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Schottky-Barrier Diodes Structured for
Better High -Frequency Performance
Connecting discrete components into thin-film
hybrid circuits becomes increasingly difficult
as the demand for higher frequencies gives
rise to smaller components. Described here is
a way of fabricating diodes to gain high fre-
quency performance without imposing severe
mechan ical I i m itations.

by Jack H. Lepoff and Raymond A. Morris

I s rHE usE oF THIN-FILM HYBRID MICRo-
L I CIRCUIT techniques rapidly expands, the mi-
croscope and vacuum pickup become as common
in the production department as the soldering iron.
Handling the discrete components used in these cir-
cuits becomes more and more of a problem as the
quest for higher frequency performance shrinks the
size of the components.

One of the major problems involves the attach-
ment of wire leads to a semiconductor chip: not
only is it a very delicate task to position a lead, but
the heat and pressure needed to attach the lead
could affect the characteristics of the device. The
circuit assembler thus steers a narrow course be-
tween defective bonds from insufficient heat and
pressure, and defective devices from too much heat
and pressure.

Hence the growing popularity of beam-lead de-
vices'. These may be supported by their own leads
and can thus be installed by thermo-compression
bonding of the leads alone to the substrate conduc-
tors, No heat or pressure is applied to the semicon-
ductor chip itself.

But, as efforts to gain even higher frequency per-
formance trims dimensions, it becomes increasingly
difficult for the component manufacturer to find
ways of providing a firm anchor for the beam leads.
This problem has been overcome at Hewlett-
Packard by the prudent use of glass, resulting in
new beam lead diodes that perform exceptionally
well in mixer service at microwave frequencies but
that can be installed with little likelihood of damage
to the semiconductor. These diodes also perform
advantageously in digital hybrid integrated circuits.

Diode Construction
Structural details of the new diodes are shown in

the cross-sectional view of Fig. L. Construction

starts with a highly doped n* silicon wafer on
which an n-doped layer is grown epitaxially. The
doping density and thickness of this epitaxial layer
largely determine the electrical properties of the
diode.

Mesas about 25 microns high are etched on the
wafer surface by conventional photoresist tech-
niques and a silicon dioxide ISiO,J layer is then de-
posited. Next, a connection point for the cathode is

Cover: The tweezers hold
a new monolithic silicon-on-
g/ass diode quad - four
Schottky-barrier diodes ar-
ranged in a ring configura-
tion (shown prior to encap-
sulat ion) tor double-bal-
anced mixer service. This
construction ach ieves better
matching and lower parasit-
ics than has been possib/e

with discrete components. For a description of
this and another interesting diode development,
see the article beginning on this page.
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Fig. 3. Si/lcon waler betore final separation ot diodes
Each water has about 5000 diodes.

entire wafer, forming in one step the Schottky-
barrier anode, the ohmic cathode contact, and a
glass-to-metal bond for lead attachment. Using a
photoresist mask as a pattern, beam leads are
formed by electroplating high-purity gold on the
metallization. Excess metallization is then etched
from the wafer surface, leaving the diode structure
as shown in Fig. 3.

Finally, the wafer is mechanically and chemically
thinned and then masked and etched to form the
silicon chips, to separate the devices, and to clear
the beam leads. Enough glass remains around each
chip to provide an anchor for the leads without add-
ing significantly to parasitic capacitance.

Performance
These diodes are very small, less than 0.03 inch

[0.7 mm) from head to tail. Fig. a gives an idea of
their minuteness. Lead inductance is thus only 0.L
nH, actually less than that obtained with a wire lead
bonded between thin-film conductor and semicon-
ductor chip. With lead capacitance of only 0,02 pF,
this low inductance assures good performance in
microwave circuits. The low parasitic reactances
also simplify the design of matching elements for
broadband applications.

The very small size of the metal-semiconductor
junction results in a junction capacitance of 0.11
pF in the type 5082-2709 diode, useful tp t"o 1.2.4
GHz, and only 0.09 pF in the type 5082-2716 which
is useful up to 1B GHz. Typical admittance charac-
teristics are shown in Fig. 5.

Typical noise figure, nominally 6 dB, is shown in
Fig. 6. This is close to the state of the art for silicon
diodes in microwave mixer service. For detector
applications, typical tangential sensitivity is -54

dBm. Minimum breakdown voltage is 3V.

Fig. 1. New Schottky-barrier diodes have leads that can
support the diode when thermocompression bonded into
a thin-f ilm, hybrid microcircuit. Although leads are tissue-
paper thin, they are relatively rugged in relation to size.
Cross-seclion shows delails ol diode construction.

exposed by etching away part of the mesa, and over-

lying SiO. layer, to the n* substrate.
This is followed by deposition of a layer of glass

dielectric around the mesas. Then the anode window
is etched through the oxide layer, as shown in Fig.
2. The hole for the anode may be as small as B
microns in diameter for very high frequency appli-
cations.

Next, metallization is vacuum deposited over the

Fig. 2. Microphoto ot part of a silicon waler alter the
anode windows have been formed. The dark shadow
around each device results lrom the sloping sldes ol the
mesa. The area between mesas ls tilled in with low-dielec-
lric o/ass.
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Fig, 4. Sma// size ol new diodes is depicted by this micto-
photo ol diodes alongside human hair that has 3 mil
(75 pn) diameter.

Testing

Evaluating the performance of devices this small
poses addi t ional  problems.  Because of  the c lose
simi lar i t ies between d iodes fabr icated on the same
wafer ,  i t  is  usual ly  suf f ic ient  to  bond sample quant i -

t ies in to c i rcu i ts  for  determin ing impedance charac-
ter is t ics and a noise f igure representat ive of  the
whole batch.

In some appl icat ions,  however,  i t  may be neces-
sary to test  every d iode.  Contact  to  the d iode must
then be made without damaging the leads. The
smal l  s ize of  the leads on these d iodes makes i t  im-
pract ica l  to  use d ie lect r ic  rods to hold the leads on
microstr ip  conductors,  a technique commonly used
wi th other  devices.  Instead a smal l  hole dr i l led in
the microc i rcu i t  substrate a l lows a vacuum to hold
the d iode.  The test  c i rcu i t  is  shown in F ig.  7,

Diode Quad

The same construct ion steos are used to fabr icate

Fig. 6. Noise tigure ot HP type 5082-2709 diode as a
lunction ot frequency.

a s i l icon-on-glass,  four-d iode array for  double-

balanced mixer  serv ice.  In  th is  case,  the metal l iza-

t ion pat tern is  a l tered to make the d iode intercon-

nect ions,  the length of  each interd iode conductor

then being only 20 mils, The final separation step
Ieaves four  in terconnected d iodes on a s ingle g lass

substrate.
For  convenience in mixer  appl icat ions,  the d iode

quad is  mounted in a lead- f rame package that  can

be soldered into a c i rcu i t  wi thout  a microscope,

using convent ional  techniques.  The leads can wi th-

stand a temperature of  235oC for  f ive seconds (ac-

cord ing to MIL-STD-202,  method 208J,  and they can

be bent, permitting a variety of mounting arrange-
ments,

During diode assembly, the lead frame is held in

a fixture that also holds a ceramic wafer. The leads

of the diode quad are welded to the lead frame, as
shown in F ig.  B,  and the assembly is  then covered
with epoxy resin. The resulting package is shown
in Fig,  9.

This package passes the 85% relative humidity/

Fig. 5. Smith charts show typical admittance characterlsllcs ol representative diode



Fig. 7. Thin-tilm test circuit lor evaluating diode perform-
ance. Vacuum applied through the small opening holds
the diode in place. lmpedance matching is provided by
the open-ended shunt transmission l ines and open-ended
line to the right ot the opening.

85oC moisture res is tance test  of  MIL-STD-zlz ,
Method 106,  yet  i t  is  inexpensive and lends i tse l f
well to automated high-volume production.

Quad Performance

The low parasitic inductance and capacitance of
the diode quad allows broadband performance up
to 2 GHz and tuned performance to 12.4 GHz. The
diodes are inherently well matched-capacitances
of the individual diodes differ by less than 0.1 pF
and voltage drops between pairs of adjacent leads
differ by less than 20 mVwith 5 mA current f lowing,
assuring low distortion. Furthermore, temperature
gradients are small-temperature tracking is far
better than that achievable with discrete diodes.

Fig. 8. Diode quad is thermocompression bonded to lead
frame then covered with epoxv resin.

Fig. 9. Completed diode quad can be installed in circuits
by conventional soldering techniques.

Conversion Loss Test Fixture
The basic double-balanced mixer circuit shown

in Fig. 10 has been realized at microwave fre-
quencies in a number of configurations. For ex-
ample, commercially available 180o hybrids can be
substituted for the transformers. Such an arrange-
ment is used in the test circuit for evaluating con-
version loss.

Acknowledgmenls
Mike Hu designed the lead-frame package for the

diode quad. We also wish to acknowledge the con-
tributions of Neil Corpron and Frank Lee, who de-
signed the test circuits.0
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Fig. 10. Prototypical double-balanced mixer circuit using
HP type 5082-2276 diode quad. Conversion /oss fest l/x-
lure uses commercially available 1B0o hybrids in place
of the transformers with tuning elements to eliminate
retlections and bias lees lo seoarate the IF outDut lram
the input.
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HP Types 5082-2709, -2716, -2768, and -2769

Schottky-Barrier Diodes (@ Te : 25' C)

MINIMUM VOLTAGE
BREAKDOWN (Var):

MAXlMUirl FORWARD
VOLTAGE (vF):

MAXIMUM TOTAL
CAPACITANcE (cT):

N O I S E  F I G U R E
(NFsso) :

TYPICAL TANGENTIAL
SENStTtVtTY (TSS) :

FREQUENCY RANGE:

OPERATING TEMPERA.
TURE RANGE:

JUNCTION RESISTANCE
( R i ) :

JUNCTION CAPACITANCE
(c i ) :

SERIES RESISTANCE
(R' ) :

PACKAGE INDUCTANCE
(Lp) :

PACKAGE CAPACITANCE
(Cp) :

5082-
2709

5082-
2768

5082- | 5082
2716 | 2769

Test
Con d i t ions

3V l r = 1 O p A

1 V l r  :  20mA

0.25pF 0 .1spF

6 d B
tvp

6.5d8
max

7.sdB 
I  
7.5d8

ryp I max
. O  P w r - 1 m W
F = 3 0 M H z ,  1 . 5 d 8

-  54dBm / ideo BW- 2MHz

jo"  t r r* l  ,0 .  lecn '

- 6 0 t o  + 1 5 0 " C

Typical Circuit  Parameiers

2300 230!t

@ L O
dc lo i
an  c0
o n  1 0
su bs t

0 . 1  1  p F 0.09pF

50 60

0.09n H

0.02pF

:_,-:i
, load resist- |
co <1oQ I#,H 

I
I

HP Types 5082-2276, -2277, -2830

Schottky-Diode Ouads (@ T1 : 25o C)

TYPICAL FORWABD
VOLTAGE (VF):

FORWARD VOLTAGE
UNBALANCE (AVF):

MAXIMUM CAPACITANCE
(cr):

MAXIMUM CAPACITANCE
UNBALANCE (ACT) :

MAXIMUM DYNAMIC
RESISTANCE (Ro) :

TYPICAL NOISE
FIGUFE (NFssr ) :

FREQUENCY RANGE:

DC POWER
D I S S I P A T I O N :

OPERATING TEMPERA.
TURE RANGE:

S I N G L E  U N I T  P R I C E S
tN u.s.A.:

5082-2709-,  $ 5.75 5082-2276, $18
5082-2716, $9.50 s082-2277,$34.50
5082-2768, $ 9.50 5082-2830, I 6.50
5082-2769, $12.s0

'Minimum order for  5082-2709: 10 uni ts

MANUFACTURING DIVISION:  HPA DIVISION
620 Page Mi l l  Road
Palo  A l to ,  Ca l i fo rn ia  94304

5082-
2276

5082-
2277

5082-
2830

Test
Condi t ions

0.40v 0.45V 0.40v

20mV max. F - 5 m A

0.60pF 0.40pF f = 1 M H z

0.1 opF 0.20pF
Vr=0V
f = l M H z

1 5 0 20!2
l F = 5 m A  c i c

F  0 . 0 2 m A  a c

6.0d8 6.5d8

Up to
4GHz 12.4GHz

Up to
2GHz

75mW per  junc t ion  @ Ta=25 'C i
dera te  l inear ly  a t  0 .75mW/ 'C

-65 to + 125'C

Jack H. Lepoff
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Wood carv ing  is  on ly  one o f  Ray  lv lo r r i s ' s  spare  t ime
act iv i t ies .  A  de termined jogger ,  he  en ters  the  annua l
8-mi le  San Franc isco  Bay- to -Breakers  foo t  race ,
supposed ly  the  wor ld 's  la rges t  (2500 en t ran ts ) .  In
between t imes he  sk in -d ives  w i th  h is  son,  who is  pursu ing
a PhD in  mar ine  b io logy .

Ray has  been a  semiconductor  p rocess  eng ineer  ever
s ince  he  le f t  co l lege in  1950 (BS and MS degrees  in
Chemica l  Eng ineer ing ,  Un ivers i ty  o f  Wash ing ton) .  He
s tar led  on  se len ium rec t i f ie rs ,  moved on  to  fas t  sw i tch ing
d iodes ,  then jo ined HP's  f ledg l ing  vo l tmeter  de tec tor  d iode
opera t ion  in  1958.  He a lso  worked on  vo l tage- re fe rence
and s tep- recovery  d iodes  be fore  go ing  on  to
Schot tky -bar r ie r  d  iodes .

Ray has  a  daughter  who a lso  works  a t  HP and
h is  w i fe ,  a  ho lder  o f  a  BS in  Phys ics ,  i s  a  sen io r
re l iab i l i t y  eng ineer  a t  Lockheed.

o

o

o



DMM and DAC Modules Expand Low-Gost
Measuring System
A five-digit multimeter/counter module and a
th ree-digit dig itallo-analog converter mod ule
are new members of the 5300 Measuring System
joining the mainframe, battery pack, and four
timer/ counter modules previously avatlable.

by James F. Horner, Lewis W. Masters, and P. Thomas Mingle

ll rrHouGH BASTCALLY A COUNTTNG SyS-
I I TEtr,t, the 5300 Measuring System, as its name
implies, isn't l imited to counter measurements. The
5300A mainframe, with its six-digit 10 MHz counter,
counts a signal presented to it by the snap-on func-
tional module, which contains circuits for function
selection and signal shaping. Therefore, any quan-
tity that can be converted to an appropriate fre-
quency by a snap-on module can be measured by
the mainframe.

The first four snap-on modules were designed
for counter-timer measurements. The newest, Model
5306,4. Multimeter/Counter [Fig. 1], is the first to
apply the inherent flexibility of the mainframe to
other types of measurements. It offers functions of
dc vol ts,  ac vol ts,  ohms, and frequency, al l  the
functions usually found in digital multimeters plus
an extra one, frequency.

Another new module, Model bg11A Digi tal- to-
Analog Converter, fits between the mainframe and
the snap-on functional module. It converts any three
digits of the 5300A display to a proportional analog
voltage output. It can be used with any snap-on
module, and with or without the 53104 Battery
Pack, which is also an " in-between" module. The
design of Model 53114 is descr ibed on page11,

Four-Digil Accuracy, Five-Digit Resolution
Model 5306A Mult imeter/Counter measures dc

voltage in three ranges: +10V, +100V, and +1000V
ful l  scale. Ac vol tage is measured in ranges of 10V,
100 V, and 1000 V, and resistance-measurement
ranges are 10 ko, 100 ko, and 10 Mo ful l  scale.

Accuracy specifications are essentially those of
a four-digit multimeter. However, for reasons to be
explained later, Model SgOOA's fifth digit is a full
d igi t ,  not just an overrange digi t ,  so measurement
resolution and dynamic range are those of a five-

Fig, 1. fwo new modules tor the 5300 Measuring System
are Model 5306A Multimeter/Counter (botton module ol
instrument in foreground) and Model 5311A Digital-to-
An al og Co nve rte r ( ce nte r m od u le ). T he M u lti mete r / Co u nte r
measures dc voltage, ac voltage, resislance, and tre-
quency. Other elements of the system are the maintrame
(top module), tour counter/timer modules and a battery
pack.

digit  instrument. The effect is to make every range

on the 5306A equivalent to two ranges on a typical

four-digit meter. For example, in the 100 V range
the resolution is 1 mV, so measurements can be
made from millivolts to 100 V without changing
ranges.



Error Limits
(f ) 4-Digii = O.O3o/o ol Reading
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Reference Accuracy (5-Digit) = 0.003%

Fig. 2, Error limit versus reading tor typical tour-digit and

tive-digit voltmeters. Percent-of-range errors (i'e., zero

dritt and resolution) dominate the percent-ot-reading er-

rors or reference accuracy (caused by attenuator inaccu-

racy or reterence dritt). ln Model 5306A an extra digit ot
resolution and an auto-zero system greatly reduce per'

cent-ot-range errors. Relerence accuracy remains that of a

tour-digit instrument, but in other respecfs it is a tull live-

digit meter. Each range is equivalent to two ranges on the

usu al tou r - d ig it voltmeter.

When maximum resolution isn't needed and more
than two measurements per second are desirable-
for example, when displaying the results of a coarse
adjustment-a FAST sample mode can be selected.
Measurements are then ten tirnes faster. Accuracy
and resolution are both four digits.

In frequency measurements, the 53064 has the
full six-digit accuracy and resolution built into the
53004 mainframe. Frequency range is 40 Hz to
10 MHz. The FAST sample mode can also be used
for frequency measurements, again with one less
digit of resolution.

Design Philosophy
In designing a four-digit multimeter snap-on func-

tional module for a six-digit counter mainframe,
many questions had to be answered. The most ob-
vious was what to do with the extra two digits in
the mainframe,

One digit was easy to dispose of. The designers
of the mainframe had foreseen that some future
module might require a polarity indication in the
display, and had made it easy to generate a minus

sign in place of the most significant digit. The 5306A
uses the minus sign for dc voltage measurements.

The next most significant digit could have been
used as an overrange digit, like the lz digit of. a 4lz
digit multimeter. But this would have been wasteful
because a full digit (that is, 0 through 9 instead of
just 0 or 1) could be displayed in that position. It
was suggested that the 5306A might be designed
with five-digit accuracy, However, the extra cost
wasn't compatible with the concept of the S3OO
Measuring System as a low-cost laboratory and
field instrument. The accuracy specification was
finally fixed at 0.03%, or t3 counts error in the
fourth significant digit.

Percent ol Reading versus Percent of Range
Errors in a digital voltmeter fall into two cate-

gories: errors that must be specified as a percent
of the actual reading and errors that must be speci-
fied as a percent of the range or full-scale reading.
Attenuator coefficient uncertainty and reference
drift cause percent of reading errors. Input ampli-
fier zero drift causes percent of range errors.

The user, of course, is interested in the total error
as a percent of his reading. Shown in Fig. 2 is a
plot of reading versus percent error for a four-digit
measurement. The limiting errors are the zero error
and the resolution. If the resolution of the measure-
ment could be extended and the zero error reduced,
then while the reference accuracy fthe accuracy of
a full-scale reading) would remain the same, the
dynamic range and the accuracy of smaller readings
would be improved.

Improved resolution requires extra digits, of
course, but for the 53064 an extra digit was already
there. The decision, therefore, was to use a volt-
age-to-frequency converter with five-digit dynamic
range and resolution, and to develop an auto-zero
system for it that would reduce zero drift caused
by time or temperature effects to a level compatible
with a five-digit instrument.

The result is shown in Fig. 2, which compares the
euor limit for the 5306A with that of typical four-
digit and five-digit voltmeters. The 5306,4' has four-
digit accuracy as a percent of reading, but its per-
cent of range errors are considerably reduced from
the four-digit case. Thus the fifth digit is a full digit.
The 53064 is a five-digit voltmeter with four-digit
reference accuracy.

The design of the 5306A indicates that in some
cases eliminating mechanical attenuators-that is,
ranges-in favor of extra digital readouts may be
justified from a cost/performance viewpoint.

Voltage-to-Frequency Converter
Fig. 3 is a block diagram of the 5306,4' Multimeter/



Which Multimeter?
The Model 53064 Mult imeter/Counter module now makes
ava i lab le  mul t imeter  capab i l i t y  in  two apparent ly  s im i la r
though actual ly dif ferent snap-together systems. The other
system is the 3470 Measurement System, described in re-
cent  i ssues  o f  the  HP Journa l . *

The modu les  fo r  one sys tem do no t  work  w i th  the  d isp lay
sections of the other. This is because the 5300-series mod-
u les  conver t  a l l  inpu t  quant l t ies  in to  f requenc ies  fo r  con-
version to a digital number by the 5300A Mainframe. The
3470 modules convert input quanti t ies into a dc voltage for
measurement by the 347404 (472 digit)  or 3475QA (SVz
d ig i t )  D isp lay  Sec t ions .

With the wide range of capabil i t ies that these two systems
make avai lable, chances are that most requirements can be
fi l led exactly at reasonable cost. The decision of which mul-
t imeter  to  purchase w i l l  depend on  what  capab i l i t ies  a re
presently owned, what capabil i t ies are desired for present
applications, and how the system may be expanded.

Present owners of 5300 Measuring Systems can add
mult imeter capabil i ty with the 53064. Those not owning a
5300 or 3470 System currently should review the data sheets
of both systems, considering their future needs as well  as
the i r  o resent  needs .

The 3470 lvleasurement System offers a selection of mul-
t imeter  snap-on modu les ,  a  BCD-outpu t  in -be tween modu le ,
a battery pack, and two separale display units, one with 4Vz
digits and one with SVz .The 5300 Measuring System offers a
5-d ig i t  mu l t imeter  w i th  f requency  capab i l i t y  (Mode l  53064) ,
as well  as a selection of frequency snap-ons, universal
counter  snap-ons ,  an  ana log-outpu t  in -be tween modu le ,  a
bat te ry  pack ,  and a  d isp lay  modu le  tha t  inc ludes  BCD
output.

Data sheets that give complete descript ions of both sys-
tems are  ava i lab le .
'A .  Gook in ,  "Compac lness  and Versa t i l i t y  in  a  New P lug-Together  D ig i ta l
Vo l tmeter , "  Hewle t t -Packard  Journa l ,  August  1972.
R.  Gardner ,  A .  Dumont ,  S .  Venzke,  "A  Greater  Range o f  Capab i l i t ies
fo r  the  Compact ,  P Iug-on D ig i ta l  l \ ,4u l t imeter , "  Hewle t t -Packard  Journa l ,
t\, larch 1973.

Fig. 3. 53064 is tloating and iso-
lated lrom the grounded main-
frame. For frequency measure-
ments, the input signal is shaped
by the 5306A and measured by
the mainframe with six-digit ac-
curacv and resolution.

Counter, The voltage-to-frequency converter is es-
sentially the same as that used in the ffi268/53278
Timer/Counter/DVM1. Fig, 4 is its circuit diagram.
The converter is actually two essentially identical
converters, one for positive input voltages and one
for negative, sharing the same integrator. For clar-
ity, only the positive converter is shown completely
in Fig. 4.

Operation of the converter for a positive input
voltage Vin is as follows. Vi. goes to the integrator,
and the integrator output is compared with a thresh-
old voltage V.r,. If the integrator output is more nega-
tive than Vt, then when the next clock pulse occurs
(there's a clock pulse every five microseconds) the
Q output of the flip-flop goes to its high state,
routing the reference current In, which previously
flowed through CR2, now through CR1 into the
summing node of the integrator.

When the Q output of the flip-flop is in its high
state, clock pulses are gated to the output. Thus the
output signal consists of bursts of clock pulses at
the frequenc] fin, which is the counter time-base
frequency of 10 MHz divided by 50, or 200 KHz. The
ratio of the overoge converter output frequency,
fou,, to the frequency fi" is the proportion of time
that the Q output is in its high state. This duty cycle,
6, is proportional to Vin, as the following equations
show.

f"t,  . .
/  [ r ' f  r : + i " J d t  :  0

r O
.  V i ,

R,

iz  :  - InD
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The reference for the measurement is the refer-
ence current In. This current is derived in a straight-
forward resistor-amplifier circuit from a stable volt-
age generated by a pair of feedback-stabilized zener
diodes. It is stable within about 10 ppm per degree
C. Thus its stability is consistent with the overall
reference accuracy specification of +0.03%.

The V-F converter has five-digit resolution and
range. However, zero drift from various sources
would normally limit it to four-digit use. The auto-
zero system reduces this drift to a level consistent
with five-digit accuracy.

Auto-Zero System
The 53064 auto-zero system operates in two

phases. During the display phase an electronic
switch, represented by 31 and 52 in Fig. 4, dis-
connects the input voltage from the input amplifier
and shorts the input arnplifier to ground.

Any zero offset in the system causes a non-zero
slope on the output of the integrator. The auto-zero
circuit detects this slope and generates a correction
voltage that is applied to the integrator to drive the
integrator slope to zero. The closed loop residual
error is less than zO rrV.

During the measurement phase the electronic

Fig. 4, V o ltage -to -t req u e ncy con -

verter generates a frequency
proportional to a positive ot neg-
ative dc input voltage. (Omitted
for clarity are comparator, flip-
tlop, and switch for negalive in-
puts.) The auto-zero system de-
rives a zero-correction voltage
while the previous measurement
is being displayed, then applies
this voltage to the integrator in-
put during the next measurement
phase.

switch disconnects the short on the input amplifier
and reconnects the input voltage. A sample-and-
hold circuit on the output of the auto-zero circuit
holds the correction voltage derived during the dis-
play phase to compensate the measurement system
for any zero error (Fig, sJ.

The critical part of the auto-zero circuit is the
detection of any residual slope on the output of the
integrator. A simple differentiator could accomplish
this except that the overoge slope on the output of
the integrator is zero. The reason it is zero is that
once the output of the integrator has reached the
designated voltage reference, the reference current
is switched on, rapidly driving the voltage back in
the opposite direction, As a result, the average out-
put of a standard differentiator would also be zero,
This situation is il lustrated in Fig. 5.

To operate effectively, the auto-zero circuit needs
to reject the high spikes caused by the switching
on of the reference current, The standard differen-
tiator was modified into a clipping differentiator
(Fig. 5J, which limits the differentiation excursion
possible.

The resulting output contains a dc component
proportional to the residual zero error. This output
is filtered and applied to the integrator through the
sample-and-hold circuit to zero the system.

1 0



Standard
Differentiator

Output
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Output

Fig. 5. lntegrator output is ditterentiated to detect non-
zero slope and derive the zero-correction voltage. Because
the average output of a standard ditlerentiator would be
zero, a clipping ditterentiator is used.

Floating Measurements and lsolated Output
Another problem in adapting a multimeter to the

53004 mainframe was how to provide floating
measurements. The 5300A mainframe is firmly
grounded, and even if future versions could be
made f loat ing, potent ial  users of the 53064 who al-
ready have a mainframe would have to undertake
some kind of retrofit to achieve a floating system.

The alternative chosen was to float just the 5306,{
port ion of the instrument.  I t  meant that a separate
power supply had to be bui l t  into the 5306A module.
Furthermore, to obtain the output data, couplers
had to be included in the 53064 to isolate the output
channel.  The secondary benef i t  of  having isolated
ground-referenced BCD output as standard rather
than as an expensive option helped justify the extra
cost of  the couplers,

Ac Voltage Measuremenls
In the ac volts mode, the input signal is routed

through the same input attenuator and buffer am-
plifier as in the dc volts mode. The signal is then
half-wave rectified, and the resulting dc voltage
applied to the V-to-F converter. This very common
technique produces an average responding volt-
meter, calibrated to read rms volts.

The ac-to-dc converter is simply a precision half-
wave rectifier followed by a gain-filter stage. The
gain is needed so a 10 V rms input will yield fO V
dc output. The filter reduces the amount of ripple
voltage applied to the master integrator.

Resistance Measurements
To make resistance measurements the precision

current source used to measure negative voltages

A Compact, Three-Digit Digital-to-Analog Converter Module

Model  5311A is  a  th ree-d ig i t  D ig i ta l - to -Ana log  Conver te r
(DAC) designed for use with the 53004 Measurement Sys-
tem.  l t  i s  packaged as  an  " in -be tween"  modu le  l i ke  the
53'1 0A Battery Pack. The 5311A can be used with or without
the battery pack and with any lower module. l t  converts the
d ig i ta l  in fo rmat ion  f rom any  th ree  d ig i ts  o f  the  5300A d isp lay
to an analog output that can be recorded or used for other
purposes .  An expanded ou tpu t  fo r  very  smal l  numbers  can
be obtained by selecting only the last two display digits for
convers ron .

Compared to separate digital-to-analog converters, Model
53 .1  1A is  smal le r ,  less  expens ive ,  and doesn ' t  requ i re  a
cab le  be tween i t  and the  d ig i ta l  source ;  the  requ i red  d ig i ta l
information is taken from the internal connector between
modu le  and main f rame.

The 53114 has  th ree  opera t ing  modes.  In  the  normal
mode,  i t  works  l i ke  o ther  th ree-d ig i t  DACs:  the  ana log  ou t -
pu t  i s  d i rec t l y  p ropor t iona l  to  the  d ig i ta l  inpu t .  Thus  an  input

of 000 produces zero output, and 999 produces ful l-scale
outout.

In  p lus /minus  mode,  the  5311A produces  ha l f  o f  fu l l -
sca le  ou tpu t  fo r  a  000 lnput ,  and goes  up  or  down to  fu l l
sca le  o r  zero  fo r  *999 and -999,  respec t ive ly .  Th is  mode
is useful for recording dc voltages that cross through zero.
The s ign  in fo rmat ion  is  der ived  f rom the  most  s ign i f i can t
d ig i t  o f  the  d isp lay .  Wi th  the  5306A Mul t imeter  modu le ,  fo r
example ,  th is  d ig i t  i s  a  b lank  fo r  a  pos i t i ve  number  and a
minus  s ign  fo r  a  negat ive  number .

In the offset mode, the 531 1A effect ively adds 500 to the
d ig i ta l  inpu t  be fore  conver t ing  i t .  Thus  500 produces  zero
outpu t ,  000 produces  ha l f  o f  fu l l -sca le ,  999 produces  a  l i t t le
less  than ha l f  o f  fu l l -sca le .  and 499 produces  fu l l -sca le
output. Having 999 and 000 adjacent at half  of ful l  scale is
useful for recording signals that dri f t  slowly in this region,
because i t  e l im ina tes  the  fu l l -sca le  jumps tha t  wou ld  o ther -
w ise  occur .  Such s igna ls  occur ,  fo r  example ,  in  measur ing
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tempera ture  or  l ime s tab i l i t ies  o f  c rys ta l  osc i l la to rs ,  wh ich
are  o f ten  nomina l l y  a t  some f requency  end ing  in  000.

How lt Works

Most DACs use precision resistors and transistor switches
to generate currenls related to the digital information. These
currents are then summed to produce the analog output.
The 5311A uses  ins tead a  pu lse  w id th  modu la t ion  scheme.
I t  genera tes  a  pu lse  t ra in  whose f requency  and ampl i tude
are constant but whose duty cycle is proport ional to the
d ig i ta l  in fo rmat ion .  Th is  pu lse  t ra in  i s  low-pass  f i l te red  and
the  resu l t ing  dc  s igna l  i s  the  ana log  ou tpu t .

Th is  method has  some advantages  and some d isadvan-
tages. Two disadvantages are that i t  takes many digital cir-
cuits and i t  is relat ively slow. (The pulse frequency is low
to  g ive  good reso lu l ion  in  the  w id th  modu la t ion  and the
resu l tan t  has  to  be  f i l l e red  we l l :  as  a  resu l t ,  the  5311A takes
severa l  m i l l i seconds to  s lew fu l l  sca le . )  However ,  d ig i ta l
lCs  are  re la t i ve ly  inexpens ive  and the  531 1A 's  speed is
l im i ted  in  any  case by  the  scann ing  speed o f  the  53004
d isp lay  ( -2  ms)  and the  dead t ime be tween measuremenls
( -40  ms) .

The b igges t  advantage,  in  add i t ion  to  low cos t ,  i s  tha t  the
method is  inherent ly  monoton ic  and very  l inear ,  because i t
depends on  d ig i ta l  log ic  and no t  on  res is to r  match ing ,

As  shown in  the  b lock  d iagram,  lhe  ser ia l - to -para l le l  con-
verter extracls the selected three digi ls of information from
the 53004 's  scanned d isp lay .  Se lec t ion  is  by  means o f  the
pushbut ton  swi tches  on  the  f ron t  pane l .

The w id th -modu la ted  pu lse  is  f i r s t  v is ib le  a t  the  ou tpu t

Serial-to-Paral lel Converter

of  the  cyc le  f l ip - f lop .  The Q outpu t  o f  the  cyc le  f l ip - f lop  is
se t  h igh  by  the  over f low f rom the  th ree-decade counter  and
is  c leared  by  lhe  ou tpu t  o f  the  12-b i t  compara tor .  Thus  i t
goes  h igh  a l  a  coun l  o f  000 and low a t  some la te r  t ime when
the  count  in  the  th ree-decade coun ler  equa ls  the  d ig i ta l
i  npu t .

The osc i l la to r  f  requency  isn ' t  impor tan t  because the  du ty
cyc le  i s  independent  o f  i t .  However ,  some shor t - te rm s ta -
b i l i t y  i s  requ i red  to  avo id  excess ive  j i t te r  in  the  pu lse  w id th .
There fore  a  s imp le  one- t rans is to r  LC osc i l la to r  i s  used.

The I  f l i p - f lop  d isab les  the  compara tor  ou tpu t  every  o ther
cyc le  in  the  I  mode so  the  ou tpu l  o f  the  cyc le  f l ip - f lop  !s
a  square  wave fo r  a  000 d ig i ta l  inpu t .  Then e i ther  Q or  Q
is  se lec ted  in  the  combina t iona l  log ic  depend ing  on  the
s ign  in fo rmat ion  in  the  most  s ign i f i can t  d ig i t .

For  the  o f fse t  mode,  a  s igna l  tha t  te l l s  whether  the  counter
s ta te  i s  (500 and ano lher  s igna l  tha t  te l l s  whether  the
three-d ig i t  number  i s  (500 are  ANDed w i th  the  cyc le  f l ip -
f lop  ou tpu l  to  per fo rm the  add ing  func t ion .  A  BCD adder
cou ld  have been used,  and the  add i t ion  per fo rmed on the
BCD data ,  bu t  th is  wou ld  have been more  expens ive .

The ou tpu t  o f  the  combina t iona l  log ic  d r ives  a  sa tura t ing
swi tch ,  wh ich  in  tu rn  d r ives  a  CMOS gate  used as  a  ser ies
shunt  swr tch .  The ga te  swi tches  the  input  o f  the  low-pass
f i l te r  be lween ground and a  10  V re fe rence supp ly .  The
outpu t  o f  the  th ree-po le  low-pass  f i l te r  j s  a  dc  vo l tage rang-
ing  f rom zero  to  10  V,  Th is  i s  d iv ided to  g lve  lh ree  ranges
for  d i f fe ren t  po ten t iomet r ic  (vo l tage sens jng)  recorders  o r
conver ted  to  cur ren t  fo r  a  ga lvanomet r ic  (cur ren t  sens ing)
recoroer.

Potentiometric
Recorder Galvanometer
Output Output

car 
1m

000 N 000

Data
from
5300A

A B C D

Three-Decade Counter

Pushbutton
Switches

Mode Switch (High in t Mode)

0.1v

3.5MHz

o

o

o
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lnputs
rushes through the lamp, heating it and increasing
its resistance until the current is effectively limited.
If a high enough voltage is applied the lamp will
act like a fuse and burn out. The protection scheme
is effective for input voltages as high as 240 V.

As a secondary benefit of the lamp system, the
Iamp's glow is visible through a red insert on the
front panel, thus warning the user that a dangerous
voltage is present.

Frequency Measurements
Although a few voltmeters now have frequency

as a standard function, these voltmeters generally
convert each incoming count into a unit charge and
inject this charge into an integrating circuit. They
then measure the resulting voltage using a voltmeter
technique and display the answer with appropriate
frequency units. The resulting frequency measure-
ment has no more accuracy than the accuracy of
the vol tmeter,  which at best is usual ly O.07To.

A dedicated frequency meter, on the other hand,
counts each pulse using as its standard a crystal
oscillator, which is usually accurate to parts in 106
or 0.0001%. This is the case with the frequency-
counting 10-MHz 53004 mainframe. Therefore, to
count frequency, the 5306A completely bypasses
the voltmeter portions of the circuit and goes di-
rectly to the counting circuits of the mainframe,
thereby achieving an accuracy commensurate with
a dedicated counting instrument (Fig. ZJ.

To maximize user convenience the frequency
counter input is common with the volts/ohms input'
This arrangement, for instance, allows the user to

Fig. 7. Frequency input is com-
mon w i th  vo l ts  /  ohms input .
Floating input allows frequency
measurements in the presence
of large common-mode voltages.
Signal conditioning is done au-
tomatically rather than by tront-
panel controls.

Fig. 6, Lamp acls as a variable resislance to protect the
precision current source trom damage and warn the user
in case a high voltage is applied to the input during a
reslslance m eas u re me nt.

in the V-to-F converter is diverted to the input ter-
minals.  I t  passes through the unknown resistor
producing a posit ive vol tage proport ional to the re-
sistance. This is then measured by the other preci-
sion current source working with the V-to-F con-
verter.  This technique saves the cost of  a separate
current source for resistance measurements.

For protection against external voltages the 5306.4'
uses an interest ing scheme. The precision current
flows through an incandescent lamp before arriving
at the input terminals (see Fig. 6J. When a resistor
is present at the input the low value of reference
current [1 mA or lessJ fails to light the lamp and
thus the lamp resistance stays low and doesn't  dis-
turb the measurement.  Should a large vol tage ap-
pear by mistake across the input terminals,  current

AGC Ampl i f ier

+ 1 8 V

+5V

To Decade Counter in 5300A

I J



measure both the amplitude and the frequency of
a signal with no change of test leads or switching
of connectors, merely the push of a button. Also,
since the frequency input and amplifier are fully
floating, the 53064 provides measurement capa-
bility in the presence of large common-mode volt-
ages. This useful feature is rarely found in general-
purpose counters.

Good frequency counters usually give the user
input signal conditioning controls so that noise re-
ject ion may be opt imized. To el iminate user adjust-
ments and yet provide reliable operation over a
wide range of input signals, this optimization is

done automatically in the 5306A. Noise rejection
is generally provided by the deadband, or hyster-
esis, of the trigger circuit used to convert the input
into a pulse train compatible with the digital count-
ing logic. No noise signal can cause miscounting if
its peak amplitude is less than the deadband of the
trigger (the signal, of course, must be larger than the
deadband).  For  opt imum noise re ject ion we would
like the deadband smaller than the signal but larger
than the noise.

In general ,  there are two ways to adjust  the noise
immunity: vary the actual hysteresis of the trigger,
or vary the amplitude of the signal fed to the trigger.
The latter method is used in the 5306A and is ac-
complished with an automatic gain control [AGC)
amplif ier. The output of the AGC amplif ier is ap-
proximately  constant  for  input  vo l tages between
100mV rms and 10V rms, and drives a trigger cir-
cu i t  whose deadband is  about  30% of  the peak- to-
peak output signal swing. Over that range of input
vol tages,  the noise re ject ion var ies f rom about  60mV
to about  6V,  adequate for  most  appl icat ions.

Most  ac-coupled f requency counters need of fset
controls or switches when they are used to count
pulses or  other  low-duty-cyc le s ignals.  The 53064
can accept  e i ther  posi t ive pulses or  50% duty cyc le
signals l ike sine or square waves. Ordinarily, this
would prec lude the count ing of  negat ive pulses.
However,  the f loat ing input  wi l l  o f ten a l low the
user to reverse the input  connector ,  and thus re-
verse the apparent  polar i ty .

The 5300A mainframe will accept count rates up
to 10MHz. While it was easy to design an AGC
amplif ier and trigger for this range, it proved diff i-
cult to transfer the high-frequency signal from the
floating input to the nonfloating counter. The so-
lution to this problem is a coupling scheme which
uses two c losely spaced molded RF chokes as a
pulse transformer. The speed was improved by
using very low-inductance "windings" and driving
the primary with high currents.
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APPENDIX
5306A Noise Reject ion Characterist ics

The normal  mode no ise  re jec t ion  charac ter is t i c  o f  the  5306A vo l tmeter
is  s im i la r  to  tha t  o f  an  in tegra t ing  vo l tmeter .  However ,  the  in tegra t ing
charac ter ls t i c  comes no l  f rom the  F IC ln tegra tor  shown in  F ig .  4 ,  bu t
f rom the  t requency  counter  in  the  53004 main f rame.  The 53064 mere ly
conver ts  the  incoming vo l tage V( t ) ,  in to  a  d i rec t l y  p ropor t iona l  f requency
f ( t ) .  The number  d isp layed by  the  53004 main f rame,  i .e . ,  the  measured
vo l tage,  i s  the  in tegra l  o f  the  f requency  genera ted  by  the  V- to -F  conver le r
(w i lh in  the  spec i t ied  accuracy  o t  the  5306A) .

: . * u
I 1

N( t . )  =  |  
-F  v ( t )  d t  (1 )

i"
where  V( t )  i s  lhe  ins tan taneous input  vo l tage,  to  i s  the  t ime the  measure-
ment  s ta r ts ,  G is  the  counter  ga te  t ime,  and N( t )  i s  the  d isp layed vo l tage
lo r  a  measurement  beg inn ing  a t  t ime t .

To  de termine the  normal  mode re jec t ion  charac ter is t i c  o l  the  sys tem,
we wou ld  l i ke  to  f ind  F(s )  in  the  equat ion

N(s) = +v(s) F(s) (21

where  V(s )  i s  the  Four is r  t rans form o t  V( f ) ,  N(s )  i s  the  Four ie r  t rans lo rm
oI  N( t ) ,  and 1 /F(s )  i s ,  by  de l in i t ion ,  the  re jec t ion  charac ter is t i c  o t  the
system.

We beg in  by  no t ing  tha t  the  ga t ing  o f  a  counter  i s  equ iva len t  to  mu l t i -
p ly ing  the  measured func t ion  V( l )  by  1  dur ing  the  ga te  t lme and zero  a t
a l l  o ther  t imes,  i .e . ,  mu l t ip ly ing  by  the  rec tang le  func t ion  r [ ( t {o ) /c -1 /2 ] ,
wners

- , . , _ 1 0 l r l < 1 / 2
l l l t l > 1 / 2

Rewr i t ing  equat ion  1 ,  we havo

1  P t
*tt.t = *J_uft) rt(r-to)/c-r/2t dt

which  is  in  the  fo rm o l  a  convo lu t ion  o l  V( t )  w i th  t t ( t \  -  t l -1 /2  -  t /G\ .
Therefore (rel. 2, p. 1 10)

N(s)  :  Y1 t1  q ' t t '

where  Rr (s )  i s  the  Four ie r  l rans form o f  r  ( t ) .  Thus  Rr (s )  i s  our  F(s )  in
equation 2.

To f ind  Rr (s )  w6 s ta r t  w i th  ( re ' | .2 ,  p .  128t

R(s)  :  s in  rs lzs .

By  the  s imi la r i t y  theorem ( re f .  2 ,  p .122) ,

r ( - t l G ) +  l - G l  
s i n ( - T G s )  -

-  r G s

and by  the  sh i f t  theorem ( te l .2 ,  p .122) ,

1
r l  -  

o  $ - C / 2 ) l = t ( - 1 / 2 - t l G ) = 1 ' 1 1 1  -

- .  l - . . 1  l s i n u c s lI n u s l  F ( s ) l :  
|  " c .  I

When inverted,  th is y ie lds the fami l iar  cusp-shaped
ter ist ic  ot  the integrat ing vol tmeter.

s i n z G s  . - -
fus

re jec t ion  charac-
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a(.002ol. ol r€adins/'C + .0002o/o ol ranss/'C)

SAHPLE TIMES:  Normal ,  0 .5  s€c ;  Fas l ,  0 .05  sec .

l IPUT TEFMI t rALS:  F  oa l ing  pa i r

INPUT RESISTATCE:10 M9.  a l l  rangos

ZERO ADJUST:  AUIom6I ic
EFFECTIVE COMMON MooE aEJEc l lON (1  ko  imba lanc€) :

d c :  > 8 0  d B
5 0  H z  o r  6 0  H z  1 . 1 % r  > 8 0  d B

i lORMAL MODE FEJECTION:  50  Hz or  60  Hz : .1%:  >50 dB

UAXIMUM INPUT:
HIGH TO LOW: 1  100V dc  a l l  ranges

LOW TO GUABO:  4200V dc  or  p€ak  ac

GUARD To GROUND:  i500V dc  or  240v  rms a l  50  or  60  Hz

!c Voliage

RAIOES:  10V.  100V.  1000v

S P E C I F I C A T I O N S

TEMPERATUBE COEFFICIENT:
10V ANO 100V BANGE:  J ( .003% o l  rang€/ 'C)

1000V aANGE:1( .5% o l  read ing / 'C)

ITPUT IMPEDANCE:  10  Ml l l l  <75 pF mar imum

COUPLING:  ac i  max.  dc  b lock ing  o t  11000v

UAXIMUM IXPUT VOLTAGE:
HIGH To LOw:  1000V excep l  on  10V range i  on  10V rang€,5  x  10 ,

vHz l im i l  w i lh  min imum pro tec t ion  o t  50v ,  max 1000v

LOW TO GUABO:  1200V dc  o .  peak  ac

GUARO TO GBOUND:  1500v dc  or  230V a t  60  Hz

EFFECTIvE cOMMOx fODE FEJECTIOt  (1  k0  imba lanc€) :

d c :  > E 0  d B
50 Hz or  60  Hz t0 .1o lc :  >50 dB

Ohms
F A N G E S : 1 0  N 9 ,  1 0 0  k O ,  1 0  M e

CUBBENT THFOUGH UtK i lOW[ :  1  mA on 10  kO range i  100 rA  on
100 kg  range;1  !A  on  l0  M1 l  rangs

OVERLOAO PROTECTION:
10 kQ BANGE:  240V rms lo r  I  m i r .  140V rms con l inuous  (warn ing

lamp ind ica tes  over -vo l taEe cond i l ion)
100 k I l ,  loMq BANGES:240V rms con l inuous

Frequency

RAi lGE:  40  Hz to  10  MHz
sENSrTrVr rY (Ml [ ) :

40  Hz TO 1  MHz:50 mV rms s ine  wave
1 MAz lo  10  MHz:  125 mV rms s  ne  wave

I i lPEOAXCE:  I  Mg on 10V range,  10  Mg on o lh6r .ang6s
COUPLI i lG:  sc ;  mar  dc  b lock ing ,11000V
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James F. Horner (RIGHT)
J im Horner  rece ived h is  BSEE and MSEE degrees  l rom
Stanford University in 1966 and 1968, then spent two years
in  the  U.S.  Army before  jo in ing  HP in  1970.  A f te r  des ign ing
several circuits ior lhe 5326/27 Counters, he took on the
53064 Mult imeter/Counter as project leader. As for
hobb ies  and in te res ts ,  J im says  he  has  "many .  .  .  wh ich
take  up  about  10% o f  my ava i lab le  non-work  t ime.  The
other  90% o f  th is  t ime is  spent  in  the  en joyab le  ac t iv i t y
o f  he lp ing  my w i fe  ra ise  our  two daughters . "

Lewis W. Maslers (LEFT)
Lew Masters  began h is  career  as  a  mechan ica l  eng ineer ,
bu t  on ly  worked in  tha t  f ie ld  fo r  a  year  be fore  swi tch ing  to
e lec t r i ca l  eng ineer ing .  He rece ived h is  BS degree in
mechan ica l  eng ineer ing  f rom the  Un ivers i l y  o f  Mary land
in  1966,  then a t tended the  Un ivers i ty  o f  Ca l i fo rn ia  a t
Santa Barbara and received his MS in electr ical
eng ineer ing  in  1  969.  A t  HP s ince  1  970,  Lew has  been
invo lved w i th  the  5300 Measur ing  Sys tem,  des ign ing  a l l
o r  par t  o f  th ree  func t iona l  modu les ,  inc lud ing  the  5306A
Mul t imeter /Coun ler .  Lew a lso  des igns  and bu i lds  h is  own
h i - f i  equ ipment  and en joys  mak ing  f ine  fu rn i tu re  fo r
h i s  h o m e .

P. Thomas Mingle (CENTER)

Tom Ming le ,  des igner  o f  the  531 1A D ig i ta l - to -Ana log
Conver te r ,  rece ived h is  BS degree in  e lec t r i ca l  eng ineer ing
f rom Oregon Sta te  Un ivers i ty  in  1968 and h is  MSEE degree
f rom Stanford  Un ivers i ty  in  1969.  H is  HP career  da tes  f rom
the summer  o f  I968 and inc ludes  c i rcu i t  des ign  fo r  the
5326127 Counters  and the  53004 Main f  rame,  and des ign
of  two func t iona l  modu les  fo r  the  5300 Measur ing  Sys tem
in  add i t ion  to  the  5311A.  In  h is  spare  t ime Tom serves  as
a  consu l tan l  fo r  a  smal l  laser  company.  H is  ma jor
non-e lec t ron ic  in te res ls  a re  b r idge,  so f tba l l ,  and
automobi les  (he  ed i ts  the  news le t le r  o f  the  Mazda Owners
Club  o f  Amer ica) .
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Lase r / Calculator System lmproves
Encoder Plate Measurements
This in-house system rs a good example of
what the right combrnatron of instruments and
calculator can do for measurements, Developed
for acceptance testing of the optical position-
encoder plates used in HP movrng-head disc drives,
its speed and accuracy have helped improve yields
from the ongrnal 20% to the present 90%

by Glenn O. Herreman

f N nru HP 7900-SERIES Moving Head Disc Drive,
I  the posit ion feedback needed by the servo system
for rapid, accurate positioning of the flying heads
is provided by an optical position encoder'. The en-
coder consists of a glass encoder plate, a ret ic le,  a
light source and a pair of photodetectors. Encoder
accuracy is crucial to the performance of the disc
drive, so every encoder plate must be checked for
accuracy before being installed.

The encoder plate is a glass scale that has a ser ies
of O.oOs inch windows separated by 0.005 inch
spaces (Fig. r l .  There are 253 windows and 500 l ine
edges. The location of every line edge relative to the
centerline average must be accurate within -+130

microinches, and the measuring system that checks
this accuracy must be accurate within -+10 micro-
inches.

The system being used to measure the encoder
plates is shown in Fig. 2.  I t  consists of a large tool-

maker 's microscope, a photoelectr ic microscope
tube, an air-motor drive, an HP 55264 Laser Inter-
ferometer, an HP 9820A Calculator, and an HP
98624 Plotter. An HP 1.205A Oscilloscope monitors
the microscope output. Fig. 3 is a diagram of the
system.

The plate to be measured is mounted on the pre-
cision microscope stage. The air motor pushes the
precision stage at a constant speed of 0.007 inch
per second fchecked with the velocity mode of the
laser interferometer]. The encoder plate passes
under the photoelectric microscope and as each
edge passes the photodetector a pulse is sent to the
laser display. The laser displays the position at that
point and transfers the number to the 98204 Cal-
culator, which compares the measured position with
the corresponding nominal position. The deviation
from nominal is then plotted on the 9862A Plotter.

To determine a reference zero, or centerline aver-
age, the calculator is programmed to count each
line and take the average of the deviations of lines
#zzz throtgh #zat. After the last line is inspected
the calculator instructs the plotter to go to this cen-
terline average and draw a line back to the begin-
ning and then, starting from this reference line, to
draw the upper and lower limit lines. The final in-
struction from the calculator is to have the plotter
write the average relative to the starting zero and
the maximum and minimum points relative to the
centerline average.

Fig. 4 shows typical plots for acceptable and un-
acceptable plates, Any point falling beyond the
limit lines signals a reject plate.

The entire operation takes about 6% minutes per
plate and the plot shows at a glance the magnitude
of window-opening deviations as well as the pattern
geometry. HP can easily communicate with the sup-
plier simply by sending him the plots so he can see

Fig.1, Encoder plate has 506 l ine edges that must be ac-
curate within + 130 pin. The measuring system that checks
the plates must be accurate within ):10 pin.
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the problem and make corrections if necessary.
Using this measuring system and working with

the supplier has improved encoder-plate yield from
approximately 2Oo/" accept to approximately 90%
accept.

How the System Evolved
Originally, encoder plates were checked by a mi-

croscope and micrometer measurement. Because of
accuracy and reliability problems the laser inter-
ferometer soon replaced the micrometer head for
positional readout. The laser interferometer re-
vealed that an operator couldn't reliably and accu-
rately set the microscope to a line edge, so the
photoelectric microscope was added' Now a line
edge could be set by nulling a center-zero meter.

Cube Hp 5526A

Fig. 2. Measuring system con-
slsls of toolmaker's microscope,
photoelectric microscope tube,
air motor drive, laser interferom-
eter, calculator and plottet. The
osci//oscope is used to monitor
the photoelectr ic microscope
output.

At this point the operator manually positioned the
stage with a large micrometer head until he nulled
the meter. The laser display was then manually
printed with a remote switch. It took abotl 21/z
hours to manually inspect each line edge and more
time to check the printed tapes.

To speed up the system, an air  motor was added
to replace the micrometer head. This made it possi-
ble to move at a constant rate of speed and auto-
matically print each position, but there stil l was the
tedious job of interpreting the printed tapes. The
tapes only gave numbers, which weren' t  easi ly
translated into a picture of what was happening.
We wanted to know whether the windows were
wide or narrow and we also wanted to know the
shape of the curve-a falline curve indicates a short

Fig. 3. Photoelectric m icroscope
detecls l ine edge and signals in-
tetlerometer to measure loca-
tion. Calculator compares actual
and nominal locations and plots
deviation.
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Fig. 4. Typical plots tor acceptable plate (top) and reject plate. Rising curve indicates long
pattern and vice versa.

pattern and, conversely,  a r is ing curve indicates a
long pattern. Therefore, the f inal  stage of the evolu-
tion was to interface the 9820A Calculator and the
9862A Plotter to the laser interferometer.

Future plans call for replacing the toolmaker's
microscope with an air bearing stage. The system
would then be dedicated to encoder nlates and semi-
conductor masks.

Acknowledgmenls
Ed Duzowski helped design the system. Dave

Handbury wrote the Calculator/Plotter program,
and Tom Logue has contributed several refinements
to  i t .0

Calculator with Metrology
Programs Now a Laser Option

The Mode l  98204 Ca lcu la to r  and i t s  per iohera ls  a re  now
ava i lab le  as  op t ions  to  the  Mode l  55264 Laser  Measure-
ment  Sys tem a long w i th  a  number  o f  spec ia l l y  deve loped
met ro logy  app l ica l ions  programs.  In  add i t ion  to  sav ing  a
s ign i f i can t  amount  o f  da ta  reduc t ion  t ime in  such app l ica-
t ions  as  sur face  p la te  cer t i f i ca t ion  and mach ine  too l  and
measur ing  mach ine  ca l ib ra t ion ,  the  ab i l i t y  to  d i rec t l y  in te r -
face  the  Laser  D isp lay  to  the  Ca lcu la to r  makes poss ib le
Laser /Ca lcu la lo r  ins ta l la t ions  on  mul l i -ax is  coord ina te
measur ing  mach ines  fo r  readout  and/or  cont ro l .

Reference
1.  I .  E.  Her l inger  and W. ] .  L loyd,  " Ins ide the 7900 Disc
Drive," Hewlett-Packard Journal , May L972.

Glenn O. Herreman

When Glenn Her reman jo ined HP as  a  too l  eng ineer  in
'1  951 ,  he  a l ready  had n ine  years  exper ience in  tha t  f ie ld .
Wi th  seven more  years  under  h is  be l t ,  he  became a  qua l i t y
assurance eng ineer  in  1958,  and two years  la le r ,  gage lab
superv isor .  S ince  1962 he 's  been manager  o f  d imens iona l
mel ro logy .  A  member  o f  the  Amer ican Soc ie ty  fo r  Qua l i t y
Cont ro l ,  G lenn has  taught  qua l i t y  con t ro l  a t  a  communi ty
co l lege and has  au thored severa l  a r t i c les  and papers  on
var ious  aspec ts  o f  met ro logy .  ln  h is  spare  t ime he 's
worked w i th  many loca l  you th  g roups ,  he 's  an  amateur
photographer ,  and he  en loys  au to / t ra i le r  t rave l  and f i sh ing .
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Instrument Basics Without Pain
Engineers and non-engrneers in science and
technology have one thrng in common. they
need to understand electronic instruments.
Hewlett-Packard's Clyde Coombs has assembled
a book that answers the need.

, [  s THE ART OF MEASUREMENT HAS AD-
-{ I VANCED, the technology of making mea-
surements has increasingly relied on electrical and
electronic methods. This comes about for two rea-
sons. First, once information is transformed into
electrical form, it can readily be processed in ways
that will meet the needs of a great variety of indi-
vidual s i tuat ions. Second, most phenomena, such as
temperature, speed, distance, light, sound and pres-
sure can be readily transformed into electrical in-
dications for processing and interpretation,"

The quote is from Frederick E. Terman's "Mea-
surement and the Growth of Knowledge," Chapter 1
of the new "Basic Electronic Instrument Handbook"
which has been assembled by Hewlett-Packard's
Clyde F. Coombs, fr., and published by McGraw-
Hill.

Although the book will be immediately useful
to the electronic engineer as a quick refresher on
any instrument he has not recently used, it will be
invaluable to non-engineers in science and tech-
nology to help rnatch needs with instrument capa-
bilities, Indeed its greatest usefulness to engineers
may be in improving the quality of their communi-
cation with non-engineering colleagues!

With no sacrifice of precision or accuracy (the
distinction between them being drawn by NBS
spokesman Thomas L. Zapf in Chapter 4J, the book
dispenses with mathematical exposition beyond al-
gebra, and concentrates on the principles upon
which instruments operate and the relations that
exist between them and the subjects they measure,
With these understood, instrument use becomes a
part of the solution rather than a part of the prob-
lem before the technologist.

Not that the authors expect to make these matters
plain to those with no knowledge of electronic
fundamentals: the fundamentals are there in the

text. For example, in their chapter on impedance
considerations, K. D. Baker and D. A. Burt of Utah
State University inform the reader, with a casual-
ness that makes the learning easy, that impedance
(Z) is the ratio of the voltage (VJ across a circuit to
the current (IJ flowing in the circuit. Only two pages
later the reader has learned thal lZl : VXtT-Rz
and that if impedance is stated in polar form
(VlL+),  the inverse operat ion to resist ive and re-
active components is:
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R :  l Z  c o s f

X :  l Z  s i n  q 5 ,

where { is the angle whose tangent is X/R.
Similarly, Eugene L. Mleczko, tell ing how prob-

lems may be solved by inst ruments in  systems,
takes the t ime to make some nice d is t inct ions be-
tween the analog domain and the digital domain:

" .  .  .  an analog value cannot  be measured exact ly ,
but  only  wi th some degree of  prec is ion,  because i t
is  a cont inuous funct ion.  On the other  hand,  a d ig i -
ta l  va lue is  d iscrete or  exact ,  even though i t  may be
an inexact  representat ion of  an analog value of
in terest .  "

Of  course the 836-page text  does not  remain at
th is  fundamental  level .  Most  of  i t  is  on the speci f ics
of  inst rument  capabi l i t ies,  so the reader can choose
the measur ing array that  wi l l  best  serve h is  needs,
present  and future,  and use i t  in  such a way that  he
can re ly  on the val id i ty  of  h is  f ind ings.  How many
t imes have readings been taken as Tota l  Truth,  s im-
ply  because the inst rument-maker is  of  f ine repute,
when there may have been impedance mismatches,
pulse r ise- t imes too fast ,  or  common-mode inter-
ference in the set-up? Coombs wi l l  have made a
last ing contr ibut ion,  not  only  to the peace of  mind
of  engineers who a id researchers,  but  perhaps to
sc ience i tse l f  i f  h is  text  prevents many such errors.
Al l  these and many other  sources of  potent ia l  error
are covered by one or  another  of  the twenty- three
author i t ies Coombs has brought  in to col laborat ion.

The Nat ional  Bureau of  Standards '  Wi lber t  F.
Snyder contr ibutes an in t roduct ion to the standards
upon which a l l  measurements,  e lect r ica l  and other-
wise,  are based.  Prof .  Edwin C.  ]ones of  Iowa State
ear ly  in  the book establ ishes what  one can expect
of  t ransducers.  His col league,  Dr.  Donald H.  Schus-

Hewle t t -Packard  Company,  1501 Page Mi l l
Road,  Pa lo  A l to .  Ca l i fo rn ia  94304

ter ,  makes known the pr inc ip les of  s ignal  genera-
tion, The mysteries are removed from the art of
measuring current and voltage by HP's Larry Carl-
son and Lee Thompson fwho design meters for the
purposeJ and by ]ack Day,  once of  Tektronix ,  now
development officer for the Oregon Museum of
Science and Industry .  Electronic  counters,  f re-
quency-standard,  and t imekeeping inst ruments are
made c lear  by HP's Marv Wi l l rodt ,  who has made
a successfu l  l i fe 's  work of  knowing,  and answer ing,
just  about  every quest ion ever  asked about  these
devices.

Ather ton Noyes,  var iously  of  Harvard 's  Cruf t
Laboratory,  General  Radio Company,  Ai rcraf t  Radio
Corporat ion,  and now of  h is  own consul tant  f i rm,
tells how and why frequency synthesizers of the
var ious types do what  they do.  Recorders of  the
several  types are deal t  wi th;  X-Y recorders are ex-
p la ined by no one less than a pr inc ipal  inventor  in
the field, Francis L. Moseley. Microwave instru-
ments are inc luded,  authors being HP Microwave
Div is ion pro ject  manager Har ley L.  Halverson and
the d is t inguished consul tant  and author ,  Gershon f  .
Wheeler .

"This is  a book about  e lect ronic  inst ruments .  .  .
not  a 'measurements '  book,"  edi tor  Coombs says
in h is  Preface.  " .  .  .  speci f ic  measurements are d is-
cussed only as examples of  appl icat ions of  the in-
struments. It is felt that with a clear understanding
of the instruments themselves and how they work
together ,  the reader is  in  the best  posi t ion to def ine
his own solution to a measurement problem."

"Basic Electronic  Inst rument  Handbook" is  the
t i t le ;  Clyde F.  Coombs,  l r .  is  edi tor- in-chief .  The
publisher is McGraw-Hill Book Company, New
York, and the pr ice is $28.b0. - Ross Snyder
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