the effects of fast
noise and jitter.

The sawtooth comparator has advantages over the sinusoidal com-
parator for many applications. The reason for this is that the gain of
the sawtooth comparator remains constant over a broader range of
operation.

The properties of the phase-controlled oscillator are presented in a
manner which facilitates design without unnecessary restrictions. Vari-
ous methods of design are discussed, and numerical examples are pro-
vided to illustrate the methods.
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GLOSSARY OF IMPORTANT SYMBOLS
A Laplace transform is denoted by capitalizing the symbol.

B; jitter noise bandwidth
B; interference noise bandwidth
B, demodulator noise bandwidth
fle.) comparator function
filew) effective comparator function
(#(w) any normalized noise transfer function
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a = ooy
[ = Yr
M = B,
N
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filter transfer funetion

de gain, comparator

de gain, filter

frequency to voltage ratio, oscillator
open loop de gain

figure of merit

count ratio

large filter time constant
small filter time constant
settling time

flicker time

comparator output voltage
oscillator input voltage
interference noise density
signal voltage amplitude
modulating voltage

jitter transfer function
peak jitter gain

damping ratio

input phase

change in input phase

output phase

phase error

peak phase error

phase error margin

short-time average phase error

phase error due to fast jitter

root mean square of ¢.;

large filter time constant (normalized)

small filter time constant (normalized)

input frequency

change in input frequency
maximum frequency shift
mistuning frequency

natural frequency

lock frequency
pull-in frequency
seize frequency
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Analysis of the Phase-Controlled Loop
with a Sawtooth Comparator

By A. JAY GOLDSTEIN
(Manuseript received October 18, 1961)

Because of the recent interest in phase-controlled oscillators, a discussion
of the phase-controlled loop with a sawtooth comparalor is presented. The
main emphasis is on finding the pull-in range of the loop. A companion
paper in this tssue (Ref. 4) deals with applications and shows how design
parameters can be obtained from results developed here.

I. INTRODUCTION

The phase-controlled oscillator has evoked much interest in recent
years. Some of its applications are to synchronism in television,'* syn-
chronization to a harmonic of a crystal oscillator,” elimination of jitter
in pulse code modulation,® tracking filters, ete.

The general phase-controlled oscillator loop is given in Fig. 1. The
incoming signal and the variable oscillator have the same free-running
frequency w.. The phase comparator has as its output some function f
of the phase difference ¢, = ¢; — ¢o. As examples of f(¢.) we have

the linear case: Jle.) = o,
the sinusoidal case: fle.) = sin g,
, d d
the sawtoothed case flee) = o for —5 <e. <3
(see Fig. 2): fle. +nd) = fle,) for n=--- =101, ---.

The output of the phase comparator passes through a filter whose im-
pulse response is h(t). The output of the filter #({) controls the variable
oscillator according to the equation
dﬂ] = av(t). (1
dt

603
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SIN (wct +¢i) PHASE Flei=vo) |rurer| VW | variasLe | SIN (@ct+wo)
——"| COMPARATOR hit) OSCILLATOR >

=

Fig. 1 — The general phase-controlled loop.
Thus, the frequency of the controlled oscillator is
we + %’ = w, + av(t).

In a companion paper in this issue, C. J. Byrne' discusses the engineer-
ing origins and applications of the sawtoothed comparator and shows
how design parameters can be obtained from the results of this article.

This article is primarily concerned with finding the pull-in range of
the loop. This is defined precisely in Section II1. Briefly it is the maximum
asymplotic (in time) value of the mistuning de;/dt for which the slave
oscillator eventually synchronizes or locks to the input frequency. All of the
literature cited in the references deals with this problem for the case of
a sinusoidal or linear phase comparator. The linear case is easily solved
since the resulting differential equation is linear. (See in particular
Labin® for a detailed discussion.) In the sinusoidal case the differential
equation of the system is nonlinear. Only in the cases of no filter and an
ideal integrator has the equation, up to the present, been solved in closed
form. See Labin® for an excellent discussion of the no-filter case. In order
to handle the nontrivial filter, many authors have used methods of
phase plane analysis.®”® Phase plane analysis is restricted to the prob-
lem of capture range in which the mistuning and phase error are zero
for negative time, and the mistuning is constant for positive time. This

f(\’g)

N
YV

Fig. 2 — The sawtoothed phase comparator charaecteristic. The phase error
. is difference between the input and output phases of the loop.

<
5
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kind of analysis gives only upper and lower bounds for the capture
range and is restricted to a lag filter (Fig. 3). For an RC filter (R, = 0),
Barnard® shows how phase plane analysis can give exact results.

To obviate the mathematical complexities, people have resorted to
making various hypotheses about the nature of the solution of the non-
linear differential equation. These assumptions are based upon physical
intuition and gross behavior observed in the laboratory. Different as-
sumptions have led to different approximate solutions for the capture
range. Moreover, they deal primarily with the lag filter, since it leads
to a second-order differential equation while a more general filter gives
a higher-order differential equation.

The loop equation when expressed as an integral equation is

d(ﬂe _ ¢ ’ g / dWI _ 5
Y — —a [ MWt = 0) @t + % — e,

It is surprisingly tractable for the sawtooth comparator, and the pull-in
range can be computed for any filter. Fig. 4 shows the excellent agree-
ment between theory and experiment for the lag filter. These experi-
mental results were obtained by C. J. Byrne.

To obtain our results, we too must make an assumption. While the
assumptions other authors have made deal with the behavior (in steady
state) when far outside the pull-in range, ours deals with the behavior
just outside of the pull-in range (seec Section 4.4). This hypothesis is
easily verified experimentally and has been so verified by C. J. Byrne
for a representative selection of RC filters.

A brief deseription of each section follows.

Section II gives the basic integro-differential equation of the loop.

Section 111 defines the lock and pull-in range. The former is called by
some the pull-out range. The lock range is the maximum frequency
difference that the loop can lock to. It is given by

W = aflrmxH(O)

A R

I .

O

Fig. 3 — The integral compensating or lag filter. The normalized time con-
stants arery = a(Ry + R2)C and 72 = afto(". For an RC filter 7o = 0.a = (V. F. 0.
output frequency shift )/(V. F. O. input voltage).
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Tig. 4 — The relative pull-in range. For critical damping (v + 1)*/4 = =, and
for the RC filter R. = 0.

where H(0) is the de gain of the filter and fuax is d/2 for the sawtooth
comparator.

Section 4.1 gives the solution of the basic loop equation. This solution
is the sum of (1) the solution of the linear phase comparator problem,
(2) a series of step functions, and (3) a series of damped exponentials.
The solution is obtained by representing the phase comparator function
as the sum of the phase difference [giving (1)] and a series of translated
unit step functions [giving (2) and (3)].

Section 4.2 gives the steady-state solution when not captured. In this
case the output of the phase comparator is a periodic function whose
period for a fixed filter depends on the asymptotic relative mistuning
(Fig. 5). By examining this non-capture situation we obtain the pull-in
range. We observe that in non-capture state the period and relative
mistuning must correspond to a point on a curve typified in F ig. 5.
Hence a relative mistuning lying below the minimum point of the curve
corresponds to a capture or synchronized situation, and the height of
the minimum gives the ratio of pull-in to lock range (the relative pull-in
Ya)-

Section V gives all the explicit design formulae for the lag filter. For
the special case of the RC filter (R, = 0 in Fig. 3) an explicit formula
for relative pull-in can be given, namely
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tanh E (aRC — 1) (aRC = 1)
Y =
1 (OIch £ '1')

In all other cases we must find the roots of a transcendental equation by
numerical approximation methods.

Byrne' gives graphs of the results of Section V for the lag filter. These
are graphs of relative pull-in (Fig. 13), noise bandwidth (small signal)
(Fig. 7), figure of merit (relative pull-in/noise bandwidth) (Fig. 15),
and maximum loop gain (small signal) (Fig. 8).

The noise bandwidth is a measure of the ability of the loop to reject
small phase noise. More explicitly, the noise bandwidth N of a network
is defined to be the bandwidth of that ideal low-pass filter which passes
the same white noise power as the given network.

There are many possible ways of defining a single measure of the
performance of the system, depending on the particular application in
mind. We have chosen the figure of merit v,/N, ie., a large figure of merit
implies high noise rejection and large relative pull-in.

T = PERIOD —>

Fig. 5 — Relative mistuning w,/wy in a non-synchronized steady state vs the
period T of the comparator output. (a) no filter, (a) and (b) overdamped loop and
(¢) underdamped loop.
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For small phase deviations of the input, the comparator can be con-
sidered linear. We can then discuss the gain of the loop as a function of
the frequency of the phase deviation. The maximum of the loop gain is
denoted by ¥. In some applications ¥ is restricted by stability considera-
tions to be less than unity.

Section VI is devoted to the derivation of several interesting asymp-
totic results for the lag filter. A simple formula is obtained for the
relative pull-in for large values of the filter time constants. It is also
shown that if the maximum loop gain is allowed to have a fixed value
greater than unity, then, by appropriate choice of the time constants,
arbitrarily large values of the figure of merit can be obtained.

This work could not have been completed without the aid of M.
Karnaugh who suggested the problem, E. G. Kimme who proved that
the sawtooth comparator is a continuous approximation to the original
discrete sample data system, C. J. Byrne whose experimental work con-
firmed the formulae derived here, D. I£. Rowlinson who constructed the
contour curves from the computer data, and R. D. Barnard with whom
many fruitful discussions were held.

II. THE BASIC LOOP EQUATION

We obtain an integro-differential equation for the loop by noting that
the output of the filter can be written as a convolution plus initial condi-
tions

o(0) = [ ettt =€) at' + w(®

where #,(¢) is the filter output due to residual charges and fluxes in the
filter at time zero. vy(¢) damps out exponentially in all filters of interest.
Substituting this into (1) and replacing ¢, by ¢; — ¢. we obtain

L
dee _ _, f Sled )t — 1) @t + %

= o — ). (2)

In order that the derivations which follow not be unduly complicated
by inessential parameters, we make the following normalizations
2(t) = @e(t)/fmax  (Jiux = d/2)
C(x(8)) = flee(t))/Fmax
@(t) = @i(t)/fmax -
The normalized form of (2) becomes

3_:’ - —aj; Cle()h(t — &) dt +§_*; — ato(t) /fux.  (3)
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III. DEFINITIONS OF LOCK RANGE AND RELATIVE PULL-IN

If the input frequency w. -+ dp;/dt is increased ‘“very slowly” to a
value which is not too large, the output frequency w. -+ deo/dt will
follow it (i.e., be always equal to, or locked to, the input frequency).
The maximum value of de;/dt for which lock-in will occur is called the
lock range and is denoted by w, . More precisely, w, will be determined
from (1) when the maximum de voltage v is obtained, This maximum
value is clearly the product of &, fm.x the maximum value of the com-
parator function f and H(0) the de gain of the filter.*

W = afmxH(O)- (4)

Suppose that the input frequency is not increased slowly, but in some
sudden or erratic manner. Suppose moreover that the input frequency
approaches a limiting value, w,, the mistuning; i.e.

In general, even if 0 < w, < w; (that is, we are in the lock range), the
output frequency will not asymptotically lock to the input frequency
(that is, be captured), but will be a modulated frequency. We define
the relative pull-in range v, to be that normalized maximum frequency
difference such that

3 (!l i -
—ypwr < lim = m < Vo, (5)
{2 !'"
implics
. gy
lim —=- = w,. §
- dl “ ())

Notice that we make no restriction on how dyp/dl approaches w,, , as
long as | w,, | < vpw.. .

IV. DERIVATION OF RESULTST

4.1 Basic Equation
Let
O<ty <ty oo <ty < -nn

* We shall use eapital letters to denote the Laplace transform of the function
denoted by corresponding lower-cuse letters.
T From here on we are dealing with the sawtooth comparator.
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be all the instants (called discontinuity points) at which the phase
difference z(t) crosses the discontinuity of C, i.e.,

lim z(t, — A) = z(t,—) =1+ 20/
435

where the first equality is a definition of z({,—) and where n’ is an
integer dependent on n. Let

a, = 1 if x is increasing at ¢,
a, = —1 if x is decreasing at ¢,
a, = 0 if z is stationary at ¢, .
Using the unit step function
_ 0 for t <0
u(t) =
1 for £ 20

we can express C'(x(¢)) in the analytically useful form

Ca®) _ 2 _ 3t — 1) (7)
5 2 =

where n, is an integer so chosen that this equation holds at ¢ = 0.
We note here for future reference that

x(t,—) = ng = 3 + )lja,-. (8)

1=0

Substituting (7) into the loop equation (3), we obtain

. L [
lds . gf a(tOHh(t — ) dti’ + a-nof w(t') dt’
~ Y0 0

+a) a,-f w(t' — t)h(t —t') dt’ (9)
i=0 0

1 de

F g = avo(t) /2 max -

Solving this by Laplace transform methods we obtain

5(5) — lgu(0) + aVo(s) /fuus | 70 ()
2(s + aH(s)) s 8+ aH(s)

2 ;e " aH(s)
+ ;z=t:1 s s+ aH(s)’

1X(s) =
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Letting
1
B = 4 omm (10)
we have
_ aH(s)
1 — sR(s) = T (11)

Note that sR(s) is the transfer function between input phase ¢,; and
comparator output phase ¢, for the linear comparator case. r(¢) is then
the phase response at the linear comparator output due to a step in
input phase. Since applications will require the system to synchronize
to a step in phase, we will assume that r(¢) > 0ast— .

Using this equation and taking inverse transforms in the equation for
X(s) we obtain

a(t) _ zu(d)
2 2

+ no(1 + #(¢)) + i au(t — ;) — D ar(t — t;) (12)
=0 i=0

where

r _ S'-'IJ(S) - ['PO(O) + aV’U(S)]/fmnx
Xuls) = s+ aH(s) ‘

() is the solution of the loop equation in the ease of a linear com-
parator function f(x) = .
Using the final value theorem' we have

xplec) = limx,(f) = lim sX,(s) = lim ¢'(¢)

e e " o (0)
il (13)
: — 2wn/ — E'in
zul=) = H©O) ~ w
From (12) and (7) we have for the comparator output
C®) _ 2l _ 5~ ortt — 1) + nart). (14)
2 2 =0
In a steady-state condition this reduces to
+=
C(z(t)) = ? — 23 ap(t — t;) (15)
L —3C

where the ngr(f) term vanishes because of the remarks following the
definition of R(s).
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4.2 Steady-State Solution When Not Captured

When we are not locked and in steady state, the output of the phase
comparator will be a periodic function.* We give here a simplified
heuristic derivation of the steady-state periodic solution. A rigorous
derivation is easily obtained using the heuristics as a guide. In steady
state, the normalized comparator output () = C(x(#)) will be periodic
with a period which we will call 7. In a given period there may be many
discontinuity points ¢; ; let us suppose there are k. Then assuming we
are in steady state, we can write

fueps = 0T + Ti + =, {f S ___%’?,;1’_' N (16)
where
0=To<Ti < - <Tpa<T.
These relations are illustrated below.
Lk tnk 1 L1t itk (ben + 1)k
nl + 7 W +Ti++ - a2l 4+Tia+r (n+ )T + 7
| T g
The a,’s will be periodic in steady state and we let
o= e {12 o I i
It is no restriction to assume a time shift so that + = 0. Then, let
t=mlT+u(0<u=zsT) (18)

and combine the above three equations with (14). We obtain
y(t) = Cle(d)] = Cle(mT + u)]
= wm/w.[. - 2 Z ank+ir('mT + U — tuk+x’)

m

k—1

= wnfor — 2 2 A; 2orl(m — )T + uw — T
=0 n=—00

(The second summation has the upper limit m because »({) = 0 for

t £ 0.) Letting j = m — n, we obtain

k=1 @
y(t) = ‘:T 9 ;':)A,- ;-r(jT g — T (19)

* A mathematical proof is not at hand. Indications of its truth are given in
Benes? and experimental observations confirm this,
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Let us define a periodic function

o0

(LT = ZJ:;'(E—I—jT) 0<t=sT (20)
T) =45 2
plt = nT,T) nT <t=(n+1)T)
or
4+
p(t,T) = 2 r(t + jT).

(r(t)) = 0for ¢t £ 0 makes p({,T) a well defined function.) With this
definition, the normalized steady-state comparator output, when not
locked, can be written

k—1
y(t) =22 —2 3 Ap(t — T;,T). (21)
wy, =0

The expression for p(t,7') is familiar to those in the field of sample
data systems.* Though superficially formidable, it ean be expressed in
closed form quite easily for the only important class of the filter transfer
functions H(s), namely rational functions. In that case R(s) is a rational
function too. Hence r(¢) is o linear combination of exponentials of the
form (""" (real part of 8 negative). Then p(¢,T) for 0 < t £ T is a
linear combination of geometrie series, each of the form

2(t) = 3 (L4 jT)"PHH™

=0

_ ﬂ - B+ T) D

= I J_=u( (22)
dln p,&l’

dgm 1 — i’

This steady-state solution consists of a constant term 2w, /daH(0),
which is the normalized steady-state output for a linear phase com-
parator plus a linear combination (with coefficients 1) of time trans-
lates of the funetion p(¢,7"), which is periodic of period 7. The derivation
shows that every steady-state periodic solution of the loop equation has
the form of (21).

Equation (21) hides several pitfalls. These are:

1. We must have | y(t) | = 1. Hence only certain T and T; are

admissible,

+ﬂ:\
* It is the response of a filter K(s) to an input Z s(1 + jT).
==
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2. Are the solutions represented by (21) physically realizable?
3. Are the solutions represented by (21) stable with respect to small
noise perturbations?
These three topics are grouped under the title Boundary Conditions
and will be discussed following a discussion of the pull-in range.

4.3 Relative Pull-in

From the definition of 7, (T—) = =1 and by an appropriate choice
of 7in (16) (if wm > 0) we may assume ¥(7') = 1. Then from (21)

k—1
Yo 1425 Ap(T = T;,T). (23)
wr =0

Now the minimum value of w,, > 0 for which we have a non-constant
periodic steady-state stable solution is by definition y,w. , hence

k—1
vp =14 2min > Ap(T — T:, T). (24)
i=0

where the minimum is taken over all T and over all steady-state solu-
tions satisfying conditions 1, 2 and 3 above.

4.4 Boundary Conditions

4.4.1 Discontinuity Point Condition

y(1), being the normalized phase comparator output, satisfies —1 =
y(t) < 1. Also y(¢'—) = =1 if and only if for some n and ¢, ' = T'; +
nT, or y(t) is stationary at ¢’ (i.e., y'(¢) = 0 and y at ¢’ is increasing if
y(t') = —1 or decreasing if y(¢’) = 1). These are equivalent to

S Adp(t — T, T) — (T = T:,T)) =0

if and only if # = nT + T;or y(t') — y(T) is stationary at ¢'. This
restriction will be called the discontinuity point condition.

To analytically determine whether this condition is satisfied, in a
general case, is clearly very difficult. For the case of the lag filter we
can solve the problem analytically but must rely on an experimental
fact. C. J. Byrne has found experimentally, in a large class of RC filters,
that there is just one discontinuity per period 7, i.e., the k in (21) is
one. We will call this the Experimental Hypothesis. Thus

y(t) == — 2p(4,T) (25)
Wy

and
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vp = 1 + 2 min p(T,T). (26)
T

In the section on the lag filter we show that if

p(T",T') = min p(T,T) (27)

then p(t,7") satisfies the discontinuity point condition. Thus if p(¢,7")
is realizable (it is — see below) and is stable under noise (we do not
know, but have some evidence — see below) then

1o = 1+ 2p(T",T") (28)
for the lag filter.

1.4.2 Realizability Condition

Does there exist, for each of the steady-state functions represented
in (21) satisfying the discontinuity point condition, a corresponding
input funetion ¢(2)? That is, are the y(¢) in (21) physically realizable?

In Appendix A we prove realizability for any filter but not in quite
the form stated above. We do the following:

(a) A particular input ¢(¢) = 2w, /d is injected.

(b) The loop is broken at the output of the phase comparator.

(¢) Into the filter, at this point, is injected a voltage which asymptot-

ically has the form (21).

(d) One shows that the output of the phase comparator has asymp-

totically the same form.

(e) In steady state the loop is closed.

1.4.3 Non-Synchronous Stability

Are the solutions stable? By this we mean: Will a steady-state solution
be thrown into synchronism by a ‘‘small” noise? In formal terms, we
suppose that a solution y(¢) has a discontinuity point, say ¢, shifted by
noise to &y 4+ Ay . Each of the following discontinuity points &; , 6, - -+,
ty, -+ is shifted to &, + Ay, s + Ay, -+ 1, + A, , ---. It suffices for
our purposes that the ({, + A,)’s be asymptotically periodic (i.e., the
noise sends us into another periodic solution and not into synchronism ).
The best we have been able to prove is that

lim [(i{" ] =¢ < @,
Ap=0

1l -0 (JA[)
This has been done for the lag filter using the experimental assumption
that & = 1 and that 7" — ¢ < T < 7", for e sufficiently small, where
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7" is given in (28). Now it would suffice for stability to show that A, is
bounded for A, sufficiently small, but the above does not imply this, for
all it says is that

Au = (-.AO + EllAﬂ2

and we do not know that e, is bounded.
V. LAG (INTEGRAL COMPENSATING) FILTER

5.1 General Resulls

This section gives all the explicit formulae for design procedures in
the case of the lag filter (Fig. 3). We assume the experimental hypothesis
(see Section 4.4) throughout this section.

The transfer function of the filter is

_ [ + 1
H(s) - tls + 1
where
= (R + R)C.
th = RuC
Hence
B 1 - lis + 1 _
R(s) = s + aH(s) S ust 4 (et 1)s+ a
1 1
B 7+ 2_1 1 B P2+ 2'2 1

Dy — P8 — D1 P1r— P28 — P2

where p, and p. are the roots of denominator of R(s). In particular,
introducing the normalized dimensionless time constants

i = al;, 1 =12
we have for the roots
1 \ i
Pi =l_ (a + (_‘1) b)
1

where

I

(e +1)/22 %

*

a
bz=ﬂ_—‘r1.

* The real or imaginary part of b is non-negative.
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The denominator of R(s) can be written in the form
§ + 2w,k + w)’
where
w' = (a/t)
and £, the damping factor, is
= (r+ 1)/24/n = a/(a® — b,

In this notation we obtain

r(t) = _)lb[—(a —b =1 exp(—(a—b)/)

4+ (a+b—1)exp(—(a+ bt/t)].

Because r(1) is a linear combination of exponentials, we can easily sum
the infinite series for p(¢,7'), obtaining

p(LT) = B(w'm) = o [—m _p— 1) xpl=(a—b]

2h 1 — exp[—(a — b)nl
b ]
expl—{a + b)n
(a+b—1) :|
et b= U ol (a + bl
where ' = i/t and n = T/t are dimensionless time variables.
To obtain v, using the results of (27) we must find
min p(T,T")
T
or the roots of
0= di-’("”’)_
dn
Differentiating the expression for f(9,m7) we obtain n # 0 and
sinh® (a — b)g/2  (a — —b -
sinh® (a — b)n/2 _(a —b)la —b—1) (30)

sinh? (a +0)9/2 (a+b)(a+b—1)

or g = . And upon using the addition formula for the hyperbolic sine,
we have

I 2 ke ””3 # i —_—
tanh an/ b tanh by/2 0@ T b @ _ 9 (31)

tanh an/2 S 2 — 1
{% tanh bn/2 1/

which defines ¢, or n = =,
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Use of the quadratic formula gives
:ﬂhﬂ/& =ec+ VE =B = alab) (32)
3 tanh by/2

or n = o«.* In special cases considered it was found that the minimum
of #(n,n) occurs at the first positive zero of its derivative (or at n = = ).
5.2 Critical Damping

From (31) we see that as b approaches zero (damping factor equals
one),

tanh an/2 _a(a — 1) _ .
5 =9 9 =1 = ca(a0), if a>1 (33)

7=, if 1<a<]l.
Thusy, = 1forb =0and § <a < 1.
5.3 No Filler and RC Filter

The filter parameters satisfy

0=m

IIA

7y
which upon conversion to the a and b parameters become
(a =120

and

1%

a= i

Equality holds in the first case, when B; = 0 or C = 0 (i.e., there is no
filter) and in the second case, when R, = 0, (i.e., a simple RC filter.)
Forno filter,a +b — 1 = 0ora — b — 1 = 0, and referring to (30)
we have only 3 = . Thus min p(7,7) = 0Oand v, = 1.
Ior the RC filter Bs = 0, a = 1, we obtain from (30) 5 # 0 and
sinhby = Qorgp = o. If bisreal, » = « and y, = 1. If b is imaginary

n = mmr/b m= 12 ---

* If the negative sign were used in the quadratic formula then » would be nega-
tive (complex) when b was imaginary (real).
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and we easily find that p(mwr/bmr/b) is minimum at m = 1, giving
finally

—4
tanh E (1'1 = i) if T >
(34)

Yr

. 1
1 l.f Tléz

The results of these special cases are graphically summarized in Iig.
6. (Also see Fig. 13 of Byrne, Ref. 4.) In the shaded area of Fig. 6 the

-
<
w
£
a a-b=1
0.5 a+b=1
0
0.5 1.0 a
>
H
1
2
$o
T (a)
=
@
\woo
n=r __ 9%0
(NO FILTER) b
B
oY
UNDERDAMPED
T2 LOOP
| L
2
1+ 73
= "':( H )
(b)
o] I
0 025 1.0

T —

Fig. 6 — In part (a) the parameters a and b are restricted to lie below and/or
to the right of the polygonal curve. The heavy lines and the shaded area give
values of a and b for which the relative pull-in is unity. In part (b) the same in-
formation is given for the normalized time constants =, and 7, .
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relative pull-in is unity. This follows from the fact that the left-hand
side of (31) is bounded below by 2b* while
2 —2b=2(a—b—1)(a —b)/(2a — 1)

is negative in that region. Hence in (31) we must have n = =,

5.4 Computational Procedures

Except in the special cases of no filter (R, = 0) and the RC filter
(Rs = 0), there is no simple way of computing the relative pull-in. We
must solve (32) by an iterative procedure and substitute the result into
the equation for f(n,). If 7 is the solution of (32) or (33) we have a
simpler equation for v, , namely

vp = [1 — D sech® an/2]/tanh an/2
where

(a — 1)e — W

D: 612_1)2

(b #0)

and
D= (a—3%)/a (b=0),
An upper bound for 5 is obtained from (32) and (33). Using the fact
that tanh » < 1, we obtain

[2(tanh " b/e)) /b (b # 0) -
< 12/6_1 b =0) (35)

A lower bound for 5 in the case b is real is obtained by using the in-
equalities
z — zs,/3 < tanh z < 2.
Using this in the equation for n we have

tanh bn/2

jelab) b = em/2

ei(a,0)n/2

H
a—=c
2(3 31) =7
a

* The left-hand side of (31) is of the form &(z 4+ 1/z). For x positive this is
bounded below by 2b.

an/2 — (an/2)’/3 = tanh an/2 =

giving the lower bound
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We note here for future reference that if b is imaginary, b = b’ then
(35) implies the inequality

0< 9 < (36)

5.5 Discontinuity Point Condition for the Lag Filter

To prove that this condition is satisfied, it suffices to show that

%#0 for 0<t<T. (37)

IFor, since we may suppose
y(T) =1,

it follows that if
y(t')y =1 (0 <t <)

then Rolle’s theorem tells us that there exists a ¢” with ¢ < " < T
such that ¢’(¢”) = 0. This contradicts (37). It suffices also to prove
(37) for that T which minimizes p(T,T).

Recall that we are assuming we have a lag filter and that & = 1 in
(21) (experimental hypothesis). Assuming (37) false, we obtain from
(29) after some caleulation

(,—anrh)':l'ﬂ‘-’ 1 — P—(u+b:rn2

(38)

(J*(ﬂfb)q'fﬂ = 1 — e—(u—b)wﬂ
where » minimizes p(w,u). Note that 0 < o < n.
Case 1, b real. Then a > b and
— (a+-bin" /2
¢ — by’
P—(a—b]u',‘ﬂ -
—y
> "
P—(u+i‘a)q}2
c—(a—blqﬂ!
] = e—(u-ng,'? *

1 — g—ta—bim2"

Hence (38) is false.

*ITo<z<y<1,thenr/y>rc—1/y—1,for —r> —y implies xy — & >
xy — y; hence in factoring and dividing we obtain the desired inequality.
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Case 2, b imaginary. Let b = b, then (38) becomes
—V'7'/2 + mx = arg(e T — 1), (39)

Now the real part of ¢ “*™’"* _ 1 is negative and the imaginary part

is negative (since by (36), 0 < b'3/2 < =/2). Hence the right-hand
side is an angle in the third quadrant. But the left-hand side is an angle
which can only be in the second or fourth quadrant, since

0<by <blpg<m

Hence (39) is false, proving the discontinuity point condition.

5.6 Small-Signal Properties of the Loop

In this section we give formulae for design parameters of the loop
when we are operating on the linear portion of the phase comparator.
Then the closed loop transfer function Y is

C!(tzs + 1)
S+ (s + 1)s + a

Restricting our attention to real frequencies and normalizing the fre-
quency w by

Y(s) =

Q= w/a
and recalling that
7= aly, 7= al
we obtain
2 + 1

| Y(Q) I- = (r: + 122 + (1 — @&n)

With the phase shift

(1 4+ 7250
(0 — o) + n(l + )
0 if denominator positive *
« if denominator negative’

# = —arctan

Important parameters for design are the maximum gain and the
frequency and phase shift at which it occurs and the range of frequencies
for which the gain exceeds one. Differentiating | ¥(2) |* and solving for
its zero gives

* The arctan is an angle in the first or fourth quadrant.
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[(2rn — 1)/27" if =0, =
Qoo = [+ 21— 72) — D/ — /7 if n—m2
0 if nn—m=s4i
Solving | Y(Q) |* = 1 gives

1%
(I

(<15

o < 9,12
where
2 — — ‘
) %l £ n=n>}
Q° = T1
0 f nm—mn= %

We also have the interesting inequality
'\/é anx é Q1

with equality when 7, = 0. The cases 7» = 0 and r, — 7, £ § are im-
mediate. The case 1, — 2 = § gives

anx2 = {[1 + 7229!2]! - 1}/722
S
T 2o + 1
s

= 9

&

proving the result in this case.
We wish to emphasize that the maximum gain is unity if and only if
1 — 72 < 4. Peak gain = constant contours are given in Fig. 8 of Ref. 4.
The 3 db point oceurs at @ = @ where

| V() [P =4
from which we obtain
Q=B+ (B + "
where
B = ('+2(n —mn) —1)/2r.",
The noise bandwidth N is defined by*

N:_[ | ¥(w) I* do.
1]
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It ean be evaluated in various ways, for example see Ref. 10. One obtains
N = 7a(l + 1'22/'1'1)/2(1"_1 + 1).

In the no-filter case (72 = 7, = 0) and RC case (7» = R: = () we have
N = ma/2. N = constant contours are given in Ref. 4, Fig. 7.

As discussed in the introduction, the figure of merit was chosen to be
the ratio N /v, . N/v, = constant contours are given in Ref. 4, Fig. 15.

VI. ASYMPTOTIC RESULTS

In this section we obtain the asymptotic results stated in the introdue-
tion. Since the derivations are tedious, the results are first summarized.

From computer data, the contour curves of relative pull-in v, =
constant with ordinate and abseissa the normalized time constants

T — Q(Rl + RQ)C
o = afl(

seem to be asymptotic to straight lines for large values of the normalized
parameters. (See Iig. 13 in Ref. 4.) This observation led to the con-
jecture that for fixed v, and large 7.

T1 = 1\’(‘?2 + 1).
In Appendix C we prove this and show that
1/K =1 — (1/y, — v,)*(tanh™" 7,,)2.

With respect to the figure of merit (see Fig. 15 in Ref. 4), the following
very important results are derived in Appendix B for the lag filter. Sup-
pose the peak small-signal phase gain ¥ of the loop is restricted to be
unity (it is always unity at de). Then the maximum merit obtainable
for filters giving the unity peak loop gain is 2.27. If, however, we permit
a fixed peak gain greater than unity, we can have an arbitrarily large
merit figure. This usually results in very poor transient response. More
precisely, the following results are derived in Appendix B. Let us con-
sider those lag filters for which the peak small-signal (phase) gain is
fixed at ¥. Define M by

M=1-7"

Then for a filter with normalized time constants r; and 7. and normalized
frequency €@ = w/e, for which the loop has peak gain Y occurring at
frequency Qmq.x , we have
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Quax. = M/ 7,
and
no= (Mn 4+ 2r + 1)/2(1 + M).

Asymptotically for 7, large we obtain for the noise bandwidth (with
a=(ra4+1)/2) '

N/ra = (1 4 B2 ;P‘”)) /10 + ot

and for the relative pull-in range

y 2 ]
Yo = a’ 7‘;\/2[-—— +0( )

- \i’s (Tf 1): + 0((r/70).

Thus the noise bandwidth decreases as a ' while the relative pull-in
deereases as a '. Hence the figure of merit increase as a.
The derivations of the preceding results are given in Appendices B

and C.

APPENDIX A

Realizability of Steady-State Solutions

Recall that (assuming d =

y(t) = r(t — T, — naT) (40)

%
§
[\43

=1 n=A\
where [see (13)]

Wy

aH(0)"

= 2{e) =

Since we assume y(¢) satisfies the discontinuity point condition

k—1

Wiy _ o5 A. _qm
=14+ 2 5 Ap(T — T4, 7).

Break the loop at the output of the phase comparator, inject y(t)

* Two funetions f(x) and g(x) satisfy f(x) = 0(g(x)) if and only if | f(x)/g(z) | =
constant < = for r sufficiently large.
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into the filter, and let the input phase be w,t + 2. — ¢ (where ¢ is
defined below). The phase output of the oscillator is given by

deoy( L) - ﬂ’f y(t')h{! —t')dt
dt 0

and upon integrating once and substituting (40),

W ¢ ¢ ” ” ’
wolt) =IT(TT)f f r(t") dt” di

& pt!
_ 84, Z f [ et — 1 = nmohtt — 0 at” .
0

=0

By taking the Laplace transform of the double integral in the summa-
tion and by using the relations in (10) and (11), we find

t (i
2lt) = “Eo)ff R(t") dt” dt’

B!
ZA IZ (t — Ty — ATY — Zr(t—T{—nT)}.

Now the remaining double integral is the integral of the step response
of the filter and for large ¢ is of the form H(0)¢ + ¢. Using this and the
definition of y(t), we obtain for large ¢

eolt) ~ wul + ¢ — 2 Z:A Zu(z — Ti—nT) — y(t) + 2.
i=0
Now using the discontinuity point condition and the representation of
the comparator in (7) we find the comparator output is asymptotically
y(t). Hence in steady state we may close the circuit without any dis-
turbance,

APPENDIX B
Figure of Merit for Constant Pealt Gain and Large Time Constants (Lag
Filter)
I'rom Section 5.6 we have for the closed loop small-signal (phase)
gain
72292 + ].

T (n D4 (0 — @)t (41)

| Y() [?
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Differentiating with respect to @ and equating the result to zero gives
7121’2293111! “+‘ 21'129321“; == [2(1’1 = ‘rg) — 1] = (. (42)

We can also represent the square of peak gain V* as the ratio of the
derivatives of the numerator and denominator of (41) evaluated at
anx '*

2
{2 T2

Yl = 2
(a4 1) — 2n(1 — 11Q%hux)

2

T2

T22 — [2(1‘1 e 1'2) = 1] + 271295,‘,ﬂl

This, after using (42), gives

Pt = ﬁ?: (43)
Defining M = 0 by
M=1-7Y7
we have
0= M <1, since 1= V < w.
Also (43) gives
71Qnax = M. (44)

Substitute (44) into (42) and solve for 7, . Then
n o= (M’ + 2r + 1)/2(1 — M).
Using this result in the formula for the noise bandwidth (Section 5.6),
we have for Y constant and 7 large (and hence ¢ = (72 + 1)/2 is
large)

N-T (1 + &3—12&) +0(a™), (45)

We now turn to the problem of obtaining asymptotic expressions for
the relative pull-in range for Y fixed and greater than unity.
We can rewrite the expression for 7, as

oM M+ 1
T1-M 3

* If f(z) = plx)/q(x), then f'(xs) = 0 implies f(z,) = p'(xe)/q' (x). One obtains
this result by logarithmie differentiation of f(r).

(46)

a4+ 201+ M)a —

Ti
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Using the definition b* = & — 7,, (46) and the hinomial expansion,
we have for large a

onr? \3 o
T A

1 — M 1 —2Ma
if M # % and
b= —3(a — 1) (48)

if M = . In the following we suppose M = %. Recall (31) that to find
the relative pull-in we need the root of

: 2
tanh an/2 = ¢ tanh bn/2

b
where
o =c+ (& =)}
and _
e=(a+ b —a)/(2a — 1).
Hence
¢ = (20" —a—m1)/(2a — 1)
=all — n/a(2¢ —1)] = a — :—l (49)
_ _ M —1
c—aI:l l_M+0(ﬂ J:I.
Also
r’—bl=(a—'2) - (@' —7)
T
\ (50)
G-
T2 T1
giving

Finally
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o = (ﬂ- - T—') + (¢ = b*)}
T2

(51)
e =a I: )— + 0(a” :I
Setting z = an/2, we have
tanh z = °' tanh Qa. (52)
b a

We will show that for large a, z is small and then obtain an approximation
to z by using a power series expansion for tanh z. I'irst note that the
derivative at zero of the right-hand side of (52) is

C

1 —

@

which approaches 1 from below for large a. Also

a-%4o0™
b b
')ﬂ;[g o =
= (1- 25 M) 0w,

Hence | ¢;/b | is bounded away from 1 (and greater than 1).
A sketeh of the curves of the two sides of (52) with the above two
facts shows that

limz =

a-+wm

Using power series expansions in (52) we obtain for large a

=550 -5 ()

or
2 _ 5 1 — o/
B = T
i + 0(a™)
=3 q (53)
2"” S+ 0a)

L _(3(1 ;UM») a4 0a™),
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From Section 5.4 the relative pull-in is

Yo =i+l){;anh(%)

an
tanh (E)

where
D= ((a— e —b)/(e' = ).

Then

_ (¢ —a+1)

A D - 1 — bz/Cl

and

1—D = a—a+tl (54)

2c

since

e + b'e = 2e.
Using (49) and (51) we have

1— M i .
1—D=W+0(a )- (50)

We now obtain the asymptotic formula for v, by substitution into
the formula for v, the approximations for D, 1 — D and the approxima-
tion tanh (an/2) ~ an/2 = z with z approximated as in (53).

2(1 — M) Y
Yp = 2(1 — M)’ Tl ) a + 0(a?)
(56)

= % ((rs 4+ 1)/m)! + 0(re ),

APPENDIX C

Relative Pull-in (Lag Filter, Large my and 72)
Assuming that for a large a
n=2Ka+ L+ 0(a”) (57)
we obtain from the definition

2 2
b=a—1-1



PHASE-CONTROLLED LOOP 631

that
TRy A o & " :I;
Expanding the square root we obtain
_ . 1 L+ K 3 ]
and
b1 Ko (59)
a a

From (57) since
a=(r+1)/2
we have

n_g4LtK

T2 T2

o= (- )
79 )

and by using (60) we have

+ 0(n7) (60)

From (50) we have

T DT . (L+ K)(2K — 1) 1 2
¢ =b = (K A)[1+ RE = 1) o T 0 )].

Using the binomial expansion

1(L+K)2K -1 1
27 K-K n

(&—#ﬁ=(K“—Kﬁ[v+ +mn4q.mn

From (49)

+ 0(m7). (62)

Then
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a=c+ (¢ — )

. " o (63)
= (a—K)+ (K= K) 4+ 0(r, ).
Finally from (58) and (63)
& _ e/{a — K)
b b/(a —,,K) 1 85
— 14 (K" — K)* +0(a™).

Letting z = an/2, (31) becomes
tanhz = [1 + (K* — K)}/a + 0(a*)| tanh (1 — K/a + 0(a"*))z. (65)
Using the addition formula for tanh (4 + B)z and simplifying, we have
tanh’ tanh (K/a + 0(a *))z — [(K* — K)'/a + 0(a™*)] tanh z
+[1 + (K* — K)!/a + 0(a™®)] tanh (K/a + 0(a™*))z = 0.
We show that z/a approaches zero with a and use this to simplify (66).
From (35)
<2 tanh ' [1 + (K* — K)Y/a + 0(a ®)]
1 — K/a+ 0(a®)

2a i
_ In ((Kﬂ — )i + 1+ 0(a ))

1 — K/a+ 0(a™?)

Since

lim In w/u = 0

u—>og
we have

lim z/a = 0.

a-*o0

Returning to (66), we now have asymptotically

tanh® z + (K — ]) tanhg _ 1 =0
K 2
Solving for K we obtain
2
s _ _ 2 5
1/K =1 [tanhz tanh z:| 2%, (67)
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Now the relative pull-in given in Section 5.4 is

1—-D

Yr = tanh + D tanh z

and we easily show that [using (54)]
1 —-D = ‘i%‘;*‘_l
_(K'—K))—K+1+0()
a— K+ 0(a™)

= 0(a™).
Hence asymptotically for fixed z,

v, = tanh z + 0(a '). (68)

Thus for given relative pull-in, the above gives us z and tanh 2, and

then (67) gives K from which (57) gives for large n,

n=K(mn+1). (69)
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Reliability of Components for
Communication Satellites

By I. M. ROSS

(Manuscript received August 15, 1961)

This article considers the reliability of components such as transistors,
diodes, and solar cells in relation to the design of a communication satellite
with adequate reliability. Consideration is given to methods for determining
the reliability of high-quality components and of techniques for selecting the
most stable components for this application. It is concluded that, at least for
a simple communication satellite, components can now be obtained that will
lead to a satisfactory life.

I. INTRODUCTION

All the necessary components and cireuit techniques are available to
fabricate a simple communication system using low-orbit satellites.!
Such a system would use many satellites at an altitude of a few thousand
miles and be capable of global communications with a few megaeycles
baseband. The ground receiver portion of the system could achieve
adequate signal-to-noise for very low received power by use of high-gain
receiving antennas, low-noise maser receivers and FM modulation with
feedback. The satisfactory performance of this type of receiver was
demonstrated in the Echo I experiment.? In conjunction with such
sensitive ground receiver equipment, it is possible to use a satellite re-
peater putting out only a few watts of power from an isotropic antenna,
and hence avoiding the additional complexity of attitude stabilization.
The components needed for such a satellite, including the traveling-wave
tubes, transistors, diodes and solar cells, are all either available or
achievable within the capability of existing technology. Thus a com-
munication satellite system is feasible in prineiple. Whether or not it is
economical and therefore practical, depends upon the life expectancy of
the system, and specifically on the life of the satellite itself. Tt will be
assumed here that a satellite life of at least five years is a reasonable
target in the design of a practical communication system. By the very
nature of the system, repair of the satellite is presently impossible (and if

635
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ever possible, would be exorbitantly expensive), and because of the cost
penalty of additional weight in orbit, extensive redundancy is most
undesirable. Thus, the practicality of the system depends critically on the
reliability of the components that make up the satellite itself. This paper
is devoted to a discussion of the reliability of components in relation to
the design of a satellite with adequate reliability. Although the discussion
is directed specifically to low-orbit (several thousand miles altitude)
satellites, many of the ideas could apply equally well to higher orbits.

In Section 11, below, consideration is given to the order of component
reliability needed in a simple communication satellite. Section IIT deals
with the reliability of components in general with emphasis on means for
attaining highly reliable components and for determining quantitatively
their degree of reliability. Section IV discusses the level of reliability that
can be achieved in three eritical classes of components, namely transistors
and diodes, traveling-wave tubes and solar cells. Finally, it is concluded
that, with careful manufacture and selection, components can be ob-
tained for a practical communication satellite system.

1T, COMPONENT RELIABILITY REQUIRED FOR COMMUNICATION SATELLITES

For the consideration of reliability it is convenient to divide the life of a
satellite into three periods, namely pre-launch, launch, and orbit. It is
usual practice to assume that any failure that oceurs a reagsonable time
prior to lift-off can be corrected by replacement and that, at the worst,
this could result in some delay in the launch time. For such an assump-
tion to be valid, it is necessary that components or batches of components
be accessible and removable so that failed portions of the satellite can be
replaced. The design for such flexibility does necessitate some weight
increase. Although the launch period is short, it is accompanied by large
mechanical stresses liable to cause failure. As will be discussed later, in
the section on traveling-wave tubes, experience with many launches has
shown that with well designed components and equipment, failure during
launch of the electronic equipment in a satellite is not a significant factor
in the over-all reliability of the satellite. It is the third period, life in
orbit, which dominates the reliability design of a satellite. In this section
we consider the relationship between the reliability of components and
the anticipated life in orbit.

In calculating the probability of survival of a system containing a
large number of components, it is frequently assumed that the failure
distribution of any type of component is exponential. On such an assump-
tion, the performance of a given type of component can be characterized
by a mean time to failure or a failure rate. One of the more convenient



COMPONENTS FOR SATELLITES 637

ways to represent the failure rate is in terms of a number of failures for a
given number of component operating hours. A method which is in in-
creasing use defines failure rate as the number of failures per 10° compo-
nent hours (1 failure per 10° hours corresponds to a failure rate of 0.0001
per cent per 1000 hours). By way of calibration, a good resistor or
capacitor has a failure rate in the range 5 to 10 per 10* component hours,
while an entertainment receiver tube will have a rate in the neighborhood
of 100,000 per 10* hours.

If we assume that a given system contains n; components of a given
type, and that the failure rate for that type is fi per 10° hours, we expect
statistically that there will be ny f, failures per 10° hours. Hence in a time ¢
hours we expect tnyf;/10° failures. Assuming that failure probability is
random and that the failure of any one of these components leads to
failure of the system — that is, assuming no redundancy — the proba-
bility P, that the system will not fail in £ hours due to failure of one of the
ni components, is given by:

tnyf
P,=('xp|:*1—(1)ulj|. (1)

Similarly, if we have a system composed of ny, n., ete., components of
types having failure rates fi, fa, ete., and we again assume no redun-
dancy, the probability P, of survival for time ¢ is given by:

! m
= ex 2 i )
P, = exp [ 5 2 (n.,.f,,.):' . (2)

This simple equation can be used to estimate probability of system’s
survival, provided that the following conditions are met:

a) The failure mode of the components is assumed random with
recognized exceptions being treated separately.

b) The system contains no redundancy.

Assumption b) is unrealistic since a certain degree of redundancy will be
featured in any good design. However, because of weight limitations in a
satellite, redundancy eannot be used to correct for poor reliability per-
formance of a majority of the devices. Hence the equation is useful in
determining desired objectives.

Table T shows the results of reliability caleulations for a hypothetical
communication satellite. At the left of the table are listed the types and
numbers of eritical components used. These types and numbers, which
are representative of a very simple repeater of a few megacycles base-
band, do not include any allowance for redundancy, nor do they include
allowance for the telemetry invariably associated with such a system.
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TasLe I — RuviaBiuity CALcUuLATION FOR SIMPLE COMMUNICATION

SATELLITE
Case I Case IT Case 11T
Type of Component Number (n) | Failure Failure Failure
S| Product | (el [Product %485 Product
ures/109|  (nf)  |ures/100 (nf) ures/109 (nf)
hrs) hrs) hrs)
Transistor 140 20 2800 | 10 1400 | 5 700
Diodes 161 15 2415 | 10 1600 | 5 805
Resistor 400 5 2000 5 2000 | 2 800
Capacitor 250 10 2500 | 5 1250 | 2 500
Inductor and Transformer 40 20 800 | 15 600 | 5 200
Relays 6 50 300 | 25 150 | 6 120
Ni-Cd Cells 20 50 1000 | 25 500 | 15 300
Totals 1017 11,815 7510 3425
Average Failure Rate 11.6 7.4 3.4
Probability of success — 1 0.901 0.94 0.97
year
Probability of success — 5 0.60 0.72 0.86
years

Excluded from the list is the traveling-wave tube. The unique life proper-
ties of the single traveling-wave tube in a nonredundant satellite warrant
special treatment. Also excluded are the solar cells which, as will be
discussed later, will probably fail through wear-out resulting from radia-
tion damage and thus cannot be treated with the statisties of equa-
tion (2).

The table shows three cases, each assuming somewhat different failure
rates for the components. For each case the table gives the failure rate f
assumed for the component, the produet of the failure rate times the
number n of each component, the total sum > % (n,.f.) and the average
failure rate. Also shown in the table is the probability of success of the
satellite, i.e., no failure of any component as caleulated using (2), for
one-year operation and for five-year operation. It is seen that case 1
represents satisfactory performance for one year and poor performance
for five, while case 3 represents satisfactory performance for five years.
Case 2 is an intermediate case. Using some judgment as to the relative
values of failure rates for various components, the failure rates were
chosen in the three cases to give the above results. Thus the table shows
what level of component reliability is needed to meet a given systems
performance.

It must be emphasized that considerable caution is needed in the
interpretation of the results shown in Table I. Implicit in the calculations
are many assumptions, the validity of which could be questioned. The
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results should therefore be used as a guide to the order of magnitudes of
reliability required and should not be considered to be precise predictions
of systems performance. There are, nevertheless, a number of general
conclusions to be drawn from the table. The first is that although thisis a
fairly simple system — 1000 components — average failure rates in the
neighborhood of 10 per 10° component hours are required to give any-
thing approaching economical life. As seen from (2), the life expectancy
for a given probability of success varies inversely with the average
failure rate. Thus, an average failure rate in the neighborhood of 100
would be intolerable, while an average failure rate in the order of 1 would
permit inereased design life and/or complexity. A second conelusion is
that all the components that are numerous, ie., all the transistors,
diodes, resistors and capacitors, require an equally high order of reliabil-
ity. This conclusion results directly from forbidding redundancy for the
high-runner components. A final conelusion is that, at least for the more
reliable designs, the reliability of connections between components can-
not be ignored. For the 1000 components of Table I there would be
several thousand connections and hence, in order that there be an in-
significant probability of a connection failure, they must have failure
rates substantially less than 1 per 10° hours. Although there is little
quantitative information regarding reliability of connections, it is
believed that those liable to fail are eliminated during the vibration,
temperature cycle, and vacuum tests normally earried out as part of the
acceptance test of a complete satellite.

III. RELIABILITY OF COMPONENTS

Fig. 1 shows a possible failure pattern for a bateh of components.
Such a curve could be obtained by taking a large number of new compo-
nents of a specific type, operating them under typical conditions, and
plotting the failure rate versus time for the batch. The distribution has
two regions of relatively high failure rate, one early in life and attrib-
utable to “manufacturing freaks,” one later in life attributable to “wear-
out,” separated by a region of low failure rate labeled “random failure.”
These three regions will be discussed separately.

3.1 Wear-Out Failure

In some manufactured produets there is a mechanism or a collection of
mechanisms which systematically reduces the useful performance of the
product until a point is reached at which it has no further utility and is
“worn out.” Typical examples of wear-out mechanisms are friction of
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Fig. 1 — Possible failure distribution for a large number of new eomponents.

bearings, corrosion of relay contacts, and deactivation of electron tube
cathodes. If, for a given batch of components, conditions were identical
during fabrication and use, then all components would fail in response
to wear-out simultaneously. However, because conditions are not
identical, simultaneous failure does not oceur, and the failure distribution
is characterized by a peak of finite width. Region IIT in Fig. 1 shows the
onset of wear-out. Once wear-out failure commences, the failure rate of
the batch of components inereases vary rapidly, and effectively all
components of that type must be replaced. In systems such as satellites,
where replacement is not possible, the time at which wear-out becomes
significant should be greater than the designed life of the satellite.
Lengthening of the time to wear-out can only be achieved by under-
standing the wear-out mechanisms and by designing the components
either to minimize or eliminate these effeets.

3.2 Manufacturing Freak Failure

There is a certain percentage, preferably small, of any produet that
fails unusually early in life because of some defect in manufacture.
These are, in a sense, objects that were not made according to the design.
For example, such early failures can occur both in tubes and semicon-
ductor devices as a result of defective seals or of the presence of particles
inside the encapsulations. The prevalence of manufacturing freaks can
be reduced drastically by quality control in manufacture. Remaining
freaks can usually be detected and rejected by rigorous pre-aging tests,
such as leak tests, vibration and shock tests. In addition, the product can
be aged for a period longer than that corresponding to Region I, so that
the remaining freaks will fail during this “pre-age period.”
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3.3 Random Failure

Even in a well designed and well manufactured product there may be
a substantial period, after that exhibiting high failure rate due to manu-
facturing freaks and before wear-out oceurs, of a continuing failure
rate. These failures include components which, through presumably
detectable causes, fail in response to manufacturing weaknesses much
later than the majority of freaks, and others which fail through similar
causes to, but earlier than, the wear-out failures. The failures that oceur
during this period may generally be attributable to a large number of
different causes, each of which occurs so rarely that it would be exorbi-
tantly expensive to identify all of them. This period is in essence the
useful life of the product. If the frequency of such failures is sufficiently
low, as indicated, these may be essentially below the noise level of
identification of mechanisms, and a random failure mechanism, and
hence a constant failure rate, may be assumed. Although there may be
considerable doubt as to the validity of this assumption for some com-
ponents, it has proved useful in the estimation of over-all systems relia-
bility.

Fig. 2 summarizes the steps that can be taken to cope with the vari-
ous modes of failure shown in Iig. 1. The region of high failure rate
corresponding to wear-out ean be moved further out in time by design
based upon knowledge of the failure mechanisms. The number of devices
subject to early failure through manufacturing freaks can be reduced
by quality control, rejected after testing and annihilated by pre-aging.
Hence, provided sufficient care is taken, it is possible to obtain a prod-
uet which, during the intended life of the system, will exhibit substan-

o u m

QUALITY LIFE TEST RELIABLE

1 CONTROL AND | AND SELECTION DESIGN
DESTRUCTIVE
w [ "PREAGING |
<
o
w
o
3
&
!
TIME —>

Fig. 2 — Summary of steps that can be taken to reduce failures of various
types.
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tially only a low failure rate corresponding to Region II. This failure
rate can be determined from the results of extensive life tests involving,
for the most reliable components, thousands of devices for thousands
of hours.

The low failure rate of Region II is that characteristic of the produect.
Where reliability is of supreme importance, it is desirable to select
from the product as a whole those components that exhibit the greatest
degree of stability. This can be achieved by putting on life test a num-
ber of components many times that needed in the system, and after a
given length of time selecting from the batch only those components
which have shown the minimum change in their parameters. The dura-
tion of the life test prior to selection will depend upon a number of
factors, including the life required in the system and the system’s
schedule which, itself, frequently limits the life-test period. In the selec-
tion of submarine cable tubes, a period of seven months is used. Al-
though it is expected that the selected product will have a lower failure
rate than the batch from which it was selected, it is difficult, if not
impossible, to estimate the degree of this improvement. The consensus,
however, is that a factor of 10-100 improvement could be achieved.

In order to achieve the reliability potential of a carefully designed
and manufactured component, it is essential that the same care go into
the design and assembly of circuits and subsystems. Circuits must be
designed with adequate margins, and power dissipations must be deter-
mined so that temperatures do not reach values at which reliability of
the components is no longer adequate. Assembly procedures should be
arranged to avoid excessive mechanical or thermal shock. The conserva-
tive use of a component is thus an important part of the achievement
of reliability.

IV. RELIABILITY OF SPECIFIC COMPONENTS

The components that appear in large number in a typical satellite
and require reliabilities corresponding to 10 failures per 10° hours, in-
clude transistors, diodes, resistors and capacitors. Passive components,
resistors and capacitors, have for many years been available with relia-
bility in this range. However, until recently such low failure rates had
not, been achieved in the active components. For this reason the discus-
sion in Section 4.1 below is restricted to transistors and diodes.

The traveling-wave tube used to generate the output power in most
communication satellite designs does not require the high degree of
statistical reliability called for in transistors and diodes. However, it is
required to operate without failure for a period much longer than the
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life of ordinary tubes and also to withstand severe mechanical stress
during launch. The expected performance of satellite tubes is discussed
in Section 4.2 below.

The solar cells, although as numerous as the transistors and diodes,
are expected to fail due to “wear-out” from radiation damage. The ex-
pected life of these components is discussed in Section 4.3.

4.1 Transistors and Diodes

As indicated previously, the reliability of a component in the final
analysis is limited both by the design of the component and the care
with which it is manufactured. The attention to design and manufacture
is particularly important in the case of transistors and diodes which are
both delicate and particularly sensitive to contamination, yet are re-
quired to exhibit failure rates comparable to those of the more rugged,
passive components. Mechanical techniques have been developed
whereby small semiconductor wafers can be bonded to headers and
even smaller leads connected between the wafers and the headers, such
that the resulting structure will easily withstand the mechanical shock
and vibration experienced during the launch of a satellite and the tem-
perature cyeling that may be experienced while in orbit. Final cleaning
and sealing techniques have also been developed which insure a degree
of initial eleanliness and subsequent protection from outside contamina-
tion, such that adequate reliability for satellite applications can be
achieved.

Table IT outlines the complete reliability testing program proposed
by Bell Laboratories for providing transistors and diodes for satellite
applications. The first step is to insure that the design itself has ade-
quate reliability potential. In order for a design to qualify for satellite
use, it must pass mechanical tests which represent conditions more
rugged than will be experienced during launch. The devices are further
subjected to electron and proton bombardment simulating many years
exposure to Van Allen radiation. Iinally, devices are subjected to relia-
bility evaluation to determine the reliability potential of the design.

The second step, that of screening and pre-aging, is designed to elimi-
nate those few remaining freaks that were not eliminated by quality
control. These tests include mechanical shock and vibration tests to
eliminate weak components. In the reliability portion of these tests, a
sample from the particular manufacturing lot is tested at increasing
temperatures until all devices in the sample have failed. The median
temperature for failure and the distribution of failures with temperature,
when compared with similar figures for previous manufactured lots,
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TABLE II —RELIABILITY PROGRAM FOR SATELLITE TRANSISTORS
AND Diopus

1. Design Qualification Tests

Mechanical
Temperature cycling —65C to +85C
‘ (—120C to +40C for blocking diodes)
Temperature-humidity eyeling

Shock ,000 g
Centrifuge 5,000-10,000 g
Vibration 60g, 100-2,000 eycles
Radiation
Reliability

Accelerated aging
Life testing
Field experience

2. Screening and Pre-aging

Mechanical

Centrifuge 2,000 g
Temperature-humidity cycle
Tap or shock
Rc}iabilily
Accelerated temperature sample
High-temperature aging

3. Life Test and Selection

Reliability
System simulation and selection

indicate whether or not there are major differences from previous lots.
In addition, all the devices.that may be used in satellites are subjected
to a short period of high temperature aging. Since, as discussed later,
aging is accelerated by raising temperature, this pre-age eliminates
many devices that otherwise would have exhibited unusually early
failure.

The third step consists of choosing from the components that have
passed step two, a number many times greater than the number that
are finally to be used, and putting them on life test for six months under
power and temperature conditions simulating those anticipated in
operation. The duration of this test, which ideally should be a sub-
stantial fraction of the design life of the system, is frequently limited by
economic factors or by the time available prior to the system’s opera-
tion. During the life-test period, the characteristics of the components
are measured at frequent intervals. The components needed for the
system are chosen on the basis of their performance during the life-test
period. If proper choices have been made, the components used should
be ones which have shown no change in characteristics.
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Steps 2 and 3 in this program are intended to insure that the com-
ponents selected are truly representative of the design and do not in-
clude any freaks. Assuming these steps to be successful, the most sig-
nificant portion of the program in determining system performance is
the evaluation in step 1 of the reliability potential of the product. Since
the reliability required is in the neighborhood of a few failures per 10¢
hours, this reliability evaluation can involve tens of thousands of com-
ponents for tens of thousands of hours. It is with the object. of reducing
the numbers and times involved that considerable emphasis has been
put on the development of accelerated aging techniques.?#:5 The results
of a typical aceelerated aging experiment are shown in Fig. 3. Plotted
in the figure is the median life of & germanium transistor as a function
of the temperature at which the transistor is operated. The data shown
as solid points were obtained for some germanium transistors manu-
factured by the Western Electric Company in 1958. The temperatures
at which the transistors were tested range from 100°C to as high as
as 350°C, while the range in time to median failure is from about 20
minutes to just over 1 year, nearly 5 decades. The fact that the points
fit a straight line on a 1/7 versus log time plot suggests that raising
the temperature is accelerating some failure mode which can be charac-
terized by an activation energy. It has been found that within experi-
mental error, the apparent activation energy is the same for all ger-
manium transistors and, in addition, that there is a single but slightly
different activation energy for all silicon transistors and diodes. The
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triangles in Fig. 3 are for transistors manufactured by the Western
Electric Company more recently. It is apparent that substantial im-
provements have been made at least in the high-temperature perform-
ance of the product. The data in Fig. 3 are for the median life. In per-
forming the accelerated aging experiments, one also obtains the dis-
tribution of failures in time for a given temperature or, alternatively,
in temperature for a given time. It is found that these distributions
have the same shape, i.e., log normal in time* and normal in tempera-
ture, for all transistors and diodes. The widths of the distributions do
not change with temperature for a given device type, that is, for fixed
design and manufacturing procedure. This uniformity of failure distribu-
tion gives further confidence that raising temperature is accelerating a
failure mode characteristic of the product.

Knowing the variation of median life with temperature and the dis-
tribution of failures in time for a fixed temperature, it is possible to
derive a more useful plot for the systems designer, that of failure rate
against temperature as shown in Fig. 4. The points are for the older
transistors from the previous figure. A straight line is observed in the
plot of 1/T against log failure rate. Extrapolating the line to room tem-
perature, one would predict a failure rate of 10 per 10° hours for these
transistors. The prediction of a failure rate of 10 per 10° hours from
the acceleration curve of Fig. 4 is, however, liable to be optimistic be-
cause there is no guarantee that the curve does not dip below the straight
line for times greater than the longest at which a measurement was
made. There is no guarantee that in raising the temperature we are

* This is an example of a component that in the region of low failure rate does
not exhibit the exponential failure distribution usually assumed.
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accelerating all the failure mechanisms or even a guarantee that we are
accelerating the most important failure mechanism at operating tem-
peratures. For example, although one might expect that raising the
temperature would increase the rate of reaction between the germanium
surface and any water vapor inside the transistor can, one has no rea-
son to suspect that elevated temperature would affect the oeccurrence
of a short-circuit caused by a metal chip falling between emitter and
base contact.

The accelerated aging curve, when extrapolated to room tempera-
ture, indicates the potential reliability of the design, and in the final
analysis one must depend upon laboratory tests or field experience
under operating conditions. The triangle on Fig. 4 shows the failure
rate observed in the field trial of a new system using about 40,000 of
these same transistors for about 10,000 hours. It is encouraging that
the failure rate is only a factor of about 2 higher than that predicted
from accelerated aging, and particularly so since the system failure
rate includes failures due to mishandling and is for devices which were
subjected to no special selection. It is therefore reasonable to estimate
that the failure rate for these older germanium transistors, when prop-
erly handled and selected in a manner proposed for satellite use, would
lie somewhere in the neighborhood of 10 to 20 per 10° hours.

The line through the squares in Fig. 4 is the accelerated aging curve
for the more recent Western Electric product. Note again that there is
a substantial improvement. The accelerated aging curve for recent sili-
con transistors and silicon diodes does not differ significantly from that
for germanium transistors. With such an improvement in the reliability
potential of the produet, and with careful pre-aging and selection, one
is confident that failure rates substantially lower than 10 per 10° hours
are now achievable and that they may well be lower than 1 per 10?
hours. However, complete confirmation of this prediction will have to
await results of field trials.

The acceleration curves serve to emphasize the importance of con-
servative circuit design in the achievement of high reliability. Tt is seen
from the slope of the curves that failure rate increases very rapidly
with temperature. It is therefore important that power dissipation in the
device be maintained sufficiently low that temperature rise above am-
bient does not impair reliability. Tt is equally important that the am-
bient temperature be maintained at a suitably low value.

4.2 Traveling-Wave Tubes

Fig. 5 is a photograph of the traveling-wave amplifier under develop-
ment at Bell Telephone Laboratories for use in experimental communi-
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Fig. 5 — Traveling-wave amplifier under development for satellite use.

cation satellites. Table III lists the more important characteristics of
this tube. Before discussing the performance and reliability of the
M4041 satellite traveling-wave tube, a few words are in order on the
reasons for selecting traveling-wave tubes to provide the output power
in the satellite. Tt would appear that if a solid-state device could pro-
duce several watts at a few thousand megacycles, it would be, because
of its small weight and potential reliability, an obvious choice over the
traveling-wave tube. To date, however, schemes for generating power
at several thousand megacycles using solid-state devices — harmonic
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TasLe III—SarevLite Tuse CHaracTERISTICS M4041 (7/7/61)

Operating point 0 dbm input satu-
rated output

Output power (minimum) 3.5 w
Gain (at saturation) 35.5 db
Gain (low level) 41 db
Anode voltage 1770 volts
Helix voltage 1540 volts
Collector voltage 740 volts
Cathode eurrent 17.0 ma
Cathode current density 85 ma/em*
Collector power (inelud- 125 w

ing helix and anode)
Heater power 1.5w
Weight 7.1 lbs.

generators, for example — operate at efficiencies very much lower than
that of a traveling-wave tube, even when heater power is included. The
weight of the additional solar cells needed to provide power for the
solid-state device would more than offset the decrease in weight from
that of a traveling-wave tube. The weight penalty for extra power is
particularly severe for satellites subject to Van Allen radiation, where
account must be taken not only of the weight of the solar cells and
their mounting but also of the necessary proteetive covers. The higher
gain of the traveling-wave tube gives it a distinet advantage over other
tubes such as ftriodes, which would require at least two stages and,
through consequent loss of efficiency, lead again to greater over-all
weight. The high efficiency of the traveling-wave tube results from the
distinet separation between the microwave interaction region and the
beam formation and collection regions. After the microwave interaction
takes place, the beam is allowed to enter a region of retarding field, where
the beam is slowed before colleetion. This is usually done by depressing
the collector voltage below that of the helix, as shown in Fig. 6. Since
very little current is intereepted on the helix and the anode, the input
power is very nearly proportional to the collector voltage. By depressing
the collector voltage, efficiencies as high as 39 per cent have been
achieved and 36 per cent is typical. When the power required by the
cathode heater is included, this value falls to typical value of 31 per
cent. A second effeet of collector depression is that ions generated be-
tween the anode and the collector will flow to the collector and not to
the cathode. This results in a substantial decrease in the possible ion
current bombarding and consequently damaging the cathode.

The traveling-wave amplifier for a satellite must be a new design in
order optimally to meet the specific needs of the system. With any



650 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

CATHODE ANDE\'E HEll_IX COLLEICTOR
I

] ! I

1 1

| |
J ! —_

|

VRV RV V.V VR RV VAL

GROUND Vi +100V VH ~LVH

Fig. 6 — Traveling-wave tube circuit with depressed collector.

reasonable time scale, it is not possible to carry out a long-term evalua-
tion of tube life, nor is it possible to do shorter experiments on very
large numbers of models as is done with semiconductor devices. It is
therefore necessary from the viewpoint of reliability to employ a design
closely derived from experience gained with previous tubes and to
utilize a “pedigree” approach in the assembly process. These earlier
tubes include the pentodes used in telephone submarine cables,® the
traveling-wave tubes used for microwave transmission at 6 kme’ and
the rocket-borne traveling-wave tube used in a Bell Telephone Labora-
tories missile guidance system.® The salient features of these tubes are
discussed in the next few paragraphs.

The submarine cable tube, the 175HQ, was the first tube designed
to meet long-life reliability requirements somewhat similar to those
encountered in satellite work. The failure pattern for this tube was
found to agree with that shown in Fig. 1. The dominant wear-out
mechanism in this case was determined to be the deactivation of the
cathode, an effect which increases rapidly with increasing ecathode tem-
perature. Design information was developed which permitted the choice
of a cathode temperature low enough to insure the desired life of the
tube. The techniques of quality eontrol to eliminate manufacturing
freaks, and of life test and selection to insure the minimum random
failure rate, were used extensively on this tube. As a result, the tubes
that have been manufactured and put into operation in submarine
cables easily meet the systems requirements. For example, Iig. 7 shows
the accumulated tube life of the tubes in operation to date in submarine
cables. There are now over 1600 tubes in such operation, some for as
long as five years, with an accumulated life of 49 million tube-hours and
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no failures. It is on the basis of this evidence that it is believed possible
to make long-life tubes and, in particular, to eliminate failure due to
cathode deactivation.

The second tube of interest is a 6 kme traveling-wave tube used as a
ground-based microwave repeater, the M1789, now the WECo 444A.
This traveling-wave tube was the first designed by Bell Telephone
Laboratories specifically for long life, and it used many of the design
principles and many of the selection techniques developed for sub-
marine cable tubes. This tube also was designed to operate with a de-
pressed collector. A little over four years ago, twelve of these tubes
were placed on life test at their normal operating power of 5 watts.
Table IV shows the accumulated hours on each of these tubes as of
May, 1961, at which time there had been no tube failures. On the basis
of this experience and the fact that the satellite traveling-wave tube
has been designed to have a substantially lower cathode loading and
cathode temperature than the 6 kme tube, the satellite tube has an
expectation of a life considerably in excess of four years.

The third tube is a traveling-wave tube designed to operate in the
Bell Telephone Laboratories Command Guidance System, the M1958,
now the 7116. In this system, the rocket to be guided contains a re-
ceiver, decoder and transmitter. There is a component count approxi-
mating 1000, including one traveling-wave tube. This system has been
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TasLE IV—M1789 TravELING-WAVE TuBe Lire Test

Tube Number Accum;l}t:}glil Hours
BC-856 39502
BC-1342 39630
BC-1363 30319
BD-14 39256
BD-660 39401
BH-69 39256
BH-208 33994
BH-413 37813
BH-464 36840
BH-559 35394
BS-41 36615
BS-102 34352

used in the guidance for about one-third of the U.S. satellites now in
orbit. Tt was used, for example, with Echo I and with the three Tiros
satellites. There have been to date over fifty successive firings using
this guidance package with no failure. Since the guidance system needs
only to operate for a few minutes, it gives us litfle information on long
term reliability. However, since it not only must survive launch but
must also operate during launch, this performance is a very potent
demonstration that traveling-wave tubes can be made rugged enough
to withstand the strains of launch. It further demonstrates that an
electronic system containing roughly the number and kind of compo-
nents needed in an active satellite can also survive launch.

To summarize, then, it is known from experience with the submarine
cable tube and with the microwave relay tube that traveling-wave
tubes can be designed with a life expectancy considerably in excess of
four years. The performance of the guidance tube demonstrates that
techniques are available for making a traveling-wave tube sufficiently
rugged to withstand launch.

4.3 Solar Cells

Communication satellite designs for the immediate future rely on
silicon solar cells as the prime source of power. These cells will be sub-
ject to radiation in the Van Allen belt,® which consists of electrons with
substantial densities at energies up to 1 mev and protons at energies
as high as 100 mev. [ig. 8 is a map of the Van Allen belt on a plane con-
taining the earth’s magnetic axis. There is a peak in the electron intensity
at an altitude of about 2000 miles, and a second peak at about 10,000
miles with a substantial density of electrons at intermediate altitudes.
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The protons, which are much less numerous, have a distribution which
also peaks at around 2000 miles and falls off in some undetermined
manner to negligible values beyond 10,000 miles. Bombardment of
solar cells with particles of such energy results in a continual decrease
of power output with time, at such a rate that this degradation could
result in the failure of the power supply within the desired life of the
satellite. Here then is an example of probable failure due to wear-out,
in which case it is particularly important both to understand the mecha-
nism of wear-out and to design the devices to minimize the effect. In
this section, we discuss the effects of Van Allen belt radiation on solar
cells, the means of designing cells to minimize the effects, and the pre-
dicted performance of such specially designed cells.
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As shown in Tig. 9, a solar cell typically consists of a slice of n-type
silicon with a thin p-type layer on one surface and contacts made to
both surfaces. When light falls on the p-type surface, the photons pene-
trate the silicon to depths dependent upon their wavelengths and are
absorbed with the creation of free carriers, hole-electron pairs, in the
gilicon. The free carriers created in response to the longer wavelength
light are created deeper in the material. Some of the carriers move to
the junction, and in crossing the junction create a current flow in the
external circuit. Thus an illuminated solar cell is a source of electric
power and has a voltage-current characteristic typically as shown in
the figure.

In discussing the optimum design of solar cells, it is convenient to
divide the generated carriers info two classes, namely those that are
generated in the body of the material beneath the pn junction, and
those that are generated in the surface layer above the pn junction.
Those generated beneath the junction will reach it only if they are
generated within a distance called the diffusion length, that is, the
distance that generated carriers may move in the material before being
annihilated by recombination. The diffusion length is a property of a
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Fig. 9 — Solar cell construction and typical voltage-current characteristic.



COMPONENTS FOR SATELLITES 655

particular material and depends critically upon its perfection and purity.
Tor a solar cell to have the maximum efficiency, this diffusion length
should be as long as possible in order that effectively all carriers gen-
erated beneath the junction may reach the junction and contribute to
the output current. A somewhat different situation exists for the carriers
generated in the surface layer. This layer is usually quite thin compared
to a diffusion length. However, the surface of the semiconductor acts
as a sink for earriers and thus competes with the junection for earrier
collection, The net result is that the efficiency for collection of carriers
generated above the junction is less than that for carriers generated
below the junetion. It is therefore desirable to minimize the thickness of
the surface layer.

The perfect solar cell therefore would have a zero thickness of surface
layer and an infinite diffusion length. A zero thickness surface layer,
however, would lead to infinite series resistance. Obviously a compro-
mise is necessary. Fig. 10 shows the distribution of carriers generated
in silicon in response to sunlight. The plot gives the percentage of car-
riers generated beyond the value of the abscissa. It is seen that about
75 per cent of the carriers are generated below 1 micron depth, and
that for a junction depth about 1 micron, essentially all the carriers
are generated below the junction.

When high-energy electrons or high-energy protons are incident on a
silicon solar cell, they create loeal disorder in the crystal which results
in a steady decrease of diffusion length with time. A simple theory for

100

80

PER CENT
]
o
T

'
o
T

20

|
1 10 20 30 40
DEPTH IN MICRONS

Fig. 10 — Distribution of free carriers generated in silicon in response to sun-
light.
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the degradation of diffusion length predicts that the diffusion length L
should depend on the total flux @ of electrons or protons according to
the equation:

1

12
where Lo is the value of the diffusion length before irradiation and K is
a constant for a given energy of particle and for a given semiconductor.
Hence, for large enough radiation fluxes, the diffusion length is in-
versely proportional to the square root of the flux. Fig. 11 shows a plot
of diffusion length versus flux of 1 mev electrons. The experimental
points were obtained by measuring the diffusion length in silicon after
successive exposure to 1 mev electrons from a Van de Graaff generator.
The line on Fig. 11 is a two-parameter fit of (3) to the experimental
data. Similar results are obtained for proton bombardment.

As the diffusion length in a solar cell decreases with exposure to
radiation, fewer and fewer of the carriers generated deep in the silicon
are collected at the junction. Thus, the power output of the solar cell
decreases. Since, as pointed out earlier, the depth of generation increases
with the wavelength of light, the solar cell degrades initially by loss of
response to the longer wavelength, i.e., the red light. This fact has a
number of implications for the design of solar cells for use in the Van
Allen belt. Firstly, since it is the blue response that is likely to be main-
tained, and this response involves the carriers generated closest to the
surface, it is most important for satellite solar cells that the junction
depth be minimized. Secondly, it is important that any antireflective

1 ;

2
2
110
T
o s
z
w
a
z
<]
lg 2
i
w
o
10
5 ! ] ! | |
2 5 2 5 2 5
102 104 1018 10'8

IMev ELECTRON FLUX,CM™2
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coating be optimized for blue light, not for red. Initial good response to
red light, which calls for long diffusion length, becomes of lesser im-
portance.

It has been found by several investigators that the decrease of diffu-
sion length in response to electron and proton bombardment is less
rapid in p-type silicon than it is in n-type silicon.!9 For this reason, cells
for satellite use are preferably made with a thin n-skin on a p-type
body rather than the other way around. Tig. 12 is a schematic diagram
of a solar cell designed at Bell Telephone Laboratories and incorporat-
ing the features just discussed.! It is made on a p-type silicon body
with an n-layer } micron thick. In order to produce such a thin layer
with good properties, it is necessary to minimize surface damage. For
this reason the surface used is given an optical polish. Such a thin layer
tends to have high sheet resistance and ecalls for many contact fingers
to minimize the effect of series resistance. Finally, the cell is given an
antireflection coating of thickness designed to optimize the response to
blue light.

Having designed a cell to minimize the effects of radiation damage,
it is then necessary to consider what, if anything, can be done to shield
the cells from the radiation. In the case of electrons, substantially all of
which have energies of less than 1 mev, such shielding is practical using
materials like quartz or sapphire. IFig. 13 shows the measured degrada-
tion of the short-eirenit eurrent of variously shielded solar cells after
electron bombardment corresponding to increasing time in the Van
Allen belt. The shield thicknesses are represented as g/em? It is seen
that over the range for which the measurements were made — which
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Fig. 12 — Structure of Bell Laboratories solar eell for satellite use.
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was equivalent to two years in the Van Allen belt — the effect of elec-
trons was eliminated by the use of 0.3 g/em? of shielding. Shielding of
protons, which are much more energetic, would require intolerable
weights of material. However, the 0.3 g/em?, which eliminates the elec-
tron damage, does provide some reduction in the proton damage.

Fig. 14 is a plot of the anticipated power output of the solar cells
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shown in Fig. 12 as a funetion of months in the heart of the Van Allen
belt. The curves were obtained by estimating the densities and energy
distributions of electrons and protons in the Van Allen belt and subject-
ing the cells to electron and proton bombardments simulating Van Allen
conditions. There may be considerable errors in the estimation of Van
Allen radiation and, as a result, the time to a given degradation may
well be in error by a factor as great as 3. It should further be noted
that the curves have been calculated for the case of a satellite that
spends all its time in the Van Allen belt, and this is certainly pessimistic.
A satellite in a circular polar orbit, for example, would spend approxi-
mately § of the time in the Van Allen belt.
The most significant feature of the curves in Fig. 14 is that the plot
of power output per solar cell versus log time is approximately linear
- after initial degradation. This dependence is consistent with the antici-
pated variation of diffusion length with flux, Fig. 11, and the distribu-
tion of carriers generated in the silicon, Fig. 10. The degradation with
time becomes progressively less severe at longer times. Thus, for the
case of 0.3 g/em? protection, the output after 10 months has dropped
from an initial value of 24 mw to about 16 mw while at the end of 100
months it has dropped further only to 11 mw. This additional decrease
in power output for a factor of 10 inerease in time could be compen-
sated for by a 50 per cent increase in the number of solar cells. It appears
then that provided there has been no gross underestimate of the nature
and effect of the Van Allen belt radiation, solar cell power can be pro-
vided for a design life of five years and that the design life could be in-
creased without excessive penalty. The curves also illustrate the design
choices that can be made in selecting the mass of front protection. It
is seen that for a given power output per cell, a factor of 3 increase in
weight of protection yields about a factor of 5 improvement in life,
However, the same improved life for a given power output could be
achieved by retaining the lighter front protection but increasing the
number of cells by-30 per cent. Just which is the best design of front
protection thickness will depend on the particular satellite under con-
sideration, For the case of the experimental satellite being designed at
Bell Telephone Laboratories, a front protection consisting of 0.3 g/em?
of sapphire was found to be the best choice. Fig. 15 is a photograph of
some solar cell modules with and without the sapphire protection.
The solar cell is yet another example of a component which ean give
adequate life performance only if the component is properly designed
and used conservatively. In this case, conservative use involves paying
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Fig. 15 — Photograph of solar cells, without protection (center) and with
sapphire shields.

the weight penalty of sufficient radiation protection and increasing the
number of solar cells to allow for some inevitable loss of power output
per cell in response to radiation.

V. CONCLUSIONS

Returning to Table I, it is seen that the failure rate of 20 per 10°
hours chosen for transistors in case I is probably a conservative figure.
This degree of reliability has already been observed in the field on older
devices that did not have the benefit of more recent design improve-
ments and that were not life tested, selected and carefully handled as de-
vices would be for satellite use. With proper selection and handling
care, these older devices would almost certainly meet the requirements
for case IT and possibly for case III. The results of accelerated aging of
the newer product lead to predictions of at least one order of magnitude
improvement in transistor relinbility. Assuming that at least some of
this improvement will be realized under operating conditions, one ex-
peets that transistor performance is adequate for case III. The relia-
bility of diodes, which approximates that for transistors, is similarly
adequate for case 111, Should transistor and diode failure rates indeed
turn out to be in the region of one per 10° hours, then more complex
satellites could be designed with life expectancy much longer than five
years.
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It further appears that traveling-wave tubes can be made that will
survive launch and should not limit the life in orbit. Finally, even under
the most pessimistic assumptions as to the nature of the Van Allen
belt, solar cell power plants can be provided, at a weight penalty, to
meet the required life. More precise design of solar cell power supplies
will only be possible when more precise and extensive data are availa-
ble on the nature of the Van Allen belt.

Adequately reliable communication satellites can therefore be made,
provided they incorporate components of proven integrity which are
used in a conservative design. The use of components of proven in-
tegrity involves expense for high-quality design, careful manufacture
and painstaking selection. The use of such components does not permit
the performance advantages that might be gained with use of develop-
mental components. In the final analysis, conservative design leads to
more weight per given funetion. Typieal examples are the increased
weight of a rugged traveling-wave tube, the weight of solar cell protec-
tive covers, the weight of additional solar cells to allow for the inevitable
degradation in the Van Allen belt, and the additional weight of cir-
cuitry designed with ample margins.

Hence, limitations of weight in orbit and requirements of long life in
orbit both result in a limit on the complexity of the satellite. Communi-
:ation satellites in the immediate future must be simple. As higher com-
ponent reliability is demonstrated and as improved vehicles permit
greater payloads, so can the complexity of the satellites increase.
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Automatic Stereoscopic Presentation of
Functions of Two Variables

By BELA JULESZ and JOAN E. MILLER

(Manuscript received September 21, 1961)

Spatial models of functions of two variables are often a valuable rescarch
tool. Nomograms and artistic relicf drawings in two dimensions are diffi-
cult lo prepare and still lack the direct impact of a spatial object. It has been
demonsiraled (see Ref. 2) that objects with a randomly dotted surface permit
the determination of binocular parallax and, thus, can be seen in depth even
though they are devoid of all other depth cues. This random surface presenta-
tion has the advantage that the random brighiness points can be evenly and
densely placed, whereas the classical contour-line projection at equally
spaced heights may leave emply spaces between adjacent contour-lines. A
digital computer is used to generate the three-dimensional image of a given
z = [ (x, y) function and to wrap its surface with points of random bright-
ness. The stereo projections of the function are obtained and, when viewed
stereoscopically, give the impression of the three-dimensional object as being
viewed along the z-axis. The random surface prevents the accumulation of
clusters of uniform regions or periodic patterns which yield ambiguities
when fused. Two stereo demonsirations are given of surfaces obtained by
this method.

I. INTRODUCTION

Pictorial representations and visual displays are invaluable aids in
conveying scientific or technical information. In particular, the problem
of presenting three-dimensional data is of interest both from the stand-
point of its wide range of applicability and the diffieulty involved in the
production of such representations.

The methods usually employed to present funetions of two variables
in the fields of applied mathematics, engineering, cartography, etc., fall
into two categories: 1) two-dimensional and 2) three-dimensional dis-
plays. The first has the obvious advantage of being suitable for the
printed page, thus permitting a wide circulation for the information so
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presented. The techniques of nomography, orthography, isarithmic
(contour line) representations (see Fig. 1) and relief drawings (see Fig,
2) belong to this category and are widely used despite the expense and
difficulty in their preparation. However, the greatest objection is perhaps
the failure of such displays to mateh the capabilities of human observers,
who are equipped to perceive a three-dimensional object in depth. The
second category — that of spatial models or sculpture — answers this
objection, but these models are usually much too difficult to execute and
much too limited in their applicability.

There is, therefore, a need for a technique which a) eliminates the
tedious effort required of draftsmen in producing such displays, b)
presents displays complete with the spatial effects inherently belonging
to three-dimensional objects and appreciated by human observers, and
¢) generates displays suitable for the printed page. This first requirement
has already been met for two-dimensional representations by the de-

Fig. 1 — Isarithmie (contour-line) drawing (Example 1).
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Fig. 2 — Reliel drawing (Example 1).

velopment of oscilloscopice displays which automatically project onto
the sereen of the oscilloscope the object surface defined by one dependent
voltage and two independent voltages.! The second and third require-
ment, however, seem of particular interest, and therefore this paper
discusses a method employing a computer to make stereoscopic presenta-
tions of functions of two variables.

II. METHOD

The technique to be deseribed here may be outlined as follows: the
three-dimensional image of a given function z = f(x,y), which is sup-
plied as a table of corresponding x, y and z values, is stored in a digital
computer. The computer is programmed to generate a stereo picture
pair which, when fused, gives the subjective impression of the three-
dimensional object as being viewed along the z-axis perpendicular to the
base plane of x and y. This procedure for obtaining the stereo projections
of an object can be considered in three parts: 1) defining the function to
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be presented as a three-dimensional object, 2) “wrapping” the object
with a textured surface, and 3) generating a stereo pair by taking proper
projections of the object.

In practice, the variables z, y and z must be evenly sampled with a
given resolution. Therefore, the object can be defined only by approxi-
mation, and the various approximations differ in their fine structure.
The classical method is the contour-line approach shown in Fig. 3(a)

XL —
(a)
z
| | | | | 1 | 1 1 | | | | | | | | 1 |
X —
(b)

Fig. 3 — (a) Surface definition with even z-axis quantization (contour lines);
(b) surface definition with even z, y plane quantization.
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Here the z values are quantized into equal levels, and to any such z
level the corresponding x and y values are taken (rounded to their
nearest sample). This approximation yields uniformly distributed z
values but uneven coverage of the x and y values. If the surface rises
sharply toward the observer, the (r,y) points become densely packed,
whereas if the surface becomes flat, these points become farther apart,
resulting in gaps. Another possible approximation is shown in Fig. 3(b).
Here the evenly sampled x and y values are taken and the corresponding
z values are determined and rounded to their nearest sample. Hence, the
surface to be digplayed is defined by a dense covering of points obtained
by projection up from the base plane. This second method of approxima-
tion is chosen since the object is to be viewed from above, and since the
dense covering will result in efficient use of the available stereo picture
area. In the case of multiple-valued functions or several functions con-
sidered in one display, the projection is made onto the maximum z value,
which is the point closest to the observer.

The surface of the object is thus defined but in a rather abstract sense.
In order that the object be visible, brightness values must be assigned
to every surface point. The use of identical brightness values for all
points would yield a surface of homogeneous texture when viewed per-
pendicular to the base plane. Such a surface would have no patterns,
shadows, or brightness changes due to different angles of reflection; that
is, it would have neither monocular nor binocular depth cues and thus
would be inappropriate for the purpose. Therefore, to obtain depth cues
each point must be printed at varying brightness levels. It has been
shown? that stereo picture pairs comprised of points of random bright-
ness and thus devoid of all cues except binocular parallax can be per-
ceived in depth when fused. Therefore, it is sufficient to assign randomly
to each point (x,y,2) a brightness level. The brightness selection on a
random basis is a simple procedure, eliminating any consideration for
appropriate monocular cues, and has the further advantage of avoiding
periodicities and regions of ambiguities. That is, a point domain seen by
the left eye may be fused with any periodically repeating domain seen by
the right, if such exists, thus producing confusion as to the correet binoe-
ular parallax. Therefore, random brightness patterns are used to produce
unique point domains which can be fused unambiguously. The question
of how many brightness levels to use in the random selection is answered
by the requirements of the system of output to be used. However, the
use of few levels increases the probability of occurrence of any one level,
and clusters of points of equal brightness can produce areas of indetermi-
nate depth on the surface to be viewed. For a photographic output proce-
dure requiring a small number of levels, it would be desirable, therefore,
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to apply rules to the random selection which would prevent these
clusters. Also, a useful monocular eue could be provided by regulating
the oceurrence of certain brightness levels in a manner dependent upon
the z-level of the point domain. Thus, there are many possible refine-
ments to the basic procedure of giving texture to the surface by ran-
domly assigning brightness levels.

The object has been defined and its surface has been invested with
brightness levels, albeit random and uninformative when viewed mon-
ocularly. It remains now to produce a stereo pair in which the point
domains are given the proper parallax shift. The calculations for two
such pictures follow the simple formulas for projection, which are shown
in Fig. 4. The center of projection is considered at a distance H from the
base plane of the object. The centers of projection for the stereo picture
pair are separated by a base distance B and are positioned symmetrically
about the z-axis. The plane of the pair is at a distance F' from the centers
of projection. The projections for each point (x,y,2) of the surface where
2 = f(z,y) onto the left and right members of the pair are then given hy
the relations

B F B F

and

F‘
=Yg,

Yr = Y

The total parallax for the point (z,y,2) is seen to be A = BF/(H — 2)
and is shared equally by the two pictures.

It should be pointed out that binocular parallax alone constitutes
only the perception of relative depth. Without other depth cues it is
not possible to determine absolute depth when fusing the pair obtained
by the above projections. That is to say, the perceived z-scaling, which
is some monotonic function of A = const./(H — z), is obtained by some
arbitrary selection for the value H. (In stereoscopic viewing the sup-
plementary depth cues determine the absolute distance of the plane of
the stereo pictures from the observer, which is subjectively substituted
for H.) If the function A = const./(H — 2) is used, the parallax shifts
will be similar to those experienced by the human optical system and
thus will give rise to familiar percepts of z-scaling. Inasmuch as the
perceived depth is some monotonic function of the binocular parallax,
which is in turn a monotonic function of the height of the surface, it
suffices to choose any monotonie function A = f(z). I'or example, if the
range of z is limited, the function A = z gives a good approximation to
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Fig 4 — Projection of an object onto a stereo pair.

the projection of Fig. 4. This function merely provides a different sub-
ective z-sealing. If a numerical z-scale is provided, which can be per-
ceived in depth together with the surface to be presented, and if both
are generated according to the same projection rules, then the problem
of a correctly labelled stereoscopic projection is solved.

Consequently, the parallax shift can be computed, having selected a
function A = f(z), which gives a new position to each point, and an
identical brightness level can be assigned at random to the corresponding
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points in the left and right fields. The stereo pair then results by use of a
suitable output medium, that is, a video transducer in which the z,y
positions correspond to the deflection, and in which the brightness values
correspond to the intensity of the beam in a cathode-ray tube display.
Inasmuch as a digital system is used, the video transducer generates a
sampled display. Since the projection can produce expansions and con-
tractions of point domains on the surface or parallax shifts which are not
integral multiples of the sampling intervals, over-sampling is required.
This, however, results in great strain on the storage capacity of available
computers and on the resolution requirements of video transducers.
Therefore, it is necessary to make compromises by trading resolution in
object definition for resolution in depth. In the present state of tech-
nology, however, there are devices available which will satisfy this
requirement.

IIT. INSTRUMENTATION

The above steps were carried out by quantizing the base plane into
10,000 points with the scale on the x and y axes running from 1 to 100.
An IBM 7090 computer was used to generate an array of corresponding
values z = f(2,y) and to assign a random number designating the bright-
ness for each of the points. For simplicity, the function A = 2z was chosen
for the parallax shift instead of the geometric projection and was ap-
plied in the z-direction only. That is, the coordinates of the point x,3
in the left and right pictures were

=2+ 2/2 T =1 — 2/2
and
Yo = Y Yr = Y.

This corresponds to projecting the stereo pair with a eylindrical lens,
the axis of which runs parallel to the y-direction. This position and
brightness information was then written on digital magnetic tape and
put into a General Dynamics 8-C 4020 microfilm printer, which served
as the output device for the stereo pair. Different brightness levels were
achieved by randomly employing each of the sixty-four type characters
available on the microfilm printer. The variation in density of each of
the characters gave sufficient variation in brightness level and provided
an efficient means for plotting brightness information. The grid size of
the microfilm output was 1024 x 1024 and provided, therefore, an
oversampling of ten to one for the chosen picture size. This oversampling
gave enough stereo resolution for most applications. In order that the
type characters did not overlap and totally obscure each other, the
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maximum shift permitted between two points was taken to be six micro-
positions. This limited the total parallax shift to twelve units. That is,
the maximum angle of rise between two points on the surface which could
be displayed was approximately 85°. The total range of the surface was
further restricted by the locations of the peaks and valleys relative to
the side boundaries of the grid. For the examples to be shown, a scaling
on the z-values of about 60 levels running from —30 to 430 was chosen.

An alternative semi-automatic method of output using an optical
system was also investigated. This technique resulted in the production
of a solid model of the surface to be displayed, which was then photo-
graphed by a stereo camera to obtain the desired picture pair. The model
was prepared in layers by printing the points belonging to each of the
quantized z-levels on transparent glass slides as black and white dots.
The slides were then stacked together in register to form a solid cube,
where the width of the glass plates determined the scale factor for the
z-axis. The prints for each level were obtained by writing the picture
information on magnetic tape in digital form as computer output and
by using a digital-to-analog converter and a slow-speed television moni-
tor to produce oscilloscope displays, which were then photographed.?4:5
A secure mounting of the stack of glass slides in which the entire stack
remained transparent was achieved by making an air-tight seal between
each plate with a polyester resin having an index of refraction suffi-
ciently near that of the glass.* This technique results, therefore, in a
stereo pair in which the parallax shift corresponds to the geometric
projection, and furthermore, gives rise to a solid model which is a de-
sirable by-product.

IV. RESULTS

Example 1, generated and displayed automatically, is shown in Fig, 5,
and can be perceived in depth when viewed stereoscopically. Viewing
may be facilitated by use of Fresnel lenses accompanying the article
cited in Ref. 2. The following three surfaces are presented:

1) the hyperbolic paraboloid,

x—50)‘-’_(y—50)2_z_
30 20 /) " 30°

with saddle point at (50, 50, 0),

* The slide mounting techniques were developed by R. A. Payne of Bell Tele-
phone Laboratories.



Fig. 5 — Automatic stereoscopic presentation of a function (Example 1).
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2) the elliptical paraboloid,

v — 50\, (y — 79\ _ —(z—20)
(m)+(20)_ 50 2

with vertex at (50, 79, 20), and
3) the torus,

(V(x = 50)* + (y — 50)2 — 42)" + & = 6",

centered at (50, 50, 0) and having a radius of 6. (Conventional two-
dimensional displays of Example 1 were given in Figs. 1 and 2.)

The reduction required for reproducing the stereo pictures here has
made the resolution of individual type characters very difficult. For
this reason, a presentation in depth of the numerical z-scale was omitted.
However, a very effective display can be achieved, including the z-scale,
by using a larger picture size.

In Iig. 6 the same surface is displayed by the optical method. Two

Fig. 6—(a) Semi-automatic stereoscopic presentation of a function (Example
1): (b) same as (a), but with increased z-axis scaling,
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views are presented to show that variable scaling on the z-axis is possible.
The amount of depth is determined by both the width of the glass
plates and the base distance between the two lenses of the stereo camera
(or distance between two positions of a single-lens camera). Fig. 6 (b)
was produced with greater base distance, and consequently the surface
has greater stretching in the z-direction. The numerals on the right edge
of the displays indicating the z-levels were applied to the appropriate
slides by hand and were not generated as picture material. It will also
be pointed out that in this method, the points of the two pictures are
more clustered and less uniform in distribution. This demonstrates the
expanding and contracting of point domains produced by the trans-
formation of projection and provides a helpful monocular cue. All dis-
plays are far more evenly filled with brightness elements, however, than
if the contour-line method had been used.

Example 2 shown in Fig. 7 is that of a spiral given by the parametric
equations

x = pcos @+ 50.5

y = psin § + 50.5

™
with
06 = b
15
=50 — —4.
= 27

This presentation is another display from the microfilm printer, illustrat-
ing the procedure in its completely automatic form. Approximately one
minute of time is required to generate and display the stereo informa-
tion.

V. SUMMARY

A method for automatically presenting three-dimensional information
in depth has been described. The advantages are threefold in that (7)
such presentations make possible displays which are very difficult if not
impossible to obtain by other means, (#) they carry the spatial impact
enjoyed by human observers, (777) and they are suitable for the printed
page. The technique has been outlined in three steps: definition of sur-
face, texturing of the surface with brightness elements, and generation
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of stereo projections of the surface. By use of digital computers and the
special-purpose output devices now available, this procedure can be
carried out in a completely automatic fashion, thus making possible a
simple and effective demonstration of three-dimensional data.
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Maximization of the Fundamental
Power in Nonlinear Capacitance

Diodes

By J. A. MORRISON

(Manuseript received October 6, 1961)

In this paper we consider the problem of determining the maximum
fundamental power in a monlinear capacitance diode, when the charge
waveform has a given periodicity and (i) varies belween prescribed mavi-
mum and mintmum values, (12) has a preseribed maxvmum and a pre-
seribed maximum slope. Under () the maximum obfainable fundamental
power 1s first determined. The charge waveform is then further restricted to
contain no higher than second harmonies, so that the diode is being used as
a frequency doubler, and the maximum power transfer is determined. The
maximum power transfer is also determined under (i1). Particular diodes
considered are the abrupt-junction and the graded-junction ones, with oper-
ation in the forward conduction region being permitted.

I. ENGINEER'S SUMMARY

This section of the paper is a summary which stresses some of the
contents of the introduetion and summary that follow. It is hoped that
this will make it easier for the engineer who is involved in parametric
amplifier and varactor design to deduce the relevant applications of the
results contained in this paper.

In the first instance it should be emphasized that an idealized problem,
based on a mathematical model, is considered. The nonlinear capacitor
is assumed to be isolated from any external circuits, and we do not dis-
cuss how the power is fed into or taken from the deviee. Clearly there
will be some power lost in the external circuit, and the maximum ob-
tainable fundamental power determined in this paper is only a theoretieal
maximum, but it would seem to be worthwhile to understand this
theoretical maximum. When the maximum power transfer from the
first to the second harmonie is considered, the charge waveform, and

677
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hence the current, giving this maximum is determined. Clearly there is
some relative phase between the first and second harmonies in the cur-
rent, and the reactance of the output cireuit must be adjusted so as to
obtain this relative phase.

Tt is also important to stress that some of the results obtained hold
for a general, i.e., arbitrary single-valued, voltage-charge relationship,
and are accordingly applicable to any particular such voltage-charge
relationship in which the engineer may be interested. We have, for
simplicity, considered just the abrupt-junction and the graded-junction
diodes as special eases, and have idealized the voltage-charge relation-
ship in the forward conduction region, but other particular diodes can
be considered as special cases of the general results. We diseuss below
the results which are pertinent to the general voltage-charge relationship.

Firstly, we have derived the funetional form of the charge waveform
(of given periodicity and varying between prescribed values) which gives
the maximum power in the fundamental. The charge waveform is
composed (see (33) below) of intervals in which it takes on either the
maximum or minimum prescribed value, or else follows a certain curve.
The form of the curve depends on the voltage-charge relationship and
involves parameters which are functionals of the charge waveform
throughout the entire period, and hence are not known a priori. These
parameters have to be determined for each particular voltage-charge
relationship, by solving simultaneous transcendental equations. It is also
necessary to allow for finite jumps in the charge waveform, and (36)
below must hold at such a jump. Of course, a jump is not physically
realizable, since it would correspond to an infinite current, and this
makes it evident that the maximum is a theoretical one, quite apart
from losses in the external circuit. It does, however, provide an upper
bound on the maximum realizable fundamental power.

In view of the fact that the maximum fundamental power has to be
determined separately for each specific diode, we derive upper and lower
bounds for the maximum fundamental power, (11) to (13), which apply
to a general voltage-charge relationship. For a wide class, the ratio of
the upper to the lower bound is 1.54. It turns out that, for the particular
diodes considered, the lower bound is quite close to the actual value.
TFurther use is made of the charge waveform giving this lower bound,
when the power transfer from the fundamental to the second harmonic
is considered, subject to the charge waveform containing no higher than
second harmonics. A good approximation to the maximum power
transfer is obtained by taking the Fourier approximation, up to second
harmonies, and suitably normalizing so that the approximating charge
waveform has the preseribed maximum and minimum values.
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In connection with maximizing the power transfer from the funda-
mental to the second harmonie, we consider the diode to be a harmonic
generator, there being input power in the fundamental only. In order to
make the mathematical problem more tractable, it is supposed that the
entire output is in the second harmonie. Equations (18) and (19) simply
state that the maximum power output in the second harmonic, when
there is input power in the fundamental only, is not greater than the
maximum obtainable fundamental power without such restrictions,
and is not less than the maximum fundamental power when there is no
output or input power in the third and higher harmonies. It is assumed
here that the charge waveform is continuous. We have already discussed
the maximum obtainable fundamental power.

The problem of determining the maximum fundamental power when
there is no output or input power in the third and higher harmonies is
still not very tractable, without additional restrictions on the charge
waveform, and it is thus further supposed that the charge waveform
contains no higher than second harmonics. The maximum subject to
this additional restriction is obviously not greater than the maximum
without it. The significant point about this restriction is that there is
then no power output or input in the third and higher harmonies, what-
ever the voltage-charge relationship. We thus determine a canonical
representation of the charge waveform which contains no higher than
second harmonics and has preseribed maximum and minimum values.
By suitable choice of the time origin, this representation contains just
two parameters which lie in a bounded region.

Now, it is a straightforward matter to compute numerically the funda-
mental power for any given voltage-charge relationship and a given
charge waveform. The numerical maximization of this power with re-
spect to the two parameters in the above canonical representation is
also a straightforward process. Thus it is clear that the above procedure
has general applicability. We add that in the numerical maximization
process, the two parameters which give the approximating charge wave-
form (obtained from the charge waveform giving the good lower bound
to the maximum obtainable fundamental power) are used for starting
values.

Consideration is also given to the current-limited diode, in which the
charge waveform has a prescribed maximum value and a preseribed
maximum slope (corresponding to maximum current magnitude).
Again, we determine a two-parameter canonical representation for the
charge waveform containing no higher than second harmonies, and the
numerical maximization of the fundamental power, for any given volt-
age-charge relationship, proceeds along the same lines as in the previous
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case, except that we no longer have predetermined starting values for
the two parameters. Lack of space has prevented inclusion of the de-
termination of the functional form of the charge waveform which gives
the maximum obtainable fundamental power (without restriction on
the harmonic content of the charge waveform) in the current-limited
cage.

1I. INTRODUCTION AND SUMMARY

2.1 Introduction

We will be concerned with various nonlinear capacitance diodes, these
being characterized by a nonlinear voltage-charge relationship. Specific
examples are the abrupt-junction diode and the graded-junction diode,
which are composed of diffused p-n junctions. In the former case the
voltage difference, », across the diode is proportional to the square of
the stored charge (per unit area), ¢, i.e., v = ¢, while in the latter case
v « ¢}, provided, in both cases, that ¢ = 0, which implies that operation
of the diode does not take place in the forward conduction region. Now
as electric field strength and barrier width increase, ereation of electron-
hole pairs through secondary impact ionization by both holes and elec-
trons leads to avalanche multiplication, resulting finally in an effectively
infinite increase of current with added applied voltage, and this is termed
reverse breakdown. There is thus a maximum voltage v, , and a cor-
responding maximum value g¢max of the charge density (which may be
related to #max through the actual voltage-charge relationship), above
which it is not desirable to operate the diode.

We define the normalized voltage V7 and the normalized charge @ by

v

v="1; @=-L. (1)

Umux Qnuix

Hence the normalized voltage-charge relationships for the abrupt-junc-
tion and graded-junction diodes, operated in the region between forward
conduction and reverse breakdown, are

@?,  (abrupt)
@, (graded)’

It is also possible to operate the diodes partially in the forward condue-
tion region, corresponding to @ < 0. The voltage is not very dependent
on the charge in this region and as an idealization we may assume that
it is zero throughout. A physical restriction is placed on the maximum
possible current magnitude, in that the electron velocity is limited by

r

I
)
1A

(2)
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lattice scattering. Throughout most of our analysis we replace this
condition by a limitation on the minimum charge, so that

q ; Gumin = _’n(fImnx)- (3)
Thus, in the forward conduction region,
V=0, -m=Q =0 (4)

We do, however, give some consideration to the current-limited diode
in which, instead of (3),

[ 2] = fmax - (5)

We will consider charge waveforms that arve periodie in time, ¢, with
angular frequency w. We define the normalized time x and the normalized
current 1 by

T = wl; I = . (6)

Wlmax

Thus Q(x) is periodic in x with period 27 and, since ¢ = dg/dt,

¥ ;;i;’ = Q). 7)

The average real and reactive powers (per unit area) in the nth har-
monic, p, and r, , are given by

2 27 lw . 27w .
(pn + jra) = l)(w) (f { g e dt) (f g e (.Fz‘,) . (8)
4 m 0 ]

We define the normalized real and reactive powers in the nth harmonie,
P, and R, , by

y _ 20 (pa + )

walm.\ipllm.‘:

(P, + R, (9)
We will be concerned with the maximization of the real fundamental
power, under various conditions, and summarize the results below, We
note that P, is not affected by a time shift in the charge waveform, but
it is reversed in sign by a time reversal of the waveform.

2.2 The Marvimum Obtainable Fundamental Power, When the Charge
Waveform is Subjeet to Bounded Variation

The functional form of the charge waveform which, subject to the
restriction —m =< Q(w) = 1, maximizes the fundamental power, P, , is
found for the general voltage-charge relationship, V' = V(@). The
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specific form is determined for diodes of interest and the corresponding
value of max P, the maximum obtainable fundamental power, calcu-
lated. Thus, for the abrupt-junetion diode operated in the region between
forward conduction and reverse breakdown, (2), max P, = 0.687 and
the charge waveform Q(x) giving rise to this value is depicted in Iig. 1.
The corresponding value of the reactive fundamental power is B, =
2.43. For the graded-junction diode, operated in the region between
forward conduction and reverse breakdown, it is found that max P, =
0.408, with B, = 2.48. The charge waveform giving rise to these values
is depicted in Fig. 2. The abrupt-junction diode is also considered when
the region of operation includes forward conduction. Thus, from (2)
and (4), V(Q) = [max(0,Q)", —m = Q(x) = 1. Fig. 4 depicts max P,
and the corresponding &, as functions of m. The charge waveform Q(z)
which gives these values when m = 1 is shown in Fig. 5. The somewhat
idealized voltage-charge relationship given by V(@) = max(0,Q),
—m £ Q(z) = 1, m > 0, may be treated analytically. It is found in
this case that

max P, = §;/—§ m; R, = g (m + 2). (10)

The charge waveform giving these values is composed of Q(2) = 1,0
and —m in eonsecutive intervals of z of length 2x/3.

It is observed that the charge waveform which gives rise to max P, ,
for the various diodes, contains at least one discontinuity (or jump) in
a period. A jump, of course, is not physically realizable, since it would
correspond to an infinite current, so max P, cannot actually be attained.

Finally, upper and lower bounds are obtained on the maximum ob-
tainable fundamental power, max P;, for the general voltage-charge
relationship V = V(Q), with —m =< @Q(x) = 1. Thus, it is shown that

q\j/g L= g Py 2 Al 4 m)T, (11)
where
L= max [(p—7)V(e)+(r—0a)V(p)+ (e —p)V(r)) (12)
—m< (gp,7)=1
and

U = min { max [\e — V(g)] — min [Ac — V(o)}}. (13)

A —m<os1 —m=c=<1
Moreover, it is shown that
L=(14+mU=2L (14)
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The bounds in (14) cannot he improved without restriction on V' (),
but if [(p + m)V(1) — (m + 1)V(p) + (1 — p)V(—m)] does not
change sign in —m =< p £ 1, then L = (1 + m)U and the ratio of the
upper to the lower bound in (11) becomes 1.54. The class of voltage-
charge relationships

V(Q) = [max (0,Q)), -m = Q = 1; mz0, » =1, (15)

which includes the particular diodes considered, satisfies the above
condition, and in this case

L=m+ (1 — }’) (1 4+ m)y VP, (16)

For the particular cases considered, the lower bound in (11) is fairly
close to max P, .

A lower bound is also obtained, for a general voltage-charge relation-
ship V' = V(Q), with —m = Q(x) £ 1, for P, such that P, + P, = 0.
It is shown that

max [Py | Py 4+ P, = 0] = (1.87)L. (17)

2.3 The Marimization of the Power Transfer in a Frequency Doubler,
With Bounded Charge Waveform

Here we are interested in maximizing the power transfer from the
fundamental to the second harmonie, when the diode is being used as
a harmonie generator. Thus there must be input power at the funda-
mental frequency only, i.e., Py > 0and P, < 0,n = 2. In order to make
the problem more tractable we suppose that the entire power output is
put is in the second harmonie, so that 7, = 0, n = 3. It follows that
Py + Py = 0, provided that the charge waveform is continuous, since
then D_mei P, = 0. We observe that

max [—P | P, £ 0, n = 3

=max [P | P, =0, n=3] £ max P, us)
and
max [—P, | P, =0, nZ3]z2max[—P,|P, =0, n=3 1)
=max [P | P, =0, n=3

Lven the problem of determining max [ | P, = 0, n = 3], that is,

max P, subject to P, = 0, n = 3, is not very tractable, without addi-

tional restrictions on the charge waveform. Thus, it is supposed that
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the charge, and hence the current, contains no higher than second har-
monies. The conditions P, + Ps = 0 and P, = 0, n 2 3, are then iden-
tically satisfied, independently of the voltage-charge relationship V' =
V(Q).

Now, a change in the time origin does not affect the power transfer.
Hence, the canonical representation of a charge waveform which con-
tains no higher than second harmonics and is such that Q(7) = Quin =
—m and Q(2 tan™' §) = Quax = 1, is constructed. In addition to the
parameter s there is the parameter y which is sub]ect to the restriction
0 £y = (1 — "), which of course also unphe% that s* < 1. It is found
that P, = 0 ony = 0 and on y = (1 — s*), independently of the vol-
tage-charge relationship. Moreover, Pi(sy) = —Pi(—sy) and in
particular P; = 0 on s = 0 also, so that it is sufficient to consider only
the region —1 < § 0,0 < y < (1 — &) and to maximize | P, |. The
abrupt-junction diode, operated in the region between forward conduc-
tion and reverse breakdown, may be treated analytically, and it is found
that the maximum power transfer is 0.281, as compared with the max-
imum obtainable fundamental power of 0 687. The corresponding re-
active fundamental powers are 1.46 and 2.43, and the charge waveform
giving the maximum power transfer is depicted in Fig. 6, which should
be compared with 1'ig. 1.

In order to determine the maximum power transfer for a general
voltage-charge relationship, recourse must be made to numerical com-
putation. However, a prior step is the determination of a charge wave-
form which provides a reasonable approximation to the maximum power
transfer, and hence provides starting values for s and y in the numerical
maximization process. A good lower hound was obtained for the max-
imum obtainable fundamental power. Furthermore, for a wide class of
voltage-charge relationships V' = V(Q), the charge waveform Q(x)
giving this lower bound satisfies Quax = 1 and Quin = —m. The class
of voltage-charge relationships (15) falls within this class. Thus it would
seem feasible that a reasonable approximation to the maximum power
transfer will be obtained by taking the I‘ourier approximation, up to
the second harmonics, of the charge waveform giving the good lower
bound for the maximum obtainable fundamental power, and suitably
shifting and expanding (or contracting) the Fourier .Lppmmmatlon S0
that the resulting charge waveform O(x) satisfies Quax = 1 and Omin =
—m. This is the procedure adopted and, for the abrupt-junction diode,
operated in the region between forward conduction and reverse break-
down, it actually yields the charge waveform that gives the maximum
power transfer.
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The results of the numerical maximization process are tabulated in
Section 5.4. TablesIT and III, for the cases v = 2 and » = £, in (15), show
the values of max P, , the maximum power transfer, and the correspond-
ing values of R, and R, the reactive powers in the fundamental and
second harmonie, [,.x, the maximum normalized current magnitude,
and (b° 4 ¢*) and (d® + ¢°), the squares of the amplitudes of the first
and second harmonies in the charge waveform, for several values of m.
Tables IV and V show the values of —s and y which give max P, and
also """ and P,"", the value of P, corresponding to the starting values
y" and —s" = 1/4/3. It is interesting to observe how close " is
to max P, , particularly for the smaller values of m. Table VI compares
max Py with the maximum obtainable fundamental power, max P, in
the case v = 2, for several values of m. It is also worth noting that in
the case » = 3, m = 0 we have mar P, = 0.162, whereas max P, =
0.408.

2.4 The Maximization of the Power Transfer in a Frequency Doubler,
Jor the Current-Limited Diode

We finally turn our attention to the current-limited diode in which
(5), instead of (3), holds. Thus, from (5) to (7),

Q' ()| = —tmax K (20)
(wqu)ux) w
I'or the P*N abrupt-junction diode of germanium'”
I
max == 1.03 X ]013(1\{-’_0-725 VOltS,
(21)

Tax >~ 1.6 X 107N amps/em’,

where N is the donor concentration in em . But, from the voltage-
charge relationship,

a
ffmax = e e x-'\'r\'-'mux s (22)

where ¢ denotes electron eharge. Hence,

Guax >~ 2.16 X 107" (N )" coulombs/em®, (23)
and
k= :7 ~0.74 X 107 (N)"** sec ", (24)
Grmux

5 , [ = . i
For N = 2 X 10", a reasonable value, x =~ 10" se¢™', which is in the
range of angular frequencies of interest.
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We consider the problem of maximizing the power transfer from the
fundamental to the second harmonic, when the diode is being used as
a frequency doubler, and, as previously, the additional assumption is
made that the charge waveform Q(z), and hence the current, contains
no higher than second harmonies. The first step is the construction of
the canonical representation of Q(x) such that Qu.x = 1, @'(7) =
Q:.,i,, = —kand Q' (2 tan 's) = Q:nu < k. In addition to the param-
eter s there is the parameter y which is subject to the restriction 0 =
y < 31 — &), which of course also implies s* < 1. It is found that
P, = 0ony = %1 — §), independently of the voltage-charge rela-
tionship. Since, if @(x) = Q(= — z), then Bz = 15 Quax = k and
Omin = —k, it is sufficient to consider the above canonical representa-
tion and to maximize | P, |, in order to maximize P, subject to Quux =
1, | Q |max = k. We denote this maximum by II(k). For the abrupt-
junction diode operated in the region between forward conduction and
reverse breakdown, the determination of (k) is carried out analytically
for k sufficiently small that @ = 0. It is found that IT(k) = 0.73 1k,
for 0 < k < 0.681. Combining this result with that obtained when the
charge waveform is subject just to bounded variation, 0 = Q(z) = 1,
it is shown that, from the viewpoint of maximizing the actual funda-
mental real power p, , the optimum operating frequency lies in the range

1200 = (@) < 468 (25)

Zmnx

and that

Hd(max p;) < 2(4)!

1=
- (imuxvmnx) - 3

< 1.06. (26)

FFor the abrupt-junction diode which is allowed to operate partly in the
forward conduction region, the maximization of the power transfer is de-
termined by numerical computation. For the values of s and y which give
max | P, |, i.e., TI(k), the reactive powers R, and R, and Quin, ie.,
— M (k), were calculated, the results being given in Table VII (Section
6.4). It is shown that max P; subject t0 Qumax = 1and | @' |mux = Kk is at-
tained with Quux = 1 and | @ |mex = k. For k& < 0.681 it can also be at-
tained with 1.468% < Quux < land | Q' |max = k. Optimizing with respect
to the frequency it appears that 20(max p1) ~ imaxVmax - Thus a consider-
able improvement is obtained by permitting operation in the forward
conduction region. The optimum frequency in this case is roughly one-
fifth that in the case when operation is not allowed in the forward con-
duction region, although closz to max p, may be obtained at one-third
the frequency.
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In conclusion, we add that lack of space has necessitated the omission
of several aspects of this problem, and in particular of the determination
of the maximum obtainable fundamental power when the periodic
charge waveform is restricted only to have bounded slope.

II. THE CHARGE WAVEFORM WHICH, SUBJECT TO BOUNDED VARIATION,
MAXIMIZES THE POWER IN THE FUNDAMENTAL HARMONIC

3.1 The Functional Form of the Charge Waveform
From (1), (6), (7), (8) and (9),

P, + jR, = (f—r Q'(x) ™ d’.t') (f.,r VIQ(x)] ™ rl:r:) . (27)
0 0

It is noted that P, is not affected by a time shift in the charge waveform
((x), but it is reversed in sign by a time reversal of the waveform. On
the other hand, R, is not affected hy either a time shift or a time re-
versal in the charge waveform. Integrating by parts the first integral
in (27), and remembering that @(x) is periodic with period 2, and
then separating real and imaginary parts,

I),; - 'H»(ﬂnan == ,Bu'Yu); Rn = n(“n?u + Bnan): (28)

where

oy = f Q(x) sin na da; By = f Q(x) cos nx dr;
0 o
2 D (29)
Yo = f VIQ(x)] sin na dx; 8, = f ViO(x)] cos na du.
0 0
I'rom (28) and (29) we may express P, as a double integral,

i P, = f f QUz)VIQ(y)] sin nlax — y) dx dy. (30)
i} o

To find the functional form of Q(x) which, subject to the restriction
—m = Q(z) =1, (31)

maximizes P, , we set
Q(x) = [(1 4+ m) sech R(z) — m], (32)

so that the inequalities in (31) are satisfied. A variational procedure
applied to (30) then shows that for stationary values of P, we have,
for each z,
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Qz) = —m, or Qx)=1 or
(v, cos ¢ — & sin x) (33)
(aycosx — Bisinz)’

VQ)] =

where a; , 81,71, and 8, are as defined in (29). This, then, is the func-
tional form of Q(x) which maximizes P;. Evaluation of the integrals
in (29) will lead to four equations for the four unknowns a;, 81, 11,
and 8, . Note, however, that

i I:(-y. cos x — &, sin ;c)] _ (edy — Bim)
da

(ey cos v — B sinx) (g cos ¥ — By sin x)?

(34)
= —Ijl
" (aycosx — Bysinx)?’

from (28), is of one sign. Since we are not interested in P, = 0, which
case arises in particular if Q(z) = const, it follows that allowance must
be made for discontinuities in Q(x), since we require that Q(x) be peri-
odic. Supposing that @(x) is discontinuous at x = ¢, we obtain a con-
dition by integrating the equation

(v cos & — & sin ) e
(cp cos & — frsin ) Y (@), (35)

VIQ(x)Q (x) =

fromz = ¢ — 0tox = ¢ + 0. This gives

7 et _ (41 cos ¢ — &y sing) o0 -
[I [Q("i )] @—0 (a cos @ — B Sin rp [Q( )]p—(l . (3())
2 The Charge Waveform for the Abrupt-Junetion Diode

In normalized form the voltage-charge relationship for the abrupt-
junction diode operated in the region between forward conduetion and
reverse breakdown is

VQ) =@, 0=Q) =1, (37)
so that m = 0 in (31). We make use of the fact that P, is invariant
under the transformation Q(z) = Q(x — @), and choose 8 so that 8, =
0, since this leads to a simplification of the analysis. Let us define a and
b by the equations

71 = 20ey, & = 2ba; B = 0. (38)

Then, from (28),
P, = 2bay’. (39)
It is clear that max P, > 0, and hence that b > 0. The functional form
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of @(x) for max Py is, from (33), (37) and (38),
Qlx) =0, or Qle) =1, or Q(x) = (a—btanx). (40)

Rejecting combinations which lead to P, = 0, we are led to the con-
clusion that, within a cycle, @(x) = 1 for an interval, it then follows
the curve Q(x) = (@ — b tan z) and then @(z) = 0 for an interval,
after which it jumps from 0 to 1 and the cycle is repeated.

Let ¢ be a value of x at which a jump in @(z) from 0 to 1 occurs.
Then (36}, (37), and (38) give

tan ¢ = % (41)
Thus we obtain max P, by taking
1, for ¢ < <w+tan'[(a — 1)/b];
(a — btanx), for =+ tan™' [(@ — 1)/b] £ x
Q) = . (42)
<= 7+ tan " (a/b);
l 0, for =+ tan™' (a/b) =x < 2r + ¢,
where
Hg < tan ' [(a — 1)/b] < ¢ < tan™" (a/b) < g, (43)
and
Qx + 27) = Q(x), alla (44)

Now a;, 81, 71, and 8§, may be calculated from (29), (37), (42) and
(44). Substitution into (38) then leads to

(2a — 1) cos ¢ = 2bj[(a — 1)* + 0°F — (a* + b)Y);
2 cos ¢ + sing + 3br = {(a + [(a — 1)° + b
— a(a’ + b")Y;
sing = {[(a— 1)+ — (& + b)Y,

(45)

where
7= bltanh ' a(a® 4+ b9 7Y — tanh ' {(a — D[(a — 1>+ 7Y, (46)

It would appear that we now have one too many conditions on a, b and
@ because of the relationship in (41), which was obtained from the jump
condition at ¥ = ¢, but it is observed that the first and last equations
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in (45) are consistent with (41). Since | ¢ | < /2 and b > 0, (41) gives
cos @ = 20[(2a — 1)* + 40* 7
sinp = (2a — 1)[(2a — 1)* + 40"
Substituting into the first equation in (45), we obtain

(2a — 1)[(2a — 1)* + 403 = {[(a — 1) + ) — (a’ + b)Y, (48)

(47)

A solution to (48) is @ = % and, moreover, this is the only solution
since if a >3 the L.H.8. > 0 and the R.H.S. < 0, and vice versa. Thus,
a=4% =0 (49)

The second equation in (45), using the definition of = given in (46),
now leads to an equation for b, namely

30% tanh™ [(1 + 4697 = [2(1 + 4b°)! — b), (50)

and (39) and the expression for a; give

P, = 2b{1 + 2b tanh[(1 4+ 4b")7}])* = L 26 + (1 + 46)Y, (51)

18b
using (50). Equation (50) was solved numerically and it was found that
b = 0.14136; max P; = 0.6868. (52)

The shape of @(2) which gives this maximum value of P is shown in
Fig. 1. Irom (28) and (38) the corresponding reactive fundamental
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Fig. 1 — Charge waveform for maximum obtainable fundamental power in
abrupt-junetion diode operated in the region between forward conduction and
reverse breakdown.
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power is given by

= 2429, (53)

Note that the reactive power is about three and a half times as large
as the real power.

3.3 The Charge Waveform for the Graded-Junction Diode

We now turn our attention to the second diode of interest, namely
the graded-junction diode, and suppose that it is operated in the region
between forward conduction and reverse breakdown. In normalized
form the voltage-charge relationship is

ViQ) =@, 0=Q) =1. (54)

The determination of the maximum obtainable fundamental power,
max P, is carried out along the same lines as for the abrupt-junction
diode, although the details are more involved. The analytical form of
the charge waveform Q(x) which gives max Py is

1, for ¢y <x=n+tan'[(a— 1)/b];
(a — btan 2)’, for =+ tan' [(a — 1)/b] = x

¥ = < 7+ tan! (a/b); ()

0, for =+ tan"'(a/b) € x < 2r + ¥,

where

—g < tan' [(a — 1)/b] < ¢ < tanY(a/b) < "; (56)

and (44) holds. Here

3
Y1 = o 6 =

.

bay ) B = 0, (57)

[V

which leads to three equations for a, b and ¢. These equations are con-
sistent with the jump condition (36) which gives

tan ¢ = (3a — 2)/(3bh). (58)

Elimination of ¢ leads to two equations for @ and b which were solved
numerically, giving

b = 0.11098; a = 0.67375. (59)



692 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

These values lead to
max P, = 0.4084; Ry = 2.479. (60)
The corresponding charge waveform Q(x) is depicted in Fig. 2.
3.4 The Abrupt-Junction Diode When the Region of Operation Includes
Forward Conduetion

In this case the normalized voltage-charge relationship is, from (2)
and (4),

V(Q) = [max (0,Q)f, -—-m=Q) =1, m>0. (61)

As previously, we translate @(x) so that 8, = 0 and again define @ and
b by (38), so that (39) for P, also holds. From (33), (38), and (61),
the functional form of Q(x) for max P, is

Q(x) = —m, or Q(x) =1,
or max [0,Q(x)] = (@ — b tan x).

(62)

Thus we are led to the conclusion that within a cycle Q(x) = 1 for an
interval, it then follows the curve Q(x) = (a — b tan x) until the point
at which Q(x) = 0 where it jumps to the value —m, and after Q(x) =
—m for an interval it jumps to the value 1 and the cyele is repeated.
Thus in this idealized case there are two discontinuities in @(2) in one
cycle. Note that according to (36), together with (38), the jump of
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Fig. 2 — Charge waveform for maximum obtainable fundamental power in
graded-junction diode operated in the region between forward conduction and
reverse hreakdown.
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Q(x) from 0 to —m oceurs at x =  where (@ — b tan ) = 0, since
1(0) = 0and V(—m) = 0. Hence we obtain max P; by taking

1, for ¢ <& =w+ tan'[(a — 1)/b];

(a — btan ), for =4+ tan ' [(a — 1)/b] £ x
Q) = . (63)
< 7 + tan (a/b);
—m, for =+ tan"' (a/b) < x < 27 + ¢,

where (43) and (44) hold. In this case the jump condition at x = ¢,
gives

[2a(1 4+ m) — 1]

26(1 4+ m) (64)

tan ¢ =

The ealeulation of @, 81, 71, and § , and substitution into (38),
leads to three equations for a, b, and ¢, which are consistent with (64).
The elimination of ¢ leads to two equations for a and b, which quan-
tities of course are funetions of m. It was found to be possible to elim-
inate m analytically from these two equations, so that instead of solv-
ing the two simultaneous equations for a and b for given values of m,
the single relation between a and & which did not involve m was solved
for b for given values of a. Thus a parametric solution was obtained in
the form b = b(a), m = m(a). 'rom this @ and b were plotted graph-
ically against m and the results are shown in Fig. 3. It was shown ana-
Iytically that

1 <4a(l +m) = 2, (65)

the upper bound being attained for m = 0 and the lower bound being
approached for m = . Also, as m = = it is found that
_ 3 -

b~ \/3a; max P, ~ —ﬁ m; Ry ~ 5 m, (66)
where R) is the reactive power in the fundamental. Fig. (4) shows
max P, and the corresponding R, as funetions of m. It is interesting to
note that the ratio (max P,)/R, increases with increasing m from its
initial value of 0.28, its asymptotic value being 4/3, from (66). The
charge waveform Q(x) giving rise to max P; is shown, for m = 1, in
Fig. 5.

3.5 The Charge Waveform for an Idealized Voltage-Charge Relationship

We now consider a special voltage-charge relationship which may be
handled analytically. Thus we suppose that the capacitance has a finite
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Fig. 3 — Parameters in charge waveform for maximum obtainable fundamental
power in abrupt-junetion diode operated partly in forward conduction region, vs.
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Fig. 5 — Charge waveform for maximum obtainable fundamental power in
abrupt-junction diode operated partly in forward conduction region.

constant value for reverse hias and is infinite for forward bias, and
hence in normalized form

V(Q) = max (0,Q), —m = Q(x) = 1; m > 0. (67)

Since V(@) is constant except possibly at @ = 0, where it is indeter-
minate, we deduce from (33) that Q(x) has one of the values 1, 0, and
—m at each point. Omitting further details, it is found that max P, is
given by

1, 0 <z <2n/3;
Q(x) = 40, 2n/3 < x < 4n/3; (68)
|—m, 47/3 < < 2m

Also,

3v/3

max P, = 5 M R, =

[

.

(m + 2). (69)

€

[TV

Note that, as might be expected, these values are asymptotically, as
m = =, the same as for the voltage-charge relationship in (61), as is
seen from (6GG).
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IV. BOUNDS ON THE MAXIMUM OBTAINABLE FUNDAMENTAL POWER

4.1 Lower Bounds

We now derive some lower bounds for the maximum obtainable power
in the fundamental, for a general voltage-charge relationship, by the
simple expedient of choosing specific charge waveforms. Any P, which
we obtain is, of course, a lower bound for max P,. Thus we consider
the charge waveforms

g, on I'y;
Q(r) = {p, on Iy; (70)
r, on Iy,

where each T';(j = 1,2,3) is a finite collection of nonintersecting inter-
vals, open at the left and closed at the right, and furthermore

3

F_,' n Iy = 0, ] 7 lr\'; U Fj = (0,27?]. (7[)

J=1

From (28), (29), (70) and (71),

P, = nL{o,p,r) l:(f COSs NE d;t‘-) (f
r, Ty
— ( f sin nx dm) ( f COs rh:)],
T, Ty
where

Liopr) = [(p — 1)V(e) + (r — a)V(p) + (¢ — p)V(7)]. (73)

The significant point here is that we can choose the intervals Ty and
T, to make P, as large as possible, for the waveform class of (70), in-
dependently of the functional form of the voltage-charge relationship,
V = V(Q). This is still true if we wish to make P, as large as possible
subject to the condition P, + P = 0, say, since the factor containing
V, namely L(e,p,7), occurs in each P, . Note, from (73), that L(e,p,7)
vanishes unless ¢, p, and 7 are unequal. Also, if (¢,p,7) undergo a cyclic
permutation then L(e,p,7) is unaltered, but if (o,p,7) undergo an anti-
eyelic permutation then L(e,p,r) is reversed in sign. We suppose that
the charge waveform has bounded variation as in (31) and define

L= max [L(g,p,7)] = 0. (74)

—m<(epr)I=El

sin ne d.’l})
(72)
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Also from (72) it is seen that P, changes sign if T, and I's are inter-
changed, which is equivalent to an anticyelic permutation of (o,p,7).

Thus we are interested in making the modulus (or magnitude) of the
bracketed expression following the factor L(e,p,7) in (72) as large as
possible, in order to obtain as large as possible a lower bound for
max P; . We will restriet ourselves to special T'; and find the maximum
modulus of the bracketed expression in (72) for these subclasses. In par-
ticular, we consider

I = (0,A]; ' = (], 0 KAN=Ep<v<2m (75)
Then, from (72),

P, = }1 L(a,p,7)F(n\nunv) (76)

where
F(Au,wv) = [sin (¥ — X) — sin (g — A) + sin g — sin v]
= 4gin [(v — p)/2] sin (N/2) sin [(v + 2 — X)/2].

We first set A = g and determine g and v to maximize F(u,u,») which
from (75) and (77) is seen to be positive. The stationary values of
[sin (» — u) + sin g — sin »] are given by

(77)

cos g = cos (g — v) = cos » (783
Hence F(u,u,v) is & maximum for g = 27/3, » = 4x/3 and from (74),
(76), and (77) the corresponding maximum of P; is

po= VB (79)

2

Now for the voltage-charge relationship (37) it is readily verified that
L{a,p,7), a5 defined in (73), has a maximum value of $ which is attained
fore = 1,p = % r = 0, and hence in this case we obtain the value
P, = 0.650, which is quite close to the value of max P, given in (52).

We now consider the maximization of F{X u,v) subject to the con-
dition

F(\u,v) + TF(202u,2v) = 0, (80)

corresponding to P; + P, = 0. Using the second part of (77), (80)
hecomes

I +deos[(v—p)/2cos (N2)cos[(v+pr—N)/2] =0, (81)
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supposing that F(A,u,») # 0. It is interesting to note that (81) cannot
be satisfied with A = p. It is found that F(\u,v) is maximized, subject
to (75) and (81), by

A= 2(r — 8); uw=0; vy = (2r — @), (82)
where
cos § = — (1)}, (2r/3 < 6 < =), (83)
and the corresponding value of P, , with P, + P, = 0, is
Py/(4L) = [1 — ()} = 0.468. (84)

4.2 An Upper Bound, and its Relationship to a Lower Bound

In Appendix A we give the derivation of an upper bound, for a gen-
eral voltage-charge relationship, on the maximum obtainable funda-
mental power, using the fact that the charge waveform is of bounded
variation, (31). It is shown that

max P; < 4(1 + m)U, (85)
where
[/ = min{ max [Ae¢ — V{(g)] — min [A7 — V(o)]}. (86)
A —mga=1 —m=o=<1

In the previous section we showed, by example, that

max Py = 3\9/3 L, (87)

=

where L is defined by (73) and (74). From Appendix A, we have
1l = (1 +mU/L £ 2, (88)

and these bounds cannot be improved without restriction on the voltage-
charge relationship. However, there is a large class of voltage-charge
relationships for which the lower bound is attained, namely those for
which [(p + m)V(1) — (m + 1)V(p) + (1 — p)V(—m)] does not

change sign in —m < p < 1. From (85) and (87) it follows that
%ﬂgl%aga f L=(1+mU. (89)

Also, for the above class, L in (74) is given with ¢ = 1, 7 = —m, or
viee versa, and U in (86) is given with A = [V(1) — V(—m)]/(1 + m).
A class of voltage-charge relationships of interest is

V(@ = [max (0Q)], ~m=Q=1 m=z0 »=z1 (9)
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of which we have already considered the cases » = 2, » = 1, and » =
4 (with m = 0). It is readily seen that this class satisfies the above
condition, and hence

L= max [(p+m) — (1 + m) [max (0,0)]'};

—m3esS!
U= {zﬁrp‘m — [max (0,p)1”} o)
min {2~ e 007}
Thus,

L=m+ (1 — 1;) (1 4+ m)e] ™" = (1 +m)U, (92)

and the bounds on (max P;)/L in (89) hold. From (69) and (92) it is
seen that the lower bound is exact for the case v = 1, m > 0. For v =
S and m = 0, 34/3 L/2 = 0.385 as compared with max P, = 0.408.
Forv = 2, L = (2m + 1)*/[4(1 + m)], and Table I shows the ratio
2(max P,)/(34/3L) for several values of m, and it is noted that the
lower bound improves with increasing m.

Tasre I — (v = 2)

0 0.589 1.20 1.89 3.07 5.50

m
2(max P,)
—_— 1.058 1.042 1.027 1.018 1.012 1.006

RIVEY S

V. THE MAXIMIZATION OF THE POWER TRANSFER FROM THE FUNDA-
MENTAL TO SECOND HARMONIC, WITH BOUNDED CHARGE WAVEFORM
5.1 The Canonical Representation of the Charge Waveform

We wish to consider the problem of maximizing the power transfer
from the fundamental to the second harmonie, when the charge wave-
form contains no higher than second harmonics, so that

@(x) = a4 bsinz + ccosx + dsin 2x + e cos 2z. (93)
We also impose the conditions
anx = I; Qmin = —m. (9‘1)

Note that it does not follow a priori that the maximum power transfer
subject to (94) is equal to the maximum subject t0 Qmax = 1, Quin =
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—m. We observe, however, that for the voltage-charge relationship
(90),
max [Py | Quax = 7, Quin = —¢] i
(¥+1} / (9;))
=7 max [Py | Quax = 1, Quin = —g/7], 0<r=1,

as may be deduced from (28) and (29). Thus it is sufficient to deter-
mine max [P; | Quax = 1, Quin = —m], that is, max P, subject to the
conditions of (94), for a range of values of m.

A canonical representation of @(x) is found in Appendix B. In addi-
tion to the two conditions in (94) it is supposed, by a suitable choice
of time origin, that

Q1) = Quin = —m. (96)

Thus the five coefficients in (93) are given in terms of two parameters
and it is found that

a = [(c —e) — ml; b=2d = (14 m)sy;
e = (1+m)31 —s") — syl (97)
e =31+ my(l —s) — 31+ )7

The parameter s arises from the equation

Q(2 tan " 8) = Quiaz = 1. (98)
The parameter y is subject to the condition
0sy=(1—4), (99)

which of course also implies that s° = 1. Thus we have a two-parameter
canonical representation of Q(x), and these two parameters lie in a
bounded region. Moreover, it is shown in Appendix B that, independ-
ently of the voltage-charge relationship V = V (@),

Py lymo = 0; P |- = 0, (100)
so that P; vanishes on the boundary of this region. Also it is seen, from
(93) and (97), that changing the sign of s is equivalent to the trans-
formation Q(x) — Q(2x — ), and hence

Pi(—sy) = —Pi(sy);  Pilmo = 0. (101)

5.2 The Abrupt-Junction Diode

We now consider the abrupt-junction diode operated in the region
between forward conduction and reverse breakdown. I'rom (28), (29),
(37), (93) and (97), with m = 0, it follows that

P= —TI- s(1 + &)%l(1 — &) — yl. (102)
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The maximum of (102) subjeect to (99) is

47t
max P, = 8S14/3

being given by s = —(1/4/3), ¥ = }. Thus a charge waveform giving
max /P, is

= 02814, (103)

Qx) zi—l-; 2 sin .ar—l—‘:)f + sin 2 .tr—}-%’-r (104)
2 " 34/3 3 30

and the corresponding fundamental reactive power is found to be

47:'2 o _
Ry = 57 = 1.462. (105)
Q(z) = Q(x — (2x/3)) is depicted in Fig. 6. It is interesting to com-
pare (52) and (103), and Figs. 1 and 6. We comment that the above
results may be obtained quite elegantly, without using the canonical
representation of the charge waveform.

5.3 A Charge Waveform Which Provides an Approximation to the Maxi-
mum Power Transfer

In Section IV we obtained a lower bound to the maximum obtainable
fundamental power, (87), and it was seen to be a close bound in the
particular cases considered. The charge waveform giving this lower
hound is one which has values o, p, and 7 on consecutive intervals of

1.0 - >
7’
I 1 7N\
7 Ay
i ! b
| I \
oal— — 4 ; \:
| | TN
N / ‘
0.6 / i 7
P
H ! | /
o , ; ! /
0.4 - T- T
! | \
\‘ ‘I | \
\ /
02—
/
N\ /
Ay /
ol NI/ |
_2F .z o @ 2r m  am sz em  im  om
3 3 3 3 3 3 3 3
T

Fig. 6 — Charge waveform for maximum power transfer from fundamental to
second harmonic in abrupt-junetion diode operated in the region hetween forward
conduction and reverse breakdown.
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x of length 2r/3. Here o, p, and 7 are those values which, subject to
—m £ (o,p,7) = 1, maximize L(a,p,7), as defined in (73). It was also
pointed out that if [(p + m)V(1) — (1 +m)V(p) + (1 — p)V(—m)],
i.e., L(1,0,—m), does not change sign in —m < p < 1, then L(a,p,7)
is maximized with ¢ = 1, - = —m (or vice versa) and a suitable value
of p. The elass of voltage-charge relationships given in (90) satisfies
this condition and then

p=[(1+4+ m) " (106)

Now the Fourier coefficients, up to the second harmonic as in(93), of
the charge waveform giving the close lower bound to the maximum
obtainable fundamental power, are

a=%(a+p+r); b=2d=9§(a—r);

&

(107)
&= —28:—3(0'+T—2p).
2

We will restrict ourselves to that class of voltage-charge relationships,
V = V(Q), for which L(a,p,7) in (73) attains its maximum, subject
to —m £ (e,p7) = 1, when
o =1, T = —m, —-m < p < 1. (108)
It would seem feasible that we might obtain a reasonable approxima-
tion to the maximum power transfer from the fundamental to the second
harmonic, by suitably shifting and expanding (or contracting) the
above Fourier approximation, so that (94) is satisfied. Setting ¢ = 1,
r = —m in (107) and carrying out this procedure, we obtain the ap-
proximating charge waveform

Q(z) =%(1 +p—m) +%§(1 4+ m)(2 sin z + sin 22)
(109)
-E—é(l —m — 2p)(2 cosx — cos 2x).

If we define Q(z) = Q[x + (2x/3)], then (96) is satisfied and in the
canonical representation of Q(z), (97), we have
. b _2(1 —p)
STV TR0 Emy
For the abrupt-junction diode operated in the region between forward
conduction and reverse breakdown, p = 3, setting m = 0, » = 2 in

(110)



POWER IN NONLINEAR CAPACITANCE DIODES 703

(106). Hence, from (110), s = —(1/4/3) and y = 1/3, so that, from
the previous section, the approximating charge waveform is actually
the one which gives the maximum power transfer.

5.4 The Numerical Computation of the Maximum Power Transfer, for
Particular Diodes

We have already obtained a two-parameter canonical representation
of the charge waveform containing no higher than second harmonics
and satisfying (94). The two parameters s and y lie in the bounded
region given by (99), and P; vanishes, independently of the voltage-
charge relationship, on the boundary of this region. Also, since P, is
antisymmetric in s, it is sufficient to consider only half the region and
to maximize | Py |. The maximization was carried out numerically for
particular diodes, by means of the iterative process of fitting a quadric
surface. As a starting point s 5" in the process, that point correspond-
ing to the approximating charge waveform, derived in the previous
section, was used.

The results of the numerical computations for the voltage-charge
relationship of (90), with » = 2 and » = §, and several values of m,
are tabulated below. Tables II and IIT give the values of the maximum
power transfer, max P, together with the corresponding values of the

TaBLe II—(» = 2)

m max Py Ry Ra Imax b2+ ¢2) (d2 + e2)
0 0.2814 1.462 0.7310 (.7698 0.1482 0.0370
3 0.7773 1.966 1.060 1.160 0.3289 0.0865
1 1.284 2.300 1.300 1.549 0.5947 0.1573
2 2.198 2.921 1.561 2.310 1.451 0.3484
Z 3.366 3.854 1.679 3.422 3.616 0.7414
] 4.371 4.788 1.642 4.515 6.869 1.250

7 5.544 6.020 1.474 5.951 12.92 2.097

9 6.586 7.228 1.230 7.372 20.95 3.096

TaBLe II1—(r = §

m max Py R Ra Tmax (b2 + c?) (d? 4 e2)
0 0.1623 1.514 0.7389 0.7684 0.1499 0.0366
i 0.6782 2.137 1.182 1.162 0.3257 0.0878
1 1.246 2.428 1.529 1.560 0.5635 0.1652
2 2.271 3.023 1.882 2.330 1.367 0.3682
% 3.575 4.034 2.006 3.445 3.479 0.7703
5 4.691 5.115 1.907 4.533 6.710 1.277
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reactive powers in the fundamental and second harmonic, R, and R, ,
and the maximum current 7..x associated with the charge waveform
Q(z), that is the maximum value of | @'(z) |. It is worth noting that
R. does not continue to increase with m. Also included are the squares
of the amplitudes of the first and second harmonics in the charge wave-
form, (b* + ¢') and (d" + ¢). These, together with the real and re-
active powers, determine the normalized impedances. Tables IV and V
give the values of —s and y which given max Py, and also ' and P,"",
the value of P, corresponding to ¥ and —s" = 1/4/3 = 0.5774. It
is interesting to note how close P," is to maz Py, except for the larger
values of m. Table VI compares max P, with the maximum obtainable
fundamental power, max P, , as obtained in Section III, for the case
» = 2 and several values of m. It is also worth comparing the value of
max P, = 0.162 for the case » = §, m = 0 with the corresponding value
of max P, = 0.408.

TasLe IV—(» = 2)

m —s ) ¥ Py nax P
0 0.5774 0.3333 0.3333 0.2814 0.2814
4 (. 5839 0.2963 0.2942 0.7770 0.7773
1 ().5848 0.2500 0.2426 1.283 1.284
2 0.5716 0.1852 0.1782 2.192 2.198
i 0.5465 0.1317 0.1301 3.307 3.366
5 0.5246 0.1019 0.1046 4.199 4.371
7 0.5008 0.0781 0.0844 5.197 5.544
9 0.4816 (1.0633 0.0717 6.047 G.5H86
TapLe V—(» = 3)
m —5 yi ¥ P = max P,
0 0.5742 0.3704 0.3704 0.1622 0.1623
4 0.5871 0.3566 0.3562 0.6775 0.6782
1 0.5977 0.2963 0.2829 1.241 1.246
2 0.5875 0.2112 0.1989 2.262 2.271
3 0.5591 0.1449 0.1419 3.518 3.575
5 0.5331 0.1097 0.1130 4,536 4.691
TaBLE VI—(» = 2)
m 0 i ‘ 1 ’ 2 | I ‘ 5
maz P, 0.281 0.777 1.28 2.20 3.37 4.37
max P, 0.687 1.83 3.02 5.50 9.33 13.15
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5.5 On the Power Transfer From the Fundamental to the Third Harmonic

Breitzer et al® were also concerned with the abrupt-junction diode
operated in the region between forward conduction and reverse break-
down and considered charge waveforms containing no higher than third
harmonics. They treated in detail the power transfer from the funda-
mental to the third harmonie, subject to P; = 0, and obtained a max-
imum value of

P, = (0.0242)7" = 0238 = — P4, (111)

making allowance for the difference in notation. This value of P; arose
from two distinet charge waveforms. One was

Q(x) = (0.5) + (0.310) sin x + (0.168) sin 22 + (0.155) sin 32, (112)

and the other was quite close to this. We saw previously how by taking
the Fourier approximation, containing up to second harmonics, of a
charge waveform which gives a good lower bound for max P, subject
only to restrictions on Q... and Q.. , and suitably shifting and ex-
panding (or contracting) so that the restrictions on Qu.x and Qui, are
satisfied by the approximating charge waveform, we could obtain a
good approximation to the maximum power transfer from the first to
second harmonic, when no higher than second harmonics are allowed.
In the case of the abrupt-junction diode operated in the region between
forward conduction and reverse breakdown, which is the diode that
we will consider in this section, it was found that the charge waveform
so derived was precisely one that gives the maximum power transfer.

Now, it is found that the best mean square approximation containing
up to third harmonies, and subject to P» = 0, to the charge waveform
which gives the good lower hound to the maximum obtainable funda-
mental power is

Q(z) = [i - §,f(.1=)], (113)
& m
where

f(x) = [(0.4) sin & + (0.25) sin 20 + (0.2) sin 3x].  (114)
We shift and contract Q(x) by setting

Qlx) = 1) l:l —i—";;):l M = max [f(2)], (115)

g0 that Quax = 1 and Quin = 0. For this charge waveform,
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Py = (0.0075)7° /M = —Py; Py = 0. (116)
It is found that
M = 0680; P,= 0.235, (117)
and Q(x), as given by (114) and (115) is plotted in IFig. 7(a). The value
of Pyin (117) is very close to the maximum value obtained by Breitzer

et al, (111), and it is interesting to compare Fig. 7(a) with Fig. 7(b)
which depicts @(a) as given by (112).

T\

. 1\
FEAVA

\ |

0.2

2T 7 ar 5w a7
3 3 3
I

wiy

Fig. 7 — Charge waveforms giving (a) approximately, and (b) exactly, the
maximum power transfer from fundamental to third harmonic in abrupt-junction
diode operated in the region between forward conduction and reverse breakdown.
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VI. THE MAXIMIZATION OF THE POWER TRANSFER FROM THE FUNDA-
MENTAL TO THE SECOND HARMONIC, FOR THE CURRENT-LIMITED
DIODE

6.1 The Canonical Representation of the Charge Waveform

We are concerned with charge waveforms as in (93) and impose the
restrictions

Qmux = ]-1 |Q’ |mnx = k. (118)

We observe that, for voltage-charge relationships of the form given by
(90),

max [l’] J inux =9 r (J’ lmux = ”

! (119)

= plP-H} max [-Pl ‘ Qmux = I, [ Q’ |:uux = i‘)], 0 < P g 1.
In Appendix C we determine a canonical representation of Q(x), sub-
ject to the conditions

Qmux = l; Q:uux é }l'; Q:nin == —kl (120)

by making use of the canonical representation obtained in Section 5.1,
when the charge waveform has preseribed maximum and minimum
values. Note that if Q(x) = Q(w — ), where Q(x) satisfies the con-
ditions of (120), then

(}nmx = ], @;J:II = 'r\s (?:uin g — k. (121)

From Appendix C, the five coefficients in (93) are given in terms of
two parameters s and y. It is found that

N7 ki sy
= T A 2 =o—— s = - = e 22
b TP ( L C — e, (122)

where
w=[31—s) — sy, 2= - ) — 1+ )7, (123)
and that

a = [l — max (bsinx 4 ccosx + dsin 2z 4 ecos 2x)], (124)

which in general has to be determined numerically. The waveform is
translated so that
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’

Q’(ﬂ') = _1‘- = Qmin- (125)
The parameter s arises from the equation
Q(2tan™" ) = Quax = K, (126)

and the parameter y is subject to the condition
0=y =31 -+, (127)
which of course also implies that s* < 1. It is shown in Appendix C that
Pi=0 for y=3%(1-4¢"). (128)

In order to maximize P, subject to (118), it is sufficient, in view of
the correspondence between Q(x) and Q(z) = Q(r — z) given by
(120) and (121), to use the above canonieal representation and to
maximize | Py |.

6.2 The Abrupt-Junction Diode

We now consider the abrupt-junction diode operated in the region
between forward conduction and reverse breakdown, for which the
voltage-charge relationship is V(Q) = @°, 0 < @ = 1. We first maxi-
mize | ;| subject to the conditions of (120), and suppose that % is
sufficiently small that ..., = 0. Using the canonical representation oh-
tained in the previous section, P; may be expressed in terms of s and y.
Omitting the details, it is found that | P, | is maximized, subject to the
restriction (127), for s = %, y = 0. The charge waveform giving this
maximum is

Qlr) =1 4+ KS(x) — Suaxl, (129)
where
. 4 sin @ — sin 22
() = (4 sin x . sin 1)‘ (130)
6
It is readily verified that S,.x = g = — S, where
L ‘/” = 0.734. (131)
24/2(3)F
Thus Quin, = (1 — 2¢k), so that Q... = 0 for 2gk < 1. This Q(x) ac-
tually gives a negative value of Py, so that @(x) = Q(x — ) maxi-
mizes P, and it is fmnld that
max P, = T{ = 07311k, for I = 2% = 0.681. (132)

Fig. 8 depicts S(r — x).
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Fig. 8 — Shifted and normalized charge waveform for maximum power trans-
fer from fundamental to second harmonic in current-limited abrupt-junetion
diode, with maximum current less than a eritical value.

The fundamental reactive power corresponding to max P; is
Ry == (1 — gk)k" (133)

But, for the voltage-charge relationship V(Q) = @°, the addition of a
constant to the charge waveform does not affect P, . Hence, if instead
of requiring Quax = 1 we just require 0 < @(x) = 1, we have

R, = %fak" = 878ak*;, gk = a < (1 — gh). (134)

6.3 The Optimum Operating Frequency

So far, no discussion has been made of the angular frequency o of
the actual periodicity of the charge waveform. We here consider this
factor in the case of the abrupt-junction diode operated in the region
between forward conduction and reverse breakdown. Now the physical
limitation placed on the maximum current magnitude takes the form

|Q'(x) | ==, (135)

K
w
from (20). Also, the actual fundamental power p, is, from (9), propor-
tional to wP;. We thus consider the maximization of wP, as w varies,
where the charge waveform Q(x), containing no higher than second
harmonies, is subject to 0 = @(x) = 1 and the condition in (135). We
make use of results from Section V, as well as from the previous section.
Thus, we define

max [P} | Quux = 1, Quin = —m] = P(m), (136)
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and let the value of | @ |max for the charge waveform which gives P(m)
be denoted by K(m). Then, remembering that the addition of a con-
stant to the charge waveform does not affect P, , since V(@) = Q’*, we
obtain from (95) and (103),

' 47’

813 (1 + m)", (137)

P(m) =

and also, from (104),
4
((m) = (1 +m)K(0) = —=(1+ m). :
K(m) = ( m)K(0) oy (1 4+ m) (138)

Similarly, we define
max [PI l Qmux — 1, | Q, Iluﬂ.x = ]ﬂ'] = H(A‘), (139)

and let the value of Qui, for charge waveforms which give (%) be de-
noted by —M (k). Then, from the previous section,

a9

9
(k) = %k“; M(k) = —(1 — 2gk), (140)

where g is given by (131).

Now if Q(z) is subject to just the restriction 0 = @(z) = 1, then
max P, = P(0), from (137). But, from (138), if (w/kx) = (34/3)/4
then the Q(x) which give this value of max P, satisfy (135). Hence,

(‘i’) max P, = 0.2814 (i’) 0= (‘_“‘)
K K K

Note that if {(w/x) > 1.299, then this gives an upper bound on
(w/k) max Py . Also, if (w/«) > 1.299, then max P, = P(m) if K(m) =
(k/w), and hence, from (137) and (138),

2
(E) max P, = 0617 (5) , (‘—“) > 1.209. (142)
K o K

From (140), setting & = (x/w), we have

(“’) max P; = 0.731 (f) (‘l’) > 1.468, (143)
K w K

and if 0 £ (w/k) < (1.468) = 2g, then this provides an upper bound
on (w/x) max P, . Also, if 0 = (w/x) < 2¢, then max P, = TI[1/(2¢)],

from (140). Hence, B

(9) max P = 0.231 (f) 0= (‘i’) < 1.468. (144)
K K K

IIA

1.299. (141)
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Fig. 9 shows (w/x) max P, as a funetion of (w/«). For

1299 < (9) < 1.468, (145)
K
the curve lies between the dashed lines. Thus, from the viewpoint of
maximizing the actual fundamental real power, the optimum operating
frequency, when the diode is not allowed to operate in the forward
conduetion region, lies in the range given by (145). Also, we can assert
that

‘ 3

b2
-1

2 Nl 2
03655 = ™ < max [(9) P1:| < 2(;% — 0387, (146)
K

6.4 Maximization of the Power Transfer, When the Region of Operation
Ineludes Forward Conduction

In a previous section we obtained a canonical representation of a
charge waveform @Q(x), containing no higher than second harmonics,
for which Q.. = 1, Q:mm < k and Q:nin = —k. This eanonical repre-
sentation is given by (93), (122), (123) and (124), and involves two
parameters s and y which lie in a bounded domain given by 0 = y =
1(1 — §°). It was shown that, independently of the voltage-charge
relationship, P, = 0 on ¥ = 1(1 — s). Moreover, it was seen that in
order to maximize P, subject t0 Quax = 1 and | @ |nax = &, it is suffi-
cient to consider this canonical representation and to maximize | P, |.

0.4 |

0.3 \ SR B
a
>

0.2 : —
3 N
=
3
=t

0.1 A \‘\

— |
o
o 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 36 4.0

w/K

Fig. 9 — Maximum power {ransfer from fundamental to second harmonic in
current-limited abrupt-junction diode operated in the region between forward
conduction and reverse breakdown, vs. frequency.
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The maximization was carried out analytically for the abrupt-junction
diode when 1 is sufficiently small that the diode does not operate in the
forward conduction region. We treat here, by means of numerical com-
putation, the abrupt-junction diode when partial operation in the for-
ward conduction region takes place, the normalized voltage-charge
relationship being given by (61).

Again, the maximization process was that of fitting a quadric surface,
and this time it was also necessary to caleulate ¢ in (124) numerically.
Further, it was desirable to first compute the value of Py over a rough
grid, and then to pick appropriate values s® and y, as a starting point
in the maximization process. Thus, for several values of k, max | P |,
i.e., (k) in the notation of (139), was computed in the manner de-
seribed ahove. For the values of s and y which gave max | Py |, the cor-
responding values of R, and R», the reactive powers in the fundamental
and second harmonie, and of Quin, i.e., —M (k) in the notation of the
previous section, were calculated, together with (b* + ¢*) and (d* + ),
the squares of the amplitudes of the first and second harmonics in the
charge waveform. The results of the numerical computations are tabu-
lated in Table VII. We note that the values of P, corresponding to the
given values of s and y are negative. If Q(x) is the charge waveform
corresponding to s and y, (93), (122), (123), and (124), then the posi-
tive value of P;, that is (%), is obtained from the charge waveform
@(x) = Q(x — x), or any translation thereof.

Now, from (119) with » = 2, and from (139),

max [Py | Quax = 9, | Q [max = {1 = p'l1 (é) , 0<p =1 (147)

For Quax < 0 we have P, = 0, from (61). We may write

e {1 AN
pn(ﬁ) _ (,—,) ! (;E),H(n (148)

mk)y o) k)’

The quantity & 'TI(k) is depicted in Fig. 10(a), and it is seen to be a
nonincreasing function of k. It follows, from (147) and (148), since
TI( k) is a strictly increasing function of &, that max P; subject to Quax =
1 and | Q' |uwax < k is attained with Quix = 1 and | @ |mux = k. For
k < 1/(2g) = 0.681, it can also be attained with 2gk £ Qma.x < 1 and
| @ |max = k. We comment that for the voltage-charge relationship
V(Q) = max (0,Q), max P, subject t0 Qmax = 1 and | @' |max = & i

not attained with Qumax = 1, for sufficiently small &, since in this case
Py =0if Quin = 0.
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Let us now consider the frequency factor, as we did at the end of the
previous section, so that {135) holds. Hence, setting & = (x/w).

max I:Ll’ 1’1:| = max [HS?‘-)} . (149)
K v

The curve in Fig. 10(b) depicts 1I(#)/k and it is seen to be an increas-
ing function of & in the range shown, although it is to be expected that
it tends to zero as k = «. It appears that max [[1(k)/k] ~ 1, so that,
from (146), a considerable improvement is obtained if the diode is per-
mitted to operate in the forward conduction region. We must bear in
mind, however, that we have idealized the voltage-charge relationship
in the forward conduction region.

0.8

0.6

0.4

m(k)/k?

0.2

0 | |
/-
(b)

<
x i
a T
{
|

2.5 3.0

TFig. 10 — Maximum power transfer from fundamental to second harmonic
divided by (a) the cube of the maximum current, and (b) the maximum current,
for current-limited abrupt-junction diode with operation in forward conduction
region permitted, vs. the maximum current.
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TasLe VII

& (k) Ri Ri Mk)
0.75 0.3058 2.167 0.3033 0.0896
1.0 0.6159 2.440 0.5075 0.3980
1.5 1.265 2.840 0.8274 1.027
2.25 2.169 3.483 1.058 2.013
3.0 2.979 4.153 1.135 3.024

k —s ¥ (82 + ) (d? + €2)
0.75 0.5988 0.0018 0.2404 0.0169
1.0 0.6647 0.0288 0.36563 0.0393
1.5 0.7035 0.0834 0.7159 0.1124
2.25 0.7058 0.1354 1.613 0.2775
3.0 0.6996 0.1663 3.006 0.5039
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APPENDIX A

From (28) and (29), for any X (which we take to be real),

- (j;“ AQ(x) — VIQ(x)]} cos x d.r) (fu' Q(z) sin v ‘h’) (150)
= A f'h (AQ(x) — VI[Q(x)1} sin (x — 8) dx,
where

Asin 6 = f- Q(x) sin @ du; Acosf = f Q(x) cosx dx. (151)
(1] [}
Hence,

A = f”r Q(z) cos (x — @) dx, (152)
0
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Now, max P; = max | P, |. Since

2r

SJ(x) sin (x — @) dr | = 2(max f — min f), (153)

0

(31), (150) and (152) lead to (85) and (86) in Section 4.2. We next
derive the inequalities (88), where L is defined by (73) and (74). Now,

L=z max L(el,—m)

—m<o<l
= max [(14+m)V(e) — (m+ a)V(1) + (¢ — 1)V(—m)]
e (154)
- _ , oo JelV(@) = V(-m)] _
= —ln].lgl.lrlgz { (1 4+ m) } (a)}

— [mV(1) + V(—=m)].
Also,

L =z max L(1l,p,—m)

—m=p<l

e plV(1) — V(—m)] - 155
= (1 4+ m) _21;’);'{ T m — 1(p)} (155)

+ [mV{(1) + V{—m)].

Hence, from (86), (154) and (155),

oL 2 (1 + m)U. (156)
Also, from (73) and (74),
L= max |{r—p)he — Vie)]l + (¢ — 7)Ap — V(p)]
—ms @ar)sl (157)

+ (p — o)At — V(2)]},
for any (real) A. In view of the remarks preceding (74) we may assume
either that —m S e = p =7 = l,orthat - m = r = p = ¢ £ 1,
without loss of generality. In the former case
(r — p)he — V(o) + (¢ — 7)Ap — V(p)] + (p — a)Ar — V(7)]
S (r—p) max Ak — V()] + (¢ — 7) min [Ax — V{x)]

—mzZxs1 —m=x<l

+ (p — ¢) max [Ax — V(x)] (158)

—m=xk=1

= (r — o) max [Ax — V(x)] — min [Ax — V{x)]].

—mzxesl —m=k=1
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Hence
(r—p)Aa — V()] + (¢ — 7)Ao — V(p)]| + (p — a)[Ar — V(7)]
< (1 4+ m) max [ — V(x)] — min A — V(«)]}.

- —m=x<l —m=r<l

(159)

Equation (159) may be derived, in a similar manner, when —m =
r < p = o = 1. Thus, from (157),

L = (14 m){ max [Ax — V(x)] — min [ — V(x)]}. (160)
1 —mzxzsl

But this is true for all (real) A\. Hence, from (86)
L= (1+mU. (161)

If we do not restrict the voltage-charge relationship then the bounds
given by (156) and (161) cannot be improved. This is demonstrated
by considering the (somewhat artificial) relationship

1, @ = [(1 +m)a — m];
V(i) =<—1, Q@=[—(1+ mal; (162)
0, otherwise; m > —1, 0<a<i
It may be verified that in this case
L=(14+m=(—a)(l+mU. (163)
We now find a class of voltage-charge relationships for which the
bound in (161) is attained. If ¢ = 7, then, by the definition of U in
(86),
(¢ — 1)U = = max {[V(e) — V(r)le — (¢ — 7)V(p)}

B (164)
—_min_{[V(e) = V(r)lo = (¢ = D)V(p)}.
Let =m = 7 = ¢ £ 1. Then,
Lz max [(p— 7)Vie) + (v —a)V(p) + (¢ — p)V(7)]
—mzgpsl
= max [[V(ie) — V(s)lp — (¢ — =)V(p}}
—m=<p=sl
+ [oV(r) = V(o]
2 (e — 1)U+ [eV(r) — 7V (c)] (165)
+ min II[V(o:r) — V(7)o — (e — )V(p)}
—mgp<
= (¢ — 1)U

+min [(p — 2)V(e) + (r — a)V(p) + (¢ — p)V(7)].

—mzgps1
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Qm/2) = [§(3 =2y)(1 +m) —m] =[L — (14 2y)(1 +m)], (181)
80 that Quax > 1fors = 0,y < —} and Quin < —mfors = 0,y > 2.

Hence Quax > 1fory < 0, and Quin < —m fory > (1 — §°). The re-
gion of interest, i.e., Quax = 1 and Quin = —m, is given by

0=y=s(1-¢). (182)

We next consider the fundamental power when the charge waveform
Q(x) contains no higher than second harmonies. From (28), (29) and
(170),

2w
P=nx f VIQ(x)](b cos x — ¢ sin x) dx. (183)

We determine conditions under which P; = 0, independently of the
voltage-charge relationship V' = V(Q). This is clearly the case if
b =0 =¢ orif Q(x), as given by (170), is a single-valued function
of (b sin x + ¢ cos x), for then the integrand in (183) is the derivative
of a periodic function. Noting that

2(bsina + ccosw)® = (b 4 ¢*) + 2be sin 2e + (¢" — b*) cos 2, (184)
it follows from (170) that the latter condition holds if
d = 2\be; e = A — b)), (185)
for some A. Combining this condition with b = 0 = ¢,
2bce + d(b' — ¢*) = 0= P, = 0. (186)

We now consider the canonical representation of Q(x), with Quax = 1
and Quin = —m, wherein the coefficients in (170) are given by (97).
Then condition (186) becomes, upon reduction,

y =0, or y = (1 — &, or s=0= P =0, (187)

APPENDIX C

We here determine the canonical form of Q(x), as given by (170),
such that

Quas = 1;  Quax Sk Quin = Q'(x) = —k.  (188)

Now, when the charge waveform Q(x) is subject to Qumax = 1 and
Quin = —m, the five coefficients corresponding to those in (170) are
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given in terms of two parameters s and y, from (97), by

a=@E—¢e —m]; b=2d= (14 msy;
(1 4+ m)z,

(189)
g = (1 -+ mw; é

where
w=[31 —s") — sy, z=3iwl =) — 31+ &) (190)

The charge waveform is translated so that Q(w) = —m, which may be
done without loss of generality. The parameter s arises from the condi-
tion Q(2 tan™" s) = 1, and the parameter y is subject to the condition
0 <y = (1 — &), which of course also implies s = 1. If, in addition,
i = 0, then

I NIA

a
(1 +m)(w —z) = m, (191)
and hence, from (190),
2(1 + 38) = [(1 + §)(5 — 35°) — 8m/(1 + m)]. (192)
Now0 =y = (1 — &), but if we require m = 1 then
0sy<i(1-—¢) (mz1). (193)

Turning to a charge waveform @Q(x), as given by (170), which satis-
fies the conditions of (188), we may write

Q) = Lo, mz, (194)
m
where (191) and (193) hold. Hence,
O (x) = klsy(sin  + % sin 2¢) + w cos © + z cos 2.1:]. (195)
(w — 2)
Integrating, and remembering that Qu.x = 1,
Q(x) = 11 + Kk[S(x) — Suaxl}, (196)
where
z .
wsina + =sin 2r — sy(cosx + 1 cos 23:)]
S(z) = [ 2 ' (197)

(w — 2)

In general, Spax = max[S(x)] is determined numerically.
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We now turn to the fundamental power, P, , when Q(x) has the above
canonical representation. I'rom (170), (186), (190), (196) and (197),
we find that P, = 0, independently of the voltage-charge relationship,
if

(1 — &) — 201 — (1 +3¢) = 11— 8" — 2} =0. (198)

In view of (193), the second factor vanishes only if & = 1, y =0
Henece we conclude that

Pr=0 for y=2%1-—5¢). (199)
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The Design and Analysis of Pattern

Recognition Experiments

By W. H. HIGHLEYMAN

(Manuseript received Mareh 2, 1961)

A popular procedure for lesting a patlern recognition machine is to
present the machine with a set of patterns taken from the real world. The
proportion of these patterns which are misrecognized or rejected s laken as
the estimate of the error probability or rejection probability for the machine.
I'n Part I, this testing procedure is discussed for the cases of unknown and
Enown a priori probabilities of accurrence of the pattern classes. The differ-
ences belween the lests that should be made in the two cases are noted, and
confidence intervals for the test results are indicated. These concepls are
applied lo various published patlern recognition results by determining the
appropriate confidence interval for each result.

In Part I1, the problem of the optimum partitioning of a sample of fived
stze between the design and test phases of a patiern recognition machine is
discussed. One important nonparametric result is that the proportion of the
total sample used for testing the machine should never be less than that
proportion used for designing the machine, and in some cases should be a
good deal more.

PART I — ON ANALYSIS

INTRODUCTION

There are two distinet and consecutive processes usually involved in
the feasibility study of a pattern recognition method or machine, The
first process is the actual design of the machine. This might be based
upon a set of sample patterns which the experimenter has gathered,
from which he estimates the parameters of the machine. Alternatively,
the experimenter may base his design on some a prior: knowledge con-
cerning the pertinent characteristics of the pattern classes under study.
The second process is then the testing of this machine either in its hard-
ware form or by its simulation on a general purpose computer. A differ-

723
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ent set of sample patterns from that used in the design is used in this
stage.

The popular procedure for interpreting the test results is to take the
proportion of patterns in the test data which have been misrecognized
or rejected by the machine as the estimates of the error probability and
rejection probability, respectively, for the machine. There are several
questions which might be raised concerning this testing procedure, such
as:

1. Are these estimates the hest estimateg?

2. If so, how good are these estimates?

3. How does the estimate improve as the sample size is increased?

Questions such as these are discussed in Part I of this paper. Two
cases are considered; one is the case in which the a priori probabilities
of class oceurrence are unknown, and the other case assumes full knowl-
edge of the a priort probabilities.

Case 1. Unknown a priori Probabilities — Random Sampling

Let the number of allowable pattern classes be ¢. It will be assumed
that, for each allowable class 7, there exists an a priori probability of
oceurrence w; , 8 probability of error ¢;, and a probability of rejection
;. (For the rest of this paper, the term “error” will refer to an unde-
tected error; all detected errors will be assumed to be rejected.) These
probabilities are unknown to the experimenter, who is interested in esti-
mating the overall probability of error for the machine.

0= D wei, (1)
T=1
and the over-all probability of rejection,
r= 2 wi. (2)
i=l

Let him perform the following experiment, which will be called random
sampling, Consider the patterns to be randomly generated by a “‘pattern
source' according to the a prior? probabilities of occurrence. He takes a
pattern from the source, identifies it, and then lets his pattern recogni-
tion machine attempt identification. He notes which of the three possible
outeomes oceurs: correct recognition, misrecognition, or rejection. This
experiment is repeated n times, resulting in m, samples which have been
misrecognized and m, samples which have been rejected.

Since these outcomes are mutually exclusive, and each experiment
independent, then the resulting random variables, m. and m,, clearly
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are distributed according to the multinomial probability distribution.
That is, the joint probability distribution of m, and m, , P(m, ,m,), is
given by

n - R .
Plim,,m,) = (mv m,)('“ (L — e —rp)" e (3)

The maximum-likelihood estimates for ¢ and r, denoted by é and 7, are
then'
LM,
(3 _— e

n’

(4)

_m,
n

|

]

which are the estimates in common use. Further, each of these estimates
is proportional to a single random variable having a binomial distribu-
tion; therefore, né and n are themselves binomially distributed. The
mean value of each estimate is the parameter for which it is an estimate;
the variance of each is'

(6)
(7)

Beeause it is known that né and »i* are binomially distributed, con-
fidence intervals can be applied to these estimates.* These confidence
intervals require rather involved computations, but fortunately have
been plotted for several values of n hy various people.” In Fig. 1 is
shown such a plot of intervals for a 95 per cent confidence level computed
by C. 8. Clopper and E. 8. Pearson. The use of this graph is fairly simple.
A vertical line extended upward from the observed value of the estimate
given on the abscissa will intersect the pair of curves pertaining to the
particular sample size used. Projecting these two intersections horizon-
tally onto the ordinate axis gives an interval for the parameter being
estimated. The probability is 0.95 that the interval drawn in this manner
includes the parameter. I'or instance, if a sample size of n = 250 yielded
50 errors, then the estimate of the probability of error is 0.20. Using
Fig. 1 it can be stated that, with probability 0.95, the true probability
of error is included in the interval from 0.15 to 0.27.

* Mattson? has used a similar argument for determining convergence of an
adaptive system. However, he used Tchebycheff’s inequality to obtain confidence

intervals which are necessarily larger than if he had used such intervals pertaining
to the binomial distribution.
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Fig. 1 — 95 per cent confidence intervals for a binomially distributed variable.

Case 2. Known a priori Probabilities — Selective Samplin,
g

It is now assumed that the a priori probability of occurrence for each
class, w; , is known. To take advantage of this knowledge, the experi-
menter takes n; samples from each class 7 such that

M=, (8)
n
where n is the total number of samples. This process will be referred to
as selective sampling.* (It will be assumed that the w; are such that (8)
can be fulfilled with the desired sample size, n.)

* This sort of sampling dichotomy has been previously noted by others. For
instance, Bowley® and Neyman® have referred to these two methods as ‘‘unre-
stricted’’ and “‘stratified” sampling.
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The machine is again allowed to attempt recognition of these patterns,
resulting in m,, samples from class 7 being misrecognized, and m,, sam-
ples from class 7 being rejected.

I'or any class 7, the joint probability distribution for m,, and m., again
is multinomial:

n, o
P(m,,,m,,) = (m,,l. '-m,..)e,""’ir,-'”"-'(l — e — )" M T (9)

Since each of these distributions is independent of the others in this ex-
periment, then the joint probability of the outcome for all ¢ classes is
the product of the individual probabilities (9):

Py 2y Mo,y My, 200, Me,)
c 10)
n. = = (
=11 (ﬂle.- 'm-rr)f’r'"fi?‘.-'"'f — g—u)™ TH
i=1

This is no longer a multinomial probability distribution. However, since
the maximum-likelihood estimate of a sum of independent variables is
the sum of the maximum-likelihood estimates, then these estimates for
e and r are

. :;m"" (11)

' n

s _ 2 (12)
n

which again agree with the popular practice of using the proportions as
estimates. The random variables of which né and n# are values are not
now binomially distributed, since a sum of binomially distributed vari-
ables is not itself a binomial distribution in general.

The mean of each estimate is again the particular parameter being
estimated. The variance of each of these estimates can be computed:

, e p c 1 e
W= Yot = LYl — ) = S well —e), (13)
n- i=1 t n- i=1 n i=1
in which use of (8) is made, and the prime distinguishes this variance
from that for random sampling. Similarly,
a',.'-"2 = %Z w,-r,-(l == T,'). (].-l')
=1

It is of interest to compare these variances for selective sampling
with those obtained for the case of random sampling. Since the variance
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for # has the same form as & in both eases, it is necessary to consider
only one of them, say é. First note that o,” can ke written, using (1) and

(6), as

i=1

TFrom (13),

gg — 0 = — Z witi — — Z Wil | . (16)

L i=1 R \i=1

Noting that D i w; = 1, (16) can be written as
0];12 = a-ﬂ’2 = éZw; ((’-,- = Zwkek) = T_]“; Zw,'(ﬁi - 6)2 == 0'62 = 0. (17)
=1 k=1 > =1

Hence, the variance in the case of random sampling is greater than
the variance in the case of selective sampling, the difference being what
might be interpreted as the variance of the class errors. That is, if e; is
treated as a random variable with probability distribution w;, then
o,) is the variance of e; . (A similar derivation holds for the variance
of the rejection probability estimates.) That the selective sampling
variance should be smaller than the random sampling variance might
be expected, since in selective sampling more information is used, namely
the a priori probabilities.

Although statements have been made concerning the mean and
variance of the estimates in the selective sampling case, nothing has
been said yet concerning confidence intervals. This is a much more
complicated problem than that in the case of random sampling, since
the estimates do not have a simple distribution function. In fact, the
confidence intervals will in general depend on the particular set of
e;’s (or r/’s) pertaining to the machine, and not simply on e (or 7).

However, for small probabilities, the binomial distribution is quite
closely approximated by the Poisson distribution, the fit becoming
perfect as the probability approaches zero. For any reasonable recog-
nition machine, one would expeet the probabilities of error and rejec-
tion to be small; consequently, the marginal form of (9) for m,, or m,,
may be approximated by a Poisson distribution. The estimates given
by (11) and (12) are now sums of random variables with Poisson
distributions (approximately) which are then themselves Poisson
distributed. If the over-all error is also small, as is usually the case, the
binomial-Poisson approximation can now be used in reverse, and one
may state that, for small error rates, the error and rejection estimates
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(11) and (12) are approximately binomially distributed. Consequently,
one can use Iig. 1 to obtain 95 per cent confidence intervals for the
error and rejection probabilities. Further, from (17), we would expect
this confidence interval to be on the safe side, that is, the actual 95
per cent confidence interval should be slightly smaller than this.

APPLICATION TO PUBLISHED RESULTS

To illustrate the ease of determining these confidence intervals, some
published results in pattern recognition are listed in Table 1 along with
the 95 per cent confidence intervals as determined from Fig. 1. It should
he emphasized that Table I is not meant to compare one method against
another, since the methods obviously treat problems of various com-
plexities. Rather, the table is meant to compare the accuracies of the
various evaluating experiments.

Three points of caution should be noted concerning the validity of the
confidence intervals in this table. First, the author is not positive that
the test data is different from the design data in every case. Second, to
the best of the author’s knowledge, in every case the number of samples
taken from each allowable pattern class was predetermined. This is
selective sampling; therefore, it is assumed that the proportion of samples
taken from each class represents its a priori probability of oceurrence.
The third assumption is that the patterns used to test the machine are
a reasonable sampling from the real-life world of patterns, and are not
biased toward cither well-formed or poorly-formed (noisy) patterns.

CONCLUSION

Two important cases concerning the testing of pattern recognition
methods or machines have been considered: Random sampling for the
ase of unknown a priori probabilities of class occurrence, and selective
sampling for the case of known a priori probabilities. The most pre-
dominant form of testing in the present day art is to assume that the
pattern classes have equal a priori probabilities of oceurrence, and conse-
quently to use equal sample sizes for each class; this is a special case of
selective sampling,

It has been shown that, for both ecases, the maximum-likelihood esti-
mate for the error probability or rejeetion probability is simply the
proportion of samples misrecognized or rejected. In the case of random
sampling, the estimates are binomially distributed, and aceurate confi-
dence intervals ean be obtained. In the case of selective sampling, tighter
estimates are obtained which are approximately binomially distributed
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for small error rates. Conservative confidence limits may then be ob-
tained for these estimates.

Using these notions, the experimenter can now determine the sample
size required to obtain results which he deems significant. Alternatively,
if he has a limited sample size, he ean determine the significance of his
results. Note that in both cases considered, the variance is inversely
proportional to the sample size. This does not mean that the confidence
interval is inversely proportional to the square root of the sample size,
however, since a binomial rather than a normal distribution pertains.
However, perusal of I'ig. 1 seems to indicate that this is a good rule of
thumb. Note also that the total number of samples required to obtain a
certain confidence in the results seems to be independent of the number
of allowable pattern classes. This is an interesting philosophical point
to ponder.

PART IT-— ON DESIGN

INTRODUCTION

Part I of this paper was concerned with the estimation of the per-
formance of a given pattern recognition machine. There it was shown
how confidence intervals eould be found for these estimates. These
results are nonparametric in that they hold for any categorization
machine (or procedure) regardless of its structure.

We now consider the following problem. An experimenter desires to
solve a particular pattern recognition problem. He has at his disposal a
set of different methods for solving this problem, but it is not clear to
him which is the best to use. Consequently, he desires to estimate the
performance of each method when applied to this problem, and choose
the best. Let us assume that each method is characterized by certain
key parameters which, when known, completely determine the recogni-
tion machine. To evaluate any particular recognition method, the experi-
menter plans to design the corresponding machine by estimating its
parameters on the basis of one sampling from the real world of patterns,
and then to test this machine based on another sampling (either hy
construeting the machine or by simulating it).

However, in many practical applications, the total sample size avail-
able to the experimenter for design and test purposes is limited. Ior
instance, he may be interested in building a machine to read hand-
printed numbers, but he may not have an automatic scanner available
to him. Since simulating a seanner by hand is very tedious, he may not
be willing to scan more than a certain number of samples.
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Or, he may be interested in distinguishing between radar returns
caused by missiles and those caused by decoys. Since it is expensive to
actually run the sort of experiment required to gather data for this
problem, budget limitations will certainly place a limit on the number
of available samples,

Another example is in the field of automatic diagnosis of diseases.
The experimenter may, for instance, be interested in building a machine
which would determine the presence of cancer based on a list of symp-
toms. However, records have been maintained for only a certain number
of people who have contracted this disease, and the sample size is thus
definitely limited.

The following problem then arises. If the total sample size is fixed,
what is the optimum partitioning of this sample between the design and
test phases? This is a rather loose, but eoncise, statement of the problem.
A more accurate one follows.

Assume that the experimenter is concerned with the study of a par-
ticular pattern recognition method as applied to some particular prob-
lem. The optimum pattern recognition machine based upon this method
would have an error probability e,. The experimenter is interested in
estimating e, so that he can decide whether the particular ‘method
under study is adequate for the solution of his problem, or alternately
whether it is better than another method. To do this, he takes a sample
of a certain size { from the real-life world of patterns. He desires to use
part of this sample to design a machine according to the particular
method under study. The machine which he thus designs will have an
actual error probability ¢ = e, (both quantities are unknown to the
experimenter). He then uses the remaining part of his original sample
to test the machine (according to the procedures of Part I). He thus
obtains an estimate of ¢, which will be denoted by é. It will be shown
that é is a biased estimate of e,, and that the bias can be computed.
Consequently é can be adjusted so that it gives an unbiased estimate,
¢, , of e, . The optimum partitioning of the total sample will be defined as
that partitioning which minimizes the variance of é,. Thus, if the
experimenter follows this procedure, he will obtain an unbiased minimum
variance estimate of e, , the optimum error probability. Of course, if he
finally decides that a particular method is applicable, he can then re-
design the corresponding machine with the entire sample size.

OPTIMUM SAMPLE PARTITIONING
We are interested, then, in minimizing the quantity

a

o, = Elé, — ¢,)'] = E[] — ¢, (18)
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where E[z] and o,° denote the expected value and variance of z, re-
spectively.

Let us first digress and consider the biased estimate & Since é is
discrete (it is the proportion of test samples misrecognized), its expected
value can be written

Ble) = 2 ép(é),
where the summation is over all values of ¢, and p(2) denotes the proba-
bility of z. But
p(&) = [ p(e ] ple) de,

where p(é | e) is the probability of & given e, and the integral is over all
(continuous) values of e (by definition e, = e = 1). Hence

= T ¢ [ pie] perie = [ [ epe] o] plo)de

Let us henceforth consider only the case of random sampling. Then é
is proportional to a binomially distributed variable (né) with parameter
¢. Therefore the term in brackets, which is the expected value of &
given the parameter e, is just e. Then

Elg) = fcp{c’)dc = FElel. (19)

Ele] is a function only of the parameters of the problem and the design
sample size; it is not a random variable.

We next determine E[¢’]. By going through a process analogous
to the above, and by making use of (19), we obtain

Ele(1 — ¢)l

= El(¢ — Ele])’] = El&'] — (Ble])* = —
where n is the size of the test sample. Hence
me) = 2O gy (20)

We now determine FEle]. Let the optimum machine bhe deseribed by
¢ different parameters §,;, 1 < 7 = ¢. The design of the machine con-
sists of estimating the parameters 8,; by making measurements on a
set of sample patterns (the design sample). Let the estimates of these
parameters he denoted é;, 1 £ ¢ = c¢. Then the error probability e
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of the resulting machine is a function of the estimates of the true param-
eters:

¢ = (’(51 ,62 s ‘,55).

One can now expand ¢ in a Taylor series expansion about its minimum
point, ¢,. Since this is a minimum point, all the coefficients of the
linear terms will be zero. If the error deviation (e — ¢,) is small, terms
above the second order term may be neglected:

e g 53 IE

" 60:'- 5 = Qoj /.
= = 36,00, aa, 5o (8 )(8; = Boj)

The expected value of the error for the resulting machine is then

Bl = 6433 208

i=1 j=1 08;08;

(5 aul)(a,l = u;)]-

If it is assumed that the estimates arve unbiased, i.e., K (6;) = 8,:, then
the above equation may be written.as

Ble) = ¢ + § 25 2 aioij (21)
i=1 j=1
where
I | 65;66;

ai; is the covariance of the estimates for 8,; and 8.; , and o = o is the
variance of the estimate for 8, . (21) is valid for small values of the
quantity (e — e,).

It may be worth-while to digress here to a simple example which may
help to clarify the definitions of the above terms. Zachary Oglethorpe
is not only a crafty fisherman, but is also a good gadgeteer. He has
decided to try to build equipment which will determine each day
whether he should use a surface bait or a deep water bait in order to
cateh the maximum number of fish. He has means available to meas-
ure the water temperature, the magnitude of surface ripple, and the
atmospheric pressure, and therefore decides to use these as his measure-
ments. He denotes values of these measurements by my, ma, and ms
respectively.

Mr. Oglethorpe has been recording values of these measurements
every day for the past six months, and has noted on each day whether
he was more successful with surface or deep water bait. He thus has a
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total sample size of roughly 180 samples, some from one pattern class
(surface bait), and some from the other pattern class (deep water bait).
Since each sample was taken without a priori knowledge of the class
to whieh it belonged, then this constitutes random sampling; that is,
the proportion of samples in each class is an estimate of the a prior:
probability of oecurrence of that class.

Our crafty fisherman decides to build a decision making, or pattern
recognition, machine by building a correlator for each of the two possi-
hle decisions (or pattern classes), That is, the machine will make the
following two caleulations:

Surface bait dumy + Bame + 8amy

Il

Deep water bait = 8gn; + 8ms + ey .

The class achieving the highest value represents the desired decision.
Let us assume that, according to some theory, the optimum values of
the 8; are the means for each measurement within the appropriate pat-
tern class, normalized so that the sum of the squares of the coefficients
of each linear form is unity. That is, § is proportional to the mean
water temperature when surface bait should be used, and so forth,
and is normalized with 8, and 8 so that & + 8" + & = 1.

Thus the parameters §; completely characterize this pattern recogni-
tion machine in that, given values for each §;, 1 = 7 £ 6, the machine
may be built. The optimum values for each 8, are the appropriate nor-
malized means, which are the §,; of the previous equations. Mr. Ogle-
thorpe obtains estimates of these optimum parameters by taking
normalized averages over a portion of the appropriate data. These
estimates are the §; of the previous equations, and are the actual num-
bers on which he would base the construction of his machine. Note that,
in this case, these estimates are unbiased and efficient, and may very
well be independent of each other (e.g., the probability distribution of
the water temperature when surface bait should be used may be inde-
pendent of the values of surface ripple magnitude and atmospheric
pressure ).

Having thus designed his fisherman’s aid with a portion of his data,
he now tests it with the remainder of the data to determine its accuracy.
He does not want to use it if there is a good probability that it is less
accurate than he has found his own intuition to be. This then leads
us to the basic problem being studied: How should Zachary Oglethorpe
split his total sample between the design and the testing of his machine
to obtain the best estimate of the accuracy of the machine? Again, if
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the estimated accuracy of his machine were sufficient, he would then
be wise to redesign it, basing the new design on the entire sample.

We now return to the study of this sample partitioning. Let each
parameter be estimated with m samples.* If each of these estimates is
an efficient and unbiased estimate, and if the estimates are independent
(either because the estimates are statistically independent, or because
different samples are used to estimate each), then all o;; = 0, 7 # J,
and all ¢;° will be proportional to 1/m. Hence one can rewrite (21) as

Ble) = e + 2., (22)
m

where b is some constant calculated from (21). (Often, Kle] is in the
form (22) even if the estimates are not independent. )

Let ¢ be the total sample size, and p be the number of sets of m sam-
ples used to design the machine. p is chosen to be the smallest number
which insures that #[e] is of the form (22). It is often simply the num-
ber of allowable pattern classes, since, of course, parameters of different
classes must be estimated with different samples. If # is the test sample
size, then

L =n -+ pm. (23)

From (19) and (22),
ol = Blel = e+ 2. (24)
m

Consequently, é is a biased estimate of ¢, . The adjusted estimate é;,
given by
. . b
€ = € — —, (25)
m
is an unbiased estimate of e, , with variance given by (18). This variance
can now be rewritten using (25):

o, = E[&)] — ¢ = E[(e - %)] — e
2
= B -2 me + (-”-) — et
m m

* This is not always desirable, since some parameters may be easier to estimate
than others, or there may be more data available for some parameters than
others. However, this condition is assumed here for simplicity, as are the following
assumptions of efficiency, unbiasedness, and independence.
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Trrom (20) and (24),

2 Blell = Ol | (gregy — 2, - (L’) — el
n m

m
Hle — N 2
J[( (1“ ! )J (Lﬂ[ﬂ] )- ((’o '_‘b> .

Thus, from (24),

ap

0

U@uﬂ _ E[f"(] — E’)] ) (2())

n

If b/m <« 1 (which will certainly be true for any reasonable design),
then

. ‘ b ) pb
o, = LAM]H_ W _(—eytam=t-a)*tiza, @
' n n

where the relation (23) was used.
We wish to choose n such that (27) is minimized. Differentiating
(27) and equating to zero, one obtains

He,
9=
w_ 21!

1) 7 2%, (28)
(-

where n, is that value of n satisfying (28); it is the optimum test sample
size in the sense previously discussed. n,/( is of course the proportion of
the total sample used for the test. One interesting r2sult is immediately
obvious: n,/t must be greater than 0.5 for all eases. The equation (28) is
plotted in Tig. 2, from which the following general statements can be
made.
1. The proportion of the total sample that should be used to test
the machine should never be less than 50 per cent.
It et/pb < 0.1, then the proportion used for design should be
about 50 per cent.
3. The proportion of the total sample that should be used to test the
machine hecomes larger as:
a. The total sample size mereuses,
h. the error of the optimum machine inereases,
¢. the effectiveness of the design increases (pd decreases).
Here 1/pb is taken as a measure of the effectiveness of the design,

L
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Fig. 2 — Optimum sample partitioning,

since pb is the product of the expected deviation from optimum, Ele — e,],
and the design sample size, pm.

These results indicate just how a sample should be split between the
design and test stages of a feasibility study of a pattern recognition
method. If the experimenter follows this procedure, he will obtain an
estimate &, of ¢, which is unbiased and has minimum variance.

The value of this minimum variance can be expressed as

| =M
EAE | P |
g e _
H

=

which was obtained by eliminating pb between (27) and (28). Note that
this is the variance that would have been obtained if the optimum
machine were tested with n samples, increased by a factor which accounts
for the design error.

AN EXAMPLE OF OPTIMUM SAMPLE PARTITIONING

As an illustration of these ideas, consider the following example
( perhaps the gimplest of the n-dimensional problems). A pattern recog-
nition machine is to be designed using the optimum deeision function'"®
which will distinguish between ¢ classes. The occurrence of each class is
equally probable a prior?, and all costs of misrecognition are the same.
The receptor makes a set of & measurements m;, 1 = 7 = k, on each
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input pattern. It is known that each measurement is normally dis-
tributed with variance o, and that all measurements are independent.
Ifurther, it is known that the distances between the mean vectors in
measurement space® are all equal. (Consequently, there can be no
more than & + 1 pattern classes. The tips of the mean vectors are the
vertices of a regular polytope.)

It can then be shown that the optimum decision function partitions
the measurement space into polytopes which are bounded by those
hyperplanes which are the perpendicular bisectors of the line segments
joining all pairs of means. The hyperplane separating two classes, say
classes 1 and 2, is the set of all points (xy,---,x), represented by the
veetor X, which satisfy

T(fm — @) = @ f — f2-f), (29)
where & is the mean vector of class ¢."

The design procedure consists of estimating each mean vector from
a sampling; denote the estimated mean vector for class ¢ by ;. The
distribution of the estimate of a mean vector from a normal distribu-
tion with covariance matrix [V] is also normal with covariance matrix
1/m [V], where m is the sample size used in the estimate.'” Since the
measurements are independent in this case, then so will be the estimates
of the means of the various measurements. Furthermore, each estimate
will have a variance of ¢*/m. Consequently, only one set of samples of
size m from each pattern class is required to insure that the form (22) is
valid, and p is hence equal to the number of allowable pattern classes, ¢.

It is shown in the Appendix that b is given by

STLEIVES)

4 20 20

where Ap is the distance between any pair of mean vectors, and N( Au/2¢)
is the value of the standard normal density funetion for the variable
Au/20. The equation (28) then becomes

gt _
et T \
2 Ap Au B na\" . (30)

* A geometrie interpretation of categorization problems is often useful. By
measurement space, we mean a k-dimensional space in which each coordinate
represents one of the & receptor measurements. Thus any set of measurements
which have been made on an input pattern may be represented as a point in
measurement space. The decision function may be thought of as partitioning the
measurement space into regions corresponding to the different allowable pattern
classes and into rejection regions.
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Fig. 3 — Optimum sample partitioning for symmetric Gaussian case.

Some curves representing (30) are plotted in Fig. 3 in which the pro-
portion of the total sample to be used in the test, n,/t, is shown as a
funetion of ¢, the total sample size, with the number of allowable pattern
classes, g, as a parameter. ¢, was held constant at 0.05 (which involves
the choosing of the proper value of Au/27 for each g).

Irom Fig. 3 it is seen that, for many cases, the sample should be split
evenly between design and test, as one might intuitively suspeet. How-
ever, there are some drastic deviations from this. For instance, if the
categorizer is to separate only two classes, and 1000 samples are avail-
able, then only 50 of these should be used to design the machine, and
050 should be used to test it. Consequently, it is seen that intuition may
g0 Wrong in some cases.

CONCLUSION

This paper has begun an analysis of some of the problems which arise
in the design and analysis of pattern recognition experiments. In Part IT,
the problem of optimum sample partitioning between the design and
test phases of a pattern recognition machine was investigated for the
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case of a fixed total sample size and no overlap between the design and
test samples. The general relation between the optimum partitioning
and the total sample size, optimum error rate, and design efficiency was
derived. From this, it was apparent that the test sample size should
never be smaller than the design sample size. These results are non-
parametric in the sense that they do not depend on the detailed structure
of the recognition machine. It is only necessary that the deviation of the
designed machine from the optimum machine be small, and that the
design of the machine be done in such a way that (22) holds.

However, the actual computation of the optimum sample partitioning
does depend strongly on the detailed structure of the machine through
the quantity b. Since this computation is quite difficult even in the
simplest of cases, the interesting question arises as to the possibility of
estimating b from the sample. Another interesting phase of this problem
which has not been attacked here concerns the case when the design
sample and test sample overlap — that is, some of the sample patterns
from the design sample are also used in the test sample. In the limit,
this reduces to using the total sample for both design and test purposes.
In this case, the results of the test are usually not very reliable. Conse-
quently, there may be some sample partitioning with overlap which is
better (in the sense discussed in this paper) than for either the casze of
no overlap or the case of total overlap.
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APPENDIX

We determine here the coefficient b in (22) for the example discussed
in this paper. It the mean vectors are more than about 3¢ apart, then
only a small error is made if the total error is approximated by adding
the errors of each hyperplane taken alone. That is, the integrals on the
wrong side of the hyperplane that are counted more than once will be
quite small compared to the integrals counted only once.

Due to the symmetry of the problem, the error associated with each
hyperplane for the optimum decision function is identical, and the deriva-
tives of (21) will also be identical for each hyperplane. Since there are
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q(q — 1)/2 hyperplanes, b may be expressed (from (21) and (22)) as
b qlg— 1)1+ [62812 ]52
< = (31
Z uype | M )

m 2 23 Loy’
where the hyperplane separating classes 1 and 2 is taken as typical,
and the independence of the estimates is used. e, is the error associated
with this hyperplane, g and e are the mean vectors of these classes,
and # and & are the estimates of the mean vectors.
There is no loss in generality if u, is taken as zero, and all the com-
ponents of s (g, -+ ue) are taken as zero except for ws . That is,

1 = (0)01 Tt 10)
b = (#10? 10)’

where s is denoted g, u > 0. Consequently, the optimum boundary is
given by

2
d e

B1.H2 ai !.22

€ = ,u/2

A sampling of size m is taken from each class, and the mean vectors
are estimated, giving

&I = (-T-«'u R T ,:Ekl)
Ty = (:i’lg ,.’Egg g vt ,1_'1._-2).

A boundary given by (29) is computed based on the above estimates,
and this, together with the other estimated houndaries, determines
the structure of the machine,

The error e, associated with this particular boundary for class 1 is

k Ll 9

1 1 &vj
= ” —— (=) dx;
“ £ f_,,, T e 2 (cr) i

o 2
f —1— exp —1 (3‘—1) da;
Er (@, o2p) ‘\@ro’ 2\¢o ’

where £ (22, - -+ i) is the value of 2, on the boundary, and is given by
(from (29))

E - =
Ly — €
Bw, e, @) = — 22— +

=2 rn — T2

=1
-
=
=
-
15
S
=
-
—
=
=
o
it
-
»
~—

T + T 1 i 2(x;

2 2= T — T2
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Then
dey EEO1 (.ITJ-)E
— = —exp —= |~ ) dv;
0 _;I=I'_! —0 \/‘_‘ﬂ-g- p 2 \o !
( exp _](J.E_l)) (f s 'E”), 2<i{=n
Qro 2 \o rip — e
d'e, - j@ 1 1 (.1',-)2 ( 1 1 (51)1)
— ——exp —= | =) dx; xp —= [ =
ATl L—.I» iy eX] 5\ U; e exp 2 \g
.[g_]; (.1-'. = .?ﬂ)- B (_ 1 r )], 2 é i é .
o\ — X2 T — Qi
2 ) 2
- (e -3 (2)
AT i® |y e V 2no “\@
k = 2
1 1 ,,-> [ o 1]
. ——exp —= (=} da; | — = + -
£lj;wv@wa P z( L2
1 1
o 20 20 “

where N{(u/2¢) is the value of the standard normal
for the variate p/2e. In a like manner,
62(’-1 1 M u
: Iv(-2)--Lw(x
arq’ o 20 26/’
where e is the error associated with this boundary for
total error for this boundary is e;s = e; 4+ €2, then

1
uo

#1aBg

62012 _ 6201 6202 —0 o
a-f'il‘: By B ‘Frl2 B .Ha ‘:’-fﬂe Hiapa O -
A like result holds for @%,, 2 < 1 <
procedure for &, , OFia

9e; : fn 1 1 (J:, : l:l
=7 exp —- | =) dx; N
a7 =1 Ve ‘\/:)-;cr p I\ il g,
(32(31 u * 1 1 (.l" 2 [ 1
= - ——exp —- | —) da; | ——
ant = "H L Vare P Ta\e) Y T 1e
62(*1 1 m (#)
=_*txN _
&y sy 84t 20

density function

295N,

class 2. Since the

A

i = n.

n. Going through this same

0]

&)~ )]
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Similarly,

2
il _le (ﬁ) .
31‘11- 1By 8 d? 20

%ﬁ =1£N(i_
0T w407 2a

It would also be found that

a?“ _1u N(ﬁ).
6.1‘122 Hy.42 ‘J: 0'3 20’

This analysis is perfectly general for arbitrary mean vectors. providing
that p is merely interpreted as the distance between a pair of mean
vectors (all such distances being assumed identical). This distance will
henceforth be written Ag to indicate that it is a difference of means.
Therefore, from (31), we find that

_qlg— 1) A Au
= 4 20 N(?a’)'

Hence

REFERENCES

; Fl‘;lse]i, D. A. 8., Statistics: An Introduction, John Wiley and Sons, Inc., New
Cork, 19G0O.

Mattson, R. L., Master’s Thesis, E. E. Dept., M.1.T., May, 1959.

Clopper, C. 8., and Pearson, E. 8., Biometrika, 26, 1934, p. 404.

Pearson, E. J., and Hartley, H. O., Biometrika Tables for Statisticians, The

University Press, Cambridge, 1954, p. 204.

. Bowley, A. L., Bull. Int. Stat. Inst., 22, 1926, p. 1.

Neyman, J., J. Royal Stat. Soc., 97, Pt. 4, 1934, p. 558.

. Baran, P., and Estrin, G., I.LR.E. Wescon Recorc.ll, Pt. 4, 1960, p. 29.

. Bledsoe, W. W., and Browning, L, Proc. E.J.C.C., Dec., 1959, p. 225.

. Bomba, J. 8., Proe. E.J.C.C., Dec., 1959, p. 218.

. Doyle, W., Proe. W.J.C.C., 1960, p. 133.

. Frishkopf, L. 8., and Harmon, L. D., Proc. 4th London Symposium on In-

formation Theory, 1960.

12. Mathews, M. V., and Denes, P., J. Acous. Soc. Amer., 32, Nov., 1960, p. 1450.

13. Marill, T., and Green, D. M., I.R.E. Trans. on Elee. Comp., EC-9, Dec., 1960,
p. 472,

14. Sebestyen, G. 8., LR.E. Trans. on Information Theory, IT-7, Jan., 1961,
p. 44,

15. Middleton, D., and Van Meter, D., J. Soc. Ind. and App. Math., 8, Sept.,
1955, p. 192; 4, June, 1956, p. 86.

16. Chow, C. K., LR.E. Trans. on Elec. Comp., EC-6, Dec., 1957, p. 247.

17. Anderson, T. W., An Introduction to Multivariate Statistics, John Wiley and

Sons, New York, 1958,

—

N

[agr—
—OoWDoo~



Lined Waveguide*

By H. G. UNGER

(Manuseript received October 19, 1961)

The existing approximale analysis of wave propagation in lined wave-
guide is, under practical conditions, limited to linings thinner than 0.025
per cent of the waveguide diameler, A more exact analysis is presented
here for the straight and curved waveguide and for all practical linings.
In the case of anisotropic or sandwiched linings, the boundary value problem
18 formulated using wall impedances. The single isotropic lining is taken
as an cvample to prove this formulation useful for lypical cases.

The exacl analysis shows that neither the thickness nor the permittivity
of the lining can increase the phase difference between TMy and TEy
beyond a certain (imil. The curvature coupling between these two waves is
enhanced sltightly by the lining.

I. INTRODUCTION

Round waveguide with dielectric lining shows promise as a communi-
cation medium.' The circular electric wave loss in perfectly straight
and round metallic waveguide decreases steadily with frequency. Any
deformations of the eross section or curvature of the guide axis degrade
these ideal transmission characteristics,

The TM,, waves in particular are coupled by curvature to TIy, ,
and since they propagate with nearly equal phase velocity, there will
be large mode conversion. A dielectric lining close to the wall changes
the TM,, waves appreciably with almost no change to TEy, . The phase
velocities are now different and, despite curvature coupling, mode con-
version stays small,

When the lining is made lossy it will serve still another purpose.’
Circular electric wave loss is inereased only very little, while all other
waves suffer an effective dielectric loss. This mode filtering loss will
reduce the degrading effects of mode conversion and reconversion.

* This work was performed under a Letter Contract with Bell Telephone Labo-

ratories at the Institut fuer Hoechstfrequenztechnik, Technische Hochschule
Braunschweig.
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To serve both purposes best, the lining should he made anisotropic
or sandwiched from different materials.” The circular electric wave loss
will then remain very low, yet all other waves will suffer high loss and
also curvature loss will stay small.

Wave propagation in straight and curved lined waveguide has been
analyzed elsewhere.'" Likewise, imperfections in the lining and cross-
sectional deformations have been caleulated.”’ However, the lining was
always assumed to be very thin, and so far only a first-order approxi-
mation has been found.

On the other hand, it has been shown both theoretically and experi-
mentally that these approximations do not in general hold for any
practical linings." Linings which are designed optimally change wave
propagation much more than could be described by a first-order ap-
proximation.

An analysis of wave propagation in lined waveguide will be presented
here which is sufficiently general and accurate to hold for all practical
cases. Sandwiched and anisotropic linings will also be considered.

Cireular electric wave transmission is most strongly degraded in curved
waveguide. Therefore, the lined waveguide will be assumed to have
curvature. Cross-sectional deformations and imperfections of the
lining will be analyzed with corresponding accuracy in another paper.’

1I. NORMAL MODE FIELDS

Normal modes of straight round waveguide with a single isotropic
lining have been analyzed before." To adapt this analysis to an investi-

Fig. 1 — Lined waveguide with curvature.
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gation of bends in lined waveguide and of waveguides with an irregu-
lar lining, the boundary value problem will be repeated and generalized
here.

The waveguide structure to be considered is shown in Iig. 1. The
dielectrie lining will later on be assumed to be heterogeneous or aniso-
tropic or irregular. At present, however, a single uniform and homo-
geneous lining is assumed.

The electromagnetic field in the waveguide can be derived from two
sets of scalar functions T, and 7T, given by:

T. = N, Jp(x.r) sin pp

T for 0 <r<a (1)

Il

N, Jo(x.r) cos pe
and

2 @ m
. Xn . (Xn r) — ('J[I (X,n )
N, o J,,(I'\..) H B (k) — ol () sin pe

for a<r<?b (2)

2 (2) e ’ (ny o
| Xn . H;p (Xn r) — CIIp (Xrl I') , ’
= Mo ) @ ey = O, (ke 5 PP

The T functions satisfy the wave equation:

T aT e al e .
VT = res l:au. (vl au) ta A ( (@) Bv):, = —xT (3)

in a general orthogonal curvilinear coordinate-system (w,p,w), in which
the element of length is:

ds* = elfdit + eldet + eldw’ (4)

The curved waveguide may be deseribed in these coordinates when,
according to Fig, 1

w =, Vo=, w =2z (5)
e =1, e =r, ;=14 ¢ (6)

where

£ = ;l)('()'stp (7)
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The field components are written in terms of the field functions (1) and

(2)
aT,
E. EV [ 19U +4 8230]

B, = 3V, [aT" — d, ‘lT_]
n €90V e10u

aT. h,’ 8T, o
H.= %I [eua dn e elau:l ¢
aT, ha' dT,
i, = ?I I:elaa td i egav]

Maxwell’s equations are:

1

L [— () = (B | = =, (9)
Coly d

E [_ ((lbn) = (('GEJB ] _Jw#l.‘ (10)
€3¢y

! [_ (""’E ) - (LlFu ] = _JWHUH (11)
16y | 0w

LT3 (ott) — 2 () | = jueeols (12)
(a3 61' O3 E aw ULy _J =7 049 u

1[a a Y :
E[% (esH ) = (ean)_ = juweelt, (13)
A0 (o — (t.H)'—-eeE (14)
e | Gu (eald g = Joeolu -

uo and € are permeability and permittivity of free space. e is the rela-
tive permittivity of the respective cross-sectional part of the waveguide.

Substituting from (8) into (11) and (14) and taking advantage of
(3) the longitudinal field components are obtained:

2
H, = jwaDEVn d, % iy
(15)

2

Ew = j‘-‘-’#ﬂE[ﬂE —x’\_';‘ Tn
n ‘

where k = wv/eeomo is the intrinsic propagation constant of the medium
in a particular cross-sectional part of the guide. e and & have constant
but different values for the different cross-sectional parts of the guide.
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In (8), this dependence on the cross-sectional part of the guide is
not, only true for ¢ and k, but until we learn more, also for d, .

The quantities d,, , ¢, ¢/ and the

separation constants x, and x," must

be chosen so that the boundary conditions of the lined waveguide are

satisfied.
These boundary conditions are,

E,'

Hw ‘ =

B’
H'

and at the metal surface

Ert' =

E,

The superserips 7 and e indicate
ponents at the surface of the lining.
To satisty (20):

at the surface of the lining:

=K’ (16)

=H, (17)

=K' (18)

= H,° (19)
(20)

= 0. (21)

the internal and external field com-

o f{p(‘.’)(pknﬂ) 99
© T H, (k) (22)
where
b
m—r DD
B = (23)
and
ku = x.a
i (24)
,\'u' = erea-
To satisfy (21)
r_ Hpm'(.oil'ne) (25)
H,,‘”'(pk,,‘) . s

The prime at the Bessel functions denotes differentiation with respect

to the argument.

The condition of £, being continuous across the surface of the lining

is satisfied by virtue of the formul
(2). To satisfy (17)

rf,,'- = i

ation of the T-functions in (1) and

e
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d, is therefore independent of the cross-sectional area of the guide and
needs no superseript.

To satisfy (18)
l _ k"k"cs [pr(k") _ EH]J‘2)‘(’|‘|1F) _ cer(l)'(kne):l (26)
d. pkzag(e — 1) LJ,(ka) ke Hp(?)(k"e) — c'Hp“’(k,,“) :

The remaining condition (19) leads to the following (characteristic)
equation of the lined waveguide:

[J;(fc,,) _ b B () — c'H,,‘“'(A-,.‘)]
T, (k) K H,®(k) — CHpW (ka?)

101, i @' ey m’ P
. [Jp .(]in) == E I‘_r: Hp . (ku ) (/Iip (kn )] (27)
J (k) ko H,@ (k) — cH,M(k.e)
g o hld’k'a’
2 2 fen
=P (E = 1) ———kr}k"e‘ i

The characteristic equation (27), together with
k= (wzeupu — kA

28)
k,,lrx = (wgeeu,uu — ft,.2)02 (

determines the separation constants k, and k.
The transverse field components of any two different modes are or-
thogonal to each other in that’

1 f . .
V,J_m o (Llu X I:{tm) (I*S
ar, AT\ (8T b’ 3T
N .’;e I:(elau + dn E@) (ﬁau + b = E?gaU) z9)

aT aT aT B 0T
BB o "y e IS = Gum.
+ (ezav " elau) (ezav o k? edu :Idﬁ 5

The integration is to be extended over the entire cross section of the
guide. The quantity 8,. is the Kronecker delta. To satisfy (29) for
n = m requires N, to have a certain value, which is to be determined
from (29).

III. GENERALIZED TELEGRAPHIST'S EQUATIONS FOR CURVED WAVEGUIDE

All quantities in (8) and (15) have now been determined except the
current and voltage coefficients 7, and V, . To find relations for them,
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(8) is substituted for the field components into Maxwell’s equations.

Then
(aTm
—p =

8261)

h'"lu aTﬂl’
( M T
k* edu

) e times (9)

is added to

aT. ha® 9T
” m l"l i m
" (clr'iu e I esdv
and the result is integrated over the cross section. Using the orthonor-
mality condition (29), the wave equation (3), and the boundary con-
ditions (16), (19), and (20), one obtains:

) e times (10)

dV,,
dw

2
o im

wey

- [

Similarly

— (’- a 7‘"‘
: e10u

(a Tm
—ey
eal)

is added to

g )
o M (0
2 edu es00

a'l‘" h’l|2 aT‘rr' aTw
* (clr'iu t d. & egau) (#1614

— Im = jw,quI,, {f E ‘x"—-x.l— ngnTm dS
n 8 f‘-l

hu aTn h,. 6T

"k edu ) (30)

h'mﬂ aTm
" egav’):l dS}.

) times (12)

2

+

ar,’

’m T R
t eadv

aT

16"') times (13)

and the result is integrated over the cross section:

’ m
!:_]_' + Il"-"fl)1 m = walh-rI n

~ i 12~

+ (aT,.

e

{ f ke dud, x—';gl T.Ty dS
aT..’) (aTm _ aTm’)
dn e ) \ edv " edu
arT."\ (87T

+d, 30
Equations (30) and (31) are the generalized telegraphist’s equations
for the curved waveguide with a dielectric lining,

(31)

_|_

“esd
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Introducing traveling waves

= \/R;(ana + bm)

( ) =
m ‘\/K ay — m
with
K = b=
Wey

the more convenient form in terms of amplitudes of forward (e,) and
backward (b.) traveling waves is obtained.

da,,. . s + =

E’LT) + kaam = JE(CMH ay + Conn brr)

" (33)
('T - jh’"lbm = _jz(cmn-’- bn + th_an) .

dw n

The coupling coefficients in (33) are
=+

Conn
+ (i - ’% ) (L - ol o) s
- [ [ (0 D) (B l) o0
(% -0 20 (5 - 5 ) ]
4 -2—\“—’/—‘;%: fs £ "lf’" 7,7, dS

+‘\/i;,,,h,. f B i T 2 "" x”’ T.)T, dS.
= 8

To analyze circular electric wave propagation, it is sufficient to con-
sider only coupling between circular electric and other waves. Let m
denote the TE,., wave; then

T‘ﬂ'l =0
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and (34) reduces to
o dmh,.“if (0T _ h_a}:) ATw’ 1
" 2 b, s a0 R e/ edu
| [Jp— f aT, aT,,’) aT.’ .., -
a ™ - du . d .
+ 2 Vihuh, d [ s e (e-_»ar adu ) edu o (35)
& [ et ds].
W ke V8

To find the z-dependence of the wave-amplitudes a,, and b,, for cer-
tain initial conditions, requires the solution of the generalized tele-
graphist’s equations (33).

They are a system of simultaneous first-order and linear differential
equations and can be solved by standard methods. From this point of
view, (33) with (35) and all the preceding definitions represent the
formal solution to propagation of circular electric waves in round wave-
guide with a single uniform lining. But this formal solution is still to he
reduced to a practical form accessible for numerical evaluation. Also,
heterogeneous or anisotropice linings have yet to be considered.

IV. A FIELD APPROXIMATION IN THE LINING

Before proceeding any further, an approximation will be made, which
is justified for all practical linings in round waveguide for circular elec-
tric wave transmission. In all practical cases, the lining is thin compared
to the radius of the guide

p—1l=5«K1. (36)

Furthermore, it can be seen from (35) that there is only coupling be-
tween TE,,, waves and waves of first circumferential order, i.e. p = 1.
For these waves it may be safely assumed that

P (37)
for all
a<r<b

within the lining, since | x,'r | 2 | k" | and, according to (28),

e 2.2 hnﬁ
k" = ka l:e !‘2]

Under conditions (36) and (37), the wave functions (2) for the lin-
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ing may be simplified, by replacing the Hankel-functions by their
asymptotic expressions. The result is:

sin (p — :—!) ki’
Y T

kllﬂr
Tn = Nn k"c! Jp(ltln Sil_l (p — l)k.ne sm W
(38)
r e
’ k-nz cos (p - ﬁ) k"
T,‘ = N,. k"fz Jp(rln‘-,,) m COS Pe.

The characteristic equation may now also be simplified to:

_ ] h,2kat
(yn - ]l—e tan & lr,,'") (y,, + A—E—e cot & .?.‘.,t) = p'le — 1)° k"—kfl (39)

where

Jp (kn)

yn = ’\—‘m]p(k") . (40)

Likewise, using (39) and the simplified form of (26), the factor d, may
be written:

knﬂk'nﬂz € e
de = Sty e OO+ ) .

The orthonormality condition (29) determines the normalization
factor N, . Using the asymptotic expressions (38) for the field functions
within the lining, the integration in (29) results in:

. h"E i 2 .
gNn!kiaz'IF-(kn) {(1 + dl’l 24][75.) (1 - ?1;..]_2 + 't\-rrzyﬂz + 2%.)

¢ p hlnz h"'3 Ek”-i_
—_ 2 dH\ m [(] + ]‘__1) - (1 + ‘el_.lg k"e-' ('1‘2)

ket (28 + sin 28k ha' 28k," — sin 25 1) _1
2%, sin® 6 k,* R cos? § k,* o

Tor circular electric waves with p = 0, the integration results in:

Bt

WNmz dmgl"mg']llg( km ) F

[1 + k'Y’ + 2Um
2 | | (43)
l\'m 261{(":" — sin 2§ km(il =1

i x 2 cos? § knt

-+
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The asymptotic expressions (38) have also been used to calculate
the coupling coefficients (35) for circular electric waves. Instead of
Y. , another abbreviation

Ji(kn)

Ty = m (44)

has been used to facilitate numerical evaluation:

Cwmi = g\/ﬁ M Jl(kﬂ) JO(’Im) ER' (]- + h’_m) 1+ d‘n

s ,l'mz — A',,2 hn

2 e ’._"2 + kmz [1 - 2x"]
+d, 0 (}L—')— 1+ d, L

k2 2= b x, ka2 — kn? Ty

.’\,,2 —I\'m2 == !‘u.J k"c tan ;l'me )
dui\ﬂ Tm + € E‘a \ni IL"' 2 ( - }T.';_g tan k"c &

. ky? k' a
—d k|1 = tan k" 6 + d, tan k' &
Ei\ ]\m

S ¢ ]\T,, "im
+ d, 7;—';':(1 + fim K’ ) e k' tan ky' 8
v

(45)

.h" Il,-,, ’\"n - 'r"m
)

2 h-m 2 . hm T —
+ (I}m =+ fl:‘ !1,, ) Tm + h_n (T" 1)]f G

Equations (39) to (45) reduce the problem to as simple analytical
expressions as seems to be possible at this time. Any further simplifica-
tion would only be brought about by replacing the trigonometric fune-
tions and the Bessel-functions by their Taylor series expansions for
small arguments, respectively arguments k, close to the roots of Bessel-
functions for the empty guide. Such simplification, however, would
lead to a first-order approximation for very thin lining, which has been
studied in detail elsewhere.'

The present aim is for a better approximation. Therefore, numerical
methods starting with expressions (39) through (45) will have to do
the rest.

To this end the characteristic equation (39), which in implicit form
determines the separation-constant k, , will first have to be solved.
For a lossless or low-loss lining, the relative permittivity is real or may
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be assumed real. Then all the quantities in (39) are real. An iterative
procedure for this solution has been found earlier.'

For the sake of completeness it will be repeated here using the present
symbols. Equation (39) may be written as:

o 4)
cot ok, =2(1i/‘/1+ﬁ (46)

a1 o 20"k K kY ,
r N kncyn [1 + (e 1) € "l-'n-‘ k‘nﬂz € ' (47)

where

A value for the relative permittivity e of the lining is now specified.
For a free-space propagation constant k = 2x/\, a wave propagation
constant h, is assumed and in calculating

k? = k'd* — hja*
(48)

2 2.2 2 2
k" = ek’'a” — h,a

for lack of knowing the true radius of the lining, a is replaced by b,
the radius of the guide. Using (47), a first approximation for the rela-
tive thickness is found. In general, according to the two signs of the
square root in (46), there will be two such values of relative thickness
which will lead to the same propagation constant A, .

The first approximation for é is used to correct the radius a of the
lining in (47) and (48). The calculation is then repeated. Since for
small values of §, a change in & affects the right-hand side only slightly,
this method converges rapidly.

For typical values of b/A and e the phase constants of four normal
modes have been plotted in Fig. 2.* The modes shown in Fig. 2 de-
generate into TEy TMy; TEy and TM. when the lining is very thin.
Of all the modes, these four are most strongly coupled to TEy by curva-
ture. The broken lines represent first-order approximations as they
have been found earlier.'! Note that the first-order approximations
hold only for extremely thin linings. In the case of the TEy wave, in
particular, the lining should be less than 0.05 per cent of the wave-
guide radius. Here the first-order approximations are of no use what-
soever.

Note also that the TM,, phase constant does not increase as expected
from the first-order approximation. The curve levels off, and eventually

__* These and most of the other numerical results have been obtained by H. P.
Kindermann.?
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Fig. 2 — Change in phase constant of normal modes in lined waveguide, b/x =
4.70, ¢ = 2.5 — solid line exact; broken line approximate.

a heavier lining will not change the TM,, phase. According to Dig. 3,
at higher frequencies the TM;, phase levels off at even lower values.
Also, a higher permittivity will not change these relations.

This is, of course, very unfortunate since to reduce curvature losses
the T'M;; phase should differ most from the TE,, phase.

Having solved the characteristic equation, eurvature coupling is
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Fig. 3 — The phase constant of TMy, is, over a wide range, nearly independent
of & and e
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obtained by substituting numerical values into (45). For the TEy
characteristics first-order approximations may be substituted. Even a
very heavy lining does not change these characteristics very much. For
example, with 8 = 0.03 and ¢ = 2.5 the relative change in phase con-
stant of TEy, according to this approximation is only:

AB
BV-‘!

The coefficients of curvature coupling between TEy, and TE,; , TMy
and TE,; are plotted in Fig. 4. Note again that any first-order approxi-
mations hold only for extremely thin linings.

The coupling between TEy, and TMy, is at first increased by the lining
and then stays almost constant. The increase in TEq-TMy; coupling
disagrees with another first-order approximation.' The present result
has to be considered correct, however, since the corresponding shielded
helix waveguide curvature coupling is about equally enhanced.’
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Fig. 4 — Coefficient of curvature coupling in lined waveguide b/A = 4.70, ¢ =
25— Eollcl line exact; broken line is wall impedance representation.
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Curvature coupling between TEy and TE;; decreases substantially
in lined waveguide as is shown by the solid line in Fig. 4. The broken
line will be referred to later. TEy-TEy coupling is nearly independent,
of the lining.

V. A WALL IMPEDANCE REPRESENTATION

The preceding analysis of lined waveguide considers only the simplest
case, of a single isotropic and uniform lining. Yet this analysis could
only be reduced to analytical expressions which are still quite involved
and require a lot of computation for numerical evaluation. It is éven
more difficult to analyze a waveguide with a more complicated lining
by the same methods. I'urther simplifications are necessary to facilitate
the analysis of anisotropic or heterogeneous linings.

Such simplifieations are brought about when the effects of the lining
are described by wall impedances which the lining presents to the
waveguide interior. Looking in radial direction, two wall impedances
may be defined which are associated with the two different polarizations
of the fields:

B, _E, (49)
Zo=—gi Lg, (50)

For a mode n represented by one term n of the series expansions (8)
and (15), these wall impedances ean be expressed by the field funetions
(38):

, Xn’ 1
Ze = 1 ey P b (51)
cot k.6 + d, — =
ku‘ ke"
Z, = jw—:‘;f' [mn k'8 — dij] (52)
For eircular symmetric modes p = 0 and
Zo =7 Xn_ tan k'8 (53)
WEE
Zo=7] w—#—" tan k,” 6. (54)
Xn'

The characteristic equation can be derived with these wall impedances.
Instead of satisfying the boundary conditions (16) through (19), the
two conditions (49) and (50) will now be substituted. The ratio
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—(E,/H,) and E,/H, of the field components in the waveguide inte-
rior adjacent to the lining will be required to be equal to the wall im-
pedances Z, and Z, presented by the lining:

¥ 0§ 1
—i i — =7
H, . P ha ! (55)
Jwen @ (yﬂ — dy !ﬁ_ng T
E, .kd D ) .
o= 0~ ) % (56)

After the factor d, has been eliminated from (553) and (56) one equa-
tion, the characteristic equation, remains:

J Z P k'
(yn + w——mzw) (yn e it wm) =i (37)
This equation is still exact to the same order as are the wall impedances.
If expressions like (51) and (52) for the wall impedance were sub-
stituted, the same equation as before, that is (39), would result.
Instead of (51) and (52) wall impedance values for circular symmetric
modes as given by (53) and (54) will now be substituted into (57).
But for the rest, the circumferential index p will be kept general in
(57). One obtains:

1 ¢ € P P bt -
Yn = 3 tan & k, Yn + i cot d b, ) = T (58)

This expression is quite similar to (39).
The left-hand sides of (58) and (39) are identical, and there is only
a small difference on the right-hand sides of these equations. The right-
hand side of (39), for example, may be written as:
h.2p® kat(e — 1) htp* (e —1)°
Kkt kS Kk, Y (59)
EELE)

All modes of interest are those which have nearly the same propaga-
tion constant h, as the circular electric wave. Since under practical
circumstances the circular clectric wave propagates nearly as in free
space, h, will also be nearly equal to k. If under these circumstances the
right-hand side of (39) according to (59) is compared with the right-
hand side of (58), the difference is found to be very small indeed.

To determine the normal modes in a straight waveguide with a single
dielectric lining, it therefore seems well justified to use (58) as charac-
teristic equation instead of (39).
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As further confirmation, this approximation (58) has been solved
numerically and compared with solutions of (39).

Let &' be the thickness of the lining. Solving (58) will give a certain
phase constant for a particular mode. To obtain the same phas= constant
from (39), the thickness has to be 5. Plotted in Fig. 5 for the three modes
is the relative error (6’ — §)/6 that results from using (58) instead of
the exact form (39).

An analytic expression for this error can be given for a very thin
lining, when the modes in lined waveguide may be considered first-order
perturbations of modes in metallic waveguide. Under these conditions
for TM modes

and for TE,, modes

§ — 5 _ Ko 9 _ ‘T‘Lﬂﬂ
b (e — )k~  Ka?

where J,'(k,0) = 0.

In the numerical example of I'ig. 5 the error is largest for the TI,
mode and very thin lining. For the other two modes the error stays
generally below 1 per cent.

The wall impedance representation, therefore, holds for single iso-
tropie linings of any practical dimensions.
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Fig. 5 — For the same phase constant, the thickness of the lining is § aecording
to (39) and 8" according to (58), b/x = 4.70, ¢ = 2.5.
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The characteristic equation (58) for the waveguide with a single
isotropic lining is not the only form to which the more general expres-
sion (57) can be reduced. It can be utilized in much more general cases.
As long as we are able to determine the wall impedance Z, and Z, , we
can use (57) to determine the normal modes of the structure for any
lining such as anisotropic lining or heterogeneous linings.

The example of a single isotropic lining has taught us that it is suffi-
cient to use wall impedance values of the corresponding circular sym-
metric modes. It is relatively easy to find these wall impedances even
for quite complicated jacket structures. We will then be able to determine
the normal modes characteristics of waveguides with such complicated
jacket structures.

To make full use of the wall impedance representation in our analysis
of the curved waveguide, some approximations are necessary for the
coefficient of eurvature coupling (35) and the normalization factor
N..

To obtain these two quantities, products of field components and other
functions had to be integrated over the total cross section. The range of
integration included the lining.

In our present representation we do not explicitly determine the field-
distributions within the lining, but the effect of the lining is taken into
account by only considering the input impedances as seen from the
waveguide interior. In this representation we therefore cannot calculate
the contributions to the various integrals by extending them over the
lining. We will consider the effect of neglecting these contributions.

Under practical circumstances, the area of the lining is always very
much smaller than the total cross section. The components of the mag-
netic field, since they are continuous across a dielectric boundary, are of
the same order of magnitude within the lining as in the empty space of
the waveguide. Except for a possible change of the order ¢, the same is
true for the components of the electric field.

In summary, then, the integrals of products of field components over
the area of the lining are always very much smaller than the correspond-
ing integrals over the total cross section. They consequently might be
neglected.

Under these circumstances, (42) reduces to

™ 24 2 2 70y, 2&_2
‘2'Nn ]‘n Jp (I‘n) |:(1+dn ]\,'2)

3 - (60)
1P 4 9, .2, 2) _ o fin_ P |
(1 knz + & yn + ’\n yn) - (1 + ]52) dn kng:l ]
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and (43) for circular electric waves to:

o
o

* N2 d b Jo (Rw) 75 (14 2y + bl yol) = 1. (61)

-2

For the coefficient of curvature coupling we get instead of (45)

(f”l A"ﬂlz Nﬂ N.m

km2 - I\"ng

f tr g
b ha 2k, 1
. {L (1 :b 71_;) l + dn + dn F (knz o kme - I:)
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Xn . 2 h‘m B ., .lj, _ h‘lll
+ d" F [(A e h_" II") T = (-!',, 1) Fﬂ]

The factor d, in all these equations can be determined from (55) or
(56). FFor example from (55) we get:

d, = T W (y,. 4 =4 ) (63)

? E-‘ CdEnaZ,

=
Coun

hm hﬂn ']l (!l.u) Jf) (}".m)

a
R

ol S

After the characteristie equation (57) has been solved for a particular
combination of wall impedance values Z, and Z, , all the other quanti-
ties and eventually the coefficient of curvature coupling ¢,,” can be
found by straightforward evaluation of (60) to (63). The wall imped-
ances Z,, and Z, may of course be determined from the eircular sym-
metric field components,

The approximations which have been made to obtain (60) to (63)
have been examined more closely by numerieal evaluation. The coeffi-
cient of curvature coupling has been ecalculated using these equations
and compared with the plots in Fig. 4. For TM;-TE); and TE;-TE,
coupling the differences are small enough not to show in Iig. 4. The wall
impedance representation fails only for TE,-TE;; coupling and § > 0.8
per cent. The corresponding coefficient of curvature coupling is shown
by the hroken line in Fig. 4. Fortunately the coupling is then so small
and the phase constants of the waves differ so much that there is no
significant interaction between TEy, and TE;, .
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The explanation of why the two methods of calculation result in
different values in just this case is as follows:

The TEy wave in round waveguide is most strongly modified by the
lining. Even in a thin lining, the TE,, field tends to be concentrated
within the lining. In the present numerical example, it takes only a
relative thickness of § = 0.4 per cent for the radial propagation constant
k. to become imaginary and consequently the TEy fields to be evanes-
cent towards the center of the guide. When this happens because
of very weak TEy fields within the guide, the curvature coupling to
TEy will be very weak too.

The wall impedance representation fails for caleulating the coupling,
because it entirely neglects any field interaction within the lining,
which is more and more significant for TE,, and a thick lining. This
phenomenon is limited to TEy ; coupling to all other modes is accurately
described by the wall impedance representation.

VI. WALL IMPEDANCE OF ANISOTROPIC AND HETEROGENEOUS LININGS

It has now been established that the wall impedance representation
is a useful method in analyzing wave propagation in straight and curved
sections of lined waveguide. To use this method for waveguides with
anisotropic or heterogeneous linings we need to know the wall imped-
ances of these linings.

6.1 Anisotropic Lining

Flock coating shows promise as a lining for circular electric wave-
guide. Resistive fibers of the flock are parallel to the electric field of
unwanted modes but perpendicular to circular electric fields. A flock coat
is anisotropic, and in an (x,y,z) system identified by

=, ar =y, w =z (64)

it may be described by the permittivity tensor

ez 0 0
lell =10 e Of. (65)
0 0 €

Wall impedances of circular symmetric modes are used the wall
impedance representation. In our present system of coordinates, cir-
cular symmetry corresponds to d/dy = 0.
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. . —jhz .
Assuming furthermore a z-dependence of ¢, Maxwell’s equations
may be written in the following form:

jhE, = jouH,
ak.

—jh b, - = —jwpH,
aE” = _jw#Hz
dr (66)
56
JhH, =jee E,
. o, . ,
—jhH, — Gy —Jwe E,
‘%' =jwe ;.

Eliminating the field components £, , I£, and H., H, from (66) we
get:

TE & e, — 1 BT = (67)
ox? €
aa{{ 4 i, = WYIL, = 0; (68)

The general solution of these equations has the form
Ae™ 4 Be %

where for (67)

e
= /& = 4S8t
X Xz /‘/ - /‘/ & (wp € h )

and for (68)
X =X: = Volpe — h?
are the propagation constants in .- or radial direction.
A wave traveling in positive a-direction or outwardly in the eylindrical
system is represented by the second term. For such waves

o
== K
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and we obtain from Maxwell’s equations and (67)

jwezEz= —an: /‘/%Hu
Xz

(69)
= e
and from (68)
—jop H: = —j x: B,
7, — % (70)

Z. and Z, are the wave impedances of an anisotropic medium. The wall
impedances of the anisotropic lining are input impedances of a radial
transmission line of length (b — a) short-cirenited at the end. In our
present approximation:

Zi=] X2 _ tan Xz 1/6‘ (b — a) (71)
WV €€: €
Z, =7 :—“ tan x. (b — a). (72)

To make Z, and Z, constants of the waveguide, independent of a par-
ticular mode, we consider only modes which are sufficiently far from
cutoff to propagate nearly as in free space. Then

2
Xe = =T & _1
A €
N (73)
2r €:
X: = Y ;] 1.

For circular electric waves only Z, enters the boundary condition.
Note that in (72) Z, is independent of e . Resistive components in
the flock coat will cause a loss factor only of e.. Such resistive com-
ponents leave the circular electric wave loss unaffected.

6.2 Double Lining

A base layer of dissipative material and a top layer of low-loss ma-
terial provide mode filtering for THy, transmission and reduce TEy loss

in bends.”
Let the base lining have a relative permittivity e and thickness b — a,

the top lining ¢ and a; — a.
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Input impedances of the base lining are
Za=1] Xt tan xilb —a), Za=17] OB tan xi(b — a)
WeREy X1

where
X1 = f\' €& — 1.

These input impedances are transformed by the second lining accord-
ing to ordinary transmission line theory

5 #n'\/e;-]él'\/ﬂ,—ltﬂlltpb—l—eb‘\/et—ltlulw
Lw =] (74)
€0 € € \/ﬂ —-1—g \/e,, — 1 tan ¢ tan ¢,

7 — i Ho 1 Ve — 1 tang, + Ve — 1 tan ¢ (75)
' & vVe—1vVe —1— Ve — 1tang, tan ¢, )

where

b —a
on = 2r Ve — 1 !

A
and

Il

@t

2r Ve — 182

I'or a thin base layer ¢, << 1 and
tan _tan ¢;
= (h = a;) +
= ,‘/ “" e , (76)

€
! (b — a,) \/e, — 1 tan ¢,

Note that in (76) Z, is in(lopt‘ndc-nt of the permittivity in the base
layer. Any loss in the base layer will not significantly raise circular
eleetric wave loss.

VII. CONCLUSION

In previous first-order approximations, normal modes of lined wave-
guide were considered perturbed modes of plain waveguide, and coeffi-
cients of curvature couplings were assumed the same as in metallic
waveguide. In some respects these approximations hold only for ex-
tremely thin linings, thinner for example than 0.05 per cent of the
waveguide radius. The present more exact analysis shows that the
TEn wave has a phase constant much higher than would be expected
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from these approximations. Neither the thickness nor the permittivity
of the lining can increase the phase difference hetween TMy, and TEqy
beyond a certain limit. The phase difference eventually is almost inde-
pendent of § and e and is small for high frequency.

Curvature coupling between TEy and TEy is substantially smaller
in lined waveguide than in plain waveguide, while it is nearly inde-
pendent of the lining between TE., and TEy, . Between TMy, and TEy ,
however, it first increases and then stays constant.

Waveguides with sandwiched or anisotropic linings may be analyzed
by using a wall impedance representation. Wall impedances which the
lining presents to fields of circular symmetry may be used in this analy-
sis. They may easily be caleulated for flock coatings and double linings.
The wall impedance representation is found to be accurate for all typi-
cal cases.
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Some Traffic Characteristics of
Communications Networks with
Automatic Alternate Routing

By J. H. WEBER
(Manuscript received August 23, 1961)

As a first step in the investigation of communications networks with
aulomatic alternate routing, a simulator has been prepared using the IBM
7090 high-speed digital computer. The simulator is capable of being applied
to a large class of networks, the principal restrictions being that blocked
calls are cleared, and no congestion or delay is encountered at the swilching
points. Although the first version of the simulation program requires that
the alternate routing plan be fived in advance (1.e., before a run), the program
design is such that traffic-dependent alternate routing doctrines can easily be
provided.

The simulator has so far been used to examine the behavior of small
networks of various sizes, configurations, and alternate routing docirines
under normal and abnormal conditions of load. Several eriteria are intro-
duced and used to evaluate the relative performance of different networks,
leading to conclusions regarding the merils of certain alternate rouling
procedures and the areas of profitable application of the networks studied.
The overlvad capabilities of these networks are of particular interest and are
examined in some delail.

1. INTRODUCTION

The recent rapid expansion of long-distance communications facilities
to serve increasing civilian and military demands, along with the evolu-
tion of cheaper trunking facilities and more sophisticated switching
techniques, continues to bring the problem of network design and engi-
neering to the attention of communications engineers. Although methods
have been developed for engineering certain types of networks for the
most economical distribution of trunking facilities, several critical prob-
lems remain.

769
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One of these is the lack of understanding of the hehavior of alternate
routing networks under overload conditions, whether the overload is
local or system wide. Local disasters, such as storms, earthquakes, ete.,
have caused severe deterioration of service in certain regions owing to
increased loads directed toward the affected area. At other times, such
as Christmas Day in the United States, the pattern of traffic shifts
radically, again causing serious overloads and long delays in completing
calls. Finally, some concern is felt for the behavior of the system under
the impact of some widespread disaster, where overloads may appear
everywhere simultaneously.

Such considerations lead in turn to two questions. First, how shall
networks be designed to be efficient during normal operation and yet
not deteriorate catastrophically under overloads, and second, given a
network design, can the switching pattern be altered for the duration of
an overload to improve performance, and if so, how?

Another problem is our present inability to engineer any but the
limited class of alternate routing networks of a “hierarchical” nature
which have been widely used in the Bell System and elsewhere.

Sinee no analytic techniques appeared to he available or soon forth-
coming to answer these questions, a simulation study was undertaken in
the hope that some insights might be provided into the operation of such
networks which would be helpful in their design and in the development
of theoretical models to predict their characteristics.

Accordingly, a program was written for the IBM 7090 computer
which enables various alternate routing philosophies to be simulated and
compared. In line with the general nature of the problem being studied,
the program was designed to accept a large variety of networks and be
easily expandable to encompass more sophisticated alternate routing
procedures as they evolve.

The capabilities and limitations of the simulator are outlined in some
detail in the next section, followed by a description of the first experi-
ment using the program. Finally the results are presented and analyzed,
and some general characteristics of alternate routing networks of the
types studied are set forth.

II. SIMULATOR CHARACTERISTICS

Although many of the problems which arise when alternate routing
networks are overloaded are caused by switching delays and shortages,
it was decided, as a first step, to consider only the effects of trunking,
gince the switching problems are unique to particular systems, and would
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in any event considerably complicate both the program and interpreta-
tion of the results. Accordingly, the program was constructed under the
following restrictions:

(1) No blocking or delay is introduced by any switching point.

(2) Calls which do not receive service immediately are cleared from
the system and do not return. (If setup time is assumed negligible,
and there are no delays, the lack of retrials is not likely to mate-
rially affect the nature of the results.)

If the network is considered to consist of nodes (corresponding to
switching centers) and links connecting them (corresponding to direct
trunk groups), then each link may be assigned an originating traffic, a
trunk group size and an alternate routing pattern. In addition, calls
which overflow the direct route and are to be alternate routed may be
assigned a directionality, or originating node, which allows one of two
alternate routing configurations to be hunted over, depending upon the
direction of the call. Every trunk group is a “two way”’ group, so no
direction need be assigned to calls which are carried on the direct route.

The simulator will accept systems which contain as many as 63
switehing points, each of which may be connected to any other switching
point by up to 511 trunks. Calls which do not find an available trunk in
the direct route may overflow through one of two sets of up to 63 specified
routes, depending upon the direction of the eall. Each alternate route
may contain as many as 7 links, which implies switching through up to
6 intermediate nodes. (A modification of the program allows the alternate
routes to be chosen on a “step by step” basis, where the first node in
the alternate route chain is specified, and the call proceeds from node
to node according to the alternate routing specification at the last node
through which the call was switched. “Ring-around-the-Rosy” and
“Shuttling” are prevented by keeping records of where the call has al-
ready been switched and not allowing it to use the same node twice.) It
should be emphasized that the program as deseribed here requires that
the entire alternate route be specified at the originating link, and failure
to connect on any link of an alternate route allows an entirely new route
to be selected.

An over-all maximum size of the system, set by the limitations of the
computer memory, is

(13 X Number of links) 4+ Total number of trunks
+ Total number of alternate routes = 22,013.

IFor example, if a system has 40 nodes, (and therefore 780 links), and if
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there is a total of 3900 trunks in the system, (corresponding to an average
of five trunks per link), then 7973 alternate routes, or about 10 per link,
can be specified. This is a rather large system, and in fact the simulator
allows for experimentation with a wide range of possible trunk, node,
and alternate route configurations.

In order to estimate the reliability of the simulation results, outputs
may be printed out at subintervals of the run. Furthermore, since the
system starts empty, equilibrium may be attained before records are
kept by running the program for a number of subintervals and discarding
their records. The number of subintervals to be printed out, as well as
the number to be discarded, can be specified in the input, along with the
average holding time per call, the total time the simulation should be
run in holding times, and indications as to what sort of alternate routing
scheme is to be used. The holding times of all calls are assumed to be
exponentially distributed with identical means, and traffic levels are
varied by altering the average time between calls offered to each link.
Pseudo-random numbers to specify the input are generated by a multi-
plicative congruential technique which gives a cycle of 2% numbers
before a repeat. The random number generator is not cleared after every
simulation, so that if several experiments are made successively, they
will not utilize the same sequence of random numbers. Thus runs can be
repeated identically if desired, or, alternatively, a different set of random
numbers can be used for the same system configuration by the simple
expedient of reordering the experiments.

The information which is printed out, in addition to that derived
directly from the inputs, (number of nodes, number of trunks and loads
per link, alternate routing patterns, ete.) is as follows:

(1) An estimate of the probability of loss (blocking) from each link; i.e.,
the proportion of calls directly offered to a specific link which are
unable to be served at all.

(2) An estimate of the probability of direct overflow; i.e., the propor-
tion of calls which overflow the direct route, although they may
be served on an alternate route.

(3) Number of calls offered to each link, both directly and as an
alternate route.

(4) Load in erlangs carried by each link, both from direct and alternate
routed traffic.

(5) Calls carried by each link, both from direct and alternate routed
traffic.

(6) Over-all average blocking; i.e., > aipi/ Y, a; where a; is the load
1=l i=1

offered to link 7, and p; is the blocking experienced by a; .
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(7) Total carried load, which is really total calls multiplied by holding
times. That is, a call is assumed to provide the number of erlangs
its holding time would represent, regardless of how many links
are used. This quantity is derived indirectly, by multiplying the
total offered load by one minus the overall average blocking.

For moderate sized systems this program will process calls at the rate
of about 1,200,000 calls per hour. A sample output is shown in Tig. 1.
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297 3685
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3193 12740
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1389 &117
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Clearly, the flexible nodal structure upon which the program is based
allows certain things to be done by expending extra nodes which are not
directly programmed. For example, if it is desired to have two one-way
groups in a link, it is necessary merely to assign no trunks to the direct
link, and have each of the alternate route patterns contain one node,
which is assigned for the purpose. So, a single link would then have 4
nodes and 4 links with trunks assigned, as shown below.

4
€y < | AND 2 ARE
’ ,  ORIGINAL NODES
3 AND 4 ARE
- - SUPPLEMENTAL NODES
2 2
3

Another possible use is the simulation of progressive graded multiples.
Suppose it is desired to simulate the simple multiple shown below.

L |

f f

ay dz

This is clearly equivalent in terms of loads carried and blocking to the
following nodal structure.

a4 az

In this analogue, a; has links 1-4 and 3-4 as an alternate route, while a,
overflows through 2-4 and 3-4. Thus, if links 1-4 and 2-4 are provided
with more trunks than 3-4, they can introduce no blocking and the
system corresponds to the graded multiple above where link 3-4 is
equivalent to the common group. This sort of flexible structure, then,
appears to be useful in many ways, and may in fact come to have applica-
tion beyond its original intent.

This program was primarily designed as a tool for the evaluation of
alternate routing networks and as an aid in formulating principles for
their design and administration, although one of the purposes was to
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assist in the solution of real problems as they arose. Accordingly, studies
have been begun with the aim of codifying classes of networks and deter-
mining the significant parameters, advantages and disadvantages of each.

III. ANALYSIS OF NETWORKS

As a first step in the study of alternate routing communications net-
works it is desired to compare the behavior of several alternative con-
figurations under normal and overload conditions. The variables which
seem most likely to be significant in determining network performance
are:

(1) Number of switching points in the network.

(2) Overall size of the network, perhaps best deseribed as a measure

of the average load or number of trunks per link.

(3) Alternate routing procedure used. Thus, a system which allows all
traffic to overflow in some specified manner will probably perform
differently than one which considers some routes to be “high
usage” and from which traffic is alternate routed, and others to be
“finals,” from which no alternate routing is permitted.

(4) Type of overload encountered. A uniform (system wide) overload,
for example, may cause a behavior quite different from an over-
load which is confined to a particular portion of the network.

In order to estimate the performance of networks when these parameters
vary, and yet keep the results simple enough so that they can be easily
interpreted, eight different networks were studied, each having two
different alternate routing plans. In each ease both uniform and non-
uniform overloads were considered.

The eight networks studied consisted of two networks with three,
two with four, two with five, and two with six nodes. The loads were ad-
justed so that the average load per link varied from three and one half
erlangs per link in the most lightly loaded network to about 28 erlangs
per link in the most heavily loaded configuration.

For purposes of convenience, the following terminology will subse-
quently be used:

(1) A link is a connection between two nodes, which may have any

number of trunks, including zero.

(2) A node is a switching center, characterized by two or more links
terminating at it.

(3) If network A is larger than network B, it has more nodes.

(4) If network A is heavier than network B, it has more offered erlangs
per link on the average.
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(5) A hierarchical alternate route network is one in which at least
some of the trunk groups are high usage; i.e., traffic which is not
carried can be overflowed to other groups, at least some of which
are finals, which have no alternate routes.

(6) A symmetrical alternate route network has only high usage groups.

(7) A simple network has only final routes; i.e., no alternate routing
is allowed.

The procedure which was followed in all cases was to postulate loads
offered to each link in the network. For the sake of generality, these
loads are ordinarily unequal, although in some cases equal loads are
used in places where it is thought that this will not prejudice the results.
Each network was engineered for a loss of 1 per cent on the worst link
for simple, symmetrical and hierarchical networks. Loads were then
applied corresponding to (a) 25 per cent, 50 per cent, 75 per cent, and
100 per cent uniform overload and (b) 25 per cent, 50 per cent, 75 per
cent, and 100 per cent overload on all routes terminating at node 1.
The selection of node 1, of course, is quite arbitrary, but this choice
appears to be immaterial in the symmetrical case, and is likely to be
most typical for hierarchical networks. (The heaviest loads in the
hierarchical networks were reserved for the final routes, since this will
allow most effective use of the hierarchy and seems to correspond to
actual practice.) The simulations ran for 200 holding times for heavy
networks and 1000 holding times for light networks, with an additional
20 per cent of this time (i.e., 40 or 200 holding times) discarded at the
beginning of each run to remove the initial transient. Results were
printed out at five subintervals of the total run, and examined to deter-
mine that the initial transient had been removed and the run was long
enough to yield results sufficiently accurate for the purposes of this study.

Sketches of the networks are shown in Figs. 2 to 9 along with tables
indicating the link loads and trunks assigned for each of the alternate
routing doctrines. (Two sketches of each network are provided, one of
which can be easily related to a symmetrical alternate routing philosophy
while the other suggests a hierarchical doctrine. The dashed lines in the
hierarchical sketch denote high usage groups, while the solid lines repre-
sent final routes. Since all links are high usage in the symmetrical system
this distinetion is not needed, and identical solid lines were used through-
out.) The simple networks were engineered using the Erlang B tables,
while the hierarchical networks were engineered using conventional
methods with the sort of hierararchy used in the Bell System, allowing
about 0.7 erlangs (25 ces) on the last trunk in a high usage group. The
(hierarchical) configurations were then checked experimentally using the
simulator, and adjustments were made where required. The symmetrical
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Nerwork PARAMETERS, 3 NobpEs — LiGHT

~1
~1
=1

Engineered Trunks

Link Number Enninﬁﬁrﬂ;’;oadﬁ-
Simple Symmetrical Hierarchical
1-2 2 7 6 1
1-3 4 10 8 13
2-3 6 13 11 16
Total 12 30 25 30
Ave/Link 4 10 8.35 10
3
3
T — 1 2
HIERARCHICAL SYMMETRICAL

Fig. 2 — Three-node network models with table of link loads and trunk as-
signments for light loading,

NurworK PArRAMETERS, 3 Nopes — HEavy
bl

Link Number

Engineered Loads-

Engineered Trunks

Erlangs
Simple Symmetrical Hierarchical
1-2 5 11 11 4
1-3 10 18 16 21
2-3 15 24 21 27
Total 30 53 48 52
Ave/Link 10 17.65 16 17.35
3
1 2
HIERARCHICAL SYMMETRICAL

Fig. 3 — Three-node network models with table of link loads and trunk assign-

ments for heavy loading.



NETWORK PARAMETERS, 4 NopEs — LicuT

B Engineered Trunks
Link Number Engipers Soats-
Simple Symmetrical Hierarchical
1-2 1 5 E! 0
1-3 4 10 8 13
1-4 2 7 5 2
2-3 3 8 6 3
2-4 5 11 9 15
3-4 6 13 10 17
Total 21 54 42 50
Ave/Link 3.5 9 7 8.33
3 4
3 4
~ v
-~ \\
~ ~.
1 2 1 2
HIERARCHICAL SYMME TRICAL

Fig. 4 — Four-node network models with table of link loads and trunk assign-

ments for light loading.

NETWORK PAraMETERS, 4 Nopes — Heavy

. Engineered Trunks
Link Number Engm}caeégﬂgls.nnds-
Simple Symmetrical Hierarchical
1-2 5 11 12 3
1-3 20 30 27 37
1-4 10 18 18 9
2-3 15 24 22 14
2-4 25 36 32 43
34 30 42 38 52
Total 105 161 149 158
Ave/Link 17.5 26.8 24.8 26.35
3 4
3 4
~ ~
g \\
— ~
1 2 1 2
HIERARCHICAL SYMMETRICAL

Fig. 5 — Four-node network models with table of link loads and trunk assign-

emastbes EauRaneir Eaniists oy
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Nuerwork Paramerers, 5 Nopes — Licar

. Engineered Trunks
Link Number Enginsned Toady
Simple Symmetrical Hierarchical
1-2 1 5 4 0
1-3 5 11 9 17
1-4 2 7 5 1
1-5 2 7 5 1
2-3 3 8 6 2
2-4 4 10 7 3
2-5 6 13 10 19
34 6 13 10 21
3-5 4 10 7 4
4-5 7 14 11 23
Total 40 98 74 91
Ave/Link 4 9.8 7.4 9.1
5
4 5
-~
I ~ ///
/ /"<)( 3 4
(3 4,/ —— - 2
P
\ o
L=~
1 1 2
HIERARCHICAL SYMMETRICAL

Fig. 6 — Five-node network models with table of link loads and trunk assign-
ments for light loading.

networks were designed to allow each parcel of traffic to overflow through
all other nodes in turn and were engineered entirely with the simulator by
trial and error. A first estimate of trunk quantities was made using a
fixed differential between the load in erlangs and the number of trunks
in each link, and corrections were then made as required.

Having established this framework, or procedure for evaluation, a
eritical question is, What eriteria can be used to compare the perform-
ance of various types of networks? It is desirable to take account of the
efficiency (carried load per dollar of investment) of the network at all
times, as well as the grades of service which are provided to each group
of customers. Although grade of service here can no longer be interpreted
as the small percentage of blocked calls that is ordinarily encountered at
normal engineered loads, it is nevertheless incumbent upon the network
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Nerwork ParameTers, 5 Noprs — Heavy

. Engineered Trunks
Link Numbet E“S“’gfrflﬁﬁg%‘mds‘
Simple Symmetrical | Higrarchical
1-2 5 11 13 3
1-3 35 47 43 57
1-4 15 24 23 15
1-5 10 18 18 9
2-3 20 30 28 19
2-4 25 36 33 25
2-5 40 53 48 64
3-4 45 58 53 75
3-6 30 42 38 31
4-5 50 64 58 81
Total 275 383 355 379
Ave/Link 27.5 38.3 35.5 37.9
5
4 5
S~
/ L Ve 3 4
- ;\ =~
(3 — = 2
228
1 1 2
HIERARCHICAL SYMMETRICAL

Fig. 7 — Five-node network models with table of link loads and trunk assign-
ments for heavy loading.

designer to consider the extent to which service is degraded on any partic-
ular link. Similarly, one would expect the efficiency under overload con-
ditions to be higher than that encountered during normal operation, but
the relative efficiencies of networks using various alternate routing doe-
trines (to carry the same loads) may be rather different. It is clear, for
example, that if a call uses a trunk in each of two links, there is a possi-
bility of lower network efficiency being obtained than if it used a trunk
in only one link. It is one of the purposes of this study to determine at
what overload point such a loss in efficiency takes place, and what if any
remedial action can be taken.

Thus, two rather different criteria appear to be important, one of
which is essentially an economic variable, and the other a service vari-
able. They are both further complicated by the fact that the first de-
pends on the relative costs of trunks in different links, and the second
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NETWORK PARAMETERS, 6 NoDES — LIGHT

3 Engineered Trunks
Link Number Ehginsotd Loads:
Simple Symmetrical Hicrarchical
1-2 1 | 5 4 0
1-3 5 11 8 16
1-4 1 5 4 1
1-5 3 8 7 3
1-6 2 7 5 2
2-3 2 7 5 2
2-4 6 13 9 18
2-5 3 8 6 3
2-6 4 10 7 4
34 4 10 7 4
3-5 6 13 9 21
3-6 4 10 7 4
4-5 5 11 8 5
4-6 7 14 11 23
5-6 7 14 11 24
Total 60 146 108 130
Ave/Link 4 9.75 7.2 8.67
5 6
5 6
/ \""‘ =7\
7( \
(3 / ; a) 3 4
\ << |/
\ <. J/
l 2
1 2
HIERARCHICAL SYMMETRICAL

Fig. 8 — Six-node network models with table of link loads and trunk assign-
ments for light loading.

has a different value for every parcel of traffic in the network. In order
to simplify these complexities and reduee the number of variables which
enter into the measure of performance, only the worst blocking in the
network will be considered as the serviee eriterion. This is, of course,
conservative, and reflects the difficulties which might occur when alter-
nate routing is canceled and a small parcel of traffic has no trunks in the
direct path. The blocking on such a parcel would then be unity, and it
would quickly be noticed that a parcel of traffic is isolated.

The problem of assigning costs to trunks is more difficult, of course,
since there is no apparent logical worst or best case. Thus the assump-
tions made here for the relative costs are quite arbitrary and oversimpli-
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NeTrwork ParameTErs, 6 NobEs — HEAVY

. Engineered Trunks
Link Number Engmg:}i;dﬁgg.oads—
Simple Symmetrical Hierarchical

1-2 5 11 15 3
1-3 40 53 48 67
14 10 18 19 9
1-5 20 30 28 22
1-6 15 24 24 13
2-3 10 18 19 9
2-4 40 53 48 67
2-5 20 30 28 18
2-6 25 36 33 27
3-4 30 42 38 27
3-5 45 58 53 82
3-6 30 42 38 30
4-5 35 47 43 35
4-6 50 64 58 90
5-6 50 64 58 97
Total 425 590 550 596
Ave/Link 28.3 39.4 36.7 39.7

5 6

5 6
~ -
// So~e” |\
(3 ——E——=34) 3 4
7O\
\| 27~/
1 2
1 2
HIERARCHICAL SYMMETRICAL

Tig. 9 — Six-node network models with table of link loads and trunk assign-
ments for heavy loading.

fied, but may still be useful in evaluating network performance. Two
different assumptions will be made. The first is that all trunks have the
same cost. This might be a reasonably realistic assumption in a network
where the designers are likely to think of symmetrical alternate routing
doctrines. In effect, it states that the distance between any two nodes is
not sufficiently different from the distance between any other two nodes
to materially affect the cost of trunking facilities between them. Al-
though this may appear to represent an unrealistic geographical situa-
tion, it may not be too far in error if the economics of long haul, large
cross section trunking facilities are considered. In such systems, the ter-
minal costs make up a large portion of the total trunk cost, and these,



AUTOMATIC ALTERNATE ROUTING 783

of course, are independent of the length of haul. The second assumption
is that some routes are half as expensive as the others. For example, in
I'ig. 4, routes 1-3 and 2-4 are each considered to be half as long as each
of the other routes in the network, all of which are assumed to be vir-
tually the same length (all lengths here, of course, refer to costs, which
are ordinarily roughly proportional to lengths). This assumption is geo-
graphically reasonable, and is, in faet, the kind of layout that is often
encountered and which may well have prompted the development of
hierarchical alternate routing procedures. Although neither of these
weighting schemes may exactly represent an actual ease, using each as-
sumption in its logical place may yield more realistic comparative results
than would using the same assumption throughout.

Having reduced the parameters for evaluation to two (worst blocking
and load earried per dollar of investment), they can be combined into
one by the following argument. Both of these parameters, which will be
called B (blocking) and E (efficiency) generally increase with increasing
loads (although # may occasionally decrease in a non-simple network).
A large value of F is generally desirable, but, of course, a large value of B
is not. In fact, quite the reverse is true, and so a high value of (1 — B)
is a desirable goal. Furthermore, the two factors will increase under differ-
ent circumstances. For example, a highly efficient network may readily
yield a very high value of £, but will also eause very high blocking. Thus
B will be high and (1 — B) low. Conversely, a loosely engineered net-
work is likely to provide good service under overloads, yielding a rela-
tively low B and high (1 — B), but in turn be inefficient, with a low E.
In both of these cases, the product K(1 — B), will take on some inter-
mediate value. Accordingly, a figure of merit for networks, called the
Performance Measure, will be defined as M = E(1 — B). This number
may be dimensioned to lie hetween zero and one and will pass through
a maximum as the load is increased. At engineered levels it will es-
sentially represent the network efficiency, and as the load is inereased
it will indicate when service or efficiency or both are deteriorating. A
high M is clearly a mark of a well performing system, with efficient trunk
usage and at least tolerable service, while a low or rapidly deecreasing M
will show a system which is either being inefficiently used or is providing
poor service or both. If M = 0 an intolerable situation exists; i.e., either
some parcel of traffic is unable to be served or no load is being earried
by the network. If a network can be designed to be efficient under nor-
mal conditions and to maximize 3/ during moderate or partial overloads,
and steps can be taken to prevent too rapid a degradation of this quan-
tity during severe overloads, then it is a reasonable assumption that this
design will be satisfactory for its purposes. That is, it will provide
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efficient communications facilities at normal loads, and will also allow
the continuation of at least tolerable service between all points under
adverse conditions.

One more modification was made in the results before analysis was
undertaken. Since large trunk groups are more efficient than small ones,
the group size would naturally affect the values of K and M, both at
normal loads and under overload conditions. Accordingly, £ and M were
then plotted for each network relative to the £ and M of the correspond-
ing simple networks. The simple network was chosen as a convenient
reference point, since it is easily engineered and requires no compli-
cated switching equipment for implementation. Thus, one of the strong
changes in efficiency which is not caused by the alternate routing pat-
tern is largely removed, permitting comparisons among the latter to be
more readily made.

IV. RESULTS

In order to investigate the effects of various parameters on network
behavior, the network efficiencies, I, and performance measures, M,
were caleulated for engineered loads and for the various overload con-
ditions which were tested. The relative values of £ and M (relative
to a simple network designed to carry the same loads) were then plotted
versus the degree and kind of overload experienced by the network. Thus
Fig. 11 shows the values of M for symmetrical networks, for loads rang-
ing from engineered to 100 per cent overload where the overloads oceur
uniformly throughout the network. Fig. 13 exhibits the same informa-
tion for hierarchical networks. Figs. 12 and 14 show the behavior of M
with load when the overloads occur only on those links which terminate
at node 1 with all other loads remaining at engineered levels. Finally,
IFigs. 15 through 18 are graphs of efficiency (#) versus load for the same
situations as pertain to Figs. 11 through 14. The points from which the
(smoothed) curves were plotted are shown in Figs. 12 to 18. They are
omitted in Fig. 11 for the sake of clarity.

In order to keep the comparisons between symmetrical and hierarchi-
cal networks on a somewhat realistic basis, it is necessary to make some
adjustment for the probable differences in geography which are likely
to encourage consideration of one or the other type of network. Accord-
ingly, as was mentioned above, certain trunks were considered to cost
twice as much as others, which introduced a weighting factor into the
values of B and hence into M as well. For example, in the 4 node case
shown in Fig. 4, trunks in links 1-3 and 2-4 were considered to be only
half as expensive as trunks in the remaining four links in the network.
This reduced the cost of the trunk plant to 0.805 times the value which
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would result if all trunks were assumed to be of equal value in the case
of a simple network, and to 0.720 times its former value for the hierarchi-
:al case. Thus the relative efficiency of the hierarchical network is in-
creased by a factor of 0.805/0.720 or 1.119. This sort of adjustment was
made in all caleulations relating to hierarchical networks, while all trunks
in symmetrical networks were assumed to be of equal value. The weight-
ing factors obtained for the various networks are tabulated in Fig. 10.
The symmetrical networks which were studied in detail operated in
the following fashion. Traffic which was blocked from any link was over-
flowed to an alternate route consisting of two links in tandem. If the
all was blocked on this route it was offered to still another two-link
route, and so on unfil all such routes were exhausted. No eall was per-
mitted to use a route which required more than two links in tandem.
Some experiments were made on networks which allowed three tandem
links to be used, but is was found that they were at best marginally more
efficient than the two-link maximum network at engineered loads and
deteriorated much more violently under overloads. Therefore, they are
not considered further in this paper. The order of selection of alternate
routes was arranged to approximately equalize the load overflowed to
each route. Although this is probably not the most efficient arrangement,
it should be adequate to illustrate the hehavior of symmetrical networks.
The hierarchical networks operated in a manner similar to the Bell
System toll network, with the difference that whereas in the Bell System
the routes are selected link by link, in the simulation the routes are en-
tirely preselected at the originating node. If a network is drawn as shown
in the hierarchical sketches in IMigs. 2 to 9, the route selection is made by

OVERALL SYSTEM CHARACTERISTICS

Average Number of Links/Call

Engd. Trunk Value

Case IE‘(:::EE.' Ad%iniﬁetrr;lfg‘lyfﬂr Engineered Load lu%e%%i;:’grm m(()ﬁ;r}:;fl“
Hier. |Symmet.| Hier. | Symmet.| Hier. | Symmet.
3 Nodes, light L 1.194 1.155) 1.014 | 1.156( 1.128 | 1.203| 1.124
4 Nodes, light 3.5 1.119 1,181 1.034 | 1.185) 1.229 | 1.251| 1.184
5 Nodes, light 4 1.181 1.288| 1.074 | 1.305 1.305 | 1.372] 1.210
6 Nodes, light 4 1.194 1.263’ 1.117 | 1.328] 1.363 | 1.324| 1.245
3 Nodes, heavy 10 | 1.121 1 ‘U'}'ﬁl 1.034 | 1.073 1.164 | 1.138/ 1.180
4 Nodes, heavy | 17.5 1.064 1 .1)88{‘ 1.040 | 1.121} 1.271 | 1.140| 1.202
5 Nodes, heavy | 27.5 1.071 1.100] 1.062 | 1.147) 1.309 | 1.151| 1.274
6 Nodes, heavy | 28.3 1.085 1.134) 1.074 | 1.205 1.364 | 1.203] 1.322

Fig. 10 — Over-all system characteristics.
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hunting up the hierarchy, starting from the terminating office, in the dis-
tant region, and then down the hierarchy in the home region. (A region
can be thought of as all centers whose final routes ultimately terminate
at the same highest level switching conter.) Thus, for cwamplo, in thn
four node network shown in Fig. 4, the alternate routes for traffic offered
to link 1-2 are:

For half the traffic, 1-4-2, 1-3-2, 1-3-4-2; and for the remainder of the
traffie, 1-3-2, 1-4-2, 1-3-4-2.

1.1 General Observations

In order to draw conclusions from this study as to the relative merits
of various types of alternate routing systems under different load condi-
tions, Figs. 10 to 18 will be examined and the significance of the results
discussed.

As a very first step, a cursory examination of all figures reveals the
following:

(1) The relative effectiveness of alternate routing networks, whether
measured by E or M, tends to decrease with overload, with the
decrease occurring more rapidly under uniform than under local
overload. Although in some cases the network remains superior to
a simple network even for 100 per cent overload, the relative per-
formance at such overloads is almost always poorer than at en-
gineered loads. This is due, of course, to the fact that the average
number of links per call increases with overload, causing a de-
crease in efficiency which may outweigh the gains yielded by the
larger effective access provided by the alternate route system.
(See I'ig. 10.)

(2) Light networks (those with less traffic), gain more from alternate
routing than do heavy networks. This seems to occur because
systems designed for large parcels of traffic use large efficient
groups. Thus providing alternate routes in heavy networks, which
increases the effective access somewhat, does not materially
increase the efficiency, while the degradation caused by using
several links per call is nevertheless present. In lighter networks,
the increase in efficiency owing to the larger effective access is
substantial, overriding the degradation and causing a considerable
gain in effectiveness.

Perhaps to this list should be added:

(3) As mentioned above, symmetrical systems do not appear to
benefit from allowing more than two links in tandem to be used
by any call. This effect is apparently caused by the decrease in
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efficiency which results from using many links per call overriding
the gain yielded by increased access. In this situation, of course,
the increase in link occupancy may be substantial, while the
increase in effective access is likely to be small.

——(40— 4 NODES LIGHT
4 NODES HEAVY
_-_--- 4 NODES LIGHT,
—— e ALTERNATE ROUTING
CANCELLED
~J
-- ALL HEAVY CASES,
NN ALTERNATE ROUTING
NS CANCELLED
\

M SYMMETRICAL
M SIMPLE

09

08

RELATIVE PERFORMANCE MEASURE,

0.7

0.6

0.5
ENGINEERED 25 50 75 1c0

\——————— OVERLOAD IN PER CENT —MM™™*
LOAD OFFERED

Fig. 11 — Relative performance measure of symmetrical networks under uni-
form overloads.
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RELATIVE PERFORMANCE MEASURE,

Fig. 12 — Relative performance measure of symmetrical networks under loenl
overloads.

4.2 Symmetrical Networks

The curves shown in Figs. 11 through 18, when studied closely, reveal
much information regarding the characteristics of the networks con-
sidered. In Tig. 11, the high relative performance measure of light
symmetrical networks at engineered loads and the rapid decline as the
load is increased uniformly is clearly indicated. The heavier networks
exhibit a lower relative value of M at engineered loads and also decline
rapidly, bringing their performance measure down to very low relative
values at high overloads. Such a rapid decrease in M, it would appear,
would make it impracticable to install symmetrical systems in many
actual applications, were it not for the fact that M can be kept relatively
high by canceling alternate routing at some appropriate point. The
dotted lines in Tig. 11 indicate the relative performance measure if
alternate routing is eanceled, and it is clear that this factor can be kept
above 0.9, regardless of the size of the network and even for 100 per cent
overload. In any event, it does appear that for extremely heavy net-
works the decline is so precipitous that this method of alternate routing
might well prove to be inapplicable. Fig. 12, however, illustrates the real
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strength of the symmetrical routing doctrine. The relative performance
measure is shown to be almost constant under local overloads, and
remains above unity for all but the largest, heaviest networks. Further-
more, this sort of alternate routing structure is likely to be quite efficient
at engineered loads in systems where call setup time and switching
delays are no longer negligible, since it generally uses a relatively small
number of links per call, as evidenced in Fig. 10.

A symmetrical network structure then ean be devised which has the
following characteristies:

(1) Performance measure (and thus efficiency) are high at engineered

loads.

(2) Local overloads are well tolerated, with the network remaining
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efficient and not allowing any parcel of traffic to suffer excessive
blocking.

(3) If alternate routing can be canceled at the appropriate point,
then the performance measure can be maintained at a tolerable
level even under severe uniform overloads.

(4) The average number of links per call is quite low at engineered
loads, increasing rapidly as overloads are applied.

An important praectical question in (3), however, is whether a net-
work control can be devised to cancel alternate routing easily, and how
the control can determine the degree of overload. Another disadvantage
of such networks is the unavailability, at present, of any but the very
crudest methods of trunk engineering. However, this type of network is,
in principle, capable of satisfying the four points listed above, all of
which are desirable and often are difficult to attain concurrently.
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+.3 Hierarchical Networks

In Fig. 13, the relative performance measure of hierarchical networks
under uniform overloads is shown. A comparison with Ilig. 11 indicates
that the relative M is higher at engineered loads for symmetrical than
for hierarchical light networks and not too different for heavy networks,
although the decline with uniform overload is more rapid in the former
case. In the hierarchical system, however, the relative M cannot be
increased by complete cancellation of alternate routing, since this in-
creases the blocking on some parcels of traffic which are offered to high
usage groups to a high level. Fig. 13 then shows that, although light



1.4 ‘
Ll[_ _____ ..—----l——--—w E'}--_J\_

(6L e —————

——
————
———

e e Ry v, W
i ) I s e ek, -
(s

r——
———

-—--——————-+—-——-{4L s, )

.
B
xlY
= —————
w L S
32 TTmm———
5| -
z
0 w 1.21¢ I =il
w B e S
" T ————
] TTEe—y
z
w
[&]
e [ R = - —
[T
w
w
=
[
<
o 1.0
o
——— 4 NODES LIGHT ‘
4 NODES HEAVY
0.9 1 |
ENGINEERED 25 50 75 100
~  OVERLOAD IN PER CENT —————
LOAD OFFERED
Tig. 16 — Relative efliciency of symmetrical networks under loeal overloads.
1.4
-=<4L)—- 4 NODES LIGHT
r==(sL) —(4H)y—— 4 NODES HEAVY
| D .
< 1.3
%)
5|4
x| o
HE
Ej 0
W 2]
w
-
(8]
Z
w
(]
o
w
w
w
>
g
<
o 0
x
0.9
ENGINEERED 25

~ - OVERLOAD IN PER CENT — —
LOAD OFFERED

Fig. 17 — Relative efficiency of hierarchical networks under uniform over-
loads.

792



AUTOMATIC ALTERNATE ROUTING 793

1.4 ,
‘ —--4L)—— 4 NODES LIGHT
\L- ______ —_ ODES HEAVY
s ST SR —{(4H— 4 NODE
2 1 : 4 == S
9 | i -
Tlw  frmmm————— s
w] TS e——
| o | —————
g2 | Tt ———
o ‘ ~ ——
w [ S e 1
PR ————=¥ = CID S =
. T S Sy S
=TT~
] ] s
& ——————3H
O 1 _——
w
i
(aH
" :
> 6H )
3 = J\J
o !0 5HF— I 1
[ 4
0.9
ENGINEERED 25 50 75 100
S OVERLOAD IN PER CENT ——

LOAD OFFERED

Fig. 18 -— Relative efficiency of hierarchical networks under local overloads.

networks retain their effectiveness up to 100 per cent overload, large
heavy networks show a decline with uniform overloads to a quite low
value of relative M.

The behavior of such networks under local overloads is shown in Fig.
14, In these circumstances the relative performance measure declines
slowly from the value at engineered load as the local overload is in-
creased. The decline is sufficiently gradual to enable the lighter networks
to retain an M greater than unity for all overloads considered. The
heavier networks, however, are unable to do this, and the value of
relative M for the worst network declines almost to 0.8 for the greatest
loeal overload.

The essential operating characteristies of networks of this basie design
then appear to be as follows:

(1) The performance measure (and thus efficiency) tend to be high
at engineered loads (if the variation in trunk costs is taken into
aceount).

(2) The performance measure declines at a moderate rate under
uniform overload, reaching rather low values for large, heavy



794 THE BELL SYSTEM TECHNICAL JOURNAL, MARCH 1962

networks. No simple corrective measures are available to improve
the situation but no special measures are needed to prevent
catastrophic performance degradation. (Certain more complicated
corrective measures, such as selective cancellation of alternate
routing, might prove effective, but this sory of procedure was nov
studied.)

(3) Local overloads are moderately well tolerated, with the relative
performance measure showing a gradual decline with increasing
load, and dipping below unity for some cases.

(4) A relatively large number of links are used per call at engineered
loads, and this number increases gradually with overloads.

This is then essentially a moderately well behaving network, providing
neither superlative nor intolerable service at any level of load. It requires
no complex controls to keep operating reasonably well, and is relatively
simple to implement without the need for sophisticated switching equip-
ment at the tandem points. In a real system, with switching delays and
appreciable call setup time, however, this type of network may behave
badly under overloads, sinee some calls use many links in tandem, and
therefore can tie up a great deal of equipment when processing a call,
even though the call is not completed. In fact, the large number of links
used per call in hierarchical systems even at engineered loads is a source
of inefficiency in such systems.

An apparent peculiarity in all the curves is the superiority of large
light networks over small light networks at engineered loads, with the
situation reversing as the load increases, so that at 100 per cent overload
the small light networks are generally superior. A qualitative explanation
of this would again involve the average number of links per eall, which
increases more rapidly in large networks than in small ones. The heavy
networks do not exhibit this effect at all, and the larger heavy networks
always appear to perform less well than the smaller ones. Since the larger
(heavy) networks were designed to be more heavily loaded than the
smaller ones, however, (see Fig. 10), this effect is more likely to be a
result of network load than size.

4.4 Efficiency Curves

Figs. 15 to 18 portray the network efficiencies in the several cases
studied. In general, these curves display a somewhat shallower slope
than the corresponding curves for M. This implies that as the load is
increased, not only does the relative network efficiency decrease, but the
blocking encountered by the most poorly served group of customers also
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increases more rapidly when alternate routing is in effeet than when it is
not. The only exception to this is the symmetrical system under local
overload (Figs. 12 and 16). In this case the relative efficiency and the
relative performance measure decline at about the same rate, which
implies that in this system the blocking remains at essentially the same
level whether a symmetrical or simple system is in use. This is an im-
portant consideration in favor of symmetrical networks, particularly
since both efficiency and performance measure remain reasonably high
for all types of overloads considered.

V. CONCLUSIONS

The foregoing discussion of various types of alternate routing net-
works may be of use in determining whether alternate routing structures
should be incorporated into particular switching systems and, if so, of
what sort they should be. Many of these factors have long been known
and used by network designers, and the present study should provide
additional documentation. In the case of factors not previously con-
sidered, this study may provide justification for their incorporation into
future designs. Some of these are as follows:

(1) If the overload capability of the system is not important, some
sort of alternate routing system is almost certainly justified on
economic grounds.

(2) If local overload capability is important, then strong considera-
tion should be given to a symmetrical alternate routing network,
since this configuration allows the blocking to be kept to a mini-
mum under local overloads while retaining a high network efli-
ciency.

(3) If uniform overload capability is an important consideration,
then alternate routing structures should be contemplated with
caution, but can still be used if the average load per link is small
and appropriate action, such as cancellation of alternate routing
(either uniformly or selectively) can be taken as required.

(4) If the average load per link is small, alternate routing almost
always is advantageous, while if it is large, the advantage is some-
times questionable.

(5) If the initial efficiency is an important eriterion, then the selection
of the type of alternate routing may well depend upon the geog-
raphy of the particular system. Thus, in certain situations, where
small towns communicate primarily with nearby cities, a hierarchi-
cal structure may be preferable, while if there is a large group of
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approximately equal-sized cities spread over the country, then a
symmetrical system could prove to be superior.

(6) If switching equipment is expensive or call setup time is long,
symmetrical networks may prove to be superior to higrarhigal
structures at engineered loads regardless of the geography. ‘L'his
would come about because of the large number of links per call,
and hence the large amount of switching equipment used by
hierarchical networks. Clearly, long setup time in this case would
lead to inefficient trunk usage, since trunks in one link would be
held while the call progressed along a multi-link path.

(7) Although not shown specifically in these results, a multi-alternate
route structure provides service protection, which a simple layout
does not, and a well connected symmetrical network is likely to be
less vulnerable to damage than a hierarchical system.

Most actual systems, of course, must be designed to be efficient at
engineered loads, and yet must also be able to accept either uniform
or loeal overloads without excessive degradation of service. Furthermore,
real networks usually serve many small towns communicating primarily
with larger cities, which in turn communicate with each other on a
roughly equal basis. Therefore, the network designer must decide which
of these often conflicting criteria are most important, and develop a
system which satisfies these as closely as it can within the limitations
imposed by the switching and signaling equipment and the available
methods of trunk engineering. It is quite likely that the best system in
most situations is some combination of symmetrical and hierarchical
networks, not necessarily of the particular kinds studied here. Further-
more, the advent of electronic switching systems and high speed signaling
devices has made alternate routing doctrines which are dependent on the
state of the system feasible, and these may well prove to be superior than
any system with a completely prespecified alternate routing structure.
However, an analysis of the basie characteristics of simpler networks is
likely to be useful in predicting the behavior and influencing the design
of specific, more complex systems. It was this potential application
which motivated the studies desecribed in this paper.
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