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30  WATT STEREO 
AUDIO AMPLIFIER
by PB. Kirkwood AWV Applications Laboratory

T h is  am plifier has been designed to produce a to ta l dynamic power output of 30 w atts and can be 
driven by a standard ceramic pickup cartridge. The function controls included in the design are 
for volume, balance and a continuously variab le  bass and treb le  tone system.

A low  cost audio am p lifier using 
a single ended push pull output stage 
has been developed fo r  the use in 
stereophonic rad iogram s and port
able record  p layers. The am plifier 
is capable o f producing 10 watts 
continuous or 15 watts peak at 10% 
distortion of audio power per channel 
into a suitable speaker network of 
8 ohms impedance. The am plifier 
also contains bass and treb le  tone 
controls, a balance control and a 
volume control at the input o f the 
pream p lifier.

The design may be changed to 
provide a reduction in power output 
by either increasing the output load 
impedance o r  by reducing the supply 
voltage. The la tter  method w ill also 
reduce the overa ll cost by allowing 
the use of low er cost transistors in 
the d rive r  and output stages.

One o f the m ajor problem s assoc
iated with the use o f power output 
transistors in single ended system s 
is that the co llec tor to base leakage 
current, Ic^0 , doubles fo r  approx-

ERRATA

Volume 34 No. 1
New Generation Audio A m plifiers.
(i) Figure 1 -  Caption should read 
"Full size template of copper side of 
board as viewed through board from 
component side."
(ii) Figure 2 -  R8 should be R47 and 
vice versa.

(iii) Figure 4C -  R8 should be R47.
(iv) Table 4 is for each output trans
istor.

(v) Figure 7 -  2N5320 should be 
2N2102 -  C3 should be 1.6 F.
Suitable circuit boards are available 
from R.C.S. Radio Pty. Ltd., 651 Forest 
Road, Bexley ... 2207

im ately e very  10° C r ise  in junction 
tem perature. I f  the d r ive r  transis
to rs  fo r  the output stage are to be 
kept reasonably sm all, then their 
c ircu it impedance w ill be too high 
fo r  satisfactory  tem perature stabil
ity  o f the output stage. The tem per
ature sensitive leakage current, Icbo> 
o f the output transistors must not be

allowed to affect the base to em itter 
junction o f the same transistor, as 
this w ill, by transistor action, in 
crease  the co llec tor current by the 
product o f I cbo and the d irec t current 
gain, hpE , at ICb0- This w ill, i f  the 
tem perature is  allowed to increase 
s u f f i c i e n t l y ,  cause destructive 
therm al runaway.

Performance Specifications

Dynamic Pow er output (two channel operation) =  30 watts

Single Channel Operation

Dynamic Pow er output (1) =  15 watts

Rated power output (at onset o f clipping) Pc =  10  watts

Tota l Harmonic D istortion at P c =  0.5%

Sensitivity fo r  P c  (2) =  700 mV

Input impedance -  1.2 M ft

Noise below 10 watts -  open c ircu it input 
-  short c ircu it input

=  80dB 
=  >80 dB

Frequency Response (re la tive  to 6 watts at 1 KHz)
L .F .  -  3dB 
H .F . -  3dB

=  40 Hz 
=  27 KHz

Quiescent current (cold) =  15 m A

Maximum P erm issab le  Ambient Tem perature =  45°C

Therm al Resistance (junction to ambient) 40050*
AS208

- 8 °C/W
- 150°C/W

*Output transistors to be mounted on a p iece  o f 16 gauge aluminium 
having a total surface area o f 32 sq. inches per channel.
Note

(1 ) Dynamic power output measured at 10% total harmonic distortion 
with a ze ro  impedance power supply.

(2 ) I f  a higher sensitiv ity  is required, then the feedback res is to r  and 
capacitor (R fand C f)  can be adjusted to suit. Reducing the value 
o f R f  increases the sensitiv ity  by reducing the feedback, but the 
ove ra ll d istortion w ill increase. The value o f C f  is  chosen so that 
its reactance at the -3dB low  frequency point is  equal to R f.
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INPUT FREQUENCY

F ig . 2. The above curves ind ica te  the o v e ra ll f la t  frequency response o f the a m p lifie r and the  
frequency responses w ith  the bass and tre b le  tone con tro ls  se t in th e ir  maximum p o s itio n s .

The method used to overcom e 
this problem  has been to arrange 
a v e ry  low  source impedance of 
8 ohms o r less  fo r  the d.c. bias 
network. Th is is  unsatisfactory in 
d irec t coupled single ended am pli
f ie rs  as it  w ill produce excessive  
dissipation in the d r iv e r  transistors.

A method o f compensation was 
developed by M r. B. Patterson o f 
the AW V Applications Laboratory, 
whereby a re v e rse  biased germanium 
diode is connected from  the base of 
the output transistor to a positive 
voltage source o f at least 2 vo lts, 
the diode being selected so that its 
reve rse  leakage characteristics  are 
s im ila r to the Icb0  characteristics  
o f the transistor under control. Th is 
considerably reduced the e ffec t o f 
Icbo on the characteristics  o f the 
transistor over the tem perature 
range concerned, and has proved to 
be quite satis factory  up to at least 
45°C (113°F ). These diodes must 
be therm ally connected to the output 
transistors  under control by flag  
heat sinks.

A  d irect coupled am plifier having 
a single ended output stage must be 
driven  by an out-of-phase signal. 
Th is is norm ally  obtained by a com 

plem entary d riv in g  system , but an 
alternative method is to Darlington 
couple one o f the output transistors 
to a transistor o f the re v e rse  p o la r
ity. Th is e ffe c tiv e ly  turns the output 
transistor into the po larity  o f its 
Darlington d rive r .

In this case, Q6 being a P N P  
transistor, e ffe c tive ly  has been turn
ed into an N PN , by the action o f the 
N PN  transistor, Q5, allow ing Q4, 
operating under class A  conditions, 
to d rive  the single ended output stage 
as a com plem entary sym m etry 
system . Q3 is  used as the input 
audio am p lifier and is d irec t coupled 
to Q4. The d irec t coupled feedback 
loop is  then com pleted by the coupl
ing o f the em itter o f Q3 to the output 
centre point.

The p ream p lifier consists o f two 
N PN  transistors  Q1 and Q2, which 
are Darlington coupled fo r  grea ter 
current gain. Th is sign ificantly r e 
duces the base current requirem ents 
o f Q l, thus enabling the use o f higher 
c ircu it impedance in the bias net
work. Although this increases the 
input impedance, it is  s till lim ited  
by the usable value o f the bias net
work se ries  res is to r. The lim iting 
e ffec t o f this res is to r  can be con
siderably reduced by bootstrapping,

e ffe c tive ly  increasing the value of 
the res is to r  by severa l tim es and so 
making the input impedance mainly 
dependent upon the transistor char
ac teristics . The p ream p lifier  is  a.c. 
coupled to a high impedance volume 
control, enabling it to be operated 
from  a stereo  ceram ic cartridge 
such as the B .S.R. type C l.

A  series  connected continuously 
variab le  tone control, whose operat
ing characteristics  are indicated in 
F ig . 2, is a.c. coupled between the 
p ream p lifier  and the main am plifier.

Conclusion

The m ajor problem  associated 
with the use o f germanium transis
to rs  in single ended push pull audio 
power output system s has been 
therm al stab ility. Th is has been 
overcom e by the use of a reversed  
biased germanium junction diode to 
compensate fo r  the increase in the 
transistor leakage current, Ick0> as 
the junction tem perature r ise s . This 
has enabled an am p lifier design to 
be developed which w ill provide a 
total dynamic power output o f 30- 
watts, or le ss  i f  requ ired, and oper
ate sa tis factorily  in ambient tem per
atures up to 45°C .
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GE
REGULATORS

USING
THYRISTORS

by

G.J. Granieri

This Note describes a basic ac- 
voltage regulating technique using 
thyristors  that prevents ac rm s or 
dc voltage from  fluctuating m ore 
than ± 3 per cent in spite o f wide 
variations in input line voltage. Load 
voltage can also be held within ± 3- 
per cent o f a desired  value despite 
variations in load impedance through 
the use o f a voltage-feedback tech
nique. The voltage regulator des
cribed  can be used in photocopying 
machines, light d im m ers, dc power 
supplies, and m otor con tro llers  (to 
maintain fixed speed under fixed load 
conditions).

Circuit Operation

The schematic diagram  o f the ac 
regu lator is  shown in F ig . 1. F or 
s im plic ity , only a half-w ave SCR 
configuration is  shown; however, the 
explanation o f c ircu it operation is  
eas ily  extended to include a fu ll-  
wave regu lator that uses a tr ia c .

The tr ig g e r  device Q i used in 
F ig . 1, a diac such as the 40583, is 
an all-d iffused th ree -layer tr ig g e r  
diode. Th is diac exhibits a high- 
impedance, a low -leakage-curren t 
characteristic  until the applied vo lt-

F  ig. 1 A  b as ic  ac regu la to r.

age reaches the breakover voltage 
V b o > approxim ately 35 vo lts . Above 
this voltage, the device exhibits a 
negative resistance so that voltage 
decreases as current in creases.

Capacitor C i in F ig . 1 is  charged 
from  a constant-voltage source es 
tablished by zener diode Z j .  The 
capacitor is  charged, th ere fore , at 
an exponential rate regard less  of 
lin e-vo ltage  fluctuations. A  tr igge r  
pulse is  d e livered  to the 2N3228 
SCR, Q2 , when the voltage across 
capacitor C l is  equal to the tr ig g e r  
voltage o f diac Q i plus the instantan
eous voltage drop developed across 
R4  during the positive h a lf-cyc le  of 
line voltage. When Q i is  turned on, 
Q2  is  turned on fo r  the rem ainder 
o f the positive cyc le  o f source vo lt
age. Control o f the conduction angle 
o f the SCR regulates rm s voltage to 
the load.

Regulation is  achieved by the 
fo llow ing means: When line voltage 
in creases, the voltage across R4  

increases, but the charging rate of 
C i rem ains the same; as a result, 
the voltage across C i must attain 
a la rg e r  value than required without 
lin e-vo ltage  increase before diac QI 
can be tr iggered . The net e ffec t is 
that the pulse that tr igg e rs  Q2 is 
delayed and the rm s voltage to the 
load is reduced. In a s im ila r manner, 
as line voltage is  reduced, Q2 turns 
on e a r lie r  in the cyc le  and increases 
the e ffec tive  voltage across the load.

F ig . 2 shows the voltage wave
form s exhibited by the ac regulator 
at both high and low  line voltage. 
The charging voltage fo r  capacitor 
C l, E i ,  is  equal to the zener voltage 
and rem ains constant up to the 
instant that the SCR is  turned on. 
The capacitor voltage, V e i t  in
creases  exponentially because the 
charging voltage E l  is  constant. The 
voltage across res is to r  R 4  conform s 
to the sinusoidal variations o f the 
60-Hz line voltage. At any given 
phase angle, the voltage across R 4 

increases i f  line voltage increases 
and decreases i f  line voltage de
creases.

The diac and SCR both tr ig g e r
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*  IN THE CLOSED-LOOP REGULATOR Rg IS REPLACED BY A 
PHOTOCELL RCA S 0 25 20  AND A POTENTIOMETER 
IN SERIES WITH A 6-VOLT INCANDESCENT LAMP IS 
CONNECTED IN PARALLEL WITH THE HEATER TERMINALS 
NOTE: ALL RESISTOR VALUES ARE IN OHMS

F ig .  2 . V o ltage  w aveform s e x h ib ite d  by the F ig .  3 . A  c irc u it us ing  a regu la to r to m ain -
ac regu la to r in  F ig . 1. ta in  vo ltag e  constant across a load.

when the capacitor voltage, V o l .  
equals the breakdown voltage o f the 
diac plus the instantaneous value o f 
voltage developed across R 4  during 
the positive h a lf-cyc le  o f line vo lt
age. Th is capacitor voltage is  rep 
resented by points A and B fo r  the 
low  and high lin e-vo ltage conditions, 
respectively . T h e  instantaneous 
voltages across R 4  just be fo re  the 
SCR is tr igge red  are represented by 
points C and D fo r  the low and high 
lin e-vo ltage conditions, respective ly . 
The voltage d ifference between points 
A and C and between points B and D 
is  equal to the breakdown voltage o f 
the diac.

F ig . 2 illu stra tes that the conduc
tion tim e o f the SCR is  decreased as 
line voltage in creases, and is  in
creased when the line voltage de
creases . By p roper selection o f the 
values o f the vo lta ge-d iv id er-ra tio  
res is to rs  R3  and R4 , it is  possib le 
to prevent the load voltage from  
varying m ore than 3 per cent with 
a 30 per cent (approximate) change 
in line voltage.

It should be mentioned that during 
measurements o f load voltage c a re 
fu l consideration must be given to 
the m easuring instruments. M ost of 
the c ircu its described in this Note 
produce a non-sinusoidal voltage 
across the load; the rm s value of 
this voltage can be measured only 
with a true rm s m eter, such as a 
thermocouple m eter. It is  possible, 
however, that in certain applications 
the low input impedance o f the 
thermocouple m eter might load down

the c ircu it being measured. In such 
cases, a high-input-impedance rm s 
m eter may be required.

Heater Regulation

F ig . 3 shows a basic regulating 
technique fo r  applications in which 
it is  desired  to maintain constant 
voltage across a load such as a 
receiv ing-tube heater, the filam ent 
of an incandescent lamp, o r  possibly 
a space heater. It should be noted 
that this configuration is  actually a 
half-w ave regu lator. H ow ever, the 
c ircu it o f F ig . 3 d iffe rs  from  the 
c ircu it o f F ig . 1, in which one half
cyc le  is  phase-controlled to provide 
regulation. In F ig . 3, essen tia lly  fu ll 
voltage is  applied to the load fo r  one 
ha lf-cyc le  by means o f D4 ; the other 
ha lf-cyc le  is  phase-controlled by the 
SCR to provide regulation.

The c ircu it in F ig . 3 is  an open- 
loop regulator that features a high 
degree o f safety; i.e .,  an open- or 
short-c ircu ited  component does not 
resu lt in an excessive  load voltage. 
Phase-con tro lled  voltage regulation 
is  provided by a s ilicon  unilateral 
switch Q i*  and a control c ircu it, as 
fo llow s: Capacitor C2 is  charged 
from  a voltage source that is  main
tained constant by zener diode Z 1 ; 
diodes D i,  D 2 , and D3  compensate

*  A s ilic o n  un ila te ra l sw itch  is  a s ilic o n , planar, mono
l i th ic  in tegrated c ir c u it  tha t has thy r is to r e le c tr ica l 
ch a rac te ris tics  c lo s e ly  approxim ating those o f an ideal 
four-layer diode. The  dev ice  shown sw itches a t approx
im ate ly 8 vo lts .

fo r  the change in zener voltage with 
tem perature. The voltage across 
C2 increases until the sum o f the 
breakover voltage o f Q i and the 
instantaneous voltage across R 5 is 
exceeded. At this point, a positive 
pulse is  coupled into the gate o f Q2 

by means o f the pulse transform er 
T i .  The SCR Q2 then switches on 
fo r  the rem ainder o f the positive 
cyc le  o f line voltage. Control o f the 
conduction angle o f the SCR varies  
rm s voltage to the heater.

0 1 2 3 4 3 6 7 e 9 10 II 12 13 14 15 16 
TIM E— MILLISECONDS

F ig . 4 . V o ltage  waveform s e x h ib ite d  by the  
c irc u it  o f F ig . 3.

As line voltage increases, the 
voltage across R5 also increases; 
because C2 charges along the same
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exponential curve, however, the vo lt
age across C2 must attain a la rg e r  
value be fo re  Q2 is  turned on. The 
net e ffec t is  a delay in the tr ig g e r  
pulse and reduced rm s voltage 
across the heater. In a s im ila r 
manner, as line voltage is  reduced, 
the SCR turns on ea r lie r  in the cyc le  
and increases the e ffec tive  voltage 
across the heater. By proper ad
justment o f potentiom eter Rg in con
junction with potentiom eter R4 , it is  
possib le to obtain excellent heater- 
voltage compensation over a range 
o f line voltages. F ig . 4 shows the 
waveform s associated with the 
heater-regu la tor c ircu it.

F ig .  5 . H eater vo ltage  as a func tion  o f lin e  
vo ltage  o f the open and c losed -loop  regu la to rs .

Curve A  in F ig . 5 shows heater 
voltage as a function of line voltage 
fo r  the open-loop regu lator c ircu it 
shown in F ig . 3. Curve B in F ig . 5 
shows a s im ila r  curve fo r  a c losed- 
loop regu lator using a lam p-photocell 
module. The lamp, in se r ies  with a 
lim iting  res is to r, is connected 
across the heater term inals, and the 
photocell rep laces R6 - The lamp 
unit senses the phase-controlled true 
rm s heater voltage. Changes in lamp 
brightness produced by heater- 
voltage variations change the photo
c e ll resistance in re v e rse  proportion 
to the lamp vo ltage. The rem ainder 
o f the c ircu it functions as p reviously  
described except that regulation is  
obtained not only through the m oni
toring o f the instantaneous magnitude 
o f line voltage, but also through the 
sensing o f the true rm s voltage 
across the heater. Th is character
is tic  identifies the c ircu it as an ac 
voltage regu lator with c losed-loop  
feedback con tro l. The closed-loop  
regu lator produces less e r r o r ,  is 
m ore resistan t to the d rift  e ffects  
o f components, and is  eas ie r  to ad
just than the open-loop regu lator.

The lamp used in the c losed-loop  
regulator is  rated at 6 vo lts, but the 
s e r ies  res is to r  lim its  the voltage to 
a p p r o x i m a t e l y  2 vo lts so that 
extrem ely  long lamp life  can be ex

pected. An additional advantage at 
low  voltage is  that the light intensity 
va r ies  lin ea rly  with the voltage 
across the lamp so that a sm all 
increase in voltage increases bright
ness m arkedly; near rated voltage 
the intensity does not va ry  lin early  
and the variation  in brightness is 
not v e ry  apparent. A  loss in sensi
tiv ity  would resu lt i f  the lamp w ere 
operated at its  rated voltage.

The open-loop regu lator can reg 
ulate 6 vo lts  to within ± 3 per cent 
within -a tem perature range from  
10 to 40° C with an input-voltage 
swing o f ± 10 per cent. The c losed - 
loop regu lator can regulate 6 volts 
to within ± 2 per cent within a tem 
perature range from  0 to 60° C with 
an input-voltage swing o f -  10  per 
cent.

Light Dimmer with 
Over-Voltage Clamp

L igh t-d im m er c ircu its  are be
com ing increasingly  popular for 
home use. F ig . 6 shows a typical 
ligh t-d im m er configuration. This 
c ircu it p rovides the advantage o f low 
h ysteres is  and continuous control up 
to the maximum conduction angle. 
At low  illum ination le v e ls , however, 
the variab le  res is to r  Rp is  adjusted 
to a high resistance setting. I f  a 
mom entary drop in line voltage 
occurs at this condition, the high 
breakover voltage o f the diac in 
conjunction with the high resistance 
could resu lt in a c ircu it m is fire ;
i.e ., the light could be extinguished 
and rem ain so until the c ircu it is  
rese t by readjustment o f the control 
to a high illum ination setting.

A  natural successor to the c ircu it 
o f F ig . 6 m ight consist o f a configu
ration which not only p rovides the 
light-d im m ing function but also ex
tends the l i fe  o f the lamp being 
controlled. One o f the m ajor causes 
o f reduced lamp life  can be d irec tly  
attributed to lin e-vo ltage fluctuations 
and in particu lar to periods o f o v e r 
voltage. Nom inal line voltage is 
approxim ately 120  vo lts  -  10  per 
cent; it  is  the + 10 per cent variation  
that causes lamps to reach end-of- 
l i fe  prem aturely.

A  technique fo r  lim iting  or 
clamping the lamp voltage, without 
sacrific in g  any o f the desirab le

1 A U P

F ig . 6. A ty p ic a l ligh t-d im m er c irc u it.

features o f the d im m er o f F ig . 6 , 
is  shown in F ig . 7; L F and Cp sup
p resses r f  in terference. F ig . 7 
em ploys the basic regu lating c ircu it 
described  ea r lie r ; however, in the 
configuration shown, the switching 
voltage o f Q i, a s ilicon  b ilatera l 
sw itch*, is  reduced by steering 
diodes D i and D2 in conjunction with 
res is to r  R. Th is  arrangement not 
only makes it possib le to achieve 
la rg e r  conduction angles, but also 
prevents the c ircu it from  m isfir in g  
at low  illum ination leve ls  when it  is  
subjected to dips in line voltage. The 
ligh t-d im m er c ircu it in F ig . 7 is  
capable o f clam ping the h igh-line- 
voltage condition to within + 3 per 
cent o f its  nominal value; as a 
resu lt, the lamp is  subjected to vo lt
ages o f 120 volts plus 3 per cent and 
minus 10 per cent. The -10 per cent 
line dip has litt le  e ffec t on lam p-life  
reduction.

The c ircu it also regu lates lamp 
voltage fo r  various settings of 
potentiom eter Rp. F ig . 8 shows line 
voltage as a function o f lamp voltage 
fo r  two settings o f Rp fo r  the c i r 
cuits o f F igs . 6 and 7. These curves 
illu stra te  the increased regulation

NOTE ALL RESISTOR VALUES ARE IN OHMS

F ig .  7. A ligh t-d im m er c ir c u it  th a t inc ludes  
c lam ping.

*  A s ilic o n  b ila te ra l sw itch  is  a s ilic o n , planar, mono
lith ic  integrated c irc u it  tha t sw itches at approximately 
8 v o lts  in both d irec tions .
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achieved by the im proved c ircu it.

The d im m er configuration o f F ig . 
7 can also be used as a 120-volt 
fu ll-w ave heater regu lator. In this 
application the light is rep laced by a 
heater load. I f  the load can be oper
ated at a nominal 1 0 0  volts with an 
input voltage o f 120  vo lts , m ore 
sym m etrica l regulation can be rea l
ized ; i.e .,  ± 3 per cent regulation 
can be achieved with a line variation 
o f ± 10 per cent. In the fu ll-w ave 
heater-regu la tor application, diodes 
D j,  D2 , and res is to r  R in F ig . 7 can 
be elim inated because a wide con
duction angle is  not required.

Such a control might also be used 
in co lo rim etry , an application in 
which it is  necessary to match the 
co lo r (and tem perature) o f a lamp 
with a standard; in this application 
lin e-vo ltage fluctuations can create 
a measurement e r ro r .  Other areas 
o f application, such as photography, 
heater control, and hot-plate and 
solder-pot control, can also make 
e ffe c tive  use o f the d im m er c ircu it 
with over-vo ltage  clamp.

Vol tage- R egu I ated 

DC Supply

A sim ple but stable dc power 
supply using thyristors is shown in

FULL BRIGHTNESS 

*

-'■^UNCOMPENSATED 
,  '  '  DIMMER (FIG.6)

= t 
3%

. r
R « kT  DIMMER WITH 

p 1 CLAMPING (FIG-7)

DIMMED
UNCOMPENSATED 
DIMMER (FIG 6) •

*
[DIAC FAILED 

-  ,T0 TRIGGER

DIMMER WITH 
*  CLAMPING (FIG-71 

R p.K2

1 1 1 1 t 1 I I  1 1 1 1 1 l l l l l l
80 90 100 110 120 130 140 ISO 160

LINE VOLTAGE— Vrm*

AN0 K2 ARE ARBITRARY BUT DIFFERENT VALUES

F ig . 8 . Lamp vo ltage  as a fu n c tio n  o f lin e  
vo ltag e  fo r two va lues o f Rp in the c irc u its .

F ig . 9. The power-supply section 
consists o f the w e ll known fu ll-w ave 
bridge with RC f ilte r . A  lin e-vo ltage 
transform er is  employed to step- 
down the supply voltage o f 1 2 0  volts 
rm s to approxim ately 12.5 vo lts  rm s. 
I f  a dc output voltage g rea ter than 
1 0  volts is  desired , a transform er 
with a low er p rim ary-to-secondary  
turns ra tio  should be employed.

The heart o f the regu lator shown 
in F ig . 9 is  the phase controlled 
tr ia c  on the p rim ary  side o f the line 
transform er. Because the load p re 
sented to the tr iac  is  somewhat 
inductive, an RC network is used to 
assure proper commutation; L p  and 
Cp suppress r f  in terference. The

F ig . 10. Load  vo ltage as a func tion  o f lin e  
vo ltag e  for the c irc u it  o f F ig .  9; load  res /s - 

tance is  constan t at 10 ohms.

c ircu it autom atically compensates 
fo r  wide variations in line voltage. 
F ig . 10 shows a curve o f line voltage 
as a function o f load voltage, E(jc , fo r  
a constant load o f 10 ohms. F ig . 11 
shows the voltage w aveform s assoc
iated with the c ircu it o f F ig . 9.

T IM E-M ILL ISE C O N D S

F ig . 9. A vo ltage -regu la ted  dc supp ly .

F ig . I I .  V o ltage  waveform s e x h ib ite d  by the 
c irc u it  o f F ig . 9.

I f  increased line, tem perature, 
and load compensation is  desired  in 
the regulated dc supply o f F ig . 9, a 
c losed -loop  type o f control can be 
obtained by use o f a photocell in 
place o f Rp and connection o f a lamp 
across the output term inals o f the 
supply in such a way that the light 
from  the lamp can impinge on the 
photocell surface.

Selection of Control Device

Other thyristors  than those shown 
in this Note can also be used fo r  
voltage regulation. The selection of 
an SCR or tr ia c  fo r  a particu lar 
regulating c ircu it depends on the 
voltage and current requirem ents o f 
the application. Suitable devices are 
read ily  available fo r  240V ac line 
operation.

W ITH  A C K N O W L E D G E M E N T S  TO  R C A .
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=  NEWS & NEW RELEASES §

RCA-4560 SERIES 
M0N0SC0PES

A series  o f e lectrosta tic  focus, 
e lectrosta tic  deflection 2 "  d iam eter 
monoscopes have been introduced by 
RCA.

The Tubes in the RCA-4560 
se r ies  are sm all, 2 "  d iam eter 
e lectrosta tic -deflec tion  monoscopes 
em ploying a m eta llic  stencil e le c 
trode having a useful area o f 1 .1 "  x 
1.1". These tubes are designed fo r  
use as alpha-numeric character 
generators in conjunction with d is 
play cathode-ray tubes in computer 
data term inal d isplay system s.

The stencil pattern used in a given 
tube is individually styled to m eet 
specific  custom er requirem ents. A 
typ ica l 4560 stencil pattern having 
alpha-numeric characters is shown 
below. A lm ost any custom ised stencil 
pattern can be read ily  fa b r ic a 
ted and incorporated in the 4560.

'  &  7 .  $  #  "  t  •

/ . - , + * ) (
“ 7 r— a  ^  i  /nI  lr \ / 1 < /  | |
/ v  v  ^  L  1 w

EEV AH2511

t  >  =

G h t  D C 5  A ©  
0  N M L  K J  I H  
W V U T  S R Q F  
J  x  ]  «  [  z  Y X
Typical Stencil Electrode Pattern of a 

4560 Tube.

The latest addition to the range 
o f hot cathode m ercury vapour r e c 
t if ie r  manufactured by the English 
E lectric  Va lve  Company is  the 
AH2511.

It is  a h igh-voltage, Half-w ave 
re c t if ie r  o f s im ila r physical s ize  
to the w ell known AH211A, but with 
a 50% higher mean output current 
(3 A ) and a 5V low  current (11.5 A) 
heater.

Maximum ratings fo r  the 
AH2511 are 15kV peak inverse  vo lt
age and 12A peak current. In a 
three-phase fu ll-w ave c ircu it it  w ill 
provide a d.c. output ranging from  
14.4kV 9A  to 2.3kV 15A according 
to the operating conditions.

The o vera ll dimensions are 
length 12.126 in (308mm) and d ia
m eter 2.835 in (72mm ). Net weight 
is l ib .  (450g).

C03100D 
PHOTOMULTIPLIER TUBE

The RCA  Developm ental Type 
C31000D is  a 12-stage head-on type 
o f photom ultiplier tube designed fo r  
low -ligh t le v e l measurement appli
cations such as photon and low - 
energy scintillation counting. It 
cesiated gallium-phosphide firs t  
dynode followed by high-stability  
copper-bery llium  dynodes in the 
succeeding stages. It w ill also em 
ploy a high quantum e ffic ien cy  b ia l
kali photocathode deposited on a 
pyrex entrance windown.

The f ir s t  dynode o f the C31000D 
provides up to an order o f magnitude 
increase in secondary-em ission 
ra tio  over conventional dynode 
m ateria ls. This high ra tio  provides 
a pulse height reso lv in g  capability 
that perm its d iscrim ination o f single, 
double-up to seven or m ore photo
e lectron  events.

The extrem ely  high secondary- 
em ission  ratio  o f the f ir s t  dynode is

Typical Photoelectron Pulse Height Spectrum

May, 1969 29



instrumental in providing a decrease 
in noise induced in signal current by
18 per cent. N oise in signal due to 
the secondary-em ission am plification 
mechanism o f the f irs t  dynode is 
proportional to a factor M , where

B = A Statistical factor having 
a value o f approxim ately 1 .6

m = The secondary-em ission 
ratio  o f the dynode, typ ica lly  
5 fo r  conventional dynode m a
te r ia ls , 30 fo r  gallium phos
phide at 600 volts.

SLEE CLEAN ROOMS
The South London E lectrica l 

Equipment Co. Ltd. represented in 
Australia  by AW V are specia lists 
in the design and construction of 
m etal ( f ire  res istin g) clean rooms 
and ancilla ry  equipment and manu
facture com plexes utilis ing lam inar 
o r  integrated flow  system s as w ell 
as aseptic and s te r ile  room s (to U.S. 
F edera l Standard No. 209a; DIN

K lasse 1, 2, 3, e tc .). The SLEE 
modular system  exploits new tech
nologies, o fferin g  m ore e ffec tive  
p rocessing at less  cost and is suit
able both fo r  the la rg e -s ca le  oper
ator o r  fo r  v e ry  sm all laboratories . 
A feature o f the system is  the fast, 
easy erection , and advanced hard
ware, enabling production layouts to 
be read ily  adapted to m odified 
requirem ents. F iltra tion , tem per
ature and humidity, are controlled  to 
the m ost stringent lim its .

These characteristics  make the 
C31000D espec ia lly  suited fo r  the 
counting o f rad ioactive m ateria ls r e 
leasing low -en ergy  partic les  when 
used in conjunction with suitable 
scin tilla tors.

DEVELOPMENTAL
T y p ic a l S L E E  Clean Room w ith  AB 2 U ltron a ire  C ond ition ing

A new lam inated construction 
technique has been used to build ex
perim ental transistors that, fo r  the 
f ir s t  tim e, r iva l la rge  electron  tubes 
in power output.

Although the technique, developed 
by RCA, is  s till in advanced labor
atory development, one o f the new 
superpower transistors has already 
generated radio waves osc illa ting at 
1 -m illion  cyc les  per second with a 
power o f 800 watts, and considerably 
higher powers and frequencies are 
expected.

A new RCA technology respons
ib le fo r  these transistors is  a resu lt 
o f a long-term  development program , 
spons.ored by the U.S. A ir  F o rce  and 
Navy, that may eventually make 
possib le a ll-so lid -s ta te  sonar, high- 
power communications system s, 
e le c tr ic  furnaces, and other heavy- 
duty item s that p reviously  have not 
been able to be transistorized . It 
makes use o f fusing or lam inating of 
sem iconductor m ateria ls, ultrasonic 
cutting rather than photo-etch tech
niques, and glass herm etic sealing.

Now, fo r  the f ir s t  tim e, a feasib le  
transistor structure is  em erging that 
can generate substantial powers that 
have prev iou sly  been exclusive with
electron  tubes. Shown above is  a ty p ic a l S LE E  Lam inar C lean Room.

STEEL PARTITIONING 10 ft.  HIGH GLASS-FIBRE FILLED 
DOUBLE GLAZED WINDOWS SET IN RUBBER SECTIONS

2 ft.  x 2 f t .  RETURN AIR GRILLES 
WITH OPPOSED BLADE DAMPERS
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UHF POWER GENERATION
USING

RF POWER TRANSISTORS
by H.C. Lee

One m ajor usage o f r f  power 
transistors  is  in uhf/microwave 
power generation. RF power trans
is to rs  are w idely  used fo r  both 
narrowband and broadband power 
am plification. T rans is tors  suitable 
fo r  power am plification must be cap
able of de live r in g  power e ffic ien tly  
with sufficient gain at the frequency 
band o f in terest. The usefulness of 
an r f  power transistor is not m eas
ured by its  pow er-frequency product 
o r  its em itter geom etry, but rather 
by its ab ility to m eet cost lim itations 
and o v e r-a ll perform ance ob jectives 
including re lia b ility  requirem ents in 
a given application o r  circu it.

Th is Note d iscusses the use o f r f

power transistors in high-power 
generation that uses m ultiple trans
is to rs , pulse operation, and broad
band power am plifiers. Operational 
princip les and design approaches for 
these applications are presented, and 
practica l and re lia b ility  aspects are 
discussed. The selection o f an r f  
power transistor fo r  a given appli
cation involves two steps: (1 ) d e ter
mination o f the r f  capability o f the 
device , and (2 ) establishment o f the 
re lia b ility  o f the device fo r  its actual 
operation.

PF Performance Criteria
The important r f  perform ance 

c r ite r ia  in transistor pow er-

am p lifier c ircu its  are power output, 
power gain, e ffic iency , and band
width. S ta te-o f-th e-a rt single o ve r
lay  transistors, as shown in F ig . 1,
can now 
fo llow s:

produce cw power as

Frequency Power Gain Efficiency
(MHz) (W) (dB) (%)

76 100 7 90
400 50 6 70

1200 10 10 50
2300 7 6 40

When transistor perform ances are 
com pared, it is  important to consider 
gain and e ffic iency , as w e ll as power 
output and frequency, because addi
tional gain can be achieved only at 
the expense o f co llec to r e ffic ien cy  
with the use o f additional transis
to rs . F o r  example, F ig . 2 demon
strates the use o f two transistors 
which have the same power output, 
but d ifferen t gain and co llec to r e f f ic 
iency. The high-gain unit shown in 
F ig . 2(a) is capable o f d e liverin g  an 
output o f 2.5 watts at 1 GHz with a 
gain o f 10 dB and a co llec to r e f f ic 
iency o f 50 per cent. The low -gain 
unit shown in F ig . 2(b) is  also cap
able o f 2.5 watts output at 1 GHz, 
but has a gain o f only 5 dB and a 
co lle c to r  e ffic iency  o f only 30 per 
cent. As shown in F ig . 2, two low - 
gain transistors are requ ired to p ro 
vide the same perform ance as the 
high-gain, h igh -effic iency unit. B e
sides the use o f an additional trans
is to r , the system  o f F ig . 2(b) 
requ ires tw ice as much dc power as 
that o f F ig . 2 (a). In this case, the 
additional gain of 5 dB is achieved 
at the expense o f 5.9 watts of dc 
power. From  the p ractica l point of

FREQUENCY-MHz

F ig .  7. Sta te -o f-the  art power ou tput o f s in g le  r f  power tra n s is to r as a func tion  o f frequency.
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view , the system o f F ig . 2(b) is  m ore 
complex, and the dissipation o f the 
output transistor is  higher.

T A B L E  1 -  Inductances o f Packages shown 
in F ig . 3.

Lead
Inductances - nH 

Package Le Lb
T P - 39 3 3
TO - 60 ( iso la te d  em itte r) 3 3
TO - 60 (grounded em itte r) n . 0

(2N5016) ° '6 2
HF • 19 (herm etic s tr ip lin e ) Approx. Same 
HF - 11 (co ax ia l case) n ,

(2N5470) U-' UJ

Package Considerations

The package is  an in tegra l part 
o f an r f  power transistor. A suitable 
package fo r  uhf applications should 
have good therm al properties and 
low parasitic  reactance. Package 
parasitic  inductances and res is tive  
losses have significant e ffects  on 
c ircu it perform ance characteristics  
such as power gain, bandwidth, and 
stability. The most c r it ica l para- 
s itics  are the em itter and base lead 
inductances. Tab le I g ives  the in 
ductances o f som e o f the m ore im 
portant com m erc ia lly  available r f  
pow er-transistor packages. Photo
graphs o f the packages are shown in 
F ig . 3. The T0 -60  and TO-39 pack
ages w ere f ir s t  used in devices such 
as the 2N3375 and the 2N3866. The 
base and em itter parasitic  induct
ance fo r  both T0 -60  and TO-39 
packages is  in the order o f 3 nano
henries; this inductance represents 
a reactance o f 7.5 ohms at 400 NHz. 
I f  the em itter is  grounded internally 
to a T O -60 package (as in the 
2N5016), the em itter lead inductance 
can be reduced to 0 .6  nanohenry.

Pdc = 5 WATTS

P|N =0.25 WATT P0 =2.5 WATTS

1 GHz 1 GHz

The p lastic strip line package (used in 
the 2N5017) has an em itter lead in
ductance o f 0.4 nanohenry and a base 
lead inductance o f 0 .6  nanohenry. 
The main advantage o f the r f  plastic 
package is  that a substantial reduc
tion in parasitic  inductance is  achi
eved because the em itter and base 
leads can be placed c lo se r  to the 
transistor chip. H erm etic low - 
inductance rad ia l-lead  packages are 
also available. The H F-19 package 
introduced by RCA u tilizes ceram ic- 
to -m eta l seals and has r f  p erfo rm 
ance com parable to that o f an r f  
p lastic package. The parasitic  in
ductances can be reduced further in 
a herm etic coaxial package. The 
HF-11 package used in the 2N5470 
has parasitic  inductances in the 
o rder o f 0 .1  nanohenry.

Tab le II com pares the p erform 
ance o f the TO-39 package, the 
HF-19 herm etric  strip lin e package, 
and the HF-11 coaxial package with 
the same transistor chip. At a f r e 
quency o f 1 GHz and an input power 
o f 0.3 watt, the coaxial package p er
form s sign ificantly better than either 
the strip line or the TO -39 package. 
The coaxial package resu lts in an 
increase o f output power by a factor 
o f two as compared to the TO-39 
package. In addition, the coaxia l- 
package transistor is capable o f d e l
iverin g  an output o f m ore than 1 watt 
with a gain o f 5 dB at 2 GHz. A w e ll-  
designed coaxial package outper
form s any other r f  package currently 
available.

T A B L E  II Package inductances w ith  same 
tra n s is to r chip.

Using Same Transistor Chip
f-GHz Pin-W Po-W P.G.-dB c(28V)-%

T O -39 1 0.3 1 5 35
H F -1 9  1 0.3 1.5 7 45
H F-11 1 0.3 2.2 8.6 50
H F - 11 2 0.3 1 5 35

Reliability Consideration

When the r f  capability o f a trans
is to r  has been established, the next 
step is to establish the re lia b ility  
o f the device  fo r  its actual applica

j p dc 1 = 2 .64  WATTS Pd c 2= 8 .3  WATTS

P|N =025 WATT TRANSISTOR 2 0.79 WATT TRANSISTOR 2 P0 =2.5 WATTS
1 GHz PG| 1 GHz PG2 1 GHz

TOTAL P0 = P in=(PG| PG2 )

TOTAL COLLECTOR EFFICIENCY =
TOTAL P0 

PdC|+PdC2

31
F ig . 2. A com parison o f one-and tw o-trans- 
is to r  system s tha t have the same output 

power but d if fe re n t gain  and c o lle c to r  
e ffic ie n c ie s .

tion. The typical acceptable fa ilu re 
rate fo r  transistors  used in com 
m erc ia l equipment is  1 per cent per 
1,000 hours (10,000 M T B F ); fo r  
transistors used in m ilita ry  and 
h igh -re liab ility  equipment, it is 0 .0 1  
to 0.1 per cent per 1000 hours. B e
cause it is  not practica l to test 
transistors under actual use condi
tions, dc o r  other stress tests are 
norm ally used to simulate r f  
s tresses  encountered in class B or 
c lass C circu its at the operating f r e 
quencies. Information derived from  
these tests is then used to pred ict 
the fa ilu re  rate fo r  the end use 
equipment. The tests genera lly  used 
to insure re lia b ility  include high- 
tem perature storage tests, dc and r f  
operating l i fe  tests, dc stress step 
tests, burn-in, tem perature cycling, 
re la tive  humidity, and high humidity 
reve rse  bias. The end-point m eas
urement fo r  thest tests should in 
clude co lle c to r-to -em itte r  voltage 
V c e o > in addition to the common end 
points co lle c to r-to -em itte r  current 
ICEO> co llec tor-to -base  voltage 
VC BO ’ co lle c to r-to -em itte r  satura
tion voltage V cE (sa t), power output, 
and power gain.

One o f the common fa ilu re  modes 
in uhf/feiicrowave power transistors 
is  degradation o f the em itter-to -base  
junction. The high-tem perature s to r
age l i fe  test and the dc and r f  oper
ating l i fe  tests can excite this fa ilu re  
mode. The fa ilu re  mode can be de
tected by measurement o f V ^ b q , 
which is  not included in most l i fe -  
test end-point specifications.

P lastic  uhf power transistors are 
m ore sensitive to em itte r-to -b ase— 
junction degradation than s im ila r 
herm etic devices. It is  be lieved  that 
the enhancement o f this fa ilu re  mode 
in p lastic devices is  caused by 
m oisture penetration into the v e ry  
c lose  geom etries used in uhf power 
transistors . Tem perature cycling is 
also a problem  that affects the r e l i 
ab ility o f uhf p lastic power trans
is tors  because la rge  therm a l- 
expansion d ifferences exist between 
the plastic and the fine bonding w ires  
(usually 1 m il) used in the devices.

JEDEC TO-39 JEDEC T0 -6 0
HF-11 

Coaxia l Package

HF-19
Herm etic S trip -L ine  Type 
Ceram ic-to-M etal Package 

(Iso la ted  E lectrodes)

F ig .  3. C om m erc ia lly  a v a ila b le  r f  power tra n s is to r packages.
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UHF power transistors are com 
p lex e lec tr ica l, therm al, chem ical, 
and mechanical system s. The w e ll-  
designed uhf power transistor is  a 
system s solution to the integration 
o f these param eters. It appears that 
the p lastic environment is  a less  
v iab le solution to this system s p ro 
blem  than a herm etic approach. A l
though a plastic environment has 
been an excellen t system s solution 
fo r  low -frequency and vhf power 
transistors, in which much la rge r  
bonding w ires , m eta llic  strips, and 
rugged device geom etries  are used, 
it is  not a com pletely  satis factory  
solution fo r  uhf power transistors.

Safe-Area Curves 
for RF Operation

The important param eters o f a 
transistor which are d irec tly  rela ted  
to re lia b ility  and r f  perform ance 
include r f  breakdown voltages, 
therm al characteristic , and load- 
m ismatch capability.

Although a sa fe -a rea  curve to 
avoid second breakdown on the 
co llec to r-cu rren t— v s — co llec to r-to -  
em itter voltage ( Ic  -  V q e ) plane can 
be established fo r  forw ard-b ias or 
c lass A  operation, such a curve fo r  
class B, c lass C, o r  pulsed operation 
is  d ifficu lt to define because the 
breakdown voltages under r f  condi
tions are considerably higher than 
the dc breakdown voltages, and the 
therm al resistance is  a function o f 
V c e  and I q . The safe operating area 
fo r  class B or C conditions at r f  
frequencies is a function o f these 
param eters, as w e ll as the therm al 
tim e constant o f the device . In 
general, the safe operating area fo r  
c lass C or B operation can be ex 
pected to be higher than that fo r  dc 
conditions.

VSWR capability, o r  the ab ility  o f 
an e f power transistor to withstand 
a high VSWR load, is  another im 
portant consideration. VSWR cap
ability is  a function o f frequency o f 
operation, operating voltage, and 
c ircu it configuration. A  w e l l -  
designed c ircu it operated at low  
supply voltage at a frequency at 
which power gain is  not excessive  is 
less  prone to VSWR mismatch. Four 
modes o f d ifficu lty  are experienced 
in the load-m ism atch test, as 
follow s:

(1 ) slow therm al fa ilu re as a resu lt
o f low  r f  swing and ve ry  poor
effic iency;

(2 ) high-speed fa ilu re  as a resu lt o f

the high positive peak value o f r f  
swing;

(3) an instability  (non-destructive) 
which occurs because the high 
value o f V c e  causes avalanching 
(such a condition in the common- 
em itter configuration produces a 
negative resistance characteristic  
and resu lts in a spurious signal 
generator);

(4) an instability  caused by the 
negative over swing which can 
s e v e r e l y  forw ard-b i as the 
co llec tor-base  junction and 
tr ig g e r  a low -frequency o sc illa 
tion which resem bles a m otor- 
boating o r squelched oscillation .

Additional work is requ ired fo r  fu r
ther characterization  o f transistor 
param eters, as related to VSWR 
capability, r f  breakdown, and safe 
operating area.

Pulse Operation of 
R F Power Transistors

A  la rge  potential application for 
r f  power transistors is  in pulse 
equipments such as DME (distance 
m easuring equipment), CAS (collis ion  
avoidance system ), and radar. The 
ra tio  o f peak to average or cw power 
obtainable with a transistor is  much 
less than that which can be obtained 
with a vacuum tube because a trans
is to r is  a current -  am plification de
v ice , while a vacuum tube is  a 
voltage-am plification  device. The 
ab ility  o f an r f  power transistor to 
d e liv e r  higher pulsed output power 
than cw power depends on the trans
is to r  current-handling capability, 
therm al capability, and r f  voltage 
capability. No sign ificant im prove
ment in power output or gain can be 
achieved i f  an r f  power transistor is 
operated under pulse input conditions 
at the same supply voltage and the 
same input power le v e l used under 
cw conditions. F ig . 4 shows curves 
o f peak output power as a function of 
duty cyc le  fo r  two transistor types: 
the 2N5016 measured at 225 MHz 
and 400 MHz, and the 2N5470 m eas
ured at 2 GHz. These measurements 
w ere  perform ed  with a constant 
supply voltage o f 28 volts and 
constant input-power pulses o f 5- 
m icrosecond duration applied at 
various pulse repetition rates (PR R ). 
At the same peak input power le ve l, 
the gain and power output rem ain 
approxim ately the same fo r  duty 
cyc les  ranging from  100  per cent 
(cw) down to 0 .1  per cent.

F ig . 5 shows the 2 GHz am plifier

shown in F ig . 4. The 2N5470 trans
is to r is  placed in series  with the 
center conductor o f the line, or 
cavity, and its  base is  p roperly  
grounded to separate the input and 
output cavities . The input section 
consists o f a 2 0  ohm line section 
and a capacitance C j.  The output 
section consists o f a 36 ohm line 
section and capacitances C2 and C3 . 
D irec t coupling is  used at both input 
and output. F ig . 6 shows the 400- 
M Hz lum ped-element am plifier c ir 
cuit used fo r  the 2N5016 pulse m eas
urements.

v c c  = 28 VOLTS 
PU LSE WIDTH = 5 ms 

1
2 N 5 0 I 6 f? 2 2 5 M H z in s 5 W

>

2N547C f= 2G H z Pin = 0 .3  W

0.1 1.0 10 too
DUTY C Y C LE — PER  CENT

F ig . 4. Peak output power as a func tion  o f 
duty cyc le  fo r the 2N5016 and 2N5470 trans

is to rs  at se lec ted  frequencies.

c ircu it used fo r  the measurements 
The m ajor d ifference between cw 

and pulse operation, however, is that 
the input d rive  le v e l can be in creas
ed substantially under pulsed input 
conditions. F ig . 7 shows peak power 
output as a function o f duty cyc le  fo r  
the 2N5470 at a frequency o f 2 GHz 
and a constant supply voltage o f 28- 
volts with input power as a para
m eter. Under cw operation in the 2- 
GHz am plifier c ircu it shown in F ig . 
5, an increase o f input power from  
0.3 to 0.5 watt does not resu lt in an 
increase o f power output, i.e ., the 
power output seem s to be saturated 
at 1.1 watts. H ow ever, under pulsed 
input conditions o f 5 m icrosecond 
pulse duration and 10  per cent duty 
cyc le , the output power increases 
substantially from  1.1 watts to 1.9 
watts as the input power increases 
from  0.3 to 0.7 watt. These requ ire
ments indicate that the power input 
to the 2N5470 transistor at 2 GHz 
under cw conditions is lim ited  by 
therm al capability rather than by 
peak current or periphery. Th is 
transistor appears to be capable of 
operating at much higher peak 
current under pulse conditions than
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would be perm issable under cw con
ditions. Th is im provem ent is  poss
ib le because the pulse duration o f 5- 
m icroseconds is  probably sm a ller 
than the therm al tim e constant o f 
the transitor, and the junction tem 
perature is m ore a function o f aver
age device dissipation than o f peak 
dissipation. A s im ila r  im provem ent 
in peak power output and gain can be 
obtained by pulse operation o f the 
2N5016 at 225 MHz, as shown in F ig . 
8 , but the im provem ent is  not as 
great as that obtained fo r  the 2N5470.

A  second m ajor d ifference be
tween cw and pulse operations is 
that a transistor can be operated at 
much higher voltage under pulse 
conditions. F ig . 9 shows peak power 
output as a function o f supply voltage

F ig .  5. A  2-GHz co ax ia l a m p lif ie r  c ir c u it  
tha t uses 2N5470 tra n s is to r.

C i = 1 to  10 pF , p is ton  capacito r 
0 2 ,0 3 ,0 4 ,0 5 ,0 6  = 1 to  30 pF, p is ton  

capac ito rs .

0 7  = 0.01 F, d is c , ceram ic 
Os = 1000 pF , feedthrough 
L i  = 1 /4  inch O .D. copper tub ing ; 1 -1/4  

inches long

L 2 = 12 H ,c h o k e  
l_3 = 0.27 ohm, w ire  wound 
L 4 = 1 /8  by 1 /32  by 5 /8  inch long copper 

s trip .
L 5 = 1 /4  inch O.D. copper tub ing , 2 -1 /4  

inches long

N ote 1 - L i and Ls  are mounted c o a x ia lly  
w ith in  a 1 -5 /8  by 1-5/8 by 6 inch box.

N ote 2 - For optimum performance Os should 
be mounted between em itte r and base w ith  
minimum lead lengths.

F ig .  6. A 400-MHz a m p lifie r c ir c u it  that 
uses a 2N5016 tra n s is to r.

2
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F ig .  7. Peak output power as a fu n c tio n  o f 
duty  cy c le  for the 2N5470 tra n s is to r oper

a ting  at 2 GHz.

V c C  fo r  the same transistor types 
(the 2N5016 measured at 225 MHz 
and 400 MHz, and the 2N5470 m eas
ured at 2 GHz). These measurements 
w ere  perform ed  with constant peak 
input power pulses at 1 -per-cen t 
duty cyc le  and 5 m icrosecond pulse 
duration. At an input power le v e l of
0.5 watt, the 2 GHz power output o f 
the 2N5470 increases from  1.9 watts 
at 28 volts to 2.5 watts at 45 vo lts. 
At an input power o f 9 watts, the 400- 
MHz pow er output o f the 2N5016 in
creases  from  25.5 watts at 28 volts 
to 40 watts at 45 vo lts . At 225 MHz, 
the increase in power is  even 
grea ter. These results indicate that 
r f  power transistors can be operated 
at much higher voltage under pulse 
conditions, and, consequently, can 
d e live r  m ore pulsed power. It 
appears that r f  power transisto rs  can 
withstand much higher voltage under 
short-pulse conditions without oper
ating in the second-breakdown 
reg ion . The average current resu lt
ing from  short-pulse operation is 
much low er than that o f cw oper
ation.

VCE = 28 VOLTS 
( = 225 MHz 
PULSE WIDTH*5/.s

b !
5 dB GAIN

5

6 2 dB GAIN
1

6dB

B

8 B GAIN 8 dB ;

DUTY CYCLE-PER CENT

F ig . 8. Peak output power as a fu n c tio n  o f 
duty cy c le  fo r pu lse  operation o f the 2N5016 

tra n s is to r  a t 225 MHz.

Broadband Power Amplifier

RF power transistors are often 
used in broadband am p lifie r c ircu its 
fo r  com m ercia l and m ilita ry  appli
cations. T ran s is tor transm itters are 
superior to tube transm itters with 
respect to broadband capability, r e -

SUPPLY VOLTAGE IVCC)-V 0 L T S

F ig .  9. Peak output power as a fu n c tio n  o f  
supp ly  vo ltage  V £ £  fo r the 2N5470 and 
2N5061 tra n s is to rs  at se lec ted  frequencies.

liab ility , s ize , and weight. The a ir 
c ra ft communication bands o f 116 to 
152 MHz and 225 to 400 MHz are of 
in terest fo r  both m ilita ry  and com 
m erc ia l applications. Another area 
o f in terest is  ECM (e lectron ic 
counter-m easures) applications. 
T ransistors  suitable fo r  broadband 
applications must be capable o f p ro
vid ing both the requ ired power output 
within the en tire frequency range o f 
in terest and constant gain within the 
bassband. The bandwidth o f a trans
is to r  power am p lifier is  lim ited  by 
the follow ing: in trinsic  transistor 
structure, transistor parasitic  
elem ents, and external c ircu its such 
as input and output c ircu its.

Intrinsic Transistor Structure

The param eters which determ ine 
the inherent bandwidth o f a transistor 
in trinsic structure are the em itte r- 
to -co lle c to r  transit tim e, the c o lle c 
to r dep letion -layer capacitance, and 
the base-spreading res istance. The 
em itte r-to -co lle c to r  transit tim e, 
which represents the sume o f the 
em itter-capacitance charging delay, 
the base transit tim e, and the co lle c 
to r dep letion -layer transit tim e, 
affects the o v e r -a ll tim e o f response 
to an input signal. O f particu lar im 
portance is  the em itter-capacitance 
charging delay, which is  current- 
dependent and equal to 1/fx , where 
fx  is  the gain-bandwidth product o f 
the transistor. A  high f-p is  essential 
fo r  broadband operation; in addition, 
a constant fx  with current le v e l is  
requ ired fo r  la rge -s ign a l operation. 
The ra tio  o f the fx  to the product o f 
the base-spreading resistance and 
the co lle c to r  dep letion -layer capac-
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itance (rbCc) com prises the gain 
function o f a transistor.

Under conjugate-matched input 
and output conditions, the power gain 
as a function o f frequency (which is 
equal to fx / 87rf2rbC c) fa lls  o ff at a 
ra te  o f 6 dB per octave. In a power 
am plifier, the power gain usually 
decreases by less  than 6 dB per 
octave, as shown in F ig . 10(a), be
cause the load resistance R l  p re 
sented to the co lle c to r  is  not equal 
to the output resistance o f the trans
is to r, But is  dictated by the required 
power output and the co llec to r vo lt
age swing. The curve in F ig . 10(a) 
indicates that one approach fo r  ach
iev ing a broadband transistor am pli
f ie r  is  to optim ize the matching at 
the higher end o f the frequency band 
and to introduce m ismatch in the in
put, or output, or both at the low er 
end o f the band so that a constant 
power output is obtained from  f i  to 
f 2 , as shown in F ig . 10(b). The 
pow er output that can be obtained in 
a transistor broadband am plifier is  
com parable to that measured at the 
high end o f the band in a narrowband 
am p lifie r; e ffic ien cy  and power gain 
are sligh tly low er than in a narrow 
band am plifier because the load and 
source impedance cannot be idea lly  
matched to the transistor over a 
broad frequency band.

la)

(b)

F ig . 10(a) O utput power as a func tion  o f  
frequency in a power a m p lifie r; (b ) equ iva 

len t broadband a m p lifie r.

The disadvantage o f this approach 
fo r  broadbanding is  the re la tive ly  
high input VSWR at the low  end of 
the band. A  m ore sophisticated 
approach fo r  achieving broadband 
perform ance is  to consider the 
in trinsic transistor structure, the 
transistor parasitic  elem ents, and

the external c ircu its  as part o f the 
o v e r -a ll band-pass structure, in 
which the input and output circu its 
are coupled together by the trans is
to r feedback capacitance. Th is  com 
bined structure reproduces the 
power-output or pow er-ga in  curve of 
F ig . 10(a) from  f j  to f 2 . External 
feedback is  then applied to control 
the input d r ive  to flatten the power 
output over a broad frequency band.

Parasitic Limitations

Any d iscrete  transistor contains 
parasitic  elem ents which im pose 
further lim itations on bandwidth. The 
most c r it ica l parasitics are the 
em itter lead inductance L e and the 
base inductance Lb- These parasitic 
inductances range from  0.1 to 3 
nanohenries in com m erc ia lly  ava il
able r f  power transistors . In the 
sim ple representation of a common- 
em itter equivalent transistor input 
c ircu it at high frequency shown in 
F ig . 1, the inductance L in represents 
the sum o f the base parasitic  in 
ductance and the reflec ted  em itter 
parasitic  inductance, and R in is  the 
dynamic input resistance. The rea l 
part R in is  in verse ly  proportional to 
the co lle c to r  area and, th ere fore , 
the power-output capability o f the 
device ; the higher the power output, 
the low er the value o f R jn . A  low  
ratio  o f the reactance o f L in to R jn 
is  important as the f ir s t  step in 
broadbanding and fo r  ease o f c ircu it 
design. Unless the reactance o f L jn 
is  appreciably low er than the input 
resistance R jn, the reactance must 
be tuned out and thus the bandwidth 
lim ited .

band am plifiers  include constant-K 
low -pass f ilte rs , Chebyshev filte rs  
(both transm ission-line and lumped- 
constant), baluns, and tapered lines. 
F ig . 12(a) shows a conventional 
constant-K low -pass f i lte r .  The input 
impedance Z n  is substantially con
stant at frequencies below  the cu t-o ff 
frequency o>c = 1/LkC k - A  constant 
c o lle c to r  load resistance can be ob
tained i f  the shunt arm (1 - 1 ) o f Ck 
is  split into two capacitances, as 
shown in F ig . 12(b); part o f the cap
acitance represen ts the C0b o f the 
transistor, and the other part has a 
value which makes the total capac
itance equal to Ck- Further im prove
ments o f bandwidth can be obtained 
by cascading o f m ore sections.

F ig . 12(c) shows a short-step 
m icros tr ip  impedance transform er 
which consits o f short lengths o f 
rela tively-h igh-im pedance trans
m ission line alternating with short 
lengths o f rela tively -low -im pedance 
transm ission line. The sections of 
transm ission line are a ll exactly  the 
same length; the length o f each is 
X/16. A  constant load resistance can 
be maintained across the co lle c to r- 
em itter term inals o ve r  a w ide f r e 
quency band i f  the c ircu it is designed 
to have a Chebyshev transm ission 
ch aracter istic .,i2' F ig . 12(d) shows 
a lumped-equivalent Chebyshev im 
pedance transform er which consists 
o f  a ladder network using se ries  
inductances and shunt capacitances.

Z in — *  > R in

o ----------------- 1

F ig . 11. E q u iv a le n t input c irc u it o f an r f 
power tra n s is to r.

External Circuits

F or a broadband am plifier c ircu it 
to d e live r  constant power output over 
the frequency range o f in terest, a 
proper co llec to r load must be main
tained to prov ide the necessary vo lt
age and current swings, and the input 
matching network must be capable of 
transform ing the low  input im ped
ance o f the transistor to a re la tiv e ly  
high source impedance.

Suitable output circu its fo r  broad-

10)

(c)

F ig . 12(a) A conven tioha l constan t-K  low- 
pass f i l te r ;  ( b ) a method o f o b ta in ing  a 
c o n s ta n t-c o lle c to r load res is tan ce ; (c )  a 
short step m ic ro s tr ip  impedance transform er 
(d ) a lum ped-equiva lent Chebyshev impe

dance transform er.

Transm ission -line as w e ll as strip  
line baluns with d ifferen t step-down 
ratios  (4:1, 9:1, 16:1) can also be 
used in the output to provide the 
broadband impedance transform a
tion.

May, 1969 35



X i „ = . L in 

Q ir r  Xm / Rin

Re ,= R ir, ( l * Q , „ 2 )

Re [YBE] = ! / R in { l * Q , „ 2 )

F ig . 13(a) Series e qu iva len t inpu t c irc u it  
o f an r f  power tra n s is to r; (b ) e qu iva len t 
p a ra lle l inpu t; (c )  equ iva le n t p a ra lle l inpu t 
c irc u it  w ith  ex te rn a l base-em itte r capac- 

tance.

One d ifficu lty  in broadbanding a 
transistor power am plifier is  to 
maintain the desired  bandwidth in an 
input c ircu it which provides the r e 
quired impedance transform ation 
from  the extrem ely  low  input im ped
ance o f a transistor to a re la tiv e ly  
high source impedance. The design 
o f the input c ircu it depends on the 
approach chosen: optim izing the 
matching at the high end only, or 
using the transistor parasitic  e le 
ments as part o f a low -pass struc
ture. A  sim ple way o f optim izing 
the matching at the high end is  to 
introduce a capacitance between the 
base and the em itter term inals of 
the transistor o r  to tune out the r e 
active part o f the para lle l equivalent 
input impedance o f the transistor. 
The newworks in F ig . 13 show that 
the low er the inductance L jn o r  Qjn, 
the less fequency-sensitive is  the 
equivalent para lle l resistance Req- 
Th is arrangem ent also p rovides a 
f ir s t  step-up transform ation fo r  the 
rea l part o f the input impedance o f 
the transistor. When a capacitance 
is  connected to the network o f F ig . 13 
(a), the c ircu it has the same form  as 
a ha lf-section  of a constant-K low - 
pass f i l te r . If  the cu t-o ff frequency 
<*>c -  l/VLinC is  high as com pared to 
the frequency o f in terest (f2 in F ig . 
1 0 ), the total input impedance o f the 
transistor input and the capacitance 
C combination is  approxim ately 
equal to R in/(1 -  a)2/<*>c ) and is con
stant i f  (u)2 /a>c2 )z.z_ l .

The remaining- step is to design 
a proper network to provide the 
necessary impedance transform ation 
over the entire frequency band. C ir 
cuits suitable fo r  the imput include 
m ulti-section  constant-K filte rs , 
Chebyshev f ilte rs , and tapered lines. 
A m ore sophisticated approach to

obtain a broadband transform ation in 
the input is  to treat the parasitic  
inductance L jn o f F ig . 1 as part o f 
the transform ation network. F o r  ex 
ample, L jn can be considered as one 
arm o f the Chebyshev low -pass f ilte r  
o f F ig . 12(d). F or a given bandpass 
characteristic , the number of 
sections increases with the value o f 
Lin- Again, th erefore, low  package 
parasitic  inductance is  important.

The RCA Dev. No. TA7344 

Transistor

At present, p lastic uhf power 
transisto rs  are used exclu sive ly  in 
225-to-400-M Hz broadband applica
tions. UHF plastic packages have 
substantially low er parasitic induc
tances than e ither T 0 -60  o r  TO-39 
packages, as discussed previously.

The introduction o f the RCA h er
m etic low-inductance stripline pack
age makes it possib le to design 
broadband power am plifiers  with
out com prom ising re lia b ility . Th is 
new rad ia l-lead  package utilizing 
ceram ic-to -m eta l seals is  superior 
to uhf p lastic  packages in two 
respects : it has low er parasitic 
inductances, and it is  herm etica lly  
sealed. F o r  example, the RCA  Dev. 
No. TA7344 transistor, f ir s t  in a 
series  o f herm etic rad ia l-lead  de
v ices , has a dynamic input im ped
ance o f 1.5 + j l . 2 at 400MHz. F ig . 14 
shows typ ica l curves o f power output 
and e ffic ien cy  as a function o f input 
power fo r  the TA7344 at a frequency 
o f 400 MHz and a co lle c to r -to -

em itter voltage o f 28 vo lts. Th is 
transistor is  capable o f d e liverin g  an 
output o f 19 to 20 watts with gain 
o f 6.5 dB and co lle c to r  e ffic iency  
approaching 70 per cent at 400 MHz. 
One important feature o f this device 
is  that the power gain is  lin ear with
in 1.6 dB at power le ve ls  between 7 
and 20 watts. The T A  7433 is  also 
capable o f an output o f 20  watts with 
gain o f m ore than 10 dB at 225 MHz, 
as shown in F ig . 15.

High-Power Generation

When m ore r f  power is  required 
than can be provided by a single 
transistor, combining techniques 
must be used. Tw o o f the m ore 
commonly used methods o f combin
ing transistors to obtain high power 
are: (1 ) the "b ru te -fo rce " method of 
para lle ling  severa l transistors at a 
single point, and (2 ) the use of 
hybrids to combine severa l individual 
am p lifier chains o r modules.

R F  power transistors can be d ir 
ectly  para lle led  at a single point, as 
shown in F ig . 16. A ll co llec tors  and 
bases are connected together, and a 
single input matching c ircu it and a 
single output matching c ircu it are 
used. Although this arrangement 
o ffe rs  c ircu it s im plic ity , it has 
severa l disadvantages. F irs t , the 
transisto rs  used must be matched 
fo r  power output and power gain 
at the desired  frequency to obtain 
good load sharing. Second, d irect 
para lle ling  of a la rge  number of 
transisto rs  at a single point leads 
to poor re lia b ility ; a fa ilu re o f one

POWER INPUT----- WATTS

F ig . 14. O utput power and e ffic ie n c y  as 
fu n c tio ns  o f input power for the RCA Dev. 
No. TA7344 at 28 v o lts .
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FREQUENCY------M H i

transistor usually causes a total 
fa ilu re o f the o v e r -a ll am p lifier c ir 
cuit.

O f particu lar im portance is  the 
reduction in both input and output 
impedances resu lting from  p a re lle l-  
ing transistors . The impedance le v e l 
can be o f the same order as the r f  
losses in the input and output 
elem ents. The input resistance o f 
an r f  power transistor at 400 MHz 
is  typ ica lly  1 to 5 ohms. I f  a 0.1 
m icrohenry inductor with an unload
ed Q o f 150 is  used in the input c ir 
cuit, the r f  loss  in the inductor at 
400 MHz is  1.6 ohms (R ioss = «L / Q ).  
Th is  r f  loss increases as m ore 
transistors are para lle led . Conse
quently, the total power output which 
can be obtained from  severa l trans
is to rs  para lle led  at a single point is  
less  than the calculated total power 
output. F ig . 17 shows the p a ra lle l
ing e ffic ien cy  as a function o f the 
number o f transistors  in d irect 
p a re lle l . 3 P a ra lle lin g  e ffic iency  is  
defined as the ra tio  o f the measured 
total power output to the calculated 
total power output (i.e ., the number 
o f units m ultiplied by the power out
put o f an individual unit). The 
para lle ling  e ffic ien cy  decreases 
rap idly as the number of transistors 
in creases. F o r  exam ple, when the 
2N5016 is  used at a frequency o f 400 
M Hz and a co lle c to r-to -em itte r  vo lt
age o f 28 vo lts, the para lle ling  e f f ic 
iency is  95 per cent fo r  two transis
to rs  connected in para lle l, 90 per 
cent fo r  three transistors , 85 per 
cent fo r  four units, and 55 per cent 
fo r  eight units.

F ig . 16. A method o f p a ra lle lin g  
r f  power tra n s is to rs  at a s ing le  

p o in t.

F ig . 15. Output power as a 
fu n c tio n  o f frequency in the  
R CA D ev. No. TA344 at 28 v o lts .

M ost o f the disadvantages o f 
the "b ru te -fo rce " d irec t-p ara lle lin g  
method can be avoided by a m ore 
sophisticated approach, shown in 
F ig . 18, in which severa l am plifier 
modules o r  chains are combined by 
the use o f an input hybrid d iv ider 
and an output hybrid com biner. Th is 
arrangem ent provides a re liab le  and 
e ffic ien t method o f achieving high 
vhf/uhf power. Reliab le operation 
resu lts because o f the isolating 
properties  o f the hybrid. A  fa ilu re o f 
one am p lifier chain o r  module r e 
duces the total power output, but 
does not cause fa ilu re o f the other 
am plifier chains or modules. In 
addition, this arrangement provides 
a highly e ffic ien t method o f combin
ing vhf/uhf power. R eliab le opera
tion resu lts because o f the isolating 
p roperties  o f the hybrid. A  fa ilu re 
o f one am p lifier chain o r  module 
reduces the total power output, but 
does not cause fa ilu re o f the other

am p lifier chains o r  modules. In 
addition, this arrangem ent provides 
a highly e ffic ien t method o f com 
bining vhf/uhf power because the 
insertion  loss o f a hybrid is  small.

A M P L IF IE R
1

HYBRID
DIVIDER

HYBRID
COMBINER

A M P LIF IE R
3

NUMBER OF UNITS P A R A L L E L E D — N

F ig . 17. E ff ic ie n c y  as a func tion  o f the  
number o f tra n s is to r  in  p a ra lle l.

F ig . 18. Use o f h yb rids  to  combine severa l 
in d iv id u a l a m p lifie rs .

A hybrid is  an n-port network 
used as a constant-impedance c ircu it 
fo r  power summing and dividing. It 
maintains phase and amplitude equal
ity  between any number o f outputs, 
and also provides isolation between 
matched outputs. F ig . 19(a) shows 
a two-way transm ission-line hybrid 
power d iv ider which consists o f two 
quarter-w ave transm ission lines, 
each having a characteristic  im ped
ance o f Z 0  = 2 R 0 .4 The generator 
port 1 and distribution ports 2 and 3 
are term inated by res is to rs  R0. A 
lumped res is to r  o f value R0  is  con
nected from  each o f the distribution 
poarts to a common point. When 
a signal is  fed into the power d iv ider 
(port 1 ), it d ivides by virtue of 
sym m etry into two equiphase and 
equiamplitude ports. No power is  
dissipated by the resistance R when 
matched loads are connected to the 
outputs because port 2 and 3 are at 
the same potential. The input (port 
1 ) o f the power d iv ider is  also 
matched when the conditions fo r  
isolation  between the two outputs are 
satis fied. The input impedance o f 
port 1 is  the para lle l combination of 
the two output loads R0  a fter each 
has been transform ed through a 
auarter-wavelength o f the line Zo. 
I f  a re flec tion  or m ismatch occurs 
at one o f the output ports, the r e 
flected  signal splits; part trave ls  
d irec tly  to the input, sp lits again, 
and then returns to the rem aining 
output port. Thus, the re flec ted  wave 
a rr iv e s  at the rem ain ing output port 
in two parts; the path-length d if fe r 
ence between the two paths o f trave l 
is  180 degrees  out o f phase when the 
lines are X/4 in length. The value o f 
the res is to r  R is p roperly  chosen 
(R = R0) so that the two parts o f the 
re flec ted  wave are equal in am pli
tude and 180 degrees  out o f phase; 
thus, com plete cancellation occurs.
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F ig . 19(a) A tw o-way, tra n sm iss io n -lin e , 
hybrid  power d iv id e r; (b ) a lum ped-constant 

e qu iva le n t o f th is  power d iv id e r.

The hybrid shown in F ig . 19(a) can 
also be used as a two-way com biner 
(i.e ., power introduced at ports 2 and 
3 w ill combine o r add at port 1). The 
lumped equivalent o f the quarter- 
wave transm ission-line hybrid is  
shown in F ig . 19(b).

The technique illustrated in F ig .
19 can be extended to an n-way 
power d iv ider o r  com biner, as shown 
in F ig . 20 .4 The characteristic  im 
pedance o f each quarter-wave line 
should have a charac teris tic  im ped
ance o f ZQ -  J  n R0 , and the res is to r  
R should have a value o f R0.

F ig . 21(a) shows another hybrid, 
the 6 X/4 ring. Each port is  separ
ated from  the adjacent port by a X/4 
section, except fo r  the 3 X/4 section 
between ports 3 and 4. Because o f 
this arrangement, power introduced 
at port 1 appears at equal le v e ls  at 
the adjacent ports (2 and 4), but does 
not appear at the opposite port 3. In 
a s im ila r way, power introduced at 
ports 2 and 4 combines o r  adds at 
port 1 .

The VSWR and the isolation  of

both the 6 X/4 hybrid ring  o f F ig . 
21(a) and the X/4 hybrid o f F ig . 20 
are sensitive to frequency deviations. 
A vers ion  o f the hybrid ring  which is  
less  sensitive to frequency deviation 
is the quadrature hybrid, shown in 
F ig . 21(b), in which the 3 X/4 arm o f 
the 6 X /4 hybrid r in g  is  rep laced  by 
a frequency-insensitive re ve rsa l o f 
phase. Because the balance o f this 
r ing  is  not a function o f frequency, 
its  bandwidth can be expected to be 
w ide. The quadrature hybrid accepts 
an input signal at any o f its  four 
ports, and distributes ha lf to a 
second port and half to a th ird port 
with 90-degree o r  quadrature phase 
d ifference . The fourth port is  is o la 
ted.
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F ig . 21(a) A  6 A ./4  r ing hyb rid ; ( b) a quad
ra ture  hybrid .

The choice between hybrids and 
single-point para lle ling  fo r  high- 
power generation depends on the r e 
quired o v e r -a ll perform ance, s ize , 
and cost. The most e ffe c tive  system 
usually em ploys hybrids to combine 
severa l am p lifie r chains in which 
severa l transistors are connected 
in para lle l. Consideration must be 
given to both the para lle ling  e f f ic 
iency (shown in F ig . 17) and the 
insertion loss  o f the hybrid. As a 
rule o f thumb, d irec t single-point 
para lle ling  should be used fo r  appli
cations in which maximum power 
output is  essential up to a point 
where the reduction o f output power 
caused by decreasing para lle ling  
e ffic ien cy  approaches that resu lts 
from  the insertion loss o f the 
hybrids. F ig . 22 demonstrates the 
use o f such techniques to generate 
cw power o f 200 watts at 400 MHz. 
The system  consists o f a fou r-to-one
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F ig . 22 B lo c k  diagram s o f s in g le -p o in t 
p a ra lle le d  and h yb rid  system s used to  gen
erate 200 w atts  o f cw  power at 400 MHz.

hybrid d iv ider, four am p lifier chains 
or modules, and a four-w ay hybrid 
com biner. Each individual am plifier 
module u tilizes  four 2N5016 units 
connected in para lle l and driven by 
a single 2N5016. With a supply vo lt
age o f 28 vo lts , each module is  cap
able o f de liver in g  output power o f 
54 watts at 400 MHz with gain o f 12.4 
dB and co llec to r e ffic ien cy  o f 50 per 
cent. The fou r-to-one hybrid com 
bines the output o f  four modules to 
produce cw power o f 2 0 0  watts at 
400 MHz.

A  s im ila r  technique has been used 
successfu lly to generate cw power o f 
m ore than 1000 watts at 400 MHz 
by use o f s ixty-fou r 2N5016 units, 
and power o f 10 watts at 2.3 GHz by 
use o f sixteen 2N5470's.5 The use o f 
hybrids in conjunction with sing le
point para lle ling  has become an ac
cepted technique fo r  generating vhf/ 
uhf high power. Such techniques are 
now found in practica l system s that 
d e liv e r  output power up to 300 watts 
in the low  uhf range.

FIGURE 23 IS A SELECTION CHART WHICH 
DETAILS THE PRESENT STATE OF THE  
ART OF RF POWER TRANSISTOR DEVEL
OPMENT.
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FIG . 23. -  R .F . POWER TRANSISTO R S E LE C T IO N  CHART.
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