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1 . INI’RODIJC I tON

Opera t iona l  r e l i a b i l i t y  of c i r c u i t s  cont inues  to he a p rob l em of
ma jor importance , particularly in military electronic systems , but also
i n  commercial systems . In recent years , emphasis has been placed on
achieving increased reliab ility through fabrication of improved devices ,
yet the manner of use of the device in a circuit can have a substant ially
greater effect on the ultimate reliability of the combination . ‘Ihis fac-
tor is too frequently overlooked ; it is assumed that circuit desi gn prub-
lems have long been solved and that design rules are properly followed .
Too frequently, circuit fai lure is blamed on device design or poor de-
vice specifications because the device is one of the most delicate link s
in the system . Although recent trends toward integrated circuits and
large-scale integration have relieved the problem in some respects , hccau~ c
much of the circuit is built -in , this problem remains severe with power
devices .

The na tu ra l  tendency of the circuit  designer in m a x i m i z i n g  c i r c u i t
performance is to use the maximum voltages consistent wi th  device speci-
fications. While on the surface this assumption appears reasonable , it
typically ignores some fundamental and perhaps subtle limitations . In
this paper , the basic factors involved in active circuit design are re-
exam ined from fundamen tals , leading to simple and straight-forward ways
to assure that the inherent characteristics of solid-state devices and
their associated circuits are properly used . Specific examples are
provided for illustration of the use of the concepts and the benefits
which can be derived . Although emphasis is placed on solid-state devices ,
electron tubes are also considered because of their continued importance
in power circuits. Fortunately, the basic pr inc iples which must be ap-
p lied are nearly identical.

II. BASIC DESIGN FACTORS

Present circuit design procedures for bipolar transistor application
are generally focused around the current gain (beta), and stage voltage
gain tends to be ignored . 1 This has several disadvantages. If in
th is design procedure, the supply voltage selected is too high , an in-
cipient run-away condition can exist. Voltage gains in excess of about
10 to 20 per stage overall then may lead to phase instability, excess
phase sh if t, or actual osc i l la tion . Addi tional ly , the circuit design
depends (through beta) on a derivative with respect to a small differ-
ence between two large numbers , the collector and emitter currents. In
any case , this approach leads to a condition where current runaway, and
thus device failure , are both possible.

D. Middlebrook , An Introduction to Junction Transistor Theory,
John W i ley and Sons , 1957
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he eons i d e r  her e  :1 d i  t’ftreiit approach t o  Opt  Hil l I i i )~ the L I  lull  i t  ill

WI ) I ch t he 1111)0 rtance oh beta i s greatl y reduced . Iii genera ) , t hi di -

si gn approach pi’ov ides  reduced e I r cu i  t v o l t a g e s  and at  most a s I  i ght
lo ss  i t )  power out put , hut a cons ide rub ! y reduced power’ d i  ss I p a t  ott  a r i d
improved c ir cuit s t ab i l i t y ,  and hence increased reliability.

A ll solid -state two-port amp lifiers , including standard hig h-vacuurii
e l e c t ron  tubes can be represented in terms of the l ihers-Mol l  e q u a t i o n s
which are a spec ia l  case of the equat ions  for an admi t t ance  two-por t .
The Ebers-Moll equations provide a s imp le  way to c a l c u l a t e  the v o l t a g e
gain , and in fact the a p p r o p r i a t e  equat ion for the simp lest resulting
circuit takes the form (‘or the elementary amplifier (see Appendix .\ for
derivation):

K = e A I Z = g Z (lj
v c L  m L

where kappa , K , is the transconductance-per-unit-current efficiency, A
is (q/k’I ), I is the collector current , and is the load impedance.

With bi polar transistors , the value of kappa is approximately unity,
and the value of lambda is 39 mhos per ampere . None of these parameters
is a function of beta , and none of them depends sensitivel y on small dif-
ferences of large numbers . The restriction on beta here is that it he
above a specified minimum value.

It can be shown2 that the approximate value of supply voltage
required to achieve proper operation of an amplifier in the common e m i t t e r
(source , cathode ) mode of operation is defined by the equation :

(~~ ‘l (2)

where is the collector supply voltage. For the common base

confi gurat ions:

l v i  7.5 ( K )~~~ (3 )

These equations may also he applied to field-effect transistors and to
ele ctron tubes.

A key point to remember here is that the power handling ability of
a bipolar transistor as an RF amplif ier is basically and severely u r n -
ited as a consequence of its high value for kappa , even in the common -
base configuration. The effect of th is  basic l i m i t a t i o n  is frequentl y
observed in practical circuits , but its cause is not always recognized .
This point may be shown as follows :

A. P u l l en , The Enhancement of E lec t ron ics  R e l i a b i l i t y  Throug h th e
Use of ‘rransconductance E f f i c i en cy ,  AMSAA Technical  Memorandum No.
123 , 1972.  AD 738535.
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Consider the common-base confi guration . h ere the em ittc r-to-co lIi’Lt or
voltage gain may be as large as 75 to 100 for an overall gain of ten i f
the circuit is properly confi gured . tor a peak collect or current of 21)
amperes , the forward (intrinsic) admittance may be as hi gh as
for a maximum tuned impedance (loaded) of 0.1 ohm . Consequentl y, all out
put circuit may have to transform load i mpedances between 0.1 ohms and
50 ohms ! The peak power i nput is 200 watts with a collector supp ly ( I f

ten volts (this assumes that 0.4 ohms may actually he used as an output
impedance without instability - - somewhat doubtful at least) , for an
average of less than 100 watts. At 60 percent efficiency, one can c’xpect
at most fifty to sixty watts to be available.* This is observed in pra c-
tice . Accordin gly, the circuit should be designed in a manner poten-
tiall y least destructive to the device rather than for achieving the
maximum power theoretically possible. (The final stable power output
differs little in either case!)

This limitation is not faced with tubes because of the very low values
of kappa normally encountered . Suppl y voltages as hi gh as 10 kv are
often used , and the kappa values for devices used under these conditions

will be between 10~~ and l0
”
~ , depending on the mode of use. For a peak

plate current of 20 amperes again, the power input to such a tube can be
as high as 200 kw , with an RF power output of approximately 50 kw. Field-
effect transistors can potentially generate power to 1 kw per device if
current capacity and voltage breakdown problems can be solved .

It should be realized that both electron tubes and FE’)’ devices have
regions of operation under which their values of kappa do approach unity.
With tubes , this mode of operation has been called “starved” operation .
With FET devices , it is the operating region in which the potential j ump
across the Debye region provides the field controlling carrier flow in
the channel. This diffusion mode can control the operation of FET de-
vices for up to five orders of magnitude of dra~~ current.

3

In practical applications , all  feedback paths that night affect the
transconductance should be considered . One might think that the net
effective transconductance is the prime factor limiting allowed voltage
gain. This can be true if the principal feedback path is essentially at
the external terminals of the device. Since it can be across the base-
coliecto’~ junc tion as well , it may be that the peak transconductance it
the junction itself is the limiting factor. (With high-injection condi-
tions in the NPN transistor , it may be at the external terminals as a
consequence of the increase in transconductance due to minority-carrier
concentrat ion var ia t ions . )

*This applies unless internal stabilization is achieved with emitter
stabilizing resistances.

3
L. Evans and K. A. Pullen , Limitation of Properties of Field- I~ffect
Transistors, Proc. IEEE , Vol. 54, p. 82, 1966.
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We w i l l  now address some rela ed des I gn lac t urs . 1 :1 rst , i f ’  urn ’ due ’;
r educe t he v o l tage , is there suff’ic jent signal drive f’or the next stage?
In  r e f e r e n c e  to Fqira t ion  2 , i f  kappa is iipprOX I rna t e l y  u n i ty for  a h i  —

p o l a r  t rails i stor , a sit ))plv voltage of only one volt greater t h a n  the
devic e saturat ion  voltage wil l  satisf y typica l req iii renients . h-i th hi —

pola r transistors , as with simple diodes , a 200 m i l l i v o l t change  i n
voltage applied across the i nput •iunction will cause over two thousand
t ime s c h a n ge in device current . As long as the voltage from collec tor
to emitter on a transistor exceeds the saturation voltage by even a t’e~
hundred millivolts , the transistor will ampl if y as well in  most app l i c a -
t i o n s  as i t  w o u l d  w i t h  f i v e  or ten v o l t s  app l i ed .

Second , n o r m a l l y  in u s i n g  h i gher voltages , a h i gh v a l u e  of i s

u sed to provide impedance ma tching . In th i s  approach , Z1 
must be l o w -  - -

ered to keep the voltage gain down , or instability at l eas t  r e s u l t s .
The l i m i ta t ion of the voltage gain per stage to approximately a g iven
ial ue , fo r  example  t en , requires limiting the effective value of’

t h i s  i s  somet imes done i n t e n t i o n a l l y ,  but frequently occurs accidentally’ .
Fxain i nat ion  of many typical commercial or m i l i t a r y  l i n e a r  ( i n c l u d i n g
c l ass C )  amp lifiers processing hi gh-frequency si gnals shows quickly that
there is usually’ one amplifier stage for each decade of voltage gain for
RF and IF small -s i gna l amplifiers. When desi gn is based on beta and
m atched power g a i n  ( t he  usua l  procedure)  , it is necessary to use  i n p u t
l oad i ng f rom a f o l l o w i n g  s tage  to reduce  t h e  v o l t a g e  gain from as much
as ‘ eve i ’a l  h u n d r e d  to  a thousand down to  the  s a f e  value of ten  to  tsentv

For a “ s u p e r - b e t a ” t r a n s i s t o r  i n se r t ed  in a t yp i c a l l y d e s i g n e d  c i r -
c u i t , c i r c u i t  o s c i l l a t i o n s  can e a s i l y  result , and can be i nc o r r e c t ly
b lamed  on the  t r a n s i s t o r .  The c i r c u i t  shou ld  be d e s i g n e d  w i t h  a l o w e r -
i mpedance ou tpu t  c i r c u i t  h a v i n g  t h e  proper “Q” v a l u e .  Then , any t ran-
s i s t o r  h a v i n g  a beta greater  than f i v e  or ten probably would  work as
long ~‘s i t s  f ( a lp ha cu tof f  f requency)  was h i g h enoug h.  In a d d i t i o n ,

t h e  c i r c u i t  would have  the  desi gn amount  of g a i n , because the  stage would
be d e s i g n e d  to use a stabilized level of output  cur ren t  and the  a p p r o p r i a t e
l e v e l  of impedance , and i t s  gain would not even he degraded by n u c l e a r
even t  as long as the post-event beta exceeded a selected desi gn minim u m.

I I I .  D E S I G N  PR OC ED UR E

The des i gn procedure  for  d i sc re te  t r a n s i s t o r  a mp l i f i e r  c i r c u i t s
s h o u l d  be based on t h e  following steps:

1.  S e le c t i o n  of the desired ou tpu t  load impe d an ce
2 ,~~~~~~~~~~

‘ l e c t i o n  of t h e  desired output  cur ren t
3 . l) e s i~~n of t he  b i a s  c i r cu i t  to p rov ide  se lec ted  o u t p u t  c u r r e n t
1, S e l e c t i o n  of t h e  ap p r o p r i a t e  ba se~ ~st~ ) p l y ’  v o l t a g e
5. ~e Iect ion  of t h e  ap p r o p r i a t e  c o l l e c t o r  supp l y  v o l t a g e
~~~. I )csi gn of l i n e a r  ne tworks  for  use with the device

10
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Iii Stun t ’ i i i s t , i i i c e s , s tep s  one and t w o  m ist be i ’ e v e r s u - t t  ii order r
s i IIuI I t .iiw ’oiis I

Re~lik’ t i o i u  at il&’~it di ssi pat i oi l I hr oii g li ri ’JLIL t I Oil  I I I  ~iipp l (1  1
l ’u i ’  I l i t ’ o u t  1) &I t  )oi’t O~ au ac t  ly e  d ( ’ V I 1’C t’ i ’ t t u i t ’i’~ t h e’ a ii u oui i ut of ’
r e q u u i  red and  t a n  p e r m i t  t h e  sea l tug of t he ’ unit again st il~ i t  a nd IHuH - h u e .
S i n c e  i n p u t  powei i s  reduced , b a t t e r y  I i Fe fo r  p o r t a b l e  w i t s  e a u i  I”-
i n c r e a s e d  s u i b s t a n t i a l l v .  l i k e w i s e , t h e  a b i l i t y  to  Su r v i v e  nu e  l i-a u d’\~~’ u l t S
can  be i i i c r ca se d , pai’t i c u i l a r l y i f  a sina i I w i  r e — w o u n d  dccoup l i n g  i’ ( ’Sl t u r
i s  used as a cu r r ent  l i m i t i n g  d e v i c e  fo r  t i le  ac t  i v e ’  d e v i c e s , s h i u l  i l l
look I i k e  siio rt —c i rcu i t s  d u r i n g  an even t

I f  t h e  “ F b I ”  r e s i s t o r  i s n ’ t used , two power supp l i e s  a re  requ i red .
t h i s  i s  not a d i s a d v a nt a g e  because of t he  reduced power r e q u i r em e n t s ,
and hence  lower  cost , of each l ower supp l y .  ‘t he  base supp i  y’ , s i t h t > ~ 

-

i c a l l v  t en  v o l t s  a v a i l a b l e , i s  r e qu i r ed  to p r o v i d e  less  t h a n  a t e n t h ,
often less t han a t w e n t i e t h , as much c u r r e n t  as i s  re~ u u i  red to t h e  cot  -

1 ec toi’ ci ecu it , whereas the collector s u p p ly ,  prov di ii . most 1 1 ho’ c i i  r —

ren t , need supp ly o n l y  a t e n t h  to a f i f t h  as much volta ge . -\s a result
t h e  t o t a l  net  power r e q u i r e d  i s  from 10 to 2 5 p ~~~ ,,

ent of t he  u sua l t o t a l
1~~ er. Good filtering is required , but l i t t l e  i f  any s p e c i a l  r e g u l a t i o n .
l’hus , t h e  two power supplies need not cost more t han  the s i n g l e  S u u l ) t ) l \
and the benefits from better circuit operation , less cooling r e q u i r e d ,
and improved rel iability are “free .”

Rot 11 the input si gnal vol tage re~ u i red and t hi’ 11 uc t r ( a r;~ I
pla te ) supp ly volt age required for an active dev ice ir e  a t u n c t  u t h e
tran sconductunce effic iency, as shown in F.quat ion 2 . t’diere u n a x i r n u u n i
separa tion of si gnal from noise is required , use of devices wi th a max i r u j uu la
pos sible k a p p a  i s  i n d i c a t e d , as t h i s  g i v e s  t h e  m a x i m i u n  transconJ o l a n c e ,
and ga i n , for any level of curren t. (Noise level is largely c u r u ’cnt-
d e p e n d e n t .  I t  should be noted , however , t ha t  space -cha rge  eli - c t  s
h e l p  to m i n i m i z e  n o i s e  w i t h  both e l e c t r o n  tubes and I I  I d e v i c e s .

Miere maximum power output is requi red , the use of d e v i c e s  w i t h  cor-
responding ly reduced kappa values is indic ated . In fact , one w il l  find
tha t w i th mos t hig h-power two-port electron tubes (triodes , tttrode s ,
pen todes ), the recommended control supply voltage is w ith in roughly a fac-
tor of two of that defined by Equa t ion 2 .

A key’ rela tionshi p in selecting tubes for a given circuit design is
as fo l  l ows .  For tubes , t h e  ou tpu t  c u r r e n t  i s  s t r o n g  1 v dependent u~
e i t h e r  t h e  ou tput  supp ly  v o l t a g e  ( t h e  triode t u b e  or the v oltag e on in
a u x i l i a r y  p o w e r — c o n t r o  e l ec t rode  ( t h e  screen g r i d  t a r  t e t  re t es  and p i n-
todes). According ly, the power -handl ing capabili ty for Itt, tube is di- -
term i ned by the  ra te  of change  of o u t p u t  cu r r en t  i i  t h  e t b-u out 1’ - ,

voltage or the auxiliary’ electrode volta ge. The amplifi ca t i on lac lor
should not be the prime cons i derat  i on for tube choice , b u t t  ins) cu d thc
a b i l i t y  to pass current  as neasured by g and g must be co1l -~l d i ’u’ i d .

11
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I lit ’ i U u l utl i’ t ali ce’ i t t ’ f r i  5 l s , f i u ) u % r r  i n  ‘lab Ii’s I a u n t  f I to u - t F I 2 1 2  - u  rid
pi’u t tslt ’s . l’h i’ei’ t r’~~~~~~’~ art’ i st eu i n  ab l e I a l l  o f ’ t i n - i  h a y  u i i t i  the
s a l i u c ’ ; i r i u f i  I u I i  t a t  i o u t  , i  c l i i i ’ a r id  :1 t u tu i t  I to’ ‘ ; ;u tu ie  f l u  us - i ’ i i  S u oh ‘i 1 l i i  i t

g r o a t  l \ t l i t t u . ’i’ eiit n u u t p u l t  p ower  cut ~’nuhi f i t  I t ’ s :

‘l a b  i i ’  I . f r i  ode P ower Cap a h i  l i t  i u -- ~

Fuhe t~ I le N n u r h e r  Anup l i f u c a t  i on  f a c t o r

i t t ’ .! , 1 2A1J7 21) 2l~ (i tI I ‘7 i i i  c r o n r h o s

I 2Bl IT  20 81)00 ,~-1 () i i i ’ u ’uuiuhio s

20 12591) 613 mu er ,rJios

t i l e  v ; u t iii ’s g ive n are tabulated at :ero grid bias and half of ;e a k pou~er
d i  55  I pa t  ion . ‘ t a t t l e  I I i s a s m u i  lu r tab le for pentode : , hut i t stuo’~ s t h e
range of characteristics f o r  s e v e r a l  r u s ef u l  t u l c s,  blu ereas the rnporta nt
pa r’~umet e r  det’ i n  i ng p o w e r — h a r u d l  I ng ab i  1 i t)’ for triode s i S p l ate conduct —

ance  , for  tet r’odes and pentodes it is se t een—t a— p la te trans conduct aruec’
t h e  g and g

~ 1 
i n  these tables a re the transconduct ances from the

contro l gi’ Id to  p late foi’ tile respect i ci’ t u b e s .  Ito vu 1 t i c s  of a r c

cat cii l a te d  tar tile des u’ed out put  vol ta ge .

abl e f t .  l’euitode tt ower  C a p a b i l i t i e s

I t u i cui l :
t ube I ypi’ 

, 
Ideal Screen 1,

Number  ~‘nr l  g
02 \olt~~ c 

- 
1 01) V o ur t )

bBfto 5000 110 mi cronuhos 95 v o l t s  ~ ( J 0 ( I  ohms

OAkS 7000 220 micromhos 95 volts “ ( i i i ( I  ohms

5686 5750 -120 niicromhos 130 volts 339(1 ohms

OCt,t’u 12500 504 rnjcronihos 110 v o l t s  519) ohms

(~~t 6 1.1000 1 620 m i c romho s 80 t o t  t s I 530 ohms

11 000 1 980 m Ic romhos 65 vol t s I 251 ) ohms

9090 3470 mi cromhos ‘ O volts 800 ohms

61)Q3 16000 5400 mit ’ rcrmhos 60 vol  t 5 f 2 ~I o t t

C I earl v , t h e  I owet’ tile requ i red load i mpedant’e u’,h j e l l  mus t  he ic i - n t  ed
for a g iven voltage output the f a r t he r  down this table onc- should ujake
hi~ sel ect ion.

1 ’t
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Lii i t d d i t  iOi l , a set of ’ ty p ic a l t n ode and a - - i - I  of pc’r itode’ t ’ l i t ’ V u ’ -
tics u gu i ed  to  u t i L e  oy t  i u u u nnu r i se  ot ’ t u ’ a u i s c o n d u i c t a n c e —  1 vpe eI~ t a ar  5 I l ( u i . l t  i t t
F i gore’s I a r i d  2 .

. ‘ These e- i i u ’ v e r .  have ‘t i lt i nt ’o nrru al i t i f l  c ’rug i a I I:
hav e t h e  c o r r e s p o n d i n g  t r a n s  r s t o r  c ur v e s , to  uiin .~ i n n  c c’ ‘ :usc  u~l i i  u t

d a t a  in effect ive des i gul  i gun ’

It i 5 riotewort l iv  t hat  d e t c n u r u i iii’s the frequ euuey h i m  I t i n e u r- i t ~

such as tile vert ica I deflection circui t for an osc I I lu scope’. II i l -  t u i e~
s u c t i  a ’~ t i l e  6C LO h a v e  been used ext i ri s i c -el y in t hr i s a p l i c at  i our , u ‘ ca r t
be seen frouuu ‘table II that this may ra t he tile Opt l u I l n i l l i  C l u o i t ’’ .

hi th  t vp  cal circuits , the outpei~ cap abilit y n~ t h e  ci i’cui t ca l F

w i th tile value of tile appropriate power—contro l volt age as s ho m%:u in  I- i g—
cure 4 for o r d i n a r y ’  a m p l i f i e r s .  As can be seen , t ire o u t put  po~ eu ’ a i i  I -
a b l e  r i s e s  to a certain value , then l e v e l s , w h e r e a s  t h e  i np u t  p ou ’.c r c u r t -
t in cues  to increase . (‘the differenc e in power scales should be ne t  ed.
t(i th frequency multi p l i e r s  based on e lec t ron t ub  a , the output cur a -
hilit v can vary as showil in Fi gure  5 as a consequence of t Fui t t ~~t i f : i t
tire conduction angle in the active device may increase rap idl y w i t h  at
increase of the power-control voltage . At the peak power point , the
conduc tion angle at the output frequency i s  180 deg rees . In all ca-e s ,
the power inpu t increases at least linearly with the increase of p oucm ’-
con t ro l v o lt a g e .  Wi th  electron tubes , i t u s u a l l~ increase s at t h y  2 , e
expou r eul t  with respect to the contro l voltage. Cl eti ri ’ , opt i al um it user

effi ciency occurs near a supply voltage defined by I~ H .

IV . DES I GN EXAMPLES

I;xamp le 1. A 10.7 M h z iF  A mp l i f i e r  — overall stage gain ci’ t i - n .
Design both by the standard technique (matched impedance si and u s i n g
the transconductance technique . The circui t configuration is shc-sn iii
Fi gure 6, and typical device curves in Fi gure 3.

Take: I = 1.0 ma. Assunue ~ > 20
C

f = 10.7 N-ltiz K = 10 desired

1 vol t , 10 v o l t s  Q =

= 10 v o l t s

4 K. -\ .  Pu l  len , ( ;onductance  Curve D e s i gn ~1: inual , John  F.  R i d e r  i u h l  u sf ~~ i ’ ,
Inc., 1959.

A. Pullen , Conductance Design of A c t i v e _C i r c u i t s , J o h n  F .  R i d e r
:u iib lisher , Inc., 1959.

-\ . P u l l e n , R e l i a b l e  M i l i t a r y  E l e c t r o n i c s ,  \MC I T h ( u - l ) , 19Th , ~l : v

he obtained from DDC or h’I’IS. ‘I’his is an update of K. \ .  P u l l o n .
h andbook of T ran s i s t o r  C i r c u i t  Des~,g~~, P r e n t i c e - h a l l . I n c . ,  Il 1~~~.
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‘lab ! e I I I .  l i e s  ugi i On La

Ca Sc’ I ( ‘ :u ~~~~‘ 2

( V  = I c ’) (V I t )  e’~P t  ranlu et en Re sit I t 5 cc C’ c liii 1 a

:
~ 

250 1 ()U0~. ohms

50 50 n i l e  r u n n u h o s

R 50 50 o h n u ’~ ( ~ ga ss e l 1C -

= Xc 2 . 5 loo  oh rm ~

I, 0 .04 1 .6 n u i c n ’ n h r i u r y

C 6400 160 p i c o f : u i’ ad ’ .

Unloaded K 10 400

I c)ticICd bandwidth for K
~ 

= 10 As des i gned I t )  t u lines d e s i gn ud i hi

A l thoug h the desi gn values for I~ and C for case one appea r d i  f f i c u u l t  t o
ob t a i n , the tuned circuit ’ can use a tapped coil , with the inductance to
the t a p  being the rated value . Then the overall inductance ctun he in-
creased , say by four or more times , and the capacitance corresponding ly
reduced .

Several clear-cut advantages result from the above. First , loading - -

from the following amplifier will have negli gible effect on the stage
gain and bandwidth as long as the minimum beta is hi gh enough that the
input impedance of the following stage is large compared to 250 ohms.
Usuall y a device with a minimum beta greater than 20 will satisfy t h e
requ i rement .  Power input to the co l lec tor  c i rcu i t  has been decreased to
one-tenth of that for case two. Bias circuits can he identical , and the
bias resistors themselves probabl y will draw at most 40 microamperes.
There is little danger of either oscillation or phase instability as
long as good layout practice has been followed . Fur~ l”ar , the charac-
teristics of the following transistor amplifier will have little effect
on the stage desi gned .

One further advantage is that the reduced overall impedance l evel
for the circuit , even when the tapped-coil arrangement is used , makes
the transformation of impedance required with common-base confi gurations
substantially easier to obtain. There is a little-known relation be-
tween tuned-circuit Q and step-down ra t io  which can introduce circuit
p”oblems when a tapped-capacitor  “tuned transformer” c o n f i g u r a t i o n  i s
used . This problem can be si gnificantly alleviated with the proposed
des ign procedure.

20
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~~~~~~~~~~~~ lies I gri a power amp i i li en’ — to operate at  25 Ml); . Iii
th is instance , t h e  goa l is to b u i l d  up  t h e  powe r l e v e l  oI ’ an HF ‘-ou r n e .

~~~~‘ P~
• ‘“a’ opt ion tliert’fore i s  o b t a i n i n g  power g a i n , to ;n 1 easer e ~t i i i

voltag e’ ga i l l . Assittit e a two—sta ge d e s i g n ; let t he  v o l t a g e  g a i n  l ’u ,u’ a ,. h i
stage he two , w i t h  t he  i nput  s i gna l  s t a r t i n g  at I I )  i u n i h h i v o l t a .  ‘ l - . i ’
as  1 ma; 1 2 aS 5 unia . Choose the Q value for the loaded tuned e n  i i  i t

to be 25. ‘lake V to he one volt:cc

Table IV. I) esign Data

Pa r a m e t e r  Stage One Stage Two tin i t s

:
~ 

50 10 ohms

I 50 < 200 n i i c  r o a m h u e r e s1)

R 50 10 ohms (h’.- 1 : u s , t ’ u1 )

= 2 0.4 ohms

liffect ive 1, 0.032 0.006 nricrohenri es

hlf fect ive C 640 3200 picofarad ’-~

Mi ni nni un i stage beta 25 2 5

Clearly, tapped coils or transmission lines are required ’. and the diifi -
cult >’ of desi gning adequate parallel-tuned circuits for very-h i gh- t ’na- (iu r lcs
transistor amplifiers is also strongly demonstrated . Where it is Irns-
sible , the use of series-tuned circui ts is recommended .

The output signa l voltage with this amplifier will be 40 mi! l ivo l~~- - ,
and the variation in voltage gain of an amplifier following the second
stage with instantaneous signal voltage will be about four to one. IThe
t h i rd st ag e would approach class C operation.) But the si gnal-freque ncy
current available from stage two in this semi-power amplifier arrange-
ment may be as much as two milliamperes rms , or possibly a little more.
As long as the minimum required beta is available for the respective
transistors , stable operation in the designed mode can he achieved . -\

further RF desi gn , of a c lass C ampl i f i er , is detailed in Appcndi \ B.

Other Applications: Since transconductance as a function ol ’ d~’vi ce
current is readily available in terms of I in Equation 1 , calculation

of properties of nonlinear circuits , including frequency m ul t i p 1ien ’~ ,
mixers , and swi tching ci rcuit s , is relatively straight-forward . Convei’-
sion conductance , which is important with both mixers and frequei’ucv innu u l-
tipliers , is defined in terms of the equation :

21
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e 0 .2~ i g  g , I i i .2 ~ (I I I
‘ ‘ C nlui u Lt  ,\ h u n t  Iii C ini ~u -~ clii u iu

( :ONCI,) ’s I ONS

Soinie’ of the ituost important Consequences of t lie dcsc r 1 bed a~np ruaeh u
fe. u ’ t h e  d e s i gn of t v a n s i stor ci rcuu its , i n  add it ion to its n u n i q n ic  a n n ul ’ t

i n  a c h i e v e m e n t  of i’d j a l ’n i  L i t > ’ , ai’e first that it leads to a n n  acadcm n —

call > ’ s i m p l e  and s t r a i g h t — f o r w a r d  u~ay ’ of analy:in g the characteristics u t
so! id-st ate devices and their associated ci renii - i , a r i d  second the t’acl
that dependence on a d c’ r n v a t  i ye w i t  Ii resp ec t t o  a sma I I d i ffc re in c  e’ I .~ t r~ - e r r
co ll e ctor and eunn i t ter c u r r e n t s  is great I y red uced . F u r’st -ci ut u’-’l I mat i or u
of ~u c ircuit ’s b eh a~’ i o n  i s both s i m p l i f i e d  and ~ ‘de nuuo t’e’ e ’sact  , arid a
bet teu~ means  for opt in nizing the circuit is avai laht ~ l,eeauu s e’ 0r t h e  r e —
duc ed importance of the beta paranneter.
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AI’PIiNI) IX A — IiI ~Rl \ A’l’ I ON (IF HAS I C I~Q (IA’I I ()N~

S t  nip I i  Ii eel hi t’s—Mo II I~quia t ions

= I + I exj i  Av + I F ( v  V Ib k) b 1 b 1)2 h b c

= I + I CX1) AV + I F ( V  v Ic ct )  c i h c2  c h c

where  A = (q/kl ) = 39 (volts)
1 
(or n ihos I)C~ arnpel’e )

(,,)i [lv 1 = A l  CXI) Av + (~)li [Iv I
c b cI h y2 c h

Rut

I exp Av = i  -~~~~ - l  F (V , V ) = . 1c l  b c cO c2  c b c c

= K A i  + 1 2 ( a F
C/~~

v h
) = g

~1 K A i
C

But K = - g : = K A I  :v m L c L

Since i : has dimensions of voltage , and is related to Vc L cc

= 01 , ,  (0.3 ~ ru ~ 1.0)I,

K = - r IKA IV I

or V I  I K I  I flKA

For bipolar transistors , kappa has a value approximating unit \ , i’~i t h i

limits of approximately 0.6 to 1.5. Both and ‘ cI  are normall y

neg ligible .

For FLiT devices and electron tubes , the difference between I and iCO c
may be s u b s t a n t i a l l y  less than This gives a range for’ K appa  for

t h e s e  d e v i c e s  of from io~ to io
_ 2

. tInder specialized conditions the
value may approach uni ty with both kind s of devices.

23



1
~~~~~
- i_~~~~~~~~~~~~~~ ,__ 

- ,- —~~~~~~~~~~~~
- - NOT e

‘

. 

-
~~edz,~~ ~~~~~~~~~~~ 7,~ ,r# ~~~~~~~~~~~~~~~~~~~~~~

\ l ’ l ’ l i N h) IX H — D I - S u ; N  ~ I - ClASS C A M I I l I  I l i t

Si i h e ’e’ coinun nnoti prae’t I ce w i t h t rains i si or i zt’cI ItI~ puwu F urnu p I I I ar ’’ u u u I I i  -

p a st  li~i’~ I)eeul to use a collector 
~‘~pl~

1 y v o l t a g e  as h i g h as s e c o n d
hrc ’~iLelou.tr and fuunda metutal breakdown for a device per!lu i ts , t h e  t o )  Itins n ut ~ana I~ s i  s I s d e s i gned to  e v a l u a t e  t h e  validity of t Iii a juract iii- ,

Ani ann u l ) I  i (icr is to some extent a feedback arrup l i (icr , and i t s  u p —
erat ng equtat ion there fore takes the si mpl i f’i ed form :

K = K / ( i  - K
f K )  I l l - I )

u%het’e K is t L u ~’ overall voltage amplif ication . K
~ 

is the forwa rd v o l t a l e

a n t h i l l  i t’ic~it iou , and Kf is the amplifi cation (much less than u n ity for

the feedback path of the amp! ifier. As long as the overall valu e oh ~-

as a function of frequency does not include a zero value for the dcrumnnn -
in ;ut on’ , the circuit should he stable , but if n in i nuu n u -p hasc char ac t ern ~~

-

tics are  also required , the magnitude of KfKy Thould be as small as po ;-

s uh i  c w ith respect to u n i t y

Because  of the assortment of stray inductances m d  capacitance’s iii
RF a n n l ) i  I t’icr circuits , it must be assumed that if the ma gnitude of

can approach unity, unstable conditions can occu,’, and the phase tr~u ns-
f ey  fun r ict ion of the amp l i f i e r  will he excessivel y erratic as a fune’t ion
of frequency’. As a matter of tact , the existance “ f  excess phase  s h i f t
is probabl y the most sensitive indicator of a pote tt ia ll y unstab le a rru —
p1 i t ’ici ’ , one which mi ght “self—destruct. ”

l;fficiency considerations require that power stages he operated i n
the common-base confi guration , as otherwise the ratio of peak availa b l e
energ~’ taken from the tuned circuit to loss in the active device may he
as sm a l l  as two , whereas in the common-base (C-B) configuration it nia~
be more than ten . The point of conversion from use of the common-e m itten ’
( C - I l )  c o n f i g u r a t i o n  to the  C-B c o n f i g u r a t i o n  is t h i s  one of the critical
point s iii desi gn of power amplifier circuits -- ge:ting adequate drive
fo r the first C-B amp lifier and assuring phase sta lilit y ’ at t h e same time
can he difficult.

As has been noted , with proper desi gn and layout , it is pos sible- to
get stable operation in the C-li mode with i nput-to-o utput voltage gains
of up to ten , and in the C-B mode with gains of appr ximate lv 100 (emit-
ter to collector ) . This means that the maximum feedback “gain ” in  the
t w o  cases typ ically cannot be allowed to exceed eithcr 0.01 or 0.001.

The feedback pat h s for transistors at hi gh frequercies are pi’ i rie ipa ll y
capacitances , and , particularly in the (:-li mode , these may hi’ s u i h ’ i t a n —
t i a l .  There  are both i n t r i n s i c  c a p a c i t a n c e s , those  i nheren t  in the juunc-
t i O f l  themselves , and parasitic , those due to zase and w ring. Anv of

2~
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t I ic ’~e ’ e i p ; ue ’ n t i u i e ’ es e’.u I i  ~ii ’o~’ c ’ t o  hi’ c r 1 1  h a t  I i i  m 1 , ,  g u c e n n  a i t i )  t~ i ?  ‘ i n n ,
. i n i ’ 1~ u r t  i c r i i : i n’ h sc ’e’erc ’ i i i  tIne C—F mod e’ , sit u c- t ) i e ’ r e  u ’  u iu ‘ la

u ye u ~o I a t  n u l l  bet  u ac - I )  I n i n u t  an !  o u u t  I n n  t , ~u uud u nit n , n  I i t j n i i r inn I I
I n . : , i t  i o u  u s  d i  t ’ t ’ i c n u l  t to a c l u j c ~ e’ b e c ause ’  oh ’ I hue- c unn ~ ul u’ .~ i t  y ut th u ’ ~- 

-

e’m ) L uu u ..IIe ’r)t c ’ i t ’ e’ Uj t i i i  this c o u u ) ’i g u i r a t ion .

l~ith e’e ns t  hu g c’ alui e s of f eedback  cap ae ’ i t a u u e ’es , t h u  or r k- av a m l ; i h l
;u l ) I ) i ’oaCl ) e s  to I irnit ing K 1. are  r e a l  l v  t h r e e , ui a u u c ’ I~~, n’ e’’~on a t  i n g  I hu e

e’apac I t a i u c e  i n  a p ar a  I id  unn od e t o  reduce’ coup ! i uig , i i eu t  r a i n  :at  m u l l , u n i t
reelui ct loll oh ’ u n p ui t ~Irhi  o u n t l i n u t  e f f e c t i v e  i m p e d a n u c e  l e v e l  a .  01 t a I i n n - : ,
t h e  rc’~I i u c t  t o n  ot’ t h e  e’t ’fect  I ye j napedance l e v e l  i s  oft cu t h e  on I , u ~u h Ic’
appro :te’h udi en p h)~l sC s t a h l  l i t > ’  and absence  ot’ p o t e n t  I a !  p a n a s i  t i e ’s i n -
i m p o r t a n t

l ’heo rv show s  that fo r  ma x  im un u e f f e c t  I y e  handw I dth b r  a dna n n af
:u nnu p l n f i c r s  r i s i n g  d i s c r e t e  c i r c u i t  elements in the pr ’c’~ enc e of ~1 i l I a r
c~ pac I t a n c e  , s tage  v o l t a g e  ga i r i s  be tween two a m u d  t h’u re c ’  a r e  opt I r ruu in . i n
pu ’act i ce , o t h e r  coils i d c r a t  ions may app l y ,  w i t h  t h e ’ r e s n u  i t  t h a t  v o l t
gains t y pically shou uld not exceed ten ta twenty over a ll I i n p u t  t - , n uri 1 nnm t

u t  t I n e ’ unnost

I - or  e f f i c i e n t  ope’rat ion  of a t r a n :~u s t o r  i n  a c l a s s  ( .  : m n n p l i t  i n , nt
i s es s e n t tua l that the collector —to—emitter’ voltage he as small as pus-
s ibl e ’ d uit’ i ng the current pulse wh ich ‘‘cha rges ’ the l u ’eqnu cr ’uc v — d et -r’r nn i ru l ing
c o n n u p o n e r i t s  ot’ the c i  n ’ c u u i t  . Ihe suppl y voltag e then n un nst a -  s n n l ’ f i c  u n i t
to  p r o d u c e ’ t h i  s v o l t a g e  a t  peak c u r r e n t  w i t h  the a! 1 we ’d c a l  m e o f  I m d i  -d
t n in ie d  i n u p e dar i c  C .

l’d’ue ’ri t h e  operat  i ng load l i n e  for  t h e s e  cond i t  i o n s  i s  a S t  a h l  I she ’d Co t’
a c l a s s  C amp l i f i e r , i t  appears  t h a t  somewhat  as s ket c h e d  at  ‘ I I ’, in
F l  g u i r e  B — i .  ‘fhe d o t t e d  s e c t i o n  d e v e l op s  as a r e s u l t  of e n e r g y  c’ .\c’hn :unge iii
t h e  f requency’  s t a b i  i i  z i n g  c i r c r u i t  . The a c t u a l  load  con tour  s t a r t s  i n n  i -

t ia  11 y t h r o u g h t h e  \ p o i n t  and i t h i n  ‘‘Q ’’ c y c l e s  has essent  i a I I  v move- cl

to  t h e  i n d i c a t e d  l o c a t i o n . ( S t r i c t l y ,  an e l l i p t i c  load c o n t o n m n ’  i S  gen-
e r a t e d , l e a d i n g  to energy s to rage  w h i c h  i s  v i t a l  i n  circu u it oper.ut i on.
l’he s h i f t  i n  l o a d - l i n e  p o s i t i o n  i s  a c c ou n t e d  for  i n  the  e q u a t i o n  inn’

i n  Append  i x  I by t he  eta f a c t o r , w h i c h  ma> ’ have  a v a l u e  as sma l I a -~ 0 .5 .

I l ie c l i  rect  ion of t r a v e r s a l  of t h e  c l i  ipt ic  load con toun ’  i a I r i d  i c i t  i ’d
b y t h e  a r rowheads  on t h e  grap h.  As t h e  coup l i n g  to t h e  load i s  t i g h’m t e n e d ,
the resistive a x i s  of t h e  load l i n e  s h i f t s  as f ro m A to I) fo t’ a p r op e r l y
selec ted v a l u n ; of V , and as from A’ to I)’ for an excess  v o i t a u , t e situation .cc ,

‘, } ic ’fl t h e  t r a n s i s t o r  a m p l i f i e r  i s  being operated near i t s  i t  nay

he r n c c c s s a r v  to u n c r e a s e  the s e le c t e d  v a l u e  01’ 1 s u f t ’i c i c n t l v  t o  a s s u r e’
that t h e  load c o n t o u r  i s  p r o p e r ly  l o c a t e d  w i t h  respect  t u  c x i  ~ t t ng  1’

c n n t o t u t’s . I r i s  cond i t  ion i n  f a c t  m a y  i n d i c a t e  t h a t  the device chosen  i 5 - 
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lot - n n u  ,uhlc ’ to n ’ t h e ’ uti t etudeil ;i~i~m I n c u t  m u .  Muc ’i’e’ 
~ 

n nh- , ‘ l i i  I - i  ,~~~~ i

i i i ’. t )ion u Id Inc a ~‘eu i iIe’d

l i n e ’ i n m n ) n o n ’ t a l i t  pu it t o  f l u t e  f n ’ o n i u  I h u e ’ at t~m cIuanl j il t i s th i n ’ ,-, -

‘rna t c)ue ~l u n n n l u e e l au l ce s  ,‘‘ t Ine ’ vo ltage ~ n u Ii I i i  t I r e  powe’i’ an nu j ui i l i e r ’ ( n  ‘~ ‘ t u s H

h> ‘1  qni i ck I y d e v e l o p s  .u n nua x i  ni u lnu e ’ : n  I cue so g re ’at I h a t  t a hi I I t > ’  e ,u ru i nn
l o i r n ~c ’u’ h~’ a s s u r e d . \s t ire ’ i n i p e d a m u c e  i s  r educed  t hrnnn i u ~ l Ioii d i mc a
s t a l n n  I i t > ’ , t h e  t r a n s i s t o r  power i n put inc reases m i nd .ut t h e  saIl • ;;ic IH’
p01% e’i’ n ) l i t ) ) u u t  a t  t h e  c h o s e n  o u t p u t  f r e q u en c y  may de ’ c’ n  , 4 - -c c .  h u m -  u l u ! v  ~:u- ,

t h i s  a u t u i ; i t  t o n i  nn i a y he ’ a v o i d e d  i s  h > the ’ s e l e c t  b u n  ut a r e ’ d m n e e ’ l -. b i n - I
i’OI I cc t i n t ’  s n m p ~r I ~o i  tage’
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