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THE MICRO™AVE POWER TRAMSISTOR AS A
COMMUNICATIONS AMPLIFIER

R.G, Harrison
Final Report
August 1972
Prepared for

Communications Research Centre
Ottawa, Canada

SUMMARY

This report contains the results of a study of the tradeoffs
between the power capability and the communications potentianl of a
micrcwave power transintores After the introduction, which gives the
rationnle for this study, the relevant previously published work is
surveyed., This is followed by the substance of the present report:
the results of a detailed series of measurements of the powsr versus
communications capability of a 2 GHz microwave power transistor ampli-
fier. The emphésis is on the relative merits of the class A and class
C modes of operation., The present results indicate that the bhehaviour
of the microwave power transistor amplifier is in many respects unlike
that of the TWT power amplifiers conventionally used in satellite
systems.

The device type selected for investigation has earlier been
the subject of n theoretical and experimental study[1’2] of its per—
formance as a single-carrier class C microwave amplifier, a mode of

operation previously resistant to mathematical simulation, Numerical
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time-domain methods were developed which permitted the steady-state
ac class C performance of a device model to be computed for a reason-
able expenditure of machine time. However, it is shown that such
techniques become impractical when as Pew as two carriers are present
ana are virtually unusable in a typical multicarrier communications
environment,

An investigation of several other approaches revealed that no
satisfactory method appears to exist at present which can predict the
multicarrier performance of a microwave power transistor in terms of
its device model., This is because the device is essentially nonlinear,
even under class A conditionss Nevertheless, a more empirical approach,
which is based on the measurement of the single carrier nonlinear gain
and phase characteristics and was originally developed for TWT applica-
tions, predicts the third, fifth and seventh-order intermodulation

products with reasonable accuracy, as well as the gain,

In spite of the large anount of experimental data obtained in
the course of this work, further effort is required to gain an overall
view of the potentialities of the microwave power transistor in a
malticarrier environment in which each carrier can be independently FM
modulated (the present results have been obtained for a maximum of 3
carriers)s In addition, further development of existing software and
computational methods is needed to permit:

(a) Predicticn of the dc-to uf conversion efficiency under
multicarrier conditions, and

(b) Optimization of network parameters to realize the best
communications-performance with respect to thermal and
IM noise while being constrained by minimum gain and
efficiency specifications.
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It would then be a valuable exercise to compare the optimized commu-

nications—performance of several different device types.
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1., INTRODUCTION

This report describes the results of a program of investigations
undertaken for the Communications Research Centre (CRC), Ottawa,
Canada. The aim of the program was to determine the potential of a
typical microwave power transistor as an amplifier for modern commu-
nications applications,

The original objectives of this project were:

(1) To characterize the power-communications capability trade-
off of microwave amplifiers assuming application in IL-band
(0639 to 1455 GHz) systems employing narrow-band frequency

modulation of voice informatione

(2) To investigate active device and/or package design modi-
fications which hold promise of improving the communica-

tions capability of amplifiers studies in (1).

(3) To investigate the effect upon the communications—capa-
bility of practical power-combining techniques, leading to

an inprease in amplifier power output.

Subsequently, the frequency-band designated in (1) was changed
by mutual agreement between RCA and CRC to S-band (1.55 - 5.2 GHz);
reflecting a shift of interest on the part of CRC and simultaneously
entering a region of the microwave spectrum wherein previous experi-
mental and theoretical studies had heen conducted by RCA[1]’[2].

In order to maximize the relcvance of this work to real-life
problems, the program of measurements was oriented specifically toward
satellite communications applications rather than being restricted to
cases of academic interest only.

For the same reason, it was decided to concentrate on a compre-



hensive series of measurements in order to gain insight into the
real-life problems incurred in the design of such systems. It is
evidently useless to develop an elaborate theoretical explanation of
phenomena of only marginal engineering interest.

Ttems (2) and (3) have not been emphasized because it was con-

sidered that:

(a) The effects of active device and/or package design

modif'ications

and

(b) The relative merits of various power~combining schemes

could not be properly evaluated until the trade-offs between power

performance and communications-capability, as referred to in (1),

had been understood.

The present report begins by reviewing the previous experimental
and theoretical work relating to distortion in frequency multiplexed
communications systemss This review covers both mathematically and
experimentally-oriented papers, and refer: to a particular approuch[hz]
which was subsequently found by RCA Limited to be particularly effective
in the case of microwave power transistors.

The report goes on to describe in detail a series of communica-
tions-oriented measurements on a microwave power transistor. These
include two- and three-carrier measurements Qf both intermodulation
distortion and cross-talk as well as a group of single-carrier tests
which serve as a reference for comparison with the.multi-carrier cases,
It i1s found that the microwave power transistor is in several respects

unlike the TWT conventionally used in satellite communications systems.,



Next, the report discusses the various methods of nonlinear
circuit analysis and investigates their relevance to studies of
intermodulation distortion.

The report concludes with a description of the application
of one of these methods to the prediction of intermodulation distor=-
tion in an microwave power transistors.

The author wishes to express his thanks to Ge Kadar and Mo
Gauvin for their invaluable contributions to the communications
aspects of the experimental work and to HeJ. Moody and N, Epstein

for much assistance with computational procedures.,
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2., SURVEY OF PREVIOUS WORK ON DISTORTION IN FREQUENCY MULTIPLEXED
COMMUNICATIONS SYSTEMS

2.1 Cahn, 1960

Intermodulation distortion (IMD) and cross-talk noise due to

dmplitude nonlinearity have been discussed by Cghnl3]. His approach
is empirical and involves the classic device of representing the non-
linearity as a (fictitiogs) zero-memory antisymmetric instantaneous
amplitude characteristic as shown in Fige 2-1. This kind of charact-
eristic is known as a "hard limiter". Cahn showed that for an input
consinting of two equal carriers

vin(t) = Vin(sinw1t-+ sinw,t) (2.1)
the level of the third-order IMD products with respect to the carrier

level could he expressed as

L (1-x) 2.2
10 1g10 {9 : —| a8 (2.2)
VT=X + I arcsinX)

and the input power level with respect to the threshold clipping level

as

101g10 (X*/L)aB (2.3)
where X = Vc/(z vin)'

His investigation of cross-talk represents the signals in a
plurality of channels by random noise with Gaussian amplitude distri-
bution and again considers the characteriutic of Fige 2-1. Only the
case of a large number of carrier:s is trenteds Cr so-talk is calculated
for a single sinusoidal signdl in a narrow slot in the centre of the

spectrume His results for the output signal-to-cross-talk ratio agree

* E.ge f(x) = -—f(-JC)o



Vout

- - — - - - ——

<< 4
3]

Figure 2-1 Simplified *‘hard limiter'* antisymmetric instantaneous
amplitude characteristic.
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fairly well with 8 experimental points for an unsﬁecified device,
presumably a TWT, The best agreement (within about 0.5 dB) is seen
when the rms inpuf is near the clipping level, For lower inputs the
disagreement is as much as 12 dB. (Theory predicts lower IMD levels).

2.2 Sunde, 1965

The same type of "hard limiter" characteristic was employed by

[4]

Sunde in his study of intermodulation distortion in multicarrier

FM systems employing TWI's. He considers both 3rd-order IMD due to

two carriers and the total IMD in a narrow band at.the output for a
multicarrier input cimulated by noise. His discussion is restricted
to cases of equal carrier spacing and powers. His two-carrier result
is similar to Ca n's, but as a better approximation to the actual
situation in multicarrier FM transmission his multicarrier calcula-
tion assumes a flat spectrum rather than the Gaussian spectrum assumed
by Cahn. However, the results obtained in the two cases for the total
IMD power as a function of the total input power agree within about

1 4B [ see Fig. I of reference 4). Sunde then goes on to consider the
IMD due to phase nonlineérity, i.e, caused by AM-to-I'M conversion, for
the same two extreme cnses. For two input carriers he derives the
following approximate expression for the third-order IMD power relative

to one of the fundamentals:lh’ eq. (32)]

- J& (2k ,
- P, 1 g d.B 2.
10 1gio { + 72 (Zko} (2.4)

where 2ko(Pin) is the coefficient of the difference frequency (w, ~wy)

component of the Taylor series expansion of the nonlinear phase function,
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iees an approximation to the relation

¢ (t) =‘}[?_Pin (1 + cos (%)tﬂ (2.5)

between the phase modulation ¢ (t) and the argument of'}[.], the squafe
of the envelope function. The result (2.4) is more accurate for low
input powers than for powers near the saturation point. By suitably
combining the nonlinear-amplitude and nonlinear-phase contributions

to the 3rd-order IMD he achieved a 1-dB agreement with measured results
over an input power range of 416 to +4 dBm [Fig. 8, reference 4]. These
results show that for a TWT, at low power levels,the third-order IMD

is primarily due to AM-to-PM conversion but that amplitude-nonlinearity
dominates at higher levels. The results obtained for an infinite number
of carriers agree less well with measurements using a random noise input.

243 Berman and Podraczky, 1967

Berman and Podraczky[S] addressed the problem of determining the
IMD produced in a wideband communications repeater in a differént waye
Their method is applicable to a large number of input signals randomly
distributed in both amplitude and frequency. Their experimental measure-
ments, however, were restricted to 8 equal carriers with uniform fre-
quency spacing. In this approach no attempt is made to define an
ampirical TWT amplitude characteristic such as the "hard limiter" model
of Fig. 2.1, Instead, & four—term Fourler series epproximation is

made of the input-output transfer characteristic:

vout(t) = c1sin[avin(t)]+-czsin[2d vin(t)] + (2.6)

+ c3sin[ 3a vin(t)]+-ossin[5avin(t)]



Vout () =

-8 -

This gave a good fit from zero input to saturation and a reasonable
fit for instanfaneous inputs up to 12 dB beyond the saturation levels
The coefficients of this series were determined graphically  from the
correrponding single-carrier characteristice

In the multicarrier case the input is
N

vin(t) =Z Visin(wit-o» fl,bidt) (2.7)
=1

where: Vi is the amplitude of the ith carrier
Wy is the centre-frequency of the ith carrier
¢i is the RMS frequency deviation,

Thus the output hecomes

- X
Vo) = 242 (cmsin l;ma {_/ {Visin(wit+ f:/;idt)}:l > (2.8)
mn=T,2,%,5 =1

and finally the spectrum of the output is

m=Z§’3’5{meZ."i i Ja(man).Jb(mvg)...Jx(mavN)cos (2.9)

X=—on D=coc O=aom

[(awi+ buwz+ seet xuN)t+ Mrdt]}

where a,b,sss, x take all * integral values, the Jn(o) are Bessel func-

tions of integral order n and

v = VTageY + (bga)"+ oon(xigy)” (2.10)

If the spectrum of each carrier is Gaussian. Although each term of
(2.9) contains an infinite number of spectral components, in practice
only the interesting classes of products need be computed. Because it

was concluded from measurements on s TWT that the IMD was due primarily *
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to the amplitude nonlinearity, this theory does not account for IMD
due to phase-nonlinearity. Over a 20 dB range of input power levels,
the computed third-order products were within 3 dB of the measured

values, while the fifth~order products were within 6 dBe

2.4 Narayanan, 1967

Yet another approach to the anélysis of IMD was introduced by
Nar&yﬂnan[é]. This is o fundamentally different approach from those
discussed above in that it trents a mathemnticni model of the nmplify-
ing device itself rather than working in terms of "black box" input/
output characteristics. This paper appears to be the first to deal
with IMD in transistors.

The transistor model considered includes four types of non-
linearity: +the exponential i-v junction characteristics, avalanche
multiplication, the current-dependence of hFE and the voltage-dependence
of the collector depletion canacitance., These nonlinearities are
apnroximated by truncated Volterra-series representations, and the
method of analysis depends strongly on the work of Ku and Wolfeluo].

The Volterra series approach may be outlined as followg. Con-
sider a function

y(t) =3[=()], (2.11)
If #{ .] is a zero-memory nonlinear (ZMNL) functioh it can be represented

by a power series:

©o
iy

Fx(e)] = L

=1

cixi(t) | (2412)

However, 1if }[.] 1s nonlinear with memory (NLWM) then the linear term
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t .

Cix(t) can he replnced hy the convolution [ cq(t=%)x(%€)dT while the
)

higher order terms can be repluced by expressions of the form

t t
yn(t) =[000 f cn(t"T1,..., t-lTn)x(T1)0uoX(Tn)'dT1 R X dTn (2013>
(o} [¢)

where the nth~degree Volterra kernels cn(t1,...tn) may be viewed as the
impulse-responses of equivalent component nonlinear systemse A method
for evaluating the Volterra kernels is given in [40], and involves the

n-dimensicnal Laplace transform of yn(t)=

oo oo (o] (o] :

Y (s ,...;sn) =[/'[' [...[cn(t,-r,,...,tn-rn)x(r. )...x('rn)d'r, ...d’rn:ldh cordt
=ocn(:1 ,.(.).,s:l)X(s1 )...x(sn) (2.14)

Such trahsforms are used by Narayanan because the response to sinusoidal
inputs is desired.

The Volterra series apnroach is aéplied to the computation of the
level of the f, - f; IMD term for two carriers and the fo+f3-fy IMD term
for three carriers. The results are compared with experimental values
obtained for

f1 = 14.5 Miz

f = 1542 Mz

f3 = 16.6 MHz .

The agreement is in the range 1 to 9 dB for the f, =fy term and in the
range 0 to 9 dB for the fa+ fs ~f4y term as the collector bias is varied
from 5 to 25 voltss Experimental results for the IMD term fy + £, and

the single-carrier harmonic distortion terms 2f and 3f are also given



but not compared with theory. Other important terms, such as the
third-order IMD terms 2fy - f, and 2f, - f4 are not considered at all,
This method is restricted to quasi-linear cases where the non-
linearities are extremely small; these nonlinearities can, however,
be either frequency dependént (NLWM) or not (ZMNL). Gross nonlineari-
ties cannot be treated because of the rapidly increasing difficulty of
handling terms of high degree and it is concluded that the approach is
not potentially useful for the treatmentlof highly nonlinear modes of
operation such as class C, or even for more linear modes (class A)
when accuracy is requireds

245 Hilline and Salmon, 1968

(7]

These authors employ a conventional power series i(v) rela-
tion as a vehicle fpr discussion of the origins of various types of
harmonic aﬁd IM distortion in transistors:
1(£) = o+ 0 v(t) + 0¥ (£) + .o (2.15)

Although their theoretical results have little quantitative value, they
do indicate the possibility of certain terms cancelling in such a way
as to reduce particular distortions, Experiments with two input car-
riers in the 100 to 200 MHz range confirmed the existance of such can-
cellations for second-order (fy *f2) and third-order (2fy -fz) and
(2f2 - £,) IMD products for particular values of emitter current Tge
‘In both cases, the distortion minima correlated with the peak of the
hFE(IE) characteristic. A flat hFE(IE) characteristic gave a broed

distortion minimume
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Other experiments at 50 to 500 MHz with varying source resis-
tance indicated that the exponentinl i(v) characteristic of the base-
emitter junction was larpely responsible for the (f1i;f2) IMD productse.

Their conclusion that the distortion-cancellation phenomenon
canrot be used to improve the performance of practical amplifiers is
at variance with the conclusion of Thomas[hj] (1967). He shows that
for a simple ZMNT, quasi-linear transistor model incorporating:

(1) the emitter-base junction i(v) nonlinearity
(11) the hFE(IE) characteristic

(311i) avalanche nultiplication,
vancellation can always be obtained by suitably adjusting the magni-
tudes of voltages and currents. If Loth absolute and relative levels
are correct, he stotes that simultaneous cancellation of both second
and third order products can occur, and recommends externul reactive
compensution to achieve broadband compensations

246 Neill, 1969

This[a] is s5till another approach involving physical~mathematical
nonlinear device modelss It is based on the formulation of the nonlinear
differential equations of the network as Volterra integral equations.
The fast Fourier transform is used to £ind the frequency-domain solution.
The method, which is discussed further in Section ),3 of this report,
was used to perform both harmonic and TM distortion calculations on
the transistor model given by Narayanan, lLevels of the second to tenth

harmonics inclnsive were computed for a 10 MHz input corwier at 21 different
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levels in 11 minutes and 160 different IM products were computed for
10 and 11 MHz input carriers at a fixed level in 13 minutes, both us-

ing an Elliot 503 computer. Comparison with experiment was not given.

2.7 Cahn, 1969

This paper[9] presents a Monte Carlo computational scheme for
determining IM products due to an arbitrary number of carriers assess-
ing a ZMNL channel, the phydical nature of which is unspecified. The
channel may be either hard limiting (e.ge Figure 2.1) or soft limitinge
The scheme depends on the series expansion of the output autocorrelation
function. Multiple input carriers are viewed in the time-domain as form-
ing a single resultant with both amplitude modulation and phase modula—
tion. ‘The ZMNL channel has no effect on the PM, only the AM, and the
resultant output is completely specified. For the special case of a
hard-limiting channel accessed hy three carriers equally-spaced in fre~
quency hut with arbitrary phase-angles, the IM falling on the centre
channel can be computed exactly. The results show that the quadrature
IM component has greater power than the inphase component.

The statistical Monte Carlo scheme is applied to cases with
from 3 to 15 carriers (inclusive). The three-carrier results are in
close agreement with the exact computation; the others show that the
power imbalance between the phase and quadrature IM components decreases
when there ig a large number of carriers,

Since this paper considers only ZMNL channels, its validity for

transistor amplifiers is questionable,
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2.8 Shimbo, 1971

[10]

In thils important paper 4 the TM due to a TWT is analyzed
when the input consists of a combination of arbitrarily modulated
carriers and Gaussian noise. The T'T is considered to be a NLWM
devi 3 . ; -
evice, 1,e. both amplitude Pout(Pin) end phase q)out(Pin) nonlinear

1ties are included. The multicarrier input is represented (in the

absence of thermal noise) as

in(t) = >__, cos w t+w t+d, (t)+)» ] (2.16)

where for the it carrier:

(1) Vv, 1is the amplitude
i

(11) w_+w, 13 the carrier frequency (w is the
0
midband frequency)

(1i1) ¢i(t) is the phase modulation signal
(iv) Ai is the phase angles

Again, these signals are viewed as a single time-domain resultant:

vln(t) = p(t)cos {wot4-u(t)} (2.17)

where
N
x(t) =§;~ Vicos[w£t+¢i(t)+ki] (2.18)
1=1
X
y(t) = Visin[wit+¢i(t)+hi] (2.19)
i=1 ’
and

x*(£) +y* (%),

p* (%) |
{ tan[p(t)] = y(t)/x(t) (2420)

1]
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The central idea is that the TWT output can be written

v (£) = g(p)oos {aot4.u(t)+.f(pj} (2.21)

where g(p) is due to the emplitude nonlinearity and f(p) is due to
the phase nonlinearity. It is shown that the magnitude of the IM
product whose angular frequency is

mw1+kwu+...+HwN+wo

is given by the absolute value of the complex quantity

Mk1,ké,.-.kN =.[ r Jk1(V1r).Jk2(Vzr).;.JkN(Vnr)dr .

o0

. [pg(p)ejf(*’) J1 (rp)dp (2422)

where the ki can take any * integral value or zero but are constrained
by the condition
| ot kb aow + Ky =1 (2.23)
Thus the representation of the TWT boils down to the representation
of its gain and phase nonlinearities in terms of the function
g(p)expl if(p)] (2.24)
The magnitude of the pure component W+ Wy, i.es one of the
carriers, is L M; where k, is 1 and 2ll the others are zero.
171
In [10] Shimbo considers the case where the complex nonlinear
characteristic is piven by a power series
g()exsl 3£(p)] = crp + o3p” 4 esp” + uus (2.25)

wherein the c, are in general complexj he also considers the Fourier—

series case
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g(p)expl i£(p)] = casin(ap) + cosin(2ap) + casin(3ap) + ... (2426)
whefe the c, are again complex. Using the power-series representa-
tion, predicted values of IM for a TWI with two input carriers lie
within 1 dB of measured values over a 20 dB range of carrier levels,

[42]

More recently Shimbo has recommended the use of the Bessel

series representation

g(plexpl 3£ (p)] = c1ﬁ,(ap) + cady(2ap) + c3T4 (3P ) + see (2.27)
again with complex coefficienﬂs Cye

Recent investigations at RCA Limited have shown that the Bessel

series representation gives very good results for a microwave power
transistor. Since most of this work has been done after the expiration
of the contract period, it is described only briefly in Section 6; more
detail will be found jin Reference [ 39].

2.9 Boag and Newby, 1971

The earliest experimental measurements of TM> due to a micro-
[11]
wave class C transistor were made at RCA Limited by Boag and Newby .
Their results were obtained using a 2N5470 coaxial transistor arranged
as a class C power amplifier at 1.8 GHz with an output power of approxi-
mately 1 watt. In all cases two carriers were employed with a spacing
of ~ 1 MHz. Three conditions were investigated:

(1) class ¢ (no applied emitter bias) over a range
of input levels, the output matching not being
optimizeda

(2) Clasa C with the output mntched for maximum Pout'

(3) Class "AB", in which a small emitter bias current
was appliede
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They concluded that for Oel watt < P < 0.8 watt, the device generated

out
third-order IMD in the range -10 to -14 dB relative to one of the car-

riers, and that class A operation did not improve these levels, They
did, however, record that certain tuning conditions led to a reduction

of sideband magnitudes, a phenomenon further investigated in References

(39] and [43].

2,10 Meyer, Shenss and Eschernbach, 1972

These authors investigate[13] cross-modulation and intermodula-
tion in amplifiers at high frequencies. At low frequencies, they use
the conventional power-series representation of the output amplitude
as a function of the input amplitude to obtain expressions for cross-
modulation and IMD terms for two carriers. At higher frequencie:s they
introduce the Volterra series (following Narayanan[é]) to extend the
analysis to amplifier nonlinearities with memory. Their application
of the Volterra series shows that distinction should be made between
amplitude cross-modulation, phase cross-modulation and frequency-domain
Cross-modulation.

The results are limited to cases of small distortion. Under
those conditions, however, it is shown that the ratio of frequency-
domain crosg-modulation to third-order TMD is 4:1 if the carriers are
closely-spaced in frequency.

The effects of foeedback are also considered, and it is found
that the relationship between amplitude and phase cross-modulation can

be controlled via the phase-angle of the feedback loop gain at a



particular frequerncy. However, it is considered'unlikely thet feed-
back could be used at microwave frequencies because of device-gain
limitations, |

The expérimental work relates to a low-power (Pout ~ 0 dBm)
two~transistor feedback amplifier designed for 50 ohm source and load
impedances, Over a frequency range 60 to 180 MHz, the calculated and
measured values of third-order IMD and'phaée—cross modulation agres
within about 1 dB while the frequency-domain cross-modulation values
agree within about 2 dB. In the case of amplitude cross-modulatior,
however, differences of as much as 12 dB are seen. Thése are ascribed

to insccurate measurement of loop phase-shift at the higher frequencies.
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3« CQLIUNICATIONS-ORIENTED MEASUﬁEMENTS O A MICROVAVE POWER
TRANSISTOR

The type of device selected for these measurements is the
same as the one previously characterized[1]’[2] for large-signal
single-carrier class C operation. It is the RCA 2N5470, a coaxial
overlay transistor capable of providing 1 watt of output power
at 2,0 GHz,

In accordance with the objective of relating this work to
practical applications, a program of measurements has been planned
to provide useful information to communications system designers.

Although class C operation is inherently a nonlinear mode and
is therefore not normaliy associated with communications amplifiers,
in satellite transponders in which power is at a premium, efficiency
is highly important. Therefore measurements are made here under
conditions of zero applied emitter—base bias (clas C) and also
with a fixed forward emitter—base bias (class A)e In the former
case we expect to see enhanced efficiency at the expense of linearity;
in the latter we expect linearity at the expense of efficiency. An
edditional advéntage of class C is that the collector current,
ard consequently the consumption of dc power, is negligible in the
absence of RF inpute This can lead to a useful increase in effective
overall efficiency when the emplifier is lightly loaded, (i.e. not
driven all the time). Comparisons will be made between class A and
class C parformance.

The measurements will be further subdivided into single-carrier,

two~carrier and three-carrier tests.
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' 3e1 Single~Carrier Tests

In ofder to establish the basic single-carrier performance of
the microwave power transistor selected for detailed investigation,
the set-up depicted in Figure 31 is employed. For flexibility of
both circuit errangement and device tuning range, coaxial components
are used throughout. This is consistent with the coaxial geometry
of the 2N5470 package itself. Slightly improved power perforance
could have been expected from the device had specially-designed
(electrically short) matching transformers been designed. However,
such networks are typically valid only over a restricted range of
frequencies, Double-slug tuners are used to match both input and
output ports of the transistor beoause of their ability to synthesize
.imPedancesover the entire Smith chart. Their disadvaentage is they
are not electrically short. This means that a& high VSWR can exist
in the section of 1line between the device and the.region wherein
the impedance transformation takes place. Such high VSWRS aere
accompanied by local regions of high surface current density in
which significant loss can occur.

As indicated iﬁ Figure 3-1, the device is used in the
grounded-base configuration. This is primarily because the coaxial
Package of the 2N5L70 device is specifically designed for this
mode of operation. The coaxial jig in which the device is mounted
1s forced air cooled. | |

Since the double-slug tuners conduct dc, biassing is accomplished
via de feed units placed at the ends of the tuners remotg from the

device, This configuration helps to minimize the lengths of the
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high-VSWR regions.
For class A operation, the emitter junction is forward-biassed

via the adjustable dc supply and a resistor network. The

VEE

actual forward emitter bias voltege Vbias is monitored by means

of a digital VIVM. To determine the quiescent collector bias

bias

current I (i.es in the absence of an input signal), the RF

input circuitry is disconnected at XX and replaced by a 50 N
RF termination. Collector and emitter bias supplies vcc and

V.. are then turned on and Ibi'a's
EE c

is set by adjusting vEE'

The actual de component of collector current is measured
directly using a clip-on ammeter. If the transistor input
is not terminated for RF, oscillations are probable under class
A conditions.

For class C operation, the emitter is simply grounded.

The input power P to the device is measured by disconnecting
the RF circuit at XX and inserting the themistor head of a power
meter at that point. Forward and reflected power flows E} ond
?r can be monitored via the -20 dB directional couplers. The
input power level is augmented by a TWT amplifier, the output

of which is protected from reflections by a 3-port circulator
terminated at the third port.

Other equipment included in this set-up includes a powsr
meter to measure the power output, a high quality spectrum analyser
(HP 85518 + 851B) and a fast adjustable "orowbar" circuit to

protect the transistor under test from potentially destructive
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high~current conditions. When a predetermined curfent level is
exceeded, an SCR is triggered to the low-impedance state, thus
effectively short-circuiting the collector vqltage supply Vcc to
groud and diverting the current flow away from the transistor.

3e1e1 Effect of bias:

Procedure

Using a single-~carrier fixed-frequency input signal, of

sufficient power level Pin to produce saturation, the bias current

is increased step by step and the tuning/matching circuits are

re~optimized at each bias level to obtain the maximum output power

P

out® Both Pout and the collector conversion efficiency 1, ere

measured at each level., This is repecated for various values of bias
current, this traversing the range of possibilities between class C
(no bias) and class A (where the amplifier becomes insensitive to

further increases in bias).
In practice, it is found that the collector conversion efficiency
M is a considerably more sensitive function of the tuning and matching

adjustments than is the power output P, In order to simultaneously

ut®

maximize Pt and U it is convenient to derive analog signals prop-

ut

ortional to P
out

of RF). These signals are used to drive respectively the X and Y

and to the dc collector current Ic (in the presence

axes of a CRTe The tuning is done in such a way as to drive the
spot into the lowor right hand corner of the screen thus optimizing
gain and efficiency simultaneously. This is more effective than

attewpting to monitor two meters simultaneously.
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Results
The results of this test for a 2,0 GHz input signal at a level
of 423 dBn are illustrated in Figure 3-2 and listed in Table 3(1).

In the class C case (no bias applied) the greatest P_ . 1s obtained

t
when the emitter is short-circuited fqr ‘dc, whereas the best effic-~
iency is found when the emitter is connected to the resistive biasing
network (albeit with no applied bias voltage).

It can be seen from Figures 3-2(a) and 3~2(b) that the amplifier
performance under class A conditions is virtually independent of
_bias ourrent, provided that the current is greater than 20 mA. The
olass A measurements described elsewhere in this report are therefore

bias

made for I c = 30 mA,

Figures 3-2(o) and 3-2(d) show gain G and collecto?- conversion
efficiency n, ere funotions of the measured do voltage V;i:'as across
the emitter-base terminals, The highest observed bias (vt};;.as = 800 nv)
corresponds with the greatest efficiency (nearly 4O%).

3e102 Maximum output power

Procedure

In order to compare the maximum output powerS attainable under
class A and class C conditions, the following test is performed. For
each value of input power Pin’ the amplifier is optimiied for maximum
Power oﬁtput i;out; the oorresponding values of oollector conversion
efficiency are also rocorded.

Results

The results of tests performed at 2.0 GHz are summarized in

Figures 3-3, 3-i end 3~5. Figure 3-3 shows the relationship between



Device = 2N5470 No. 10

£ =2.0 Giz (41652-63)
Pin = + 23 dBm
Vee =+ 28V
bias ias
I. VbEE Pout I " Comments
| mA mw dBm mA %
0 - 29.3 87.0 34.9 Emitter of transistor
grounded (class C only).
0 3.1 28.4 63.5 38.9 Emitter connected to
resistive biasing network
0 3.1 28.35 64 - 38.2 (class A and C)
0+ 200.7 29.0 80 35 "
2.5 784 30.1 92 39.8 "
5 729 30.3 100 38.25 "
10 729 30.3 103 37.1 "
20 731 30.35 107 36.2 "
30 722 30.35 106 36.5 "
40 713.4 30.35 107 36.2 "
50 699 30.35 107 36.2 "
_—

Table 3(1) Effect of dc bias on single-carrier amplifier
performance. See Figure 3-2 for graphs.
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CLASS C
3 ¢ CONDITION

(41652--63)
T

—0®

—

Vv

1

800

1 A

600 1000 V
(mV)

—@~ . Emitter grounded for dc¢

- . »Emitter connected to resistive bias network

200 400

Figure 3-2(c)
Gain as a function of collector
bias current

[cbias

Figure 3-2(b) ;
Collector conversion efficiency
as a function of bias current

bi
[ bias

Figure 3-2(c)
Gain as a function of basesemitter
forward bias voltage -

bias
BE

Figure 3-2(d) ,
Collector efficiency as a function
of base-emitter bias voltage

bias
BE
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Figure 3-3  The maximum attainable output power I?{,u, as a function of the
incident power Pi,; Class A and Class C cases compared.
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the maximum attainable output power lgout and the input power Pin'

In general, the class A condition provides a Igout 1 to 2 dB |
greater than does class Co In both cases, however, stable operation
is observed only for the higher levels of Pin' In the class A

mode, values of Pin less than 19 dBm result in tuning conditions
which lead to oscillation in the absence of RF input (e.g. when

the source of RF is replaced by a temmination). In the class C

case a different problem is encountered. For values of Pin between
approximately 44 and 20 dBm, the amplifier is only conditionally
‘stable. This meané that in this range, if either P n °F the

i
collector bias voltage vcc is removed and then re-applied, the

output power falls to a low valus. The only way to re-establish

A
P is to increase P, » tune up and then slowly reduce P,

out
to the required value, re-tuning all the way. An interpretation
of this effect is as follows. Class C amplifiers are self-biasing:
the emitter-base junction of the transistor rectifies part of the
incident powere The resulting dc component of current turns the
device on, if the incident power is high enough., However at lower
levels, the incident power is insufficient to make the biasing
mechanism "self-starting". This leads to the conditionally-stable
condition.

It is intervsting to note that stability is lost in classes A
and C for values of P, which are only 1 dB apart. The significance
of this apparent correlation is not known at present,

Figure 3-L presents the same information in another way: the

A
maximum attainable gain G as a function of Pin'
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(41652—-2/3/4/82)

ﬁ I T T T T T I T T - T 1 i L} '
1 i .
< CLASS A: OSCILLATES —!
IN ABSENCE_ |
OF RF INPUT | il
14| | i
’ i I
| ]
|
12 ~ | 1
|
i | §
10 ' i
CLASS A
= o) -
BF | | '
! CLASS C: : ]
~— CONDITIONAL———»=,
i L STABILITY | CLASS C
|
|
" |
|
Al i
I o DEVICE: 2N5470 ]
: f: 2.00 GHz
2+ ' Vch 28V ]
- | CLASS A, T2 =30 ma ;
0 S . i i 1 ! 1 i 1 1 | 1 -] I
12 4 16 18 20 22 2 2
(dBm) Pin

Figure 3—4 The maximum attainable gain & as a function of the incident power Pins

Class A and Class C cases compared.
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Finally, Figure 3~5 shows the maximum collector conversion
efficiency 60 as a flunction of Pin when the amplifier is tuned
for 3. For values of Pin less than approximately +23 dBm, class
A operation of'fers higher efficiency than class C. However, for
higher values of P the class C node is the more efficient, the
difference being nearly 20% when Py reaches +26 dBn. The drop
in the class A efficiency for P> +2L. dBm moy be & consequonce
of reduced device performance due to internal heating at the
higher power levels. The relatively small difference between
the class A and class C efficiencies may be ascribed to the fact

that at 2,00 GHz tho device is operating near its maximum useful

frequency (~ 2.3 GHz). A greater difference would be expected
at lower frequencies,

3e1.3 Effect of varying the power level

Procedure

Again using o single-carrier fixed-frequency input, the
amplifier is optimized for meximum output power P _ . by adjusting
the incident power P, ond the tuning/matching elementse

A determination of the amplifier bandwidth is maede under this
conditions This information will be required subsequently in the
tests involving more than one carriers |

Then, without eltering any of the adjustwents, P, is reduced
step-by-step and the relationship between P, and P_ . is established,
This Pin’Pout
were it subjected to a dynamic range of input signals. In addition,

- characteristic shows how the amplifier would behave
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Figure 3-5

Maximum collector conversion efficiency ;Yc as a fuqcﬁon of Pin,
the amplifier always being tuned for maximum gain G. Class A
and Class C cases compared.
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the dc-to-rf collector conversion efficiency M, is measured for
each value of Pin' -

The complete test is performed under both class A and class C
conditions, |

Hesults

Figure 3-6 compares tie bandwidths measured for the optimized
class A and class C amplifiers, the incident power being the same
in each case. For the chosen centre~frequency of 2,000 GHz, in
addition to providing an extra dB of gain, the class A amplifier
has a 1-dB bandwidth of 50 MHz, compared with a 1-dB bandwidth
of 30 Mz for the class C amplifier,

Thus, under this condition at least, the only advantage likely
to be offercd by the class C mode will be in the arca of efficiency.
Figure 3-7 shows the "efficiency-response" the f, nc-oharacteristic for
the two modes. At the centre-frequency the efficiencies are nearly
equal. As tie frequency increases, however, the class C efficiency
increuses to a maximun of L4% at 2.017 GHz whereas the class A
efficiency decreases steadilye.

It should be pointed out that the coaxial amplifier circuit
used for these tests is not intrinsically a broad-band circuit.
Wider bandwidths could be obtained by using specially-designed
matching networks, but then the ability to tune over large ranges
of froquency and to match a wide variety of impedances would be
lost,

Table 3(2) contains the frequency-response data used to generate

Figures 3-6 and 3-7.,
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TABLE 3(2) FREQUENCY-RESPONSE MEASUREMENTS (41652-66)

bias : bias
Class A (P:-m = + 23 dBm, Ic = 30 mA) Class C (Pin = + 23 dBm, zero Ic )
- f - ’
f pout Ic Gain YLC pout Ic Gain ‘VLC
GHz dBm mA dB % (Hz d Bm mA dB %
1.954 28.4 136 5.4 -18.2 1.956 23.0 76 0 9.4
1.963 29.5 140 6.5 22.7 1.963 24.1 81.5 1.1 11.3
1.974 29.9 132 6.9 26.4 1.970 25.4 88.0 2.4 14.1
1.986 30.45 125 7.45 31.7 Amplifier 1.975 27.1 90.0 4.1 20.4
optimized '
2.000 30.1 106 7.1 34.5 at 2.000 GHz 1.980 27.3 93.0 4.3 20.6
in each case. :
Optimized » 2.000 30.3 113 7.3 36.5 1.992 28.5 81.0 5.5 31.3 1
2.009 29.8 107 6.8 31.8 1.999 28.3 65.0 5.3 37.2 | 1t
2.017 29.2 100 6.2 29.7 Optimized — 2.000 28.3 63.0 5.3 38.4
2.027 28.0 98 5.0 23.0 2.009 27.55 49.5 4.55 41.1
2.039 27.5 105 4.5 19.1 2,017 26.65 37.5 3.65 44.0
2.050 26.5 109 3.5 14.7 2.027 25.20 31.0 2.20 38.1
2.037 24.2 30.5 1.2 30.8
2.048 24.8 34.4 1.8 31.4
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The "dynamic" class A and class C Pin’P ut " characteristics

out
(for which the amplifier is not re-optimized at each power level)
are compared in Figure 3-8. In each case the amplifier is optimized
for P, = 423 dBm. At this value of P, , the output power is |
approximately 1 dB more for class A than for class C. As.Pi.n
is'decreased, however, the class C outptit power starts to fall
off drastically when P,_ reaches about +20 dBn, whereas the
class A output power is such that the gain G is still increasing
O;t P,, = +#13 dBn, Ry comparison, the class C gain has fallen
to 0dB at P, = 419 dBm.
Figure 3-9 depicts the "dynamio" gain for the two modes

of operation., The strong dependence of the class C gain on Pin

is apparent.

3elel Measurement of amplitude - modulation=to-phase-modulation
conversion factor.

- Procedure

Using the same conditions as before, and again without altering
the tuning/matching adjustments,the characteristic relating the output
phase~angle bout t° Pin is measured at the centre of the band. A static
test such as this is permissible for a microwave transistor with its
relatively very small thermal inertia. A TWT, on the other hand,
has a rather large thermal inertia and requires dynamic modulation
for a meaningful tést.

Having obtained the Pin,qb

out Phese-nonlinearity characteristic,

the objeotive here is to determine the P‘il'l’(atpout/apink) - curve and

see whether it correlates with the Pin,(apout/apin) - curve, where
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(41652~58/74/76/78)
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Figure 3.8 Class A and Class C Pine Pout — characteristics compared. In each case

the amplifier is optimized at B = 23 dBm. It is not thereafter retuned for

other values of Pj,-
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where (aPout/aPin) is the incremental, rather than the absolute,
gein,

The set-up used to determine the phase-nonlinearity characteristic
is depicted in Figure 3-10. A 2.0 GHz input signal is split into
two branches by means of the HP G740A transmission test unit. One
branch is amplified before entering the transistor amplifier via
& circulator. A directional coupler is included to permit the
incident power to be monitorede The other branch provides the
reference signal for the phase-angle measurement and is fed via
an adjustable attenuator to the "reference" input of the HP 8411A
harmonic frequency converter. The output of the amplifier goes
to the "test" input of the harmonic frequency converter via a second
directional coupler (allowing P4 to be monitored) and attonuators
The analog output of the frequency converter is fed to the network
analyser for measurement of the relative phase-angle between the
signals in the "reference" and "test" channels.

Results

Figure 3-11(a) shows the relative phase shift of the amplifier
output compared with the input, In both class A and class C cases,
the phase reference is set to zero at the maximum value of Pin’
which in this éase is 423 dBm.

In the class A mode, the phase shift incrcases with decreasing
P, &t an initisl rate of approximately 3°/dB, falling to 0°/dB at
Pin=11+.5 dBane This AM-to-FM conversion characteristic is given explicitly

in Figure 3—11(b.), and is similar to Sunde's result for s TWT[I*’p‘“*'z].
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In the class C mode, the AM~to-PM conversion is approximutely

8.,4°/dB at the 23 dBn maximum input level, but rapidly increases

to as much as 50°/dB at P, = 18.6 dBn, This drastic behaviour

correlates with the class C Pin’Pout

in Pigure 3-8, This it can‘be seen that larce values of AM~to-FM

-~ characteristic depicted

conversion arc associated with correspondingly large values of
ry . al - - < .

: aPQut/apin' That portion of the class ¢ AM~to-Pii conversion

characteristic lying in the range +15 to 418 dBm corresponds

to an amplifier gain of less than zero dB and is therefore not

of any pructical significance,

3¢2 Iwo-Carrier Tests

- The tests described in this section are again performed under

both class A and class C conditions,
For these measurements two carriers, usually of equal level,

are injected into the amplifier, the frequency scparation lying
well within the amplifier bandwidth and the total power being
sufficient to achieve amplifier saturation., Then the amplifier
is tuned for maximum total output power ﬁo. Having checked whether
the two carriers appear with equal amplitudes at the amplifier output,
the following characteristics are measured from saturation down to
zero gain, the tuning and matching adjustments being left undisturbed:

(1) The power output as a function of the power input;
i.e. the P ’Pout - characteristic.

(2) The gein as a function of the input; i.c. the P ,
G~charocteristice. :

(3) Collector conversion efficiency 7. as a function of
the input; i.e. the P, ,7n = charfcteristic.

(4) The levels of the intermodulation products as functions
of P. .
in
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Procedure

Two=-carrier tests are carried out using a set-up similar to
the one shown in Figure 3-10, with the difference that ‘che circuitr,_y
to the left of the plene XX is as shown in Figure 3-12,

Signals from two separate oscillators at fmquemies 2,000 GHz
+ Of and 2,000 GHz - Af (where Af is a few MHz) are combined in
the -10 dB directional couplere The 10 dB loss in the side-arm
of the coupler is compensated by the TWT amplifier, Provision
for simultaneously verying the amplitudes of the two signals
is made by including a variable attenuator. |

Each source is isolated from the other by a circulator
terminated at the third port. This is necessary to ensure that
the input circuit itself does not ;enerate interﬁodulation products
of appreciable magnitude. |

Pigure 3=13 shows photographs of typical intermodulation
distortion spectra obtained with two carriers. The upper spectrum
is for class A with a dc bias of 30 mA applied to the transistor,
while the lower spectrum is for class C with zero applied bias.
- The totel incident power is the same under both bias conditionse
The only noteworthy difference apparent between the two spectra
at the maximum level is that the olass C intermodulation spectrum
is somewhat more symmetrioal asbout the two oarriers. Interesting
differenoes begin to appear when the input level is reduced, as
discussed in Section 3.2.4.

321 The two-carrier P, ,P . - characteristics

When two carriers are used, the general shape of the Pin’Pout -
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(b) Class C

1.998 2.002 GHz

Figure 3-13  Intermodulation distortion spectra due to two equal carriers:
(a) Class A; collector bias ]::ias = 30 mA
(b) Class C; zero bias ‘
Device: 2N5470 No. 10, P - 123 dBm, f, - 1.998 GHz,
£, = 2.002 GHz (Af - 4 MHz).
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characteristic is similar to the curve obtained in the single-carrier

case. However, the following differences mdy be seen by comparing
Figure 3~14 with Figure 3-8:

(&) The 2-carricr class A gain is consistently 41 dB less
than the corresponding 1-carrier gain, all other
conditions being unchanged. This result is similer
to the 1.2 dB difference reported by Sunde [4, page 131]
for a TWT under comparable conditions,

(b) The 2-carrier class C gain is some 2.5 dB less than the
1 -carrier gain at the optimization level; this difference
diminishes with decreasing P, and becomes zero for
Pin = 19 dBmne Below this 1e%31 the two-carrier case
provides more gaine

3e2¢2 The two~cearrier Pin’ G-characteristic

The two-carrier gain versus input power curves shownvin
Pigure 3-15 should be oompared with the 1-carrier ourves of Figure
3-9« The class A two~carrier gain is also consistently 1 dB less
than the one-carrier gain, increasing from G = 6.5 dB at the
optimizing level to 10 dB at Pin

gain is as much as 3 dB below the corresponding single-carrier

= 14 dBn. The olass C two-carrier

g8ain, It reaches & peak of L.l 4B at Pin = +21 dBn. Thereafter,
it falls steadily es P&n decreases, though not as drastically as
in the single-carrier mode.

3e2¢3 The two-carrier Pin’nc - characteristic

Of particular importance in satellite applications is the
colleotor conversion efficiency n . Figure 3-16 shows that in the
two-oarrief case, class C pro#ides a greater efficiency than does
olass A provided Pin > 20 dPm. vAt the optimization level, the
maximum class C effioiency is 38.2% compared with the 28.9%

obtained for olass A.
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Figure 3-14 Two-carrier Class A and Class C  Pin, Pout — characteristics compared.
P, is the TOTAL incident power. In each case the amplifier is optimized
for Py, = +23 dBm.
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(dBm)

Figure 3~-16 Collector conversion efficiency ncversus Py for two-carrier inpdh
Class A and Class C modes compared.
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3e2ek Levels of intermodulation products as functions OfvPin

Figuro 3=17 summarizes the results of measwrcmoents of the
dependence of the levels of intermodulation products on P, for the
class A mode, The dc bias usod is 30 mA. For these measurements
the anplifier is gain-optimized for P, = 423 dBn and the tuning
and biasing adjustments are not changed thereafters

Figure 3-17(e) depicts the lower-frequency carrier fy and
the four adjacent intermodulation products:

2fy =~ fg

3y = 2y

LEy = 3f,

50y = Ifa,
while Figure 3.17(b) shows the higher-frequency carrier fs and the
other four adjacent intermodulation products:

20s - £

3fe - 2f4

4fa = 364

5f3 = LIy

In both cases the power reference level is that of the greatest
carrier, which in this case is the carrier f4+ As might.be expected
from Figure 8 of. referonce [4 (which actually relatesto THT operation),
over the useful input pewer range, the levels of the intermodulation
products relative toc that of the greatest carrier (fy), tend te
decrease with diminishing inpuf power P, » However, for the
important third-crder products 2fy~fg and 2f,~fy (particularly

the former) the levels are ocnly slightly dependent cn P,
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Figure 3-17(a) Class A relative levels of lower carrier (f1) and
intermodulation products as functions of incident
power.

[f = 2.0 GHZ, f2-f1=4.0 MHz, 2N5470, Vcc = 28V]

Figure 3-17(b) Class A relative levels of upper carrier (f2) and

intermodulation products as functions of incident
power.
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Detailed measurements are given for the renge 14 dBn s'Pin <€
24 dBm; additional results are included for P&n =4 and 9 dBm.

Figure 3-18 shows the corresponding results obtained in the
class C case, plotted to the‘same scale as in Figure 3-17 to
facilitate comparison between the two modes. Results are not
given for P

in
at that level. The behaviour of the intermodulation products

< 16 dBm, because of the drastic fall-off of gain

as P&n decreases 1s completely different from the class A casee

For all the products, the functional deﬁendancy is much more

"wild": indeed the third-order products both tend to increase

in relative level as P, 1s reduced. Other products show increases,
deoreases or oscillating beliaviour, In general it appears that

the power-level "backing-off" procedure conventionally used to
reduce intermodulation noise in TWTs would not be advantageous

in a transistor operdting in the class C mode.

3.2.5 Summary of two-carrier measursments

The measured olass A numerioel data for the two-oarrier tests
described in section 3.2 are given in Table 3(3); the corresponding
olass C numerical data is contained in Table 3(4). In addition
fo the observed values of individual intermodulation products
over a range of input power levels, tﬁese tables alsovgive
information on the input power Pin’ the gain G and the dc-to-rf

oollector oonversion effiloiency R

3.2.6 Possible further two-oarrier measurements

Measurements whioh might be included in a wider study could

inolude the following:
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TABLE 3(3) - CLASS A PERFORMANCE WITH TWO CARRIERS

f=2.0Gz, Af=4 Mz

Device = 2N5470 No. 10
v

o

. = 28 volts, IgiaS-sonAdc.

(41652-70)

hmdfornaximn?wtwlxean-+23d&ntota1.

Pin G Pout Ic 1 Intermodulation products in dB relative to greatest carrier
1€ Lower Sidebands Carriers Upper Sidebands
| SRR N NENENE)
(dBm)| (dB) | (@Bm) | (@) | () | o | o | o' o | WS | F WS
+23 | 6.5 | 29.5 |110 | 28.9 | -37 | -3L | -23 | -15 | O | -2 |-15 | -25 | -37 | -48
22 | 7.25 |29.25 (104 [28.9 |-39 | -32 | -24 | -16 | 0 | -2 |-16 | -26 | -37 | -49
21 | 7.8 |28.8 | 98 |27.65|-41 | -34 | -25 | -18 | o0 | -2.5|-16 | -28 | -39 | -49
20 | 8.3 [28.3 | 91 |26.5 |-42 | -35| -25 | -27 | o0 | -2 |-16 | -28 | -39 | -49
19 | 88 |27.8 | 8 |25.9 |-42 | -35 | -25 | <17 | 0 | -2 |-17 | -28 | -40 | -49
18 | 9.25 {27.25 | 77 |24.6 |-43 | -38 | -27 | -18 | o | -2 |-18 | -30 | -42 | -49
17 | 9.4 |26.4 | 72 |21.6 |-43 | -39 | -27 | -17 | o0 | -2 |-18 | -30 | -42 | -49
16 | 9.7 |25.7 |65 |20.4 |-44 | -41 | -28 | -17 | 0 | -2 |-18 | -31 | -44 | -49
15 |20.0 |25.0 |61 |18.5 |-45 | -43 | -30 | <17 | O | -2 |-18 | -32 | -45 | -49
14 |10.25 |24.25 | s8 |16.4 |-45 | -43 | -30 | -16 | O | -2 |-18 | -32 | -44 | -49
9 {113 |20.3 | 40 | 96 | - - - |- o |1 |-28 ]| - - -
s {126 |166 | 27 | 60 | - - | -8} -20]| o |-1 [-22|-37| - -

_-i-(g_



TABLE.ﬂ4)¥(ZASSCPERmmiTWCARRIERS

f = 200Gz, Af = 4 Miz (41652 -68)
Device = 2NS5470 No. 10
Ve = 28 volts
Tuned on1‘ maximum P . when Pi, = + 23 dBm total
i i tive to greatest carrier
Pin G pout I, 'q,c Intermodulation products in dB relative to g
’ ' Lower Sideband Carriers Upper Sidebands
~3 ~ ~ l“-ﬂ 9-4—‘ ‘H-c
'# :‘3 :: '-HN '-H—' o~ g} <t
.-—0 :—1 'v—l I-—l 'N 'N IN I(\l
(dBm) | (dB) (dBm) | (mA) $ a b - S (et | W& & A g a
+23 4.1 27.1 51 35.9 -35 -27 -19 -16 0 -1 -18 -30 -37 -43
22 4.3 26.3 45 33.8 -37 -30 -21 -16 0 -1 -20 -30 -36 -39
21 4.4 25.4 40 31.0 -37 -30 -20 -13 0 -1 -20 -27 -31 -44
20 4.1 24.1 34 27.0 -41 -33. | -22 -13 0 -1 -20 -25 -30 -35
19 3.4 22.4 27 23.0 -41 -34 -22 -11 0 -1 -18 -24 -28 -34
18 2.1 20.1 19.8 | 18.5 -37 | -37 -25 -12 0 0 -14 -21 | -30 -36
17 -.9 16.1 10 14.5 | -37 -36 -32 -10 0 0 -12 -22 =32 | -34
16 -2.6 13.4 6.312.4 -35 -30 -35 -9 0 0 -11 -24 -30 -31

w
o
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3.246e1 Amplifior optimization for minimum II{ distortion

For this test, two equAl-level carricrs would be injected
into the amplifier, First, the amplifier would be tuned and metched
to produce the maximum gain for a fixed Pin' Then the tuning and
matching networks would be optimized for minimum intermodulation
distortion while retaining a useful gain. Having obtained this
optimum, its sensitivity would be determined by reducing F&n
step-by=-step and observing aG/bPin and a(IM)/HPin for each carricr.

3.2.6,2 Effect of bias on IMD minimization

The test envisaged here is similar to 3.2.6.1, but in this case,
after maximizing G, the IMD would be minimized by varying the dec
bisssing only.

342,603 Minimization of IMD by varying tunigg and
biassing simultaneously

‘In this test, after maximizing G, the objective would be to

minimize the IMD by varying the tuning and bias simultaneously.
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‘ 3.3 Intelligible Cross-Talk Measurements

This section is divided into two parts: sections 3,3.1 and
30342 deal respectively with two-carrier and with three-carrier

cross-talk measurcments,

3.3.1 Two~carrier oross-~talk measurements
The purpose of these measurements is to introduce into the

transistor amplifier under investigafion a composite signal consisting
of two carriers, both lying well within the passband of the amplifier,
One carrier (f,) is FM modulated, the other (fy) is not. The measure-
ment set-up corresponds to & complete microwave communications
systeme The objective is to determine to what extent the modulation
on the fg carrier has been transferred to the originally unmodulated
'y carrier by the time the signal reaches the receiver at the
output end of the sysfem.

3e3e1e1 Description of the complets system for two—oarrier'
oross-talk measurements

In the description given below, the paragraph numbers correspond
to the circled numbers in Figure 319, The somewhat curious fre-
quencies chosen for the system are due to the many constraints
imposed by the available equipment.

(1) A Hewlett-Packard 606A signal generator provides a
baseband signal at a frequency £y =152, 3 L, 5 or
6 MHz. |

(2) The baseband signal is fed to a 70 MHz FM modulator.
The level of the signal is set (in this case to -32.8 dBm)
to produce an RMS deviation of 200 KHz about the 70 MHz
centre-f'requency.
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(3) Mixing of the frequency-modulated 70 MHz IF signal
with the 1.836 GHz local oscillator frequency f o, oceurs
in an up~converter. As indicated in the figure, the
spectrum of the output of the up-converter consists
of a frequency-modulated 1.836 GHz carrier with upper
and lowor sidebands spaced 70 MHz awgy.

(4) A bandpass filter selects the upper sideband at g =
10906 GHz, cumplete with its FM modulation.

(5) It is then amplified from a level of =15 dBan to
+24 dBn by a TWT amplifier set to & gain of 39 dB.

(6) Using o coaxinl 3~dB hybrid, the modulatcd 1.906 GHz
signal (L) is combined with a 424 dBn 1.882 GHz
unnodulated signul (f4) to give a composite signal, -
(spectrum 1), having a total power of 424 dDm
(i.e. +21 dBm for each signal)e A =20 dB directional
om.ipler and the power meter "A"™ are used to monitor
the level of the signal incident upon the tuned transistor
amplifier, whether it consists of both carriers or only

one of then,

(7) The transistor amplifier itself is the same as in the
previous experiments, emitter bias VEE being applied
via a DC feed unit, while emitter and collector tuning
and matching are accomplished by double-slug tuners.
Collector bius Vcc is gpplied via the crowbar c¢ircuit
and & second dc feed unit. This amplifier is tuned for
maximum output power gout with the two equal-amplitude

carriors (fy) and (fs + modulation) applied.

(8) Another wideband =20 dB coupler permits the spectrum of
the amplifier output (Spectrum 2) to be displayed on the
Hewlett~Packard (8551B + 851B) spectrum analyser.

(9) 4 circulator and a selective bandpass filter (the 1-dB
bandwidth of which is * 6 MHz centred on 1.882 GHz) allows
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the previously unmodulated 1.882 GHz carrier (f£4),
plus the cross-talk transferred to it, to puss.
Other signals are reflected back and are dissipated
in the termination attachod to the third port of

the circulator.

(10) A variable attenuator is uscd to set the 'input to the .
down~converter to the appropriate level (=30 dBm in

the present case).

(41) 7The output from the down-converter now consists basically
of a 70 MHz carrier modulated by such cross-talk as it
has aoquired en route through the system. Other extran-
eous signals are removed by a 3 MHz bandwidth band-pass
filter.

(12) Penultiumately the 70 MHz signal enters the FM demodulator
(a ratio detector)s The output is an AM baseband signal.

(13) Finally the level of this baseband signal is measured
using a level meter* (a sensitive receiver) set to a
bandwidth of 600 Hz peak-to-peak. The cross-talk
measured by this receiver (in dBm) will be substracted
from the separately-measured reference level of the
system itself to yield the final cross-talk values
for the transistor amplifiors

Je3e1.2 Initial adjustments

First, the transistor amplifier is tuned for maximum total output
Power ﬁout with en input consisting of two equal-amplitude carriers.
The 1.906 GHz carrier fs is FM modulated; the other oarrier fy,
at 1,882 GHz GHz is not. Sincc the amplifier is to be optimized
for a maximum input power fain = +24 dBm, each carrier is set to
+21 dBn. ‘The composite input signal is designated Spectrum 1 in

Figures 3-19 and 3-20(a).

Wendel and Goltermann type TFPM - 43/BN 8619
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Figure 3-20(a)
Spectrum of amplifier input signal
for cross-modulation test.
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Figure 3-20 (b)

Spectrum of amplifier output signal
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Figure 3-20(c)
Spectrum at input to down-converter,
|Spectrum 3, Figure 3-19|
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The optimized performance figures are sumarized in Table 3(5).

Table 3(5) - Optimized performance for 2-carrier cross-talk tests

_ . C .
Pou + Gain Ig Efficiency

Mode ¢ n,

1.906 GHz, FU modulated (aBs) | (aB) (va) (%)

3062 642 128 29,2

Class C | 29.45 545 100 3 ol

———

, Next without retuning, a single unmodulated carrier 1is used
to check the flatness of the amplifier over the frequency ra.nge of
interest. Any evidence of amplitude/frequency slope over this
ranlgel would cause additional cross-talk and possibly give rise

to erroncous measurements.
When the trensistor amplifier has been satisfactorily a.d,justed,

the tuner positions are locked for the remainder of the measurement

process,
3e3.1.3 MNoasurement of the cross-talk level of the reference

system
Before attempting to determine the level of cross-talk due
to the transistor amplifier, it is necessary to measure the cross-

talk of the system itself with the amplifier removed. This measure-

ment consists of three stages:
(1) The input consists only of the Fil-modulated cerrier fs.
The level of the demodulated signul at the baseband

frequency is measured.

(2) Next, an input is applied which consists of both the
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modulated carrier f2 and the unmodulated carrier fy,
The demodulator local oscillator frequency is now set
so that the baseband lcvel measured corresponds to
modulation trensferred to the originally unmodulated

carrier £4.

(3) The difference (in dB) between the measured baseband
levels gives the cross-talk of the reference system.

Por measurcment step (1), the following changes are made to the

shaded sections of Figure 3~19:
(a) The transistor emplifier, together with associated tuners,
DC feed units and power supplies, is removed.

6 MHz) bandpass filter carrier fy is

(b) The (1.882 GHz *
This

removed, as well as the assoclated circulator,
permits the modulated carrier fg (1,906 GHz) to pess

directly to the domn-converters.

Since fy 1s not required for this step, the poenerator

(e)
for the wunodulated 1.882 GHz carrier is disconnected
from the coaxial 3~-dB hybride It is roplaced by a
50=-ohm termination.

(d) The frequency of the local oscillator which supplies

the down~converter is temporarily changed from fy -
(£2£,) = 1,812 GHz to £y + (£2=f,) = 1.976 GHz. Note

that the other possibility, f» - (f.-fo) = 1.836 GHz,

is inadmissable because this is precisocly the froquency

£, of the local osci}lutor whioh supplies the up-converter,

The input now consists only of the modulated carrier f,.

For measuroment step (2), both carriers fy, and f, (set to equal
amplitudes) ere used. The input P, is now 3 dB greater than before,

For this measurement, the down-converter local oscilletor is re-sst

to its original frequency of fy - (f...fo) = 1.842 Gﬁz.
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Results
Tests done over a range of values of Pin (for one carrier)

indicated that the refer‘ence‘ system cross-talk was independent

of level, PFinal measurements for a Pin of +24 dBn (the maximum

value of interest) are shown in Table 3(6).

3e3.416k Measurement of intelligible cross-talk dus to the

transistor amplifier

Prooedure
The transi:tor amplifier is replaced in the reference set-up,
and the sequence followed in determining the system reference cross-

talk is repeated. By the time the two-carricr measurcments are made,

all the shaded items of Figures 3-19 have been replaced in the

measurement system.

Results
Table 3(7) gives the actual neasurenents for the olass A mode,

Table 3(8) gives the measureuments for the class C oase. These

resﬁlts are illustrated in Figures 3-21 and 3-22, In ths olass A

mode, for modulating frequenoies 2.0 MHz & £, € 6,0 MHz, the lowest

oross~talk level Pc is obtained at the highest input power level

At fb = 1,0 MHz, however, Po decreases slightly at the lower

Pin‘
levels of Pin' Results obtained in the class C mode are quite

different, with the exoeption of the fb = 1.0 MHz curve for Pin €

21 dBn, The tendency here is for Pc to increase rapidly as Pin
deoreases. This level-sensitivity is in keeping with the general
behaviour of class C amplifiers, The differenoe between the cross-

talk measurements is emphasized in Figure 3-23, in which the results
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Table 3(6) - System reference cross-talk measurements,

Drive to modulator= -33 dBm for a
deviation of 600 Hz. ,

Reading of baseband level meter at 600 Hz bandwidth
(dBm) ’
Pp; PBZ Hence
‘ cross-talk
Modulation Observe the modulation Observe the modulated level P
frequency on the previously + 1.906 Giz carrier f, = Py _’cp
i wmodulated 1.882 Giz 1~ "Bz
carrier f;
two-carrier Single-carrier power
(Mz) power level: level: (dBm)
P. = +24 dBm P. = +21 dBm
— in in
1.0 < "101 -2408 < -7602
2.0 < -101 -24.9 < -76.1
3.0 < -101 -25.2 < -75.8
4.0 -90.5 -25.3 -65.2
5.0 -88 -25.5 -62.5
600 -94a5 ‘.2507 -6808
\
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(41652-93)
“Table 3(7) -- Measurement of intelligible cross-talk,class A mode. Amplifier
og;imized for two-equal-carrier input with total Pj, = +24 dBm.
Ic135 « 30 mA, Voo~ 28 V. Baseband level-meter bandwidth = 600 Hz.
Baseband power level Pp; due to modulation transferred to channel f,. (dBm)
h 2-carrier
. power - ,

R level — | +4 dBm - +14 dBn  +19 dBm  +20 dBa +21 dBm  +22 dBn  +23 dBm  +24 dBm
Modulation | 1.0 | -68.8 -67.0 -70.7 -71.0 -70.2 -70.5 -68.7 -69.7
frequency v

£ —| 2.0 | -62.0 -59.0 -63.5 -65.0  -65.8 -66.8 -68.2 -72.8
3.0 | -58.2 -55.1 -58.8 -59.6  -60.5 -62.0 -~ -65.0 ~68.5
4.0 '57.0 -'53.0 ‘5609 '5608 '5704 -58.8 -60.2 - ~6".3
(4iz) so | -ss.0  -st.0  -ss.0 <587 -56.0 58.3  -58.5  -61.0
—— 6-0 '54.5 ‘50.0 ﬂ_:%ﬂ_ﬂ—o--_-—_-—-:ffas -54-8 ‘ '56.9 '57.3 -Sg‘o
hl;;;;;n'd-p;;:zoﬂve.l Py, due to modulation on channel f,. (dBm)
l-carrier '
power
level ——»-{ +1 dBm +11 dBm  +16 dBm 417 dBm +18 dBm  +19 dBm  +20 dBm  +21 dBm
To T so s w7 3T 4.7 -24.8  -24.8
Modulation
froquency 2.0 | -25.0 -25.0 -25.0 -25.0  -25.0 -25.0 -25.0 -25.0
b 3.0 | -25.0 -25.0 -25.4 -25.3  -25.3 -25.3 -25.3 -25.3
4.0 | -25.0 -25.1 -26.0 25,9  -25.8 -25.8 -25.7  -25.9
(iz) s0 | -25.0 -8 266 7263 -26.2 .26.0 26,0 . -26.2
- -25. -27.9 217 =213 -21.0 -26.8 -26.6
~— 6.0 | -2s0 281 T T
e cross-talk pover level Pc = Ppy = Ppy due 1 class A
transistor amplifier. )
lt-:vel referred ‘
mxo '
(+ 24 dBm)—»| -20 dB  -10 dB -5 dB .4d8 -3 dB -2 dB -1 dB 0 dB
Modu; 1.0 | -43.8 -42.0 .45.9 46,3  -45.5 -45.8 -44.0 -44.9
ati
quuené;" 2.0 | -37.0 -34.0 -38.5 -40.0  -40.8 -41.8 -43.2 . -47.8
13.0 | -33.2 -30.1 -34.4 -34,3  -35.2 -36.7 -39.7 -43.2
(Miz) 4.0 | -32.0 -27.9 -30.9 -30.9  -3L.6 -33,0 -34.5 -42.6
5.0 | -30.5 -25.9 -28.4 -29.4  -29.8 -32.3 -32.5 -34.8
S~ 6.0 -29.5 -24,3 -26.1 -26.6 =27.7 -?9,9 -30.5 -32.4
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Table 3(8) - Measurement of intelligible cross-talk, class C mode. (41652-95)
Amplifier optimized for two-equal-carrier input with
total P, = +24 dbm,
VCC = 28 V. Baseband level-meter bandwidth = 600 Hz.
" Baseband power level Py, due to modulation transferred
to channel f;. (dBm)
. ,
2-carrier
power S .
level — +19 dBm +20 dBm +21 dBm +22 dBm +23 dBm +24 dBm
1-0 '54.2 “6108 '69.4 '7208 '7007 '69.5~
2.0 -48.0  -55.2 -60.5 -64.2 -65.2 -65.
Modulation ’
frequency 3.0 -44.9 -51.1 -55.7 -57.5 -59.8 -61.2
£ OMHz) 4.0 -40.8 -47.3 -51.8 -54.6 -56.7 -57.7
5.0 -38.5 -45.5 -49,1 -51.3 -53.4 -55.3
. 6.0 -37.5 -44.4 -48.2 -50.2 ~51.2 -53.2
—~— , Baseband power level Py, due to modulation on chamnel f,.  (dBm)
1l-carrier
power '
level —=| +16 dBm +17 dBm +18 dBn +19 dBm +20 dBm +21 dBm
1.0 -24.9 -24.8 -24.7 -24.7 -24.7 -24.7
2.0 -25.3 -24.9 -24.8 -24.8 -24.8 -24.8
Mdulation
frequency 3.0 -25.7 -25.3 -25.3 -25.2 -25.2 -25.2
£b (Miz) ————=— | 4,0 -26.2 -26.0 -26.0 -26.0 -25.9 -25.8
5.0 -26.3 -26.2 -26.4 -26.4 -26.3 -26.2
6.0 -26.5 -26.5 -26.8 -26.8 -26.7 -26.7
S —
Hence cross-talk fpa»wer level Pc = pBl - PBZ due to class C
dBm
~— transistor amplifier . (dBm)
Level referred
£0 max. :
(+ 24 dBm) —~ -5 dB 4dB -3 dB -2 dB -1 dB 0 dB
1.0 -29.3 -37.0 -44,7 -48.1 -46,0 . -44.8
Modulation 2.0 -22.7 -30.3 -35.7 -39.4 -40.4 -41.0
3.0 -19.2 -25.8 -30.4 -32.3 -34.6 -36.0
£ M
b M2z) — ,
4.0 -14.6 -21.3 -25.8 -28.6 +=30.8 -31.9
5.0 -12.2 -19.3 -22.7 -24.9 -2, -29.1
6.0 -11.0 -17.9 -21.4 -23.4 -24.5 -26.5
\ :
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(41652-93)
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fy= 1.882 GHz, UNMODULATED
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T

2N5470 No. 10
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Figure 3-21 Class A twoucarrier intelligible crass-tolk level P. as a function of total input -
power P;, ond moduloting trequency f,. Amplifier aptimized for Pout ot pin = 424 dBm.
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Figure 3-22 Class C two-carrier intelligible cross-talk level P_ as a function of
total input power Pinand modulating frequency fy, Amplifier optimized for

Pout ot Fin

A= +24dBm.
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Figure 3-23 Cross-talk data for the Class A and Class C modes compared. Conditions as for
Previous two figures
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for the two modes are campared over a wider range of values of P. .

: in
(Class C values could not be measured for P, <19 dBu because of
the drastic fall in Pout at such levels, see for example Figure 3~14),

34342 Dependence of the two~carrier class C cross-talk output
spectrum on the input. power level

The two sequences of class C amplifier output spectra
réproduced in this subsection correspond to Spectirum 2 of Figures
3-19 and 3-20(b). The two different cases considerod are:

(1) The amplifier is optimized for the condition of two
equal - amplitude carriers at the input, theo total
input power being +24 dBn, (i.e. +21 dBn for each
carrier). Then, without altering the amplifier
ad justments, spectra arc recorded as Pin is reduced
in 41 d3 steps from +24 to +19 dBmn., They are roproduced
in Figuros 3-24(a) through 3-24(f). |

(2) For the second scquence, the emplificr is optimized
for the condition of two uncqual - amplitude carriers
at the input., Because of equipment limitations, the
maximum total input pover for this sequence 1s 421 dBm:
the unmodulated carrier f4 1is at a level of 10,5 dBnm,
with the modulated carrier f2 at a level of 420.5 dBm,

These spectra are shown in Figures 3-25(a) to 3-25(f).



3-24(a) Optimized condition.
Total input power P,
i.e. +21 dBm each carrier.

3-24(b) Total input power reduced to
Py = 23 dBm

3-24(c) Total input power reduced to
P, 122 dBm

in

1.858 1.882 1.906 1.930 GHz
[, [£,)

Figure 3-24  Output spectra of Class C amplifier for two equal carriers at input.

+24 dBm



3-24(d) Total input power reduced to
P 21 dBm

in

10 dB

:

3-24(e) Total input power reduced to
P: | 20 dBm

n

3-24(f) Total input power reduced to
P, | ]9 dBm

in

1 f * !

1.858 1.882 1.906 1.930 GHz

Figure 3-24 (continued) Output spectra of Class C amplifier for two equal carriers at input.



3-25(a) Opfimifed condition.
Total input power

Pin= + 21 dBm

3-25(b) Total input power reduced to
P. 1 20 dBm

n

3-25(c) Total input power reduced to
P. 1 19 dBm

1.858 1.882 1.906 1.930 GHz
[£4] [£,]

Figure 3-25 Output spectra of Class C amplifier. Initially optimized for two unequal carriers
at input; total Pin 21 dBm; carrier '[1 at 110.5 dBm, carrier f? at 120.5 dBm.



3-25(d) Total input power reduced to
Ps i 18 dBm

n

3-25(e) Total input power reduced to
P. 1 17 dBm

in

3-25(f) Total input power reduced to
Pin =+ 16 dBm

f f f !

1.858 1.882 1.906 1.930 GHz
11 £, |

Figure 3-25 (continued) Output spectra of Class Camplifier for two unequal carriers at input,



3e4 Three-Carrier Tests

3ekel Three-carrier Pin}:out - ‘characteristio

Figure 3-26 compares the measured dynamic class C P «Pout
oharacteristic for three input carriers with the corresponding
characteristics for theome - and two-carrier cases. Th-e total

| :anﬁt powef at which the amplifier is gain-optimized in each of the
three oases is approximately the same. ' |

Interestingly, the 3-carrier gein is groater >than the 2-carrier:
gain in the Qicinity of the optimization level. This is interpreted -
as being due to the fact that as the number of carriers is increased,
the total input power being maintained constant; the power in each

oarrier becomes less so that a riore linear part of the nonlinear

amplitude - characteristic is traversed leading to an increase

in the overall gaine.

- 3.4.2 Intermodulation due to amplitude and phase nonlinearity at
& L ,

This test prcsupposés initial tuning for maximum Pout’ when
" three corriers are injected simultaneously. Two of these carriers,
fy and fg, are derived from CW souroes, the third, f3, is derived
from an FM modulafed S0UL'CO «

If the amplifier exhibits only amplitude nonlinearity, then
the spectrum of the output will be similer fo the input spectrum,
except that there will be gain and IM products (of second and third
order etc). However, if the amplifier has both amplitude and phase
nonlinearity, then the FM modulation originally present on f3 will

also appear on fy and fp. This occurrence indioates the presence
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DEVICE: 2N5470 No. 10
30 - CLASS C CONDITIONS .
-V, = 28VOLTS
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Figure 3-26 Pin, Pout - characteristics for Class C conditions (zero dc emitter bias).
In the 1— and 2 carrier cases the amplifier is optimized at Pin= 23 dBm.
{n the 3— carrier case, it is optimized at Pjy = 22.8 dBm, the largest total
3-equal—carrier power attainable with the available equipment.
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of Ali to P conversion and constitutes intelligible cross-talk
as well as -intermodulation distortion due to the phase-nonlinearity.

In general, there will be three types of distortion:

(1) Intermodulation distortion products at fmquencies
204 ~Lg, f,.;.i‘.-f;,( etce due‘ to a nonlinear relationship
between output amplitude and input level.

(2) Intermodulation distortion products at the same frequencies
as obove due to a nonlinear relationship between output
phase-angle and input level (AM-to-PM conversion),

(3) The transference of frequency-modulation to a previously
unmodulated carricr due to the simultaneous presence of
Al-to~PM conversion and a frequency-dependent gain (gain
slopo)e

The intelligible cross-talk in (3) may not be significant in

& narrow-band system in which the gain slope is negligiblee.

3elre2e1 Three-carrier cross-talk measurement

The experimental set-up for the three-carrier cross-talk
measurements is basically the same as shown in Figurc 3-19. However,
because three input carriers ere now required, the circuitry between

the up-converter and the input to the transistor amplifier is now
as shown in the upper part of Figure 3-27. The FN modulation is
accomplished as before, but the resulting signal is now combined
with two unmodulated carriers instead of one, To this end, the
first stage of combining is done in a =10 dB directional coupler,
with 10 dB of gain to compensate for the Vcoupler loss. The second

stage of combining is done as before using a coaxial 3-dB hybrid.
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3 dB Hybrid
Modulated Signal

13 (1.907 GHz) > AAAA
From Up-converter D o]
(As Before) @ 0 ~10 6B .

Spectrum 1 ——am

To
Transistoy
Amplifier

(As Before)
>~ .
Z o= >
3GHz 7 SRI%ZCl)&A |
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Fliter TWT Amplitier
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Transistor
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Converter

Demoduiator
D (RCA) [2;]

Level Meter
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x IF ?a\ﬁgass F A(""‘%"{‘)e'
oca dwidth
Osclilator 3o B ose) (10 dB Galn)

Figure 3-27 Modification to Figure 3-19 required for 3 =carrier cross-talk
measurements



The output circuitry between the down-converter and the

demodulator is also changed, as shown in the lower part of‘
Figure 3-27, The IF bandpass filter is now changed for another
with a -3 dB bandwidth of 3 MHz and with a very steep-sided

frequency response. The 10 dB insertion loss of this filter is

compensated by including in the set-up é. 70 lHz IF amplifier,
System spectra for a typical class A three~carrier cross-talk

measurement are shown in Figures 328(a) to 3-28(d). Pigure

3-28(e) illustrates spectrum 1 (soe Figure 3-27) at the input

to the trensistor amplifier with the two unmodulated carriers f,

and {s at 1.880 and 1.901 GHz respectively, as well as the Fli-

modulaeted carrier £3 at 1.907 GHz. Each carrier is at the level

of 4+19.2 dBn for a total P:m of +24 dBn. Figure 3-28(b) shows

spectrum 2 at the class A amplifier output, (refer to Figure 3-27).

The same three carriers are visible, still with nearly equal amplitudes,
but now the previously unmodulated £y and f» carriers show transferred
cross-talk. Spectrum 3, reproduced in Figure 3-28(c), shows the

effect on the output spectrum of the * 6 NHz bandwidth bandpass

filter centred at 1.882 GHz. Finally, Figure 3-28(d) depicts the
spectrun at the input to the demodulator. The dominant signal

here is the 70 Mllz carrier with its transferred cross-talk.

Cross—~talk weasurements

Three-carrier intelligible cross=talk measurements are
performed for both the class A und class C modes. In general,
the procedure is the same as previously described for the two-

carrier cross—talk meusurements. The rosults for modulation at
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Figure 3-28 (a)

Spectrum of Class A amplifier input signal

J for crosstalk test using three equal ampli-
e tude carriers. Each carrier is at a level of
10 dB 119.2 dBm for a total P, of 124 dBm.
’ ; [Spectrum 1, Figure 3-27]

1.880 1.901 1.907 GHz

[ 1 fo | [ £3
Unmodulated | Modulated
carriers | | carrier

Figure 3-28(b)
Spectrum of Class A amplifier output for

3—carrier crosstalk test.
[Spectrum 2, Figure 3-27|

1.880 1.901 1.907 GHz

£y fy |51
Previously
unmodulated
carriers.
Plus trans
ferred cross-

talk.




Figure 3-28(c)
Spectrum at input to downconverter

(after 1.880 GHz bandpass filter).

e Three-carrier crosstalk test using
10 dB Class A amplifier.
) | Spectrum 3, Fiqure 3-27|

Figure 3-28(d)
Spectrum at input to demodul ator.
Three-carrier test using Class A
amplifier.
10 4B |Spectrum 4, Figure 3-27|
f
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1.0 MHz are given in Tables 3(9) and 3(10) and are plotted in
Pigure 3-29., In each case, the amplifiers are gain-optimigzed at
a total input power of Pin = +2) dBm.' Considereble differences
between the class A and class C behaviour are agaein apparent.

The amplifier output spectra (spectrum 2) cbserved for the
class A and class C modes are directly comparcd in Figures 3-‘30(&)
and 3-30(b)e In the class C mode the noise level tends to be
greater throughout the spectrum. The effect is particularly

noticeable on the originally unmodulated carrier £y (1.880 GHz).
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Table 3(9) - Moasurement of three-cerrier intelligible cross-talk,

class A modes Auplifier optimized for +24 dBm input

consisting of three equal-amplitude carriers:

f1 = 1.880 GHz }' unmodulated
fa = 1.901 GHz
£f3 = 1.907 GHz,  modulated at 1.0 Miz.

Baseband power level PB1 due to modulation transferred to

channels 4 and .

3—-corrier
Power level
(aBm)

+ 1 + 19 + 20 + 21 + 22 + 23 + 2l

PB1 L 77 "8203 "'80.5 -77‘8 -76 5 "71-6-09 -73.8
(dBm)
Baseband power level PB2 due to modulation on channel f'5 alome
1 - .
carrier +18.2 +19.2

Power level
(aBm)

+9e2 +14.2 #1562 +16.2 +17.2

g -25.9| =25.9| =25.9 | =25.9| =25.9| =25.9 | =25.9
(dBm)

Hence intelligible threc-carvicr cross-talk level

= - lass A transistor amplificr,

Pb = PB1 PB2 due to clas )
Level
referred | ,o4n | -5dB | -4dB | -3dB |-2dB | -1 dB | OdB
to max.
(+24 aBm)
Pc "51 o -56 ol "E'll-'é "51 09 "50.6 -}4_9 —)+7,9

(aBm)




- 86 -

Toble 3(10) - Measurement of three-carrier intelligible cross-talk,
class C mode. Amplifier optimized for +2) dBm input

consisting of three equal-amplitude carriers:

f1 = 1-880 G’XIZ
} uniodulated
£5 = 1.907 GHz, modulated at 1 liHz.

Bascband powor level PB1 due to modulation transferred
to channels fy and fa.

—Carrier
gowgzlizéel +19 +20 +21 +22 +23 +2l
(am)

PB1 ~0549 -66 -68 70,2 | ~The? | =7642
(aBm) )

Baseband power level Péz due to modulation on channel

s olone.
1-Carrier
Power Levcl| 4142 +15.2 +16.2]  #17.2 | 4182 | 419.2
(daRu)
PBZ -26 -26.1 =26.,2| =25.8| -25.6 | =25.7
dBm)

Hence intelligible three-carrier cross-talk level
P = P_-P__ due to class C transistor amplifiior.
c B3 "B
Level
referred |_5gp |-, dB | -3dB |-2dB |-1dB | 04B
to max.
(+24 dBm)
P ) ]
c ~39.9 =399 -41.8 -Ldo -49.1 -50.5
(aBn)
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""30 T T T T T . T

f] =1.880 GHZ}

UNMOD

f) =1.901 GHz ULATED

~35 | f3 =1.907 GHz MODULATED AT 1 MHz |
Vee =28V

101s =30 mA

2N5470 No. 10
~40 |- -

CLASS C
_45 = -
-50 - CLASS A o .
| \ o
,/
"'55 I /,/ -1
o"_/
-60 ! 1 i 1 i |
18 19 20 21 22 23 24 Py
(dBm) (TOTAL)

Figure 3-29 Results of three.carrier cross-talk measurements:

modes compared.

Class A and Class C



Y SO £ J |
1.880 1.901 1.907 GHa

il

(a) Closs A spectrum

Carrier f_-}

was modulated at input

Lk T Akl ¢ i
1.880  1.901 1.907 GHz

TR

10 dB (b) Class C spectrum

Figure 3-30 Crosstalk measurement with 3 equal-amplitude carriers: transistor
amplifier output spectra for (a) Class A and (b) Class C. The input
consists of three equal-amplitude carriers, each 119.2 dBm, so thot
the total input power is |24 dBm.
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3e4e3 Dependence of the three~carrier class C output
spectrum upon the input power level in the absence

of modulatione.

This sub-section contains a sequenoe of class C amplifier
output spe.ctra. when three input carriers are present. As in the
first sequence of 3.3.2 (which dealt with two input carriers),
the amplifier is optimized for the condition that the total

imput power is initially +24 dBm (19.2 dBm for each carrier), |

P, is reduced in

As before, the spectra are then recorded as in

1 dB steps from +2; to 419 dbm.
Figure 3-31 is an over—view of the output spectrum at the

moximum level, displayed over & wide bandwidth. The sequential

spectra shown in Figures 3-32(a) to 3-32(f) show only the frequencies

in the immediate vicinity of the three carriers fy, £ and f;,
Figures 3-33(a) to 3-33(d) consist of & group of class C

amplifier output spectra for four different combinations of

input carrier power levels, in each case ‘totalling +24 dBm. In

the first photograph, all carriers arc at the same level. In

subsequent photogrephs, carrier fy is reduced successively to

3, 10 and 20 dB below the other carrier levels, the total power

being kept constant.



10 dB

LAk mi’ll'!' Hit

i

i

1.890 1.894 1.905 GHz

|

Figure 3-31 Overview of the output spectrum when the input
consists of THREE equal-amplitude carriers at

the frequencies f{, f2 and fy.
Total P;, = 124 dBm, no carrier modulated.



(a) Optimized condition.

Total input power Pin - +24 dBm
i.e. 119.2 dBm each carrier.

'

1.890 1.894 1.905 GHz

(b) Total input power reduced to
P. 123 dBm

in

1.890 1.894 1.905 GHz

(c) Total input power reduced to

P. 122 dBm

in

1.890 1.894 1.905 GHz
1640 12l I£5]

Figure 3-32  Output spectra of Class € amplifier for three equal - amplitude carriers
at the input; effect of varying the input power level.



&)
#

(d)  Total input power reduced to
Pin 121 dBm

1.890 1.894 1.905 GHz

(e) Total input power reduced to

Pin 120 dBm

1.890 1.894 1.905 GHz

(f) Total input power reduced to
P, | 19 dBm

n

1.890 1.894 1.905 GHz

Figure 3-32 (continued) Output spectra of Class C amplifier for three equal carriers
at the input; effect of varying the level.



(a) Three equal input carriers

1}

10 dB

52

Frequencies: 1.890 1.894 1.905 GH:
THT .
119.2 119.2  +19.2 dBm, total Pi, = + 24 dBm

Input Levels:

(b) Carrier f; is 3 dB below
carriers f7 and f4

Frequencies: 1.890 1.894 1.905 GHz
[£4] [£5] [f4]
Input Levels 117 120 120 dBm, total Pj, 24 dBm

Figure 3-33 Output of Class C amplifier for three carriers at the input, for various

combinations of input power level totalling 124 dBm.



(c) Carrier f1is 10 dB below
the other two.

Frequencies: 1.890 1.894 1.905 GH=z
(W il ol

Input Levels: +10.8 120.8 +20.8 dBm, total P,, 124 dBm

(d) Carrier f,is 20 dB below
the other two.

| |

Frequencies: 1.890 1.894 1.905 GHz
TR NN
Input Levels: i1 120.9 +20.9 dBm, total P;,, 124 dBm

Figure 3-33 (continved) Output spectra of Class C amplifier for three carriers
at the input, for various combinations of input power
level totalling +24 dBm.
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L. METIIODS OF NONLINEAR CIKCUIT ANALYSIS AND THEIR @LEVANCE

TO STUDIES QF INTEIRMODULATION DISTORTION.

Lo Introduotion

~ The conventional approach to finding the response of an
electrical system to a gi§en input signal is to construct
a mathematical model of the system (here the microwave power
transistor embedded in its associated circuitry) as accurately
as possible and then to determine its response to an appropriate
periodic forcing function. If the system happens to be linear,
many general-purpose computer programs exist which can be used
to get the answors. Most of thamcen perfomm linear de, ac (f.;t‘oquency
domain) and transient (time domain) analysis. Examples inolude
zcap [15], narereqst 161, 115al17) ana cap-1{18), 213 of which
employ nodal analysise

If the system is nonlinear, the situation is quite different,

The number of possible methods is sharply reduced and many complications

arise.

4e2 Time-Domain
The most direct approach to nonlinear analysis is numerical

integration in the time-domain of the set of differential equations

which describe the systeme Numerical integration, however, permits
only the transient solution to be found., When the input (forcing
function) is periodic, numerical integration can be economically

roasonable provided certain conditions are met. Among these

conditions are:
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(1) The network must not have excessive mathematical

stiffness.

(2) The periodic forcing function (carrier) must consist

of a single frequency.

Condition (1) means that the system should not be chafacterized
by a wide range of time=-constants. If this condition is not met,
computation time can become very long: the integration step~size
has to be sufficiently small to resolve the waveform "fine structure"
due to the shortest time consfant, while the total number of inte-
gration steps nceded to achieve a periodic solution depends on the

longest time constant. That is, the computation must continue

until the evanescent modes excited by the initial conditions have-
died awgy.

If condition (2) is not met, the time-domain approach becomes
much less feasible. This is particulurly true when the forcing
functions (carriors) arc closely-spaced in froquoncy, as they often
are in practical communications systems. Since superposition does
not apply, sum and difference frequencies (intermodulation products)
of all orders will appear in the output in addition to harmonics (and

possibly subharmonics). The output spectrum can now occupy an

extremely large baﬁﬁwidth, the lowest frequency being the minimum
carrier separation, the highest harmonic being deteruined, as
belore, by the shortest system time-constant.

Virtually oll of the general-purpose unonlincar nciwork

analysis programns such as NET-1[19], SCEFTRE[QO], TRAC[21] and

% opr less, under some conditions
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CIRDUS[ZZJ- afe Based on numerical integration and most of them
90ntain built-in nonlinear transistor and diode m&deﬂls.

NET-1 has been used successfully at RCA Limited to simulate
the single-carrier nonlinear (class C) operation of the 2N5470
microwave power transistor at a frequency of 2.0 GHz and a power
level of 1 Wattl'], However, this appliostion of NET-1 turned
out to be at the limit of feasibility since com;[;uter times of as
much as 20 minutes were required for & single convergencé run®.
These long runs end the reletive inflexibility of the NET-1 program

motivated the development of a new program, l.':W}?II‘H)[Z3 ] s speoifically

‘designed to £ind the CW steady state response of & nonlinear

microwave device, imbedded in & realistic network environment, to

& single-frequency carrier. Like the large-scale programs mentioned
above, CWFIND employs numerioal integra.fion but unlike them, it
contains provisions for automaticelly seeking the steady-state
solution as well as certain features, such as exponential extra-
polation, which save considerable amounts of computer time under
appropriate conditions.

It is based on finding the transient response of the network
to a periodio forcing function and monitoring the resulting osoill-
atory transient response until such time as cycle-to~cyole periodioity
(within predetermined error limits) has been established. At that

Point, numerical integration is halted and the (stored) data for

the most-recent complete cycle of network waveform data is processed

to yield information of interest. This information oan include the

————

* on an IBM 7094 computer.




following;

(a)

(v)
(e)

(a)
(e)
(£)
(&)

(h)
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Any function of one or more ciroult or device waveforms,
including multiplication, division, differentiation,
integration, etc.

Instantaneous power flows at any point,

Detection of voltage or current excursions leading to

potential unreliability, even at physioally inaccessible

locations.

Fourier analysis of any waveforms, including dc components,

Calculation of average power dissipations in both device

and external circuit.

Derivation of effective impedances and VSWR's on the basis

of power flows.

Calculation of impedances at the fundamental and harmonic

frequenciese.

Gain and efficiency.

The program also contains means for the oomputation of Rieke diagrams

(also known as load-pull diagrams or power-load contours) for a

large-signal microwave transistor model.

All of the above results can be computed on the basis of a

single accurate characterization of the device and its associated

Cirouitry.

Obtaining the corresponding results experimentally is

either very time-consuming or, as in the oase of internal device

waveforms, impossible.

CWFIND is written in the CSupt2]
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simulation language for the IBM 360/75 computer. Typioal multi-

solution runs (e.ge 10 different CW steady-state solutions) require

- about 6.8 seoonds per solution including compilation time.

‘As indicated above, see conditions (1) and (2), CWFIND oan
reasonably be used for applications such as comput:mg the fundamental-
frequency behaviour under class C conditions, or determining the
harmonic distortion terms caused by device nonlinearities. Such
terms would be given by the Fourier analysis of the CW output
waveform obtained when the input is a single sinusoid.

The problems encountercd when one tries to use CWFIND for
intermodulation studies may be illustrated by a simple example.

As noted above, a simulation of a single-carrier class C 2N5470
amplifier at 2.0 GHz requires approximately 6.8 seconds per

solution. In a typical two-carrier case one might have input

carriers:
£fq = 2,000 GHz
fa = 2,004 GHz

i.e. the fundamental frequency becomes 4 MHz instead of 2 GHz; a
lowering by a factor of 500, This would neoessitate a corresponding
increase of computer by a factor of 500, i.e. from 6.8 sec to 56 min,

40 seo per solution!



Le3 Freguency-Domain

Compared with the situation in nonlinear transient-analysis
(time.-'-domain) programs, little development of nonlinear frequency-
domain methods seems to have taken place, even though the earliest
(pencil-and-paper) nonlinear analysis teohniques, suoh as those
of Poinca.ré[25] and Krylov-Bogoliubov-Mitropolsk;y[26’ p. 329]
were frequency-domain methods in the sense that periodic solutions
were sought from the outset.

The problem considercd by Poincaré was to asoertain the

conditions under which systems described by differential equations
of the forml20» Pe 2341,

¥ +x+uF (t, x, X) =£(t) o ¢ o o o (let)
have periodio solutions. Here u is a small parameter, F(t,x,%) is
a nonlinear analytic function of its arguments and f£(t) is a periodic
function of time. Solution is possible only if u is sufficiently

small to guarantee convergence of a series solution of the form

x(t) = xo(t) + ux(t) + 4 x2(t) ¢+ oo oo o o (4e2)
i(t) -y(t) = yo(t) + U Y1(t) + ul yg(t) + e @ o o o o (14-.3)
where the xi(t) are all strictly periodic functions of time. The

term xo(t) is the linear simple-harmonio solution obtained by

putting y = O Then for the first approximation
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Cx(t) =x (t) ¢ ux(t) L. ... ... o (lok)

i(t) =y(t) =y°(t) + “y'l(t) ® o o o o ¢ o o o @ (10-05)

the obJjective is to determine x¢(t) such that x(t) remains periodic.
This turns out to be possible only for certain fixed values of the

*”

]
zero-th epproximgtion denoted x, and Yo o The corresponding

zero-order solution is called the ggneratgg solution and the

first-order solution becomes:

x(6) = x(t) 4 uX(te o v ve e e vt s (4eb)

y(8) =y (8 e uyi (e e v e e (4e?)

A specifiio example is given by Stokér [27, pp. 99-103] for the

case of a Puffing equation

£ + (x+8°) =F coswt o o0 oo o oo (4a8)

A later development was the so-called asymptotic method of
%
Krylov-BOgoliubov-—Mitropols}w(Km).[26' p. 356] The equations

considered have the general fom

¥ o+ 0x = pi[ej“”"_ 3, (x,!c):] R ()]

n=-N

where p is again a small parameter, the n ere integeirs, w and v
are constant frequencies and the nonlinear runctions }n(x,i) are

all polynominals in x and %.
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One starts with a linearized (harmonic) solution of the

form

X =8 cos Y

where the amplitude a and phase ¢ are given by the equations

= O

a
¢ = oonstant.

The KBM method for the nonautonomous (i.e. driven) case determines

solutions of (4.9) in the form

‘_g‘n
x=a005¢'+2_tl fn(a, l/l, Ut) ® e o 0 o o o (20-010)
n=0

where fn(a,¢,ut) is a periodic funotion of ¢ and vt and the

amplitude and phase are given by the first-order differential

equations
& = ) 44 (a) I (R
} = we uan(a) e o e oo oo (4et12)

in whioh the RHS's depend only the amplitude. The functions An(a),
Bn(&) and fn(a,w) are calculated iteratively. Thus they are first
found for n = 1} these results are used to oalculate the functions
forn =2 and s0 on, When An, Bn and fn have been determined with
sufficient accuracy, (4.#1) and (4.12) are integrated to give a(t)

and ¢(t) which are then substituted in (4.10) to yield the desired
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solution. A thorough discussion is given by Minorsky[%’ pp.358-380 ].
Becently Rink and Straiferfza] have developed computer programs
in the F¢RMAC algebreic-manipulation language which use the KHM
method to solve analytically differential equations o:t‘. type (4e9)e
These programs remove some of the diffioulties attending the
manipulation of the very large number of algebraic terms which
must be included to obtain the final results,
However, even these sophisticated techniques have not yet
been extended to cover the present type of problem. It has
been found that in the case of a microwave power transistor
emplifier, a reasonably ecourate a:thmll.a:t;:!.on[23 ] requires a
nonlinear differential equation of at least eighth order (or
a oorresponding system of eight first-order differential equations).
Not only this, but intermodulation distortion studies require in
addition the presence of two or more periodic i‘orcing functions
simultaneously. The prospect of treating such a problem algebreically
is formideble indeed. |
A new direction of research in nonlinear frequenoy-flomain
analysis has been established by Neill[a"'z] and is currently

0
being further developed by Heywood and Moore[29] and by Haywoodb ].

Neill's method is, in a sense, & generalization of the
Laplace transform method commonly used for linear network analysis.
In the original desoriptiont®] the network nonlinearities are
restricted to those which can be represented as voltage-dependent
ourrent generators. Thus the generator in branch j is assumed |

to produce the output
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i, = fj(é{vk}) D (5

where: £, is a nonlinear function,

J
A is the branch-node incidence matrixt32] with

the 'ground column deleted,

iv k}is the vector of node voltages and k is the node
numbers,

The complete vector of currents due to the nonlinear generator

is

iij} = & {fd (g{vk})} . oo (4.14)

Including the vector of external nodal current sources, Ik(t) y

this bacones
{aw} = {mo}e £ {n@lnob] .. @)

The Laplace transform of {1 (t)} is *
LD} =X . LF )] oot (116)

so that we may write
ML)} L5 0] oL £{ 2 (0] ]|+ @D

or solving for I{Vk(t)}:

* where ¥ \s) is the nodal admittance matrix of the linear part of
the network ‘
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;({vk(t)} 3 X""(s).x{lk(t)}} 1-1(3)013'}'3{%.(4 v (t) )li e o (4.18)

The term _Y_-1(s).l{1k(t)} is the response of the linear part of
the network., Noting that Y '(s) is simply the Leplace transform
of the impulse response _1_1_(t) of the linear part of the network

we may write for the time-response
(o)
{0} = M0} s n(oe _&T{fj(é{vk(t)})} o o (4a19)

where {v(t) §(°> is the periodic time-response of the linear part
of the network to the vector of nodal current sources, the *

denotes convolution and use has been made of the fact that[jz’p°262]

Lfx(t)]e LIy(t)] = LIx(t)® 3(£)] o o o oo e o« (4.20)

Fornally, (4.19) represents the time-domain response of the
networke. The practical snag is that {v k(t)} appears on both
sides of the equation. Neill's solution to this problem is to

set up the following Picard iteration.,
(n) (o) - -
IO IO BN EX RO

o o o (4e21)
and to circumvent the difficulties of doing the convolution by
using the Fourier transform to go directly to the frequency

domaine. The convolution now degenerates into a product:
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{vkw)j(”) - {vk<w>}(°)+ mw).{f{g@ v, (%) }‘”’”)ﬂ

e e e e (He22)

Here Vk(w) and H(w) are the Fourier transforms F[vk(t)] and

F[h(t)] respectively and we have used

Fx(t)]e Fly(t)]= Flx(t)* y(t)] o o o o (Le23)

Note that the terms {Vk(w)l(o) and H(w), which appear in each
step of the iteration, need only be calculated once. Each step
involves going from the time-domain to the frequency-domain and back.
In practice this is expedited by using the fast Fourier transform
(FFT)UB]. If the sequence (4.17) converges then the frequency-
domein solution {Vk(w)} will be approached directly without going
through any transient-response calculationse

Neill has used this method to calculate the harmonic and inter—
modulation distortion products of a quasilinear common-emitter
transistor amplifier. The transistor is represented by a
nonlinear equivalent circuit given by Na.rayane.n[ju] in which
the following sources of nonlinearity are approximated by Taylor-
series expansions about the operating point and truncated at the
third term:

(1) The experimental relation between emitter current and

emitter voltage:

1 (t) = I exp [(a/kT)vy(t) = 1] e oo (He2n)

(2) Avelanche multiplication, [6, egn.(14)].
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(3) The variation of h,. with collector current,
(6, ean. (13)].

Using carriers £y and f» at 10,0 and 11.0 MHz, the program
based on the above procedure computed all the spectral lines
(at 1 MHz intervals) from 1,0 to 160,0 MHZ, i.e. from the
difference frequency (fs-f1) to the sixteenth harmonic of
10 MHz (16 £4). The time taken was 13 minutes on an Elliot
503 computer. Comparison with experimental results was not
given.

Some preliminary work on applying this method was done
during the course of the present project. This included the
use of the FFT to calculate the spectrum corresponding to
E{%F{?j(é 'Vk(t) X}J for the particularly simple case of
an ideal ZMNL exponential diode model. Since the present project
is particularly concerned with large-signel operation,a truncated
Taylor-series approximation was not used. Instead, the represent-
ation (4.2%) was used intact, As described in the Appendix
for ocarriersfy; and f, at 2,000 and 2,004 GHz, 4096 (=2'2) spectral
lines (at 4 MHz intervals), covering the range 4.00 MHz to 16.384
GHz, were calculated in 4.2 sec. using a CDC 6400 computer. This
work was intended as a preliminary step towards performing &
full-scale intermodulation analysis on the detailed nonlinear
model for the 2N5470 microwave power transistor which is
described in References [1] and [2]. This model consists of a
modification of the classical Ebers-Moll represcntation and

includes for each Jjunction non-approximated relationships for
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the exponential current-voltage characteristic, the current-
dependent diff'usion capacitances and the voltage-dependent
depletion capacitances. Avalanche multiplication and hFE
current~dependency are not included. The model is completed
by a network of lumped-element inductors and capacitors which
simulate the parasitics of the coaxial transistor package.
However, before writing a comprehensive analysis program
incorporating Neill's method, it was reflected that the method
depends on iterating from a linear approximate frequsncy-domain
solution. This means that it could only be used in quasi-linear
situations, such as the intermodulation-distortion of a class A

amplifier in which the behaviour is gualitatively unchanged from

very low levels ("linear") up to saturation. It could not be used
in the case of a class C amplifier in which qualitatively dis-
continuous changes in behaviour are seen (see for example Fig.
3—9) as one increases the input power from very low to saturation
levels. This is a consequence of the fact that the very existence
of the class C mode depends on device nonlinearities and means
that the linearized frequency-domain solution-vector ivk(w)}(o)
in (4.22) may fail to be even a coarse approximation to {Vk(w)} ,
the nonlinear solution.

Correspondence with Neillvﬂ revealed that special methods
may be required to produce a convergent iteration and this possibility
was confirmed by Heywood and Moore [29] who derived a rigorously
sufficient condition for convergence. They also reported instab_:i.lity

of the sequence (4«22) in oases involving frequency-dependent Y
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end oapacitive nonlinearities. Subsequent correspondence with

Heywood[jo ]

further revealed that he is continuing the development
of Neill's method but is restricting it to examples involving
polynomial approximations to device nonlinearities. His network
a.nalysié program will determine the frequency-domain response of
a forced nonlinear network which may contain any or all of the
following lumped elements:

(1) Linear: R, L, C voltage controlled current source,

independent current source.
(2) Nonlinear: Conductance, incremental capacitance, and

voltage controlled current sources expressed as

polynomials of the form*

ik = G(Vk) = G,V L J Gz qu. eecscoee + Gnv

dv. av dv
T e
dt d,vk t k/ dt at
"'czvki‘ﬁs-ﬁooo
at

n
ij = GM(vk) = GMy v, + G2 (vk)’ + ...+G-Mn(vk)
branch J £ branch k.

The program cen accomodate 20 nodes, 10 nonlinear elements, 100
discrete frequencies and 5 independent signal sources. Output
data includes the spectrum for each voltage controlling a nonlinear
element, the spectrum of any other branch voltage specified and

the estimated accuracy of the solution.

Two examples of the use of this program include

* The progrem accepts nonlinear functions of one variable only.
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(a) The optimization of & 7-mde parametric frequency
multiplier, using a 3~term series approximation for the vearactor
characteristic,

(b) A harmonic distortion anulysis of a two-stage transistor
anmplifier with 9 nodes and a single input carrier. The series
approximations for the conductance and transconductance nonlinearities
extend to 6 terms; the capucitances are lincarized.

Because Heywood has promised us a copy of his final Ph.D
thesis together with his program listings, and in view of‘the
limited time available for this project, it was decided not to
attempt to duplicate his efforts. This line of attack was there-
fore temporarily discontinued in favour of another approach. This,
in essence, is a descendant of the "empirical" approach of Berman
and Pbdruczky[5], and incarporates ideas due to many workers including
Sedaon[36], Sinclair[37], Shimbo[1o] and Moody[BS]. Originally
intended for calculations of intermodulation distortion in
travelling-wave tubes under multi-carrier conditions, the later
development of the approach has predicted intermodulation-distortion
products for a gain-optimized power transistor with remarkable
accuracy. This work is described in Section 6., It has also given
good agreement with experimental results obtained for a particular
combination of tuning and dc-bias conditions which gave rise to
a low-intermodulation~distortion mode of operation[39] which is
characterized by useful values of gain, dynamic range and efliciency.

Loy Summary
This section has surveyed some of the possible methods which
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could be appliuvd to the analysis of intoermodulation noise in a
multicarrier microwave transistor powcer amplifiers. The methods
considercd have been confined to those belonging to the "device
modelling tradition" and it is by no means clear that presently-
existing methods are fitted for the task. Areas of particular
concern appear to be:

(1) The preparation of nonlinear device models sufficiently
accurate to afford reliable prodiction of distortion levels as
much as 40 to 50 dB below output carrier level. I£ is particularly
difficult to do this when the device works under a saturated-gain
condition; precisely the condition of greatest interest for satellite
applications,

(2) The provision of efficient frequency-domain methods
of numerical analysis which are capable of handling device models
incorporating highly nonlinear characteristics, without resorting
to truncated powor-series approximationse

The next section surveys those methods for attacking the
IMD-analysis problem which belong to the "empirical tredition".
Hitherto these methods have been primarily the preserve of TWT
analysists, but as mentioned above, we have found that they can

be applied very successfully to microwave power transistors also.
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5 ANALYSIS OF INTERMODULATION DISTORTION BY EMPIRICAT METHODS

Many of the methods discussed in this section have already
been introduced in Section 2, In contrast to the methods discussed
in Section L4, in which an attempt is made to generate an explicit
physical-mathematical model of the nonlinear (active) device, this
section is concerned with appronches which predict the multicarrier
performance of the device on the basis of its measured single-carrier
performance, Hitherto, such approaches have been confined to the
study of travelling-wave tubes; the present interest is in their
potential for application to transistors. The motivation for the
development of these empirical approaches appears to have been not
only the sheer difficulty of generating sufficiently accurate device
models, but also the severe problem of how to analyze their behav-
iour in a multicarrier environment.

Some of the methods to be discussed here use perhaps the most
straight-forward single-carrier representation of a communicatlons
amplifier. This is simply a measurement of its output power Pout as
a function of its input power (Pin)' Such a measurement is done at
a fixed frequency and without adjusting the tuning or bias conditions.
Thus, the measurement is not a "universal" one, as a conventional
device-model attempts to be. Instead, it is specific to the parti-
cular conditions of frequency, tuning and bias under which it was
made. However, this limitation seems a small price to pay for the

consequent possibilities for predicting the multicarrier performance.'
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Since the instantaneous power in a composite multicarrier signal
can fluctuate from zero to levels perhaps 12 dB above the saturation
level [5, p. 73], accuracy requirements dictate that the Pout(Pin)-
characteristic be measured over as wide a dynamic range as possible.
At frequencies where nonlinear reactances become important,
the simple Pout(Pin) representation is insufficient and one requires
in addition the ¢out(Pin)—characteristic which relates the relative
output phase-angle to the input powere

5e1 Amplitude Nonlinearity Only

The earlier empirical work considered amplitudg nonlinearities
only, so that the device could be represented as zero-memory non-
linear (ZMNL) with input x(t) and output y(t):

x(t) y(£) = $x(+)} (5.1)
A variety of different representations for the nonlinear function}}{x}
have been employed. Examples are given below:

5.1.1 Hard limiter

In the case of the classical "hard limiter" the characteristic

is similar to Figure 2-1:

y(t) =Igix(‘b)} = {2:: -2 x5 &a (5.2)

[x] > e
and in generanl cannot be identified with any physical amplitude char—
acterintic of the device. Examples of the use of this representation
occur in Cahn[B] and Sunde[h] and are discussed in Sections 2.1 and

2¢2 respectivelye The only way to fix the values of the parameters a
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and ¢ is to adjust them until the predicted (eege single-carrier)
performance agrees sufficiently well with the measured performance,.
In general, good agreement cannot be expected with only two adjust-
sble parameters.

5.1.2 Power-series representation

Better agreement can be obtained by using the measured ampli-

tude data to fit the coefficients of a power series of the form

y(8) =3{=(e) =) o) . (5.5)
m=1

In practice, of course, the summation is truncated at a fairly small

number of terms. Examples of the use of this representation in the

(7 .4

prediction of IMD product levels occur in Hilling and Salmen

3,11] and are discussed in Sections 2.5

Meyer, Shensa and Eschenbach[1
and 2,10 respectively.

5e1¢3 PFourier-series representation

For a given number of terms, a Fourier series representation
can give a better approximation to a ZMNL amplitude‘characteristic

than does the simple power series of 5.1.2. The form of the Fourier

neries is -
= & = i r.
v(t) ﬁ}{x(t)% i{: c s n[ma x(t)] (544)
m=1
where a is a scaling factor (equal to /L), and the c, are adjustable
coefficients., Examplez of use may he found in Berman and Podraczky[5]

[36]

and in “eddo . In both cases four-term series are used with

m=1,2,3 and 5. A discussion of the work of Berman and Podraczky
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is given in Section 2,3,

5¢2 ‘Simultaneous Amplitude and Phase Nonlinearities

A more complete empirical representation involves characteri-
zation of both amplitude and phase nonlinearities. Iﬁ this case,
the device is treated as nonlinear-with-memory (NLWM):
x(t) T > y(t) =F{x(), rxat) (5.5)
Again, a number of different representations of the nonlinear function
f x, [xdt have been employed. Examples follow.

5.2.1 Volterra series representation

For a NLWM system, the power series, which was sufficient to
characterize a 7MNI, system, may be replaced by the Volterra series,
which can be regarded as a generalization of the power series. In this

case

y(t) ='}{x, fxdt}
t

= / ey (t=7)x(r)ar +
tt
* /f ca (t=7¢, t=712)x(r¢)x(r2)adr¢dr2
£8¢
+ [f[ es(t=T¢y t=72y t=7y)x(ry )x(r2)x(r5 )dredrodrs

000

+ eee 4 (546)

wherein the first term is the response of the linear part of the repre-

sentation as given by the convolution of the input x(t) with the impulse-

(4]

responsa cy (t) of the linear part of the system. Narayanan has used
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this approach to investigate the IMD behaviour of a small-signal
(quasilinear) feedback transistor amplifier as described in Section
é.h. Another example of the use of fhis approach was given by Meyer,
Shensa and Eschenbach[13], see Jection 2,10,

In general, it is considered that approaches based on the Volterra
series are unsuitable for the type of problem with which this report is
concerned because of the restriction to small-distortion conditions.
Groass nonlinearities cause the series to converge very slowly so that
the cumbersome higher-degree terms of (5.6) cannot be neglected.

5e2+2 Power-series with complex coefficients

In a NLWM system, suppose that the input signal, which may be
single or multicarrier, can be written
x(t) = p(t)eos{u _t + u(t)} (5.7)
where p(t) is the instantaneous amplitude
#(t) is the instantaneous phase
W is a reference frequency.

(o]

If the output can be represented as ,
y(t) = glpleos §u b + u(t) + £(p)} (5.8)
where g(p) is due to the amplitude nonlinearity
f(p) is caused by AM~-to-PM conversion
then it has been shown by Shimbo[1O] that the magnitude of the IMD

product whose angular frequency is

w, + kywq +‘..; + kn@n (5.9)
(where k, nre * integers or zero and I ki==1) in given by the modulus

i=y
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of the complex quantity

m=1 "m

Mkt ek ) er v >Upg<p> sy | (5u10)

where V, 1s the amplitude of the 1t input carrier (see also 2.22),
In order to calculate M numerically, a particular form has to

be specified for the function occurring in (5.10):
if
g(p)e’ (p) (5.11)

which represents both the nonlinear gain and the AM=to-PM conversion.

A simple form for (5.11) is a power series[1o’ pe 233] with com-

plex coefficients a:

if N 2m+1
6p)e ) > P (5.12)
LA
m=0
In this case it can be shown that
m 2m+1
M(k1,kb,...,kn) = j{: (1) "md (me1) 122 aﬁbm+1 (5.13)

m=0

where the terms bi are coefficients of the expansion

r n I (vr) = S— b po? ' (5.14)
m=1 m = n

which has to be computed separately for each IM product. In practice
one measures the single-carrier Pout(Pin) and ¢out(Pin) characteristics
and from them derives g(p) and f(p) respectively., Then the complex

coefficlents a; of the power series in (5.12) must be fitted to the

measured function (5.11), using a suitable curve-fitting procedure, .
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In practice, the power series must, of course, be truncated at a
finite number of termss

5e2e3 Fourier series with complex coefficients

An alternative form for (5.11) in the previous section is a
[10, p. 233]

Fourier-series expansion with complex coefficients a :

8.

g(p)eaf(p) = amsin (map) (5.15)
m=1
In this case, -
u Nk (k41)! ke \2k+1
M(k1 ’k2 | A an> = > a‘m 2k ++1 ! 2k+ bk+1 (M> + (5.16)
m=1 k‘-.':Jo

where the b, are again given by (5.14). The Fourier series in (5.15)
must, of course, be truncated at a finite number of terms for a pract-
ical curve-fitting of experimental data.

He2eL Bessel series with complex coefficients

A particularly advantageous form for (5.11) is a Bessel series

with complex coefficients a

6(p)e 3P ==j{: a Jq(map) (5417)

m=1
In this particular case, Eqe (5.10) takes a simple form in which the

coefficients bi do not appear:

M(k1 5o00 sk S_‘ ril_l__ (mav ) (5.18)

This leads to considerahly improved computational efficiency and has

been used to derive the results described in Section 6 of this report,
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6. PREDICTION OF INTERMODULATION DISTORTION LEVELS CAUSED BY A
MICROWAVE POWER TRANSISTOR

As indicated earlier in this report, this section refers to
work done after the expiration of the contract period and will there-
fore be described only briefly. A more complete discussion, includ-
ing the practically important question of the prediction of the
multicarrier* IMD levels under the "low-IMD" condition, may be found
in Reference [ 39].

61 Experimental

The set-up used is similar to the one shown in Figure 3-1,
modified for two input carriers as indicated in Figure 3-12, Both
input and output ports are provided with double-dielectric-slug tuners
and adjustable dec bias supplies. The device is protected from exces-
sive dc collector currents by means of a crowbar circult in series
with the collector bias supply Voo The total output power is moni-
tored by a wideband power meter, the average dc current in the output
circuit by a clip-on type milliammeter and the levels of the IMD
products by a spectrum analyzer,

Having set the two oscillators to the desired frequencies f
and 2, the gain of the TWTA is adjusted so that the level of each
carrier in the combined input signal to the amplifier under test is
the some. Then the absolute level of the combined :ignal can be con-

trolled by the adjustable attenuator. The power incident on the

* Up to 12 equal-amplitude cnrriers,
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amplifier input is initially determined by replacing the amplifier
by the 50 ohm thermistor head of a power meter.

. "hen the amplifier has been tuned and biased for the required
operating condition, one of the input carriers is removed and the
output power and the relative output phase-angle are measured as
functions of the input power using a Hewlett-Packard network analyzer
in a set-up similar to the one shown in Figure 3-10, This characteri=-
zation is done over as wide a range of power-levels as possible. The

resulting P_ (P, ) and ¢ (P. ) transfer characteristics constitute
out* in in

out
a mathematical representation of the rf behaviour of the active de-
vice together with its package and parasitics and its immediate net-
work environment (tuning elements, etc.)e. This representation can be
used to mnke predictions of the IMD products and effective gain under
multi~carrier conditions, It cannot, however, be used to predict
efficiency, In that case, a more conventional physical model of the
active device would be required. The other shortcoming of the gain

and phase characterization is that it is specific to a pafticular
tuning and bias condition (but not to a particular power level.,) Its
overwhelming advantage is that it is at present the only mathematically
satisfactory representation for calculations of the multi-carrier be-
haviour.

6.2 Computational DProcedure

From equations (5.7) and (5.8) it is evident that p is proport-

jonal to "Pin and g(p) is proportional to \/Pou « The function f(p) in



- 121 -

(5.8) 15 just the output phase-angle (in radians). Since the present
interest is in the relative rather than the absolute levels of the
IMD products, it is convenient to normalize p, g(p) and £(p) such
that K(P) =1 at the saturation level and f(p)::O at the zero input-
power level.

The double curve-fitting of the measured Pout(Pin) and ¢out(P' )

in

characteristics to the Bessel series in (5.17) is accomplished by means
of a modified version of the nonlinear-regression program NLRGRES[AAJ.
First the in-phase (real) part of (5.11) is fitted, namely
glp)cost(p) ,
then the quadrature (imaginary) part is fitted:
glp)sinf(p) .
It iy found in practice that the in-phase part usually fits much
better than the quadrature part. In general, the scaling factors «
in (5.17) will be different in the two cases. To minimize the number
of times the Bessel functions have to be computed, it is advantageous
for both in-phase and quadrature components to have the same a. Thus,
when a satisfactory quadrature fit has been achieved, the resulting
value of a is prescribed as a fixed parameter for the in-phase curve-
fitting operation.
In the present oase both in-phase and quadrature components are
fitted by a Bessel series truncated at the ninth term,
"hen the double curve fitting has been accomplished, the in-

house computer program MING is used to compute the IMD levels for the
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desired number of carriers, The original version of this progr&JZBG],
which was written by Seddon of RCA Limited, was based on the work of
Berman and Podraczky[sl and was designed to run on an IBM 360/65 com=
puter. A description of the theoretical background for this version
. has been given by Sinclair[37]. The original form of MING utilized
the four-term Fourier-series nonlinear gain characteristic described
in Section 5.1.3 and did not consider the variation of output phase
with input power. MING has subsequently been modified by Moody of
RCA Timited in two major respects:
(1) The amplitude-only Fourier-series representation

was augmented by the Bessel-series representation

(given in Section 5.2.4) for both amplitude and

phase nonlinearities.

(11) The progrem was translated for a CDC 6400 computer.
The present version of MING accomodates carriers of arbitrary ampli=~
tude and spacing; the results reported here, however, are for equal
amplitudes and constant spacing, Although the program contains num-
erous special features, the IMD products are effectively computed
according to (5.18) where the am are the fitted complex coefficients
of the Bessel series in (5.17)e
Using a CDC 6400, the NLRGRES double curve~fitting operation

consumed 109.7 seconds of CPU time, while the MING computation of
the third, fifth and seventh order IMD products (and other data includ-
ing gnin) required /6,2 seconds, Both of these times include compile

time,
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6.3 Result
The result described here is the one which first indicated
the validity of the complex Bessel series for a microwave power
transistor,
The device was biansed for clanss A operation and tuned for
maximum single-carrier gain at the saturation level, The single=
carrier operating conditions are summarized in Table 6(1) and the

measured nonlinear P_ (P, ) and ¢, (P. ) characteristics are shown
out‘ in in

out
in Pisure 6-1,

Next, two carriers were applied simultaneously to the amplifier
at a total power level somewhat less than the saturation level, and
the resulting amplifier performance measured. These results, to=-
gether with the predictions of the MING program,are compared in
Tablé 6(2). The rather satisfactory agreement between the computed
and measured levels of the third- and fifth-order IMD products (rela-
tive to the carrier levels) prompted a similar investigation for thé

special case in which the transistor amplifier is optimized for the

low-IMD condition, This work is reported in detail in Reference [ 39].
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Talle 6(1) = Sdngle~cnrrier dnta for a nin-
ophimized clnag A amplifier nf
the sataration level.

Transistor: 2NBL O

Mode : Claas A, common buse
Frequency: 2,00 GHz, uvingle carrier|
Collector Binn: 50 mA, no RF applied
Vcc: 28 volis

, S P, = +26.6 abm
. R 1 3
At the gnin optimums Zgont: lt.g.(inBm
N

= 30%




- 125 -

Pout 0 ' oot v T v Y T T }_—M
/y’
/y
-2} ) 4 i
,o’
dB P
relative - B -1 -
to
+31.2 dBm| 4 | e ]
-4
”
howe o’ 1
-6 1 1 1 ] 1 1 i ] ! 1 1
-12 -10 -8 -6 -4 =2 0
[dB relative to +26.6 dBm Pin
Phase ‘}Sout | P T r T T T —T '
20a S0 ——-0- .
i . .
N\
Q
\
degrees 15F h\ J
relative \\
to phase Q
at . \\
saturation 10k \0\ ]
\
AN
‘Q
\\
5 b\ el
\
\
0 | 1 1 1 1 N J I | 1 1 1 _\$
~12 ~10 -8 -6 -4 -2 0
[dB relative to + 26.6 dBm] Pin
Figure 6-1 Nonlineor Pou' (P‘n) characteristic (top) and nonlineor ¢ou§ (Pin) -

characteristic (below) for the gain-optimized amplifier. In both
cases satyration is the zero reference.

(41652-79)
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Table 6(2) ~ Measured 2-carrier behaviour of the gaine
oplimized class A amplifier compared with
" the predictions of the MING progsram.

Ouantity Measured Computed
fy 1,998 GHz -
Carrier Frequencies
f. 2,002 GHz -
Collector bias, no RF ! 50 mA ' -
cc 28V -
r, (total) + 23,00 dBm + 22,72 dBm
P, (totnl) + 29,5 dBm + 29,5 dBm
out . X
(wideband) (carriers only)
Efficiency n, ‘ 28.9% -
Gain G 6.5 4B 6e7 dB
}f1 - 2f n "?3 d.B "21&.7 dB
21’y = 1 -15 dR -15.6 dR
Relutive level:
' )
of upectral com- L 0 an O dn
ponent::: R ~2 an 0 dB
2f» = 1 ~15 dB -15,6 dB
3f» = 2f =25 dB ~2),7 dB
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Figure 6-2 Measured 2-corrier IMD spectrum compared with values computed
by the MING program; gainsoptimized case.
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7. CONCLUSIONS

This report has covered a wide range of topics relating to
the use of a microwave power transistor in a multicarrier FM commu-
nications environment. Even so, it cannot be regarded as more than
a starting-point in this field of study, primerily because of the
difficulty experienced when one tries to relate practically useful
measurements with what can be handled theoretically,

A survey of previous work on distortion in frequency multi-
plexed communications systems reveanled a remarkable variety of dif-
ferent approaches, the "best" approach being by no means apparent.
Since most of this work was related to low-frequency data or some-
what limited microwave data, a comprehensive series of measurements
wa.s made to determine the basic communications performance of a micro-
wave power transistore. This showed that the deviece is, in general,
unlike a TWT, particularly under class C conditions, Contrary to .
the situation in class A, the IMD levels in class C can actually
increase when the input levels are "backed~off" from saturation.
Work arising out of the present study has, however, revealed the
presence of a low-IMD condition which requires special tuﬁing and
bias settings: this condition should receive detailed further study.

An investigation of the potential of many different methods
of nonlinear circuit analysis for the prediction of IMD levels showed
that the traditional kind of nonlinear device model, which attempts

to represent the device behaviour by a limited number of equations
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(the simpler the better) correspondihg to the physical structure of
the device, is not at present feasible for the present application.
This is due to the following reasons:
(1) The accuracy required of the model must be very
high if high-order IMD products are to be pre-
dicted correctly.

(2) This kind of model is unsuitsble for any known
computer analysis method when:

(a) Gross nonlinearities are present.
(b) Multicarrier operation is desired.

Under certain conditions 2-carrier analysis
would just be feasible but would be unjusti-
fiably extravagant of computer time,

It is shown that a modification of an in~house computer pro~
gram based on an empirical approach originally used to predict the
IM distortion in travelling-wave tubes can also be used to predict
IMD in a class A microwave powef transistor with good accuracy. A
useful extension would be to apply this method to the prediction of
IMD under class C conditions and even to other types of microwave
device, such as transferred electron amplifiers. Work done outside
the contract period has also shown that the method is valid when

the microwave transistor is tuned and biased to achieve a condition

of unusually low IMD levelse
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APPENDIX: ANALYSIS OF INTERMODULATION DISTORTION
DUE TO EXPONENTIAL DIODE USING FAST
FOURTER TRAIISFORM

The following analysis was done to determine the potential
of the fast Fourier transform (FFT) technique[h5] as part of a fre-
quency-~domain nonlinear analysis pfogram.

To get the FFT to work propérly the proper number of input
time-function samples has to be specifieds This number must be of
the form 2 (K = integer) and has to be equal to the number of lines
required in the output spectrum (or a multiple thereof). For realism
we choose an experimental situation with two microwave carriers
spaced 4 MHz apart:

£y

2,000 GHz
(A1)
f2 = 2,004 GHz
For simplicity, the nonlinear device chosen should be a sero-
memory nonlinear (ZMNL) element. Again, for realism, it should have
a nonlinear characteristic which is not approximated by a polynomial.

These requirements are satisfied by the ideal diode equation:
i(t) = I {exp[(q/kT)v(t)] -1} (4.2)
The number of points required is given by

N = f?'f-‘;' (Aa3)

where M is the order of the highest harmonic of interest, and the factor

2 appears because we require at least 2 points per period of the highest
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harmonic., With the frequencies given in (A.1) and specifying the
fourth harmonic (M=4), Eq. (A.3) gives N=4008 points, The nearest

power of 2 is 212

= 4096 points, which will give a spectrum extending
from 4 Miz to 16,384 GHz.,
Normalizing Eq. (A.2)

y(t) = explx(t)] - | (auk)

where

y(t) = 1)/,
x(t) = ﬂ".t.).

xT
We apply two simltaneous conine voltages having the same amplitudes
but different frequencies:
x(t) = Alcos wet + cos wat), w2 > wy (A.5)
so that the period of the fundamental is
T = 21/ (w2 ~wq )

and for N = 2K time~samples, the time increment is

1

AT = m (A.?)

The composite input voltage given by (A.5) is applied across
the ideal diode described by (A.4) and a FFT subroutine is used to

1
2 4096 time~samples of y(t) into 2 2 frequency-

transform the 21
points, To limit the quantity of computer output, the program speci-
fies that only spectral lines 1 to 10 and 490 to 510 are to be printed
out, although all 4096 are iﬁ fact computeds The specified lines

include the "DC" end of the spectrum from O~ 36 MHz as well as the
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carriers and thelr adjacent intermodulation products in the iange
1,960 - 2,040 GHz,

Using a CDC 6400, the main program plus FFT subroutine com-
piled in 4,6 seconds and all 4096 spectral lines were computed for
an execution time of 4,2 seéonds. The resulting IMD power spectrum
for the case A=1 (in Eq. (A.5)) is shown in Figure A1, The levels

of the IMD products are referred to the individual carrier levels,
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Figure Al ~ Part of a 4096-line IMD spectrum due to on ideal expenential
diode as calculated using the Fast Fourier transform.
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