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ABSTRACT

Various forms of broadbanl transminsicn line transforuwers for use
through VHF and concepts basic to their opeiaiion ars sunmarized and
describved. Broadband povwer adding and pover dividing hytrids for push-pull
amplifiers and parallel additlive uses are given similar attention. The
design of broadband input and output matching elements for a single-ended

stage using a 2N50T1 transistor for 30 W of output power from 30 to 80 MHz is

1llustrated. Useful curves for guiding the design of 4:1 transformers with
resistive loads are given. Curves showing typical input impedance versus
frequency of & pair of cascaded 4:1 traneformers loaded by the iuge-ai.gna.l
R«L=C eqQuivalent input circuit of the 2N507) are included. The use of hy-
brids to operate a pair of these transistors in push-pull operation is

described.
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INTRODUCTION

In the past few years RF power transistors have attained performance
levels which have made them atiractive for implementing many solid-state
transmitters intended for military and commercial communications. Many of
these applications are for selective frequency operation over cne cor more
frequency bands, = band being typically between O.4 and 0.8 of an octave in
bandwidth. With modern trends stressing minimized tuning operations, the
use of untuned breo=dt~nd interstage and output matching networks has be-
come popularly sought. The most sultable broadband impedance matching net-
works in the realm of lumped components, applicable from LF into UHF, have
been broadband transmission line transformers and baluns of the type ori%i-
nally proposed by Guanellal and more recently expanded upon by Ruthroff.
Short lengths of transmission line (parallel strip, coaxiael or twisted pair)
provide upper frequency capabiliiy free from normal transformer interwinding
resonance limitations, High permeability materials, such as ferrites ex-
tend the lower bandwidth capabilities. Though the concept of these broad-
band tmensformers ls not new, to date little analysis or their two-port
parameters as a function Sf frequency, or transmission line length and
characteristic line impedance has been availlsble.

SURVEY OF SOME POPULAR BROADBAND TRANSMISSION LINE COMPONENTS

The 4:1 Impedance Tranaformer

The L4:1 transmission line transformer is a popular element for impnedance
matching & single-ended source to a single-ended load., A close analogue
among conventlonal transformers is the sutotransformer with a 2;1 turms
razio as depicted in Fig. la, showing a load Ry, transformed to E& at the in-
put,

The transmission line counterpert 1s shown schematically in Fig. 1b.
The transmission line provides excellent coupling of the magnetic and
electric fields. This ensures & minimum of leakage reactance over the use-
ful frequency range of the line. With conventional windings, interwinding
capacitance limits the performance at high frequencies. Between transmissim
line conductors, the unifcrmly distributed capacitance acts harmoniously
with series distrivuted inductance to give reactance free operatlion over «
broad frequency range.

Upper Frequency Cutoff Factors

The transmission line transformer has upper frequency limitations re-
lated to the length of the transmission line in wavelengths and to the ratio
between the characteristic impedance Zgo of the line and the load impedance,
In most cases, the length of transmission line 1is chosen to be 3/8 or lerg
at the uppermost frequency desired., The optimum match is Z, = % By, for ste,
down of a purely resistive load and Z, = 2 Ry when the transformer is being
used to step up the load from Ry to Rr. As éxpected with transmisslon line

matching, the shorter the physical length of the line in wavelengtht the
less important exact matching becomes, The interconneciion of the trans-
misgion line is important in keeping with the two genersl matching princi-
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ples for a flat line: l) The voltage between conductors must be maintained
constant as a wave propagates from the Input until it reaches the loed.
This is i1llustrated in Fig. 1b by the voltage E, between pcintc 1 and 3 at
the driven end and also at the load end between points 2 and L. Differ-
ences in the signal path length to corresponding points along the line cause
phase differences increasing with frequency. ©Such phase differences in the
4:1 connection (not typlical of normal matched transmission line) deter-
mine the final bandwidth capability of the transformer. ?2) For a current
flowing in one conductor (i.e., I/2 flowing from 1 to 2), an egusl current

in the opposite direction should exist in the other conductor (i.e., I/2
flowing frou 4 to 3).

Low-Frequency Cutoff Factors

Transmlssion line transformers have a low-frequency cutoff determined
by the falloff of primary reactance as frequency is decreased. This re-
actance 1s determined by the series inductance of the transmission line con-
dvctors, Therefore, the longer the length of line, the grester the series
inductance, extending performance to lower frequency. This Is in direct
conflict with extending the upper frequency performance which, as previously
atated, is enhanced by shortening the physicel length of the trensmission
line. Minimlizing the overall length consistent with achieving the sultable
reactance for low-frequency requirements can be accomplished with bhdgh per-
meablility materials such as ferrites. Inductance of a conductor ig directly
proportional to the relative permeability of the surrounding medium. A high
permeabllity material placed close to the trmnsmission line conductors acts
on the external fringe field present and can magnify the inductence appre-
ciably and thereby provide a lower cutoff frequency. There is no influence
upon internal megnetic flelds nor upon the characteristic impedance of the
line. The power transferred from input to output is not coupled through
the ferrite material, but rather through the dielectric medium separating
the transmission line conductors. This is an imporiant concept for desigm.
Relatively small cross-section ferrite material can perform uisaturnted at
impressively high power levels. In contrest to this, conventional tranc-
formers couple power from primary to secondary entirely through a lLigh
permeability core which must be chosen to sultably carry the total power
without saturating. Figure lc illustrates a popular construction for a
l:1 trancformer using twisted pair wound on a ferrite tcrcid., A basic ede
vantage of this construction is the ability to minimize the length of the
interconnection from point 1 to point 4., Figure 14 is a photograph of
severel 4:1l transformers made in this manner. The larger in the urper row
heve windings from 3.5 to 4.5 in long. The transformer at thie upper left
uses a loosely twisted pair of number 20 formvar coated transfcrmer wire
having 8 Z, = 504h. The middle unit is twisted of two bifllar windings of
number 26 formvar wire for a Z, = 208, The unit at the urper right ic
constructed of homemade strip transmission line. Flat formwar +ransformer
wire about JO in, wide paired together with contact bhond cement gilvers «

Zo = 10fL, These transfomers havc each carried 100 W of HF ncwer witaout
saturating the ferrite cores. With properly matched resistive lomds tae:
huve less than 0.1 dB insertlon loss at an upper Irejuency «f 100 MH7z nni s
lower frequency of 2,0 MHz, The lower two transformers mre conctruct i with
small torolds and have 2.5 in lengths of trunsmisslon line wowurn ! arow them,
The transformer at the lower right uses RG-1956 (504 coaxial line) with the
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auter Dnpndnbton removeds  Thia bagrover D Plex b0y nit pemive winding
the chtell Sloser to the ferplte whioh wnaer more o Tfeot ive galng Fion the
Nigh peamentdYity materinly  In the dover et of Figgy 14 1a a amedl it
vound With the ctetp tine off ¥ = 1000 deseribed onriler, The amnll terold
ABMONAT Ml 8 The vnvnt1Vu PrexTi ity ar thita phbon type Hine,  ™e W
LIMNAf ey ol be uaed alngly or o onaonde Por atepping up o ateppling
diwn n lond impednnoe,

m‘hnr Im;n ]v:\l\eqn!“‘g Imppfolyvevs

A brtel mention of some other posaible extensions of the baate 41l trenes
fomer may be informeiive, Flgure P ahawa A i) inpedanace tranaformer in
rohematie form, Tve equal lengthe o trmnamisaion line are used, Oons
atruetion foime wsually follov the atyle of the hi) type lescridbed above,
Bieh lendth of tyana' asion line opdinarily uaea n asparate ferrite core,
e ourea may Le atacted to keep interachneations as ahert as posaible, The
timnaloimer operation ahould be olear with the voltagea and eurrents aa in-
dioated, Moy optimally matuohed conditiona and negligivle phase ahift:

Ry = —4- (1)
SRR TR R ()
o - B - W .oyn. ()

Figure b aliowa the next logloal extension of the 5il, One additional
length of transmisaion line ia employed to achieve a 16il impedance tranae
former, The general winding approach may be cbaerved from Fig, 8 and 20
and extenaed to higher ratios by inductioen,

The available ratios will progreas lil, hil, yid, 1611, @5il,...0h1d
(n alwaye an integer), Also the optimum Zgchoige will alvays be given byt

?«0 - J% RIN . (“)
Broadvand Poyer Adding and Power Dividing Networks

It is froquently necessary to uase two or more tranaistora to attain asome
output powey heyond that of any available aingle device, Broadband pover
.dding and dividing can be nicely accomplished with hybrida conatructed
simply as tranamission line stiructurea, Hybrids pemmit summing the power
from two or more sources with insignificant intermction between the individ.
ual sources, The hybrid providea excellent isolation between the input
ports when separate sources of pover are to be added (or alternately isola-
tion botwean two output ports acting ae separate sources when power split.
ting). The input Impedance (or output impedance in the alternate case) at
ona port remaina essentially invariant regardlesa of conditions of an open
cireuit or a short circuit at the second port, Obvioualy, such character-
istics will effectively eliminate chain type fallures common in multiple
transiastor output stagee with transistors directly paralleled at their out-

puts,




i Pegree lbrid

A hyhrld onn be vonstivate: na n repe degron phrae type for adiding Ine
puta whiah are approximately (n phase,  Slmilarly, {t wiil apiit & single
tnput into two identical theplnpe aourcen,

Muthrof'r deauribed aever ! sero degree phade hybrids, Flgure 3 {lluae
tintea aohemationlly fn tienamiagion line form ohe auah hybrid together with
veltage, ourscent und impedance relationahipa, The component lvy 1a a physical
reaintor whioh disaipates nonsaddable input power, This waate pover {a res
lated to phage and/ov amplitude difrferennes hetween the aignala st ports 1
and &  For the extreme cade where one port la open alrouited or ghort are
vuited, one half of the totnl input pewer rrom the other port in disnipated
in bp and hale {a delivered to the load Ry,

1480° Fhape lybyid

The pushs=pull operation of two power transintors ia often deairnble In
output atages, Push-pull usually reduces the sscond haimonic output power
by about 8 dB over single-ended stages, theredby casing the demanda for aecs
ond harmonie rejection in the low paas output filter,

The 130° phase hybrid affords all the virtues of laolation between ade
Jacent ports, deserihed previocusly, plus 180° phase splitting (or an udding
for tvo signals 180° out of phase).

Figure ha illustrates the interconnections and nperating relationships
for a 180" phase hybrid being used for power adding. Mgure ib ahova the
voltage and current relations when one port is either open or shorted, As
oan be noted, under this sondition, one-half of the input at the working
port is diseipated in Bp. In general for this hybrid:

Pyt Fp
Vheret Pout * -—!-—' - Py Py’ coa L (5)

Pout = Ppover into the load Ry

PJ » power lnto port 1

Pa =« power into port 2

L) = phase angle hetween signals at ports 1l and 2.

When used for power splitting, this hybrid will coentribute equal out
. of phage power to each tranaistor load. If one load is open circuited,
short oircuited or in general dissimilar from the alternate load, the input
drive to the alternate load will remain unchanged. This is controlled by a
change in impedance at the input port,

With 24 = Ry, the length of the series output line sectlion is unime
portant since it performe as a simple length of transmimsion line terminated
in its characteristic impedance. With very lov values of load impedance it
ls inpractical to exactly match Z, to Rri the length of this section must be
maintained quite short relative to A/8™1r reactive effects due to mismatch
are to bhe avoided. L




APPLICATION OF IMOADBAND TIANMRMIUATON LINE ATIRICTURER 10 THE DESIGN OF UN.
TUNED BNOADRAND 1P TIANATSTOR AMPLIPTER?

Roquiremants tor brondband untunel VHF tyanatntor amplifiers often dea
mand uperation aver two or more Wnpdn reprenchiting over an ogtave of 'res
quenay range,  For afnglescended stages, the 1ole purpose of the Lirondband
elementn la tor Impedance matohdng,  The Wil tnpedance tranafomer s A
ropular hiroadband component for thie, For power ndditive ntages, nignal
phasing and {aolation Letwaen tmnsiatora muat also be connidered, The e
algn of broadhand componenta for Loth a nringle-ended outhut stage and a punhe
pull output rwtage wil) be demonstrated,

Extensive characterization of the Wil trannformer will Lie described an
part of thie deasign,

GINGLE-ENDED RF POWER STAGE DESIGN

Matohing for power tranaistor ntages consisto of (1) Converting some fix-
ed real antenna load to the appropriate load line for the final pover atage
such that aome specified power output can be realized with good efficiency
ut all operating frequencies; and (2) Interstage matehlng, which requires
transforming the reactive low input impedance of a trensistor into a suitable
load line for the driving stage at all opewating frequencies,

To demonatrate the design of broadband elemente to accomplish matching,
a typical power output atage will be investigated. The transistor is a
2N5071 operating from a 28 V d.c. supply. Operation is specified to be 30 W
of RM8 output power from 30 to 80 MHe, The antenna load is 50LW .

i_‘,f'
Qutput Matolhe
e

Thr, ofﬂmmn load line for producing 30 W of output power from this
2 iﬁtor operating from 28 V d.c. 1s 135L to 15 . One 4:1 transformer

~will step down the 50.. antenna load to 12,5LL. Equations for terminal

impedance of the L:l transformer can be derived from two Kirchoff loop
equations for the circuit of Fig. lt solved similtaneously with the two
general defining eguations for voltage and current at gne end of a lostless
transmission line,! At the low impedance port (BINz ) i.e,the load is
stepped downt

.z, | Bases 88 ¢) & Sw G ; (6)
Z#() +cos 60 +J'Z,_:u;‘&€

ZIN

" at the high impedance port (RIN =L RL) i.e., the load is stepped up:

Z,= Z, 2Z (14 cos 80) +] Zo 5, 84
Zycos B4 +) &y Som el

(7)




whoere Zp ie the load impedmnows, & the phase constant of the transmission
line in redians per unit length, and ‘. ls the longth of the line section.
For the broad number of applications where the load impedanoce is purely re-
sietive, normalized deaimn curves cun deporite Zyy ne & funatlon of fre=
quency and Jength of line (in terms ord) and as A funution of 2.

Figures 5, 6, and 7 display Ry, “my» And phase respectively, at the low
{mpedance port (i,e,, transformer used for load step down) as a function of
length and %, of the treansmission line. The Ryy and Xpy values can be une
normalised by multiplying by R;/b. The various Z, values are asinply related
to Ry, as shown, The curves apply only to high-frequency outoff effects and
nssume nonexistence of low-frequency effogta, With 24 equal to %y optimum,
RIN drops off gredually, from a value of Ek, with ‘inocressing length of line

(1.e.,the equivalent of increasing frequency for » fixed length of line),
An inductive Xpy becomes apparent beyond 0,10 A . With Z, optimum the in-
ductive character of the input impedance is sccented, The behavior closely
approaches a fixed R-L saries circuilt when Z, is 2, optimum or greater,
With 2, velues less than Zg optimum, the input impedance behaves as a paral-
lel R-8 circult,

Mgure 8 shows curves of insertion loss as a function of line length for
various values of Z,. Insertinn loss is defined as the retio of power into
the load to power aveilable from a source E with internal resistance R,
matched to the ideal Ry value of the trensformer., It should be clearly
understood that the tranaformer is as internally lossleas as the transmission
line comprising it. As typical of loasless filters, power tranafer is de-
termined by the variation of terminal impedance with frequency. There is
insignificant accurucy loss in assuming that real power into the transformer
Pry equals real power into the load Pp,:. An expression for insertion loss
with any generalized impedance ( E'm- Rm 4 ) X". ) represented at a partic=-
ular value of £ is:

Pout 4 R!‘i
Insertion Loss: = - 8)
R (ﬁgﬁa.‘)ﬁ Xt (

where R3 - - the value of RIN at ,( = g for load step down or

R = 4Ry, the value of Rpy at l = 0 for load step up.

Note that in Fig., 8 peirs of Z, values, related by KZ, optimum and \
& ogtimum, where K can be any given constant, yleld 4dentical insertion

loss.

For each of the curves described above the abscissa is given in wave-
lengths vwhich allows relating units of length and frequency for any de-
sign case., Knowing the highest operating frequency f,; in MHz and next
Judging from the chart the largest fractional part of a wavelength n,
which affordc Ryy and Xyy within acceptuble limits, the physical length of
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line ia given bLy: l < _7_'_,!_02_:\_ inches.
Fu (9)

This expression holds for linec constmucted with conventional dielectrics of
relative dielectric constants runging from 2.0 to 2.5,

The required minimum length for the lower frequency cutoff requirements
should next be examined, A conservative empirical relation which holds quite

closely ia:
20 R. inches

| + %o))c‘-

where R, is the load resistance In ohms, f_ the lowest operating frequency in
MHz, andh %. the relative permeability of the ferrite at fi.» This expression
relates a length corresponding to the input linpedance having a 10%0 15° in-
ductive phase angle at f_ when the transformer is terminated in a real load
Ry, A typical ferrite for use at 30 MHz (e.g., Q-2 Ferramic) will have A/ of
15, With R_= 50 £, and £, = 30 MHz, equation (9) gives £ = 2,08 in, ‘¥e
Reference to the curves for the low Z port (Fig., 7) with Zo = 2o optimum =
25 L at .08 A » Rin 18 sbout 6% down from the ideal 12,5 ./ value and Xin is
essentially zero. ,

(10)

Using equation (8) with £, = 80 MHz and n = 0,08 it follows that £ = 7.5
in, Therefore, any length between 2.5 in.and 7.5 in.wound on a ferrite
toreoid will offer excellent performance. Arbitrarily let the choice be a
length of 4 in, It is apparent that for this frequency range of 30 MHz to
80 MHz the design of the transformer is quite flexible, If the frequency
range were expanded (e.g., 2 MHz to 80 MHz() the length determined from equation
(8) would converge upon that of equation (9)

The curves are very useful in other ways. For example, assume it to be
more convenient to use transmission line of Z, = 50 £l than the optimum value
of 254L.. At n = 0.08 and observing the Zg = 2 Zo optimum curves, Ryp is
almost ideally equal to g)»‘or 12,5 L, Xin is about 5 S inductive, The
effect of this value of reactance may be difficult to place in percpective
when attempting to estimate performance. The insertion loss curves of Fig. 8
will be useful for this., Note that at 0,08 a on the Zg = 2 Z5 optimum curve
the insertion lose is less than 0.2 d4B. This gives more specific meaning to
the effect of the SJlinductive reactance. Figure 9 illustrates the output
matching circuit in block diagram, ‘

Measurements

To verify calculated results measurements were made over a frequency range
of 1 through 108 MHz using an HP UB15A Vector Impedance Meter, A 9-in length
of RG-58 cable (Z, = 50 L and A= 0.25 A at 200 MHz) with outer insulation
removed was interconnected as a L4¢1 impedance step-down transformer. Ferrite
toroids, CF 102 size of type Q-1 meterial, covered the entire transmission
line section. With this fixed Zgy = 50.flline terminated in R, of 50 £L,
100 and 200.4., the 0.5 Zo optimum, Zy optimum and 2.0 Z4 optimum conditions
were simulated. Measured and calculated insertion loss with frequency are

7
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compared in Fig, 9. Differences between measured and calculated were less
than 0.2 4B at 100 MHz for the 0.5 and 2.0 %o ovtimum conditions. The Zo
optimun simulation guve performance hardly distinguishable from the theoretw
ical from 10 to 108 MHz,

The measured curves evidence low frequency effects, As apparent from
equation (9) low frequency cutoff is & function of the load impedance, the
length of the ferrite covered sectlon, and the permeabllity of the ferrite at
the lower frequencies. The lower 1 dB frequencies were 1 Miz or less.

Input Matching

The broadband input matching of the transistor 1s considerably more diffi-
cult than the matching at the output. The transistor base input is a low
impedance which makes it impractical to select the value of characteristic
impedance considered optimum for the transformer. The input impedance appears
to be an R-L-C seriec circuit from 30 to 80 MHz. Largz-siznal base input
impedance measurements of this transistor at 30, 40, 60, and 80 MHz indicate
the resistance R. = 2t , the inductance Lg = 3nH and the capacitance C =
2500 pF. The Lg is due to parasitic lead inductance in the transistor pack-
age plus any contributed by circult interconnections. Extreme care in circuit
construction is required to minimize this series base input inductence., This
input circuit is resonant at about 58 MHz and has a Q = 0.55. Minimized in-
put Q is desireble for transistors intended for broadbending., Figurel5
depicts the transistor input circuit.

Universal design curves for the L:l transformer, with various reactive
terminations, are not practieal, but design attitudes evident from this ex-
ample are applicable to other transistors and other frequency rarges. The
equations (6) and (7) can always be applied to any particular design situation

Some general 4:1 transformer characteristics apparent from Fig. 6 and 7
with real loads may be used to guide design attitudes. The transistor input
impedance is inductive sbove 58 MHz. The design curves for reactance at the
high impedance port suggest that the use of low Zo (i.e., Zo optimum or less)
wvould lend an increasingly capacitive phase with frequency. This would off-
set the increasingly inductive attitude of the transistor input impedance with
frequency. Unfortunately, tuis specifies Zo values from 1 to ML, Such
unusually low values have been achieved with homemade coaxial and strip trans-
uission line, but have not been useful because of the unavoidably bulky
construction., The minimum interconnection lengths contribute parasitic in-
ductance that more than offsets the improvements anticipated over higher Zo
lines with compact interconnections.

. The lowest practical values of Zg are 10£. to 12/, Assuming the use of
128, for design, the previous curves indicate that inductive reactance contri-
buted by the transformer is minimized by minimum length. The smallest practi-
cal construction length of transmission line with Zo = 1244 is sbout 2 in,
Figures 10 and 11 show the variation of R;ny and X,yy with Z¢c = 12 Ll trans-
mission line of lengths 2.0, 2.5 and 3.0 in, The differences in performance
are seen to be relatively minor, These curves were developed from computer
caleculstions using equations (7) with Z; being the transistor input impedance,
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The transistor input was earefully simulated with o ° L carbon resistor,
three leadless capacitor chips totaling 2500 pi with inuerconnectling inducte
ance of 3 to 4 nH. The dotted curve shows memsured performance for a 4:1
transformer constructed with a 2.5 in length of Zo = 12, line., The trans-
former was identical in structure to the strip line unit at the lower right
of Fig. ld. Measurements for these curves wore made with o HP LB15A Vector
Impedance Meter. Corrections must be made in low impedance measurements to
account for the parasitics in the probe. These values are typically resist-
ance of 0,6 .and inductance of 12 to 15 nH in the probe. The exceptionally
close correlation of measured and calculated curves emphasizes that the
calculated values for these transformers are reliably accurate in predicting
performance,

Curves of calculated Ry, and X,y, for various values of Zs with line
length fixed at 2.5 in. are shown in f‘ig. 12 and 13. These calculations do
not include the effects of parasitic series inductances. It is likely that
larger paresitics would accompany the lower Zo values thereby nullifying much
or all of the slight performance edge indicated by the curves.

It is always desirable to maintain an operating load line as purely resist-
ive as possible., Where this is not possible best stability often favors
capacitive rather than inductive reactance. Assuming this to be true » the
addition of a parallel capacitor added as shown at point 1 in Fig., 15 can
maintain effectively the phase of Z ,y) capacitive over the entire 30 to 80
Mz renge rather than growing increasingly inductive sbout 50 MHz., For zero
vhase at 80 MHz:

Xiwi

w (Rm:- + melz )

vhere Wb X,p , and Ryys are determined at 80 MHz, This gives C close to
100 pF. The use of a variable capacitor would allow trimming to the fixed
value for the best overall operation., The cascading of an additional 4:1
transformer to step up Ziy) raralleled by the capacitor gives an input Zyn2
at point 2 as shown in Fig. 15.

farads

C =

The large-signal dynamic swing of a transistor stage is limited iy avail-
able voltage. For this reason load lines are conventionally represented by
the equivalent parallel resistancg for partly reactive loads. Real output
power can be defined easily by Vf where Ry is the equivalent parallel load
resistance. 2R,

RN represents the equivalent parallel resistance looking in at point 2,
Figure 15 gives a clear representation ‘of this. Figure 14 shows the behavior
-of Ry, &nd the phase of Z,v3 with frequency for two values of Zs. The trans-
mission line length is 2.51inA Zo of 84& gave results hardly distinguishable
from the 160 value plotted. From Fig. 14 the better choice of Zo is the
16 QL value which produces the smaller overall variation in Rywz and phase,
These variations must be accepted as a consequence of the low impedance R-L-C
input of the transistor, The use of the capacitor has preserved the non-
inductive character of this load line,

If the efficiency of the driver stage i1s critical the value of this load
line (betwe~n 32 and ho.n.) is somewhat low. An additional 4:1 transformer
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would give a load line resistance too large to develop sufficient drive power
for the output stage (P,y= 4 watts). The use of & 9:1 transformer in place
of the second U4:1 between points 1 and 2 would be suitable, The resultant
load line would have very similar trends to Flg., 14 but with the approximate
resistive value between T2 and 90.4.. This load line would permit delivering
the 4 W of input power to the 2N50T1 transistor at good efficlency.

PUSH-PULL DESIGN

Assume 1t 1s desired to operate two 2N5071 transistors for an output power
of 60 W, Two 180° phase hybrids as previously described are necessary; one
for splitting single-ended input power source Into two out of phase sources
driving the transistor inputs, the other for adding the outputs from the two
transistors. Figure 16 shows a typical arrangement,

OQutput Matching

The output matching offers no particular problems, Assuming the antenna
load to be 508 it must be partially transformer 2:1 by the low-pess filter
to elither a 254 or 100<L£value for efficient output matching. Figure 16
shows the load as 25Mk . The hybrid can easily be constructed with the opti-
nunm values of Zo as indicated. Under the conditions shown each transistor
operates into a 12.5.3. load line suited to 30 W output power from each., The
transmission line lengths are not critical. A length of 4 in,for each wind-
ing is adequate. i

Input Matching

The input hybrid is coastructed of the lowest practical characteristic
impedance line Z, = 12,54 . The shortest practical length of 2.5 in.will
minimize mismatch effects, During push-pull operation one transistor 1s con-
ducting while the second is blased off. The conducting transistor has a low
impedance as described previously. The off transistor appears as a relatively
high impedance due to the reverse biased base emitter junction. This affects
the impedance of the input port of the power splitter. With balanced loads of
Rg = 24l each the input would be approximetely 4 £fl.. However, with one output
port terminated in an open circuit the input impedance approaches three times
this value. For trensistor loads the input impedance is somewhere between
these extremes, Figure 15 indicates R,y could be between 6 and 10LLtypi-
cally. The 4:1 transformer would step this up to a 25 to 4O fh1oad line for
the driver. This is a suitable locad line for developing 10 W of drive power
with good efficiency.

CONCLUSIONS

A group of transmission line transformers and hybrids useful for wntuned
broadband RF transictor amplifiers has been presented together with the funda-
mental principles underlying thelr operstion. Design curves and expressions
for realizing predictable performance from L:l transformers terminated in re-
sistive loads were presented., The typlcal behavior of RF power transistor
input impedance over the VHF range of 30 to 80 MHz was described, A means for
transforming this input impedance to e noneinductive load line was
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demonstrated., Finally the push-pull power adding of two transistors through
the use of the 180° hybrid was illustrated.
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