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Microwave Amplifiers

DOUGLAS J. H. MACLEAN

Abstract —Shunt feedback around single GaAs MESFET’S is becoming
more widespread to ease matching to 50-0 te~inations @ irnPrOVe!@n
flatness. The most accurate and meaningful method of assessing feedback
intentional or unintentiorraf, is described. A simple sequence of steps leads

from measured S-parameters to a plot of return ratio and Nyquist’s

criterion of stability. An ampfifier rising an accurately measured NE 70083
FET is analyzed to illustrate the method, and to present graphs of
freqnency-dependent admittances of a broad-band representation for tran-

sistors which is simpler than hybrid-pi models, and vafid over the entire 2 to
18-GHz measnfed frequency range. The return ratio quantifies the total
feedback present, thus enabfing the most realistic stabifity margins to be
fonn~ and the benefits of feedback on performance to be quantified.

I. INTRODUCTION

T HE DESIGN, modeling, and realization of micro-

wave amplifiers for operational systems are topics
full of theoretical and practical limitations. By their very

Manuscript received June 10, 1983; revised December 1, 1983.
The author is with Standard Telecommunication Laboratories Limited,

London Road, Harlow, Essex, CM17 9NA, England.

nature, all microwave transistors are active devices with

feedback, while the distributed nature of the. associated

circuit may well give rise to feedback even where none

is intended. The corresponding theoretical limitation has

arisen from the absence, until very recently, of a feedback

theory applicable at the frequencies of interest.

At present, Rollett’s stability factor is commonly used to

determine whether a given amplifier is absolutely or condi-

tionally stable when viewed as a 2-port between arbitrary

passive terminations. This criterion can be applied to a

circuit diagram or to a physical amplifier, and any values

of the factor less than one denote conditional stability at

the frequencies concerned, In practice, an amplifier under

test first has its 2-port S-parameter measured, then the

measurements are error-corrected and the stability factor K
computed. The absolute stability signified by the necessary

but not sufficient condition K >1 can be verified experi-

mentally by using a sliding short at one port, then on the

other, and finally at both ports simultaneously. The sliding

0018-9480/84/0300-0237$01.00 01984 IEEE
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short produces capacitive or inductive reactance ranging

in value from O to cc ohms at any given frequency, i.e., it

covers only the perimeter of the Smith Chart from short to

open-circuit. Such terminations are those most likely to

cause oscillation because, ideally, they add no damping.

Experience has not shown instability to occur in amplifiers

under this test if K Y 1 over the entire frequency range of

interest. However, this test does not measure feedback and,

indeed, there is only one case known to the author of

published [1] values of feedback computed from the circuit

diagram of a microwave amplifier.

The purpose of this paper is to provide designers of

microwave amplifiers and systems with a new method of

stability assessment based upon the total feedback present

in a given physical amplifier or circuit ‘diagram. The signifi-

cant features are as follows.

1) A theory, proven at frequencies below 1 GHz, is

extended to at least 18 GHz.

2) State-of-the-art commercially available automatic

network analyzers (ANA), transistor test fixtures, and pre-

cision microwave probes enable accurate and repeatable

measurements to be made on transistors and circuits.

3) Theory and measurements combine, resulting in a

more meaningful criterion of stability based on the total

amount of feedback actually present.

To obtain the truest assessment of feedback it is neces-

sary to use measured S-parameters which take account of

strays and those largely indefinable departures from theo-

retical predictions encountered at microwave frequencies.

With some sacrifice in realism, such as might be ap-

propriate at the design or feasibility stages, circuit models

of active and passive components, tracks, etc., can be used

in place of measurements on an actual amplifier. Data

from either of these sources is combined with the author’s

recent developments of H. W. Bode’s feedback theory to

compute a transfer function analogous to loop-gain em-

ployed at lower frequencies.

The benefits claimed for negative feedback have been

listed [2] but cannot be treated quantitatively without a

sound measure of feedback such as the present paper gives.

R appears that the amounts of feedback obtainable at

microwave frequencies are relatively modest, so one would

expect the benefits to be likewise, but this has not yet been

investigated,

The new method is outlined briefly in Section II, using a

simple but commonly used example of a feedback ampli-

fier. A broad-band representation for a transistor is intro-

duced which is applicable to 3-terminal devices, including

pre-matched FETs (i.e., those in which several matching

elements are included within the package) at one extreme,

to chips at the other. A sequence of five steps leads from

measured S-parameters to computed feedback, and the

Nyquist criterion for self-oscillation. The detailed results of

applying the method to an amplifier over the band 2 to 18

GHz forms Section 111. A number of related points of

interest are described in Section IV, and a brief discussion

of recent stability criteria including Rollett’s is given in the

Appendix.

II. THE EMBEDDING NETWORK METHOD

Recently, a key contribution to the circuit designer’s art

has been the publication [3] of an “in depth presentation

of a new technique for assessing amplifier stability

margins.” It has been called the embedding network method

because attention is focused on one transistor and the

remainder of the amplifier in which this active device is

embedded. Developments of H. W. Bode’s feedback theory

are combined with ~-parameter measurements made by

automated network analyzers. These provide a firm theo-

retical foundation second-to-none, and the most practical

and accurate measurements in the frequency bands of

interest (e.g., 2–18 GHz).

Microwave amplifier designers are familiar with ANA’s

such as the Hewlett-Packard 8409 B/C, but are probably

not familiar with the theory mentioned earlier. lt provides

a rigorous definition of feedback in terms of an output-

to-input transfer function called return ratio (RR). The

feedback (analog of l-p~ in conventional terms) is then

1 + RR. The transfer function can be chosen to give the

total (internal, local, and loop) feedback around the chosen

transistor; specifically, the feedback around the controlled

source representing the nonreciprocal gain (analog of g,.).

Instead of using the well-known forms of hybrid-pi circuit

models— which have their drawbacks [3]—a simpler repre-

sentation is used comprising a parallel connection of a ‘pi’

of admittances and a 2-port voltage-controlled current

source, all of which are frequency-dependent quantities

uniquely defined by formulas [4] in terms of measured

S-parameters. The representation is shown within the

dashed-line box in the amplifier circuit diagram of Fig. 1.

The small-signal admittances -Y., y~, yC, and y~ are com-

puted from S-parameters measured in a new accurate

microwave-transistor test fixture [5]. The transfer function

of interest is that which gives the return ratio for the

transadmittance y~ = Yzl – Ylz. It is well known that a

physically meaningful quantity like noise figure of linear

noisy 2-ports can be computed from two fictitious noise

generators and a noise-free 2-port. In a like manner, the

physically meaningful feedback can be evaluated by com-

puting the ratio of the returned voltage V’ (that across ya)

to a fictitious independent voltage V (instead of the

gate-source voltage) controlling the dependent source of

transadmittance y~. By definition, the return ratio for y~ is

– V’/V, and is analogous to a measurable loop (voltage)

gain p/3.

The most realistic predictions of stability margins are

found when return ratios are computed from data banks

obtained from S-parameter measurements on the amplifier

under test. Unlike a single set of the four parameters Sll,

Slz, Szl, and S22 at all frequencies of interest which enable

the stability factor K to be calculated, the return ratio
requires measurements on tlhe transistor to be used in the

amplifier and on its actual embedding network. For the

circuit of Fig. 1, the embedding network can be fully

characterized by one set of S-parameter measurements

taking the input port between gate pad and ground and

output between drain pad and ground. If the common
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Fig. 1. Simple feedback amplifier using a NE 70083 GRAS MESFET in
grounded source configuration.

terminal of the transistor is lifted off ground by inserting a

component between source and ground, the resulting em-

bedding network requires [3] three, not one, sets of S-

parameter measurements to describe it fully.

The sequence of steps required for the calculation of

return ratio using a nodal analysis type of program can be

summarized as follows.

1) The primary data consists of a) S-parameters of the

actual transistor to be used in the amplifier under test, b)

S-parameters of the remainder of the amplifier as seen

from the missing transistor. These two 2-ports can easily be

identified in Fig. 1 as that within the box and that outside

the box.

2) The conversion from error-corrected S-parameters to

secondary data comprising files of 2-port admittances using

standard formulas [4]. It is convenient to denote these files

of admittances by [7X] and [EN], for the transistor and

embedding network, respectively.

3) The third step separates the reciprocal and nonre-

ciprocal properties of the transistor by forming

“1 “21=[:: ll+[Y21~Y12 :1‘1)[TRI=[Y21Y22

which can be denoted by

[TR]=[RTR]+[DS] (2)

where RTR stands for reciprocal transistor and DS for

dependent source. The relationships between the 2-port

admittances in (1) and the admittances in Fig. 1 are simply

Y.= Yll + Y12 Y.= – Y12

~m = ~21 – ~12 ~b = ~22 + ~12 “ (3)

4) So far, the only three nodes of interest are the gate,

the drain, and the grounded source. An additional node

and unit admittance connecting it to ground are introduced

as shown in the insert in Fig. 1. The voltage V across this

branch controls the dependent source simply by re-assign-

ing the input of the 2 X 2 admittance file [ DS ] as this new

node rather than the gate node, while leaving the output as

the drain.

5) Finally, the return ratio is computed as the voltage

ratio – V‘/ V, where V’ is the response between gate and

ground to the independent voltage V. Evidently, signals

can be returned from drain to gate through y= or through

external couplings such as RF and L~, and these contribu-

tions can be computed separately if desired.

The most accurate answers are obtained when the

primary data is taken from measurements on the specific

transistor and embedding network of interest, but certainly

not from manufacturer’s data sheets and simple circuit

diagrams. Typical transistor data is commonly obtained by

averaging over a few samples, resulting in S-parameters

which are fictitious in that they do not correspond to any

one physical device. Moreover, they represent historical

data which may differ significantly from subsequent

batches. Accurate and repeatable measurements of FET’s

up to 18 GHz are now practical [5]. The measurement of

embedding networks is more difficult, but recent work [6]

suggests that suitable probes and circuit constructions can

be used to facilitate measurements. This is very desirable at

frequencies (above say 5 GHz) where the field is no longer

simply TEM and where several modes may be present.

The total feedback expressed as a return ratio is plotted,

usually in polar form, then examined in terms of the

well-known Nyquist criterion for stability against self-oscil-

lation [3].

III. A BROAD-BAND FEEDBACK AMPLIFIER

For simplicity, the embedding network is taken to be

adequately represented by the lumped elements shown in

Fig. 1. By lumped element is meant a component whose

maximum dimension is, at most, a tenth of a wavelength at

the highest operating frequency of interest. Since A (mm) =

300/~ (GHz), a component’s largest dimension must be

smaller than 1.5 mm if 20 GHz is the largest frequency.

The range of values of inductance and capacitance shown

can be realized by lumped components.

A packaged transistor has been chosen as the active

device for several reasons.

1) They can be pre-tested and screened to desired

quality levels [2].

2) This form is much more easily handled than a chip

[2].

3) S-parameters can be measured on a device under

suitable bias conditions and that device then used in the

amplifier under test. This cannot be done with a chip

transistor.

4) A newly available test fixture [5] for packaged

transistors can provide results of an accuracy and repeat-

ability not previously obtainable.

The first published results using this new jig refer to a

0.5-pm recessed gate FET type NE 70083 biased at 3 V

and 10 mA. With two corrections, these results have been

used as the primary data for the evaluation of feedback.

The high quality of this data is evident from plots of the

S-parameters (magnitude and phase) but perhaps more

strikingly in the admittances derived from them. Another

relevant consideration is that this is a commercially avail-

able device rather than a laboratory prototype.

Programs based on nodal analysis require that S-param-

eters be transformed into admittances. For stability investi-

gations, these can best be taken as the branch admittances

of the broad-band representation (Fig. 1) of the NE 70083.

The real (conductance) and imaginary (susceptance) com-
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(a)

(b)

, -.,

(c)

(d)

Fig. 2. Broad-band transistor representation admittances computed from measured S-parameters. (a) y,, (b) -Pm,(c)ya, and (d) yb.

Nil. negative conductance of yb near 10 GHz.

pcments have been calculated then plotted in Fig. 2(a)-(d).
These are, in the author’s experience, the smoothest curves
of branch admittances yet seen, and tend to substantiate
the claims [5] made for the new transistor test fixture. The
other striking features are the rapid validations in the
neighborhood of 11 GHz in all graphs. This has been
traced to the frequency dependence of the common de-
nominator of all the expressions for the admittances as
functions of the S-parameters. As could be expected, the ;~ :1
smallest computed value of the denominator occurs at 11

1’

k.

GHz, where it is some 200 times less than at 2 GHz. Since ~
inpul

~3

the denominator is given by ~ .

(1+ S,,)(l + s,,)- S,,s,,
2

\
1

IL_... ------- ~J o
it is important to use a set of S-parameters measured on o 246810121416 18 20 GHz

one device, but not values obtained by averaging S-param- Fig. 3. Computedinsertiongainandreturnlossesofamplifier.
etcrs measured on many devices, as primary data..

Turning now to the embedding network, the topology
and initial element values were taken from a published It is probable that better VSWR’S could be achieved
circuit [7]. The final values obtained by optimizing the using different matching networks and recent work [8] by
input and output matching networks to the measured NE H. J. Carlin and others on broad-band matching.
70083 are given in Fig. 1. Reasonably flat gain has been The main point of the present paper is to show, for the
achieved from 2 to 11 GHz as can be seen from Fig. 3, first time, the results of calculating the return ratio for a
which also shows the input and output return losses. measured transistor in a simple c-ticuit. This has been done
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Fig. 4. Polar plot of computed return ratio forym of Fig. 1.

using the method outlined in Section II, modified by the

use of a circuit diagram of the embedding network rather

than measurements on the physical amplifier. The 2 x 2

matrices [ RTR] and [DS] for the NE 70083 are combined

with a data file of conventional R, L, C elements in a nodal

analysis program, and return voltage ratio computed. The

results are illustrated in the Nyquist plot of Fig. 4 covering

the band from 2 to 18 GHz at half-gigahertz intervals. In

this diagram, pure negative feedback occurs when the

phase angle is 00, whereas the critical point is at O dB,

1800 at the left-hand side of the circle. The maximum

computed value of return ratio is only – 6.90 dB, which

corresponds to 2.77 dB of feedback (return difference,

1 + RR)—a modest amount, but very close to the result

(2.86 dB) for a similar amplifier [1].

What does Fig. 4 reveal about stability? For single-stage

amplifiers having only one source of activity (the depen-

dent generator of transadmittance y~ in Fig. 1), freedom

from self-oscillation is assured if the locus of the return

ratio for y~ does not encircle the critical point in the

clockwise sense. In other words, a stable circuit satisfies the

appropriate form of the Nyquist stability criterion [3].

Clearly, both at low frequencies (around 2 GHz) and at

high frequencies (around 17 GHz), the locus lies well to the

right of the critical point, denoting good margins. How-

ever, since a conventional return-ratio gain margin is the

magnitude when the phase angle is 1800, the conventional

phase margin is the phase when the magnitude is O dB,

neither margin can be defined in the frequency range

shown since the locus never crosses the O dB circle— again,

a feature seen before [1]. Instead, the points of nearest

approach can be taken, and are seen to give margins of

about 15.5 dB and 21.5 dB at low and high frequencies,

respectively. These are substantial margins against self-

oscillation for the circuit of Fig. 1. It is also gratifying that

the high-frequency behavior of the return ratio appears to

TABLE I
EXTRACTSFROMCOMPUTEDVALUESOFADMITTANCE BETWEENGATE AND

DRAIN PINS: (a) NORMAL CIRCUIT; (b) WITH ADD-ON COMPONENT

Freq.: Hz Conduct. Suscept.
1.69OOE+1O 1.03218E – 06 – 3.22025E– 03
1.7000E+ 10 4.81788E–07 –3.19611E–03

1.71 OOE+1O – 2.22256E– 06 –3.17400E–03

1.72OOE+1O – 2.70704E – 07 –3.15190E–03

1.73 OOE+1O 8.17685E–07 – 3.12690E– 03

(a)

Admittance Between Nodes 12 and 22

Frea.: Hz Conduct. Susce~t.
1.69dOE+10 3.25474E – 06 – 8.3375~E– 05
1.7000E+ 10 2.70435E–06 – 4.06777E – 05

●1.71OOE+1O – 4.621WE– 12 –2.28414E–09
1.7200E+ 10 1.95185E–06 4.06548E– 05
1.73OOE+1O 3.04024E – 06 8.42157E– 05

CCTMODB1
(b)

be tending towards the center (corresponding to a zero

value) as would be expected on physical grounds, The

behavior below 2 GHz could readily be found from a

simple hybrid-pi model derived from the listed S-parame-

ters between say 2 and 4 GHz. This would probably show

the locus crossing the 1800 line and continuing anticlock-

wise in an arc as frequency decreases.

IV. COMMENTS

Experience suggests that the return ratio locus is likely to

be radically different if the lumped elements in Fig. 1 are

replaced by a mixed lumped-distributed circuit such as

A. M. Pavio described [10]. His resulting circuit diagram is

very much more complicated than its lumped element

original, and almost certainly the return ratio would be as

well. This supposition is supported by experience with

apparently very simple circuits involving a single FET, and

without any intentional feedback, which were very prone to

oscillate, and whose return ratio computed from a distrib-

uted circuit diagram indicated instability at about 17 GHz.

This return ratio plot was very complicated, despite which

it gave a clear prediction of instability. In stark contrast,

when a lumped-element ‘approximation’ was used, the

circuit’s return ratio plot was very much simpler and

predicted a stability margin of some 9 dB. It would be

interesting to see a return ratio locus derived from a

measured embedding network and measured transistor be-

tween say 2 and 18 GHz.

Although the return ratio cannot be compared with

measurements, it is sometimes possible to compare results

from the same data base with a simulated experiment. One

such case showed that the (internodal) admittances be-

tween gate and drain pins had negative real parts between

16.7 and 17.4 GHz. To simulate the effect of adding an

admittance of the opposite sign across these terminals, thus

nulling both real and imaginary components and causing

self-oscillation, the frequency 17.1 GHz was chosen and

the computed value of the added admittance was combined

with the data file. The admittances between the gate and

drain leads before and after the additions are shown in

Table I(a) and (b), respectively. It can be seen that the
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TABLE II
EXTRACT FROM CALCULATED RETURN RATIO FOR Y., OF GAT 6 WITH

ADD-ON COMPONENTBETWEENGATE AND DRAIN PINS

Frequency: Return Ratio Voltage Input
Hz Gain-dB Phase-Deg Re-Ohms

1.690E+ 10 1.564 – 166.420 1.000
1.7OOE+1O 1.208 – 175.500 1.000

➤1.71OE+1O – 0.000 179.997 1.000
1.720E+ 10 0.268 168.718 1.000
1.730E+ 10 –0.502 160.680 1.000

conductance and susceptance at 17,1 GHz are reduced by

factors of about 106 to effectively zero. That this add-on

component ‘causes oscillation’ was confirmed by calculat-

ing the return ratio for y~ in the modified circuit. The

evidence is presented in Table II which shows a phase of

1800 to six significant figures and a magnitude of O dB

(probably to about the same accuracy) at 17.1 GHz, in

accordance with theory [3].

The important question of the sensitivity of the return

ratio, for instance, to changes of transistor cannot be

answered satisfactorily unless a statistically significant

amount of measured S-parameter data is available to the

designer, and this is seldom the case. One could imagine

using the S-parameters of devices with highest Szl, lowest

Szl, highest Slz, and lowest Slz to find the spreads in

return ratio at some confidence level. Detailed published

information reproduces scatter diagrams of Sll and Szz of a

power FET at 6 and 11 GHz [11]. Other detailed results

have been presented [6] for the S-parameter magnitudes in

decibels of 17 ten-section amplifiers measured using a

precision microwave wafer probe [6].

APPENDIX

The stability of microwave amplifiers is commonly as-

sessed from Rollett’s stability factor ~ computed from

measured S-parameters or from a circuit diagram.

More recent works [11], [12] have shown that this factor

is one of four criteria which, taken together, provide neces-

sary and sufficient conditions for the bounded-input,

bounded-output (BIBO) type of stability of linear n-ports

with arz~ passive terminations including open or short-cir-

cuits. In practice, an amplifier under investigation may

have an active termination, for example the input imped-

ance of a feedback amplifier. If so, the condition on the

termination no longer applies, and doubt is cast on the

validity of using these criteria.

On the other hand, the Nyquist “criterion applied to a

return ratio is concerned with zero-input stability with

specific terminations, active or passive. For single-stage

amplifiers, this one test will give an unambiguous predic-

tion concerning self-oscillation, assuming only that there

are no other sources of activity (e.g., Gunn domain effects)

present apart from that represented by ym.
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