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General Considerations for
Power Transistors

TH E performan ce of any power
transistor in electroni c equip­

men t depends on many highly di­
vers e design factors. In this sec ­
tion, the ba sic ph ysi cal parame­
te r s that determine transi stor
powe r gain are described, the up­
per-frequency limitations of con­
ventional power-transistor de­
signs a r e defined, and the thermal
considerations and maximum rat­
ings that establi sh the power-out­
put capabilities and electrical and
environmental limitations of pow­
er transistors are defined. The
basic considerations involved in
the design of power-transistor
structures and geometries to ef­
fect the optimum compromise
among these factors are also dis -

.cussed. This basic review of the
general t heory of power transis­
tors should be helpf ul to an un­
derstanding of the special design
features and tradeoffs involved in
the development of transistors for
high-frequency power applications.

BASIC ·GAIN FACTORS

Power gain in transistor cir­
cuits is usu ally obtained by use of
a small control signal to produce
larger signal variations in the out ­
put current. The gain parameter
most often specified is the current
gain ({3) from the base to the col-

lector. The power gain of a tran­
sistor operated in a common-emit­
ter configurati on is equal to the
square of the current gain f3 times
the ratio of the load resistance r r,
to the input resistance rin' as indi­
cated in Fig. 1.

Although th e input resistance
r ill affect s t he power gain, as
shown by the equations given in
Fig. 1, this parameter is not usu­
ally specified directly in the pub­
lished data on transistors because

J

IN PUT CUIlRENT = ib

INPUT VO LTAGE = ib rln

OU TPUT CURRENT = i . = ibP

OUTPUT VOLTAGE = ierr, = i bprL

IN PUT POWER = i b2 rI.

O UTPUT POWER = i.' r L = ib' P' r r,

POWER GAIN = po w er ou tp ut/pow er inp ut

= ib2,82rL/ ib2r1n

=P2r L / rl n

Figu re 1. Test circuit and si mplified
power-gain calculation for a transistor op­
erat ed in a co mmon -em itter configurat ion.
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of the lar ge number of compo­
nents of which it is comprised. In
general, the input impedance is
expressed as a maximum base-to­
emitter voltage Vhe under specified
input-current conditions.

The performance of power tran­
sistors is significantly affected by
the high cur rent densities and
large collector fields encountered
in the operation of these devices .
Operation under such conditions
re sults in three basic effects, re­
ferred to as base conductivity
modulati on, current cr owding, and
base widening, whi ch adversely
affect the power gain and, conse­
quently, the power-output capabil­
ities of the transistors .

In general, high-frequency pow­
er transistors employ a diffused
base, and base conductivity modu­
lation is not significant in these
devices. This factor , therefore, is
not discussed further in this
Mantial.

Current-Gain Parameters

The current gain (or cur rent
transfer ratio ) of a transistor is
expressed by many symbols; the
following are some of the most
common, together with their par­
ticular shades of meaning:

1. beta (B)-general term for
current gai n from base to collec­
tor (i.e., common-emitter current
gain)

2. alpha (a) - genera l term for
current gai n fro m emitter to col­
lector (i.e., common-base current
ga in )

3. hr,.- ac ga in f r om base to
collector ( i.e., ac beta)

4. h"'I.;- dc gain fro m base to
collector . (i.e., dc beta )

Common-base current gain, a, is
the ratio of collector current to
emitter current ( i.e., a = IeIIE) .
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Although a is slightly less than
unity, circuit gain is realized as
a result of the large differ ences of
input (emitter-base) and output
(collector -base) imped ances . The
input imped ance is small beca use
the emi tter-base j unct ion is for­
ward-biased, and the outp ut im­
pedance is large because the col­
lector-base j unct ion is revers e­
biased.

Common-emitter cur rent gain,
13, is the ratio of collecto r cur rent
to base cur rent ( i.e., 13 = Ic/IB ) ·

Useful value s of 13 are normally
greater than te n.

The cur rent-gain pa ramete rs a
and 13 are determined by three
basic tran sist or parameter s (emit­
tel' efficiency y, collector efficiency
0'*, and base t ranspor t factor f30 )
that are directly dependent upon
the physical properties of the de­
vice. The following equations ex­
press the dependence of the cur­
rent-gain parameters a and f3 on
the three physical parameters:

The coll ector efficiency a ;' is gen­
erally very near unity and this
value is usually assumed for th is
parameter in the calculations for
a and 13.

Emitter Efficiency-In a for­
ward-bia sed n-p-n t ran sistor,
elect rons from the emitter diffu se
into the ba se, and holes from
the base diff use in to the emitter .
Th e total emitter cur rent IE is
the sum of t he hol e-curren t com­
ponent III and the electron-c ur­
rent component I II and, the refore,
may be exp re ssed as foll ows:
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(3)

The potentia l collector current,
Ie' is the differen ce between the
drift curren ts an d is gi ven by

Ie = In - I" (4)

The holes that diffuse from
t he ba se into t he em itter or igr­
nat e in t he ba se de su pply and
a dd t o t he t ot al base current.
This hole cur r ent II" howe ver,
does n ot con t r ib ut e to the col­
le ctor current and, in effect, rep­
resents a loss in curren t gain that
is directl y a ttr ib utable to poor
em itter injection efficiency. The
loss in cur r en t gain ca n be held
to a minimum if t he res istiv ity
of the base is made mu ch g reater
than that of t he emitter so that
the number of free holes in the
ba se available to diffuse into the
em itter is substanti ally smaller
than the number of free electrons
in the emitter availabl e to diffu se
into the ba se .

Base Transport Factor-If high
emitter efficiency is assumed, the
electrons injected from t he emitter
in t o the ba se diffuse t o th e col­
lector junction . Some of these
electrons, however , r ecombine wi th
free holes · in t he base and, in
effect , a re anni hilated. Base cu r­
rent mus t flow t o replen ish t he
f ree electrons use d in t he r ecom­
bi nation p rocess so t ha t t he emit ­
ter -to-base f orwa rd bias is ma in­
tained . In other wo rds, charge
neu t r ali ty mu st prevail.

The base t ransport facto r {3n is
a n indica ti on of t he extent of re­
combination t hat takes p lace in
the base region of a transistor.
F or a h igh va lu e of t he base
t ransport f act or {30, the lifetime
of holes in t he bas e (a f unction

of the property of the material)
must be long, or the t ime neces­
sary for the electrons to re ach t he
collector mu st be sho r t . An y re ­
duction in the t ime r equir ed for
the electrons to re ach the collector
r equires a de crease in ba se wi dth
or an inc rease in the accele rati ng
field used to speed the holes
th r ough.

The va lue of the base t r anspo r t
fa ct or sho uld be in t he or der of
0.98 f or the trans istor to provide
useful gain.

Current Crowding
The effect of cur r ent cr owding

causes a reduction in the usable
gain of a power transistor be­
ca use of the elec t r ica l r eduction
in the injecting emitter area. This
red uct ion in ar ea results because
a dimini sh ed fo rward bias is in­
du ced in the central portions of
the em itter by t he transverse
vol tage drops in t he base. The
voltage drops are a result of the
flow of base cu r rent (t h r ough the
rela ti vel y high base resi stance)
r equired to r eplen ish base r ec om­
bination cur rent and maintain
charge neutrality in the base. The
current-c rowdi ng effect causes
the reduced-biased center of the
emitte r to stop injecting charge
ca r riers, an d the edge become s
the pr imary inj ecting a r ea . Sim­
ply sta t ed, t he emitter ed ge is
bi ased a t a higher emitter-base
forwa r d vo ltage t han the ce nter
of t he emitter.

Physi cal factors which reduce
current crowding are la r ge emit­
ter-periphery-to -area ratios, low
base res istanc e, and wi de ba se
widths . (T he la tter two fact ors
a ffect t he magnit ud e of t he t rans­
verse base voltage dr op. ) Fig. 2
sho ws a cr oss section of a typical
power transistor under simu lated
cur r en t-cr owding condit ion s.
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BASE CURRENT FLOW NECESSA RY TO

/
MA KE UP EMITTER DEFICIENCY CURRENT
( RECOM BI N A TION IN BASE a BASE INJ ECT ION
I N TO EMITTER )

AREA OF
MA X. BIAS

EMITTER
EMITTER CURRENT

\\
I 1, AREA OF MIN. BIAS ~ ) )I /
\ V! n~ ~ BASE I ~ 'l I

~...=;- REC~~G~?~A~ioN ~y
~AGE DROP FROM P RODUC~F ~ '"

BASE CURRENT AND BASE RESISTIVITY \
\

~ IN J ECTEO
_ + EMITTE R

CURRENT

~
+ -

COLLECTOR

Figure 2. Cross section of a typical n-p-n pow er transistor under current-crowding
conditions.

Base Widening

Base widening is the effect of
the local widening of the elec­
trical base in the areas directly
un de r lyi ng the high injecting re-

g ions of the emitter. This condi­
tion results when the concentra­
tion of injected charge from the
emitter exceeds the background
doping level of the collector. Fig.
3 shows a cross sect ion of a

Figure 3: Cross section of a typical power transistor under base-widen ing cond itions.
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typica l power transistor under
simu lated base-w idening condi ­
tions .

As the level of t he injected
charge exceeds t he doped col­
lector impurity level during
t he t rans it of injected cha rge s
through the collector to t he
ohmic region , the injected
charges dyn amically comp ensate
t he uncompensat ed fixed charges
(io ns ) in the collec to r s ide of the
depletion layer. This compensa­
t ion makes t hat loca l a rea ele c­
t ri cally equ ival ent to a base re­
g ion, as show n in Fig. 4. Com­
plete base-widen ing analys is re­
quire s exte nsive compu tation,

wit h heavily doped collectors,
provid ed th at the cu r re nt den si ty
is t he same for both types of
t rans istors. The mechanism fo r
reduced gain resu lts from effects
on the base trans port fact or
cause d by the widene d or ex­
tended base width and charge
pile-up in th e vic in ity of the col ­
lector- base juncti on .

CUTOFF FREQUENCIES

For all transi stors, t he re is a
frequency f at which the output
s ignal ca nnot properly f ollow the
inpu t signal because of t ime de­
lays in the t ransport of the

HIGH EMITT ER INJECTED
CHARGE LEVEL

VOLUME SIM ILAR TO UNCOMPENSATED BASE REGION

BASE LOCAL REGION

UNCOMPENSATED
COLLECTOR IMPURITY ION

NORMAL BASE­
DEPLETION LAYER

I
NORMAL COLLECTOR­
DEPLETION LAYER

~

e-----L COMPENSATED
COLLECTOR ION

(±)
COLLECTOR

+

EM ITTER n+

\
\

--\
(±) \

----)

+o+e
BASE
+ +o 0 p

----"') - ( - - - - - -- -
0/0 \0 0 0

Figu re 4. Effect of f ixed -im purity co m pen sat ion (ion com pen sat ion ).

a nd the a id of a computer is
mandatory fo r such analyses .
Quali ta ti vely, howe ver, t rans is ­
tor s with lightly doped collecto rs
su ffer more degrada ti on in gain
a nd saturat ion than t ran si stor s

charge carriers. The three princi­
pal cut-off f requencies, sho wn in
F ig. 5, may be defined as fol­
lows :

1. The base cut-off f r equen cy
fn h is th at fre auency at which
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GROUNDED- EMITTER GAIN
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I 30 DOWN
z 3 dB
;< 20
<:>

.... 10 a
Z (p.
UJ

GROUNDED BASE GAIN II-al+j"'/"'aba: 0a:
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u - 10

f ae 'T f ab

LOG FREQUENCY

Figure 5. Cut-off frequencies.

alpha (ex) is down 3 dB from the
low-frequency value.

2. The emitter cut-off fre­
quency fae is that frequency at
which beta (/3) is down 3 dB from
the low-frequency value.

3. the frequency f T is that fre­
quency at which beta theoreti­
cally decreases to unity (i.e.,
O-dB gain ) with a theoretical
6-dB-per-octave fall off. This
term, which is a useful figure of
merit for transistors, is referred
to as the gain-bandwidth product.

The frequency f T is related to
the time delays in a transistor by
the following expression:

(5)

where It'l is the sum of the emit­
ter-delay time constant t e , the
base transit time t h; the collector
depletion-layer transit time t xm '

and the collector-delay time con­
stant t e•

The gain-bandwidth product f T
is the term that is generally used
to indicate the high-frequency ca­
pability of a transistor. Other pa­
rameters that critically affect high­
frequency performance are the
capacitance or resistance which
shunts the load and the input im­
pedance, the effect of which is

shown by the equations given in
Fig. l.

The specification of all the char­
acteristics which affect high-fre­
quency performance is so complex
that often a manufacturer does
not specify all the parameters, but
instead specifies transistor per­
formance in an rf-amplifier cir­
cuit. This information is very
useful when the transistor is oper­
ated under conditions very simi­
lar to those of the test circuit,
but is difficult to apply when the
transistor is used in a widely dif­
ferent application. Some manufac­
turers also specify transistor per­
formance characteristics as a
function of frequency, which al­
leviates these problems.

THERMAL CON SIDERATIONS

The maximum allowable power
dissipation in a solid-state de­
vice is limited by the temperature
of the semiconductor -pellet (Le., ­
the junction temperature). An im­
portant factor that assures that
the junction temperature remains
below the specified maximum value
is the ability of the associated
thermal circuit to conduct heat
away from the device. For this
reason, solid-state power devices
should be mounted on a good
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thermal base (us ua lly copper ),
and means should be provided for
the efficient transfer of heat from
this base to the sur ro unding en­
vironment.

When current flows through a
solid-st at e device , power is dissi­
pated in the semiconductor pellet
that is equal to the product of the
voltage across the junction and
the current through it. As a re­
sult, the temperature of the pellet
increases. The amount of the in­
crease in temperature depends on
the power level and how fast
the heat can flow away from
the junction through the device
st r uc t ure t o the ca se and the am­
bient atmosphere. The rate of
heat removal depends primarily
upon the thermal resistance and
capacitance of the materials in­
volved. The temperature of the
pellet ri ses until the rate of heat
generated by the power dissipa­
tion is equal to the rate of heat
flow away from the junction; i.e.,
until thermal ' equilibrium has
been established.

Thermal resistance can be com­
pared to electrical resistance.
Just as electrical resistance is the
extent to which a material resists
the flow of electricity, thermal re­
s istance is the extent to which a
material re sists the flow of heat.
A material that has a low ther­
mal resistance is said to be a
good thermal conductor. In gen­
eral, materials which are good
electrical conductors are good
thermal conductors, and vice
versa.

The methods of rating solid­
state power devices under steady­
s tate conditions are indicated by
the following definition of ther­
mal re sistance ; The thermal re­
sistance of a solid-st at e device is
the ratio of the temperature drop

9

to the he at generated t hro ugh in­
ternal power di ssipation under
steady-state conditions; the tem­
perat ure drop is measured be­
tw een the region of heat genera­
t ion and some reference point .

The over-a ll t herma l resistance
of an assembled device is usu all y
expressed as the rise in junction
temperature a bove the case tem­
perature per un it of power dissi­
pa ted in the device. This infor­
mation, t ogether with the maxi­
mum j unct ion-t emperat ure rat­
ing, enables the user to determine
th e maximum power level at
whi ch the device can be safely
operated for a given case tem­
perature. Subtraction of the case
temperature from the maximum
junction temperature indicates
the allowable internal temperature
rise. If this value is divided by the
specified thermal resistance of the
device , the maximum allowable
power dissipation is determined.

It should be noted that thermal
resistance is defined for steady­
state conditions. If a uniform
temperature over the entire semi­
conductor junction is assumed,
the power dissipation required to
raise the junction temperature to
a predetermined value, consistent
with reliable operation, can be
determined. Under conditions of
intermittent or switching loads,
however, such a design is unneces­
sari ly con servative and expen­
sive. For such conditions, the
effect of thermal capacitance
shou ld also be considered.

When a solid-state device is
mounted in free air, without a
heat sink, the steady-state ther­
mal circ uit is defined by the junc­
tion-to-free-air thermal resist­
ance given in the published data
on the device. Thermal consider­
ations require that there be a free
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flow of air around t he device and
th at the power di ssipation be
maintained below that which
would caus e the junction temper­
a tu re to ri se above the maxi­
mum rating. When the device is
mounted on a heat sink, however,
ca re mu st be taken to as sure that
a ll portions of the thermal circuit
are considered.

MAXIMUM RATINGS

All solid-state devices under­
go irreversible changes if
thei r temperature is increased be­
yond some critical limit. A number
of ratings are given for power
t ransistors, therefore, to assure
that this critical temperature lim it
will not be exceeded on even a
very small part of the silicon chip.
Th e ratings for power transistors
normally specify the maximum
voltages, maximum current, maxi­
mum and minimum operating and
storage temperatures, and maxi­
mum power diss ipa t ion that the
t ransist or can safe ly withs tand.

Voltage Ratings

Maximum voltage ratings are
normally given for both the collec­
tor and t he emitter junctions of
a transistor. A VIlI W rating, whic h
indicates the maximum base-to­
emitter voltage with the collector
open, is usually specified. The col­
lector-junction voltage ca pa bil ity
is usually given with respect to
the emitter, whic h is used as the
common terminal in most transis­
tor circuits. This capability may
be exp ressed in several ways. A
V C1';o rating specifies the maxi ­
mum collector-to -emitter voltage
with t he base open; a Vf'RIt r at ­
ing for this voltage implies that
the base is returned to the emit­
te r t hrough a specified resis tor;
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a V CES rating gives the maximum
voltage when the base is shorted
to the em itter; and a VCB \' rat­
ing indi cates the maximum volt ­
age when the base is reverse­
biased with respect to the emitter
by a specified voltage. A VCE X

rating may also be given to in ­
dicate the maximum collector­
to-emitter voltage when a resistor
and voltage are both connected
between base and emitter.

If a maximum voltage rating
is exceeded, the transistor ma y
" break down" and pass current in
the reverse direction. The break­
down across the junction is usually
not uniform, and the cur rent ma y
be localized in one or more small
areas . The small area becomes
overheated unless the current is
limited to a low value, and the
transistor may then be destroyed .

The collector-to-base or emit­
ter-to-base breakdow n (a va­
lanche) voltage is a f unct ion of
the resistivity or impurity doping
concentration at t he junction of
the transistor and of the charac­
teristics of the circuit in which
the trans istor is us ed. When there
is a breakdown at the junction, a
su dden rise in current (a n "ava­
lanch e" ) occurs. In an abruptly
changing j uncti on , called a step
junction, t he ava lanche voltage is
inversely proportional to the im­
purity concentration. In a s lowly
changing junction, called a
grade d j unct ion , the avalanche
voltage is dependent upon the
rate of change of the impurity
conc entration (grade constant)
at the physica l junction . Fig. 6
shows t he two types of junction
breakdowns. T he basic transistor
voltage-breakdown mec hanisms
and t heir relationship to external
ci rcu its are the basis for the
va rious t yp es of voltage ratings
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used by transistor manufac­
turers.

Current and Temperature
Ratings

wher e q is the electronic charge,
N is the doping-level conc ent ra­
t ion in the base, W is the ba se
width, k is the dielectric con­
stant, and Eo is the permittivity
of free space (kE o is approxi­
mately 1 X 10-12 farad per centi­
meter for silicon).

The collector voltage can be
limited below its avalanche
breakdown value if the depletion
layer (space-ch arge region) as­
sociated with the applied col­
lector voltage expands t hr ough
the thin base width and contacts
the emitter junction. The doping
in the base (un der the emitter)
and the base width in relation to
the magnitude of applied voltage
govern whether punch-through
occurs before avalanche. Higher
doping concentrations and wider
bases increase punch-through
voltage VPT in accordance with
the following relationship:

JUNCTION
DEPTH

DEPT H OF IMPURIT IES ( X) _

The physical mechanisms re­
lated to basic transistor action are
temperature-sensitive. If the bias
is not temperature-compensated,
th e transistor may develop a re­
ge nerative condit ion, known as
thermal runaway, in which the
th ermally generated carrier con­
centration approaches the im­
pu rity carrier concentration. [Ex­
perimental data for silicon show
that, at temperatures up to 700 'K,
the thermally generated carrier
concentration n, is determined as
fo llows: n, = 3.87 X 1016 X T X
(3/ 2) exp (- 1.21/ 2kT) .J When
this condition becomes extreme,
transistor action ceases, the collec­
tor-to-emitter voltage VCE col­
lapses to a low value, and the cur­
rent increases and is limited only
by the external circuit.

If there is no current limiting,
the increased current can melt the
silicon and produce a collector-to­
emitter short. This condition can
occur as a result of a large-area
average temperature effect, or
in a small area that produces
hot spots or localized thermal
runaway. In either case, if the
intrinsic temperature of a semi­
conductor is defined as the tem­
perature at which the thermally
generated carrier concentration is
equal to the doped impurity con­
cen tration, the absolute maximum
temperature for transistor action
can be established.

The intrinsic temperature of a
semiconductor is a function of the
impurity concentration, and the
limiting intrinsic temperature for
a transistor is determined by the
most lightly doped region. It must
be emphasized, however, that the
intrinsic temperature acts only
as an upper limit for transistor

( 6 )

VGRADED a:0

qNW 2

VP T = 2kE
o

Step-junction and graded-junc­
t ion breakdown.

I
VABRUPT a:N

SURFACE CONCENTRATION OF

LHEAVILY DOPED SIDE OF JUNCTION

STEP JUNCTION PROFILE
- - -£GRADED JUNCTION PROFILE

I SLOPE AT JUNCTION DEPTH
I IS GRADE CONSTANT "0"

____ I - --- - - CONCENTRATION OF
I LIGHTLY DOPED SIDE
I OF JUNCTION

t

Figure 6.
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action. Th e maximum operating
junction t emperature an d the
maximu m cu rrent rating are
established by ad ditional fac tors
such as the efficiency of heat re­
moval, t he yie ld point and melting
point of the solder used in f abri­
ca t ion, and the temper at ure at
which per man ent changes in the
junction properties occur.

The maxim um cur ren t rat ing of
a tran sistor indicates t he highest
current at which, in t he manuf ac­
t urer's judgment, the device is
useful. This cur rent limi t may be
establi shed by setti ng an arbi­
t rary mi nimum current gain or
may be determined by the fusing
cur ren t of an int ernal con nec ti ng
wire. A current that exceeds the
rating , the re fore, may result in
a low current gain or in the de­
struction of the transistor.

The basic mater ials in a s ilicon
t ransistor allow transistor ac­
t ion at temp erat ur es greate r tha n
300· C. P ract ical transistors, how­
ever, a re limited to lower tempera­
t ures by mounting systems an d
su rface contamination . If the
maxim um rated s torage or oper­
a ti ng temperature is exceeded,
irrevers ible changes in leakage
cur rent and in current-gai n char­
acteristics of the transistor re sult.

Power-Dissipation Ratings

A t ransistor is heated by t he
electrical power dissi pated in it. A
maximum power rating is given,
therefore, to as sure th at the tem­
perature in all parts of a trans istor
is main tai ned below a value that
will res ult in detrimental changes
in th e device. This rating may be
given with respect to case t em­
perature (fo r transistors mounted
on heat sinks ) or with re sp ect to
"free-air ambient" te mperatu re .
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Case te mperature is measu red
with a sma ll t hermocouple or other
low-heat-conducting t hermometer
attached to the outside of the case
or preferably ins erted in a very
small blind hole in the base so that
the measurement is taken as close
to t he t r an sis tor chip as possible.
Very short pul ses of power do not
heat the transisto r to the tempera­
t ure whic h it wou ld attain if t he
power level was continued indefi ­
nitely. Rati ng s of maximum power
consider t his factor and allow
higher power dissipati on for very
shor t pulses.

Th e dissipation in a t r a nsi stor
is not un iformly distributed ac ross
the semiconducto r wafer. At
high er voltages, the cur rent con­
centrations become more severe,
and hot spots may be developed
within the transistor pellet. As a
result, the powe r-handling capabil­
ity of a transistor is r educed at
high volta ges. The power rating
of a trans is to r ma y be presen ted
most eas ily by a limiting curve
tha t indicates a pea k-power safe
operating r egi on. This curve
shows powe r -ha ndling capability
as a fu nction of voltage for vari­
ous t ime dura ti ons.

Second Breakdown

Second breakdown is a poten­
t ially destructive phen omen on tha t
can occur in all power transistors
wit hin the maximum current and
voltage ratings of the device . A
simplified expl anation is that lo­
calized t her mal regenerati on oc­
curs, and t he transistor exhibits
a lower val ue of breakdown volt ­
age, referred to as the "second
breakdown." The lower val ue of
voltage results from thermal gen­
eration of cha rge-car r ier pairs
(holes and elect rons ) at high 10-
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COLLECTOR VOLTAGE (VCE )

Fig. 8. Reverse -b ias seco nd breakdown.
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the collector depletion layer ex­
pa nds to a more heavily doped col­
lector region, such as an epitaxial
substrate or a collecto r diffused
re gion of a triple-diffused device.
When the collector deple ti on layer
expands, the collecto r breakdown
voltage is governed by the impuri­
ty gradient r elated to the base
doping and the heavily doped col­
lector. The collector breakdown
voltage normally supports only a
fraction of t he origina l volt age,
and the second breakdown volta ge
results. The thermal effect s f rom
t he large curre nt densiti es also
cont ribute to t he re generati on
process. Fig. 8 shows the process
of revers e-bias second breakdown .

In an inductive circuit, a situa­
ti on exi sts such that collector cur ­
rent flows in the f orward directi on
while the transistor is being
turned off, and a high voltage is
ind uced across the device. As a re­
sult, the transistor enters the sus­
taining region. The hot spot that
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Fig . 7. Pr imary and secondary brea kdown
voltages.

Reverse-Bias Second Break­
dow n -Reverse -bia s se c ond
breakdown is a phenomenon that
may occur when the collecto r cur­
rent cont inues to flow under re­
verse-bias conditions and causes
t he injected current to be concen­
trated in the cent ral portions of
the emitter, in contrast t o the
normal edge in jecti on of the cur­
rent . If t he injected cur rent is
severely restricted to a very small
central area by a large reverse
emitter-base bias, t he current den­
sity can r ise to very large levels­
in t he order of thousands of am­
peres per square centimeter. If the
collecto r of t he t rans istor is of
high-resistivity silicon, the high
current den sity ma y inject a den­
sity of cha rge carriers that is
equal to or gre ater than the col­
lector impurity den sity. In this
local region, t he ba se widens and
t he collector deple t ion laye r ex­
pands un til the in jected cur rent
density is smaller than the collec­
tor impurity den sity. If the cur­
rent densi ty is su fficiently high,

ca lized te mperat ures whic h alter
the conduc t ivity of the semicon­
ducto r in th at vicini ty. This lo­
calized effect red uces th e ab ility
of t he transisto r to support the
applied voltage. Fig. 7 shows qua l­
itative ly wha t happens under pri­
mary or seconda ry breakdown.
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Fig . 10. Forward-bias second breakdown .
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Operation in the forward-bias
region subjects the transi stor to
simultaneous current and voltage.
This conditio n cau ses cur rent con­
centrations as previously dis­
cussed. This type of rat ing must
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t he cur re nt at the onset of second
breakdown, and is closely rel ated
to the collecto r field Ve, the cur­
rent dens ity J, and other proper­
ties of t he tran sistor . F orward­
bias second breakdown is also re­
lated to charge-car r ier transit
t ime across the base regi on, and
is cont rolled by base width and
any accelerating fields that exist
in the base . The longer the tran sit
time required for t he cha rg e car­
rier to cros s the base, the mor e
lateral diffu sion of the charge and
t hus the greater the reducti on in
the current density at the edge of
the collecto r depletion layer. This
diffus ion effect , referred to as
"fa n-out, " is enhanced by wide
base widths and -homogeneously
doped bases. Because the forward­
bias second breakdown is related
to the base width, it is also related
to frequency response . F or a given
structure, this frequency relati on­
ship is expressed by the following
empirical equation:

I S/ h = (y~T ) K

DEPLET ION REGION

LOCAL
HEATING

L ----......... EFFECT

DIRECTION OF TRANSVERSE
BASE FIELD IN n- p- n

--.- TRA;SI STOR1=

~~-~~-~~/
Fig. 9. Cross section showing current
cro wd ing that occurs durin g reverse -bias

second breakdown .

Forward-Bias Second Break­
down-F orw ard-b i a s sec on d
breakdown is some what different
from reverse-bias second break­
down. As shown in Fig. 10 , the
localized heating results because
the current density J crosses the
depletion region (collector field)
Ve to yie ld a power density P . As
P increases, more current is in­
jected into the localized area. The
increase in current is caused by a
decrease in the localized VHE , at
an approximate rate of 2 millivolts
per oe. The local system becomes
regenerative as more heat from
the increased power density re­
duces VBE and thereby increases
t he cur rent injection.

The forward-bias second-break­
down cur rent, IS/ h ' is defined as

forms during re verse-bias second
breakd own may then be gener­
ated by current crowding in the
deplet ion regi on, as shown in Fig.
9
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Fig. 11. Safe-area rating cha rt for the
2N3585 si li con power t ransistor.

As shown in Fig . 11, the ther­
mal (dissipation ) limiting of the
2N3585 ceas es when the collector­
to-emitter voltage rises abov e 100
volts during de operation. Beyond
th is point , th e sa fe operating area
of the transistor is limited by the
second-breakdown ratings . During
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tion of the applied voltage and
current decreases. The power­
handling capability of the tran­
sistor also increases with a de­
crease in pulse duration because
therma l mass of the power-trans is­
tor chip and associated mounting
hardware imparts an inherent
thermal delay to a rise in junc­
t ion temperature.

Fig. 11 shows a forward-bias
safe-area rating chart for a typi­
cal silicon power t ran sistor , th e
RCA-2N3585. The boundaries de­
fined by the curves in the sa fe -area
cha rt indicate, for both continu­
otis-wave and nonrepetitive-pu lse
operation, the maximum cur­
rent ratings, the maximum col­
lector- to-emit ter for ward-bias ava­
lanche breakdown-voltage rat ing
[VaM = 1, which is usually ap­
proximated by VCEO (s us ) J, and
the therma l and second-breakdown
ratings of the transistors.

be cons idered for all linear appli­
cations of transistors . High-fre­
quency t ransistors, particularly
those intended for use at uhf and
microwave frequencies, require
very narrow base widths and
graded bases to achieve the re­
quired fT.For this reason, protec­
tive features must be built into

. these devices to avoid second
breakdown. One such feature is
emitter ballasting. The effect of
and the techniques used to achieve
this ballasting are discussed in
the section on Spec ia l F eatures of
High-Frequency Transi stors.

Safe-Operating-Area Ratings
During normal circuit operation,

power tran sistors are of ten re­
qui red to sustain high cur rent an d
high voltage simultaneously. The
capa bility of a transistor to with­
stand such conditions is norm ally
shown by use of a safe-opera ti ng­
area rating curve. This ty pe of
rating curve defines, for both
steady-state and pulsed operation,
th e voltage-cur rent bou ndaries
that result from t he combined
limi tations imposed by voltage and
cur rent ratings, t he maximum al-

, lowable diss ipat ion, and the sec­
ond-breakdown (1.lb) capabilit ies
of t he t ransistor .

If t he safe operating area of a
power t ra nsistor is lim ited within
any portion of the voltage-cur rent
cha racteristics by thermal factors
(ther mal impedance, maxim um
j unction temper atures, or oper­
ating cas e temperature), this lim­
iting is defined by a constant­
power hyperbola (I = K V - l )
which can be r epresented on the
log-log voltage-cur rent curve by a
straight line that has a slope of
-1.

The energy level at which second
breakdown occurs in a power tran­
sistor increases as the ti me dura-
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ing curve, however , is less severe
because the increase in t he f or ma­
tion of the high current conce n­
trations t hat cause second break­
down is less than the incr ease in
dissipation f actor s as t he tempera­
ture increases.

STRUCTURE AND GEOMETRIES
The ultimate aim of a ll t ran­

s is t or fabrication te chniques is
the construction of two parallel
p-n j unc t ions with controlled
spacing between the juncti ons
and cont rolled impurity levels on
both s ides of each junction . A
variety of s t r uct ures and geo­
metries have been developed in
the course of transistor evolu­
tion.

In power transistors, st r uc t ure
refers to the j unction depth, the
concen t ra t ion and profi le of the
impurities (doping) , and t he
spacings of t he various layers of
the device. Geometry refers t o
the topography of the transistor.
These fa ctors and the method of
assembly of t he semiconduct or
pe llet into t he ove r-all transistor
package have an important bear­
ing on the types of applications
in which a power transistor can
be used to optimum advantage.
The proper choices of trade-offs
among these factors determine
t he ga in, f re que ncy, voltage, cur­
re nt, and diss ipat ion capabilities
of power transistors.

Various structures have been
de veloped to provide different
elect r ica l, thermal, or cost prop­
erties, with each having cer tain
advantages or compromise s to
offer. Table I lists t he principal
structures available for silicon
power transistors, together with
some of the advantages a nd dis­
advantages of each type.

All RCA high-f requency power
transistors employ a double-

~~"- IS / b LIMITED

D/s~ ......

:.j(/~
( /4f.

I ~~

pulsed operation, the thermal lim ­
iting extend s to higher va lues of
collector-to-emitter voltage before
the second-breakdow n region is
reached, and as the pul se duration
decreas es, t he thermal-limited re­
gion increases.

If a transistor is to be operated
at a pulse duration that differs
from those shown on the safe-area
cha rt, the boundaries provided by
the safe-area curve for the next
higher pulse duration must be
used, or t he transistor manufac­
turer shou ld be consulted. More­
over, as indicated in Fig. 11,
safe-area ratings are normally
given for single non repetitive
pulse operation at a case tempera­
ture of 25°C and must be derated
for operation at higher case tem­
peratures and under repet iti ve­
pulse or continuous -wave condi­
tions .

Fig. 12 shows temperature de­
rating curves for the 2N3585 safe­
area chart of Fi g. 11. These curves
show that t hermal ratings are
affected far more by increases in
case te mperature t han are second­
breakdown ratings. The t hermal
(dissipat ion - limit ed ) derating
curve decreases linearly to zero
at t he maximum junction te mpera­
ture of the transistor [T.T (max) =
200 °C] . The second-breakdown
Cl.lu-limited ) temperature derat-
t­
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Fig. 12. Safe -area temperature-derat in g

curves for t he 2N3585 sil icon power
t ransi stor.



General Considerations for Power Transistors

Table I-Types of Struc tures for Silicon Power Transistors
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Structure Advantages Disadvantages

Alloy Genera lly rugged Low speed, high cost

Hometaxial-base Rugged, low cost Low speed

Double-d iffused mesa High speed Poor sa turation resistance

Double-d iffused planar High speed, low leakage Poor saturation resistance

Triple-diffused mesa High speed, low-saturation Moderate cost, moderate
resistance leakage

Triple-d iffused planar High speed, low leakage, low Moderate to high cost
saturation resistance

Double-diffused epitaxial mesa High speed, low-saturation Moderate cost, moderate
resistance leakage, less rugged

Double-di ffused epitaxial planar High speed, low leakage, low Higher cost, less rugged
saturation resistance

Epitaxial-base mesa Moderate speed, low saturation Low voltage, moderate leakage
resistance

Mult iple epitaxial-base mesa Modera te speed, low saturation Moderate cost
resistance, rugged, high
voltage

Double-d iffused multiple- High speed, rugged, low Moderate cost, modera te
ep itaxial mesa saturation resistance leakage

diffused epi taxial planar struc­
ture whic h permit s passivat ion
of t he emitter-bas e and collector­
base junctions to ac hi eve low
leaka ge and a hig h-f requency col­
lector des ig n.

The to pography of a transistor
is referred to as its geometry.
This trans istor geome t ry, in con­
ju nction wit h its structu re, es­
tablishes most of t he f unda­
men tal t ransistor el ectrical, t her­
mal , and econ omic properti es.
Proper ge ometric design of a
transi stor allows f or many com­
promi ses, which may re sult in a
va r iety of ad vantages an d disad­
va ntages from different struc­
t ures.

Th e basic premise for most
ge ometry designs fo r power tran­
sistors is to in crease current

ha nd ling pe r unit area of device.
This condition results in greater
power gain and collector efficiency
at hi gh operating frequen cies be­
cause of t he smaller dev ice areas.

P ower-tran sistor geom etries
have evo lved f rom the very ea r ly
inefficient "ring-dot" configura­
t ions to t he presen t -day sophisti­
cated "overlay" conc epts. Fig.
13 shows some ty pical geometr y
mil est ones in t his evo lutionary
cyc le.

The ea r ly ge ometries were
charact er ized by simple shapes ,
large dimensional to leranc es , and
poor utilization of ac t ive regions.
As t he sta t e of t he art in fine-line
mask making and wafer printing
imp roved, the ge ometries became
more inv olved, wit h much finer
dimensions.
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Special Features of
High-Frequency Power

Transistors

pOWER transi stors a re us ed in
hi gh-frequency amplifiers for

mili t a ry, industrial , and con­
su mer applicat ions . Th ey are op­
erated class A, B, or C, wit h f re­
quency- or amplit ude-modu lation,
single s ideban d or double side­
band, in enviro nments ranging
from airborn e to marine.

Th e incre as ing n um ber of rf
power transi stors availa ble to day
offers t he circuit designer a wide
selection from which to de ter­
mine the opt imum type for a pa r­
ti cular application. The ch oice is
ba sed on f actors such as maxi­
mum power output, maxim um op­
erating f requency, operatin g effi­
ciency, power gain, re liability,
a nd cos t per watt of power gen ­
erated. The ul timate cho ice of the
transi stors pro duce d by a ny man­
ufacture r, th erefore, is depen dent
up on how well the device s per­
f orm in relati on t o these cr it ica l
f actors. RCA " ove r lay" s il icon
power t ran si stors offer s ignifi­
cant advantages f or rf power ap­
plica t ions at frequ en cies that ex­
te nd we ll in t o the micr owave
region.

PHYSICAL DESIGN
During the pa st several years,

considerable effort has been ex­
pended to improve the quality and
reliability of high-frequency pow­
er t r ansistors and simultaneously
to advance t he power-frequency
capa bility of these devi ces. The
technological devel opments that
resulted from this effort have
ma de possible t r ans istor st uc­
tu res that can provide subs t an t ia l
power output and ga in and high
operat ing efficiency at frequen­
cies that extend well in to the mi­
crowave region. Such de vice s can
now be produced with confidence
in high-volume produ ctions for
use in applications in which high­
quality performance and high re­
liability are primary require­
ments.

Basic Design Considerations

At high current levels, the
emitter current of a transistor
is concentrated at the emitter-base
edge. As explained in the section
on General Considerations for
Power Transistors, this cur rent-
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crowding effect re sults because t he
current flow through the base re­
gion, between the emi tter and
t he collector, ca uses a voltage
drop tha t produces the maximum
forward bias at t he edge of the
emitter closest to t he base con­
tact. The center of the emi t te r,
therefore, injects very littl e cur ­
rent. Because of this edge-injec­
ti on phenomenon, a high emitter
periphery-to-area ratio is essential
to the achievement of high cur­
rent-handling capability. This re ­
quirement has been a major factor
in the evolution of transistor
emitters from the circle type, to
the line type, to the comb type,
and finally to the overlay type of
structure.

In addition to the requ irement
for a high emitter periphery-to­
area rat io, power t r ansistor s in­
t ended f or use in high -f reauency
ap plica t ions must also exhibit a
low capacitance and a short car­
r ier transmit t ime between emit­
ter and collecto r . These latter
factors critically a ffect the fre­
quen cy capabilities of the device
and , therefore , must be con­
sidered in the design of a high­
frequency transistor structure.

The maximum frequency of os­
cillation f max of a junction-tran­
sistor st r uct ure is determined as
follows:

where PG is the power gain, f is
the frequency of operation, rbb' is
the base spreading resistance, C,
is the collector capacitance, and
T. r is the emitter-to-collector
transit time (i.e., the signal de­
lay time). The latter two terms
are very small.

RF Power Transistor Manual

Eq. (10) wa s deri ved f rom
analys es of the t ransistor as a
low-level class A amplifier , but it
can also serve as a guide to per­
formance in t he class C circuit
more commonly encountered in
h igh-f r equen cy power appl ica­
tions. To a first app roximation,
t he frequency f max at which the
power gain is unity is indepen­
dent of collector area. Although
the collector capacitance Co is di­
rectly dependent on the collector
area, the resistance rbb' varies in­
versely with collector area. As a
result, the length of a transistor
can be extended and the power
dissipation and current-handling
capability improved without any
increase of the r bb'Cc product.

The collector-to-emitter transit
ti me Tec has four components :
t he charging time of the emitter
capacitance, t he transit time
t hro ugh the collector deple tion re­
g ion, and the cha rging ti me of
the collecto r cap acitance and the
collector series re si stan ce. The
last term is usu ally negligible in
devices made with triple-diffused
or epitaxial construction. Of the
remainder, only the emitter tran­
sit time T. is cur rent-dependent ,
as shown by:

kT
T.=r.Cea=-I-C.a ( 9)

q •
where r . is the emitter resistance,
Cea is the emitter capacitance, k
is Boltzmann's constant, T is the
temperature in degrees Kelvin, q
is the electron charge, and I. is
the emitter current. However, if
the emitter edge is increased pro­
portionally as the area of the
emitter is increased, the fraction
Cea/I. remains a constant. With
suitable scaling, transistors can
be enlarged to increase power­
handling capability without
deterioration of frequency re­
sponse.
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a nother by a silicon dioxide layer.
The over lay a r rangement pro­
vides a substa nt ia l increase in
over-a ll emitter pe riphery with­
out in creasing th e physi cal area
of the device, a nd thus improves
the power-frequency capability of
the devi ce.

In addition t o th e standa rd
ba se a nd emitter diffusi ons, an
adde d diffu sed region in th e base
serves as a conductor grid . This
p + region offers three advan­
tages: (1 ) it di stributes base cur­
rent uniformly over all the sep­
arate emitter sites, (2) it reduces
the base-contact resistances be­
tween the aluminum metallization
and the silicon material, and (3) it
permits the use of larger emitter
sites which makes possible higher
design ratios and wider emitter
metallizing fingers that result in
lower current density.

For lower-power hf/ vhf and
small-signal uhf RCA transis­
tors, an interdigitated st ruct ure
is used. In this st r uc tu re, as
show n in Fig. 15, t he emitters
a nd base s are buil t like a set of

The exceptional high-fre­
quency-power capabilities of the
overlay power transistors result
from the unique emitter con­
struction used in these devices.
In overlay transistors, the size of
the emitters is substantiaIly re­
duced, and a large number (f rom
16 to several hundred) of sep ­
arate emitter sites are connected
in paraIlel. This method of con­
struction results in the high emit­
ter periphery-to-area ratios, and
makes possible the high current­
handling capabilities, low capa­
citances, and short transit times
between emitter and collector,
that are required for rf power
transistors.

Th e ove r lay transi stor t akes its
nam e from the emitter metalliza­
ti on, shown in Fig. 14, th at lies
over the base instead of adjacent
to it as in the in terdigitated
s t ructure. The ac tual ba se an d
emit ter a reas benea th t he metal
pattern are in sulated from one

MATERIAL

n+ SILICON c=J p SILICON~

n SILICON c:=J ALUM INUM 1""""""',',,>1
p" SILICON~ OXIDE ~

Fig ure 14. Top and cr osssecttonat view of a typical overlay trans istor.

Overlay Transistor Structure
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STRUCTURE

EPITAXIA L -{
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nt

Figure 15. Top and cross-sectional view of a typical interd igitated transistor.

interlocking combs. The sizes of
the emitter and ba se areas are
cont ro ll ed by ma sking and dif­
f usi on. The oxide dep osit, formed
of sili con heated to a high tem­
perature, masks the transi stor
aga ins t either an n- or p-type
impurity. This oxide is removed
by the usual ph otoetching te eh­
niques in areas where diffusion
is required .

Polycrystalline Silicon Layer

The broad emitter fingers and
the noncritical metal definition of
the overlay transistor structure
makes possible the introduction
of additional conducting and in­
sulating layers between the alu­
minum metallization and the shal­
low diffused emitter sites that are
required for good high-frequency
performance. RCA has developed

a technique in which a polvcrys­
talline silicon layer (P SL) is
used to separate these regions.
Fig. 16 shows a cross-sectional
diagram of an overlay transistor
structure in which this interlayer
is used .

Use of the polycrystalline sili­
con layer between the alumi­
num metallization and the shal­
low diffused emitter region forms
an insulating barrier that sub­
stantially reduces the possibility
of "alloy spikes" that result from
intermetallic formations of sili­
con and aluminum under severe
hot-spot conditions. Such inter­
metallic formations can cause
transistor failures because of
emitter-to-base shorts.

As shown in Fig. 16, the poly­
crystalline sili con layer also
forms a barrier between the
aluminum emitter fingers and the
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a ballast re si stor in se ries with
each emitt er site . These res istors
f unction as negat ive-fe edback ele­
ments to prevent excessi ve cur­
rent in any portion of t he t ransis­
to r and, in t h is way, minimize the
possibility of hot spots in the de­
vice. Because the emit ter in an
overlay t rans istor is segmented
into many separate sites con­
nected in parallel, each hot spot
ma y be isolated and controlled,
and t he injection of cha rge car­
r iers across the transistor chip is
made more uniform.

Emitter-site ball asting makes
possible a more effective use of
emitter periphery and, therefo re,
results in an increased transistor
power-output capabili ty. In addi­
t ion, t h is ball asting makes high­
frequency power transistors more
immune to failures caused by hi gh
VSWR conditions such as may be
encountered in some broadband
amplifier s. Tran si stor f ailures be­
cause of high out put VSWR con­
ditions are often related to for­
ward-bias second breakdown. The
f eedback action of the emi tter
ballasting resistors tend to mini­
mize the f ormat ion of localized
concentration of cu rrent that is
cha r acter is t ic of f orward-bias
second breakdown . As a result,

SUBTRATE

Figure 16--0verlay transisto r structure t hat cont ai ns a polycrystal lin e sil icon layer (PSL) .

oxide insulati on layer over the
base. This barrier minimizes the
possibility of dielect ri c f ailure,
which ca n also lead to emitter-to­
base shorts because of an inter­
act ion between the aluminu m an d
the silicon diozide.

Th e addition of the polycrystal­
lin e silicon inte rl aye r contributes
substantia lly to the reliability of
high -frequency power t rans istors .
Reliabi lity studies of uhf power
transistors operated under over­
st r ess cond ition ( Le., at a junc­
t ion temperature greater than
200°C) have demonstrated an or­
der of magnitude improvement in
the mean ti me between f ailures of
devices that employed the PSL
technique over that of devices in
which the PSL te chnique was not
used . The PSL technique, there­
f ore, is being used increasingly in
RCA high-frequency power t ran­
sis to rs .

Emitter-Site Ballasting

In man y RCA high-frequency
power transistors, the PSL tech­
nology is used as the medium for
t he in troduct ion of emitter -s ite
balla sting. The resi stivity and
contacting ge ometry of the alumi­
n um to the pol ycrystalline sili con
interlayer are cont rolled to f orm
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transistors that employ emitter­
site ba llasting have a su bstan­
tially h igher capabi lity to with­
stand hi gh VSWR con ditions.

OPERATING CHARACTERISTICS

At rf and microwave f requen­
cies, t he operation of a power
t ransistor is cr itically dependent
upon the high-frequency capabili­
ty of the device. Th e ability of the
tran sistor to provide significant
power gain, develop usefu l power
outputs, operate effic ient ly in cir­
cuit applica t ions, and to operate
over substantial bandwi dths are
direct fu nct ions of this capab ility.

Output Power

The power-output capability of
a transistor is determined by cur­
rent- and voltage-handling capa­
bilities of the device at the fre­
quency range of interest. The
cur rent -handling capability of
the transistor is limited by its
emitter periphery and epitaxial­
layer resistivity. The voltage­
handling capability of the device
is limited by the breakdown volt­
ages, which are, in turn, limited
by the re sistivity of the epitaxial
layer and by the penetration of
the junction.

The breakdown voltage at
high frequencies is substantially
higher than the de or static value,
as indicated by the following equa­
t ion :

j(h ).!.
VCEO = V C BO f + 1 n (10)

where n is the avalanche break­
down factor. Eq . (10) shows that
the breakdown characteristic in-
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creases from the VCEO valu e
under de conditions to a val ue
approach ing VCBO at a frequency
f equ al to or greater tha n fT'

Anot her parameter that limits
the power-handling cap ability of
the transistor is the saturation
volta ge. The saturation voltage
V eE rsat) at high frequencies is
significantly greater than the de
value because the act ive area is
smaller than at de.

In general, the operating volt­
age restrictions are the same for
all high-f req uency power transis­
to rs; t herefore, only current ­
handling capability differ ent iates
high-power transistors from low­
er-p ower uni t s.

At high cue-rent levels the
emitter current of a t r ans is tor is
concentrated at the emitter-base
edge; therefore, transistor cur­
rent-handling capability can be
increased by the use of emitter
geometries which have high
emitter-periphery-to-emitter-area
ratios and by the use of improved
techniques in the growth of col­
lector substrate material. Trans­
istors for large-signal applica­
tions are designed so that the
peak currents do not cau se bas e
widening which would limit the
cur rent -handli ng capability of the
device. Base-width widening is
se vere in t rans is to rs in wh ich the
collector side of the coll ect or­
base j unc t ion has a lower ca r r ier
conc ent ration and higher re si s­
tivity than the ba se side of the
junct ion . However, the need for
low-resi stivity material in the
coll ect or to handle high cur rents
without ba se widening sever ely
limits the breakdown voltages, as
discussed previously. As a re sult,
t he use of a different-resi stivity
epitaxial layer for different oper­
ating voltages is becoming com­
mon.
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Power Gain

The power ga in of a high-fre­
quency transistor power amplifier
is determined by the dynamic fT ,

the dynamic input impedance,
and the collector load impedance,
which depends on the required
power output and the collector
voltage swing. The power gain,
P.G., of a transistor power amp­
lifier can be expressed as follows:

( 11 )

where fT is the dynamic gain­
bandwidth product, f is the fre­
quency of operation, RL is the
real part of the collector parallel
equivalent load impedance deter­
mined by the required power out­
put, and Re (Zln) is the real part
of the dynamic input impedance
when the collector is loaded with
ZL'

Eq . ( 11) shows that for high­
gain operation of large-signal or
power transistors, the device
should have high current gain at
the frequency of operation under
large current swing conditionsr
This performance is achieved
with shallow diffusion techni­
ques.

RL is defined approximately by
Eq . (12 ) for class B or C opera­
tion :

R = K [Vee - V eE (sat)j2 (12)
L - 2Po

where K is unity or less, depend­
ing on the class of operation.
The real part of the dynamic in­
put impedance, Re (Zln), varies
considerably with signal level,
and varies inversely with the
power output of the device. The
package parasitic inductance also

are important in determining the
value of Re (Zln)'

Efficiency

The collector efficiency of a
transistor amplifier is defined as
the ra tio of signal power output
at the frequency of interest to the
de input power. It can be calcu­
lated as:

7]c = 7]v 7]i 7]ck t ( 13)

where 1/v is the efficiency of con­
version of de collector voltage
to signal-frequency collector volt­
age (determined primarily by the
ratio of Vce to VCE and the class
of operation ), 1/1 is the efficiency
of conversion of. de collector cur­
rent to signal-frequency collector
current (determined primarily by
the class of operation and the
transit time in the collector de­
pletion region for high-frequency
transistors), and 1/ekt is the cir­
cuit efficiency, wliich is deter­
mined by the loaded and unloaded
Q's of the collector circuit. (The
amplifier collector efficiency 1/e.
which is a function of both circuit
and transistor parameters, should
not be confused with the collector
efficiency ex *, which is a basic tran­
sistor parameter determined sole­
ly by the physical structure of the
device, as explained in the dis­
cussion of General Considerations
for Power transistors.)

Bandwidth

The bandwidth of a transistor
power amplifier is determined by
the intrinsic frequency capability
of the transistor (dir ectl y related
to fT ) , package parasitic ele­
ments, and the input and output
matching circuits.



Figure 17. Safe-area curve fo r an rf power
transistor de te rm ined by infrared

techn iques.

I 2 4

COLLECTDR-TO-BASE VOLTAGE (VcBl-V

RF Power Transistor Manual

specified spot temperature (usu­
ally 200°C) at a fixed case te m­
perature . The shape of t hi s safe
area is very si mi lar t o the con­
ventiona l safe area in that there
are fou r regions, as shown in Fig.
17: cons ta nt current, constant
powe r, derating power, and con­
stant voltage .

Regions I a nd IV, the cons tant­
current and cons tant-vo ltage re­
gions, respectively, are deter­
mined by the maximum collector
cur r ent an d VCE O ratings of t he
de vice . Region II is diss ipation-

TJ (max) - T c (14)Pmax = ----=--'---c::-''-_ _'_'
8 J- c

whe re Tc is the cas e t emperature.
This relationship h old s t r ue fo r

the infrared sa fe area ; P ma x may
be s lightly lower becau se the re f­
erence temperature TJ (lllax ) is a
peak va lue rather than an aver­
age value. The hot sp ot t herma l
re si stan ce (8.l s-/") may be cal­
culated from the infra r ed safe

limited ; in t he classical safe a rea
cur ve, t h is region is determined
by the f ollowing relationship :

I.MAXIMUM COLLECTOR
6\ CURRENT (Ic MAX)

II.DISSIPATION-LIMITED
" REGION (POISS.CONSTANTl

I- \ m.HOTSPOT-LiMITEDs ,REGIO [PDISS'f(Vcl]

&! KNEE ).

i, ~ii~]\\,
5 l~EGINS ,
U \

\
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Unlike low-freq ue ncy hi gh­
power t ransi stors, many r f de­
vices can fail within the diss ip a­
t ion li mits set by t he classica l
juncti on-to-ca se the rm al res ist­
ance during operation under con ­
ditions of high load VSWR, hi gh
collector s upply voltage, or linear
(Class A or AB ) operation. Fail­
ure ca n be caused by hot sp ot ting,
wh ich re sults from local current
concentration in the ac ti ve areas
of the de vice, and may appear as
a long-term parameter degrada­
t ion. Localized hotspotting ca n
also lead to ca tast ro ph ic t he r ma l
runaway.

The presence of hot spots ca n
make vir t ually useless the presen t
method of calculating junction
temperature by measurements of
average thermal re si stance, case
temperature, a nd power dissipa­
t ion . H owever, by use of a n infra­
red mic roscope, the spot tem­
perature of a sma ll portion of a n
rf transistor pellet ca n be de­
t er mined ac curately under act ua l
or s imula t ed device operat ing
conditions. The re sultant peak­
temperature informa t ion is used
t o cha ract er ize the device ther­
mally in terms of j un ction-to-case
hotsp ot ther ma l res is tanc e, 8Js.c'

The use of hotspot thermal re­
sistanc e improves the accur acy of
j unct ion temperature and related
re liabi'lity predi cti ons, particu­
larly for de vices in volved in
linear or mi smatch ser vice.

DC Safe Area

SPECIAL RATING CONCEPTS

The safe area determined by in­
frared t echniques represen ts t he
locus of all cur rent and voltage
combinations wi th in the maximum
rati ngs of a device that produce a
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area by us e of the f ollowing defi­
nition:

T JS - Tc
8 J s-c = P (15 )

r is es to va lues 130' C in excess of
the 200' C rating. Temperatures of
this magnitude, although not
necessarily destructive, ser iously
reduce the lifetime of the device.

Effect of Emitter Ballasting

The profiles show n in F ig . 18
also demonstrate the effecti vene ss
of emi tter ballasting in the reduc­
tion of power (cur rent) constric­
t ion. In the ball asted device, a
biasing resistor is introduced in
series with each emitter or small
groups of emitters. If one region
dr aws too much current , it will be
biased towa rd s cutoff, allowing a
redistribution of cur rent to other
areas of the device.

The amount of ballasting af­
fects the knee voltage, VK' as
shown in Fig. 19. A point of
diminishing returns is reached
as VK approaches VCE O'

-
~

...
/

/
,,/

1/
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where TJS is highest spot temper­
ature [TJ lmax) for the safe area]
and P is the di ssipated power
( = I X V product in Reg ion II ).

The collector voltage at which
regions II and III intersect, called
t he knee voltage V r< ' indicates the
collector voltage at which power
cons tr ict ion and resulting hot­
spot formation begins . F or volt­
age level s ab ove VK ' t he allow­
able power de creases. Region III
is very simila r to the second­
breakdown region in the classical
sa fe area curve excep t for mag­
ni t ude. For many rf power t r an­
sistors, the hotspot-limited re­
gion can be significantl y lowe r
than the second-breakdown locus.
Generally VK decreases as the
size of the device is increased.

Fig. 18 shows the temperature
profiles of two t ransi stors with ~

ide nt ical j unction ge ometries ~ ~
that opera te a t the same de power" I 20

level. If devices are operated on ~ ~
the dissipation-limited line of 1-;;;
their classical safe areas, the ~ ~ 10

profiles show that the tempera- '" 6
ture of the unballasted device >

10 20 30 40 50 60 70 BO

DISTANCE ACROSS PELLET i
(MILS)

LEFT EDGE RIGHT EDGE
OF PELLET OF PELLET

Figure 18. Thermal profiles of a ba llasted
and an unballasted power transistor during

dc operation.

262

345

205
IBO

o 0.1 0 .2 0 .3 0.4
TOTAL BALLASTING RESISTANCE-OHMS

RF Operation

Figure 19. Safe -area vo ltage for an rf
powe r transistor as a function of t ot al

ballasting res istance.

In normal class C rf operation,
t he hotspot therm al re sistance is
approximatel y equal to t he classi ­
cal average thermal re sistance.
If the proper collect or load ing
(match ) is ma intained , O.Js.c is in-
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Devices with high knee voltages
tend to show smaller changes of
()JS-C with VSWR and supply volt­
age. ()JS-l' under mi smatch is
independent of frequency and
power level, and reaches its high­
est va lues at load angles that
produce maximum collector cur­
rent. Power level does , however,
in fluence t he temperature ri se
and probability of failure.

Device fai lure can also occ ur
at a load angle that produ ces
minimum collector cur rent . Un­
der this condition, collector volt­
age swing is near its maximum,
and an avalanche breakdown ca n
result. This mechanism is sensi­
tive to frequency and power level,
and becomes predominant at
lower frequencies because of the
decreasing rf-breakdown capa­
bility of the device.

Collector mismatch can be
caused by the following condi­
tions:

1. Antenna loading changes in
mobile applications when the
vehicle passes near a metallic
structure.

2. Antenna damage.

in VSWR above 1.0 and saturates
at a VSWR in the range of 3 to 6.
The . saturated level increases
with increasing supply voltage.

61IT:::r:,;;:;:;:+=+=~

Figure 21. Mi sm atch-stress thermal char­
acte ris t ics for th e 2N5071.
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~
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dependent of output power at
values below the saturated- or
slumping-power level , and is in ­
dependent of collector supply volt­
age at values wit hin + 30 pe r cent
of the recommended operating
level.

Power constriction in rf serv­
ice normally occurs only for col ­
lector loa d VSWR's greater t han
1.0. A transistor that has a mis­
matched load experiences temper­
atures far in excess of device
ratings, as shown in Fig. 20 (a )
for VSWR = 3.0. F or comparison,
the temperature profile for the
mat ch ed condition is shown in
Fig. 20 (b) .

Fig. 21 is a typical fa mily of
thermal-resistance curves that
indicate the response of a device
to va rious levels of VSWR and
collector supply voltage. ()JS-C re­
sponds to even slight inc reases

P 3 65 ,..--,----.--r---.--~-.---,,---,
I

W
~ 3451---+----1--+-::---+H--f-\-+----,I----l
~
<t15 3231---+----1.....+-++---\lH--\f--+-I----l
0..

~ 296L---Loe-l"VSWR=3:1
~ CASE TEMPERATURE
15 262 TC=85°C
0.. f =400 MHz
~ 205 Po l50 OHMS)'25W
:r VCC· 28V

o 002 0.04 006 0.08

PELLET OISTANCEI MAJOR AXIS)- INCH

lbl
Figure 20. Th ermal profi le of a power
t rans isto r du r in g rf operat ion: (a) under
mi sm at ched conditions; Ib) under matched

condition s.
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Case-Temperature Effects RELIABILITY
CON SIDERATIONS

s how s the r f a nd de t hermal re ­
s ist ance coe fficients for a typical
rf t r an si s tor. For bot h cases, t he
coe ffi cient is referenced to a
100 0 e ca se and is defi ned as f ol­
lows:

I" 8 J S- C
\. 0 10 0 = O J S- C at T c = lOooe (16 )

The rf coeffic ien t changes more
than t he de coefficient, because of
the power constriction that occurs
in rf opera t ion at elevated case
te mpe ra t ure.

Wh en t he rf and t hermal capa­
bil ities of a t ra nsistor have been
established, the next step is t o
establ is h the reliability of the
device f or it s actual application.
The typica l accept ab le fa ilure
ra te f or transi st or s used in com­
mercial equipmen t is 1 pe r cent
per 1000 hours (100,000 hours
MTBF); for transi stors used in
military and high-reliability
equipment , it is 0.01 to 0.1 per
ce nt per 1000 hours. Because it
is not pract ical to te st transistors
under actual use 'con dit ions, de or
ot her stress tests are normally
used to s imula te rf stresses en­
co untere d in class B or class C
circuits at the operat ing frequen­
ci es. Inf or mat ion derived from
these tests is then us ed to predict
t he fa ilure rat e for t he end-use
equipment. The te sts used to as­
s ure relia bili ty include high-tem­
perature storage tests, dc and rf
operating li fe tests, dc stress step
tests, bur n-in, temperature cy­
cling, re la ti ve humidity, and
high-humidity reverse bias. The
end-point measurement for t he se
tests shou ld in clude collector-to­
emitter voltage VCEO and emitter-

150

DC

70 90 110 130

CASE TEMPERATURE (Tcl - ·C

The thermal resistance of both
silicon and beryllium oxide, two
materials that are commonly
used in rf powe r transistors, in­
creases abo ut 70 per cent as t he
temperature increases f rom 25 to
200 °C. Other package materials
s uch as st eel, kovar, copper, or
s ilver, exhibit only minor in ­
creas es in thermal re si stance
(about 5 per cent). Th e over-all in­
crease in eJs.c of a devi ce de­
pends on the relative am ounts of
these materials used in the t her­
ma l path of the device; typica lly
the in crease of eJf1 .c r anges from
5 per cent to 70 per cent. Fig. 22

1.5 r---r.----r----.---..--~

9JS - c
KBiOO' 9J S - C (AT TC'I OOl

Figure 22. Thermal-resistance coeff ic ient
for th e 2N5071.

3. T ransm issi on-li ne fa i lure be­
cause of line, connector, or sw itch
de fects .

4. Variable loading caused by
nonl inear inp ut characteristics
of a f ollowing transistor (pa r­
t icula rl y broadband ) or va ractor
st age.

5. Su ppl y-volt age changes t hat
reflect different load-line requ ire­
ments in class C.

6. To le rance varia tions on
fixed -tuned or stripline circ uits .

7. Match ing network va r ia­
tions in broadband se rv ice.

-
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Table II-Summary of RCA Packages for RF

500
400
500

1000
1000
1000

3000
2500

2500

UPPER FR EQU ENCY
OF OPERATION

(MHz)

PACKAGES

0.5
0.5
0.5

3
3

0.6

0.1
0.2

0.2

APPROXIMATE
INDUCTANCE

(nH)

The package is an integral part
of an rf power t rans istor . A
su itab le pa ckage for rf applica­
ti on s sho uld have good t herma l
properti es a nd low parasitic r e­
ac tances. P a ckage parasi t ic in ­
ductances a nd resistive losses
ha ve s ig n ifica nt effects on such
circ uit performance cha racter­
ist ics as power gain , ba nd width ,
and stability. The most cr it ica l
pa rastics are the emitter a nd
ba se lead indu ctan ces. Table
II gi ves the induct an ces of
so me of t he mor e impor t an t com­
mercially av ailable rf power­
t ra ns is to r packages. Phot ographs
of the packages a re shown in Fig.
23. The TO-60 and TO-3 9 pack­
ages were fir st used in devices
suc h as the 2N3375 and the
2N3866. The base and emitter
parastic inductance fo r both
TO-60 an d TO-39 packages is in
the order of 3 nanohenries; this
inductance represents a reac­
tan ce of 7.5 ohms at 400 MHz. If
t he emitter is grounded inter­
nally in a TO-60 package (as in
the RCA-2N5016), the emitter

Power Transistors

PACKAGE

COAXIAL HERMETIC
ur-n ::: JEDEC TO-215AA
HF-21 ::: JEDEC TO-201AA

UHF HERMETICSTRIPUNE
HF-19 (STUD) ::: JEDEC TO-216AA
HF-31 ::: STUDLESS JEDEC TO-216AA

HF-32 (FLANGED)

MICROWAVE
HERM ETI CSTRIPUNE

HF-28 (FLANGED)

TO-39
TO-60 (isolated emitter)
TO-60 (internally grounded emitter)

to -base voltage VEno in addition
to the common end-point collec ­
tor-t o-emitter current ICEO' col­
lect or-to-base voltage VC RO' col­
lector-to-emitter saturat ion volt­
age Vn :(sat), power output, an d
power gain .

One of the common failure
modes in rf power transisto rs is
degrada ti on of t he emitter -t o­
base j unc t ion. The high-tempera­
ture sto rage life te st and the de
an d rf operating life tests ca n ac ­
celera t e t his failu r e mode , and it
ca n be detected by mea surement
of VEIlO'

Plastic uhf power t r a ns istors
a r e more sensitive t o emi tter-t o­
ba se-junction degradation than
similar hermetic devices. The en­
hancement of this failure mode in
plastic devi ces can be caused by
moisture penetration into the
very cl ose ge ometries used in uhf
power tran sistors. Thermal fa­
t igu e is a lso a pro blem that a f­
fe ct s the reliability of uhf plastic
power t r ans is t ors be cause large
ther ma l-expansion differences ex­
ist between the pl ast ic enc aps u­
la nt and the fine bonding wir es
(us ua ll y 1 mil ) used in the de­
vices .
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JEDEC TO-72

JEDEC TO-39

HF-28
Hermetic

Ceramic-Metal
St ripline Package
Grou nded emitter

or base

HF-12
Molded Silicone-Plastic Case

(JEDEC TO-217AA)

HF -32
Hermetic

Stripl ine Package

HF-19
Hermetic Strip-Lin e Type
Ceramic-to-Metal Package
with Isolated Electrodes

(JEDEC TO-216AA)

HF-11
Coax ial Package, Small

(JEDEC TO-215AA)

JEDEC T0-60

HF-33
Isolated

Electrodes

Figure 23. Commerc ially ava ilable high-frequency power transistor packages.

HF-21
Hermetic

Ceram ic-Metal
Coaxial Package,

Large
(JEDEC TO-201 AA)
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HF-31
Hermetic

Ceramic-Metal
Stripline Package

[Studless JEDEC TO-216AA)



Table III-Package Performances with Same Transistor Chip
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lead inductance is reduced to 0.6
nanohenry.

Her met ic low-in duct ance ra­
dial-lead packages are al so avail­
able. The HF-19 package intro­
duced by RCA for t he 2N59 19
utilizes ceramic-to-metal her­
metic seals, has isolated elec­
trodes, and has rf performa nc e
comparable to an rf plastic pack­
age. This package is also avail ­
able in a studless version (H F ­
31) fo r miniaturized or low-p owe r
applications a nd in a grounded ­
emitter, flanged version (HF -32)
for compact a pplications.

Low-p arast ic, h ermetic pa ck­
ages are available f or micr owa ve
applications . The HF-ll , a me­
dium-power, hermetic coaxia l
package first used for the RCA­
2N5470, employs ceramic -to-metal
cons truction and has pa rasi t ic in­
du ct ances in the orde r of 0.1 nan­
ohe nry. A larger, higher-power

35
45
50
35

Tld28Vj·%

5
7
8.6
5

P.G.-dB

1
1.5
2.2
1

Po·W

vers ion, the HF-21, use s the sa me
constructional techniqu es and
has parasitic inductances in the
range of 0.2 nanohenry. The
stripline equivalent of this pack­
age is the HF-28 and has approxi­
mately the same parasitic reac­
tances as the HF-21.

Table III compares t he per­
f orman ce of the TO-39 pack­
age, the HF- 19 hermetric strip­
line package, and the HF-ll co­
a xia l package with t he same tran­
sistor chip. At a frequency of 1
GHz a nd an input power of 0.3
watt, the coaxia l package per­
f orms significa ntly better t han
either t he strip line or the TO-39
package. The coaxial package r e­
s ults in tw ice as mu ch output
power as t he TO-39 package. In
addition, the coaxial-package
t rans is tor is capable of deliver­
ing a n output of more t han 1 watt
wi t h a gain of 5 dB at 2 GHz.
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OJ
0.3
0.3
0.3

1
1
1
2

f-GHz

TO-39
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Design Considerations for
High-Frequency Power Circuits

I N the design of silicon-tran­
sistor rf power amplifiers for

use in transmitting systems, sev­
eral fundamental factors must be
considered. As with any rf power
amplifier, the class of operation
has an important bearing on the
power output, linearity, and oper­
ating efficiency. The matching
characteristics of input and out­
put terminations si gnificantly af­
fect power output and frequency
stability and, t herefore, are par­
ticularly important considera­
tions in the design of transistor
power a mp lifiers . The sel ection
of the proper transistor for a
g iven circuit a pplication is also
a major consideration, and the
circuit designer must realize the
significance of the various tran­
sistor parameters to make a valid
evaluation of different types.

CLASS OF OPERATION

The class of operation of an rf
amplifier is determined by the
circuit performance required in
the given applications. Class A
power amplifiers are used when
extremely good linearity is re ­
quired. Although power gain in
this class of service is consider­
ably higher than that in class B

or class C service, the operating
efficiency of a class A power am ­
plifier is us ually only abou t 25
per cent. Moreover, the standby
drain and thermal dissipation of
a class A stage a re high, and
care must be exercised to assure
therma l stability.

In applications that require
good linearity, such as single­
s ideband transmitters, class B
push-pull operation is usually
employed bec ause the transistor
dissipation and standby drain are
usually much sma ller and oper­
ating efficiency is higher. Class B
operation is characterized by a
collector con duction angle of 180
degrees. This conduction is ob­
tained by use of only a slight
amount of forward bias in the
transistor stage. In this class of
service, care must be ta ken to
avoid ther ma l runaway.

In a clase C transistor stage,
the collector conduction angle is
less than 180 degrees. The gain
of the class C stage is less than
that of a class A or class B stage,
but is entirely usable. In add i­
tion, in the class C stage, standby
drain is virtually zero, and cir­
cuit efficiency is the highest of
the three classes. Because of the
high efficiency, low collector dis­
sipation, and negligible standby
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drain, class C operation is t he
most common ly used mode in rf
power-transi stor a pplicat ions .

F or class C operation, the base­
to-emitter juncti on of the tran­
s is tor must be revers e-biased so
t hat t he collector quiescent cur -

. rent is zero during zero-signal
conditions . Fi g. 24 sh ows four
methods that may be used to re­
verse-b ias a transi stor stage .

Fi gs . 24 (b) and 24 (c) show
methods in wh ich re verse bias is
developed by t he flow of de base
cu rrent through a res istance. In
t he cas e shown in Fig. 24 (b) ,
bias is devel oped ac ross the base
sprea d ing re si stance. The magni­
t ude of t h is bias is sma ll a nd un­
cont r olla ble becau se of the va r ia ­
t ion in r b l,' am ong different tran­
s istors: A better approach , shown

Figure 24. Methods for obtain ing class C reverse bias : (a) by use of fixed de supply
VRB; (b) by use of de base current through the base spreading resistance n.b·: (c) by
use of de base current through an external base resistance Rn; (d) by use of se lf b ias

developed across an emitter resistor RE.

RFC

(d)

RFC

(b)

rbb '

RFC

in Fig. 24 (c), is to develop the
bias across an external re sistor
RB • Although the bias level is
predictable and repeatable, the
size of Rn must be ca ref ully
chosen to avoid reduction of the
collector -t o-emitter breakdown
voltage.

The best reverse-bias method is
illustrated in Fig. 24 ( ~ ) ..:.} n this

'bb'

RFC

IBt RFC

- VBB
+IE

+

-
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' bb'
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Fig. 24 (a ) sh ows the use of a
dc supply to establish the reverse
bi as. This method, although ef­
fective, requires a separate sup­
ply, which ma y not be available
or may be difficult to obtain in
many applications. In addition,
the byp ass elements required for
t he sepa rat e supply increase the
cir cuit complexity.
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method, self-bias is developed
across an emitter resistor RE • Be­
ca use no external base res istance
is ad ded, t he collector-to -emitter
breakdown voltage is n ot affected.
An additional advantage of t his
app roach is that stage cur rent
may be monitored by measure­
ment of t he voltage drop ac ross
RE • Thi s te chnique is very helpful
in bal ancing the sha red power in
pa ralleled s ta ges. The bias re­
sistor RE must be bypassed to
provide a very-low-impeda nce rf
pa th to ground a t the operating
fre quen cy t o prevent degenera­
ti on of st age gain. In practice,
emi tter bypassing is difficult and
freq uently requires the use of a
few capacitors in parallel to re ­
du ce the ser ies inductance in the
ca pacitor leads and bod y. Al­
ternatively, the lead-inductance
problem may be solved by forma­
ti on of a self-resonant series cir­
cu it between the capacitor and its
leads a t t he operating frequen cy.
This method is extremely effec­
tive, but ma y re strict stage band­
wid th.

MODULATION (AM, FM, SSB)

Amplitude modulation of t he
collec to r supply of a transi stor
output stage doe s not result in
full modulati on. During down ­
mod ulat ion , a portion of the rf
drive f eed s t hr ough the t rans is­
tor. Better modu lation character­
istics can be obt ai ned by modula­
ti on of t he su pply to at least t he
last two stages in the t rans mit t er
cha in. On the downward modula­
tion sw ing, drive from the pre­
cedin g modulated stages is re­
du ced , and less feed-through
power in t he out put re sults. Flat­
tening of the rf out put during
up-modulati on is red uced because

of the increased drive f r om the
modulated lowe r- level stages.

Th e modulated stages mu st be
operate d at half the ir normal
volt ageIevels to avoid high col­
lector-voltage swings that may
exceed t ransistor collector -to­
emitter breakdown r atings. RF
stabil ity of' .the modulated stages
should be checke d for t he entire
excursion of the modulating
signal.

'Ampli t ude modulat ion of tran­
s is to r transmitters may a lso be
obta ined by modulati on of the
lower-level stages and operat ion
of the higher-le vel st ages in a
linear mode. Th e lower efficien­
cies and higher heat di ssipation
of the linear stages override an y
advantages that are derived from
the reduced audio-dr ive require­
ments : as a result, this approach
is , not economically practical.

Frequency modulation involves
a shift of carrier freq uen cy only.
Car r ier deviations are usually
very sma ll and present no prob­
lem s in amplifier bandwidth. F or
example, maximum car r ier devia­
t ions in the 50-MHz and 150-MHz
mobile bands are only 5 kHz. Be­
cause there is no amplitude vari­
at ion, class C rf transistor stages
have no problems handling fre­
quency modulation.

Single-sideband (SSB) modula­
t ion requ ires that all s tages after
t he modulator operate in a linear
mode to avoid intermodulation­
distortion products near the car­
ri er f requen cy. In many SSB ap­
pli cation s, cha nnel spacing is
clos e, and excessive di stor tion re­
s ults in a djacent-channel inter­
feren ce. Distor ti on is effec t ively
reduced by class B operation of
the rf stages, wit h clos e attention
to bia sing the transi stor ba se-to­
emitter j un cti on in a ne ar-linea r
re gion.



Figure 25. Set-up for measurement of rf tr ansistor dynamic impedances.
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CHARACTERIZATION OF
LARGE-SIGNAL RF POWER

TRANSISTORS

The values of large-signal
tran si stor parameters, suc h as
the Sand Y parameter s, a re dif­
ferent from t hose of sma ll-signa l
trans is to rs because (l ) t he va l­
ues of transistor parameters
change with power levels , and
(2) t he har monic-frequency com­
ponents that exi st in a large ­
signal r f power amp lifier mu st
be considered in addit ion to the
funda menta l-f requency sinusoi­
dal compo ne nt in a sma ll-s ignal
ampl ifier. RF pow er-t r ans istor
character is t ics a re n ormally spe­
cified for a given ci r cuit in a
spec ific applic a t ion.

The design of rf power-ampli­
fier circuits involves the deter­
minati on of dynamic input an d
load impe dances. Before the in ­
put circ uit is de signed, the input
impedance at the emitter-to-base
terminals of the packaged t ra n­
si stor mu st be known at the
drive-power freq uency. Before
the output circuit is de signed,
the load impedance presented to
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t he collector terminal mu st be
known at the fund amental fre­
quency. These dynamic imped ­
ances a re difficul t to ca lcu la te at
microwave frequencies becaus e
transi stor parameters such as SI1
and S22 va ry considerably under
large-s ignal operation a nd a lso
cha nge wit h the power level.
Small-signa l equat ions that might
serve as us efu l guides for tran­
sistor design cannot be applied
ri gorousl y to la rge-s igna l cir­
cu its. Because large-s ignal repre­
sen ta t ion of r f power trans istors
has not yet been devel oped, tran­
sistor dynamic impedances are
best determined experimentally
with slotted-line or vector volt­
meter measurement t echniques.

Th e system used for determin a­
tion of t rans is tor im ped an ces un ­
der operati ng conditions is show n
in Fi g. 25. This system cons ists
of a well-padded power signa l
generator, a direction al cou pler
(or reflectometer ) for monitoring
the input reflected powe r , an in ­
put triple-stub tuner, an input
low-impedance line sect ion, the
transistor holder (or te st jig), an
out put line section, a bi as tee, a n
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MATCHING REQUIREMENTS

Figure 26. Simp li f ied high·frequency
equ iva lent c ircuit for an " over lay"

t ransistor.

to the hybrid-pi equivalent circ uit
of a transisto r except for the ad ­
di ti on of t he capac itance CllC• This
capac itance represents the high
collector-to-base capacitance in t he
over lay transistor which is created
by the large area of the collector­
t o-base j unction toget her with the
act ive area under t he emitter.
This capacitance an d t he capaci­
tance C"'c vary nonlinearly with
the collecto r -to-emitter voltage.

Maximum performance in a
t rans isto r r f amplifier can be
obtained only if t he base and
collector terminals are properly
terminated. The input net work
generally is required to match a
50-ohm source to the relati vely
low base-to-emi tter imp edan ce,
wh ich includes app rox ima te ly 1 to
10 ohms of res istance and some
se ri es reactance. Th e output net­
work must match a resisti ve com­
ponent and the t ransi stor output
capacitance to a load imp edance,
which is generally about 50 ohms .
In most appl ications, the outpu t
network also acts as a band-rejec­
ti on filter to eliminate unwanted
frequency components t hat may be
included in th e collecto r wav e­
form. The filte r presents a hi gh
impedance to these unwanted fre­
que ncies and also increases col­
lector efficiency . The power output
and collector-voltage sw ing deter­
mi ne t he re si stive component to
be presented to t he collecto r . T he
design a nd form of the output
netw orks ( resonant ci rcuits for
narrow-band operat ion or t rans­
mission lines for broad -band oper­
at ion) a re disc ussed in a la te r
sec t ion.

MULTIPLE CONNECTION OF
POWER TRANSISTORS

Many applica t ions require mor e
rf power t han a single t ransistor

b '

E

rbb'

B

A si mplified high-frequen cy
equivale nt circuit of an "over lay"
type of transi stor is show n in
Fig. 26. This circuit is si mila r

Cbc

output triple-stub tuner , another
d irecti onal coupler fo r mon itor­
ing t he output waveform or fre­
qu en cy, a n d an output power
meter. F or a given f re quency and
input power le vel , the input and
output tuners are adjusted for
maximum power out put and mini­
mum input reflected power. Once
the system has been properly
tune d, t he impedance ac ross ter­
minal s 1-1 (with the transistor
disconnected) is measured at the
same frequency in a slot t ed-line
set-up or wi t h t he vector volt ­
meter . The conjugate of this im­
pedance is the dynamic input im­
ped an ce of the transi stor. Simi­
larly, t he impedance across ter­
minal s 2-2 (wit h the transistor
disconnect ed ) is the collector­
load impedanc e prese nted to t he
trans istor collector . Such mea­
s ur ements are pe r fo r med at each
frequency and powe r level. It
shou ld be noted that t he ci rcuit
arrangement of Fig. 25 is also
useful for testing the perform­
an ce of t he transi stor. Thus,
power out put, power gain, and
effici en cy a re re adily determine d.
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can supply. Th e parallel approach
is th e most widely used method
f or multiple connect ion of power
transistors.

In parallel operat ion of transi s­
to rs, ste ps must be t aken to assure
equal r f and thermal load sha r ing .
III one approac h, the tran sistors
are connected direct ly in parallel.
Thi s approach, however, is not
very pract ical from a n economic
sta ndpoint because it requires th e
use of transi stors t ha t are ex­
actly matched in effic iencies, power
ga ins, term inal impedances, an d
the r ma l res istances. A more prac­
ti cal approac h is to employ si gn al
sp litting in the inpu t match ing
network. By use of ad justabl e
components in each leg, adequate
compensat ion can be made for
variations in power gains and in­
put imp edances to assure equal
load sha r ing betwee n the t rans is­
to rs . For applica tions in whi ch low
supply voltages are used and high
power outputs are desired, the
output impedance of the rf ampli­
fier is very low. F or this re ason,
it is beneficial, in the interest of
paralleling efficien cy, t o split the
collecto r loads. By use of sep arate
collecto r coils, t he power outputs
may be combined at higher impe­
dance levels at which the effect of
a ny asymmetry introduced by lead
inductances is in significant and
resistive losses are less. The use
of sepa rate collecto r coils also per­
mi ts individual collecto r cur rents
to be moni tored .

TRANSISTOR SELECTION

In selection of a tran sistor a nd
circu it configurati on for an rf
power amplifier, the desi gner
shoul d be f am iliar with the fol­
lowing transistor and circ uit cha r ­
acte r is t ics :
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(1) maxim um t rans istor diss i-
pation and derating,

(2) maximum collecto r current,
(3) maximum collecto r voltage,
(4) input and out put impedance

cha racter istics,
(5) high-frequ en cy current­

gain figure of merit (fT ) ,

(6) ope rat io na l paramet ers
such as efficiency, usable power
output, power gain, an d load­
pulling capability.

Proper cooling must be pro­
vided to prevent destructi on of the
t ransistor because of overheating.
Transist or diss ipation and derat­
ing informati on reflect how well
the heat generated wit hin th e
tran sistor can be removed. This
fa ctor is determined by t he junc­
ti on-to-case thermal resi stan ce of
the t ransisto r. A good r f power
t ra nsisto r is character ized by a
low j unction-to-case t herma l resi s­
ta nce.

The current gain of an rf t ra n­
s isto r va r ies approxim ately in­
versely with emit t er current at
high emitter-cur rent levels . Peak
collecto r cur rent may be deter­
mine d by the allowa ble amou nt of
ga in degradation at high frequen­
cies. F or appl ications in which
amplitude modulati on or low sup­
ply voltages are involved, pea k
current-handling capab ilit ies are
very imp ortant cr iter ia to good
performan ce.

Th e maximum collecto r voltage
rati ng must be high enough so
t hat junction breakdown does not
occur under conditions of large
collecto r voltage swi ng . The large
voltage swing is produced under
condi tions of amplit ude modul a­
ti on or r eact ive loading because
of load mismatch and circuit tun­
ing operations.

Befo re the proper matching net­
works for an r f amplifier can be
des igned, transis to r impedance
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(or admittance ) characteristics at
the expected operating condit ions
of the circuit must be kno wn . It is
imp ortan t that t he valu e and de­
pendence of t ransisto r impedances
on collecto r current, supply volt­
age, and operat ing frequency be
defined .

The t erm f 'l' defines the f re ­
quency at which th e cur rent ga in
of a device is unity. This parame­
ter is essential to t he determina­
t ion of t he powe r-gain perfor­
man ce of an r f transistor at a
particular frequ ency. Because f1'
is cu r re nt-depe ndent, it norm ally
decreases at ver y hi gh emitter
cur re nts . Therefore, it sho uld be
determined at the operat ing cur­
rent levels of the circ uit. A high
f 'l' at h igh emitter or collector
current levels character izes a good
rf t ransisto r .

Th e operationa l pa rameters of
an r f transistor can be considered
to be t hose measured during the
perfor mance of a g iven circuit in
which this type of trans is to r is
used . Th e in for mation displayed
by t hese param eters is of a direct
and practi cal interest . Operat ing
efficiencies can nor mally be ex­
pected t o vary between 30 and 80
per cent. Whenever possible, a cir ­
cuit shou ld employ transis to rs
th at have oper at iona l parameters
spec ified at or near the operatin g
condi t ions of the cir cuit so t ha t
comparisons can be made.

In some r f power applications,
such as mobile r adio, the t rans is­
tors must withstand adverse con­
dit ions because h igh SW R's are
pr oduced by fau lty t ransmission
cables or ant ennas . Th e ability of
a transistor to sur vive t hese faults
is somet imes referred to as load­
pull ing or mism atch capability,
and depends on tran sistor break ­
down characte r ist ics as well as
circuit design. The load-pulling

effect s that the tran sistor may be
sub jected to can be determined by
replace ment of the r f load with a
shorted stub and movement of the
short through a half wavelength
at the ope rating frequency . Dissi­
pation capabilities of a transistor
su bjected to load pulling mu st be
hi gh er than normal to handle the
additiona l device dissipation cre­
ated by the mi sm atch.

CIRCUIT CONSIDERATIONS

F req uency stabili ty is a n im­
portant cons iderat ion in t he de­
s ig n of hi gh -frequency t ransistor
cir cu its . Most in st abilities occu r
at freq ue nc ies well below the fre­
qu en cy of operation because of
t he in creased ga in at lower f re ­
qu en cies. With the ga in in creas­
ing at 6 dB per oct ave , any para­
s it ic low-frequen cy re sonant loop
can set the circuit in to osc illa­
tion. Such pa ras iti c osc illa t ions
ca n re su lt in possible destructi on
of t he t rans istor . These low-fre­
qu en cy loops ca n us ua lly be
traced to in adequate byp assi ng
of power-supply lead s, circu it
com ponent se lf-resonanc es, or r f
choke re sonances with circ uit
or t rans is to r capac ita nces . Su pply
bypassing can be effected by use
of two capacitors, one f or the
operat ing frequency and an other
for t he lower f requencies . For
amplifiers operat ed in the 25-to­
7u-MH z r an ge, si nte re d-electrode
tantalum capacitors can provide
excellent bypassing at all f requen­
ci es of concer n. At uhf and
hi gh er frequencies, t hese capaci­
tors may be lossy and therefore
not effecti ve for bypassi ng.
Hi gh-Q ceramic bypass ca paci­
tors are better suite d f or uhf use.
RF cho kes, when used, should be
low-Q types and shou ld be kept
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as small as possible to reduce cir­
cuit gain at lower frequencies.
Chokes of the ferrite-bead variety
have been used very succ es sf ully
as base chokes . Collec tor rf
chokes can be avoided by use of
a coil in the matching network to
apply de to the collector.

Because of the variation of tran­
sistor parameters with cha nges in
collecto r voltage and current, the
stability of an rf transistor stage
should be checked under all ex­
pected conditions of supply volt­
age, dri ve level, source mismatch,
load mism atch , and, in the case of
amplitu de modulation, modulation
swing .

Parametric oscilla t ion is an­
other form of instability that can
occur in rf circ uits that use power
transistors. The transistor collec­
tor-to-b ase capacitance, as stated
previously, is nonlinear and can
cause oscilla tio ns t hat appear as
low-level spurious frequencies not
related to the car r ier frequency.

Caref ul selection of comp onents
is necessary to obta in good per­
formance in an rf transi stor cir­
cuit . The components should be
checked with an impedance bridge
for parasitic impedances and self­
resonanc es. When parasitic ele­
ments are encountered, their pos­
sible detrimental effects on circuit
performan ce should be determined.
This procedure helps the designer
select coils and capacitan ces with
low losses and high self -r esonances
(capacitor s of the "b ypass feed­
through" or "mica postage stamp"
variety can have very high self­
resonances ) . Resistor s used in rf
current paths should have low
series inductance and shunt ca­
pacitance (generally, low-wattage
ca rbon re si stors are quite accept­
able ) .

Circu it layout and cons t r uct ion
are al so important f or good per-
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f ormance . Chass is should be of a
high-conducti vity material suc h as
copper or aluminu m. Copper is
somet imes preferable because of
it s higher conductivity a nd the
f act that components can be sol­
dered directly to the chas sis . An­
othe r chassis approach now be­
coming popular is the use of
double-s ide laminated pr inted-ci r­
cuit boa rds. The circ uit, in this
approac h, may be ar ranged so that
all the conduc tors are on one side
of the boa rd. The opposite-s ide
fo il is the n employed as an add i­
ti onal sh ield. Whenever poss ible,
th e chassis sh ould be des ig ned on
a single plane to reduce chas s is
inductance and to minimize un­
wanted ground cur rents .

It must be remembered that, at
rf frequencies, any conduct or has
an inductive and resistive imp e­
dan ce that can be significant wh en
compared to other circui t imp e­
dan ces in a transi stor amplifier .
It f ollows, therefore, that wir ing
sh ould be as direct and short as
possible. It is also helpful to con­
nect all. grounds in a small a rea
to prevent chassis inductance from
cau sing common-impedance gain
degeneration in the emitter cir­
cuit . Busses or straps may be
used, but it sh ould be re membered
th at these items have some induc­
tance and that the point at which
a component is connected to a buss
ca n affect the circuit .

Coils used in input and output
matching networks sh ould be ori­
ented to prevent unwanted cou­
plin g. In some applications , such
as high-gain st ages, coil orienta­
tion alone is not enough to prevent
instabi lity or strange tuning char­
acteristics, and additional shield­
ing between base and collector
circuits mu st be used .

In comm on-emitter circ uits,
stage gain is very dependent on
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the impedan ce in series with the
emitter. Even very sma ll amounts
of inductive degeneration can
drastica lly reduce circ uit ga in at
high frequenc ies . Alth ough emit­
ter degeneration results in better
stability, it should be kept as low
as possible to provide good ga in
and to reduce tuning interaction
and feedback between output and
input circuits. The emi tters of
many rf power transistors a re in­
ternally connected to t he case so
that the lowest poss ible emitter ­
lead inductance is achieved. This
tec hnique substantially re duces
the problems encou ntered when
the t ransistor is fastened di rectly
to the chassis. If a t ransistor with
a separate emitter lead is used ,
every attempt shou ld be made to
prov ide a low-inductan ce connec­
t ion to the chassis, even to t he
point of connecting t he chassis di­
rectly to t he lead (or pin ) as close
to the t rans isto r body as practi-

cab le. In ext re me cases, emi tter
tu ning by series resonat ing of the
emi tter-lead inducta nce is em­
ployed .

Another important area of con­
cern involves t he removal of heat
ge nerated by the trans isto r . Ade­
qua te the r ma l-dissipation capabil­
it ies must be provided; in the case
of lower-power devices, the chass is
itself may be used . F inned heat
sinks and other means of increas­
ing radiator area are used wit h
hi gh er-power dev ices . Cons ide ra­
tio n must also be given to ambient
var iations and mi smatch cond i­
tio ns during tu ni ng operations or
load pulling, when transistor dis ­
si pa tion can increase. Under such
condit ions , t he t he r ma l resistance
of the transistor may be the limit­
ing factor, and may dictate eithe r
a ch an ge to another device of
lower thermal resistance or a pa r­
allel mode of operation using the
exist ing transi stor.
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Design Techniques for
RF Power Amplifiers

T H E design of an rf power am ­
plifier consists primarily of se­

lect ion of the opt imum transistor
type and determination of compo­
nent values and desired circuit
configurat ion for the input and
output matching networks. The
criteria for selection of t he opti­
mum type of transistor were dis ­
cussed in t he preceding section.
Accordingly, thi s section is con­
cerned primarily with the tech­
niques and practices employed in
the design of suitable matching
networks.

DESIGN OBJECTIVES

Matching networks for rf am­
plifier s perform tw o imp ortant
fun ctions. F irst, t hey transform
impedan ce levels as re quired by
the active and fixed elements (e.g .,
transistor output to antenna im­
pedance ). Second , they provide
frequency dis crimination by vir­
tu e of the "quality fa ctor" ( Q ) of
the re sonant circu it , transform
ha rmonic energy into desired out­
put-frequency energy, and prevent
the presen ce of undesired fre­
quency components in the output.

The des ign of matching circuits
is based on the following re quire­
ments:

(l ) desired or act ual network
output impedance specified by the
ser ies r eactance X, or shunt con­
ductance Gil and shunt suscep­
tance B Il ;

(2) desired or actual network
input impedance specified by R,
and X, or Gil and BIl ;

(3) loaded circuit Q calculated
with input and output termina­
ti ons connected.

The usual approach is to use
L, T, or tw in- T match ing pads
or t uned-transformer networks.
More sophis t ica ted sys t ems may
use exponential lines and bal un
tran sformers.

Input-Circuit Requirements

In practically all power-t.ransis­
tor stages, t he input circuit must
provide a match between a source
impedance that is high compared
to t he transistor input imp edance
and the transistor input. When
several stages a re used, both the
input and output impedance of a
driver stage are usually higher
th an those of the following stage.

In most good rf transistors , the
real part of th e input impedance
is usu ally low, in th e order of a
few tenths of an ohm to several
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ohms. In a given transistor family,
the resistive part of the common­
emitter inp ut impedance is always
inversely proportional to the area
of the transistor and . therefore,
is inversely proportional to the
power-output capability of the
transistor, if equal emitter induc­
tances are assumed.

The reactive part of the input
impedance is a f unct ion of the
transistor package inductance, as
well as the input capacitance of
the transistor itself. When the
capacitive reactance is smaller
than the inductive reactance, low­
frequency feedback to the base
may be excessive. It is not uncom­
mon to use an inductive input for
high-power large-area transistors
becau se the input r eactance is a
series combination of the package
lead inductance and the input ca­
pacitance of the t ransistor it self .
Th us , at low frequencies, the in­
put is capacitive, an d at higher
frequencie s, it becomes induct ive.
At some single freq uency, it is
en tirely resistive.

sistance R r, may be expressed as
follows:

RL = (V cc) 2/ 2P o (17)

Designs for tuned, untuned, nar­
row-band high-Q, and broad-hand
coupling networks are cons idered
later und er specific applications.
In some cases, particularly mobile
and aircraf t transmitters, cons id­
erations for sa fe operat ion must
include variations in the load,
both in magnit ude and phase.
Safe-operat ion considerations may
include protecti ve circuits or actu­
al test specificat ions imposed on
th e transistor to assure safe oper­
ation under the worst-load condi ­
t ions .

NETWORK DESIGN
The basic components to be con­

sidered in the des ign of matching
networks are shown in Fig. 27.
Foi~ the input matchin g network,
the source is assumed to be a gen­
erator that has a 50-ohm imped­
ance. F or the output matching

SOURCE
IMPEDANCE

Figure 28. Equivalent c ircuit for the out­
put of a trans istor.

Figure 27. Bas ic components consid ered
in t he des ign of a matching netw ork.

TO
NETWORK

MATCHING
NETWORK

network, t he sou rce is the output
of th e trans istor , which can be
approximated as shown in F ig.
28

Although maximum power gain
is obtained under matched condi­
tions, a mismatch may be required
to meet other requirements. Under
some conditions, a mismatch may
be necessa ry to obtain the re­
quired selectivity. In power ampli­
fiers, the load impedance presented
to the collector, Rr., is not made
equal to the output res istance of
the transistor. Instead, the value
of Rr. is dictated by the required
power output and the peak de col­
lector voltage. The peak ac voltage
is always less tha n the supply
voltage because of the rf satura­
tion voltage. The collector load re-

Output-Circuit Requirements
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Output Circuit

When the de supply voltage and
power output are specified, the cir­
cuit designer must determine the
load for the collector circuit [R" =
(VCE ) 2/ 2Po ] ' Because an rf power
amplifier is usually designed to
amplify a specific frequency or
band of frequencies, tuned circuits
are normally used as coupling net­
works. The choice of the output
tuned circuit must be made with
due regard to proper load match­
ing and good tuned-circuit effi­
ciency.

As a result of the large dynamic
voltage and current swings in a
class C rf power amplifier, the col­
lector current contains a large
amount of harmonics. This effect
is cau sed primarily by the non­
linearity in the transfer charac­
teristics of the transistor. The
t uned coupling networks selected
must offer a relatively high imped­
ance to these harmonic currents
and a low impedance to the fun­
damental current.

Class C rf power amplifiers are
reverse-biased beyond collector­
current cutoff; harmonic currents
are generated in the collector
which are comparable in ampli­
tude to the fundamental compo­
nent. However, if the impedance
of the tuned circuit is sufficiently
hig h at the harmonic frequencies,
the amplitude of the harmonic
currents is red uced and the con­
tribution of these harmonic cur­
rents to the average cur rent flow­
ing in the collector is minimized.
The collector power dissipation is
therefore reduced, and the collec­
tor-circuit output efficiency is in­
creased.

F igs. 29 and 30 illustrate the
use 'of parallel tuned circuits
to couple the load to the collector

RF Power Transistor Manual

=

FOR N :I TURN RATIO

(I) Rc " 2.V~~2 (FOR CLASS c l

R I N2R
(2) XL'" Q~ "~

'\jN2 Rc
(3) XC2" RL IlL'""" -I

N2 Rc I
(4 ) XCI" or-" ( XC2)

1- QLRL

Figure 29. Tuned-circuit output coupling
me t hod and desig n equations in wh ich
output is transf er red to load by a series

cou pling ca pac itor.

circuit. The collector electrode
of the transistor is tapped down
on the output coil. Capacitor C1

Figure 30. Tuned-circu it output coup ling
method and des ign equations in wh ich
output to the load is obtained fr om a

capac it ive voltage div ider.
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provides tuning fo r the f un da­
mental frequency, and capacitor
C2 provides load mat ch ing of RL
to t he t uned ci rcuit. The t rans­
form~ R across th tu ned
c iiCu iUs_stepp~d down to match
the collector b th '0 er turns
ra io of th coil L . If the va ue
of the in duc tanc e L 1 is chosen
properl y and t he por t ion of the
ou tput-coil induc tanc e between
t he co llec to r a nd ground is suf­
ficiently high, t he ha rmon ic por­
t ion of t he coll ector current in
the tuned circ uit is small. There­
f ore, t he cont r ibut ion of the har­
mon ic cu r re nt t o the de com­
ponent of curre nt in t he ci rcu it
is minimized. ' The use of a
t apped-down connection of t he
collector to t he coil maintains
the loa ded Q of t he circuit and
minimizes variation in the band­
wi dth of the output circuit wit h
changes in the output capaci­
tan ce of the transistor.

Alt hough the circuits shown in
F igs. 29 and 30 provide cou­
pling of the load to the collec­
tor circuit with - good harmonic­
current . s uppress ion, the tuned­
circuit networks have a serious
lim itation at very high frequen­
cies. Becau se of the poor coefficient
of coupling in coils at very high

• frequencies, the t ap posi ti on is
usually establi shed empirically so
that proper collecto r loadi ng is
achieved . Fig. 31 sh ows several
suitable output coupling networks
that provide the r equ ired collector
loading and also suppress th e cir ­
culat ion of collector harmon ic cur ­
rents. These networks a re not de­
pendent upon coupling coefficient
for load-impedan ce t rans for ma ­
tion.

The collect or output capacitance
for th e networks shown in Fig.
31 is included in the design equa-

ti ons. The collector output capac i­
tance of a tran si stor varies con­
siderab ly with t he large dynam ic
swing of th e collecto r -to-emitter
voltage a nd is dependent upon
both the collector supply volt age
and t he power out put.

Input Circuit

The input circui t of most tran­
s istors can be re presented by a re­
sis to r r lJlJ' in ser ies with a capac i­
tor Cill ' The input network must
tu ne out t he capacitance Cill and
provide a purely resistive load to
t he collecto r of t he driver sta ge .
Fi g. 32 shows se veral networks
capa ble of cou pling t he ba se to the
output of the driver stage and
tu ning out t he input capacit ance
Cill ' In th e even t that t he t r an sis­
tor use d has an inductive input,
t he reactance X"i is mad e equal t o
zer o, and the ba se inductance is in­
cluded as part of ind uctor L I for
netw orks suc h as that shown in
Fig. 32 (a ) and is included as part
of L , for networks of the type
show~ in Fig. 32 (c) . In Fig.
32 (a ) , the input circu it is formed
by the T network consisting of
CI , C2, and L1• If the value of the
induc ta nce L1 is chosen so that its
reactance is much greater than
th at of CIIl> series tuning of the
base-to -emitter ci rcuit is obtained
by L I a nd the parallel combina­
t ion of C2 and (CI + Co), Capaci­
tors CI an d Co provide the imped­
ance matching of the resultant
input resi stance r"IJ' to the col­
lector of the dri ving stage. Fig.
32 (b) sh ows a T network in
wh ich the location of L I and C2 is
chose n so th at the reactance of
th e capac itor is much greater than
that of CIIl ; C~ can then be used to
step up r",,' to a n appropriate
valu e ac ross L I • The re sultant par-
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Cz
RZ

CIK

RI;:: CZK . RZ
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CZK
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(b)
FOR °LXco >1

'l/RIRZ

RFC
Vee
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~ICI
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CZTCo RZ

I
I

(e) - ~ - -

LZ

(d) = = = ZLZK CONSTANT K BANDPASS
Vee FILTER

LET CZK"Z COUT;RI=RZ; ' I=LOW FREO. CUTOFF;IZ=HI-FREO. CUTOFF

(I) (IZ-II)"2h- (Z) Lz=LIK _R_,_ I~ I LI"ZLZK"IIZ-IIIRI
Tr 0 L TrIIZ-'II"

. ZTrII'Z

CZK
(5) CZ=Co= -Z-

Figure 31. Add it ional transistor output-counting networks including transistor output
capacitance.
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FOR XLI »XC\: R\ >R2.=rbb'

(I) Xl, =Ol R2.=OL' bb' r bb' {Ol 2 + 11
(3) XC2 = al

c1'e~~b' '9mVtJe e

~1o I I e,ll
"'L ' ~

I

R"bo tal2+I1]
Xco2 ' OL2

TVce

Figure 32. Transistor input-circu it coupling networks.
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allel resistance across L l is t rans ­
formed to the re quired collector
load value by capacitors C l and
Co- P arallel resonance of the cir­
cuit is obt ained by L] and the
parallel combinat ion rc, + Co)
and C...

The- circ uits shown in Fig.
32 (a ) and 32 (c ) require th e
collector of the driving transistor
to be shunt-fed by a high-imped­
ance rf choke. Fig. 32 (c) shows
a coup ling network that eliminates
the need f or a choke. In this cir­
cuit, the collector of the driving
transistor is parallel tuned, and
the base-to-emitter j uncti on of the
output t ransis to r is ser ies tu ned.
Fig. 33 shows several ot he r forms
of coupling networks that can be
used in rf power-amplifier designs .

USE OF IMPEDANCE·
ADMITTANCE CHARTS
IN NETWORK DESIGN

One of the most useful tools for
designing matching networks is
the imp edance-admittance chart.
This char t can be described simply
as the plane of reflection coeffi­
cien t for admittances, and pro­
vides an easier and faster method
of circuit analysis than that of ­
fered by re ctangular admittance
or impedance charts. The chart
di splays graphicall y all ladder­
type matching networks, and
shows the applicable tuning ranges
for variable comp onents. Lumped­
comp onent values for a given fre­
quency may be determined directly
from the chart in normalized
values. The chart can be used f or
idealized equivalent circuits, as
well as for circ uits that employ
t ransfo r mers or t ap ped coils.

Fig . 34 shows the basic layout
of the chart. Shunt elements in a
ladder f ollow the admittance cir-
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cles (shown dotted ). Values of
shunt elements correspond to val­
ues on the intersection arcs . Series
elements f ollow the impedance
circles; corresponding va lues are
re ad from cor responding intersec­
t ion a rcs.

Rules for Plotting
Networks and Components

When a single component L, C,
or R is added t o a kn own imped­
ance, one of the following param­
eters does not change: re sistance
(R) , reactance (X ), conducta nce
(G) , or suscept ance (B) . (Non­
ideal comp onents must be di vided
into two separate ideal compo­
nents; e.g., a lossy inductor into
separate Land R components.)
Therefore , the component follows
t ha t constant-pa rameter curve.
F or example, an inductor add ed in
series with the circui t does not
change the seri es resistance curve.
The procedure for each type of
component is listed in Ta ble IV,
which, together with F ig. 35, indi­
cates the direction of travel along
the curv e and makes it unneces­
sa ry to determine th e plus or
minus sign on the reactan ces a nd
susceptances.

Quality Factor, Q

The operat ing Q must be speci ­
fied, together with the input and
output impedances, in the design
of a matching network. The mag­
nitude of the operating Q is a
compromise betw een efficiency and
harmonic re jection.

Unfortunately, the exact oper­
ating Q of a complex circuit can­
not always be de termined by cal ­
culations at a s ing le frequency .
When ci rc uit design equations are
used, t h is problem is circumvented
by defining an operat ing Q which
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( a )
RI CI cz ::: ~ RZ

~ ( b )

RI < Rz

"1\

RI C I:::~ LI ~ Rz

(c)

/I

(d )

- \I...., /I /I

RI L I Lz '> Rz
<

I

I

(e ) ( f )

/RZ (QLZ+.jl
(I) XCJ= RI V RI - I

(Z ) XCz = 0L Rz

Rz(O LZ +I)
( 3 ) XLI = 0L

Fig ure 33. Other su itable rf -am p li f ier networks for maximum powe r t ran sfer .



50

I
B=I=X
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---G,B
COORDINATES

(ADMITTANCE)

~R~'I~ATES
(ADMITTANCE )

Figure 34. tmpedance-adrnlttance chart.

Table IV-Procedure for Plotting Component Values on
Impedance-Admittance Chart

Use
To Add Chart Follow a Curve of Direction Compnnent Value
Series L Z Constant Series R CW XL = X, - X,
Series C Z Constant Series R CCW Xo = X, - X,
Series R Z Constant X toward open Rs = R, - RI

Shunt +-L Y Constant Parallel R(Gl CCW BL = B, - BI

Shunt + C Y Constant Parallel R (G) CW Be = B, - BI

Shunt + R Y Constant B . toward short l/R. = G, - GI

Calculate the change in X, B, G and R by disregarding the + and - signs of the po ints on the
chart. However, be sure to measure the entire change in X, R, B, or G. For example, a series
capacitor which changes XI = 0.4 inductive (above pure R line) to XI = OJ capacitive (below
pure R line) has a value of 0.7.
Note: Shunt refers to components with one terminal grounded and in parallel with the rest of the

network.
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---SHUNT OR
PARALLEL

--SERIES

F~gure 35. Method used to tr ace constant-parameter curves for matching-network
. components.

is eas ily calculat ed and which ap ­
proximates t he ' actual Q. The
graphical tec hn ique uses the sa me
type .of approximat ion, but more
simply and more visibly. The Q of
each node of the circuit plot is de­
terrnined by the constant-Q curv es
sh own in Fig. 36. The node that
has th e high est Q dominates ; this
Q is the n defined as the operat ing
Q of t he circuit .

Normalized Values

Im pedan ce charts use norma l­
izedvalues . This graphical tech­
nique requires t hat normalized
impedance a nd admittan ce val­
ues 'be consistent. The exam­
ples use H l = 1u = [50n] (for

. impedanc es ) [(1/ 50u] (for
ad mittanc es ) . (Note : Brackets
a re us ed h ere, and in succeeding
text and ill ust rations, t o in di­
cate the actual ' impedances or
admittances represented by t he
normalized values. ) The ohm
(n) a nd mho (u) symbols are re ­
tained on the cha r t to distinguish
between impedance and s uscep­
tance. A 50-ohm normalizing fa c­
tor is used be cause t hi s va lue
represents a common rf-amplifier
load impedance.

Mapping Technique
The matching network can be

designed or an alyzed by use of a
network map, which is prepared by
plotting each component (i ncIud-
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Figure 36. Chart of ccn stant-o cu rves .

ing input and outpu t imp edan ces )
on the imp edance chart. Dual im­
pedance-admittan ce charts, such as
that show n in Fig. 34, are avail­
able f or this purpose, but the
many curves required make these
char ts difficult to re ad . A more
practical network map is prepared
on tracing paper. The tracing pa­
per is placed over either an imped­
ance or an admittance char t to
trace curves, re ad values, and com­
pare impedances . Figs. 37 and
38 show simplified versions of a
standard impedance char t and a
stand ard admittance chart, respec­
tively. The admittance coordi­
nates have the same shape as the
impedance coordinates except

that they have been rotated 180
degrees a ro un d the char t . This
state ment ca n be easily verified

. by super pos it ion of Fig. 37 on
Fig. 38 with the sh ort and open
points of one ch art aligned with
the ope n a nd sh or t points , r esp ec­
tively, of the ot her cha r t.

The first step in t he preparation
of a network map is to trace the
perimeter of the impedance char t
(line of pure R ) and those st an d­
a r d R, G, X, a nd B curves which
are absolutely necessary. The
"open" and the "short" points (or
the pure R line ) should a lso be
marked to as si st in accurat e re ­
alignment of the tracing paper.
The values of components may



Design Techniques for RF Power Amplifiers

Figure 37. Impedance chart.
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be determined with sufficient ac ­
curacy from curves that are
t raced fr om impedance or admit­
tanc e charts placed under the
t rac ing paper.

The following numerical exam­
ples illustrate the use of the map­
pin g tec hnique in the dete rm ina­
t ion of the parameters of var ious
ty pes of matching networks.

Determination of Input Imped­
ance-Fig. 40 shows a typi cal
output matching network, to­
ge th er wit h th e network map
used to determine the required
input imp edance for this net­
work. Th e reactance of each com­
ponent in the matching network
is known (f rom comp onent va l­
ues and operat ing frequency)
and the input imp edance is to be
det ermined. The component reac-

tances are plotted by use of curves
t raced from t he Z, Y, and Q char ts
as follows : The output load irnped ­
ance, 50 ohms normalized to 1
ohm, is located on the Z char t .
Next, the series C2 curve is plotted
on a constant-R curve through 1
ohm, as indicated in F ig. 40. Th e
ser ies C2 curve must chang e the
reactance by its gi ven value, 100
ohms normalized to 2 ohms, and
t he requir ed normalized constant
X = 2 ohms curve is traced from
the Z char t . The C~ curve end s at
poin t A, where B ,; 0.04 mh o, and
t he shunt L curve begins at this
poin t. The shunt inductor has a
normaliz ed susceptance of 1 mh o.
The curve of this inductor fol­
lows t he con stant R, admit tance
coordinate, pa sses through point
A, an d ends at B[ = BL - B, =
1 - 0.4 = 0.6 mh o. (Table IV
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Figure 38. Adm ittance chart.

s umma r izes t h is procedure. It
should be r emembered t hat , in
this case, the curve cr osses the
pure R ax is. ) This poin t is labeled
point B on t he ne twork map
show n in Fig. 40. Similarly, the
ser ies C1 curve is pl ot t ed a long
the const ant Rs coor dinate, passes
through point B, and ends at
X, = X, - X I = 1.5 - 1.5 = 0
ohms. The normalized value of
inpu t impedance is r ead on the
Z chart as 0.5 ohm. The Q of
the matching network is read
f rom t he Q curves at both point s
A and B. The Q is 2 at point A
and 3 at poin t B. The higher value
3 is taken as most re presentative
of the ne two rk Q.

Determi nation of Network Com­
ponents-In the f ollowing exam­
pl es, the graphical procedures
us ed in the de sign of f our dif­
f eren t types of matching net­
work a re given. F or the first
type, a detail ed explanation of the
graphical procedure is g iven. For
the other t ypes, a t abular list of
the st eps required is considered
sufficient becau se of the basic
similarity of the graphical proc­
esses. The network maps for
these examples show only the
curv es that are re quired to de­
termine ne twork par am eters ; all
othe r curves are omitted for clar­
ity . (In the exa mples , comp onent
curves ar e plotted as described in
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Figure 40. Typical output matching network and network map used to determine
required input impedance for this network.

Table IV.)
1. Design of tapped-C network.

Fig. 41 shows the circuit c0Il:­
figuration and the network map
used to determine the component
values for a tapped-C matching
network that is required to trans­
form 50 ohms to 20 ohms with a
Q of 6. The procedures used to
prepare the network map are as
follows:

(a ) The normalized input and
output points (i.e., points 1 +
jOn and point 0.4 + jOn are lo­
ca ted on the impedance-chart co­
ordinat es .

(b) The Q = 6 curve is traced
from the Q chart, Fig. 36.

(c) The curve for the shunt L
is t r aced along the constant R,
= LOu curve (f r om the admit­
tance chart) from the termina­
tion point 1 + jOn to the inter­
section of this curve with the
Q = 6 curve. This intersection is
labeled A for further reference.

(d) A constant Rs curve for
the series C1 is traced from the
impedance chart. The starting
point for this curve is point A.

(e ) The curve for the shunt
C2 is then traced between the
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SHORTH--------f~~~:L..-~~~~-------~9

Figure 41. Circ uit configuration and network map used to determ ine the component
values for a tapped-C match ing network.

(g) As indicated in Table
IV, normalized reactance val­
ues for the shunt inductor L,
t he se r ies capacitor CI , and t he
sh unt capacitor C~ are deter­
mined by sub traction of the va l­
lues at the sta r t ing point of the
curves for these components from
the values at the end point of
these curves. The following val­
ues are obta ine d:

termina tion point 0.4 + jOn and
the intersection of this curve
with that for the series CI . The
intersection of the CI and C~

curves is labeled point B. (Al­
though the intersection B is de­
termined after the curve for the
shunt C., is traced, t his intersec­
tion is considered as the starting
point for the sh unt C2 curve.)

(f) As a routine matter, the
reactance X and the s usceptance
B values for the intersection
points A and B are determined
by mea ns of series and parallel
charts.

F or point A, X
B = 6 mho.

For point B, X
B = 9 mh o.

0.16 ohm, and

0.10 ohm, and



Design Techniques for RF Power Amplifiers 57

.1.B L =B (RtA) - B (Rt l+ ;O!! )

=6u - 0 =6 mhos

.1.X rl = X ( a t Il ) - X ( a t A)

= 0.10 - 0.16 = 0.06 ohm

.1.B C2 = B (nt 0.4+ ;011 ) - B { n t Il)

=0 - 9u =9 mhos

(h ) The actual reactance values
for L, C, and C2 can then be de­
termined as follows:

XL = 50/ LiBI, = 50/6
= 8.3 ohms

XCI=50 (LiXCI) =50 (0.06)
=3 ohms

XC2 = 50/ LiBc 2 = 50/9
= 5.5 ohms

(i) The component values for
t he filte r can then be calc ulated
on the basis of the reactances and
the operating f r equency.

The detailed step-by-step pro­
cedure given above is su mmarized
in Table V. F or one familiar
with the basic graphical processes,
this table provides sufficient in -

formation for the design of the
filter network.

An intuitive analysis of t he
tapped-C network indicates t hat
the shunt inductor L reduces t he
50-ohm output impedan ce to the
value represented by point A on
t he network map and that the
sh unt capacitor C2 reduces the
impedance of t he 20-ohm input to
a nearly equal va lue, as repre­
sented by point B. The series ca­
pacitance CI makes up the differ­
ence in the reactance of t he two
impedance points A and Band
provides resonance.v'I'hes va lues of
both capacitors C1 and ' C2 must
be changed together to mai nt ai n
resonance when t he input imped­
ance is changed. The Q is dete r ­
mined by inducto r L and the
50-ohm load impedance. At the in ­
put side, the transfor mat ion ratio
is sma ller, and the Q must be
sma ller.

2. Design of pi net wor k, Fig.
42 shows t he circ uit configura­
tion and t he network map for a
pi-type matching network re­
quired to transform 50 ohms to

Table V-Procedure for Determining Component Values for
Tapped-C Matching Network

Step
No. Component Curves

SUSCEPTANCE B
6u
9u

FINAL POINT
AND HOW IT IS DETERMINED

INITIAL
POINTCOMPONENT

Q = 6
Shunt L (1 + jo)11 A, determ ined by intersection of L and Q = 6 curves
Series C, A B, determ ined by intersection of C. and C2 curves
Shunt C. B 0.411 + jol1 = [2011]
Intersection Parameter Values from X and Y Charts
INTERSECTION REACTANCE X

A 0.1611
B 0.1011

Computing Component Values
INITIAL FINAL PARAMETER CHANGE COMPONENT
POINT POINT (NORMALIZED VALUES) VALUE

(1 + jO)fl A .1.B = 6 - 0 = 6u XL =50/ .1.B =8.33fl
A B .1.X = 0.1 - 0.16 = 0.06fl XCI =.1.X(50)=3fl
B (0.4+ jO)fl .1.B= 0 - 9 = 9u Xc. = 50/ .1.B=5.5fl

COMPONENT
Shunt L
Series C,
Shunt C.

5
6

7
8
9

1
2
3
4
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SHORTl-I7-s------f~~~L.-__+~~~------~~-J

Figure 42. Circui t configurat ion and t he net wor k map used to determine t he comp onen t
values for a pi match ing netw ork .

20 ohm s with a Q of 5. The net­
work-mapping procedures used to
determine the component values
for the pi network are given in
Table VI.

In the pi matching network,
the shunt C across the 50-ohm out­
put reduces the output impedance
to the )La lue represented by point
A on the network map. The shunt
capacitor across the 20-ohm input
reduces the input impedance to
the nearly .ual value represented
by point" B. The Q at t he input
is smaller because t he change in
impedance is less. The series in ­
ductor connects the input and out -

put and cancels the reactan ces of
the two capacitors . Th e imp edance
transformation is determined by
the difference in the input and
output Q.

3. Desi gn of lossy-L network.
F ig . 43 shows the circuit con­
figuration and network map fo r
a lossy-L match ing network re­
quired to transform 50 ohms to
10 ohm s with a Q of 5. Table
VII gives the graphical procedure
used to determine t he component
values for t his network.

In the lossy-L network, t he
series inductor increases the im-
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Table VI-Procedure for Determining Component Values for
Pi Matching Network

REACTANCE X
0.19n
0.1 If!

FINAL PDINT
AND HDW IT IS DETERMINED

A, intersec tion of C, and a = 5
B, intersection of C, and C. (step 4)
(0.4 + JOIn

INITIAL
PDINT

Component Curves

CDMPDNENT
a = 5
Shunt C, (l + jO)n
Series L A
Shunt C, B
Intersection Parameter Values
INTERSECTlDN SUSCEPTANCE B

A 5u
B 8.3u

Compute Component Values
INITIAL FINAL PARAMETER CHANGE CDMPDNENT
PDINT PDINT (NDRMALIZED VALUES) VALUE

(l + jO)n A .l B = 5 - 0 = 5u Xc, = 50/AB = IOn
A B AX = 0.11 + 0.19 = O.3n XL =50(AX) =15n
B (D.4 + jD)n AB = D- 8.33 = 8.33u Xc.=50/AB = 6n

CDMPDNENT
Shunt C\
Series L
Shunt Co

5
6

I
2
3
4

7
8
9

Step
No.

pedance of th e 10-ohm input and
determines the ope rat ing Q of th e
network . The se ries capacitor in ­
creases t he impedance of t he 50­
ohm output, and the shunt capac i-

. to r tunes out the su rp lus reactan ce.
In spite of the large impedance
t ransfor mation (10 t o 50 ohms),
all component values have nearly
equal impedances (56, 90, and 100
ohms ) . These rel ati vely la rge val­
ues make the component s quite
practical , an d are particu la rly ad­
va ntageous for match ing into the
base of a t ransistor in wh ich the
impedance is only a f ew ohms.

4. Design of network contain­
ing four un specified components .
F ig . 44 shows the ci rcu it con­
figurati on and network ma p fo r a
matchi ng section require d to
tran sform a 50-ohm load imped­
ance to 12.5 ohms for the collec­
to r load impedance of a transistor
amplifier th at ha s a Q of 5. The
transistor collector has a parallel
output capacitive r eact an ce of
250 ohm s . This network has four
unspecified components (L j , L~,

Gl , and G~ ) and three requ ired

condit ions . The values for only
three of t he components can be
determ ined by the graphic al tec h­
niques; the value of t he fou rth
compone nt mu st be arbit r a r ily as­
signed . The value of L, is nor­
mally selected so that this compo­
nent is nea rly resona nt with Gill

at the operating frequency . In this
example, however , the value se­
lected for L , is sma ll to demon­
strate the flexibility in the choice .

The first step in the preparation
of the map is to plot all kno wn
and ass igned values. The three re­
maining components are the n plot­
ted and calc ulated as in exa mples
1, 2, and 3. Th e graphica l pro­
cedures are outlined in Ta ble
VII I.

This net work provides t he best
separation of impedance transfor­
mati on, r esonance adjustment, and
operat ing Q. The components r.,
and G ill nearly resonate; however ,
perfect r esonan ce is not r equired.
The circ uit tunes well even f or
large er rors in G ill or Lt . The
capacitor G2 reduces the 50-ohm
output imp edance to t he series r e-
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Figure 43. Circuit configuration and th e net work map used to determ ine the component
values for a " lossy" ·L matching network.

Table VII-Procedure for Determining Component Values for
Lossy-L Match ing Network

COMPONENT
VALUE

XI. = 50r!
XCI. = 89.5r!
Xc, = lOOn

PARAMETER CHANGE
(NORMALIZEO VALUES)

~X = 10 - 0 = LOr!
:,B = 0.395 - 0.96 = 0.56u
~X = a - 2.0 = 2.0f!

FINAL
POINT

X = 1.0
B, B = 0.395

1.0

Determine Component Values
INITIAL
POINT
0.2r!

A,B = 0.96
B,X = 2.0

Component Curves
Step INITIAL FINAL POINT

No. COMPONENT POINT ANO HOW IT IS OETERMINED
1 Q = 5
2 Series L 0.2r! A, intersection of L and Q = 5 curves
3 Shunt C, A B, intersection of C1 and C, curves
4 Series C, B LOr!

COMPONENT
L
C,
C.



Figure 44. Circuit configurat ion and network map used to determine component values
for matching network that includes four unspecified components.
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REACTANCE
VALUE

XCI . = 250n
XLI = 62.5n
XLO = 88n
XC, = 68.5n
XC2 = 28.2n

C, determined by intersection of lo and Q = 5
D, determined by intersection of C, and C2 (step 6)
(l + jO)n

PARAMETER CHANGE
(N ORMAlIZED VALUES)

AB = 0.20 = 0.2u
AB= 0.6 + 0.2 = 0.8u
AX = 1.8 - 0.04 = 1.76n
AX = 0.43 - 1.8 = 1.37n
AB= 0 - 1.77 = 1.77u

B
C
D

FINAL
POINT

A,B = 0.2u
B,B = 0.6u
C,X = 1.8n
D,X= 0.43n

LOn

INITIAL
POINT
0.25n

A,B = 0.2u
B,X= 0.04n
C,X = 1.8n
D,B = 1.77u

0.040r-__~!..j

[]
L2 'c~J12.50 elN LI C2 500

2500

0 '5

COMPONENT
C,•
L,
L.
C,
C.
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Table VIII-Procedure for Determining Component Values for
Matching Network in Which Four Unspecified Components Are Used
Step INITIAL FINAL POINT

No. COMPONENT POINT AND HlIW IT IS DETERMINED
1 Shunt C, . (0.25 + jO)n A, determined by given va lue for XC,.
2 Shunt l, A B, determined by assigned value for X",
3 Q = 5
4 Series l2
5 Series C,
6 Shunt C2
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sistan ce required at t he input. The
capacito r C2, therefore, is th e
principal loading adjustm ent f or
the amplifier . The compone nts L2
a nd C1 form a series .r esonant cir ­
cuit whi ch compensates f or th e
differences in input and output
reactances. In ductor L 1 and t he
12.5-ohm input determine the op­
erating Q rel atively ind ependent
of resonance. The Q, th erefore, is
rather t ightly controlled . Capaci­
tor C1 compensates 'f or t he addi­
tional inductor L2 needed to pro­
vide the proper Q but not needed
to ma tch the input to t he output.
The re fo re, C1 is the r esonance ad­
justment, and C2 is the leading
adjustment.

Effect of Component Changes
in Network Design

A particular advantage of
graphical network design is th at
changes in component values can
be easily eva luated. The pi net­
work in example 2 (F ig. 42) was
des igned for an input imp edance
of 20 ohms, but it may be changed
by mean s of vari able compone nts .
Tw o components mu st be va r ied
to (1) change the imp edance, and
(2) maintain re s onance. F or th is
pi network, XC! is increased in
steps and L is kept con stant, as
shown in Fig. 45. Also shown
is the Xe2 required to produce

A 2.5

OPEN

RESULTS

o 5 611 2011
C 3.8 911 611
B 3 son 5.511

POINT Q XC2 RINXci
ron

20ll
16.611
13.511

Ct

IOU

I
I
I
I
I
I
I

I
I,

/
I

/,
/

/
/

,/
,/

"

0.190.
lltJ

0 .2110. ">/ .."...A _
3.7tJ ///,
0.3~tJ I
0.350

2.l5U

L ,
Ill.50. .

IN~

Figu re 45. Circu it configurat ion for pi match ing net work and network map show in g tuning
range for var iable components used in th is typ e of matching net work.
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resonance, a nd t he result ing Q
a nd input impedance.

It should be noted th at the firs t
step inc rease in XC! (35% )
cha nges t he Q and Rin greatly, but
requi res li ttle change in XC~ , The
second step increase in XC! (23%)
char ge s t he Q slightly, changes
the input very little (8% ) , bu t re­
quires a large change in XC2 ' Any
fur th er cha ng e in XC2 makes re so­
na nce impossible.

TRANSMISSION-LINE
MATCHING TECHNIQUES

The network-design techniques
di scussed in the previous sec t ions
apply largely to lumped- constant
circuits operated in the vhf and
uhf ranges. At uhf and higher
frequencies it ma y be more de­
sirable to use short sect ions of
transmission line to provide the
r eactive elements needed in the
previous discussions. The Smith
Chart is generally used in these
determinations also. There are
many special-case cond iti ons
which the circuit designer can
use without resorting to the gen­
eral transmission-line equation
or the graphical method of the
Smith Cha r t . A few of the more
useful expressions are presented
in this sect ion.

Half-Wave Line Sections

Sections of uniform transmis­
sion lines which are electrically an
in tegral n umber of half-wa ve­
length s (A/2) in length are use­
ful in tran sferring an impedance
from one point to a no ther , i.e. ,
the terminating impedances on
th e lin e a re equal , or Zs = Z".

Quarter-Wave Line Sections

Sections of uniform transmis­
s ion lines which are electrically

a qu arter of a wa velength (A/ 4)
in length have a n umber of in­
t eres ting an d usefu l pro perties.
A quarter-wave line whic h is
sho rt- ci rc uite d at one end pro­
vides a very high impedance at
t he open end. Th is property can
be used to provide hi gh-resistan ce
stub su pports for rf structures
as well as to provide rf-choke
action f or de bias ci r cuits .

The quarter-wa ve line s a re
a lso useful as a n impedance
transformer between real im­
pedances . The characteristic im­
pedance ca n be determined as
f ollo ws :

z, = (Rs X R L ) 1/2 (18)

where Rs is the source or input
impedance and RL is the load or
out put impedance.

If qu a r t er-wave t rans f or mers
are used to match a real im­
pedance to an active device, as
sh own in Fig. 46, the reactive
component of the complex im­
pedance (t he admi tta nce) of t he
active device mu st be tuned out.
For example, in t he input circuit
of a power-transistor amplifier
circuit , the quarter-wave trans­
forme r matches the resistive com -

Vee

Figure 46. Quarter-wave transformers for
rf power-t ransisto r ampli fiers .
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-RFC RFC

Figure 47. Eighth-wave transformers in a
typical rf power-amplifier circuit.

( 22)
R

1 X
- I Zs I

where R and X are the re al and
imaginary parts, respectivel y, of
the complex impedance Zs.

The re al impedance ZL can be
determined from the Smith Chart
or by use of the following equa­
tion:

impedance. Therefore, for an
eighth-wave line sect ion, ZL is
real if the following relationship
is valid:

Zo= Iz, I = (RS2 + Xs:!) 1/2 (21) •

Fig. 47 shows the use of
eighth-wave . transformers in a
typical rf power-amplifier circuit.

liN ZOUT
(COMPLEX1--l r--(COMPLEX)

! ! r-i-j
I I
I .---H~
I
I
I

1

Tapered Line Section

~ Quarter-wave or eighth-wave
line sections in which the imped­
ance changes exponentially (or hy­
perbolically) have additional pr op­
erties usefu l to t he circ uit de­
signer. These line sections can
be tapered directly to a desired
real impedance rather than a

tan.at = Zo (R~J~~2) ( 20 )

If the impedance Z2 is a resist­
ance (i.e., X2 = 0), the expression
for Zo reduces to the quarter­
wave transformer eq uation, and
l = A/4.

Eighth-Wave Line Sections

Eighth-wave (A/8) sections of
uniform line have additional use­
ful properties. If the eighth-wave
section of line is terminated in
a pure resistance, the input im­
pedance will have a magnitude
equal to the characteristic im­
pedance Zoof the line. Conversely,
an eighth-wave section of line
which is terminated in an im­
pedance whose magnitude is
equal to Zomust hav.e a real input

ponent of the complex admittance
of the device. An external ca­
pa citance Co or a stub provides
the necessary susceptance needed
to cancel the reactive component
of the device. In the output por­
tion of the circuit, a stub or a
lumped element at the collector
is used to bring the impedance to
a real value and then to a quar­
ter-wave line that goes to the
actual load.

Direct transformation between
the transistor (complex imped­
ance ) and a given source or load
(rea l resistance) is also possible.
The characteristic impedance z,
and length l of the transmission
line required to provide direct
transformation from a pure re­
sis tance R1 to an impedance Z2 =
R2 + jX2 can be determined by
use of the following equations:

- I X 22

z, = v'R1 R2 X \jl - R
2

(R
1

- R
2

)

. (1 9 )
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pre determined impe da nce as was
the case for a un iform line. In
a dditi on, because of the nature
of the TEM mode of propagation
in t hese tapered lines, subst an­
t ia l reductions in effe ctive line
lengths and , in creased transfor­
mation bandwidths are possi ble.
Th e design of an am plifi er ci rcuit
at a f requency of 2 GHz is des­
cr ibed as an example. The dy­
namic input impedance Zin and
collector load impedance ZCL of
the trans is to r to be used are as
foll ow~ :

Ziu = 7.5 + j 8.0 ohms (23)

ZCL= 6.5 + j 33 ohms (24)

The amplifier uses an ai r-l ine in­
pu t circui t and an air-li ne out­
put circuit s imila r t o that shown
in Fig. 48.

Figure 48. Capac itive-probe-coupled output
cavity.

For the design of the output
circ uit, the optimum character is­
t ic impedance Zo of the output
line is calculated from Eq. (21)
to be 31 ohms. The coll ector load
impedance ZCL is normalized as
fo llows:

Zcr.' = ZcUZo= 0.18 + jO.915
(25)

P oint Zcr.' is then located on the
Smith Char t shown in Fig. 49
and rotat ed ab out t he constant­
VSW R circ le toward the load. The
int ersection of t he VSWR circle
and the 1.39 cons tant-resis tanc e

circle is denot ed as poin t Zr.' (the
load res is tance is assumed to be
50 ohms and the normalized load
resistance is, t herefore, 1.39
ohms ). At point Zr.', t he normal­
ized imp edance is gi ven by

ZL' = 1.39 - j 3.3 (26)

The load impedance Zr. is t hen
equal to

Zr, = ZoZr.' = 36 (1.39 - j 3.3)

= 50 - j 119 ohms (27)
The line length requ ire d to tran s­
form the t ransistor collecto r load
impedance from 0.5 ohm to a
load impedance of 50 ohms
is determined from F ig. 49 to
be equal to 0.33.\ (where .\ is
the wavelength in air ) . At 2
GHz, .\ is equal to 5.9 inches, an d
the length of output lin e is cal­
cu lated to be 1.95 inc hes. A ca pa­
ci tive reactance component with
a va lue equal t o 119 ohms is

. needed to complete the ou tpu t cir­
cuit, as shown in Fig. 50 (a ) .

F or the design of the input
circuit, a character istic impedance
Z" of 11 ohms is calculated from
Eq. (21). The input impedance
Ziu is no rmalized as follows:

Zln' = (Zin/ Zo) =0.68 + 0.725
(28)

Poin t ZiU' is then located on the
Smith Char t shown in Fig. 51
and rotated about the constant­
VSWR circle toward the genera­
tor to locate the intersection be­
tween t he VSWR circle and
the 4.55-ohm constant-resistance
circle. (T he driving-source imped­
ance is assumed to be 50 ohms
and the normalized source imped­
ance is, therefore, 4.55 ohms .)
However, Fig. 51 shows that
such an intersection is not pos­
sible and that a more sophist icated
input cir cuit . is needed. One



Figure 49. Sm ith-cha rt admittance plot for design of ou tput t ransm iss ion-li ne mat chi ng
sect ion.
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Figure 50. Input and output transmiss ion
lines w it h t ransm ission-lin e matc hing sec­
t ions add ed to provide required impedance
transformation: (a) output line; (b) input
line using series matc h ing sect ion; (c) in-
put l ine using ser ies matching section

foreshortened by react ive eleme nt s.

(0)

III)

50n

r--0.33~ ----j 1190

o D-l
ZO'360 ,

ZO'37A
_ _ Zo'IID

Zo50Q Zl o27.4A
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Figure 51. Smith-chart adm ittance plot used for design of input transm ission-line
matching sect ions.

67

ohms. Suc h a n input circ uit is
shown in Fig. 50 (b) . An other
possible input circu it us es added
reactive elements, as show n in
Fig. 50 (c), to foreshorten the
addition al line sec tion.

The design of micrcstripline
circ uits is the sa me as t hat de­
scribed for a ir-line ci rcuits, ex­
cept that the wavelength of t he
lin e mu st be modified by a f actor
of l i v E, where E is t he dielectric
constant of t he insulator material
of t he stripline.

possible circ uit employs another
section of lin e. F a" minimum
VSWR in the added sect ion of
line, the line length for the 11­
ohm line must be A/8 or 0.75 inch,
as di scussed previously . This
poin t , den oted as Zl' in Fig. 51,
is eq ual t o 2.5 ohms ; the imped­
an ce Zl is t hen 27.4 ohms. The
cha racteristic imp edan ce of t he
added line section r equir ed to
t ransform a r esi sta nce of 27.4
ohms to a 50-ohm source is cal­
culated f rom Eq. (18) to be 37
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Single-Sideband Systems

SINGLE -SID E BAND communi­
cation systems have many ad ­

vantages over AM and FM sys­
tems. In areas where reliability of
transmission as well as power con­
servation are of prime concern,
SSB transmitters are usually em­
ployed. Th e main advantages of
SS B operation include reduced
power consumption for effective
transmission, reduced channel
width to per mit more transmitters
to be operated within a given fre­
quency range, and improved sig­
nal-to-noise ratio .

In a conventional lOO-per-cent
modulated AM transmitter, two­
thirds of the total power deli vered
by the power amplifier is at the
carrier frequency, and contributes
nothing to the transmission of
intelligence. The remaining third
of the total radiated power is dis ­
tributed equally between the two
sidebands . Because both sidebands
are identical in intelligence con­
tent, the transmission of one side­
band would be sufficient. In AM,
therefore, only one-sixth of the
total rf power is fully utilized. In
an SSB system, no power is trans­
mitted in the suppressed sideband,
and power in the carrier is greatly
reduced or eliminated; as a result,

the dc power requirement is sub­
stantially reduced. In other words,
for the same de input power, the
peak useful output power of an
SSE transmitter, in which the
ca r r ier is completely suppressed,
is th eoretically six times that of
a conventional AM transmitter.

Another advantage of SSB
tra nsmiss ion is that elimination
of one sideband reduces the chan­
nel width re quired for transmis­
sion to one-half that re quired for
AM transmission. Theoretically,
therefore, two SSB transmitters
can be operated within a fre­
quency spectrum that is normally
required for one AM transmitter.

In a s ingle-s ideband sys tem, the
sig nal-to-noise power ratio is eight
times as great as that of a fully
modul ated double-sideband system
for the same peak power.

ANALYSIS OF SSB SIGNAL

A single-sideband signal is usu­
ally generated at low level and
then amplified through a chain of
linear amplifiers to the desired
power. The two most commonly
used methods of generating side­
band signals are with the filter-
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type generator and the phasing­
type generator.

It can be shown mathematically
that a single-sideband signal is
derived from an amplitude-modu­
lated wave. If an rf carrier fre­
quency is modulated by an audio
f re quency, the resulting AM wave
can be expressed by the following
equation:

e = Eo (1+m cos 211" fm t ) Sill 211" fa t

e = Eo sin 211" fa t
+ m Eocos 211" fmt sin 211" fa t

(29)

in wh ich fill is the audio modulat­
ing frequency, f e is the carrier
frequency, and m is the per-cent­
modulati on factor . Expansion of
the last term of this equation into
functions of sum and difference
angles by the usual trigonometric
formulas results in the f ollowing
expressi on :

e = Eo sin 211" fc t

+ (m Eo/ 2) sin 211" (fc+ fm ) t

+ (m Eo/ 2) sin 211" (fc- fill ) t

(30 )

This equation contains three
components, each of which repre­
sents a wave. The first wave, rep­
resented by t he term Eusin21rfet,
is called the carrier. It is 'present
with or without modulation and
maintains a constant average am ­
plitude at a frequency fe• The
ot her two components of the equa­
ti on represent waves that have
equ al amplit ude, but frequencies
ab ove and below the carrier fre­
quency by the am ount of the mod­
ulating frequency. These compo­
nents contain identical intelligence
and are ca lled sideband frequen­
cies. The amplitude of the side-
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band freque ncies depends on the
degree of modulati on (m) . The
higher the m factor, the greater
the " talk power." Because only t he
sidebands transmi t intelligence
and because each sideband is a
mirror image of the other, it is
reasonable to assume that if t he
carrier and one sideband are elimi­
nated, the remaining sideband is
adequate for transmission of in ­
telligence. This technique is ap ­
plied in single-sideband transmis­
s ion.

As mentioned previousl y, the
elimination of one sideband re­
duces the bandwidth re quired by
one half. This adva nta ge is not
fully realized unless the transmit­
t er has t he capability to amplify
a s ignal linearly without intro­
ducing distortion products. Exces­
s ive distortion nullifies the advan­
t ag e of reduced bandwidth in SSE
t ransmiss ion by generating un­
wanted frequencies which occupy
segments of the spectrum that are
allocated for other transmitters.
The main objection to t his distor­
tion is not that it seriously affects
intelligibility of the s ignal in the
passband, but that it radiates rf
energy on both sides of the pass­
band and interferes with adjacent
cha nnels.

LINEARITY TEST

F or an amplifier to be linear, a
relationship must exist such that
the output voltage is directly pro­
portional to the input voltage for
all si gnal amplitudes. Because a
single-f requency signal in a per­
f ectly linear single-sideband sys ­
te m remains unchanged at all
points in t he signal path, the sig­
nal cannot be distinguished from
a cw signal or from an unmodu­
lated carrier of an AM transmit­
ter. To measure the linearity of
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an amplifier, it is necessary to use
a signa l that va ri es in ampli t ude .
In t he method commonly used to
measure nonlinear distortion, two
sine-wave voltages of different
frequencies are applied to the am ­
plifier input si multaneously, and
the su m, difference, and va rious
comb ination freq uencies that are
produ ced by nonlinea r iti es of
the amplifier a re observed. A fre­
quency difference of 1 to 2 kHz is
used wi dely for this purp ose. A
ty pical two -tone signal without
dis tortion, as displ ayed on a spec­
t ru m analyzer, is show n in Fig.
52. The resultant signal envelope

11 jl"" ~""'
f l f 2

FREQUENCY

Figure 52. Frequency spectrum for a
typical two -tone signal without distortion.

varies continuously between zero
and maxim um at an audio-fre­
que ncy rate. When t he signals are
in ph ase, t he peak of t he two­
frequency envelope is lim it ed by
the voltage and current rati ngs of
the t rans istor to the same power
rating as that for the single-f re­
quency case. Beca use the ampli­
tude of each two -tone f requency
is equal to one-ha lf the cw am pli­
tude under peak power condition,
the average power of one tone of
a two -tone signal is one-fourth the
single-f requency power. For two
tones, conversely, the pea k en­
velope power ( P E P) rating of a
single-sideband system is two
t ime s the average pow er rating.

INTERMODULATION
DISTORTION

Nonlinearities in an ampli fier
generate intermodulation di stor-
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tion IMD. Th e important IMD
products a re t hose close to t he
desi red output f requency, which
occur wit hin the pass band and
cannot be filtered out by normal
tuned circu its . If f 1 and f 2 a re the
two desi red output signals, t hird­
order 1M products take t he form
2f 1 - f 2 and 2f 2 - fl ' The match­
ing t hird -order te rms are 2f 1 + f 2
and 2f 2 + f l , but these matching
terms correspond to frequencies
near t he third harmonic output of
the amplifier and are great ly at­
tenu ate d by t uned circu its . It is
impor tant to note that only odd­
order distortion products appear
near t he fundamental f requency.
The freque ncy spectrum show n in
Fig. 53 illustrates the frequenc y
relati onship of some disto rtion
products to the te st si gnals f 1 an d
f 2 • All such produc ts are ei ther in
the difference-frequency re gion or
in t he harmoni c regions of the
original f requencies. T uned cir ­
cuits or filter s following t he non­
linea r elements can effectively r e­
move all products generat ed by t he

FUNDAMENTAL
~ ffi~U~C~S

~ THIRD-ORDER DISTORTION

i FIFTH-ORDER
~ L.----I-l.-L.-L....I-..J:::._ 01STORTION

NN-N--

N7--",;"N
'::-..: _N':"N.., '" '" ..,

FREQUENCY

Figu re 53. Frequency spectr um show ing
the frequency relat ionship of some distor­
t ion prod ucts t o two test signals f1 and to.

even-order comp onents of curva­
ture. Therefore, the second-order
component that produces the sec­
ond harmonic does not produce
any distortion in a narrow-band
SSB linear ampl ifier. This factor
explains wh y class AB and cla ss
B rf amplifiers can be use d as
linear amplifiers in SSB equip-
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where second breakdown may oc­
cur . The suscept ibility of a tran­
sistor to second breakdown is
f requency- dependent . Experimen­
tal r esults ind icate that the higher
the frequency response of a tran­
sistor, the more seve re the second­
breakdown limitation becomes.
For an rf power tran sistor, the
second-breakdown energy level at
hi gh voltage (greater than 20
volts ) becomes a sma ll fraction of
its rated maximum power dissi­
pat ion. This behav ior is one of the
r easons tha t vacuum tubes have
tradit ionally been used in single­
sideband applicatio ns.

A power transi st or designed
espec ia lly for us e as a linear am­
plifi er is required t o perform
sat is fa cto r ily when forward­
biased for class AB opera t ion,
as well as to exhibit the desired
high-frequency response. Table IX
lists transi stors characterized for
single-sideband applicati ons.

The abili ty of the transistor to
withstand second breakdown is im­
proved by su bdividing the emit­
ter in to many sma ll sit es and re­
sis t ively ballasting the individual
sites. An RCA-2N6093 transistor
designed specifica lly for linear­
amplifier service in SSB applica­
tions has an overlay st ruct ure
with 540 parallel emitter sit es,
in t erconnected with metal fin­
ge rs. Current-limiting re si stors
are placed in ser ies with each
emitter sit e between the metaliz­
ing and the emitter-to-base junc­
ti on. The SSB RCA-2N6093 tran­
sisto r has a high emitter-periph­
ery-to-coll ector-area and a high
emi tter- periphery-to-emitter-area
ratio, and thereby combines good
high-current performan ce with
low ca pa citance.

Physically, second breakdown is
a local thermal-runaway effect in­
duced by seve re current concen-

ment even th ough the collector ­
current pu lses conta in large
amou nts of second-harmonic cu r­
r ent. In a wideba nd lin ea r ap­
plicati on, however, it is possible
for harm onics of the operati ng
frequency to occur within the pass
ba nd of the output circ uit. Biasing
the output transistor further in to
class AB can greatly red uce the
undes ired harmonics. Operati on of
two transistors in the push-pull
configu ration can also result in
cancellation of even harm onics in
the output.

Th e IMD ratio (in dB) is the
ra ti o of the amplitude of one te st­
frequen cy to th e ampli tu de of the
str ongest distortion produ ct. A
signal-t o-dis to rt ion specifica t ion
of -30 dB mean s that no di stor­
t ion pr odu ct will exceed this
va lue for a two-to ne signal level
up to the PEP rating of the am­
plifier. A ty pical presentation of
IMD for an RCA-2N609 3 tran si s­
t or at va r ious output-power level s
is shown in Fig. 54.

Most high-frequency power
t ra ns istors are designed for class
C ope ration . F orward biasing of
such devices for class AB oper­
at ion places them in a region

I
Z
o
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II::
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UlZ
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~Cii
03:30
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;5'"
~ ~ 400 20 40 60 80 100
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....
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Figure 54. Typ ical intermodulation d istor­
tion in an RCA-2N6093 transistor at var ious

output power levels.
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I

Primary Application

Linear Ampl ifier
Lin ear Amplifier

Package
Type

Power
Gain

(Min.)
(dB)

13
13

plie d across the emi tter-to-base
ju nct ion and r es istor network, an
in crease in i , at anyone site
ca uses a ri se in t he iere voltage
drop which , in t urn , r es ul ts in a
de crease in the current to that
site, i.e ., the exp onential term of
the equa t ion diminishes as the
qu antity (V - iere) de creases.
This condition effective ly stabil­
izes t hat region. The addition of
re si stance to the emitters of the
transistor h as a degenerative ef­
fect on the device performance.
However, if a large number of
s ites are connected in parallel ,
h igh-value individual resi stors
(r.) can be s ustained while a
small total r esistance (R t ) is
s t ill maintained at the input of
the transistor, as indicated by the
following relationship:

(J/ Rt ) = (l / rel) + (l / rd + (l / rea)
+ ...+ (l /re n) (33)

A relativel y large va lue of
ballast resi stance is desirable for
preven tion of second breakdown
and for improvement of thermal
stabili ty and lineari ty of t ransf er
characteristics. However, be ­
ca us e ballast resis tors are in
ser ies with the load, excessive
ballasting can ser io us ly de­
grade th e rf performance of the
transi stor. Therefore, in a high­
frequency power amplifier with
low supply voltage, the im­
pedance of the emitter resis -

Output Collector
Operating Power Supply
Frequency (Min.) Voltage

Type M(Hz) (WI (V)

2N5070 30 25 (PEP) 28
2N6093 30 75 (PEP) 28
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This equation indicates that
when a constant voltage V is ap-

Figure 55. Schemat ic repre senta t ion of the
separate ernlt te i si tes in an " overla y" tran­
sistor with a resistor connected in series

with each site .

i, = i, [e(q/kT) v D • - 1]

= i , [e (q/kT) (V- ie re) - 1]
(32 )

trations . Th e evidence of the ran­
dom dist ribut ion of hot spots over'
the surface of the unit indica tes
that seco nd breakdown may occur
anywhere in the transistor . When
a ba llast resi stor is used in each
em itter s it e, current concentration
is minimized. Fig. 55 is a sche ­
mati c represen t ati on of the tran­
sis tor showing the sepa rat e emit­
ters with re si stors in series with

each sit e. The voltage drop across
each site is expressed by the fol­
lowing equation :

V =VRE+iere (31 )

Changes in V il E have an exponen­
t ial effect on the emitter current
i. , as follows:
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tance can become an appreciable
portion of the reflected load pre­
sented to the collector and, as a
result, can limit the power output.
In determining t he proper emitter­
re si stance value, a compromise
must be made empirically so that
sufficient second-breakdown pro­
tection is provided without seri­
ous effects on r f performance.

The ad verse effect of high bal­
last resistan ce, besides reduced rf
output power, is the increase in
sat urat ion voltage. Viewed exter­
nally, the total saturation voltage
als o includes the voltage drop
across t he ballast resistance. This
additional voltage makes the
"sof t" output characteristics of a
transistor at high-current even
softer. As a result, the available
linear reg ion through which the
signal can swing is limit ed.

Examination of the rel ationship
of intermodu lation distortion to
power output reveals that t hird­
order distortion increases at both
h igh and low output levels, as
shown in Fig. 54. The inherent
decrease in beta at high current,
which ca uses variation in gain
over a la rge portion of the col­
lector dynamic characteristics,
introduces additional distortion.
The additional distortion is indi­
cated by flattening of the peak of
the sinus oida l swing.

The operation of a transistor
near t he saturation region has a
pronounced effect on t hird-order
distortion . All higher odd-order
distortion products do not seem
to be affe cted greatly by transis­
tor operating conditions. The in­
creas e in distortion below 20 watts
PEP can be attributed to lack of
sufficient collector quiescent cu r­
rent. Nonli nea rity caused by the
voltage-current characteristic of
the base-to -emitter junction af­
fects distortion at low power
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levels. Third-order distortion is
improved by use of a hi gh er bias
cur rent, as shown in Fig . 56.

If collector bias current is set
too hi gh initia lly in an attempt to
improve linearity at low power­
output levels, the linear region of
the collector character ist ic is re­
duced. As a result, distortion be­
cause of saturation occurs much
sooner . The controlling factor in
determining the proper bias-cur­
rent level is usually the maxim um
distortion that can be tolerated
at a given power output. F or a
given transistor type, t he bias
poin t that yields the best compro­
mise between linear performance
and good collector efficiency mu st
be determined experimentally. A

z
o
i=
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~ 20,--,r---,.-,r-r..,.---r----,

!!!1Ilc",

~130~:::::::'~-.l_b-l-l---+--l
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~ 40 1 246 8 102 4

ei COLLECTOR BIAS CURRENT-mA
....
:!:

Fig ure 56. Intermodu lat ion distortion as
a funct ion of collector bias current for the

RCA·2N6093 SSB trans istor.

collector bias current of f rom 2 to
20 milliamperes f or t he RCA­
2N6 093 SSB t rans istor is ade­
quate to deliver 85 watts PEP.
F ig . 57 sho ws a curve of power
output as a f unct ion of s upply
voltage with distor t ion main­
tained at -30 dB.

Bias Control

Operation of the trans istor in a
class AB amplifier to improve
lin ear ity requ ires the use of a
pos itive base voltage for an n-p-n
silicon t ransistor. The magnitude
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where
kTj q = 0.032 volt at 100°C
R, = total ballast re si stance
() je = j unc t ion-to-case thermal

resi stance
0.002VJOC =base-to-emitter

j unction te mpe ra­
t ure coefficient

II'; = emitter cu rrent
Ie = collector cu rrent
Vo ; = collector-to-emi t ter

voltage
If Ie = I E' Eq . ( 34) can be solved
to find IE at bend -back:

I E = - kTj q
R, - (lJ_c(0 .002Vj °C)VCE (35)

Thermal r unaway ca n be at­
tributed to the f act t hat t he base­
to-emitter j unc t ion of a trans is­
to r has a negative te mperature
coefficient. F or exam pl e, t he RCA-

ti on tha t ulti mate ly destroys the
transi stor.

In most linear applications
whe re t he ope rating point of the
device is biased with a volt age
so urce, t h is Ie-VilE cu rv e becomes
an accu rate means of predicting
device stability. It is diffi cult to
maintain a stable quiescent point
of a transistor with low bend­
back. Laboratory resu lts indicate
that a mi n im um bend-back cur­
rent of 1 ampere at 22 volts is
ne eded f or a t ransi stor to oper­
ate safely at 40-per -cent efficiency
wit h approxima te ly 50 watts of
d issipa ti on.

Bend-back occ urs wh en the in­
crease of VBE with collector cu r­
rent is just bal anced by t he de­
crea se in VBE ca used by junction­
te mperature ri se . Therefore, at
bend ba ck,

kTjq + lERt
= 8J_c(0.002VjOC I c VCE

(34)

16 20 24 28 32
COLLECTOR SUPPLY VOLTAGE--V

INTERMODULATION DISTORTION
-30 dB
COLLECTOR BIAS
CURRENT: 20 mA - -f------,A----l

3:
~ I0 0 r:-:=,..,..,.,c::-:-:-:-:-:::-:-:-,-,-,-==,..,--,------,
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Figu re 57. Peak envelope power as a tunc­
t ion of co llector supply vo ltage for the

RCA-2N6093 SSB transistor.

s :BEND-BACK

I- I
ffi I VBE INCREASE .
~ OOEM OOEroa IQ-C(0.002lIC,VCE IE Rt AND kT/q

a: I

13....
:l
8

BASE-TO-EMITTER VOLTAGE (VBE )

Figure 58. The bend-back phenomenon .

negative re s istance, ca lled bend­
back, re sult s in a runaway condi-

of the positive voltage must be
large enough to bias the tran si stor
to a point slight ly beyond the
threshold of collector-cur rent con­
duction. The class AB bi as cond i­
tion must be maintained over a
wide temperature ran ge to pre­
vent an increase in idling cur re nt
to the level at which the transi s­
tor can be destroyed as a result of
thermal runaway and to minimize
distortion that results from a shift
in the quiescent point. In vest iga­
tions of transi stors t hat f ail re­
veal that these devices exhib it a
maximum VBE a nd t he n go into
a negative-resi stance re gi on as
shown in Fig. 58 . The ons et of
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NARROW-BAND
LINEAR AMPLIFIER

C, where the operating point falIs
outside of the safe area of Fig.
60. Therefor e, catastrophe fai l­
ure will occur as a resu lt of ther­
ma l runaway.

A bias-compensat ion circ uit is
in cl ud ed in t he 30-MHz, 75-watt
(P EP) amp lifie r shown in Fig.
62. The current amplifier uses
Q1 and Q2 in a differenti al- ampli­
fier a r range ment so that the out -

CASE ..-. ......
TEMPERATURE' \I
(Tc l· 150 · C , ,~

~ ~o~
HOT-SPOT '\.\' C;

- -
TEMPERATURE
(TJSI' 200·C

NOTE:
.,.

TJS IS DETERMINED VCEO

BY USE OF INFRARED mSCANNING TECHNIQUES
2. 468 2. 468

I 10 lac
COLLECTOR-TO-EMITTER VOLTAGE

(V CE) -V

60. Safe area for dc operation of
the RCA-2N6093.

Figu re

Compensating Diode

To provide a bias voltage that
varies with temperature in the
same manner as VB E of t he tran­
sistor, t he 2N6093 incorporates a
compen sating diode as shown in
Fig. 61 (a). To assure fas t ther­
mal response ti me, this diode is
mounted on the same beryllia disc
as the transistor chip. The diode,
forward-biased through Rm...
serves as a temperature-sensing
element. The voltage developed
across the diode is amplified to
provide a "stiff" bias-voltage
source. Fig. 61 (b) shows the
block diagram of a temperature­
compensated 30-MHz lin ear power
amplifier that uses this t rans istor .
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BASE-TO-EM ITTER VOLTAGE ("JBEI-V

..
I

2N6093 transistor is forward­
biased by 0.65 volt to produce a
quiescent colIector current of
about 20 milliamperes at Vee =
28 volts. This operating point is
show n at poi nt A in Fig. 59
When rf dr ive is applied, the col­
lector current increases to 3 am­
peres. If the efficiency is 40 pe r
cent, the power dissipated in the
transistor is given by

P d l " . = 28 X 3 (1 - 0.40)
= 50 watts

If t he ambient te mperatur e is
25°C, the case temp era t ure is
50·C, and t he therma l resistanc e
is 1.5· C per watt, the junction
temperat ure is given by

T J = Tc + Pdi•• . OJ-C

= 50 + 50 X 1.5 = 125°C. (36)
The j un cti on te mperature is t hus
100· C above ambient temper at ure.
At this j unction temperature,
the VB E re quired to maintain
a colIector cu rrent of 20 milliam­
pe re s is on ly 0.65 - 100 X 0.002 =
0.45 volt, as shown at point B. If
t he bias voltage is fixed at 0.65
volt, however, and t he drive is re­
moved instantaneously, the qui­
escent cu rrent will no longer be
20 milIiamperes. Inst ead, the col­
lector cur rent wiII move to point

Figure 59. Collector curren t as a func­
ti on of base-to-emitter voltage in the

RCA-2N6093 for two values of junction
temperature.
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Figure 61. Block diagram of a temperature-compensated 30-MHz linear ampl ifi er that
uses the RCA-2N6093 transistor.

Figure 62. Use of the RCA-2N6D93 in a 30-MHz,.75-watt (PEP) amplifier w ith temperature
compensation .
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VCC=28V

Figure 64. Output powe r and lntermodu­
lation distortion as a funct ion of case
temperature for the RCA·2N6093 ampl if ier

shown in Fig . 62
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CASE T EMPERATURE- oC

t ures is ca used by a drop in high­
frequ en cy gain and an in crease
in r f saturation voltage. The de­
creas e in hre produces a soft
saturat ion knee that in creases
distortion.

The common-emitte r configura­
t ion sho uld be us ed f or a line ar
power amplifier becau se of its
stability and high power gain.
T un ing is less cr itical, and t he
ampli fier is less sensitive to va r i­
ations in parameters among tran­
sis tors. The class AB mode is used
to obtain low in termodulation
distortion. Nei ther re si sti ve load­
ing nor ne utralization is used to
improve linearity bec a use of the
resulting drasti c reduction in
power gain ; f urthermore, neu­
t ralization is difficult for large

20 40 60 80 10 0 120 140 160 signa ls because pa rameters suc h
CASE TEMPERATURE(TCI-OC as outp ut ca pacitance and output

Figu re 63. Quiescent collector current in and inp ut imp edances va ry non­
t he RCA·2N6093 as a funct ion of case
temperature with and without temperature lin ea rl y over the limits of signa l

compensation . sw ing.
Fig. 62 shows a schematic dia­

gram of a nar row-band, hi gh ­
power, 30-MHz amplifier . The am­
plifier provides an output power
of 75 wa t ts PEP from a 28-volt
powe r sup ply. The impedance of
the base-to -emitter junction of
the RCA-2N6093 SSB t rans istor
in t his circ uit is transformed to
50 ohms to ma tch t he impedan ce
of t he drive source. The input
circu it to the t rans istor ca n be
repr ese nted as a re sistance (r bl.')

in series with a capacitance C!.
The in put network must tune out
t he capacitanc e C1 and must pre­
se nt a pure resistive load to t he
dr iver. The in put ne twork is
fo rmed by the T-netw ork cons is t­
in g of ca pacitors CI and C2 and
inductor L I • The va lu e of L I is
chos en so t hat t he inductive re­
ac ta nce is much greater than the
reactance of C!. Se r ies tuning of
t he base-to-emitter circ uit is ob-

put voltage is independent of am­
bient-t emperat ur e va r ia t ions. Q3
and Q4 provide t he necessary
cur rent amplifica t ion. The bias
cu r re nt in rf t rans istor Q5 can be
adj us t ed by va rying R I .

As shown in Fig. 63, with no
rf signa l the for ward-biased tran­
sistor is statica lly stable up to a
case temperature of 160· C. The
!z 10 0 ,....-- - - - -r-- - - - - ---,
a..J
a:
a:a 80

l5<l:
l:i 160
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dashed line in Fig. 63 shows
that wi t ho ut temperature com­
pensation the transistor tends to
thermal runaway around 80·C. To
furth er show the effe ctiveness
of compensation , t he t hird-or der
distortion and output power are
pl otted as a f un cti on of case tern­
perture in Fig. 64. The decrease
in output power a t hi gh te mpe ra-
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Fig. 65 shows a 2-to-30-MHz
wide-band linear amplifier t ha t
uses an RCA rf power t r ansistor
other than the diode-compensated
2N6093. This amplifier uses an
RCA-2N5070 to develop a power
out put of 5 wat ts PEP. At this
power level , IMD pro ducts a r e
more than 40 dB below one tone
of a two-tone signal. Power ga in
is greater than 40 dB.

In low-power linear amplifiers .
the use of te mpe rature-compen­
sating circu its is sometimes not
necessary if t he trans istor output
power is less t han 50 pe r cent of
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BROADBAND LINEAR
AMPLIFIER

increased . Fig. 63 shows t he ef­
fect of temperature compensation
on t he collector current of the
2N6093, and Fig. 64 shows t he
output and intermodulat ion-dis­
tortion cha racteristics of the 30­
MHz amplifier as a f unct ion of
te mperature .

120
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IN3191

0.001 0 .01 0.0033
0.001 I'F I'F I'F

I'F TYPE
15 2 15 10 15 15 IN3191 7.5 10 5

TYPE
IN3191

27

1500

Figu re 65. A 5-watt PEP 2-to-30-MHz li near power ampl ifier .

ta ined by L1 and the parallel com­
bination of C2 and C1, together
wit h t he capacitance of the
dr iver stage.

Inductor L2 in t he output cir­
cuit is selected to resonate wit h
the t ransistor output capacitance.
Capacitors C3 an d C{ and induc­
tor La provide t he proper im­
pedance transformation from 50
ohms to 3.13 ohms at the resonant
freq uency . Base-bias voltage is
obtained from the output of t he
compensating circu it . If t he bias
voltage is not temperature-com­
pensated, bot h lin eari ty and col­
lecter efficiency can be affected.
When an rf signal is applied to
the amplifier under hi gh -power
conditions, the recti fyi ng property
of the base-to-emitter ju nction
charges any capacitance present
in t he base circ uit of t he trans is ­
to r. This charge ca n a lter the bias
point a nd reduce the angle of con­
ducti on ; th e ampl ifier t hen ope r ­
ates more toward class C, and
distortion and efficiency a re both

78
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t he RCA-2N6093.
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Figu re 67. Typ ica l large-signal ser ies in ­
put impedance (R ln + jX ln) as a function

of f requency for t he RCA-2N6093.

freque ncy, if ava ilable, ca n pro­
vide cons ta nt gain under bro ad­
band operat ion ; s uc h a t ransi stor
elimina tes t he need for additiona l
ga in -level ing circ uit ry. Becau se
circu it optimization becomes
more d ifficult with high-p owe r
br oadba nd ope ration, the need for
thermal s ta bili ty becomes mo re
acute, and t he nec ess ity of di ode
compensation at hi gh output
powers becomes grea ter. To pro ­
vide this stability, the t rans is­
tor should have a n in terna lly
mou nted compensatin g diode.

The advantages which esp e­
cia lly suit t he 2N6 093 f or broad­
band ing a re its low in put Q and
it s internally mounted compen­
sating diode. Its main disad van-

COLLECTOR SUPPLY VOLTAGE
(VCC)- 28 V

CASE TEMPERATURE(1(;)- 25'C
IMD $ - 30 dB

~

I.
UJ10Ot---.- .----r- -,----,- -,----Je
It: 751--\:4t<-1~'<!-'1,,_/~~

'"
~
l1.

.... 25HO-J',.-"""~,.......jp.....'}!OO_:J----.j

~ INPUT POWER (PIE)=0 .1W(PEP)

B 05 10 15 202530

FREQUENCY (f) - MHz

Befor e an y circuit ca n be de­
s igned, the transi stor input im­
pedance a nd the collec to r load
impeda nce over the r equired f re­
qu en cy band and at the desired
lev els of output power, I MD, case
te mperat ure , and collector s upply
voltage must be known or mea­
sured. The circuit design er must
a lso know t he trans istor ' power
gain ove r the same band. Cur ves
of th ese cha racter is t ics fo r the
RCA-2N6093 a re sh own in Figs .
66, 67, and 68. A bro ad ba nd
transi stor sho uld be select ed for
minima l impeda nce variation an d
low input Q across t he freque ncy
band . A transisto r that has a n f T
well a bov e t he hi ghest ope rat ing

HIGHER-POWER BROADBAND
LINEAR AMPLIFIERS

Figure 66. Typica l output powe r as a fu nc­
t ion of f req uency for the RCA-2N6093.

its ma ximum cw power rating.
The RCA-2N5070 transistor is
useful in su ch applications . This
t rans is t or is specified fo r SSE ap­
plications without temperature
compensation as f oll ows:

Frequ ency = 30 MHz
P" (P EP) at 28 V = 25 W
Power Gain = 13 dB (min.)
Collecto r Efficiency =

40 % (min.)



Table X-Permeability and Frequency Dependence of
Ferramic-Q Materials

10
90

225

Approximate Frequency
at which core losses

increase by a factor of10
(MHz)

Figure 69. Transmission-line transformers:
(a) 1:1 reveralngj isolating transformer; (b)

4:1 impedance transformer.
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(0 )

(bl

ful properties is given in Table
X. Because t he transformer per­
formance is less dependent on
core material at the higher-fre­
quency end of its useful range,
the poor intrinsic Q of Q-l ma­
terial above 20 MHz does not de­
grade the transformer operation
at 30 MHz. Q-2 material, having
lower permeability, requires more
turns for operation at the lower
frequencies.

H yb rid Combi ner / Dividers­
Hybrid combiner / dividers can be
made by use of combinations of
the 1: 1 and 4: 1 transformers on

125
40
16

Permeability

Q-l
Q·2
Q-3

Material
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Design Techniques

After selection of the transis­
tor and measurement of its broad­
band parameters, the next st ep
is to sel ect the circuit approach.
Th e most practical broadbanding
method to provide an effective
impedance transformation over
four octaves (2 to 30 MHz) is
a transmission-line-transformer/
ferrite-core combination . The ma ­
jor disadvantage of a transmis­
sion line transformer is the
limited number of impedance
transformations available: 1 :1,
4: 1, 9:1, etc. The two fundamental
configurations are the 1 :1 revers­
ing transformer and the 4 :1 im­
pedance transformer shown in
Fig. 69.

F er rite Cores-At low frequen­
cies, a high primary reactance
can be obtained with a few turns
of transmission line on a high­
pe r mea bil ity ferrite core. At high
frequencies where length be­
comes critical, the permeability of
the core decreases, thereby main­
taining approximately the same
lev els of reactance with a short
length of transmission line. Fer­
ramic-Q core material is avail­
able in three high-frequency
grade s ; a tabulation of their use-

tage is a 15-dB gain decrease
from 2 to 30 MHz that results
from operation on a power-gain
slope of 6 dB per octave.
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A

mu ch larger than R2 that is con­
ne cted in shu nt wi th each base ­
to-emitter junction. (Thus A-to­
ground represents a conduct ing
t ransistor, while B-to-ground rep­
resents a cut-off trans istor, in
Fig. 72.) R1 dissipates any im­
ba la nc es in power or pha sing.

To find th e input re sistance to
th e network of Fig. 72, the net­
work eq uations are wr itten as fol­
lows:

II = 12 = I~ = 14 V2 - V4 = V4 - Va

15 =16=211 Vl=2 (V2 -V~ )

17 = I:; - Is V4 = R1 110

IR=II) V2 =I7 R2

I II = II) + 16 Va = n, III

110 = Is + II) (37)

The se equ ations yield Vt/I1 as a
f un ction of R1, R2, and Ra :

VI
R IN = ­

II

= 16 (HIlh + HIHa + R2Ra)
4H I + R2 + Ra

(38)
If RI = 1/2R2 and R~ = 5R2,

RH~ = 16 R2 • Th us the 3.12-ohm­
t rans istor re sistance is t rans ­
formed to 50 ohms.

Because of symmetrical load­
ing, the same hybrid configura-

Figure 72. A 16:1 broadband transforma ­
t ion network w ith ba lanced output.
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-
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ZO=R1NI2
11'---'"

RIN

Figure 70. A 4:1 broadband transforma­
tion network that uses two 1:1 transformers

to provide a balanced output.

rather than one 4:1 transformer,
to provide the balanced output
needed for a push-pull con figura­
tion. An equivalent transforma­
tion al so can be made with one
1:1 transformer and one 4:1
transformer, as shown in Fig.
71.

Figure 71. A 4:1 broadband transforma­
t ion network that uses a 1:1 transformer
and a 4:1 transformer to provide a bal-

anced output.

ferrite cores to provide high
impedance-transformation ratios.
As an example , Fig. 70 shows a
180-degree-phase hybrid divider
that matches a 50-ohm source to a
3.12-ohm pu sh-pull configuration.
Two 1 :1 transformers are used to
make the 4 :1 t rans fo rmation,

Fig. 72 shows a 16:1 broad­
band transformation network f or
a push-pull configuration . The
circuitry to the left of V2 is the
same as in Fig. 70; to the right
of V2 an extra transformer and
dissipating resistor have been
added . Points A and B are t ran­
sistor ba se inputs, R2 represents
the res istive input to a conduct­
ing t rans is t or, and Ra is a resistor
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tion provides an 8: I impedance
transformation when used as a
180-degree-phase power combiner
at the transistor collectors. This
combiner operation of the net­
work is shown in Fig. 73; the
output resistance is given by

VOUT
ROUT= -­

lOUT

= 16(HI H2 + HI H3 + H2Ih)
4RI + H2 + R3

(39)

If the collector load-line re si st­
ance is RI., and if R1 = V2RI. and
R2 = R3 = Rr., then

ROUl' = 8RI• ( 40 )

Thus ea ch collect or is provided
with a 6.25-ohm load line f or
ROUT = 50 ohms. The inductance
of the transmission line an d its
connectors is utilized to tune out
both input and out put negative
reactances.

Figure 73. Th e network of Fig. 72 used
as a 180-degree-phase power combiner.

2-to-30-M Hz Circuit Design

The push-pull configuration is
used not only because the 180-de­
gree-phase hybrids provide a high
transformation ratio, but also be­
cause this configuration sup­
presses second harmonics and
thus minimizes filter require­
ments at the output. If the output
power level and the input and
output impedance values at that
power level are known, the circuit
designer can ~se a combination of

RF Power Transistor Manual

l80-degree-phase hybrids, hybrid
res is tanc e values, and additional
transmission-line t ransformers to
complete the proper transforma­
ti on at the input and output.
After the transformation closest
to optimum match at the highest
operating frequency has been se­
lected, individual transformers
a re wou nd a nd me asured over the
desired frequency band. The
HP 48l5A vector impedance
meter, RX E oonton Meter, or a
simila r in strument ca n be used
for th ese measurements.

A l20-watt (P E P) linear am­
plifier for the 2-t o-30-MHz fre­
quenc ey r ange has been buil t
with a pair of RCA-2N6093 tran­
si stor s in push-pull, l80-degree­
ph ase hybrid power combiner / di­
vide rs, a nd single-ended 4 :1
tran sformers. The bl ock diagram
of this ampli fier is shown in Fig.
74, and the circuit diagram is
sho wn in Fig. 75.

Typi cal performance of this
amplifier across the hf band is
shown in Fig. 76. The power
gain exhibits the same 6-dE-per­
octave slope at mid-band low-fre­
quency roll-off noted in the nar­
rowband measurements (F ig.
66). Total gain variation is ap-

-proximately 15 dB.
The intermodulation di storti on

exceeds -30 dE at frequen cies
below 6 MHz . The circuit is ca ­
pable of -35 dE IMD over a good
portion of the band if opera te d
at the reduced output power of
100 to 110 watts PEP. If the same
circuit components and transfor­
mation networks are utilized, the
efficiency is somewhat reduced at
the reduced power level because
the collector circuit is opt imized
for higher power.

The efficiency of the amplifier
is 40 to 50 per cent across t he
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50 0
INPUT

ISO'- PHASE
HYBRID POWER
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2 , I IMPEDANCE

TRANSFORMATION

I r .II 6.25 0 LOAD LINE /2.5 0
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TRANSISTOR

·1 5 0 FOR
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50 0
OUTPUT

Figu re 74. Blo ck d iagram of a push -pul l linear ampl i fier lhat prov ides 120 wa tts PEP.

r -------- ..,
I TEMPERATURE - I

L~~~NS!,!!.N~ ~~_C!!C~!J VCC' +28VOLTS

Ct, C. =0.15 p.F, electrolytic
C3, C9 = 0.04 J,tF, ceramic
C. = 0.0027 p.F, ceramic
C. = 100 p.F, elec trol ytic
C. C. = 0.1 p.F, electrolytic
C. = 1000 pF, feedthrough, Allen.Brod ley FA5C

or equiv.
Ct. =5 p.F, electrolytic
Cll =va riable capacitor, ARCO 249 or equ iv.
Lr, L. = rf choke, 10 p.H
La, L. = 15 turns of No. 20 wire on Ql CF·l0B

Ind iana General ferrite core or equ iv .

Rt =3.3 ohms, 0.5 watt
Ro, Ra = 30 ohm s, 0.5 walt in parallel with 30

ohms, 0.5 walt
R. = 5.6 ohms, 0.5 watt in para llel w ith 5.6

ohms, 0.5 watt
Tr, T. = twa twistel pairs (9 turns per inch) of

No. 26 wi re in para llel; five turns on Ql
CF·l08 Ind iana General ferr ite core or equlv ,

T2, T3, T" TIS = six twi sted pa irs (9 turns pe r
inch) of No . 28 wire in parallel; five turns on
Ql CF·l0B Ind iana General ferrite core or
eq ulv .

Figure 75. 120·watt PEP, 2·10·30·MHz push-pul l linear ampl ifier.

band. Whe n operated at 120 watts
PEP wit h a Vee of 28 volts, the
amplifier becomes cu r re nt limited
at frequ encies below 3 MHz. The
in crease in VSWR is rel ated to the
in crease in t he real part of the
trans istor input impedan ce (see
Fig. 67) .

Fig . 77 shows the performan ce
of the 120-wat t PEP amplifier as
a function of case temperat ur e
at 30 MHz.

The ma in a dvantages of this
ty pe of circuit are its s implic ity
and compact ne ss . The di sadvan­
tages a re lack of gain level ing
and low efficiency at lower f r e­
qu encie s because of incr eased
VSWR.

Beca use t he re al va lue of t he
tran si st or input impeda nce in­
crea ses with decreasing f r e­
qu enc y, which a ffec ts bot h VSWR
and IM D, a res ist a nce-in ducta nce
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Fig ure 76. Typ ical performance of the
broadband 120-watt (PEP) pus h-pu ll l inear

ampl ifie r.

Figure 77. Performance of the 120-watt
(PEP) li near amplifier as a f unction of case

temperature at 30 MHz.

Figu re 78. A loop fee dback system for ga in-leveling.

RF
AMPLIF IER

LOAD

LI NEAR
PEAK

DETECTOR

DIRECTIONAL
COUPLER

hi gh-powe r circ uits , t he loop
fee dback system shown in Fig.
78 would be the most effective.
In this sy st em, inpu t and output
signa ls a re compared, and ga in
differences are compensated by
commens urat e in creases in input
a ttenuation .

For h igher powers, modules of
push-pull pairs ca n be pyramided
by the same hybrid-combin ing
techniques .

GAIN
L t---oll---? ADJUST

INPUT VOLTAGE-
CONTROLLED
ATTENUATOR

LINEAR
PEAK

DETECTOR

ser ies combin a ti on placed in
parallel with the 50-ohm input or
placed from base to base a ids the
t ransforma t ion ne twork in mak­
ing a practical match at low fre­
quencies. Th e impedance match
is impr oved and some inp ut
power is absorbed at low frequen­
cies ; t herefore, t he VSWR im­
proves and some gain leveling
occu rs . Other methods of gain
leveling in clud e collector-to -base
fe edback and loop fe edback ; for
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RF Amplifiers for Military
Communications Systems

TH E ruggedness , compactness ,
rel iability, and efficiency of

transistors make them especially
useful in military environments.
Aircraft communication equip­
ment, sonobuoy transmitters, and
air-rescue beacons are typical
military applications of rf power
transistors .

MILITARY AIRCRAFT
COMMUNICATIONS

The frequency range fr om 225
to 400 MHz is used in a la rge
variety of relatively-h igh-power
military communication systems .

Equipments a re usually ampli­
t ude -mod ulated and used for
voice-communication purposes.
The circ uits di scu ssed in this
section are class B and class C
amplifiers for use in driver or
final output s tages that provide
power outputs in the range f rom
5 to 30 watts from a single tran­
sis tor . Higher power ca n be ob­
ta ined f rom combinations of tran ­
sistors. Table XI lists RCA t ran­
sistor types character ized for ap­
plication in vhf / uhf broadban d
military comm unications systems .

These amplifiers make exten­
sive use of powe r combiners and
broadband impedan ce matching.

Table XI-RCA Transistor Types for Broadband Applications
(225 to 400 MHz)

Output Collector- Power
Operating Power Supply Gain
Frequency (Min.) Voltage (Min.) Package

Type (MHz) (W) (V) (dB) Type Primary Application

2N3866 400 1 28 10 TO-39
2N591 6 400 2 28 10 TO-216AA
2N5917 400 2 28 10 Studless

TO-2 16AA
(HF-3l) VHF-UHFBroadband

2N3375 400 3 28 5 TO-60 Military Communicat ions
2N591 8 400 10 28 8 TO-216AA
2N501 6 400 15 28 5 TO-60
2N5919A 400 16 28 6 TO-216AA
2N61 05 400 30 28 5 TO-216AA
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Figure 79. Lumped-constant 255-to-400-MHz power am plifier .

Cc

r----i~--.+VCC·28V

L:! = 14 nH (includes inductance of input ccu -
piing capacitor e e)

13 = 8.5 nH
l . =5.6 nH
Ls = 10 nH
l o = 19 . 5 nH (inclu de s induct ance of outp ut cou­

pling capacitor Cc)
Note :

All fixed components mea sur ed a t 400 MHz

se rves as the last series inductor
of t he input network, and capaci­
tor Cc is again used for de bl ock­
ing. The input match of the
lumped-constant circuit is opt i­
mized at 400 MHz . The m-derived
end section (LI and C1 ) helps to
provide the proper amount of
mismatch at frequencies bel ow
400 MHz to compensate f or th e
gain characteristic of the t ran­
sis to r . With 6 watts of drive, this
circu it provides approximately 17
watts of output power across the
225-to-400-MHz f r equency band
with a tota l output variation of
0.5 dB, as shown in F ig. 80.

Fig. 81 shows a schema t ic di a­
gram of an amplifier th at uses the
RCA-2N5919A .The circuit utilizes
a lumped- element approach to
broadband design. Typi cal am­
pli fier performa nce is shown in
F ig . 82. For a constant power
output of 16 watts, re sp onse is
f airly flat; the ga in variation is
within 1 dB across the band.
Maximum input VSWR is 2: 1.

In an amplifier chain, a ll stages
a re designed to operate from a
50-ohm sour ce into a 50-ohm load.
For effective cascading, the input
VSWR to any of the amplifiers \n
the ch ain must be as low as pos­
sible over the enti re f re quen cy
band. Various techniques for
broadbanding and f or reducing
input VSWR are di scussed in fol­
lowing sec t ions .

The lumped-constant circuit
shown in Fig. 79 uses low pass,
LC ladder networks for imped­
ance transformation . (The va lues
gi ven for the various components
in the circuit diagram are mea­
sured a t 400 MHz and inc lu de
parasitic elements.) The output
network transforms t he 50-oh m
load dow n to 20 ohms for the col­
lector load. The dyn amic output
capacitance of the trans istor pro ­
vides the first shunt capaci tor
in the output network, and capa­
citor Cc provid es de blocking.
Similarly, t he ba se input induct­
ance of the 2N5016 transistor

C, = 2000 pF
c i, C. =7.5 pF
C. = 10 pF
C. = 1.5 to 30 pF (J oha nson type or equ iv .)
C. = 26 .5 pF
Cs = 17.5 pF
C7 = 26.5 pF
Li = 4.5 nH
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TYPE
2N5919AJ

Su ch flatn ess of resp onse and low
input VSWR are obta ined by
designing for the best possi ble
matc h across t he band a nd the n
di ssi pating some of the power at
t he low end of the band through
dissipative RL C networks. The ef­
fe ct iven ess of thi s technique ca n
be evaluated by compa r ison of
t he gain and input VSWR cur ves
in F ig. 82 (a ) with t hos e in Fig.
82 (b) . Th e flatter t he respons e,
t he sma ll er the dynamic ran ge re­
quired in t he out put leve ling sys­
tem. Low input VSWR is neces­
sar y f or effective cascading and
prote ction of t he driving stage in
a casca de connec ti on. The col­
lect or effi ci ency is n ot consta nt ,
but has a minimum va lu e of about
63 pe r cen t . The second harmoni c
of the 225-MH z signa l is 12 dB
down a nd that of the 400-MHz
s igna l is 30 dB down from the

400250 300 350
FREQUENCY- MHz

VCE • 28 VOLTS

Pln· 6 WATTS

16

20 ,-- - ,-- - ,-- --,- - --,

18 t---bo_ :--+---+-- --1

Fig u re 80. RF power output, in p ut re o
ffected powe r, and co lle cto r eff ic iency of
the RCA-2N50I6 tra nsistor as fu n ctio ns o f

freq uency.
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Fig u re 81. I 6-wa tt broadband amplifier c irc u it using the RCA-2N59I9A.

C1 == 10 pF silver mica
C2 = 0.8-10 pF, Jo hansan 3957 '
C3 = 2.2 pF, Qua lity Compan ents ty pe 10% QC,

"gi mmick" *
C. = 1.0 pF, Qua lity Compo nents type 10% QC ,

"g immick"*
C. = 1.5 pF, Qua lity Compo nen ts type 10% QC,

" a lmmlck" "
C. = 36 pF, ATC-100'
C, = 51 pF, ATC-100'
Co = 47 pF, ATC· 100'
C. = 68 pF, ATC-100 '
C10 == 12 pF, sil ver mica
C" = 0.8-20 pF, Johanson 4802 '
C' 2 = 1000 pF feedth rou gh type, Allen-8ra dl ey

FA5C'
C' 3 = 1 I' F elec trolytic
It == 11/2 turns'"

Le = Ca pper strip 5/e in. (15.875 mm) l ; 5/ 32 in.
( 3.9~ mm) W

13= Tran sistor base lead, 3/ 6 in. (4.74 mm) l
L ~, Lo == 3 turns'"
La == 2 turns'"
Lr, Ls, La = 0.18 I' H RFC, Nyt rani cs, P.# 0 0 -0.18
Lro =0.1 I' H RFC, Nytronic s, P.#0 0- 0. 10
R, = 100 0, 1 W, carbon
Ro, R3 = 100 0 , V2 W, ca rbo n
R. = 5.1 0 , '12 W, ca rbon
* Or equ ivale nt
.. All coils ar e 5/32 in. (3.96 mm) I. D., # 18

w ire, 12 turns per inch.
Allen-8ra d ley Co ., Milwa ukee , Wis.
American Technical Cera mics, Hunting to n Sta ­

tion , N. Y. 11746
Jo hanson Mfg . Cor p., Boonton, N. J . 0700 5
Nytronics, Inc., Be rke le y He ig hts, N. J.



88 RF Power Transistor Manual

In a cascade a rrangement,
a lower-power t ransistor, the
2N59 18, is used to dri ve t he
2N59 19A. The output circuit for
the driver is modified to accom­
modate a higher collector load .
The input circ uit remains essenti­
ally the same as for the 2N 5919A .
The 2N5918 amplifier sc he matic
is shown in F ig. 83, an d the per­
formance of t he two amplifiers
connected in cascade is shown in
Fig 84. When t he two stages are
connected together, the broad­
band cha racter istiss of t he am­
plifier s minimize the number of
adjustments r equired.

Fig. 85 shows t he RCA-2N6105
high-power transistor in a 225-to ­
400-MHz broadband amp lifier,
and Fig. 86 shows the perform­
ance of the amplifier . This cir­
cuit a lso utilizes lu mped-circuit­
element broadbanding. No sp ec ia l
care is evident in th is ci rcuit to
reduce the in put VSWR. Two of
t hes e amplifiers can be combined
by quadrature combiners, as
show n in F ig . 87, to obtain

+

:JC9

vee ' 2 8 V

Cl:l = 1.5-20 pF, Area 402 *
L, = 0 12ltH RFC, Nytronics, P. No. 00-0.18*
La = No . 18 w ire, 0 .64 in. long
La= copper st rip 5 mils th ick, 150 mils wide,

670 mils lonl/
L, = transistor base lead, 0.16 in. long
L5 = O.I ItH RFC , Nytron ics, P. No. 00-0.10 *
L. = No. 18 w ire, 1.08 in. long
Lr = 2 turns, 5/32 in. 1.0. No. 18 wir e, 12 turns
Rl = 100 ohms , 112 watt, carbon
R:% = 5 .1 ohms, ',4 watt , carbon
• O r equ ivale nt

a:
~
VI
>
....
::l
Q.
Z

2 75 325 375
FREOUEN CY - MHz

(a)

225

8t---t--+--+--'"f-''''''''i'"-ok---l

225

z
~
to

ffi 4 po..:-r-..,----,-- --,-- ,----t---l
~o
Q.

275 325 375
FREOUENC Y - MHz

(b)

Figure 82. Typical performance of c ircu it
of Fig . 81 from 225 to 400 MHz.

f undamental. Further reducti on
of the second harmoni c of the
225-MHz signal is difficult t o ob­
tain because the amplifier ba nd­
width covers a lmost an octave.

C, = 3 pF, ATC-l00 *
C, = 0.8-10 pF, Johanson 3957 *
( 3 = 5 pF silver mica
C.=2-18 pF, Amperex HTIOMA/2 18*
( 5 = 24 pF, silver mica
C. = 51 pF, ATC·100*
C, = 47 pF, ATC-l00 *
C.=68 pF, ATC·100*
C9 = I,'F . e le ctro ly tic
C' O= 1000 pF, feedthrough Allen -8rodley typ e,

FA5C*
Cu = 0.9-7 pF, Area 400*

Figure 83. Driver amplifier using the RCA-2N5918.

al I O t;;'"..".=:;;;:r-,---;;-;;~-,-~--,

'"



RF Amplifiers for Military Communications Systems 89

Figure 85. 225·to·400·MH z b road ba nd a m p lifie r usi ng RCA-2N6105.

* O r eq uiv alent

l , = 2 turns, 5/32-in . 1.0 . coil
Le = 17/32· in. long w ire
La = RFC, 0.1 jjH, Nytroni cs ·
L ~ = S/32-in. long transistor ba se lead
b . lr = 13/16· ln. long wire
LI = 9/16 -in. long wire
Ls = 7/8-in. long w ire
R, = 5.0 0 , 1/.1 W
All wire is No. 20 AWG

Another effective way to com­
bine transistors is push-pull op­
eration utilizing t ransmission­
line te chniques. The advantage
of low seco nd harmoni c in the
pu sh-pu ll configuration is esp e­
cia lly important in the 225-to-400
MHz frequency band ; because
the second ha rmoni c of the low
frequen cy falls just outs ide the
band, filtering it out pre sents con­
s iderable difficulty. The use of
t r ansmissi on lines re sults in a
compact , relativel y s imple s t r uc­
ture. The in pu t VSWR in a pu sh­
pull amplifier is very high at the
low end of t he ba nd, so t h is ty pe
of cir cuit is es pecia lly s uitable
for use with quadrature com­
biners. Fig. 89 sho ws details of
an individual pu sh-pull amplifier
using two RCA-2N6105 transis­
tors. Fig 90 shows two of these
amplifiers combined by quadra­
ture combiners to make up a 100­
watt broadband module. This a p-

a::
4 :1 ~
3 : \ >
2 :1 ~

\ :1 ~

V~C I . 12Jvlod -
Po ' 15 W ---

piJ;;; ~ 'lc,_r-\7'
f-f- GIIN-f---

/v:: ~I-

1-- V SWR ~

C, = 8.2 pF chip , Allen-Bradley·
C2 = 18 pF silver mica
C3 = 33 pF chip , Allen - Brcdley "
C. =47 pF chip, Atlen-Brodley"
C. = 6B pF chip, ATC-l00·
C. =62 pF chip, ATC·l00·
CT, C. = 1000 pF. Feedthrough

long
Co, C12 = 1000 pF chip, Allen-Bradley ·
ClO= 22 pF chip, Allen-Bradley ·
Cn = 6.9 pF chip , Allen. Bradley·
( 13 = 0 .8-10 pF variable a ir, Johanson No.

3957 ·

Figure 84. Performance characterist ics of
amplif iers shown in Fig. 81 and 83 con -

nected in cascade.

higher out put power. The input
VSWR of the individual amplifier
is not important in such a com­
bination because of the 'h igh iso­
lation cha racter ist ics of quadra­
t ure combiners; reflected power
is di ssipated in ports terminated
with 50-ohm re si stors. The per­
formance of the 2N6105's com­
bined by this method is shown in
Fig. 88.

225 275 325 375

FREQUENCY - MHz



Figure 87. Two RCA-2N6105 ampli fi ers connected in parallel by use of quadratur e
couplers .

OUTPUT

50n

90·
COUPLER

SONOBUOY TRANSMITTERS

Frequ ency = 165 MH z
Supply Voltage = 8 to 15 volts
CW Output = 0.25 to 1.5 watts
Over-all E fficiency = 50 per cent
Harmonic Output = 40 dB down

from ca r r ie r

RF Power Transistor Manual

A sonobuoy is a floating sub­
marine-det ect ing device that in ­
cor pora tes an underwater sou nd
detector (hydr ophone). The
audi o s igna ls received a re con­
verted t o a frequen cy-modulated
rf s igna l which is t ransmitted to
patroll ing a ircraft or su rface
vess els . The bu oy is battery­
ope ra t ed and is de s igned t o have
a very limi ted active lif e.

Typical requirements f or the rf­
t ransmit ter sect ion -of t he sono­
buoy are as follows:

Fig. 92 sh ows a diagram of
an experimental sonobuoy t r ans­
mi tter designed to produ ce a power

output of 2 watts at 160 MHz.
Only three stages, includ ing t he
crys tal-contro lled oscillator sec­
tio n, are requ ired. E fficiency is
greater than 50 pe r cent (over ­
all) with a battery s upply of 12
to 15 volts .

The 2N3866 0 1' 2N4427 transi s­
to r can be used in a cla ss A oscil ­
lator- qu adrupl er circuit which is
capa ble of deli verin g 40 mi ll i­
watts of rf power at 80 MHz.

cr
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Figu re 86. Ty pic a l performance of a 225­
to-400 . MHz broadband amplifier us in g RCA·

2N6 105 at Vee = 28V.

Figure 88. Power gai n and effi c iency as
function of frequency for the broadband

module shown in Fig. 87.

proach resu lts in a saving of f our
comb iner s , at lea st two of which
a re quadratures. The pe rform­
a nc e of this module f or 100-watt
cons t ant output is shown in F ig.
90
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28 VDC

t\,...---.....--'
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C, = 0.8 to 10 pF, piston trimmer
C, = 56-pF chip, ATC-lOO or equlv.
C3, Co, C5, C. = 1000-pF chip, Allen -8rodley

ty pe or eq uiv.
CT, C. =1000 pF, feedthrough

It =0.18 I-'H, RFC, Nytro nics type or equiv .
L" to = 3,4-inch-long No. 20 wi re
Ti == coax ia l line, Zo 2S ohms, 33J4 inches

long
T:! == coaxia l line, Zo == 2S ohms, 4 1/2 inches

long

Figu re 89. 22S-to-400-MHz broa d ba nd push-pu ll amplifier usin g t wo 2N6l0S's.

10
Vee" 28 VOC

I OO~
INPUT 2N610S "'(2 ) Po -100 W TIc o

O·
PUSH- ~ 8 80 f5
PULL I TIt c,

Iz 60 GQUAORA- "TURE Cl z
"'COMBINER a: 40Q

"'~ u,
"-

2NGIOS 0 "'e,
20 a:

9 0 · (2 )
x ioo gPUSH- u

50
PULL "'oJ

n oJ
0
U

Figure 90. 100-watt 22S-to -400-MHz broad­
ban d module.

Figure 91. 100-watt, 22S-to- 400-MHz br oad ­
band module performance .
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Le = 2. 1,4 lurns No . 18 w ire , %, " 10 (close
wo und)

LT. l R = 1.0 Il H
19 == 5 turns No . 16 wl-e, '1/' 10 x 3/ 8 " long
Rl = 1000 ohm.
R2 = 1200 ohm.
R:J == 47 ohms
R" = 10 ohms
R5 = 100 ohms
R6 = 51 ohms
R7 == pot ent io meter, 50 ohms
R, = 100 ohm.
Va r == va -nct c r
Ref. Diode = 12- . 011 aen er di ode

OSCIL LATOR-QUADRUPLER

REF.
DIODE

C, = 0 .05 Il F
C:! = 75 pF
C3 = 32 ·250 pF
Cs. C,0. C,•• C17 = 3-35 p F
C3 = 2200 pF. feedth ru
Co. C, 2. C,5 = 0.01 Il F
C, =14·150pF
Co = 50 pF
Co = 500 pF
Cu, Cu = 1500 pF, feedthru
C13 = 8· 60 pF
I I = 22 Il H
ts = 5.5 Il H
l3 == 3 turns No . 16 wire , v.c" 10 x Ij," long
t, == 5 tur ns No . 22 wire. fl'," 10 (close wound)
Ls = 2. '1" turns No . 16 wire , 1// ' 10 x 3/ 8 " long

DOUBLE R FINAL
OUTPUT

(50 m

+
VCC =15 V

Figure 92. 1.5-watt (rf power outp ut ) sono buoy transmitter.

Narrow-band frequen cy mod ula­
tion is accomplished by "p ull­
ing" of the crystal oscillator. The
crystal is operated in its funda­
menta l mode a t 20 MHz . The
oscillator is broadly tuned to
20 MH z in t he emitter circuit and
is shar ply tuned to 80 MHz in
the collecto r circuit. The supp ly
volt age to t he osci llator section
is regulated at 12 volts by means
of a zener diode. Spectr um­
ana lyzer tests indica te that this
stage is highly stable even
t ho ugh rather high operating
levels are used.

The oscillator-quadrupler sec­
t ion is followed by a 2N3553 class
C doubler stage. This stage de­
livers a power output of 250 milli­
watts at 160 MHz from a 12- to
15-volt supply. The over-all output

of the sonobuoy can be adj us ted
by varying the emitter re sistance
of t his stage.

The fina l power output is de­
veloped by an RCA developm en­
tal transi stor whic h operates
as a straight-t hrough class C am­
plifier at 160 MHz . A pi network
matches this output to the 50-ohm
lin e. The spuri ous output (mea­
sured directly at the output port )
is mor e than 35 dB down from
the carrier. This suppr ess ion is
achieved by means of series reso­
nant trap circuits between stages
and the use of the pi network in
the output.

Many sonobuoy systems re ­
qu ire power output s in the range
of on ly 0.25 to 0.5 watt, prefer­
ably with a supply voltage of 8
to 12 volts, The 2N4427 transi stor
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is suit a ble for use as the doubler
and al so the final output device
in such low-p ower applications.
F ig. 93 shows a diagram of a n
output s tage which uses the
2N 4427 as a stra ight-th rough
175-MHz class C amplifier. This

Ce +IOV

~C7
-::

Cl , C2, C" c. =7-10-100 pF Areo 423 or equ iv.
C. =14·10·15 0 pF, Areo 424, or equ iv.
C. =0,01 /LF, 50 V
C, = '000 pF, fee dt hru
Lt =0.75 /L H
L. =1 lurn No. 18 wire, %> " 10
La = l llz turns No . 18 wire, 1/,/ ' 10
l, = 11/4 turns No . 18 wire, ~, " 10
RFC = 450 ohms, ferr ile

Figure 93. o.s-wat t 175-MHz sonobuoy rf
power output stage.

circuit can deliver output power
of more than 500 milliwatts wi th
a supply voltage of 10 volts and
a drive power of 60 miIliwatts.

F or the lower power-output
re qui rement at low supply volt­
age s, th e osc illator-quadrupler
s tage shou ld use lower-power
transi stors s uch as the 2N 1491
or 2N914. Onl y 10 to 15 mil1i­
watts of fourth ha rmonic power
is requi re d in t h is case. The
bias-network re si stors (R2 and
Ra) should be adjusted for re­
liable osc illator sta rting condi­
tions at t he lower supply voltages.

Sonobuoy circuits, in general,
mu st be re liable , s imple, and low
in cos t . The three-stage trans-

mi tter cir cu it shown in Fig. 92
is in tended to be representative
of the general design te chniqu es
used in these sys t ems . However,
f our-stage sonobuoy tran smitt er
sys tems a re a lso in common use
a t t he present time. Typi cal1y,
a fo ur-stage arrangement con­
sis ts of an osc il1ato r-t r ipler
s tage , a seco nd t r iple r stage, a
buffer s tage, a nd a final ampli­
fier stage. Most present-day son o­
buoy applications require cw
power output be tween 0.25 and
1.5 watt.

AIR-RESCUE BEACONS

The air-rescue beacon is in­
tended to aid rescue teams in lo­
cat ing airplane crew members
forc ed down on land or at sea.
The beacons are amplit ude-modu­
lated or continuous -tone line-of­
sight tran smitters . They a re bat­
tery-operated and sma ll enough to
be included in surv iva l gear.

Ty pical r equirements for rescue
beacon s are as follows:

F re quency = 243 MHz (fixed)
Power Output = 300 milliwatts

(ca r r ier)
Effici en cy = grea ter t han 50 per

cent
Supply Voltage = 6 to 12 volts
Modulation = AM, up to ± 100

per cent

The 2N4427 transi stor is es ­
peci a lly s uit ed for this service.
A general cir cuit for the driver
an d out pu t stages is shown in
Fig. 94. Col1ector mod ulation, as
wel1 as some driver modulation,
is used to ac hieve good down­
modulation of the final a mpli­
fier . Conv entiona l transformer­
coupled modulation is used;
however, a sepa rate power sup­
ply and resi stor network in the
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+ -

AUDIO INPUT

U +BV

PIN' lOmW
SOURCE (50 m

=

RFC RFC
POUT=30 0 mW

(CARRIER)
LOAD (SOn!

Figure 94. Dr iver and ou t put sta ge for a 243-M Hz beacon transm itter .

dr iver circuit are provided to
adjust the mod ul ati on level of
th is stage in dependentl y of the
output stage.

The rf-amplifier desi gn is con­
vent iona l ; pi - an d T-matching
networks a re used; s impler cir­
cuits (e.g ., device-resonated
tapp ed coi ls ), however , could be
used. Th e T-match ing n etwork at
the driver inpu t is used to match
the amp lifier t o a 50-ohm so urc e
for te st pur poses. A 10-to-20­
miIliwat t in put s ignal is needed
to develop a 300-to-400-mill iwatt
carrier output level.

MINIATURIZED LOW-POWER
OSCILLATORS

Low-power tran sistor oscilla to r s
are use d as t rans mitte rs f or t ele­
meter ing or signal use in suc h de­
vices as radiosond es, military
f uses, beaco ns, and other r emote
sens ing devices . Many of these
units cur rent ly ope rate in the uhf
range at output levels of abou t
0.25 to 1 watt. Battery su ppl ies
are norma lly used.

The 2N3866 and 2N4427 t ran­
si stors are ideaIly suited for
low-power oscillator service. F ig.
95 shows a simp le micro ­
strip line circuit in wh ich t hes e
transistors can provide powe r
outputs of up to 1 watt in the f re­
quenc y range of 400 to 600 MHz .
Th e f requ en cy of osc iIla t ion is
primar ily determined by capaci-

Yec '20Y
+

51 1200
HN\,-,

47

150 0 pF T 1500 pF

RFC - RFC
0.22 J>H - 0.22 J>H

Fig ure 95. i-watt, SOO-M Hz m ic rost rip l ine
oscillato r us ing the RCA-2 N3866 or 2N4 427

t rans istor.
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tor C and the parasitic emitter­
lead inductance. The microstrip-=­
line output circuit ca n be
matched to a wide range of loads
by use of taps a long the line
length.

Fig. 96 shows a very sim­
ple lumped-constant oscillator
circ uit for operation in the 700­
to-1000-MHz frequency range.
The parasitic emitter- and base­
lead inductances are tuned di­
rectly with high-Q a ir dielectric
capacitor s, and no other ext ernal
induct ances are required for this
frequency range. The collector is
grounded directly to the ground
plan e for best dissipation of tran­
s is to r heat. Capacito r C1 pri­
marily determines the oscillator
freq uency, an d the output capaci­
to rs a re used primarily for
imp edance matching. The 2N3866
is used for operation at s upply

vCC" 28 V

10 47 1000

-
IllOOpF (

::to
) 1500pF

RFC RFC
O.Ill ,..,H 0.15/loH

Figure 96. O.5-watt, IOOO-MHz lumped­
co nstant osc i lla tor using the RCA-2N3866

transist or .

voltage s of 20 to 28 volts , an d
t he 2N4427 is preferred for s up­
ply voltages of 15 to 20 vo lts .
P owe r outputs in the or der of
500 t o 1000 milliwatts into a
50-ohm load can be developed by
th is s imple circuit .
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Mobile and Marine Radio

I n the United States, three fre­
quency bands have been as ­

signed to two-way mobile radio
communications by t he Federal
Communications Commission.
These frequency bands are 25 to
50 MHz, 148 to 174MHz, and 450
to 470 MHz . The low-f r equency
band f or overseas mobile com­
munications is 66 to 88 MHz .

Frequency modulation (F M) is
used for mobile radio com­
munications in the United States
and most overseas countries. The
modulation is achieved by phase­
modulation of t he oscillator fre­
quencies (usually the 12th or 18th
submultiple of the operating fre­
quency ). I n vhf bands, the fre­
qu ency deviation is ±5 kHz a nd
channel spacing is 25 kH z. In uhf
bands, at present, the modulation
deviation is ±15 kHz and channel
spacing is 50 kH z. I n t he United
Kingdom, AM as well as FM is
used in mobi le communications.

The minimum mobile-transmit­
ter power-output levels in t he
United States are 50 wa tts in the
50-MHz band, 30 watts in the 174­
MHz band, and 15 watts in t he
470-M Hz band. Some of the trans­
mitters used in t he Un ited States
have power-output ratings well

in ex cess of 100 watts. Overseas
power requirements a re more
moderate and are often regulated
by law; the most common power
out put level is 12 watts a t the
a nt enna .

TRANSISTOR REQUIREMENTS
Th e transistors in the rf power

stages are the heart of eve ry
solid-state transmitter. In fa ct,
the present power, load mi s­
ma tch , and frequen cy capa bi li­
ties constitute major design limi­
tations for new mobile transmit­
te l's ; the extens ion of t he present
limits a re often ach ieved through
transistor design tradeoffs. F or
in stance, a high f T is ne ces sary
for gain optimization; h owever,
a t ransistor with high fT is highly
suscept ible t o mi smatch in the
load condit ion . Therefore a lower,
fla tter current-gain curve, which
wou ld allow good rf current gain
at high cur rents , is a better
choice. An indication of the fre­
quency capability is the ratio of
emitter periphery to base area,
called the "design ratio ;" a de­
sign ratio of 2 t o 3 provides ade­
quate gain and rugged perform­
ance. Table XII li st s several RCA
transistor ty pes characterized
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Table XII- RCA Transistor Types for Mobile-Radio Applicat ions

Output Collector- Power
Operating Power Supply Gain
Frequency (Min.) Voltage (Min.) Package

Type (MHz) (W) (V) (dB) Type Primary Application

TYPES FOR450·T0-470·MHz FREQUENCY BAND

2N5914 470 2 12.5 7 TO-216M
2N591 5 470 6 12.5 4.8 TO-216M Broadband Amplifier
40893 470 15 12.5 5.2 HF-36

TYP ES FOR 148-TO-175-MHz FREQUENCYBAND

40637 156 0.1 12 - TO-52 78-to·156-MHz
Doubler

40280 175 1 13.5 9 TO-39
2N4427 175 1 12 10 TO·39
2N5913 175 1.75 12.5 12.4 TO-39
40281 175 4 13.5 6 T0-60
40282 175 12 13.5 4.8 TO-60 Broadband Ampl ifier
2N5995 175 7 12.5 9.7 TO-216M
2N5996 175 15 12.5 4.5 TO-216M

TYPES FOR 50·TO-88 MHz FREQU ENCY BAND

2N4932 88 12 13.5 5.3 TO-60
2N4933 88 20 24 7.5 TO-60
40340 50 25 13.5 7 TO-60 Broadband Amplifier
40341 50 30 24 10 TO-60
2N5992 88 7 12.5 10 TO-216M
2N5993 88 18 12.5 10 TO-216M

for operation in mobile-radio
a pplica t ions .

PACKAGE CONSIDERATIONS
The rf package design pla ys a n

mp ortant r ole in determining
n obile t rans is to r re quirements.
I'h e minimization of emitter lead
nd uctances, fo r instance, ca n de­
rease deg eneration and sig­
ificantly in crease power gain;
he elimination of ba si c para­
itics ca n ha ve a dram atic band­

Iv idth wi den ing effec t . The t he r-
mal capabil ity of t he package de­
er mines t he junction tempera­
ure at any given output power ;
lower package ROJ-c can increase
igh power performance (a nd
nis match ca pabili ty ) by allowing

the transi stor chip to operate at
lower effective temperatures. Re­
liability can be greatly impr oved
by both proper package-ch ip in­
terfaces an d hermetically isolat­
ing t he chip f r om environmental
changes.

Be cause of low de vice imp ed­
anc es, especially in 12 volt de­
vices, a ll package losse s mu st be
eliminated; bond wires must be
kept as short as possible.

DC OPERATING VOLTAGES

All-solid-state mobi le trans mit­
ters ca n be divided into two basic
ty pes : transmitters that operat e
from 24-t o-28-volt collector sup­
ply voltages , obta ined from dc-to -
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dc converte rs, and t rans mitt er s
that ope rate directly from the 12­
volt elect rical system of a vehicl e.

Bot h types have advantages and
disadvantages. The advantages of
24-to-28-vo lt operat ion include
high er power gains p er stage,
good transient suppression, and
fa irly si mple current and voltage
lim iti ng. The disadva ntages are
the additional cost of de-to -de con­
verters and the somewhat high er
power consumption and increased
size of the radio . Direct operation
f rom a 12-volt system per mits sav­
ings in cost and size, as well as
higher efficiency. Because 12-volt
operat ion produces less ga in per
stage, however, additional rf
stages are often needed. Trans ient
suppression an d voltage and cur­
rent lim iting are also somewhat
more difficul t . Howe ver, the sav­
ings in cost and si ze make 12­
volt systems somewhat more de­
s irable. F or t h is reason most mo­
bile t rans mit t ers a re de signed for
12-volt operation.

Be cau se of t he tw o di scr et e
voltage r anges used f or mob ile
radios, t he trans istor must be de­
s ig ned spec ifica lly for ei ther 24­
to -28-volt ope ration or 12-volt op­
eration . Devices designed for 24­
to-28-volt ope ration h ave sub­
stantia lly higher collector-break­
down vo ltages . Devices designed
for the 12-volt radio mu st have
substantia lly h igher cur r ent­
handling character is t ics .

MATCHING NETWORKS

The design of high-power,
hi gh-frequency transi stor ampli­
fiers presents uniq ue probl ems.
Low ope rat ing voltages a nd rela­
t ively high power lev els re sult in
impedances that be come very
small and circulating rf cur ren ts
that become ve ry large. F or ex-

RF Power Transistor Man'ual

amp le, if an rf powe r output of
60 watts is re quired from an am­
plifier operating dir ectly from a
12-volt supply, the collector load
imped ance to t he fina l a mplifier
must be approximately 1 ohm.
Un de r t hese condit ions, the peak
cur ren t ca n be as high as 20
amper es. At t he same time, the
series input impe dance wi ll be
s ubstantia lly be low 1 ohm. Simi ­
lar conditions often ho ld fo r
powers as low as 10 wa tts . Be­
cause of t he sma ll magnit udes,
a ll ma tching elements must ha ve
as high a Q as poss ib le, line
lengths mu st be minimized, and
a ll stray inductances must be
el iminated.

Microstr ip circuit elements can
provide high Q at low cost; Fig.
97 shows tuna ble a nd fixed­
t uned mi crostrip circui ts .

l al

( 01

Figure 97. (al Tuna bl e and (b) fixed­
fre quency m icrostrip l in e c ircuit s.

INSTABILITIES IN VHF/UHF
TRANSISTOR POWER

AMPLIFIERS

In vhf/ uhf t ransi stor powe
amplifiers , the most com mon in
stabilities occur a t f requenc ie
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far below operating frequencies
because the gain of the transistor
increases at a rate of approxi­
ma tely 6 dB per octave as the fre­
quency decreases. For example, a
de vice that has a power gain of 5
dB at 174 MHz may have a gain
of as mu ch as 30 dB at 10 MHz.
With such high gain , any kind of
stray low-frequency r esonant cir­
cuit can set the circuit into vio­
lent oscil la t ion and even cause
destruction of the transistor.

These low-frequency oscilla t ions
can be prevented by means of the
following simple precautions, as
indicated in Fig. 98:

(1) Because the base-emitter
junction is highly capacitive at
low frequencies, a resonant cir­
cuit can be easily formed wit h this
capacitance and the choke RFC.

igure 98. Circuit indi cat ing areas where
im ple precautions prevent low-fre quen cy

oscillations.

his low-frequency resonant cir­
uit can be avoi ded by the replace-
ent of RFC with a low-Q, ferrite­

ype choke or even a wire-wound
'esistor.

In uhf circuits, a 0.22-micro­
enry choke in series with a 0.24­
0-1.5-ohm resistor provides both
stable de return and some base

ias for better effi ciency.
(2) The emitter bypassing

hould be effective not only at
perating frequencies, but also at
ow frequencies; thus, two bypass­
ng cap aci tors should be used, One
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of these capacitors should be effec­
tive at the operating frequency,
and the other at low f requencie s.

(3) DC-power wir ing sh ould
have adequate bypassing both at
operating and low frequencies to
shunt out stray inductances in the
wiring.

(4) Output-matching networks
should make use of a coil as an
integral part of matching for fe ed­
ing dc to the collector. As a rule,
the inductance of these coils is
much smaller than that of self­
resonant rf chokes, and thus the
reactan ces are lower at low fre­
quencies.

I n higher-power uhf circuits,
however , it is often desirable to
ser ies-t une the collector capaci­
tance ; th is arrangement can re­
sult in better harmonic supres­
s ion, and better transi stor effi­
ciency.

RELIABILITY

Mobil e radio app lications place
se vere requirements on transistor
operation. At fu ll rated input an d
output power, the device must
consistently survive load mis­
matches from short to op en cir ­
cuit; th is condition often occurs
simu ltaneous ly with an in crease
in VCE o The ability of a device to
both survive such conditions an d
to avoid any perma nent degrada­
tion can be realized only by un­
compromis ing t ransistor de sign
procedures coupled with th e best
available engineering judgment.
Emitter ba lla st ing, which f orces
transistor current to be equally
shared through a ll active transis­
tor emitter regions, is critical for
ruggedness as are proper fre­
quency and power tradeoffs. Be­
cause of the powers involved,
t herma l resistance must be mini­
mized to av oid excessive junction
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temperatures. Long-term relia­
bil ity ca n be enhanced by protec­
tion of cr it ical j unctions from
shorting cau sed by migration ,
and by use of a hermetically
sea led package to protect the
sealed pellet.

The mobile transmitter manu­
facturer al so contr ibut es to re­
liability by proper heat-sink de­

. sign and by building in voltage
regulation and VSWR protection.

CIRCUIT DESIGNS

The following paragraphs de­
sc r ibe the design details fo r
several rf power-amplifier cir­
cu its intended for us e in mobile­
or marine-radio applications.

66-to-88-MHz Band

Transmitters that operate di­
rectly from vehicle batteries in
the 66-to-88-MHz frequency band
can use either AM or FM .

In an AM transmitter, the peak
envelope power P p of a collecto r­
modulated transistor is

F p = Fc(l + m )? (41)

where P, is t he carr ier power and
m is the modulation index. If
m = 1, the peak envelope power
is four t imes the unmodula ted
ca r r ier power . Th e peak rf volt ­
age on the coll ector under lOO­
per-cent modulati on is a t least
fou r t imes the supply voltage for
the AM transistor. A suitable
tran sistor for AM operation
therefore must have hi gh cur re nt
handling capability for good up­
war d modu lation an d high volt­
age ra tings to prevent seco nd
breakdown.

The 2N5992 provides 7 watts of
ca r r ier power with a min imum
power gain of 10 dB at 88 MHz.
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Modulation higher than 90 per
cent can ea sily be achieved with
the driver slightly modul ated.
Emitter-site-ballasting employed
in this device not on ly improves
the modulation capability, but
al so enables the device to with­
stand high VSWR caused by an­
tenna mismatch.

For FM applications, t he
2N5993 can provide 18 watts of
cw power with a power ga in
greater than 10 dB in the 66-to­
88-MHz band. To in sure device
ruggedness, the 2N5992 and
2N5993 transistors are 100-per­
cent tested under infinite VSWR
through all phases at rated out­
put power. For the AM type, the
test is performed under full mod ­
ulation. A typical circuit arrange­
ment for testing output power,
power gain, modulation index,
and load-mismatch capability is
shown in Fig. 100.

175-MHz Band

The circ uit shown in F ig. 101
provides 25 watts for FM mobile
transmission. It operates from a
12.5-volt supply and requires a
drive power of 0.1 watt at 175
MHz. Transformers are used fo
in terstage coupling, with match­
in g networks that a llow the cir ­
cu it to be tuned for optimum per­
formance.

Some of the design cons idera
t ions discussed ab ove for A
t ransmitters a lso app ly to the de
sig n of FM cir cu it s. In an F
t ra nsm itter, t he trans istor re
quirements are less st r ingent be
ca use the coll ector bre akdow
voltage needs to be on ly appr oxi
ma tely twice the supply voltage
and the transistor can be drive
very hard into sa turation. In th
ab se nc e of collector modulation



Mobile and Marine Radio 101

12.5-V . !-kHz
POWER

MODULATORSUPPLY .... ..
66-SSMHz 66-SS-MHz

66-6S·MHz .. f+ TEST POWER
DRIVER

AMPLIFIER METEROSCILLATOR AMPLIFIER

~ r-- --,
DIRECTIONAL~. I

I
COUPLER I IL __ __ J

~ o-

IOSCILLOSCOPE I ~

COAXIAL
SWITCH

1/4
WAVELENGTH

LINE

11 = 3 turns of No . 22 enamel wire, lf4.. inch
inner dia meter, close wound

La, Ls, L. = No . 22 w ire threo d through Ferro x­
cube beod No. 56-590-65-4A or equiv.

T, = 3 tw ist ed No . 22 wires , approximately 14
turns per inch, for med into a loo p; =¥a-inch
inn er di a meter; cross connected (i.e., end of
one w ire connected to beginnin g of the other)

T2, T3 = sa me as 1, except only 2 tw isted w ires

VARIASLE'
REACTIVE
LOAD

Figure 100. Test setup for test ing output power, power gain, modulation index, and
load-m ismatch capab il ity.

C" C, = 1.5 to 20 pF, Arco No . 402 or equiv .
C3 = 10 pF, mica
C" Cs, C. = 14 to 150 pF, Arco No . 424 o r

e q uiv.
C5 =56 pF, mica
Co, C7 = 7 to 100 pF, Arco No . 423 or eq uiv.
C1O, ClO, C" = 1000 pF, feedth rou gh
Cu , C 13, C 15 = 0 .0 1 p F, cera mic
R, =33 ohm s, '12 watt
R2, R3, R, =10 ohms, 1/4 watt

Figur e 101. 25-watt amplifier for mobile FM transm iss ion .



102

pa rasitic oscillations in a FM
amplifier a re also minimized.

156-MHz Marine Band
Th e increasing number of boat­

ing enthusiasts has generated a
deman d for low cost reliable com­
munication equipment operat ing
in the 156-MHz marine ba nd. The
amplifier chain shown in Fi g. 102
incorporates the techniques dis -

PIN"ZOO rnW

~~

It = 2 turns of No. 20 B.T., 1,4 .inch diame ter ,
'Ie inch long

L2 = 5 turns of No . 20 B,T., l,4- inch diameter,
% inch long, top at 4112 turns from collector

13 = 5 turns of No. 20 enamel w ire, 3/16-inch
d iameter, 1;4 inch long

L., to = I turn of No. 20 B.T., 'Ie· inch diame ter ,
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cus sed for calculating matching
networks and avoiding low-fre­
quency oscilla t ions. The amplifier
operates from a 12.5-volt collec­
tor supply and del ivers 32 watts
at 156 MHz with an input power
of 200 miIIi watts. The design is
quite conservative ; the output
stage ca n withstand any load
mismatch at it s rated output
power.

+ 1 3 .~

001 ~F

~
on

.0 01
~F

'Ie inch long
Le, 17 = 2 tur ns of No. 20 B.T., %6· inch diam­

eter, ',4 inch long
L" L. = 2 turns of No. IB B.T., l,4-inch dlem­

ete r, =l16 inch diameter
LIn = 10 turns of No . 20 enamel wi re, lA-inch

diameter, close wound

Figu re 102. 32-watt, 156-MHz marine -band ampl if ier.
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Commercial-Aircraft Radio

THE ai rc raft radios discussed in
this section a re of the type

used fo r communication between
the pilot a nd the a irport tower.
The tran smitter ope rates in an
AM mod e on specific channe ls
between 118 and 136 MHz. Ra dios
of this type are regu lated by both
t he F CC (F edera l Commu nica­
ti ons Commis sion ) and the FAA
(F edera l Aeron au ti cs Admini­
s t ra t ion ) . Th e F CC ass igns
frequenc ies to a irports a nd places
some requiremen ts on the trans ­
mitters, particularly as r egards
spur ious radiati on and interfer­
enc e. The FAA sets min imum
requireme nts on radio pe r form­
a nce wh ich a re based on the
maximum authorized a ltit udes
fo r the pl ane, wh et her paying
passengers are car ried, and
on the authorization for in­
strument flying . The F AA gi ves
a desirable TSO certification to
radio equipment that satisfies
the ir standa rds of ai r worthiness.

The F CC checks aircraft-radio
transmitter designs f or interfer­
ence and other electrical charac­
ter ist ics (as it does all transmit­
tel's ) . Additional r equ ire ment s are
spec' fied for radios intended for
use by scheduled airlines by a
corporation supported by the air­
lines themselves . The name of this

corporation is ARINC (Aero na u­
tical Radio, Inc., 2551 Riva Road ,
Annapolis, Maryla nd 21401 ).

All these specifications combine
to ge nerate radio-transmitter re­
quirements for different types of
aircraft, as indicated in Table
XIII.

DESIRABLE FEATURES

Because mul tiple channel use is
necessary, it is desirable that air­
craft radios have all 360 channels.
These channels are spaced every
50 kHz from 118 to 136 MHz, an d
a re assigned to specific airports .
Each must be crystal-controlled.
Synthesizer techniques are used
to reduce the number of crystals
requ ired.

Simple, f oolproof operation is
necessary because the pilot has
little time to spare and little in­
terest in adjustments to the radio
equ ipment. The frequen cy set t ings
are ma de by switche s t ha t provide
a digital read-out, "Squelch,"
volume, and on/off controls are
added.

Size is important becau se the
instrument panel is crow ded. On
large aircraft, the transmitter is
operated by re mote control by
means of a set of switches on the
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TRANSMITTER
FEATURES
Low cost, few
channels, may be
portable
Panel mounted,
90 or 360 chan
nel s.

Type
#1

>6.0 W Type
#2

TYPICAL
POWER
RANGE

> 1.5 W

4W13 V

VOLTAGE
AVAIL­
ABLE
13 V

FAA &
ARINC
CLASS

I

NO. OF
ENGIN ES IN

AIRCRAFT
1

Table XII I-Four Popula r Aircraft-Radio Transm itters
(Designs by Aircraft Type*)

TRANS·
MiTTlER
POWER
(MIN.)

1W
TYPICAL OWNER
Private Planes

Owner/ Pilot

Private/Business 2 II 28 V 4 W 6 to> 20 WType
#2

Chartered & 2-4 III 28 V 16 W > 20 W Type Remote Opera-
CarRo #3 tion, 360 chan-

nels.
Scheduled 2-4- III & 28 V 25 W 30 W Type Maximum retia-

Air lines Jets AR INC #4 bitity
* Th is chart is not complete or exact and is not intended to show actual requirements, but merely

what is typical. Consult FAA for compl ete requ irements.

panel. Weight and power drain
are secondary considerations.

A primary consideration in all
aircraft equipment is reliability .
Spare radios are common in pr i­
vate airc raft, and are univer sal
in a irc raft equipped for instru­
ment flying. Th e inherent re ­
liability of transistorized equip­
ment is a major advantage in
aircraft radios.

DESIGN REQUIREMENTS

Amplitude modulation is an im­
por tant design consideration for
all trans istor power amplifiers (as
explained in the general section
on AM ). Amplitude-modulation
req uirements a re set by the TSO
at a minimum of 85 per cent,
which corresponds to a P EP of
3 t imes t he carrier power. Care f ul
des ign is required to meet this
specifi cation because many factors
tend to limit the PEP, including
the decrease in transistor gain at
high currents, transistor rf
VCE (sat) , and modulator losses.

The owners and pilots of air­
craft require r eliable, foolproof
opera tion of their radio equip­
ment. Unfortunately, they a re not
often tec hn ically trained and do
not ap preciate the imp or tance of
proper maintenance of t he an­
tenna and the transmission line.
These vulnerable items directly
affect the per formance of the
radio because optimum perform­
ance is achieved only when t he
transmission line VSWR is unity.
With a mismatch (i.e., VSWR
greater than 1) , the power output
may be low, and there may be
spurious or distorted output. Even
more import ant is the fact that
antenna and transmission-lin e
faults stress the transmitter out­
put stage wit h high voltage-cur­
rent products and/or high power
dissipation. These characteristics
can overstress and destroy a weak
transistor. The like lihood and the
drastic effects of a load mismatch
make the transmitter output tran­
sisto r a primary influence on
equipment reliability and make
mandator y the selection of a tran­
sistor rugged eno ugh to withstand



Table XIV-RCA Transistor Types for Aircraft-Radio Applicat ions
(l08 to 156 MHz)

POWER AND MODULATION

power
index.

(42 )

AM Broadband
Amplifier

TO-39
TO·60
TO-60
TO·60
TO-216M
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tion of harmonic output. Har­
mon ics originate in the class C
operating mode because of the
nonlinear characteristics of tran-

sistors. Th ese nonlinear character­
istics, par ti cular ly the voltage
sens itivity of Cbe, cause subhar­
monic -f requency generation as
well as har monic-f r equency gen­
eration. The wide-band gain also
increases the possibility of oscil ­
lation if any feedback exists . This
condition is f ur ther intensified by
the use of high- gain transistors or
by excessive over-all gain.

The amount of harmonic output
and transmitted interference per­
mi tted is rigidly specified by the
FCC. A broad-band, band-pass fil­
ter should be added, t herefore,
after the transmitter.

(
m" )Psn =PAv 2+m2

where P A v is the average
and m is the modulation

Because the on ly useful power
in an AM transmitter is sideband
power, it is reasonable to use this
power as a reference in evalua­
tion of the transmitter. When a
single-tone sinusoidal modulat­
ing signal is used, the total side­
band power P SB in a modulated
wave is given by

12.5 6
12.5 6
12.5 4.8
24 4
12.5 7

2
2
6

15
15

136
136
136
136
118

40290
40291
40292
2N5102
2N5994

Aircr aft radios must cover the
ent ire frequency range from 118
to 136 MHz . Th e more expensive
radios cover all 360 channels. This
18-MHz bandwidth is a major de­
sign challenge which may be met
by use of eithe r a narrow-band
step-tuned transmitter or a broad­
band transmitter.

A broad-band transceiver de­
sign is possible with transistors.
In a power t ransistor, the input
may be considered to consist of
t he base-lead inductance L, in
series with r bl," If L, is minimized,
t he Q is reduced, and broad-band
operation is possible. The output­
circu it Q is less of a problem than
that of the input. The Q is formed
by Coli in parallel with the load
impedance presented to the collec­
tor by the tuned circuit. Broad­
band matching circuits between
amplifier stages commonly use
ferrite-core transformers of the
transmission-line type (balun ) .

The use of broad-band ampli­
fiers permits t he largest portion
of the transmitter to be remotely
located without the need for ex­
pensive and complex servo tuning
mechanisms. This feature is a
great advantage in larger air­
craft.

One problem encountered with
a broad-band amplifier is reduc-

the possible stresse s. Table XIV
list several RCA transistor types
characterized for operation in
aircraft-radio applications .

Commercial-Aircraft Radio
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DESIGN TECHNIQUES

Use of this equation indicates
tha t when V min = 0, the wa ve is
100-per-cent modulated without
reference to the carrier. The fol­
lowing expressions are ba sed on
carrier amplitude V ear or ca r r ier
power Pc :

(46 )

(45 )
(

V mnx )AJ\I = -- - 1 X 100
Yea r

PAV = Pc (1 + ~2)

Th ese expressions contain the tacit
assumption that carrier level must
not vary f rom the unmodulated
state, which may not be the case.
If the modulation is adjusted to
100 per cent by the use of Eq.
(401) and P AV is measured, values
can easily be computed for P SB '

PEP, and even Pc.

The need for wideband perform­
ance in aircraft transmitters pre­
cludes the use of sharply tuned
circu its to reduce harmonic power
in the output; instead, low-pass
filters are used. Any configuration
of active devices that reduces the
harmonic content in the output
helps to ease the requirements
placed upon these filters. One such
configurat ion is a push-pull ampli­
fier, which inherently has low even
harmonics in the output . The
higher input impedance of a pus h­
pull stage as compared to a single­
ended parallel combination of two
transistors is als o adv antageous
for obtaining wider bandwidths
because only one-half as much cur­
rent is injected into the input of
push-pull transistors as into paral­
lel devices during one-half cycle.

(43 )

This relationship is convenient
to use because P A, . is easy to mea­
sure and

..L-.-~-1 fv eer, Vmin. Vmax.

, - - I l

tude-modulated wave. The ampli­
tude modulation AM in per cent
is .defined as fo llows:

AM = ( Vmax - Vmin) X 100 (44)
Vmax + Vmin

for 100-per-cent modulation.
The performance of an AM

transmitter can al so be expressed
in terms of peak envelope power
PEP. The peak envelope power is
equal to 2.66 PAY in a 100-per-cent
modulated wa ve. The value of
PEP indicates the ultimate peak
power-handling capabi lities of
the tran si stors being used.

It is unfortunate that carrier
power is somet imes used as a
reference in evaluation of the
performance of AM transmitters,
esp eci ally transistorized trans­
mitters. Unlike the sideband
power P SB ' the ca r r ier power Pc
does not always have a definite
relationship to P AY and PEP.
When the carrier is used for a
reference , "center shift" and
" upwar d modulation" must be
considered. Use of these terms in
conjunction with Pc to defin e
transmitter modulation only com­
plicates the definition of per-cent
amplitude modulation. For ex­
ampl e, F ig . 103 shows an ampli-

Figure 103. The amplitude modulated
wave ; V, ", is the am plitude of carr ier be­

fore modulation .



Fig ure 104. A 118·to·lJ6·M Hz 40·watl PEP t ransi stor am pl i fier.

(49 )
1

L I CI = (w
o
)2

In practice, the resonant fre­
quency f o may not be exactly the
center frequency of the passband,
but may tend toward the high end
of the bandwidth to compensate
for degradation of the frequency
response of the transistor itself.
Normally, there is no problem ob­
taining re latively high values of
QI because transistors have large
collector output resistance R I •

However, it is more difficult to ob­
tain a low value of Q2 in a transis-

L, =7 tu rns of No. 22 w ire, 13/64" dia . 9/19"
L. tap 1.5 T.

La =5.5 turn s of No. 22 wire, 13/ 64"}
dlc ., clos el y w ound, tap 2.0 turns Camb ia"

to = 6 turns of No. 22 wire, 13/64" IRN·9
die , interw ind with L4 core mat ' l

L. = 4 turns of No. 22 wire, 13/64" or equi v.
dle ., interwind w ith L3

L. = 5 turns of No. 22 wir e, 13/64" d ia . C.T.,
interw ind with L6

Lc = 5 turns of No. 22 wi re, 13/64" dlc ., inte r­
win d wi th L5

R.F.C. =1 turn of No. 28 wi re on fe rrite bead,
Ferroxcub e #56.590.65/ 48 or eq uiv.

MOO. Vee
+12.5VOC

RCA

4O''''~;B!
I-T-H-l
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Fo r large bandwidths, it is desir­
able that Q1 be much larger than
Q 2' L2, C2, and L1 are series reso­
nant at some f requency fo within
the bandwidth ; L I and CI can then
be determined as fol1ows:

Commercial-Aircraft Radio

Q2 = w (L.J + Li )
R ; (48)

VCC
+12.5VOC

( 1 = 300 pf, si lver mica, Area, or eq uiv.
C, =0.005 IlF, ceram ic
C. C. C. C. c« C17=1000 pF, fee dth roug h
C6 C9 e12 C18= 0.5 #F, ceram ic
C1 =SO pF, silv er mica, Areo, or equ iv
( 10 ( 13 Crs = 82 pF, silver mica , Area, or equiv .
C 140 ( 16 ( 19 = 150 pF, silver mica, Area, or equiv.
Ceo=8 to 60 pF, Arco #404, or eq ulv .
R, =470 ohms, 0.5 W
R. =1500 ohms, 0.5 W
R. =47 ohms , 0 .5 W
R. =15 ohm s, 0.5 W
Rs =33 ohms, 0.5 W

The coupling circuits in the am­
plifier of Fig. 104 are basi cally
double-tuned interstage circuits,
as shown in Fig. 105. R 1 and CI

represent the col1ector output re­
si stance and the col1ector output
capacitance of the driver transis­
tor. L1 and R1 represent the input
series inductance and the input
series resistance of a transistor.
(For simplicity, coil resistances
are omit t ed.) Q values for the two
ci rcuits shown in Fig. 105 are
expressed as fol1ows :
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1fITh~~
~~

TRANSISTOR No.1 TRANSISTOR No.2

Figure 105. A double-tuned interstage.

(53 )

(52)

Ri~TL i = - -- 1
W R,

Q'2 = wL2

RT

This value is, of course, lower than
that shown in Eq. (405) . Conse­
quently, an L-section can be used
to match re sistances of not-too­
different magnitudes and at the
same time maintain low values of
Q. The value of L, in the circuit
is given by

tor double-tuned interstage circuit
becau se high-power transistors
ha ve low series input resi stance
R i . The contribution of the induc­
ti ve series input reactance L, may
be sufficient to raise the value of
Qi to undesirable levels and there­
by limi t t he obtainable bandwidth.

This problem can be solved by
use of an L-section and it s t rans­
forming properties. The inductive
input impedance of a transistor
may be represented by the solid
lines of F ig. 106.

Figure 106. Transistor input as an
L-section .

The definite Q value assoc iated
with this input impedance may be
re presen ted as Qj. If a capacito r
C, is ad ded to th e tran sistor input
of Fig. 561, as show n by the dot­
ted line, the resi stance R, can be
transformed up by the L-secti on to
a new value RT , as follows:

HT = H i (Qi2 + 1) (50)

The valu e of the capacito r Ci is
calculated as follows :

1 ~ L i

C, = WRT "JR: - 1 = w2L i2 + R i2

(51)

When an L-secti on is used in con­
junct ion wit h a double-tuned in­
terstage circuit, the val ue Q2 of
the second circuit is given by

There are limits to the results
that can be accomplished with this
type of tran sformation. For some
combination of L, and Ril the re­
qui red value of C, may be too
large to be pr actically re aliz able.
In addition, RT is a frequency-de­
pend ent parameter. For very low
values of Qil the cap acitor Cj loses
its effectiveness because RT be­
comes very nearly equal to R i .

Double-tuned interstage cou­
pling circuits a re us ed t hrough­
out the amplifier shown in Fig.
559. When it is necessary t o us e
a two-winding transformer, as in
the case of T1 and T2' bifiliar
windings are employed for
t ighter coupling. In other cases,
autotransformers with their high
coefficient of coupling are used
quit e successfu lly. Eq. (49) is
used as the star t ing point for de­
termination of the inductances in
the prima ries of the double -tuned
interstages; the collector to base
capacitance COB of the transistor
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is substituted for CI . Turn ra­
tios are determined .by the im­
pedance levels to be transformed.
The load resistance RL for each
stage is determined as follows:

RL = (Vee)2
2Po

where V ee is the collector supply
voltage and P o is the power out­
put. The collector -to-emit t er satur­
ation voltage is omitted for sim­
plicity.

A single 40292 transistor is ca­
pable of delivering 6 watts of out­
put power with an input of 2 watts
and a supply of 12.5 volts de at
135 MHz. For these conditions,
the load resistance RL is given by

(12.5)2
RL = -- = 13 ohms

12

This value of 13 ohms from one­
half of the primary winding of
T 2 is transformed to 50 ohms in
the secondary winding. This im­
pedance level allows the use of a
1:1 transformer, which is conven­
ient for bifil ar winding. For
40292 transistors, R1 is approxi­
mately 6 ohms and XLI is about 3
ohms. An L-section is used in the
inputs to the 40292 transistors in
the push-pull amplifier . To main­
tain a low value of Qj, the leads on
the base-to-emitter capacitors (C14
and CI G) a re kept short, and the
ca pac itor s are placed as close to
the base and the emitter as pos­
sible. Th e valu es of C14 and CI G of
Fig. 104 a re determined emp iri­
cally. Th e effect ive capacit ances
may differ appreciably f rom the
nominal value of 150 picof arads
sh own.

Drive power of about 3 to 3.5
wat t s is required for the push-pull
amplifier . This power is provided

109

by the 40291 driver transistor op­
erating into a 24-ohm load

[
R L = (VeE)2 = (12.5)2/6.5J

2Po

Because the input resistance to the
driver is sufficiently high (12
ohms ), no L-section is used. The
load resistance for the 40290 pre­
driver transistor is selected to pro­
vide the required input to the
driver of about 0.6 watt. The 100­
milliwatt input required for the
pre-driver stage is supplied by the
2N3866 class A input stage. Again,
a double-tuned interstage circuit
is used for coupling. The class A
amplifier is biased to a Quiescent
current of 40 milliamperes for
maximum gain, and has a load line
of approximately 300 ohms, which
is computed from

V ee
R! oad lin e = ~ (55)

An autotransformer is used to
transform the 300-ohm load down
to about 12 ohms at the predriver.
The input of the 2N3866 stage is
matched to the 50-ohm source.
This stage has a gain of about 13
dB which increases the power
from the 5-milliwatt input. The
problem of subharmonic genera­
tion is solved by use of cores in
the interstage transformers. Sta­
ble operation is obtained if the
stages are kept 1.25 inches apart.

The final amplifier and the
driver are modulated symmetri­
cally about the car r ier level. The
predriver is modulated more in a
positive directi on as a result of the
re si stor-diode ar rangement (R4•

R~. DI , and D2 ) .

Several precautions should be
taken to avoid conditions which
may lead to the destruction of
transi stors. F or example, over­
modulation sh ould not be allowed
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Output-power variation acros s the
a irc raft band is about 0.5 dB for
both curves show n in F ig . 107.
For t his performance, the coil L1
was st re tched or compressed for
maximum power output at 136
MHz and optimum bandwidth,
a nd the trimmer,C20 was adj usted
for the best combination of out­
put flatness and efficiency. Effi­
ciency is somewhat better at
higher frequencies than at lower
frequencies; harmonic rejection
is better at lower freq uencie s,
and may be as good as 20 dB . A
spectrum an alyzer is re quire d for
detection of subharmonics when
the slugs in L2 and T 1 are ad­
justed.

15-WATT AMPLIFIER

PEP = P AY + (1 + m:) (56)
1+ ~

2

The schemat ic diagram of a 15­
watt single-ended broadband amp­
lifier is shown in Fig. 108. The
output transistor, a 2N5994, is
completely tested for load mis­
match capability at 118 MHz with
a VSWR of infinity through all
phases under fu ll modulation. A
minimum modulation of 85 per
cent can be achieved in t he 118-to­
136-MHz band. Typical rf per­
formance of t his amplifier is
sho wn in Fig. 109.

120 125 130 135
FREQUENCY- MHz

a: 12
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115 140

PERFORMANCE
AND ADJUSTMENT

to occur because excessive nega­
tive excursions of the collector
voltage may forward-bias the col­
lector-to-base junction to a de­
structive point. Also, when a
tran sm itter is keyed off, a steady­
stat e curre nt flow in the order of
2 amperes is suddenly interrupted
in the modulation transformer.
Th e resulting t r ansient voltages
may eas ily exceed the transistor
breakd own ratings. Use of a zener
diode rated at twice the supply
voltage in the collector circ uit pro­
vides protection from this type
of tran sient.

The curves of Fig. 107 show
typical values of average mod u-

Figu re 107. Typical out put powe r as a
f unction of fre quen cy.

lated power P A V at an amplit ude
modulation of 95 per cent, and
carrier power Pc, as measured by
a bolometer-type power meter.
The peak envelope power PEP is
computed as follows :



Figure 108. Is-watt amplitude-modu lated amp lifie r fo r 118-to -136 MHz op erat ion .
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R3, R5 = 5.1 oh ms, '/2 W

Figure 109. Typ ica l broadband performance of th e 118-to-136-MHz ampl ifier c ircu it shown
in Fig. 108.
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Community-Antenna
Television

COMMUNITY-ANT E NNA tele­
vision (CATV) systems have

experienced rapid growth in the
last decade. These systems ser ve
areas in whi ch conventional anten­
nas do not provide ade quate tele­
vis ion reception . Th e ba sic equ ip­
ment consists of a "head-end" that
picks up the signals , and a distri­
bution system that deliv ers th e
signals to the subscriber's televi­
sion receiver. The central antenna
is erected at the most advantageous
site for best reception; in remote
locations, program reception is
usually accom plished by means of
microwave relays.

The distribution system has
two major parts: the main trans­
mission or "trunk" line, and the
distribution or "feeder" line. The
main trunk line consists of low­
loss coaxial cable with main t r unk
amplifiers spaced along the cable.
Bridger amplifiers are used to
provide several outputs to the
f eeder lines from which signals
are tapped off to individual sub­
scribers. The backbone of the dis­
tribution system is the wide-band
amplifier .

SYSTEM OPERATION

Fig. 110 shows a s implified
block diagram of a CATV sys­
tem in which t he TV signals are
received directly off the air (no
microwave relay ) . Elaborate ar­
rays of stacked antenna elements
in conjunction with narrow-band
preamplifiers are used to receive
signals in each channel; the sig­
nals are then fed into a combining
network. The combined multichan­
nel signal is then fed into the
main trunk line, which brings t he
signal from the antenna into the
community. The trunk line consists
of wide-band amplifiers spaced
along a 75-ohm coaxial cable. The
gain of each amplifier is adj ust ed
to compensate for cable losses and
attenuation characteristics. Typi­
cal trunk-line amplifier spacing is
in the order of 2500 feet. At vari­
ous points along the trunk line
signals are supplied to the feede~'
lin es by bridge r amplifiers. A
bridger amplifier provides several
outputs to the feeder lines from
which signals are tapped off to in-



Community-Antenna Television 113

SINGLE-CHANNEL
ANTENNA-AMPLIFIER

SUBSCRIBERf

TAP- OFF' l
LINE- EXTENDER
AMPLIFIERS

Fig ure 110. Simpl if ied com mu ni t y-antenna te levision (CATV) syste m .

ivid ual subscribers. One or more
me -extender amplifiers may be
laced along each fee der line, de­
ending upon its length an d t he
umber of subs cribers.

AMPLIFIER REQUIREMENTS

Typical loss is 0.4 dB per 100 feet
at chann el 2, and 1 dB per 100
feet at channel 13. The loss be­
tween t r unk amplifiers is typi cally
25 dB at channel 13. The ga in of
t he t runk ampli fier operating at
this spacing, t herefo re, should be
25 dB at 216 MH z. In addition,
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Figure 111. Atten uat ion character is t ics of
a coaxial cab le as a funct ion of f requ ency.

The first requirement f or CATV
ide-band amplifiers is large

andwidth. The amplifiers sho uld
e able to cover a ba nd of fre­
uencies from 50 MH z to 300
Hz.
The next maj or consi deration
l' a CATV wide-band amplifier
the required gain. The attenua ­

on character ist ic of a coaxia l
ble is a fu nction of frequen cy;
e cabl e losses inc rease loga­
t hmicaliy, as shown in Fig. 111.
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such an amplifier must be compen­
sated for cable-attenuation differ­
ences at each channel by control­
lable "s lope" or "tilt." The ampli­
fier gain must be higher at the
high end of the band than at the
low end.

The final requirement is for
output power or voltage, whi ch is
determined by th e distortion and
signal-to-noise-ra t io requirements .
If the level of power or voltage is
too hi gh, overloading an d inter­
f erence between channels occur ;
if t he level is too low, the s ig na l­
to-no ise rati o decreases. The most
serious dis tortion is cross-modu­
lation, which produces a "wind­
shield-wiper" effect . Cross-modu ­
lation results when several chan­
nels are passing through a wide­
ba nd am plifier. The modulation of
undesire d interfering signa ls ap­
pears as modulati on of the desired
sig nal. The permissible cross­
modulation level is 57 dB below
the operating out put-volt age level
in an all-band CATV amplifier, at
the end of the cable sys te m.

" Snowy" pict ures can be
avoided if the sig nal at any point
in a sys tem is maintained at a
level high enough to over-r ide the
noise . This relation is expressed
by the signal-to-noise-ratio. The
required ratios for various g rades
of picture quality have been de­
termined as f ollows: 45 dB for
excellent picture (no perceptible
snow) , 36 dB for fine picture
(snow just perceptible), and 29
dB for passable picture (snow
definitely perceptible but not ob­
jectionable ) . The signal-to -noise
ratio always decreases wh en a
sig nal passes through an ampli­
fier . The difference between t he
input signa l-t o-noise ratio in dB
and the output signal-to-noise
ratio in dB is defined as the noise
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lig ure in dB. Noise figure, there­
fore, is th e measure of degrada­
tion of signal-to-noise r at io in an
amplifier. The noise figure in a
CATV casc aded system increases
3 dE each time th e leng th of t he
system is doubled ; the signa l-to ­
noise ratio decreases 3 dB under
the sa me condit ion.

Typical requirements for t r unk­
line amplifiers to be used in a
CATV casc aded sys te m are as
follows :

Frequency Ban d
50 MHz to 300 MHz

Input Operating Leve l
= 10 dBmV

Output Operating Level
= 32 dBmV

Maximum Outpu t Capabi lity
50 to 55 dE mV

Gain
22 dBmV

Response
±0.5 dB over the band

Noise Figure
12 dB at channel 13

8 dB at channel 2
Tilt

12 dB over t he
f requ ency range

Th ese perf orman ce spec ification
mu st be met in outdoor te mpera
t ures ran ging from - 40 to 140°F
The fo llowing paragraphs discus
in more detail the ba sic cons idera
ti ons for the design of s ingle-stag
amplifiers suitable for use i
CATV trunk lin es and distributio
amplifiers.

DESIGN RELATIONSHIPS FO
WIDE·BAND AMPLIFIERS

The gain-bandwidth product 0

a tran sistor connecte d in a co
mon-emi tter configurat ion is equ
to fT' Thus, the bandwidth of a
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(1 + W t Co Rd

[ 1 - a o + re
' , ]

(Rg+rb ) (60)
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Gain = Vo

Vg

shown in F ig. 113 (b) . Because, in
general, l /wTre' » Ce and
a o = 1, the value for Ceq is con­
veniently approximated by

Ceq = ( l / wTr e' ) (1 + WT Cc RL )

(58)

With t he a id of the si mp lified
circuit of F ig. 113 (b ) , the follow­
ing eq uations for the gain and
ba ndwidth of t he amplifier ar e
derived :

E q. (60) shows t hat t he ba nd­
width is decreased by an incre ase
in t he load r es istance R L and in­
creased by a reduction in the
source resistance Rg • For a g iven
Rg and RL , the bandwidth is also
increased by an increase in WT

an d by a decrease in r b' and Ce'
Thus, a t ransistor suitable fo r
wide-band operation should have
high f T (or W T ), a low collector
capacitance Ce' and a low base re­
sistance r b" If a transistor which
has an f .1, of 1.5 GHz and a C, of
1.5 picofarads is used, the band­
width ca lculated f rom E q. ( 59)

I3W = (l - a o) (R,,+rh') + re'
(Rg+ rb') re' C eq

Wt

T
1

hows a common -emitter transis­
or amplifier in whic h R L is the
oad resistance and R" the source
esistance . The transistor ca n be
epresented by its hybrid-pi
qui valent circuit, shown in Fig.
13 (a) , in which pa ra s it ics are
ot included . One difficulty with
he circuit of Fig. 113 (a) is the
apac itance Ce' which prevents
he circuit from be ing uni later al.
he effect of C, may be approxi­
a ted by connect ing a "Miller­

ffect " capacit ance Ceq equal in
alue to C, (1 + a o Rdre' ) f ro m
oint b' to ground and omitting
e ca pac itance C, entirely. The
suIting equivalent circuit is

Figu re 112. Common-em itter transistor
amplifier.

uncompensated common-emitter
amplifier stage may be expressed
as f ollows:

BW = h / hcc = fT (l -ao)/ao (57)

where h re is the low -frequency
common-emitter current gain of
t he trans istor and a o is t he
low-freque ncy common-base cur­
rent gain. Eq. (57) dictates the
bandwidth of a trans istor ampli ­
fier st age if the source impe dance
is large and if the load impedance
is small compared to the output
impedance of the transistor. I n
practice, t he load and source im­
pedance are su ch that the band­
width of the actual amplifier is
smaller than the va lue deter­
mined from E q. (57) . Fig. 112
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Simple feedback is provided from
collector to base for trading gain
and bandwidth. The current gain
at low frequen cie s is a pproxi­
mately equal to the ratio of Rr
to R I, • Th e feedback res istance
Rc should be in the range
Rr,<Rc<RrJ (l-ao) . Without t he
in ductance L, t h is technique is
not an efficient way to obtain
wide bandwidths because the
f eed back r esi stance becomes so
low t hat it load s both the inp ut

Figu re 114. Common-emi tter ampl ifier t hat
uses shunt RL feedb ack to increase circuit

ban dwidth.

common-emitter amplifier is by
use of shunt resistan ce-i ndu ctance
feedback, as shown in Fig. 114.

Rf L

(al

_ 1­
Wt'e'

Ccrb' b'

Rg

...Y
1- 0 0

Vg

rt: 'D

Rg 1'0' I
1"="00" "" t re~

Vg

116

C.q.~~ (IT ""t CcRL )

(b)

Figure 113. Equival ent ci rcuits fo r co mmon -em itter ampl i fier shown in Fig. 112: (a) with­
out parasitic elements: (b) simpli f ied equivale nt circu it.

Collector-to-Base Shunt
Feedback

is 8 MHz for R;: == 75 ohms, Rr, ==
300 ohms, and Ie == 50 milli­
amperes . The cor responding volt­
age gain is 140. To obtain t he
bandwidth required in CATV, it
is ne ce ssary to use compensation
te chniques that per mit the trade
of gain for increased bandw idth.

Transistor amplifiers cannot be
designed to permit a gain-for­
ba ndwidth trade in a 1 :1 ratio.
The voltage gain of a common­
emitter amplifier stage, as can be
determined f rom E qs. (59) and
(60) , is not inversely propor­
tional to the ban dwid th. One of
the important criteria of a wide­
band transistor amplifier, there­
fore, is its abi lity to trade gai n
for bandwidth. Another way of
stating this criterion is that
degradation in gain-bandwidth
should be sma ll.

One common method f or
trading gain for ba ndw idt h in a
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and output circuits and thus re­
duces the gain-bandwidth product.
The effect ive input impedance is
the inp ut impedan ce of the tran­
sistor in parallel with a resistance
equal to the feedback resistance
R, divid ed by (l + K), where K is
the voltage gain . The load pre­
sented to the collector of the t ran­
sistor consists of the feedback
r esis t ance Rr in parallel wit h re­
sistan ce RL • However, if an in­
ductanc e L is connected in series
wit h th e feedback resistance Rr,
the gain-bandwid th product can
be restored to its va lue without
feedback. The inductance tends to
remove the feedback resi stance
from the circ uit at frequencies
above (I - a n) fT , and thus elimi­
nates its effect on the high-fre­
quency cu r rent amplification. The
approx ima te expression for de­
termining the valu e of the induct ­
ance is as follo ws:

L = (R, + f l,' + Rr.) R r/ 27f Ir RL .

(61)

Emitter Degeneration
An .

Another common method of
trading gain for bandwidth is
to use emitter regeneration or
emitter.peaking, as shown in Fig.
115. Simple resistance-capacitance

Rl.

Ce

igure 115. Tr ansistor amplifier that uses .
mitter degeneration to increase circuit­

bandwidth.
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feedback is provided from the
amplifier to ground for trading
gain for bandwidth. The effect of
the resistance R, is to reduce the
gain at low frequencies. The equa­
tions for the voltage gain and the
bandwidth of this amplifier, when
Ze=Re, are as follows:

BW=
a o Re + fe' + (l-ao) (R. + fb' + Re)

f/ (R. + rb' + Re) Ceq

Comparison of Eqs. (60) and
( 63 ) shows that increased band­
WIdt h is possible if R, + r h' > Re.
The effect of the capacitan ce C, in
sh unt with the emitter re si stance
R, is to decrease the degeneration
at high frequenc ies. The required
value of capacitance Ce is approxi­
mately equal to l/(15f'.rRe) '

Fig. 116 shows a typical ampli­
fier t hat might be used as a single
stage in a CATV line amplifier .
Genera lly, four or five such
stages a r e casca ded t o provide
the gain of 20 to 30 dB- required
for a trunk-line or extender amp­
lifier. This amplifier uses both
shunt and series feedback to
achieve the simultaneous require­
ments of good input and output
match, broadband performance,
satisfactory gain, and good line­
arity.

To realize optimum linearity,
most t ransistors require a load
impedance other than the cable-
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R

This transformer consists of a
ferrite toroid around which a
twisted pair of wires are wound.
It is a transmission-line type and
has excellent bandwidth. The
transmission lines take the form
of twisted pairs of wires. The
coils are arranged so that the
interwinding capacitance is a
component of the characteristic
impedance of the line, and forms
no resonances which seriously
limit the bandwidth, as in the
case of a conventional trans­
former . For this reason, the wind­
ings can be spaced closely to ­
gether to assure good coupling.
Transformers of this type can
provide good high-frequency re­
sponse (t his response is deter­
mined by the length of the wind­
ings ) .

The low-frequency response, on
the other hand, is determined by
the permeability of the core. The
greater the core permeability, the
fewer the turns required for a
given low-frequency response and
t he larger the bandwidths. Thus,
a good core ma terial is desir abl e.
Ferrite toroids have been fo und
very satsfactory. Th e pe rmeabil­
ity of some ferrites is very high
at low frequencies and decreas es
at higher frequencies . Large re­
actance, therefore, can be obtained
with f ew t urns at low f requencies.
When the permeabili ty decreases,
the r eactance is mai nt ained by
the incre as e in frequency. and
good r esponse is obtained over a
large f requency range. It is im­
portant that coupling be high at
all frequencies , or the transfor mer
action f ails.

The t ransformer shown in F ig .
117 has an impeda nce ratio of 4: 1.
The h igh- frequency response 0

th is transformer may be caIcu
lated by use of the following equa
tion :

4R

3

300.n Z -rsn-
TI "4 :1 WIDE -BAND
AUTO TRAN SFORMER

2
.---f-------l 4

E

-v.c

4 R

Figure 116. Typ ica l CATV single-sta ge
amplifier.

line impedance of 75 ohms. A
typical opt imum impedance, as
shown in F ig. 116, is about 300
ohms. To achieve this impedance
at the transistor collector ter­
minals, a transformer such as that
shown in Fig. 117 is of ten used.

Figu re 117. Wide band tr an sf ormer. Th is
transfo rmer ma y be used to provid e a 4:1
im pedance rat io, as ind icate d in top dia ­
gram. The t ransform er is basically a
twisted -pair t ra nsm ission li ne woun d ab out
a fe rri te torroid , as shown in lower d iagram.



Table XV-RCA Transistor Types for CATV/MATV
and Small-Signal, Low-Noise Applicat ions

Power Collector-
Operating Gain Noise to-Emitter
Frequency (Min.) Figure Voltage, Package

Primary ApplicationType (MHz) (dB) (dB) (V) Type

2N918 60 13 6 6 TO-72 Low-Noise Amplifier/Oscillator
2N2857 450 12.5 4.5 6 TO-72 Low-Noise Linear Am pl ifier
2N3600 200 17 4.5 15 TO-72 Low-Noise Ampl ifier/Oscillator
2N3839 450 12.5 3.9 6 TO-72 Low-Noise Amplifier/Oscillator
2N5109 200 11 3 15 TO-39 Low-Noise Linear Amplifier (CATV)
2N5179 200 15 4.5 6 TO-72 Low-NoiseAmpl ifier/Converter
40294 450 12.5 4.5 6 TO-72 High-Reliability Version of

2N2857
40608 200 11 3 15 TO-39 Low-Noise LinearAmplifier (CATV)

(64)
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Power Available
Power Output

(1+3 cos B 1)2 + 4 sin2 B 1
4 (1+cos B 1)2

where B is the phase constant of
th e line and I is the length of the
line. The response is down 1 dB
vhen the line length is AI4; the
response is zero at 'A./ 2. For wide­
band response, therefore, this
ransformer must be made small.

TRANSISTOR
CONSIDERATIONS

In selection of a transistor fo r
CATV amplifier app lications, the
ollowing performance criteria

must be considered : maximum
ross-modulation at a given out­

but level, maximum IMD for a
given level, noise figure, de operat­
ng conditions, and dissipation.
bbviously, optimization of all of
hese characteristics cannot be
chieved simultaneously, so trade­
ffs must be made, taking into
onsideration the stages in which
he transi stor is to be used. For
Instance, low noise figure and mod­
rate output levels are associated

119

with the input stage of a line amp­
lifier, whi le extr emely low distor ­
t ion is r equired for the output
stage. Table XV lists several RCA
transistor types characteri zed for
operat ion in CATV and low-noi se
applications .

CROSS-MODULATION

One of the more serious ty pes
of nonlinearit ies associated with
a CATV amplifier is cross-modu la­
tion. Cr oss-modulation is the
t ra nsfer of modulation f or one
AM signal to another within an
amplifier. Because CATV line
amp lifiers process many signals
simultaneous ly, t his exch an ge of
signa l information is h ighly
undersirable. Cross-modula t ion
generally se ts th e upper limit on
the output signa l level at which
an amplifir ma y operate.

Cross-modulation is caused by
odd- (predominantly 3rd-) order
nonlinear iti es in the am plifier's
t ransfer characteristic. All the
amplifier nonlinearities are, of
course, attributable to the transis ­
tor. Nonlinearities within the
transistor may be separated into
three maj or areas: (1) emitter -
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base diode nonlinearities, (2) cur­
rent gain (h re/ l c) nonlinearities,
and (3) collector-base depletion­
layer capacitance variations.

Through proper selection of
bias point and amplifier circuit
(pr imar ily collector load line), a
device can be optimized for mini­
mum cross-modulation.

Because cross-modulation is a
transfer of modulation from one
channel to another, it can be
measured by determining the de­
gree of modulation produced on
an unmodulated carrier by various
combinat ions of interfering sig­
nals. The basic test for cross­
modulation is shown in Fig. 118.
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unmodulated signal is substituted
for the picture signal on the view­
ing channel. This technique pro­
vides a white screen which does
not change during the test, and
allows more consistent and critical
observations.

While the "white-screen" test is
simple, the resulting output rat­
ings depend somewhat on the judg­
merit of the person carrying out
the test. For more accurate re­
sults a method that gives repeat­
able readings is needed.

Fig. 119 shows a block diagram
of a standard test set-up. Any
combination of the twelve crystal­
controlled carriers is available.

VIDEO
SIGNAL
SOURCE

Figure 118. Block d iagram of basic test setup used for cross-modulat ion measurements

A number of clean TV (modu­
lated ) signals at the various chan­
nel frequencies are combined and
fed through the amplifier under
test. The output signal is viewed
on a good television receiver, and
the output levels are increased
until "windshield-wiper " (cross­
modulation) effects are just vis­
ible in the picture. The level at
which this condition occurs is
called the maximum usable out­
put of the amplifier.

This test is not really conclusive,
however, because TV "windshield­
wiper" effects can be seen much
more readily on some pictures
than on others. The accuracy of
the test is greatly increased if an

Each one is 100-per-cent modu
lated with a 15-kHz square wave
except the one to which the re
ceiver is tuned; this carrier is un
modulated, but its amplitude is th
same as the peak amplitudes of th
modulated carriers.

lOO-per-cent modulation is ap
plied momentarily to the modu
lated channel and a lOO-per-cen
modulation reference level is note
on the 15-kHz VTVM. Modulatio
is then removed from the tes
channel. The cross-modulation i
then read on the 15-kHz VTVM a
a fraction of the lOO-per-cent mod
ulated value. The receiver is tune
to each of these channels succes
sively and the cross-modulatio
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12 CHANNa SIGNAL GENERATOR

(II CHANNELS MODULATED WITH
15-kHz SQUARE WAVE)

(I CHANNEL UNMODULATED)

Figure 119. Block d iagram of a 12-channe l modulat ion test set.
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readings are rec orded. .The ampli­
fier rating is based on that channel
which shows the greatest cross­
modulation. When an amplifier is
being tested, its "behavior" is de­
termined by changing the settings
of the two attenuators to alter the
output levels in, for example, 2-dB
steps to find if the cross-modula­
tion follows the "two-for-one" law
expected of a "well-behaved" am­
plifier. If the amplifier does not
change "two-for-one," there is a
likelihood that some form of can­
cellation of nonlinearities is tak­
ing place.

ANALYSIS OF TRANSISTOR
CHARACTERIZED FOR
CATV APPLICATIONS

The RCA-2N5109 transistor,
packaged in a TO-39 case, is
designed to provide large dy­
namic range, low distortion, and
low noise, and is well suited for
use in a wideband amplifier in
CATV applications.

Characteristics

The 2N5109 is an epi taxial sil i­
con overl ay transistor that fea­
tures low r.,' and Cc and high and
relatively flat fT with current
level. Fig. 120 shows the fT of a
typical 2N5109 as a function of

Figure 120. Gain -bandw idth product as a
fun ct ion of collector current for a ty pica l

RCA-2N5109 transistor.

collec tor current at a VCE of 15
volts. The fT mea sured at a col­
lector cur r ent of 50 milliamperes
is 1.5 GHz; fT is within 20 per
cent of its maximum value from
25 to 100 milliamperes. Fig. 121
shows the fT of a typical 2N5 109



Table XVI-Electrical Characteristics of RCA-2N5109
Overlay Transistor (Case Temperature = 25°C)

TEST CONDITIONS
CHARACTERISTIC SYMBOL DC DC

COLLECTOR CURRENT
VOLTS (mA) LIMITS UNITS

Vcn Veo; In Ic Min. Max.
Collector-Cutoff Cu rrent IcEo 15 20 ItA
Collector-to-Base BVcBo 0.1 40 V

Breakdown Voltage
Collector-to-Emitter VCEB(SUS)* 5 40

Voltage (Susta ining) VCEO(sus) 5 20 V
Emitter-to-Base V (B Rl E BO 0.1 a 3 V

Brea kdown Voltage
Collector-to·Emitter Vcdsatl 10 100 0.5 V

Saturation Voltage
Collector-to-Ba se Capacitance CUh 15 3.5 pF

(Measured at 1 MHz)
Small-Slgnal Common-Emitter hr. 15 20 4.8

Forward·Current Transfer 15 50 6.0
Ratio (Measured at 200 MHz) 15 100 4.8

Vol tage Gain (Wideband, V.G. 15 50 11 dB
50 to 216 MHz)

Cross Modulation at C.M. 15 50 -57 dB
54-dBmV Output (typ)

Power Gain (Narrow-band, P.G. 15 10 11 dB
Measured at 200 MHz;
P,n= -10 dBmV)

Noise Figure 3
(Measured at 200 MH z) NJ. 15 10 (typ) dB

• With external base-to-emitter resistan ce RBI' = 10 ohms.

100 lilA

COLLECTOR CURRENT (Ic )=50 lilA
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F ig. 122 shows t he noise fig ure
of a ty pica l 2N5109 as a f unction
of collecto r cur rent. Th e noise
figure is measured wit h the
2N5109 operating as a narrow­
band 200-MHz amplifier at a VCE

of 15 volts. The best noise figure
occurs at a collector cur rent of
less' tha n 10 milliamperes.

Figure 122. No ise f igure as a fun ct ion of
co llector current for a typ ica l RCA·2N5109

transistor.

N
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u
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'"Figure 121. Gain-bandwidth pr od uct as a
f unction of collector vo ltage for a typical

RCA-2N5 109 trans istor.

as a f un ction of VCE at collecto r
cu rren ts of 25, 50, and 100 milli­
ampe res, re spectively. The el ec­
t ri cal character istics of t h is
t ransi stor are summa r ize d in
Tabl e XVI.
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Community-Antenna Television

Choice of Operating Cond itions

Th e most impor tant pa rameter
in the input stage of a CATV sys -

. t ern is the noise figure. Distortion
is not usually important in the
input stage beca use the voltage
and cur re nt swings of the t rans is­
tor are small. The de bias of the
transi stor should be chos en for
mimimum n oise figu re. An RCA­
2N5109 used in the fir st stage
should be biased a t a collec tor
cur re n t Ie of 10 milliamperes
a nd a collector-to-emitter volt­
age VCF. of 10 t o 15 volts. The
noise figure of a typi cal 2N5109
mea sured in a CATV am plifier is
8 dB at channel 13.

The final stage, on the other
hand, should be biased so that
maxim um power output can be
obtained wit h minimum cross­
modulation distorti on . In addit ion,
the bias condit ion shou ld be wit hin
the dis sipation capability of the
transistor. F or example, if it is
assumed that 1 volt r ms (60
dBmV) is requi red across a load
of 75 ohms , the peak-to-peak volt ­
age swing ac ross the 75-ohm load
is 2.83 volts, an d t he cor respond­
ing cu r re nt swing is 36,4 milli­
amperes. The 75-ohm load must
be tran sformed into t he colle cto r
load with th e use of a wideband
tra nsformer. If a 1 :1 impedance
transformer is used, t he collector
volta ge a nd cur ren t swings are
the same as those of the 75-ohm
load. Th e colle ctor bi as cur rent
Ir· ca n then be se lec t ed from Fig.
120 f or minimum cha nge in fT

wi thin the 36,4-milliampere cur­
r en t swing. The va lue of Ie that
sa t is fies this condition is ap­
proxima tely 60 milliamperes. The
VeF. cor r esponding to a collector
load of 75 ohms is t he re fo re 1.5
volts. Figs. 120 a nd 121 show
that large current swings (rat h er
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t han voltage swings ) re sul t in a
change in f T and, therefore, in
large di storti on.

If a 4 :1 impedance t rans fo r mer
is used, the collector load becomes
300 ohms and the collector voltage
and current swings become 4.66
volt s and 18.2 milliamperes, r e­
spectively. From Fig. 120, the
value of Ie can be chosen as 55
milliamperes for a minimum
chang e of f T wi thin this current
swing. The VCF. value correspond­
ing to the collector load of 300
ohms is 16.5 volts . Fig. 121 shows
that the f T is substantially con­
stant within the 4.66-volt swing
a ro und 16.5 volts . The power diss i­
pation is 0.9 watt, which is within
the limit of the 2N 5109. The
power out put f or a t ypi cal
2N51 09 operate d at 16.5 volts an d
55 milliamperes in a 12-channel
syst em is 52 dBm with - 57 dB
cro ss modulati on.

WIDE-BAND AMPLIFIER

A typical s ingle-stage wideband
amplifier circ uit is shown in Fig.
123. This common -emitter class A
amplifier uses the RCA-2N5109
t rans is to r and is desi gn ed f or
75-ohm source and load r esis ­
tances ; it is suitable for the CATV
application. A ferrite-toroid wi de­
band t ransf or mer that has an im­
pedance ratio of 4: 1 is used in the
output to t ransform a 75-ohm load
into a 300-ohm collector load. Both
shunt feedback and emitter de­
generation are empl oyed thro ugh
R, and R.., respectively. Emitter
pea king is accomplished by the
use of Ca' Two de power suppli es
are used ; one supply provides the
collector re verse bias, and t he
other supply provides the emitter­
to -base forward bias through re ­
si stances R 1 and R2•



LOW-NOISE AMPLIFIERS

GPSi
(GPN i) + (F - l )Gk ToB

(66)

Pso
PNO -

where G is the system gain.
F rom E q. (66) it can be seen

that the value of PSO/PNO depends
upon the level of input noise, P N1•

For high levels of PN1 and low
values of F there is little degrada­
tion in signal-to-noise rat io of the
incoming signal as it is amplified:
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Eq. ( 65 ) is valid only when
the input n oise (P N 1) associated
with the s igna l is equal to kT oB;
here k is Boltzmann' s constant,
To = 290 ° K, a nd B is the system
ba ndwidth , If the equivalent
noi se temperature is not 290 0 K,
the effect of the I /F factor may
be increased or decreased, as
shown by the following more gen­
eral relationship:

If several amplifiers are cas­
caded, the total noise figure, F total>
is r elat ed to the noise figures and
gains of the individual stages by
the f ollowing equation :

F2 - 1 F3 - I
FTOTAL = F 1 + - - - +---

G 1 G 1G2

+ . .. + FN - 1
G 1G2 • • ,GN_ 1

(67 )

In Eq. ( 67) , G l and F l are the
gain and noise figu re of t he fir st
stage of amplification. If Gl is
large, the noi se figure of the entire
amplifier chain-is nearly equal to
F l '

The noise figu re of a s ingle­
s tage t rans isto r a mplifie r is a
f un ct ion of f requency and tran­
sisto r paramet er s, as -shown by

LOAD
(75DI

SOURCE
175lll

124

Figure 123. Single-stage w ideband ampli ­
f ier using t he RCA-2N5109 transistor to pro­
vide a gain of 12 dB in the frequency

band from 54 to 216 MHz .

::~ = ~ ( : : :) (65)

The amplifier of F ig. 123 use s
a 2N5109 operated at an Ic of 55
milliam peres and a VCE of 16.5
volts, an d can provide a min imu m
gain of 12 dB within the band of
51 to 216 MH z.

c., Cz, C. = 0 .002 p.F
( 3 = 8-60 pF, Areo 404 or eq ul v .
C. = 0 .03 p.F
C. , C, = 1500 p f
Rl = 390 o hms, ';' woll
R, = 330 o hms, 1 woll
Re = 6 .8 ohms , lh. weft
Rr = 200 oh ms, ';' woll
T = 4 -tu rn bifilar wind ing, ¥lEi " 10 , No . 30 wire ;

Core : G.!. mater ial Q l or equiv.

When a signal is processed by a
system, a certain amount of ex­
t r aneous noise is added, which de­
grad es t he original inp ut s ignal­
to-noise rat io.

Th e output s ignal-to -no is e ra­
t io of an amp lifier wit h a noise
figure F is I / F ti mes less t han
the input signal-to-noise ratio.
The f ollowing equation expresses
this r elation ship :
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the following equat ion :

At f requen cies below approxi­
mately 0.1 fT , the noise figu re is
cons tan t with frequenc y and is
primaril y determined by Rg , r ,' ,
r . , and a n' Th e resistance 1': is
inversely related to the de emi t­
t er cur re nt (1': = 26/1 . ) ; there­
fore, there is a value of I. t hat
corresponds to a minimum noise
figure. At higher frequencies, th e
(f / f1')2 term in the noise-figure
equati on becomes predominant,
with th e result th at th e noise fig­
ure asymp totically approaches a
6-dB-per-octave slope. From the
viewpoint of noise considerations,
the rho and l eo of the t ransistor
should be low, and f.1, should be
high. E q. (68) shows that th e
noise figure is also a f uncti on of
the sourc e resis tance Rg and,
therefore, can be minimized by
pr oper select ion of Rg • The opti­
mum source resistan ce can be de­
termined if E q. (68) is di fferen­
ti ated and the resu lt is set equal
to zero and solved for Rg • The fol­
lowing equation for R, is t hen
obtained:

At low frequencies , where (f / f1')2

is small, a transistor that has high
de current. ' gain requires a high
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source resistance Rg for best noise
performance. As th e frequency ap­
proaches f 1" the second ter m of
Eq. ( 69) becomes small, and the
opt imum source re sistance ap­
proache s (r.,' + r , ' ) ,

The circuit shown in F ig. 124 is
a narrow-band 1-GHz amplifier
with a gain of 10 dB and a noise
figure of 3.0 dB. Microstrip con­
st ruct ion with varia ble tuning
a llows this ci rcu it to be us ed for
noise-figure te sting or as an am­
plifier in a 50-ohm syst em.

10 VII.5 mA

C" Co, Co == 1 to 10 pF, Johanson No . 2954 or
equiv .

C. == 1000 pF, feedthrough , Alle n-Bradley type
FAC5 or equiv.

R. == 2.7 ohm s, 'Ia W, carbon
R. == 120K, 'Ia W, carbon
Lr = microstrip transm iss ion line, length = X/ 4,

Zo == 30 ohms
L2 = microstrip tra nsmission line, length = X14,

Zo == 90 ohms

Figu re 124. Low-no ise 1-GHz ampl if ier.

F ig. 125 shows a circ uit dia ­
gram of a typical low-noise 450­
MHz amplifier that uses an RCA­
2N285 7 tran sistor. This amplifier
provides a gain of 12.5 dB with a
noise figure of 4.5 dB.

Fig. 126 shows a ty pical test
ar rangement for measurement of
t ransistor noise figure.



Figu re 125. Neutral ized amplifier cir cuit used to me asure 450·M Hz power ga in and noise
f igure fo r type 2N2857.

Figure 126. Typ ica I noi se-figure t est set .

=

Note: External interlead shie ld to isolate th e
co llecto r lead from emi tter and base leads .
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RF
AMPLIFIER

NOISE
FIGURE
METER

=

IOOOI
50 0

r-t-'__r J\,fV\'"1 = * 1/ 2 TURK. No. 16 WIRE: LOCATED
I / q' FROM AND PARALLEL TO L2

1000
~ RESISTA NCE VALUE S INOHMS." .J=. CAPACITANCE VA LUES IN pF.

VEE' 7.5 V

500J 6800

Lr, 12= silve r-plated brass rod , 1112 inch long ­
bye',4 inch diameter; install at leas t '/2 inch
from near est vertica l chassis surfac e
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Microwave Power
Amplifiers

THE considerations of construc­
tion, geo metry, and rat ings

t hat were di scu ssed previousl y
for rf power tran si stor s are par­
t icu larly imp ortant a t microwave
frequ enc ies.

TRANSISTOR SELECTION

The sel ection of the proper
t rans istor for a speci fic mic ro­
wave applicat ion is determined
by the required power ou tput,
ga in, and circui t prefer en ce. RCA
offers the circ uit desi gner a wide
va r iety of micr owave power
tran si stor s from which t o choose
the opt imum type for hi s applica­
t ion . Su ch tran si stors a re ava il­
able in eithe r coaxia l or st r ipline
packages. Units that a re opti­
mized f or operat ion from either
22 or 28 volts and that are
packaged specifica lly for either
amplifie r or osc ill ato r applic a­
tions a re a lso ava ilable. Table
XVII lists RCA tran si stor type s
characterized for operation in
amplifier or oscillator applica­
tions at microwave frequencie s.

At a fre quen cy of 2 GH z, a
sin gle microwave power tran si s­
tor can supply an out put power of
more th an 10 watts with a gain of
7 dB. If higher outp ut power is
r equir ed , two or more t rans istors
can be connected in pa rallel, either
directly or by use of hybrid com­
biners. Higher gain can be ob­
tained by connect ion of several
stages in cascade. The transistor
su pply voltage is usuaIly dictated
by the applica t ion. For example,
the supply voltage in telemetry
systems and microwave relay links
norm aIly ran ges f rom 20 to 23
volts ; most ot her systems use 28
volts. The type of package select­
ed, either coax ial or stripline, us­
uaIly depends on the type of cir­
cuit in which t he designer plans
to use the transistor.

PACKAGE DESIGN

The output power, power
gain, efficiency, and bandwidth
are all stro ngly affected by pack­
age parasitic elements, which be­
come increasingly s ignificant at
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Table XVII-RCA Microwave Power Transistors

Collector Coliector-to-Emitter Output Power
Efficiency Voltage Frequency Power Gain Package

Type No. (% ) (volts) (GHz) (W) (dB) Type

Stripline Types

2N6265 33 28 2.0 2 8.2 HF-28
2N6266 33 28 2.0 5 7 HF-28
2N6267 35 28 2.0 10 7 HF-28
2N6268 32 22 2.3 2 7 HF-28
2N6269 35 22 2.3 6.5 5 HF-28

Coaxial Types

2N5470 30 28 2.0 1 5 TO-215M
2N5920 40 28 2.0 2 10 TO-215M
2N5921 40 28 2.0 5 7 TO-201M
40898 35 22 2.3 2.0 7.0 TO-215M
40899 35 22 2.3 6.5 6.5 TO-201M
40908 45 22 1.7 7.6 8.8 TO-201M

Oscillator Types

40836 20 21 2.0 0.5 TO-215M
40837 20 28 2.0 1.25 TO-215M
40909 20 25 2.0 Z.O TO-201M

higher frequencies. Therefore,
the pa ckage design is an especi­
ally important feature of micro­
wave transistors.

A suit able high-power transis­
tor package for microwave appli­
cations must have low common­
lead inductance and low shunt
and feed through capacitance, as
well as good thermal properties.

Packages s uch as the TO-39
and TO-60 a re useful in applica ­
tions abov e 1 GHz, but super ior
performance ca n be obtained
with st r ipline and coaxial pack­
ages specifically designed for
microwave freq uen cie s. F ig. 23
in the section on Special features
of High-Frequency Power Tran­
sistors showed a st r ipline pack­
age (HF -28) and two coaxia l
packages (HF -ll and HF-21 )

that a r e used at f req uencies well
into S-band. Best microwave-f re­
qu ency amplifier performa nc e is
provided by common-base con­
figurations in these packages. In
t he str ipli ne package , t he base
is connected directly to t he flange,
and in the coaxial package, the
base is connected to the flange
separating the ceramics for amp­
lifier units. Coaxial-package t ran­
sistors in which the emitter is
connected to the flange to enhance
feedback are also available for
some oscillator applications. In
both types of packages, the base
can be rf-grounded with very low
parasit ic lead inductan ce; this
grounded-base configuration mini­
mizes out-put-to -input fe edback
and, therefore , fa cilitates st able
operation.
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CIRCUIT DESIGN
TECHNIQUES

In designing transistor micro­
wave power circuits , several
fundamental considerations must
be taken into account: the type
of circ uit to be used, e.g , micro­
st r ip, coaxia l, lumped element, or
a combinat ion thereof; the type
of package to be used; the re­
qu ired size and type of heat sink;
a nd the power output, gain, effi­
ciency, and bandwidth required.
All the above items are inter­
related; for example, various
heat s inks can be used with the
coaxial-package devices, depend­
ing upon the circuit t echnique
ch osen.

Fig. 127 sho ws a coaxia l pack­
age jig that uses a st anda r d
beryllium oxide ring to conduct
h eat from the center conduct or to
the outside conductor of an air­
dielectric line section. This type
of arrangement is useful for
power dissipation of 5 watts or
less . A more efficient heat sink is

N-TYPE CONNECTIONS
(BOTH ENDS)

129

obtained by use of a boron nitride
cylinder that makes int imate con­
tact between the coaxial line con­
du ct ors over the entire length of
the cavity. This a r ra ngement re­
sults in much improved heat con­
duction a nd, therefore, is more
suitable for high-power mi cro­
wa ve transi stors. In addition, the
boron nitride, which has ele c­
trical and thermal properties
similar to those of beryllium
oxi de, is readily machineable and
is nontoxic. Coaxia l line lengths
a r e a ls o substantially reduced.

Fig. 128 sh ows a circ uit mount­
ing arrangement for coaxia l­
package transistors in micro­
st rip line an d lumped-element cir­
cuits. The transistor is mounted
vertically through a hole in the
metal block which serves as both
a heat s ink and ground for the
device. The bottom side of the
metal bl ock is counter-bored so
that the base flange of the tran­
si stor is level with the surface of
the block. The hole through the
metal block has a somewhat
larger diameter than that of the

Figure 127. Heat sink for use with coaxial transistor package.



Figure 129. Construction of the m icrostripline ci rcuit.

METAL BAR

OUTPUT (COLLECTOR) LINE
(COPPER SHEET)

EMITT ER TERMI NAL
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conductivity and low electrica l
losses and thus provide satisfac ­
to ry he at dissipation from the
coaxial trans is tor without ad­
versely a ffect ing t he rf perform­
ance.

The circ uit a r range ment shown
in Fig. 128 is excell en t for isola­
tion of the input and output cir­
cu its. The outp ut circuit is con­
st r ucted on the to p por t ion of t he
metal blo ck and the input circuit
on the bottom portion. Fig. 129
shows the con struction of the
mic rostrip line cir cuit . The out­
put circu it is constructed of
standa r d microstripline mounted
to th e t op sur f ace of the metal
block. Th e input circuit is con-

DIELECTRIC MATERIAL
TRANSISTOR

INPUT (EMITTER) LINE
(COPPER SHEET)

COLLECTOR TERMINAL

BERYLLIUM OXIDE OR
BORON NITRIDE

DIELECTRIC
MATERIAL
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ceramic portion of t he transistor
which separates t he base flange
and the collector stud. This
larger diameter permits inser t ion
of a pre ss-fit cylin dr ica l s leeve
of beryll ium oxide or boron
nitride betwee n the trans istor
and t he metal block to provide a
heat-con ducting path from the
collector st ud to the block. The
diameters of the hole through t he
metal bl ock and the cy lin der of
beryll ium oxide (or bor on ni­
tride ) are dete rmined by t he de­
sired cha racteristic impedance of
the short coaxia l-line section
which is fo rme d by this moun t ing
te ch n ique. Beryllium oxide and
bor on ni t ride have excellent heat

Figure 128. Mounti ng ar rang em ent fo r a coaxi al-package transistor in a microstr ip lin e
c ircuit .



Fig ure 130. Block d iagram of test setup used to dete rm ine input and output impedances
of transistors.

Microwave Power Amplifiers

structed of another microstrip­
line placed directly over the bot­
tom surface of the metal block.
A stripline circuit can be formed
by placing another strip of di­
electric material and ground
plane above the conductor st r ips
of Fig. 129.

The design of transistor micro­
wave power circuits involves two
steps: (1) the determination of
load and inp ut impedances under
dynam ic operating conditi ons, and
(2) the design of proper ly dis ­
tributed filtering and matching
networks re quired for optimum
circui t perform ance. For design
of the input circuit, th e input
impedance at the emitter-to-base
terminals of the packaged tran­
sis to r at the drive-power fre­
quency under operat ing condi­
ti ons mu st be kn own . For design
of the out put circ uit, the load
impedan ce presented t o the col­
lect or termina l at the fundamen­
ta l f requency mu st be known.
The se dynamic impedances are
difficult tocalculate at microwave
frequencies because transistor
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parameters vary considerably un­
der large-signal operation from
small-s igna l values, and al so
change with power level. Small­
s ign al equations that might serve
as usef ul guides for transistor
design cannot be app lied rigor­
ously to large-signal circuits,
although it has been determined
empirically that some small-sig­
nal parameters at the 10-volt
level correspond rather closely
with the la rge-signal va lues at
28 volts . Becau se practical large­
signal representation of micr o­
wave transistor s has not yet been
dev eloped, tran si stor dynamic im­
pedances are best determined ex­
perimentally by use of slotted-line
or vect or -voltmeter mea surement
te chniques .

The system required to deter­
min e transist or impedances under
operating condit ions is shown in
Fig. 130. This system cons ists of
a well -padded power signa l gen ­
erator, a directional coupler (or
reflectometer ) for monitoring th e
input reflected power, an input
triple-stub tuner, an input low-
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impedance line section, the tran­
sistor holder (or test jig), an
output line section, a bias tee, an
output triple-stub tuner, another
directional coupler for monitoring
the output waveform or frequency,
and an output power meter. At a
given frequency and input-power
level, the input and output tuners
are adjusted for maximum power
output and minimum input reflec­
tion power. When the system has
been tuned properly, the imped­
ance across terminals I-I, without
the transistor in the system, is
measured at the same frequency
in a slotted-line set-up or with
a vector voltmeter. The conju­
gate of this impedance equals the
dynamic input impedance of the
transistor. Similarly, the imped­
anc e across terminals 2-2, without
th e transistor in the system, is
the load impedance presented to
the collect or of the transistor.
Such measurements are per­
formed at each frequency and
power level.

In addition to determining dy­
namic input impedance and load
impedance, the system shown
in Fig. 130 is useful for de­
termination of the performance
capability of the transistor.
Power output, power gain, and
efficiency are readily determined.
For optimum performance of the
test system, careful considera­
tion must be given to the selec­
tion of the line length and the
characteristic impedance Zo of
the input and output line sec­
tions l] and l2' respectively).
Eighth-wavelength (Al8) line
sections are preferred for l] and
l2 because such sections exhibit
the lowest VSWR and the small­
est line losses.

An alternative method of de­
termining the dynamic input im-
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pedance is shown in Fig. 131.
This method uses a well-padded,
high-power signal generator con­
nected in series with a slotted­
line setup.

I
Figure 131. Block diagram of dynamic­
impedance test setup that may also be

used to test transistor performance
capability.

The setup beyond terminals 1-1 is
identical to that of Fig. 130. The
high-power generator if; adjusted
until a desired power output is
obtained. The input impedance un­
der this condition can be mea­
sured simultaneously in a slotted­
line setup. In this case, the test
fixture must cont a in a short line
section (a Al8 section is pre­
ferred for smallest line losses )
to provide a connection to the
transistor.

When the dynamic! input im­
pedance and the load impedance
of a packaged transistor have been
established, either by direct mea­
surement (as described in the
preceding paragraph ) or from
published data, the input and out­
put circuits can be designed.

Some simple designs are shown
in Fig. -132. Although coaxial­
line configurations are shown,
the design procedures are sim­
ilar for the other forms of
TEM-mode distributed line sec­
tions. For the circuit shown in
Fig. 132 (a ), the line section l
transforms the small input im­
pedance of the transistor to a
value closer to that of the driv­
ing-source resistance (s uch as a
50-ohm generator). If line sec­
tion l is made an eighth-wave­
length long and its characteris­
tic impedance Zo is properly de-
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INPUT CIRCUITS

(a)

lb)

(e I

OUTPUT CIRCUITS

[Il
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Figure 132. Transistor input and output couoling circuits suitable for use at microwave
frequencies: (a) direct-couoled inout network using series tuning canaclton (b) direct­
coupled inout network using shunt tuning capacitor: (c) resonant-line inout circuit:
(d) capacitive-probe-coupled outout cavity: (e) inductive-probe-coupled coaxial output

cavity: (f) resonant-line output circuit.

termined, then the complex in­
put impedance is transformed
to a real value at the other
end of this line, and the VSWR
on the line section is a mini­
mum. Capacitors C1 and C2, to­
gether with some lead inductance,
are used as reactive dividers to
step up or step down the imped­
ance, depending on the value of
the real impedance compared to
the 50-ohm source. Transforma­
tion directly to 50 ohms or some
other desired real impedance is
also possible with this configura­
tion. The length of the line sec­
tion l is Jess than a quarter-

wavelength when the dynamic
input impedance is inductive and
greater than a quarter-wave­
length for capacitive inputs. In
this type of application, capaci­
tors C1 and C2 serve to tune out
imaginary components, modify
imaginary components, or adjust
the values of real components,
depending on the frequency and
the characteristics of the line
section l.

The input circuit shown in Fig.
132 (b ) can be used effectively
when the dynamic input imped­
ance of the transistor is induc­
tive. Capacitor C2 is used to tune
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out the inductive component of
the input impedance. A quarter­
wave line of the proper ch arac­
t eristic imp edance is then used
for the impedance transforma­
t ion between the sma ll input re­
s is tance of the tran si stor and
t he driving-source resistance.
Capa ci tor C1 may be used t o ad­
just f or minor differences be­
tween transistors.

The output circ uit shown in
Fig. 132 (d ) is a capacitive­
loaded, foreshortened quarter­
wave coaxial -line cavity. A ca­
pacitive probe is used to match
the output t o the desired r eal
load impedance. In the design of
the circ uit, the lin e sect ion I,
the ca pac itance C3 , and the dy­
namic output ca paci tance of the
transi stor mu st be re sonant a t
the desired frequency.

The ouput circ uit show n in
Fig. 132 (e) is s imilar to that
shown in F ig. 132 (d) except that
induc tive loop coupling is used.
Again, the design of the coupling
loop is empirical. In general, the
in ducti ve loop is pl aced near the
ground (high-c urrent) end of the
line; in f act, it may be tapped
directly to t he center con ducto r .
Converse ly, ca pacitive probe s a r e
genera lly locate d near the high­
voltage en d of the line.

The coup ling networks shown
in Fig. 132 (a ) t hrough F ig.
132 (e ) can apply to eit her input
or output circuits, a nd t he spe­
cific illustrations are us ed f or
discussion only. The circuits
shown in Figs. 132 (c ) and 132 (f )
make use of induc t ive co upling
and are particu larly suitable for
stripline circuits.

CIRCUITS

In ge nera l, trans istor ampli­
fiers are operated in t he common-

RF Power Transistor Manual

base con figuration at mi crowave
frequencies . As was mentioned in
t he pr evi ous section, ei t her co­
axia l or microstr ip circ uit t ech­
ni qu es ca n be utilized .

Coaxial Amplifier Circuits

Fig. 133 shows a ty pica l
2N5921 coaxia l-c irc uit amp lifier
for 1.2- or 2-GHz operat ion and
Fig. 134 shows the me ch anical
cons t r uct ion of the cir cuit. Figs.
135 and 136 show typical per­
f ormance that ca n be obtained
wi th this transi stor .

The performance da ta show
that the 2N5921 ca n provide an
out put of 5 wa t ts at 2 GHz with
a gain of 7 dB and a collector
efficiency greater than 40 per
cent.

In t he des ign of an amplifier,
suc h as shown in Fig. 134, t he
input and output im pedances of
the transi stor mu st be know n.
F ig . 137 shows typical la rge-sig­
nal input impedance and collec­
tor loa d impe dance va lues for
the RCA-2N5921 as functions of
frequency. These data are par­
t icularly useful for the design
of broadband circuits .

F ig. 138 shows construction de­
ta ils of the lower-power ampli­
fier that uses the 2N5920, and
F igs. 139 and 140 show perform­
ance characteristics of this tran­
sistor when used in the common­
ba se configuration. The 2N5920
is particularly well suited for use
as a driver for the 2N5921.

For even lower powers, the
RCA-2N5470 can be utilized. Cir ­
cuit and performance details of an
RCA-2N5470 common-base ampli­
fier are shown in Figs. 141
through 143.
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TYP E 2N592 1

> Joh ansonMfg. Corp. , Boonton, N.J. 07005
Fi gur e 133. 1.2- or 2-GHz coa xia l- lin e ampl ifier c ircu it.

suggested construction for a 1- or
2-GHz a mplifier that uses an RCA
stripline t r ansis tor . Typical per­
formance of this transistor is
shown in Fig. 148.

T he RCA -2N6266 s t r ipline t ran­
s istor used in the circuit shown
in F ig. 146 can provide 5 watts
of power output at 2 GHz with a
gain of 7 dB an d a collector ef­
ficie ncy of 40 per cent.

Another RCA stripline transis­
t or, t he 2N6265, can provide 2
watts of output powe r at 2 GHz
with a minimum gain of 8.2 dB
and collector efficiency greater
than 35 per cent.

RFC RF C

C2

R~1 C4

1
Vcc 0 28V

.. Use only in the 2-GHz coaxial -linepower amplifiercircu it.
• Use only in the 1.2-GHz coaxial-line test circuit.

CIRCUIT C, C, C, C, C, Col C7 C. R
pF pF pF pF pF pF pF pF ohm

1.2 GHz
(Test 1-10 1000 1000 0.01 1-10 0.3-3.5 0.75
Circuit)

2 GHz
(Test 1-10 470 470 0.01 1-10 0.43
Circuit)

2 GHz 1-10 470 470 0.01 0.3-3.5 0.3-3.5 0.3-3.5 0.43(Amplifier)

e l , Cs = 1 to 10 pF, Johanson 4581, or equiva lent*
C" Cc, C7, C. = 0.3 to 3.5 pF, Joha nso n 4700, or eq uiv alent >
RFC (Fo r 2-GH z Circui ts ) = 3 turns No . 32 wire 1/16 in. (1.59 mm ) 10,3/ 16 in. (4.76 mm) long.

(For 1.2-G Hz Circuit) = 6 turns No. 32 wi re 1/1 6 in . (1.59 mm ) 10,3/16 in . (4.76 mm) long .
Xl , X2: Cccx lo l-line circuits.

Typical Microstripline
Amplifier Circuits

The circuits in F igs. 133, 134,
138, and 141 employ coaxial r eso­
nators and matching circuits.
Microstripline circuitry can also
be used with excellent re sults.
F ig . 144 shows a typical 2-GHz
microst ri pline ci rc uit used wit h
t he RCA-2N5921. Construction de­
tails of this circu it are sh own in
F ig. 145,

As discussed previousl y, micro­
wave transistors are a lso avail ­
able in stripline packages. Figs,
146 and 147 show a circuit and
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(l.~~) DIA.

COAXIAL OUTPUT
CONNECTOR"

+ rl C5 .625
li 5.871.750 DIA. .875(19.05) BOTH (22. 221

DIA .
RFC ENDS

L+

--" C4

r-
DIMENSIONS OF COAXIAL LINES x, AND X.

CIRCUIT
INPUT (X,) OUTPUT (X,)

A B C Center D E F Center
Conductor Conductor

1.2·GHz 1.385 0.875 0.282 0.825 1.778 1.268 0.213 1.05(Test (35.18) (22.22) (7.16) (20.95) (45.16) (32.21) (5.41) (26.67)Circuit)

2-GHz 0.940 0.430 0.266 0.380 1.04 0.530 0.266 0.370(Test (23.88) (l0.92) (6.76) (9.65) (26.42) (l3.46) (6.76) (9.39)Circuit)

2·GHz 0.860 0.350 0.265 0.300 1.06 0.550 0.270 0.385
(Amplifier) (21.84) (8.89) (6.73) (7.62) (26.92) (l3.97) (6.86) (9.78)

Dimen sions in inches and mill imet ers
Dim en sions in par en theses ore in milli meter s and a re deriv ed from the basic inch d imensions as
ind icated.
MATERIAL: Center conductor-copper

Outer conductor for input and output-brass

• Conhex 50-045-0000 Sealectro Corp., or equiv.

Figure 134. Construct ional details for 1.2· or 2-GHz coaxial· l in e c ir cu it .

Large-Signal Narrow-Band
Microstripline Amplifier

The design of a large-signal
tran si stor power amplifier circuit
is simplified if the approximate
large signa l device imp edances
over the frequen cy range of in­
terest are known. These impe­
dances a r e generally specified in

the published data on RCA micr o­
wave power transi stor s as the
device input impedance ( Zln) and
the preferred device coll ctor load
impedance ( Z CL) ' The spec ified
input impedance for the RCA­
2N 6267 transistor at 2.3 GHz is
approximat ely 1.8 + j12 ohms ,
and the collector load impedance
is given as 1.6 - j8 .0 ohms .



Figure 138. Constructional deta ils of 2-GHz power ampl if ier .

COLLECTOR-SUPPLY VOLT AGE
(VCC) =2B V

OUTPUT POWERSATURATED
CASE TEMPERATURE I fl\\'Z.!!l~
(Tcl=25°C --

137

Simple series matching trans­
formers, which are short sections
of microstripline, are used at
both the input and the output of
the device to assu re a 1-dB band­
width of at least 100 MHz. Th e
input impedance is transformed
t o about 50 + j85 ohms by line
secti on x., This line-section
transformer is a 0.90-wavelength
section of 12.5-ohm microstrip­
line constructed on 1/32-inch­
thick Teflon-fiberglass board.
The capacitor CI is used both to
tune out the inductive component
of 85 ohm s and to provide de
isol ation for the bi as network.

2N5920

Figu re 137. Typical large-signal ser ies in ­
put im pedance and lar ge-signal co lle ctor
load im pedance as a function of f requency

for the RCA·2N5921.

INPUT CONNECTOR
GENERAL RADIO No. GRB74
TYPE"N" MALE

\

COLLECTOR-SUPPLY VOLTAGE
12 (VCC)- 28 V CASE T EMP.(TC)o25°C

f 10p.."'c---,-----,-- -,----,- -,----j
a:
.... 8 1----+--"'I;;.p~~"'-L 'cl- -t----l

~
!; 6t--t-+--n~f"_o;;?'io2'-.q_.'C"""1

e,
!; 4t--t-+-+--~
o

° 1 1.2 1.4 1.6 1.8 2
FREQUEHCY- GHz

21--+-t---+- t---+- p

CASE TEMPERTURE (Tcl o25°C
COLL ECTOR-SUPPLY VOLTAGE
(VCC)o28V
FREQUENCY «i-a GHz

Microwave Power Amplifiers

Figure 135. Typical output power as a
function of frequency for th e 2N5921

transistor.

Fig. 149 shows the circuit dia­
gram for a typical 2.3-GHz
narrow-band power amplifier
that use s the 2N6267 t rans is tor .

Figure 136. Typical power output or col ­
lector efficiency as a function of power

input at 2 GHz for c ircu it show in
Fig. 134.
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Figure 140. Typical out pu t power and col ­
lector eff icien cy as a funct ion of in put

power for 2-GHz common-ba se power
ampl ier .

C. = 0.35 to 3.5 pF, Jahnason 4702 , or eq ulv .
L" L, = RF chok e, 3 tu rns No. 30 wir e , \1,, "

10 , y,," long
X" X, = Deta ils given in (b )

(a)

C3
BERYLLIUM
OXIDE WASHER

DIMENSIONS IN INCHE S

(b)

TYPE
2N5470

COLLECTOR SUPPLY VOLTAGE
(Vcc)·2ev
COLLECTOR TERMINAL TEMPER­
ATURE (TCT). 25°C

COAXIAL INPUT
CONNECTOR

TYPE
2N5470

~

~ 31--i"'__--,.-r-,...---,---,.- r-----1...
~20!5I--t-"""io--po.,.p...+-1 I--+--+--j
A­
I- 2t--t--r
::>
~ 1.5

o 11--1--+-+--+-+

O.51-t--t--t--t-I-t--t--+~

oL......L........L--,.L.--.L-.1.......JI--.l..-..L.......J

138

Figure 139. Typica l out pu t pow er as a
fu nc ti on of freq uency for co mmon-base

ampher .

C, = O.B to 10 pF, Jo hna sa n 4355 , or eq uiv .
C, = 1000 p F, feedthru, Allen-Brad le y FB2B,

or equ iv .
C3 = 0.3 to 3.5 p F, Johnason 4701, or eq uiv.

Figure 141. 2-GHz power ampl if ier us ing t he RCA-2N5470 coaxial trans istor: (a) circu it
schematic; (b) construction det ai ls.
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Figure 142. Power output as a f unction of
f requency for th e RCA-2N5470 t ra nsistor .

Figure 143. Power ou tput as a f unct ion of
in put for am plier shown in Fig. 141.

*Sho rt sect ion of
transmission line
formed by coll ect-
or stud a nd surround-
ing metal bar (chassis)

"'with some devices,
load end of X. may
require a slig ht taper
to increase Zo for
optimum match condit ion .

R

C1,C5=300 pF, disc cera mic
C",C, =470 pF, feed through, All en-Bradl ey FAC5,

or equ ivalent
C,=O.Ol ,aF, disc ceram ic
R=0.43 ohm
RFC=No. 32 w ir e, 0.4 in . (1.02 mm) long
Xl=Tapered microstripline-

0.15 in . (3.Bl mm) wide, input end
0.30 in . (7.62 mm) wide, output end
0.525 in . (13.33 mm) long
0.005 in . (0.13 mm) thick , copp er

X:!= Unif or m microstr ip line ­
0.25 in . (6.35 mm) w ide
0.36 in. (19.14 mm) long
0.005 in . (0.13 mm) thick , copper

DIELECTRIC MATERIAL: 0.5 in. (12.7 mm) wi d.
0.75 in. (19.05 mm) long
0.005 in. (0.13 mm) thick
DuPont H-Film, or eqv iv .

Figu re 144. Typical circuit for 2-GH . grounded -ba se microstripline power amp lier.



Figure 146. (a) Circu it congura t ion for 1· or 2-GHz st r ipline ampl ier and (b ) deta ils of
microstripline sections for each f req uenc y.

\
H- FI LM

OUTPUT CIRCUIT

for 2·GHz mi crostr ipl in e

BERYLL IUM~X IDE
OR

BORON NITR IDE

+VCC

C3 jJ
~:1

Ct, C. =300 pF, ATC-1OO, or eq uiva lent
C2, C3=Filte rco n, Allen-B ra d ley SMFB-A1,

or equ ivalent
C, =O.OOI p.F, disc ceramic
RFC=2 GHz - No. 32 wir e, 0.4 in. (1.02 mm) lon g

1 GHz - No. 32 wire, 3 turns, 1/ 16 in.
(1.59 mm) 10, 3/16 in. (4.76 mm) long

Xl, X2=Microstripline circuits

(0)

OUTPUT (XZ)

0 .22 5 [ "] 0 .OB5
(5 ·71 I _ --- ------ (2 .15)

_--- I.I----l
(27 .94 ) "I
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INPUT CIRCUIT

OUTPUT (X ) Note : All sect io ns a re expo nentia lly ta pe red .•
Z Die lectric=5.mi l DuPont H·Film, or eq uiva lent

Line Material=5· mil copper

0.Z5 r------, 0 .0 8 5
(6 . 35)~(2.15 )

I-- 0 .5 ---1
I (12 .7 0) I * Bias ter minals nor mally ha ve Rt: = 0 .24 ohm

• Use sparing am ount of Eastman 910 Adh es ive
to bond lines and dielectric to circuit board.(b)

mountin g ar ran gem ent of components
circui t shown in Fig . 144.

STRIPLIN E
TRANSISTOR

TYPE
2N6266

RFC

140

L-...J
*SIAS

0.OB5~0.36
( 2 . 1 5 )~(9. 14 1

L-0 .7--l
I " (17.78) I

2 GHz:

INPUT (XI)

0.OB5~0.35
(2.15)~(8.89 )

!....0 .4-J
1 (10 .16 ) I

z-son

r
I GHz :

Fig ure 145. Suggested



Figure 148. Typ ica l perf ormance characterist ics for power amplier sho wn in Fig . 146:
(a) power output as a f unct ion of frequency; (b) pow er output and collector efficiency as

a function of input power at 2 GHz.

Figure 147. Suggested construct ion for str ip l in e amplifier show n in Figure 146.
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wavelength sec t ion of 25-ohm
mi crostripline (a lso construct ed
on 1/32 in ch-thick Teflon fiber­
g lass boar d ) transforms t he
modified collector load impe da nce
of 5 - j30 ohms to about 50 +
jlOO ohms . The capacitor C4 t unes
out t he inductive component of
100 ohms and al so provides the
de isolation for the coll ector bi as
supply.

Fig. 150 shows ge neral per­
f ormance data for t h is ampli fier
wit h the circuit optimized f or
ope ration at 2.3 GHz. P ower out-
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The collecto r load im ped ance is
transfor med to about 50 + j100
ohms. A shunt su sceptance at t he
collector end of the package is
provided by connection of two
capacitive stub sec t ion s in pa­
rallel. This sh unt suscept an ce
(which is in the order of 0.04
mh o) is used in conj unc t ion with
the parasitic inductance of the
str ipline package as a fir st- step
t r ansformati on which effectivel y
in crease s t he re al impedance at
the input to the line section X~ .

Line section X~ , whi ch is a 0.14-
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Z=50n

RFC

NOTE I: SHUNT STUBS CAN

~~ ~~~~~~ . CUT C2
OVER-ALL LENGTH.

t8rLf~~~~E~N RI
STUBS AS SHOWN.

[j-r
0 .50

X I ~)

0.30 I I
(762)-1 r-
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0.35
(8.89)

--~

[;g~2 (0048)

~
t

0 .10(2.54~ I- NOTE I
0 .48

(12.19)

VCC = 28 VOLTS

PIN = 1.5 WATTS

-
./

,..,. <,
I-...

Figure 149. Typical 2.3-GHz powe r amplifier using the RCA·2N6267 stripline t rans istor.

10

~

I 8
f-
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Q.
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UJ4
~
o
Q.

2

o
2.2 2.3

FREQUENCY - GHz
2.4

Figure 150. Typical power output as a funct ion of frequen cy for the 2.3-GHz
power amplifier sho wn in Fig. 149.

put is in the order of 8.5 watts
with a power gain of approxim­
ately 8.3 dB and a collector effi­
ciency of abo ut 36 per cen t . The
I -dB bandwidth is in the or de r
of 100. MHz.

Fig. 151 shows a similar power
amplifier that uses an RCA-

2N6267 to develop a power output
of 10 watts at 2 GHz. This circuit
is tunab le by adjustment of vari­
able capacitors C1 and C4 • Circuits
of this type may also be designed
us ing the 2N6265 and 2N6266
trans isto rs .
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:~
I

*
RFC

C2 )~

VCC =~

c:=J~ rr;~
I-".~I:o,::,-ttlJ-r

13.
17t r-NOTE I : SHUNT STUBS CAN BE TRIMMED.

TO SHORTEN, CUT OVERALL LENGTH.
TO LENGTHEN, CUT TAPER IN O.4B

STUBS AS SHOWN. 112 .191

c r, Ca, C. =0.3 to 3.5 pF, Johonson 1700 , or
equiv alent

Ca = Filter con, Allen Bra dley SMFB AI, or
equi valent

RFC=No. 32 wire, 0 .4 in. (1.02 mm) long

Dielectric mat erial = )1" in. (0.79 mm) thick
Teflc n-flber q lcss double- clod circuit boa rd .
(E = 2.6). lines Xl a nd X, a re produced by
re moving upper copper layer to d imen sions
sho w n.

Figure 151. Typical 2-GHz power am pli fier usi ng t he RCA-2N6267 st ripline tra nsi sto r .

Fijlure 152. Typ ical performance data fo r
the RCA-2N6267 stripline power t rans ist or

at 960 MHz.
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INPUT POWER (Pie) - W
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rE
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~

ir 7H!--+---+---+---j
~

::>
o

mul t ip lier chain that uses a
2N6266 driver a nd a 2N6267 out­
put st age to develop 10 wa tts of
output power at 960 MHz when
operated f ro m a collector s upply
of 12.5 vo lts.

960- M Hz Land-Mobile
Amplifier

The frequency band from 806
to 960 MHz is being cons idered
for land-mobile communications
to provide reli ef to the much
congested frequency spectrum
currently allocated f or two-way
la nd -mobile as we ll as mobil e
telephone communications. The
2N6266 and 2N6267 micr owave
power t ransistors a re highly
suitable for t his type of a pp lica­
tion. Because t he se devices are
designed f or 28-voIt ope rat ion,
t hey are extremely r ugged when
operated f r om a 12.5volt s upply.
Th e 2N6267 can deliver 10 wa tts
of cw power at 960 MH z, as shown
in Fig. 161. The 2N6266 ca n be
used as a driver. Typical rf
performa nce of t he 2N6266 is
show n in Fig. 162.

Fig. 154 show the basic circuit
arrangement for an a mp li fier -
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Figure 154. Typ ical circu it arrangement for a 10-watt, 960·MH z amplifier cha in des igned
to operate from a supply voltage of 12 volts.

Figure 153. Typ ica l performance data for
th e RCA-2N6266 stripl in e t ransistor at

960 MHz.

600-to-950-MHz Power Ampli ­
fier-Fig. 155 shows the circu it
diagram fo r a power amplifier
designed to opera te over the fre­
quency range from 600 to 950
MHz. This am plifi er use s an
RCA-2N6266 that operates from
a sup ply voltage Vco of 28 volts
t o generate a cw output of 10
wa tts. P erformance data for this
amplifier are show n in F ig. 156 .

Initially, t he input imp edance
and the collector loa d impedance
a re determ ined under conditions
of optimum efficiency ( 'Ie) and
gain (P G) a t a power output
Pont of 10 watts . The Smi th cha rt
in Fig. 157 shows the measu red
impedan ce characteris t ics as a
functi on of frequency. Input and
out put match ing circuits are de­
sign ed on the basis on these im­
ped ances. The inpu t circuit con­
sis ts of a four-stage sixteenth­
wavelength (A/16) short-step
Chebys hev t rans fo rmer designed
for a broadband tran sformation
from 50 ohms to 1.5 ohms . Th e
inductance of the transistor in­
put impedance forms a por ti on
of the last h/ 16 Chebyshev step.

Depending on the desired per­
formance of the amplifier, the last
h/ 16 length of the transformer can
be varied in length to provide
an offset input VSWR that ef­
fectively flattens the gain re­
spons e of the amplifier at either
the high or the low end of the
frequency band. The input cir­
cuit a lso uses a ser ies resona nt
trap to flatten a gain peak at the

FREQUENCY (f ) =960 MHz I
COLLECTOR SUPPLY VOLTAGE
(VCC) - 12.5 V

/'
V

V
,/

/
RE =0 .35 OHM-~

/

/
/

2 mW 5 0mW
(240 MHz)
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2N4427
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A )

Broadband Microstripline
Amplifiers

~

I
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~
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0.2 0.3 0 .4

INPUT POWER (PI S) - W

4

The sequence of steps in t he
design of any broadband am pli­
fier are (1) determination of the
input impedan ce and optimum
collector load impedance ac ross
the f requency band for t he powe r
outp ut (Pout), su pply volt age
(Vco), power gain (P G) , and ef­
ficiency ( '10) desired ; (2) a re ­
vie w of the required transfor­
mation; and (3) select ion of the
basic transformation designs to
be used.

The application of this pro ce­
dure to the design of three broad­
band amplifiers is detailed in the
following paragraphs.
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900

VCC

Rl = 0.472 ohm, carbon
R2=0.2 ohm
Zl =50 ohms
Z. = 14.6 ohms, A/16 at 800 MHz
Z3 = 57 ohms, A/16 at 800 MHz
Z. = 2.3 ohms,
Z.=14.5 ohms, 0.174 "at 800 MHz
Z. =" / 4 a t 950 MHz

R2

700 800
FREQUENCY-MHz

600 TO 950 MHz - I-.
2N6266

YVce ' 28 VOLTS \
I

P,N ' I WATT CW ~TPUT POWER \
I........~ -.......
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V r- "-
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"-I r-.... ~ .....-....... INPUT VSWfL,..
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Figure 156. Performance data for the 6OO-to-950-MHz power ampl ifier.
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Figu re 155. 600-to-950 -MHz broadband power ampl ifier us ing the RCA-2N6266 stripline
transistor.

1 = 1 pF, ATC or equivo llent
2, C3=1000 pF, feedthrough
" C. = 1000 pf, HT ATC or equ ivolen t
1 =1 to 2 nH
2 = RF choke
3=Lumped elemen t, 0.23 inch long, 0.10 inch
wide

Microwave Power Amplifiers



Figure 157. Impedance-admittance chart for 600-to-950-MHz power amplifier .
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cw output of 15 watts. The .t ran
sistor operates from a collecto
supply of 28 volts. Typical per
formance data for this ampli fie
are shown in Fig. 159. The desig
of the out put ci rc uit is obtaine
by the same te chniques as thos
used for the 600-to-950-MHz ci
cuit. Fig. 160 shows the require
transistor load and input i
pedances . Sel ection of the prop
line characteristic impedance
and shunt inductance L produc
t he same type of output mate
in g as that obtained in the 600-t
950-MHz circuit. For the 1.0­
1.4-GHz amplifier, the input tra
formation is provided by a sho
transformation from 50 ohms a
a shunt capacitance stub at t
transistor.
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1.0-to-1.4 - GHz Amplifier-Fig.
158 shows the circuit diagram
of a power amplifier designed
for operation from 1.0 to 1.4 GHz.
This amplifier uses an RCA­
2N6267 transistor to develop a

high-frequency. end of the band.
The required collect or load im­

pedance is inductive throughout
t he frequency band. The output
circuit consists of a quarter-wave­
length (x/ 4 ) transformer and a
shunt inductor at the collector.
The values chosen for the shunt
inductor and characteristic im­
pedance of the x/4 line yield a
load impedance across the band
which is very close to that re­
quired by the trans istor.
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--c_

fi,
TYPE

2N6267
a 50 n

ctJ:

, C3, C" C. = 1000 pF, ATC or equivalent
, C. =1000 pF, feedthrough

L. =RF choke, 5 turns
= 5·mil lead length= 250-mil lead length
= rectangular strip line, 240 mils long, 505
mils wi de

Z. = rectangula r str ip line, 215 mils long, 235
mils wide

Z3=ta pered stub, a =75 mils, b =400 mils
Z, =tapered stub, a =75 mils, b =375 mils
Z. = rectangular strip line , 1120 mil. long , 590

mil. wi<le

Figure 158. 1.0·to-1.4-GHz power ampl ifier us ing t he RCA-2N6267 stripline trans istor.
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Figure 159. Performance data for the 1.0·to-1.4-GHz power amplifier .



Figure 161. 960·to-1250·MH z power amplifier using the RCA·6265 stripline transis

Figure 160. lmpadance-adrn ittance chart for the 1.0·to·1.4 GHz power ampl ifier.
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RFC1, RFC2 = lumped element, A/4 at 1250 M
Zl =.tripline, a =1060 mils, b =227 mil
Z2=strlpllne, a =775 mils, b =450 mils,=BO mils
Z. = stripline, a = 500 mils, b = 100 mil
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T
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Cl, C2, C. = 1000 pF, ATC or equivallent
Co, C. = 1000 pF, feedthraugh, Allen·Bradley

or equivalent
RBE = 0.24 ohm



Figure 162. Performance da ta for t he 960·t o-1250·MHz pow er ampl ifier.
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960-to -1250-MHz Amplifier ­
he amplifier circuit shown in
ig. 161 is designed to operate

vel' the frequency range from
60 to 1250 MHz in TACAN Ap­
lications. It uses an RCA-

120 0 1250

1200 1250

1200 1250

2N6265 transistor to generate a
cw power output of 2 watts across
the band with a collector voltage
of 28 volts. Ty pical performance
data for this circuit are shown in
Fig. 162. Because the r eal part of
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is limited by the power capabili ty
of the output transistor.

Two or more tran sistor s can b
combi ne d as show n in Fig. 164 t
obtain higher power output. Thi
circuit provides 15 watts at 1.
GHz by use of quadrature hybri
couplers to parallel two outpu
tran si stors. These couplers a ls
serve to isolate the driver stag
from the out put stage. Other co
biners, s uch as the Wilkinson an
the simple re active split t er , ca
also be used.

If inter stage isolati on and tra
sis tor -to-t rans ist or isolation ar
not required, the transistors ca
be parall eled directly, provide
tha t str ict attention is given
sy mmet ry of circ ui t layout.

I.3W

QUAD

50n

Figure 163. Typ ica l 2-GHz pow er -ampl ifier cha in .

50n
INPUT

20 mW

Ampl ifier Chains

Figure 164. Typical 1.8-GHz pow er -amp lifier cha in using qu adr ature combiners.

the req uired collecto r load is ap­
proximately 50 ohms, the only
requirement is a shunt induc­
tance L at the collector. The in­
put circuit, which is similar to
th at of the 1.0-to-1.4-GHz circuit,
cons is ts of a short t r ansforma- '
tion and shunt capacitance C at
the transistor.

50 n
INPUT

150

Most amplifiers include several
stages of amplificat ion . Fig. 163
shows a typical 2-GHz power am ­
plifi er chain that provides 8 watts
of output power with a gain of
26 dB. The power from this chain
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:~C2 :r- - - '" ... _--)
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(e)

performance. For example, a use ­
ful oscillator circuit can be de­
rived from t he basic Colpitts os­
cillator by the use of a TO-39
transistor. In Fig. 165 (b) , t he
collector of such a transistor is
returned to ground through the
collector parasitic inductance L.
This con nection is a convenient
method of applying a heat sink to

Figure 165. Colpitts oscillator for use at
m icrowave fre quencie s: (a) basic ac circuit
con figur ation; (b) basic ac circui t with
collector returned to ground through par a­
sitic inductance L and the output taken
f rom base through ca pac it ive vo lta ge d i­
vider; (c ) basic ac circuit with transformer-

co upled output.

Microwave Power Oscillators

BASIC CIRCUIT
CONFIGURATION

Fig. 165 (a ) shows a Colp itts
nsistor oscillator suitable for

cro wave applications. The in­
ctance L and the capacitances
and C2 can be considered as the

rasitic elements of the package.
e transistor can be grounded
the collector, the base, or
emitter without effect on its

RANSISTORS capable of
power amplificat ion a re al so

uitable for power oscillation.
he most imp ortant part of every
scillator is an element of
mplification. It is then necessary
nly to provide a path that feeds
ack a part of the power output

the input in the proper phase,
gether with a source of de

ower. The maximum frequency
f oscillation, which is related to
nux in a small-signal transistor,

usually difficult to define in a
f or microwave power transis­

r because of the added parastic
ements. The circuit-design ap­
'oach for an osci llator circuit
similar to that discussed pre­

ously for amplier circuits .
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25 volts. Fig. 167 shows the os­
cillator output power as a func
tion of supply voltage.

Th is basic oscillator circuit is
useful at frequencies from 1 t<
2 GHz ; only slight modification:
in the length of the transmi ssion
line L1 are required to cover this
range. For example, the lin
length is increased to 0.8 inc

~ /V
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t o obtain optimum circuit opel'
ti on at 1.5 GHz . An output pow
of 400 milliwatts (with a 24-vo
s upply ) can be expected at th
frequency. Another modificatic
of interest (with t he 0.8-inc
line) is that optimum operatic
at 1.25 GHz is achieved simp
by movement of capacitor Cz
the position indica ted by t
dotted lines. Movement of th
capacitor. resu lts in an improve
output transformation ne two
which can develop mor e than 8
milliwatts of output power at 1.
GHz for operation f r om a 2
volt supply.

Th e inductive element intr
duced by t he line sect ion
(F ig.166) can be s upplied
a high- Q varactor di ode operat
above its resonant f requency.
shown in Fig. 168. The bias su
plied to this varactor, in eifel

Figure 167. Power output as a fun ction
suppl y voltage for t he 1.68-GHz osc i llat

sho wn in Fig . 166.

=

the collector, which is connected
to the case in a TO-39 package.
Output power is obtained from
the base through capacitances C~

and C4 • Fig. 165 (c ) shows an­
other method of coupling power
output from the oscillato r .

Fig. 166 shows the complete
circuit diagram of a 1.68-GHz
funda mental-frequency oscilla­
tor which makes use of the RCA­
2N5108 transistor. The collecto r

152

of this transi stor , which is pa ck­
aged in a TO-39 cas e, is grounded
to the ground plane of a 1/16­
inch Tefl on fiberglass microstrip­
line board. Power out p ut is taken
from the base through a 0.75-inch
section of 50-ohm microstripline
and the ca pacit or network C1 and
Cz• This oscillator can supply
more than 0.3 watt of power out­
put at 1.68 GHz and has an effi­
ciency of 20 per cent when op­
era te d from a supply voltage of

C" C2 = Variable capacitor , 0.35 to 3.5 pF,
piston type

C2, C, =470 pF, feedthru
It = Described in tex t
RFC =5 turns No . 28 w ire , 'Ie" ID x '12" long

Fig ure 166. 1.68-GHz f undamental-f requency
oscillator us ing the RCA-2N5108 transistor.

shown in Fig. 166.
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Cl == 0.82 pF, "g immick" capacitor (manufac..
tured by Qua lity Components, Inc. St. Mary's,
Po. )

C2, Co = 100 pF, Allen.Brodley FA5C or equlv,
C. =0.01 pF, disc ceramic
c., C. = Trimmer capacitor 0.35 fa 3.5 pF,

Johanson Type 4702 or equiv.
Lr =0.05" length of No. 22 wire
L2, La == ..( turns 7 ·m il w ire , .062 " 10 x ~," long
R1 = 51 ohm s, 1/2 wall
R. = 1200 oh ms, 1/2 waft
R. =5 fa 10 ohms, 1/2wall

=

TYPE
2N5470

Figure 169. Lumped-constan t 2·GHz osc i l­
lator c ircuit using the RCA·2N5470 tran­

sistor.

stable operation at 2.3 GHz in
the common-base amp lifier mode ,
can also deliver a power outp ut
of 0.3 watt at 2.3 GHz as an os­
cillator. In oscillator applica­
tions of the 2N5470 , advantage
is taken of the very low parasi ti c
elements in this t ran si stor t o
simplify circuit r equir ements,
e.g., essentially lump ed-constant
S-band circuits ca n be designed
around this uni t . However, be­
cau se of the low fe edback cap aci­
tan ces of this transi stor, external
feedback loop s are generally
needed for stable oscillation at
S-band f requencie s.

Fig. 169 shows a simp le
lumped-constant circuit that
uses th e 2N5470 transistor. The
circuit is t unable over the fre­
quency range of 1.8 to 2.3 GHz.
Power output at 2 GHz is typi­
ca lly 0.3 watt with a 24-volt sup­
ply, and circuit efficiency is in

+Vcc
C;:>-Vce

=RFe

51n tacca

RFe

Ion

-Vee

S-BAND OSCILLATORS

The RCA-2N5 470 coaxial t r an­
stor, although designed for

FC =0.1 ILH
1, C. =1 to 7 pF, piston capacitor s
" C., C. =470 pF, feedthru
o r. = Described in text

igure 168. Wide ·band var act or -t uned L·
an d osci l lato r using t he RCA·2N5108

transi stor .

ransm ission line or he lica l co­
xial line. Tests in which a
artridge-type silicon mic r owave
aracto r is used in this circuit
how a re la ti vely constant power
utpu t of 600 milliwat ts over the
ange of 1.0 to 1.5 GHz. Th e bias
n this parti cular va ract or
anges between 0 and 22 volts
l' the specified tuning r ange,

nd a transi stor collecto r su pply
28 volts is us ed.

electric ally varies this inductive
component so that broadband os­
cillator tuning is possible. The
output capac itor network, Cl
and Cq, which is used to t rans­
f orm ar elatively small load-line
impedan ce to the 50 ohms of the
output por t , could be replaced
with an inductive-reactive di­
vider-network, such as a tapped

Microwave Power Amplifiers
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the order of 16 per cent at this
frequency. The collector is
grounded, and power output is
t ak en from the base circuit. All
leads must be kept short for
best high-frequency response.
The "gimmick" capacitor C1
forms a ne cessary part of the
feedback loop of the circuit. The
circuit is basically a Hartley
type of oscillator in that induc­
to r L1 and the parasitic induct­
anc e of C1 make up a tapped
inductor in this feedback loop.
Tuning is achieved largely by
adj ustment of ca pa ci t or Cu, and
capacitor Cn is adjusted to main­
tain the output match over the
t uning range.

Fig. 170 shows t he use of the
2N5470 t rans istor in a Colpit ts
ty pe of microstripline osc illator
circ uit th at ope rates . over the
frequ en cy r ange of 1.8 to 2.2
GHz . In this circ uit, the base
of t he transi st or is directl y
g rounded t o t he ground pl ane of
the s t ri pline board, and coll ecto r
heat is di ssipated to this board

C" c. =0.35 to 3.5 pF, Johons on Type 4702 or
equiv.

Ca, C, = 100 pF, Allen- Bradley Type 5A5C or
equl v,

b == microstrip line; =0 .70 " long x 0 .30 " wide
stri p; mount ed on Y32" Teflon flbe rq'ou board

l 2 == micros trip line; =0.43" long x 0.080" w ide
strip; moun ted on Y32" tefl on fiberglass board

La = 5 turns 7·mil wire , 0.062" ID x ~6" long
L, == SO-ohm miniature coaxial line, 1.S" long

Figure 170. Mi crost ri p li ne 2·GH z oscillator
c lrcu tt us in g th e RCA·2N5470 transistor.
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through a beryllium oxide in su­
la ting wa sher. The necessary
feedback is provided by the
phase-resonant loop provided by
line sect ion L4 and ca pacitor C1 •

The output line s ect ion L2 makes
use of stan da r d mi crostripline
techniques to provide the ne ces­
sary reactance to tune ou t the
output capacitance; line section
L1 is a qu arter-wave t ransfo r mer
wh ich transforms the real part
of the coll ect or load impe dan ce
to a bout 50 ohms . This circuit
ca n a lso provide ab out 0.3 wat t
of output power at 2 GHz when
operate d from a 24-vol t su pply .

HIGHER-POWER OSC ILLATORS

F or h igher power outputs , the
RCA-2 N5921 or th e RCA-2N5920
coax ia l transi stor s a nd RCA
2N6267 str ipline t rans is to rs can
be used. Fig. 171 shows t he
2N 5921 in a power osc illa to r cir ­
cuit t hat tunes f r om 1.2 t o 1.4
GHz. In this circ uit, th e coa xia l
transi stor is mounted with t he
coll ecto r protruding t h rough
0.35-inch hole in a metallic cir
cuit board that is 0.20 in ch thick
Output line X is cons tructed 0

the collector s ide of this circ ui
boa r d, while the bi as n etw ork i
on the other s ide. Coaxia l-lin
s ect ion L1 is used t o br ing t h
collector feedback loop throng
the cir cuit board t o t he emitte
section of t he transi s t or. Th
2N5921 in this circuit can delive
4 watts of output power at 1.2 t
1.4 GHz . Frequency is tuned b
adjustment of Ca'

Fig. 172 sho ws a typi cal osc il
t hat uses an RCA-2N6267 micro
wave power transi stor to devel o
a typical pow er ou t put of 4.
watts at 1.7 GHz wh en opera te
from a collector supply of 28 volt



Figure 172. Typ ica l 1.7-GHz osc i llator c ircu it.

ZL "
50 OHMS

':rRFe

RFC=3 turns, No, 29 w ire , 0.06 in. (1.59 mm)
1.0 ., O.IB in. (4 .77 mm) Ing.

X=Topered microstripline-
0.1 in. (2.54 mm) wide, inp ut end
0.24 in. (6.09 mm) wide, output end
0.475 in. (12.06 mm) long
0.005 in. (0.13 mm) thick, copper

DIELECTR IC MATERIAL=DuPont 5-MIL Kapton
H, or equi valent

Vee= 2BV
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X2 = 13 mil thick Teflon·Kapton dcuble -cled
circu it be e r! (Gra de PE-1243 a s supplied by
Budd Polychem Division, Newark, De laware),
or equival ent.

Line X2 is exponentiall y tapered
NOTE: Oscilla tar is single -screw tun able from

1.6 GH z to I.B GHz

C4r- I V + 20

RFC RFC

0 .19 0. 11
CI

~
C3

~
L (4 .82 ) ~9)

o~- VEE +VCC (9 .39) 2 f
~~
15 .24

Figur e 171. Typ ical c ircuit for tunab le 1.2-to-1.4 -GHz, 4-wat t microstr ip l ine power
oscillator.

1, C" = Fillercon , Allen Brad ley SMFB-AI, or
equ ivalent

2 = 0.3- 3b pF, Joha nson 4700, or eq uialent
1= 300 pF, ATC· IOO or equ ivalent

1 = 1.0 in. section mini ature 50-ohm cable, or
microstripline equ iva lent

Fe = 3 turns, No . 32 wir e, Y16 in. 10, ;;'6 in.
Ian !!

Microwave Power Amplifiers

- Vee

C1=3OO pF, disc ceram ic
C" C,=470 pF, feed-throuqh type,

Allen .Bradley FA5C, or equivalent
C3=0.3-3.5 pF, Johanson 4702, or eq uiva lent
Ll=I .3 in. (33.02 mm) leng th of 50-ohm coa xial

line
R,=12oo ohms
R.=0-250 ohm s
R.=5 ohms
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A power output of 2.3 watts at 1.6
GHz can be obtained when the
transistor is operated fro m a col­
lector supply of 12.5 volts . Th e col­
lector efficien cy in each cas e is in
t he order of 37 percent.

In the design of t he oscillator,
the va lues of the line sect ion L 1
and t he varia ble ca pacitor C.. a re
chosen so t ha t t he r esonant fr e­
quency of these elements is
slightly less than t he desired
circuit oprat ing fre quency. At
frequ en cie s above resonan ce
(e.g., the oscillator operat ing
frequen cy) , the combi nation of
L 1 and C2, in essence, becomes a
variable inductance L. The tran­
sis to r input and output reac­
tan ces, the induct ance L, and t he
t rans is to r collecto r-to-emitter
capacitance CCE form a r esonant
circuit that esta blishes the oscil­
lation frequ en cy of t he over-all
ci rcuit and that a lso de termines
the correct level of t he in-phase
signa l fed back to the input to
sustain oscillation. The operat ing
frequency of the osc illato r is
controlled by a djustment of the
variable capacitor C2•

The real part of the collector
load impedance, Re (ZCL)' deter­
mined on the basis of large­
signal class C load conditions,
is transformed to 50 ohms by use
of a quarter-wavelength trans­
former X2 • Because of the wide
range of frequency control pro­
vided by the var iable ca pacitor
C2, a quarter-wavelength tapered
line is used for transformer X..
to maintain a relatively constant
transformation over a 250-MHz
bandwidth. The capacitor C4 in­
cluded in the out put circuit pro­
vides de isol ation for the collector
bias. Similarly, ca pacito r C2
provides de isolation for the in­
put bi as supply.

The osc illator circuit featu res

RF Power Transistor Manual

excellen t st ability, and the
second-ha rmonic power is mor e
than 45 dB below the f undamen­
tal-frequen cy out pu t . Frequ en cy
stabili ty at 1.7 GHz is better
than 0.1 per cent for voltage or
cur rent excursi ons of ± 25 per
cent . In addition , frequen cy drift
is less than 1 MHz f r om t he cold­
sta r t condition to t he stabilized
condition af te r 1 hou r of opera­
t ion.

LOW·NOISE OSCILLATORS

The oscillators shown so fa r
have used transi stor s wi th the
ba se connected to the flange. F or
lower-noise osc ill ato r operat ion
it has bee n found desirable to
connect the emitter of the tran­
sis to r to the flange. The RCA­
40836 and RCA-40837 t ransistors
a re versions of the 2N5470 and
2N5920, respectively, in wh ich
t he emitter, rather t han t he base ,
is connected to the flange. A sim­
ple Colpit ts -t ype power osc ill ato r
using essentially lumped-con­
stant circuit elements is shown
in Fig. 173 This oicilla to r can
be tuned over the range from 1.8
to 2.1 GHz; minor circuit modi­
fications permit tuning over a 200­
MHz bandwidth in the range of
1.3 to 2.6 GHz.

The RCA-40836 can deli ver 0.5
watt of output power with a VCE
of 21 volts. The RCA-40837 can
deliver 1.25 watts at 2.1 GHz with
a VOE of 27 volts.

This circuit can operate below
1.8 GHz if the emitter-base ca
pacitance and inductance L 3 ar
increased. For operation in th
range of 2.1 GHz to 2.6 GHz
t he emitter-collector ca pacit anc
mu st be increased, an d L 3 mus
be decreased. Capacitors Cs an
C6 become self-resonant at 2.



Figure 173. Typ ica l 2-GHz grounded-collector power oscillator.
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=

LI, L2=RF choke , 0.5 in. (12.70 mm) lengt h of
No. 32 w ire

l a=Co pper str ip:
0.005 in (0. 127 mm) th ick
0.18 ln. (0.457 mm) wide
0.3 in (0.76 mm/ long

R.=3 to 10 ohm s, V2 W
R2=0 to 500 ohm s, 2 W
R3=1200 ohms, 112 W

base cap of the coaxial package,
and us e of capacitive probes for
C5 an d e6• Electronic tuning of
t he circ uit can be achieved by use
of a varactor to vary the effective
inductance of La.

r c3 r c4

LI L 2

RCA
4 0 83 6
408 3 7
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GHz an d cannot be used as ca­
pacitors above this frequency.
The RCA-40837 can be made to
operate in the 2.6-to-3.0-GHz
range by reduct ion of La to only
the intrinsic inductance of the

c•. Ca, C.=470-pF, Feed-through
.. Allen-Brodley FA5C, or

equ ivalent
C::=0.2 j.L F, d isc ceramic
Co, C.=0.35 to 3.5-pF, Johonoon 4702 o r eqvlv­

olen t
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Microwave Frequency
Multipliers

TRANSISTOR
CONSIDERATIONS

An overl ay transistor used in a
frequency-multiplier circuit oper­
ates simultaneously as a power
amplifier to provide gain at the
fundamental frequency of the in­
put dr iving power and as a varac­
tor diode to generate harmonics
of the driving power f req uency.
Thus, two mech an isms provide
amplification and frequency multi­
plication in overlay transistors :
one capable of gain at the funda­
mental frequency, and the other in
which the collector -base capaci­
tance serv es as a varactor capable
of frequency multiplication. Tran­
sis tors suit able for multiplier ap­
plications must be capable of de­
livering power with gain at the
fundam ental frequency and of
conver ti ng the power f rom the
fundamental frequency to a har­
monic f requency. A good multi­
plier transistor, there fore , mus
firs t be a good uhf transistor ca
pable of high power outp ut , gain
an d efficiency, In addition , its val'
actor section should have mini
mum losses to provide maximu
convers ion efficiency .

OP E RATIO N of the overlay
transistor in the harmoni c­

freq uency mode ca n extend the
upper limit of the frequency
range fa r beyond that possi ble
from the same tran si s tor ope ra­
ting in the f undamental­
frequen cy mode. A f urther
advantage of the harmonic mode
of operation is that frequency
multiplication and power amplifi­
cation can be realized simultane­
ously. An overlay transistor oper­
ating in this mode provides power
amplification at the fundamental
frequency of the input-drive
power, and the nonlinear capaci­
tance of the collector-to-base junc­
t ion, acting as a varactor, gener­
ates harmonics of the input-drive
frequency. It is possible, there­
fore , to use a single transistor to
replace a transistor power ampli­
fier and a var actor -diode fre­
quency multiplier. In comparison
with varactor frequency-multiplier
circ uit s, the t ransistor multiplier
is simpler, less costl y, and equally
effic ient . It is anticipated that this
mode of operation will permit ex­
te ns ion of the available frequency
spectrum for overlay t ransi stors
by a factor of two.



fVCB = 1/ [21r C mi n (rb'+ r.)] (71)
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capacitance Cb<o0 The second part
consists of the part of the collec­
tor-to-base junction that is oppo­
site the emitter-to-base junction.
This part is called the inner col­
lector capacitance Cb'c. The outer
capacitance Cb<o is a much more
efficient varactor than the inner
capacitance Cb'c because Cb'c has
to charge and discharge through
both the intrinsic and the extrin­
sic base-spreading re sistance r bb'
and rb" as well as through the
series resistance r .b while Cb<o can
charge and discharge through only
rb' and r so. Because the intrinsic
base-spreading resistance r bb' is
much greater th an the extrinsic
base-spreading resistance r b" the
cutoff frequency f YOB is much
larger in the active varactor por­
tion represented by Chc than in
the Cb'e portions. The difference
in r b' and r bh' resul ts from the
use of different shee t re sistances
in the two areas. Another unique

Figure 176. Circuit showing th e nonl inear
im pedance factors that make possi b le f re­

qu ency mu lt ip l ication w ith overlay
t rans istors.

tion. The collector-to-base capaci­
ta nce consists of two parts. The
major part, which comprises the
act ive portion of the varactor, con­
sist s of the capacitance formed by
the part of the collect or-to-base
junction that is not opposite emit­
te r sites . Th is part of the capaci­
tance is called the outer collector

n+SUBSTRAT EXPITAXIAL
YER

The figure of merit for the
amplifier portion of the transistor
in which parasi tic elements are
not included is given by the max­
imum frequency of oscillation
fm a x as follows:

where Cmln is the minimum col­
lector- to-base capacitance and r,
is the collector series resistance.

F ig. 175 shows a cross-sect iona l
iew of an overlay transistor that

indi cates the capacitance and loss

istributi ons . Fig. 176 shows how
e varactor portion separates
om the intrinsic transistor por-

fm ax = (PG) I f

= [(1/81rH1/ rbb' C, r ec) ] (70)

gur e 175. Cross-sect ional v iew of an
er lay t rans isto r ind icat ing t he capac i­

tance and loss d istributions.

Microwave Frequency MUltipliers

where P G is the power gain, f is
the fundam ental frequenc y of op­
eration, rbb' is the intrinsic base­
spreading r esistance, Co is the col­
lector cap acitance, and 'Tec is the
emitter-to-collector trans it or sig­
nal-delay t ime.

The effic iency of the varactor
portion formed by the collector­
bas e juncti on is determined by the
cuto ff freq uency f YOB as follows :
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feature of the overlay transistor is
that the emitter area is much
smaller than the base area. As a
result, the inefficient portion of
the varactor formed by the col­
lector-to-base junction opposite
the emitter sites is almost negli­
gible because of the reduced emit­
ter area.

The varactor cutoff f requency
fYCIl is also maximized by use of
min imum collector series resis­
tance r oo. This resistance is kept
to a minimum by the n-n+ epi­
taxial struct ure used for the col­
lector region. The n-type epitaxial
lay er for ms the dominant par t of
the collector ser ies r esi st an ce. The
thickness of thi s layer is kept to
the minimum val ue that provides
the required collecto r-to-base
breakdown voltage.

Because of the features de­
scribed above, varactor loss is
minimized in overlay transistors
and, therefore, high conversion
efficiency can be achieved. The in­
herent varact or frequency-multi­
plication ability of the collector-to­
base junction capacitance, added
to the excellent frequency capa­
bili ty of these transistors. has
made possible the use of overlay
devices as efficient frequency mul­
tipliers.

CIRCUIT OPERATION

The outer collector capacitance
Cbc shown in Fig. 176 varies non­
linearly with the .transistor col­
lector voltage in much the same
way as the capacitance of a varac­
tor diode varies with the voltage
across the diode junction. This
variable junction capacitance
makes possible harmonic genera­
tion in overlay transistor circuits.
The nonlinear relationship be­
tween the collector-to-base capaci­
tance Cbc and the collector bias

RF Power Transistor Manual

voltage in overl ay transistors may
be expressed as follows:

Cbc = K (1/>- vr- (72)

where K is a constant determined
by the area and doping of the
junction, <p is the contact poten­
tial, V is the magnitude of the
collector reverse-bias voltage, and
the exponent n is a constant de­
termined by the imp ur ity distribu­
tion on both sid es of t he j unction .

Fig. 177 shows th e variation
in the collecto r -to-bas e capacitance

U
.0
B
UJo
Z

~
<3
~ L_--=:::====:...-;j 0 v

VOLTAGE (VBC)

Figure 177. Collector-to-base capacitance
Cbo as a function of collector bi as in

overlay transistors.

CbC as a functi on of the collecto r
bias voltage VBC' However, this
form of capacitance-voltage curv e
is difficult to apply di rectly in the
analysis of high-frequency, high­
power transistor circuits. Because
power is the product of cur rent
and voltage swings in the transis­
tor, the transistor current can be
related to the collector-to-base ca­
paci tance if the charge Q across
the junct ion is known . Because
dQ/dV = C (V), the charge Q can
be determined as follows:

Q = f Cbc d V (73)

Using the relation for capaci­
tance c; given by Eq. (72) , th
integration indicated in Eq. (73)
can be performed with re spe ct t
the voltage V to obtain th
charge. The result of this integra
tion, show in Fig. 178, shows th
variation in the charge Q as
function of the voltage VBC'
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w
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VOLTAGE (VBC)

Figure 178. The charge Q in th e co lle ctor ­
to -base j unction as a function of co ll ector­

to-base vo ltage in an over lay transistor.

If a sinusoidal voltage such as
that shown in F ig 179 (a ) is de­
veloped by th e amplifier section of
the overlay transistor to drive the
nonlinear capacitance Cbc, a highly
distorted cha rge (or cur rent)
wave form is produced because of
the nonlinear charge-voltage cha r ­
acteristics of the capac itance. Thi s
waveform, shown in Fig. 179 (b ) ,
contains components of the funda­
men tal frequency and of harm onic
f requencies. Power out put at the
desired harmonic is obt ained when
suit able selective circui ts are cou­
pled to the collector of the tran­
si stor. In an act ual circ uit, the
dr iving voltage developed by the
t ransistor contains both funda­
mental-frequency and harmonic­
frequency components.

r7\-------7\iliL:Li.
t

101

Figure 179. (a) Sinusoidal voltage de­
veloped by the amplifier section of an
overlay transistor to drive the non linear
collector-to-base capacitance; (b) d istorted
charge, ,?r current waveform produced by
the non linear collector-to -base capacitance
of an overlay transistor in the generation

of harmon ic power.
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BASIC CIRCUIT
CONFIGURATIONS

Over lay tran sistor s used in f re­
quency multipliers may be con­
nected in either common-base or
common-emitter circuit configura­
tio ns. In the common-base t r ansis­
tor frequency multiplier , harmonic
gene ratio n is accomplished in es­
sentially the sam e way as in a
shu nt-ty pe varactor frequency
multiplier because the nonlinear
collector -to-base capacitance of the
transistor is connected in shunt
with the input circuit. In the
common-emitter transistor f re­
quency mul t iplier, t he nonlinear
capacitance is connecte d in series
wit h the input; the operation of
the t ransistor circ uit is then simi­
lar to th at of the ser ies-ty pe varac­
tor frequency multiplier.

Fig. 180 shows the ba si c circuit
configurat ion for the use of an
overlay transistor in a common­
base frequency doubler. A T
matching network, or other type
of matching section, must be used
in the input of the doubler to set
up a conjugate match across the
emitter-to-base terminals of the
transistor at the fundamental fre­
quency of the input driving power.
This conjugate ma tch is req uired
to obtain a maximum transfer of

Figure 180. Bas ic configuration for use of
an overlay transistor in a common-base

frequency doubler.

power from the driving source to
the transistor. Because gain at the
fundamental frequency is of pri­
mary importance, an idler circuit
must be connected between the
collector and base of the transis­
tor. The idler loop, which con-
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sists of a simple series LC circuit,
resonates with the transistor col­
lector-to-base capacitance at the
fundamental frequency and thus
enhances the flow of fundamental
current through the transistor.
The idler circuit also develops the
driving voltage required by the
nonlinear collector-to-base capaci­
tance for the generation of har­
monic power. A suitable output
circuit, which is series-tuned to
select output power at the second
harmonic of the input frequency,
completes the basic doubler cir­
cuit. In some circuits, an output
trap must be added to restrict the
flow of fundamental-frequency
cur rent in the output loop.

Fig. 181 shows the basic cir­
cuits for the use of an overlay
transistor in the common-base
frequency tripler and quad­
rupler, respectively. These cir­
cuits are very similar to the
common-base doubler, except that

:=ETI1~~ i\ 21\:1\

(0) TRIPLER

~3j\ i\2i\~

(bl QUADRUPLER

Figure 181. Basic configurations for use
of an overlay transistor in a common-base
base frequency tripler and (b) a frequency

quadruplet.

an additional second-harmonic
idler loop is connected in shunt
with the transistor collector.
The second-harmonic components
produced by this idler loop beat
with the fundamental-frequency
components to generate addi­
tional harmonic outputs. In this
way, the second-harmonic idler
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loop enhances the conversion
efficiency. When an overlay-tran­
sistor frequency multiplier is used
in a common-emitter circuit, an
additional series resonant circuit
must be incorporated in the input.
Otherwise, the input, output, and
idler circuits of common-emitter
multipliers follow the considera­
tions already described for the
common-base multipliers.

DESIGN APPROACH

The design of transistor fre­
quency-multiplier circuits gener­
ally consists of the selection of a
suitable transistor and the design
of proper filtering and matching
networks for optimum circuit per­
formance.

Transistors suitable for this
application must provide the de­
sired output power and gain at
the fundamental frequency and
must be able to convert the power
from the fundamental frequency
into power at the desired harmonic
frequency. If a lossless circuit
were coupled to a lossless non­
linear capacitance Chc, power at
the fundamental frequency could
be converted into power at any
harmonic frequency with lOO-per­
cent conversion efficiency. In prac­
tice, however, efficiency is limited
by the series resistance associated
with the nonlinear capacitance and
the circuit losses. It can be con­
sidered that the harmonic output
power of a transistor multiplier
circuit, at a given input power
level , is equal to the product of the
power gain of the transistor at
the drive frequency and the con­
version efficiency that results from
the varactor action of the collec­
tor-to-base capacitance Chc ' Con­
version gain can be obtained only
if the power gain of the transistor
under consideration at the funda-
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mental frequency is larger than
the convers ion loss.

In the design of such circu its,
the input impedan ce at t he funda­
mental freq uency that exi st s at the
emitter-to-base juncti on of the
transistor as well as the load im­
pedance presented to the collector
at both the fundamental and har­
monic frequencies mu st be kn own .
Knowledge of the collector load
impedan ce at the harmonic fre­
quency is required f or desi gn of
the output circui t . Kn owledge of
the collector impedan ce at t he fun­
damental frequency is needed to
determine the input impedan ce of
the transistor at that frequency so
that matching networks can be
designed between the driving
source and the transi stor. The
three impedances, of course, are
interrelated a nd are functions of
operat ing power level ( i.e., are
determined by voltage and current
swings ) . Once the impedances
are established, the design of the
match ing networks is st r aightf or ­
ward. For the input cir cuit, a
matching section having low-pass
character ist ics is preferred ; for
the output circuit, a matching sec­
tion having high-pass or band-pass
charact er ist ics is preferred. Such
arrangements assure good isola­
ti on between input and output cir­
cui ts . As the frequency of opera­
t ion increases above 800 MHz , the
design of t ransisto r mul tiplier cir­
cuits re quires the use of distr i­
bute d circu it te chniques.

STABILITY AND BIASING
CONSIDERATIONS

In ge neral, the major problem
of nonli nea r device s is stabili ty.
Va ri ous ty pes of instabilities can
be incurre d in t ransisto r frequen­
cy-mult iplier circuits, including

163

hyst eresi s , low-frequenc y oscilla­
t ions, param et ri c oscilla t ions, and
high-frequency oscillat ions . These
difficulties can be eliminated or
min imized by careful design of
the bias circuit, by proper loca­
ti on of transistor ground connec­
ti ons, and by the use of pac kages
that have minimum parasitic ele­
ments.

Hysteresis refers to discontinu­
ous mode jumps in output power
t hat occur when the input power
or frequency is increased or de­
creas ed. This effect is caused by
the dynamic detuning whi ch r e­
sults from variation in the aver­
age value of the nonlinear capaci­
tan ce with rf voltage. The tuned
circ uit has a different re sonant
frequenc y for a strong drive input
than for a weak drive input. It
has been found experimentally
that hysteresis effect s can be mini­
mized, or some times eliminated,
when the t rans is to r is used in a
common -emitter configu ration .

Low-frequen cy oscillat ions oc­
cu r beca use the gain of the t ran­
sistor at low frequency is much
high er t han th at at the operating
frequenc y. This effect can be elim­
inated by use of a small re si stance
in ser ies with the rf chokes used
for the biasing circuit, as shown
in Fig. 182.

Parametric oscilla t ions re sult
because spuri ous low-frequency
modulation is added to the har­
monic output. This effect can be
eli minated by caref ul selecti on of
the bypass capacitance C~ in Fig.
182 to provide a low impedance to
the spur ious component in addi­
ti on to that provided by the rf
bypa ss capacitance C].

High-frequency oscilla t ion is in­
dicated by oscillations tha t occur
at a frequency very close to the
output frequency whe n t he input
drive power is re moved. Wit h a
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2.5 wa tts as a f re quency t r ipler at
an ou tpu t freq uency of 1 GHz and
a collector efficie ncy of 25 per
cent. This over lay t ransi stor is
desi gn ed to operate in mili tary and
indus tri a l commun ications equip­
ment as a frequency multiplier in
the uh f or L-band ran ge. It can
be operated as a doubler , tripler,
or quadrupler to supply a power
output of severa l watts a t f re ­
qu encies in the low gigahertz
range.

F ig . 183 shows t he power-out­
put capabilit ies as a function of
outp ut f requency for a typical
2N4 012 t ransistor used in com­
mon-emitter ci rcuit config ura t ions
for frequenc y doubling, t r ipling,
and quad ru pling. In a common­
emitter doubler circu it, th e tran­
sistor delivers power output of 3.3
watt s at 800 MHz with a conver­
sion gain of 5 dB. In a common­
emitter tripler circui t , it can
supply power output of 2.8 watts
at 1 GHz with a conversion ga in

of 4.5 dB. In a common-emitter
quadrupler circuit, it can provide
power output of 1.7 watts at 1.2
GHz with a conversion gain of
2.3 dB.

Figure 183. Power output of th e RCA­
2N4012 over lay trans istor as a f unct ion of
f requency when operated in common­
emitter doubler, tripler and quadrupler

circuits .

S MA L L
R

RFC

SMALL
R

RFC

Figure 182. Circuit show ing biasin g tech­
niqu es and bypass ing capacitances used
to el im ina te in stabili ties in common-em itter

frequency multip liers.
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TO-60 package transistor, com­
mon -emitter circuits a re found to
be less critical in this r espect tha n
common-base circuits . The high ­
frequency oscillations are also ­
found to be stro ngly rela ted to the
input dri ve f re quency. This ty pe
of ins tabili ty ca n be eliminat ed if
the inpu t frequency is kept below
certain values. The input fre­
quency at which stable operation
can be obtained see ms to depe nd
upon the method of grounding
t he emitter of t he trans istor. The
high est f re quency of operation
ca n be obtained when the emitter
has the sh or tes t path t o g round.

In practice, stable and reliable
opera t ion of tran si stor s in fre­
quency multipliers has been suc­
cess fu lly obtained. Th e circuits
di scussed in th is section are all
stable freque ncy-multiplier cir­
cuit s.

TRANSISTOR CHARACTERIZED
FOR FREQUENCY-MULTIPLIER

APPLICATIONS

The 2N4012 powe r t r an si stor is
cha racter ized for frequency-multi ­
plication applicat ions and can pro­
vide a minimum power output of
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It is of inte re st tha t the t ran­
sistor frequency multiplier s pro­
vide greater power outputs at
high er output frequencies than
the unity-gain output obtained
f rom t he transistor power ampli­
fier at 700 MHz. Wh en t he fre­
quency of opel ation is low enough
so that the transistor can supply
rf power with substantial gain,
the output capabilities of the
transistor frequency multipliers
are essentially the same as those
of the transistor power amplifier.
For operation at t he same output
frequency and with the sa me in­
put driving power, app roximately
equal amounts of power output can
be obtained.

Fig. 183 sh ows that t he amount
of power out put that can be su p­
plied by a t rans istor frequency
multiplier de pends up on t he or­
der of multiplicati on . F or a gi ven
mul tiplier circuit, t he h igh est
output power is obta ined at t he
f req ue ncy for which the product
of power gain a nd conv ersion
efficiency has t h e la rgest value.
Whe n a 2N4 012 over lay transis­
tor is us ed, maxim um power out­
put is obtained at 800 MHz from
a doubler ci r cuit , at 1 GHz from
a tripler circu it, and at 1.3 GHz
f rom a qua drupler ci rcuit.

CIRCUITS

The circuit a r r an geme nts and
per formance data shown in t he fol ­
lowing pa ragraphs illustrate sev­
eral practical frequency-multipli er
circuits t hat use the 2N4012 and
other RCA overlay tran si stor s.
Th ese circuits includ e a 400-t o­
800-MHz doubler, a 150-to-450­
MHz t ri pIer, a 367-to-llOO-MHz
tripler, and a 420-to- 1680-MHz
quadrupler . As ment ioned previ­
ously, the desi gn of mu ltiplier
circuits that have an output fre-
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quency of 800 MHz or higher
requ ires t he use of distr ibuted­
circuit tec hniques. All such high­
frequency circuits described use
coaxial-cavity output circuits.
These circuits are discussed first.
The low-frequency circuits, which
use lumped-element output cir­
cuits, are then described.

400-To-800-MHz Doubler
Fig.184 shows the complete cir­

cui t diagram of a 400-to-800~MHz

doubler that uses the 2N4012 tran­
sistor. This circuit uses lumped­
element input and idler circuits
and a coaxial-cavity output circuit.
The t ransis tor is placed inside the
cav ity wit h its emitter properly
grounded t o the chass is . A pi sec­
tion (C t , C2, r., L2, and Ca) is
used in t he input to match the
impedances, at 400 MHz, of the
driving source and t he base-emit­
te r junction of the trans is tor. L.,
and Ca prov ide t he necessary

OUTPUT
800 MH~

Figu re 184. 400·t o-800-MHz common-emitter
t ransist or frequency multip lier.

ground return for the nonlinear
capacitance of the transistor. La
and C4 form the idler loop for the
collector at 400 MHz. The output
ci rcuit consists of an open-ended
1lA,-inch-square coaxial cav ity. A
lumped capacitance C5 is added in
series with a '"A-inch hollow-center
conductor of the cavity near the
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ciency is 43 per cent measured at
an input power of 1 watt. The 3­
dB bandwidth of this circuit meas­
ured at a power output of 3.3 watts
is 2.5 per cent. The fundamental­
frequency component measured at
a power-output level of 3.3 watts
is 22 dB down from the output
carrier. Higher attenuations of
spur ious components can be
achieved if more filt ering sections
are used.

The variation of power output
with collector supply voltage at an
input drive level of 1 watt is
shown in Fig. 186. This curve is
obtained with the circuit tuned at
28 volts . Th e curves of Figs. 185
and 186 indicate that the transis­
tor amplifier -mult iplier circuit is
capable of amplitude modulation.
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open end to provide adjustment
for the electrical length. Power
output at 800 MHz is obtained by
direct coupling from a point near
the shorted end of the cavity. The
bias arrangement is the same as
that used in the circuit shown in
Fig. 182.

Fig. 185 shows the power out-

4
0.4 0.8 1.2 1.6 2.0

POWER INPUT-W

Figure 185. Output power and collector
eff ic iency as a function of input power for

the 400-to-800-MHz frequency doubler.

put at 800 MHz as a function of
the power input at 400 MHz for
the doubler circuit, which uses a
ty pical 2N 4012 oper ated at a col­
lector supply voltage of 28 volts .
The curv e is nearly linear at a
power output level between 0.9
and 2.7 wa tts . The power output
is 3.3 watts at 800 MHz for an
input drive of 1 watt at 400 MHz,
and r ises to 3.9 watt s as the input
drive increases to 1.7 watts . The
collector efficiency. which is de­
fined as the r atio of th e rf power
output to the de power input at
a supply voltage of 28 volts. is
a lso shown in Fig 185. The effi-

1.0
10 14 18 22 26 30

COLLECTOR SUPPLY VOLTAGE-V

Figure 186. Power output as a funct ion of
supply voltage for the 400-to-800-MHz fre ­

quency doubler.

367-To-ll00-MHz TripIer

The 367-to-llOO-MHz tripler
shown in Fig. 187 is essenti ally
the sam e as the doubler shown in
Fig. 184 excep t that an additional
idler loop (L4 and C6 ) is added in
shunt with the collector of th e
t ransistor . This idler loop is r eso­
nant with the transistor j unctio n
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Figure 187. . 367-MHz-to-1.1-GHz common­
em itter transistor frequency tripler .

Figure 188. Power output as a functi on
of power input for the 367-MHz-to-1.1-GHz

fre quency t rip ler.

capacitance at the second har­
monic frequency (734 MHz ) of
the input drive.

Fig. 188 shows the power out­
put of the tr ipler at 1.1 GHz as a
function of the power input at
367 MHz. This circuit also uses a
ty pical 2N4012 t r ansistor oper­
ated at a collector suppl y voltage

of 28 volts. The solid-line curve
shows the power output obtained
when the circuit is retuned at each
power-input level. The dashed-line
curve shows the power output ob­
tained with the circ uit tuned at
the 2.9-watt output level. A power
output of 2.9 watts at 1.1 GHz is
obtained with drive of 1 watt at
367 MHz . The 3-dB bandwidth
measured at th is power level is
2.3 per cent. The spu r ious-fr e­
quency components measured at
the output are as follows: -22 dB
at 340 MHz, - 30 dB at 680 MHz,
- 35 dB at 1360 MHz.

The variat ion of power out put
with collector suppl y voltage at an
inp ut drive level of 1 watt is
show n in Fig. 189. The variation
of collector efficiency is also
shown. These curves were ob­
tained with the circuit tuned at
28 volts.

A 367-MHz amplifier that uses
the same circuit configurat ion and
components as th ose of the tripler
circuit shown in F ig. 187 wa s
const r ucted to compare the per­
formance between amplifier and
t ri pler . Th e conve rsion efficiency
for a large number of t ripler un its
was then measured. Th e conver­
sion efficien cy of the t r ipler is de­
fined as th e 1.1-GHz power ob­
tained from the t r ipler divided by
the 367-MHz power obtained from
the amplifier at the sa me power­
input level (1 watt ). The efficiency
var ies between 60 and 75 per cent,
and has an average value of 65
per cent ; this performance is com­
parable to that of a good va ra ctor
multiplier in t his f requency ran ge.

A simila r t r ipler circ uit that
uses a selecte d 2N3866 and th at
is operated from 500 MHz to 1.5

1.2 GHz can deliver a power output
of 0.5 watt at 1.5 GHz wit h an
input dr ive of 0.25 watt at 500
MHz.
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150-To-450-MHz Tripier Circuit

+VCE =
+ 28 V

Figure 189. Power output as a funct ion of
coll ector supply voltage fo r the 367-MHz­

t o-1.1-GHz fr equ ency t riple r.
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t urn for harmonic output cur rent
at 450 MHz . The idler network in
t he collector circuit (La, L4 , and
C4 ) is designed to circulate fu nda­
mental and second-harmon ic com­
ponents of current through the
voltage-variable collector -to -base
capacitance, Cue' The network
fo rmed by c, c, C7, La, and La
provides the requ ired collector
loading for 450-MHz power out­
put. F ig. 191 shows the 450-MHz

Figure 191. Power output as a f unct ion of
power in put fo r the 150-to-450-MHz fre-

quency trip ler.

power output of the tripler as a
function of the 150-MHz power
input . For driving power of one
watt, power output of 2.8 watts
is obtained at 450 MHz. The re­
jection of f undamental, second,
and fourth harmon ics was mea­
sured as 30 dB below the 2.8-watt,
450-MHz level. The variation of
power output with supply voltage
is shown in F ig. 192.
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Fig. 190 ill ustr a te s t he use of
the 2N 4012 transistor in a 150-to­
450-MHz frequency t ripler. The
input coupling network is des ig ned
to match the driving generator to
the base-to -emitter circ uit of the
transistor. The network formed by
C~ and L~ provides a ground re -

Figu re 190. 150-to-450-MHz common-emitter
tra nsistor frequency trlpler.

The performance data in this
section are given for am plifier-
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curves of power output and effi­
ciency for a common-b ase and a
common-emitter t r iple r circ uit us­
ing a 2N 4012 t rans isto r. At low
power levels, t he common-bas e
t ri pler prov ides higher ga in an d
collector efficiency; at high power
levels, higher gain and collecto r
efficiency are provided by th e
common-emitter circuit. At a
power inp ut of 1 watt at 367 MHz,
the common-emitter tripler deliv­
ers a power output of 2.9 watts
at 1.1 GHz an d t he common-base
circuit an output of 2.4 watts .
The collecto r efficiencies for both
ci rcu its are approximately the
sa me and ar e bet t er th an 30 per
cent. The 3-dB bandwid th mea­
sured in the common-emitter trip­
ler is 2.3 per cent, as compared
to 2.5 per cent in a common-base
tripler. Th e major difference be­
tween the two circuits is that the
power output of the common-emit ­
ter tripler saturates at a much
hi gher power-input level than that
of the common-base circuit . This
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/
/" /

/
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Figu re 193. Compa r ison of performance characteristics of common-base and common­
em itter t r ip ler c ircuits using the RCA-2N4012 transi stor: (al power output as a function

of power Input, (b) collector efficiency as a function of power input.

multipliers in which the transistor
is connect ed in a common-emit t er
configurat ion. When t rans istors
are used in common-base circuit
configurations, differe nt re sul t s
a re obtai ned. Fig. 193 shows

Figure 192. Power output as a function of
co llector supply voltage for the 150-to-450­

MHz fr equency tripler.
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Figure 194. Osci lla to r-quadrupler circ uit.

170

effect has also been observed in a
straight-through amplifier. In ad­
dition, the common-emitter circuit
is less sensitive to hysteresis and
high-frequency oscillations, as dis ­
cussed previously.

A 420-MHz-To-l.68-GHz
Oscillator-Quadrupler

The inherent varactor frequen­
cy-multiplication ability in over lay
transistors also permits use of
these devices as oscillator-multi­
pliers. Fig 194 shows an oscilla­
tor-quadrupler circuit th at uses a

-v

RF Power Transistor Man-ual

selected 2N3866 transistor. This
circuit can deliver a power output
of mor e than 300 milliwatts at
1.68 GHz. The first two rf chokes
and the resistors R1 and R~ form
th e bias circuit. The fundamental
f requency of the oscillator is 420
MHz, as determined by CO' L1, and
C1 • L2 and C2 form the second­
harm onic idler . The second-ha r­
monic component produced by this
idler circuit beats with the funda­
mental-frequency component to
generate additional fourth-har­
monic components. A sertes-tuned
circuit consisting of L:j and Ca
completes the output circuit.
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Microwave Systems

TRAN SISTORS that can gene­
rate tens of watts of power

output at frequencies up and be­
yond 2.3 GHz are finding appli­
cations in a wide variety of new­
equipment designs. Some of the
major applications for these new
transistors are in the following
types of equipment.

1. Telemetry
2. Microwave relay links
3. Navigational aid syst ems

(DME , Coll is ion Avoid ance,
TACAN)

4. Microwave communications
5. Phased-array radars
6. Mobile radio and radio-tele­

phones
7. In strusion-alarm systems
8. Electroni c cont er measures

(E CM)
In s uc h eq uipment, trans is to rs

offer t he advantages of si mp li fied
circuitry, wi de ba n dw idths, a nd
imp roved re liability, to gether
with reduced size and weight.

MICROWAVE RELAY LINKS

Microwa ve point-to-point com­
munication links are rapidly re­
pl acing wi re-lin e and coa xia l­
cable networks. Microwa ve in stal-

lations have inherently greater
signal-handling capability and
are less expensive than cable net­
works. The requirements for com­
mercial relay-link systems are
not as stringent as those for the
mili tary-oriented systems. How­
ever, high efficiency and high re­
liability are prime requirements
becau se many of these in stalla­
ti on s are remote and unattended.
The links may be used for voice,
video, or data transmissions,
using AM, FM or various digital
modulation methods. The fre­
quency spectrum used in these
systems ranges ,;fr om UHF to Ku­

band, with both narrow-band and
wide-band requirements . For ex­
ample, some military telemetry
syste ms operate near 1.5 GHz and
2.25 GHz , while common-car r iers
an d other data link systems oper­
a t e at C-band and X-band.

Microwa ve power transistor s
are finding extensi ve use in t hese
relay link systems as s ignal
so urc es, b uffer-amplifier stages,
and power -ampli fier stages which
drive either an an t enna or a
high-frequency multiplier stage.
A typical rf power cha in f or a
data-li nk system is shown in Fig.
195.
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1.5 W
1.7 GHz

Figure 195. Microwave portion of a typical data link system.

The driver and power-amplifier
stages a re essentiall y similar to
th ose a lready cons ider ed in the
previous sec t ions. The passive
mu ltiplier stage will not be con­
si dered here. Because of t he clos e
spacing of channels in data-link
systems, the AM and F M noise
characterist ics of the osc illat or
stage are of prime imp or tance in
these sys te ms . Th ese noise r e­
quirements a re bes t met with
h igh-Q cavity osc illa to rs, using
tran si stor s such as the RCA
40836 or RCA 40837.

AIR-TRAFFIC-CONTROL
SYSTEMS

Most commerc ia l and mili tary
a ir traffic cont ro l (ATC) sys tems

r-~r
.235 .4 90

C" C. = 1000 pF, ATC-100 or equivolent
( 2, ( 3 = Filtercon, low-pass filte r, Allen-Bradl ey

SMFB·A 1 or equi volent

operate in the frequen cy range
from 960 to 1215 MHz. TACAN
(Tactica l Air Naviga t ion System)
ground stations operate from 960
t o 1025 MHz, while airborne
DME (Distance Measuring Equip­
men t ) , TACAN, and transponders
operate from 1025 to 1150 MHz.
Transistor s have great potential
usage as pulse d amplifiers or
osci lla to rs at 1090 MHz for ATC
or IFF (I dentification, Friend or
F oe) t r an sponder s, where peak
power outputs of several hu ndred
wa tts are re quired with short­
pulse , low-duty operation. Mic ro­
wave tran sistors are a lso used
extens ive ly for tu be driver opera­
ti on under broadband condit ions.
F ig . 196 shows a microstr ip cir-

2.18

Rl = 0.24 ohm s, BMH, w irewound
Dielect ric mo teria l =1/32-inch -thick Teflon fiber­

glass deuble-elcd circuit board (E = 2.6)

Figu re 196. 2-watt, 960-to-1215-MHz m icr ostrip ampli fie r.
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Figure 197. Performance characteristics of am pl if ier c ircuit shown in Fig . 196.
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197 shows the broadband per­
forman ce of this cir cuit .
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Microwave Systems

cuit which provides 2 watts out­
put from 960 to 1215 MHz. F ig.
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When incorpora ting RCA Solid State Dev ices in equ ipment, it is recommended
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3200, Somerville, N.J. 08876.


