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V. CONCLUSIONS ent weights). So, much more caution is necessary, and it is

In this first set of experiments at a frequency near 400 MHz important to get the best possible map of inner temperature

with a liquid cooler applicator, we were able to verify the follow- distribution.

ing.

a) At a depth of 4 cm or more, an efficient hyperthermic level

was reached.

b) The maximum temperature can be shifted ad hoc from the [1]

surface to a depth of approximately 3 cm.

c) A quasi-constant hyperthermic level about 4 cm thick (start- ,21

ing from surface) can be obtained by controlling the cooling

water temperature and RF power. Alternatively, one can perhaps

keep constant (colder) water temperature and simultaneously ‘3]

operate on less deep strata by a second RF generator working at

higher frequency which is less penetrating (the applicator is able 141

to perform this test).

d) a), b), and c) results seem interesting also for clinical cases,

but it must be recalled that all tests were made on carefully ‘5]

selected homogeneous living tissue (also on two animals of differ-
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Abstract —The computed performances of multi-stage single-ended GaAs

MESFET amplifiers are compared when employing one and the same
transistor type. The circuit principles studied are of the reflective match
the Iossy match, the feedback, the distributed, and the active-match ampli-

fier variety. It was found that the gain characteristics of the single-stage

modules using either passive or active matching do not conclusively identify

the optimum circuit type in the band of interest (2-18 GHz). For the case

of multistage devices, however, the gain and the VSWR performance
clearly favor the distributed amplifier principle.

In addition to the data reported in the literature, the paper discusses
recent experimental results obtained from a 3– 17.5-GHz reflective match
module, a two-stage 2– 18-GHz and a four-stage 0.5– 18.5-GHz feedback
amplifier, as well as a two-stage 2-20-GHz and a four-stage 2- 18-GHr
distributed amplifier.

I. INTRODUCTION

T HE CONCEPT of the balanced reflective match

amplifier has dominated the design of microwave
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solid-state amplifiers for nearly two decades [1]. Up to this

day, quadrature hybrids of the type invented by J. Lange

[2] are almost exclusively occupying the position of the

signal combiner and divider yielding excellent perfor-

mance, regardless of the mismatch presented by the two

identical single-ended modules. However, the bandwidth of

the balanced reflective match amplifier is limited to two

octaves, at best. Extending the frequency band beyond this

4:1 ratio requires a minimum of three 90° couplers in
tandem configuration [3]–[5]. Unfortunately, these tandem

couplers are not only complicated, but space-consuming

and costly to manufacture. Due to these reasons and their

cost effectiveness, multi-octave single-ended amplifiers are

gaining more and more in importance. Four circuit design

principles exhibiting excellent ultra-wideband characteris-

tics are now challenging the concept of the balanced reflec-

tive match amplifier [6]–[30]. Hence, the five competitors

are:

1) the reflective match amplifier,
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2) the lossy match amplifier,

3) the feedback amplifier,

4) the distributed amplifier, and

5) the active match amplifier,

While the first four circuit types employ passive elements

to improve the input and output matches, the fifth princi-

ple makes use of active elements to achieve the same goal

[9]-[13]. Characterized by their simplicity, compact size,

and low cost, single-ended amplifiers represent attractive

options whenever an economical solution to wide-band

amplification is of primary concern.

Finding the optimum solution from these five circuit

types poses, however, a difficult problem and has no

simple answer. In an attempt to compare the performance

characteristics of these alternatives, one needs to establish

certain conditions to arrive at a meaningful solution. To

keep matters simple; we chose only the following two:

1) all amplifiers use identical active devices independent

of the circuit type employed, and

2) the frequency band of interest is 2–18 GHz.

The limiting conditions are necessary since, among other

factors, the electrical performance of each circuit principle

depends greatly on the transistor type and the desired

bandwidth. Either factor may have a decisive impact on

the choice of the optimum design concept. Confining the

comparison to a specific device type and a particular

frequency band may seem to lack the depth expected from

such an analysis. However, the removal of these restrictions

would render our study rather unmanageable and, there-

fore, beyond the scope of this paper.

II. COMPUTED RESULTS

A. Matching with Passive Elements

In the following, we compare the performance character-

istics of the reflective match (Rkf), the lossy match (LM),

the feedback (lV3), and the distributed amplifier (DA)
based on computed results. The individual circuits are

optimized for gain, gain flatness, and reflection coeffi-

cients. All passive elements are realizable, althougli some

high-impedance lines may be difficult to manufacture. As

already pointed out, the frequency band extends from 2 to

18 GHz and identical GAs MESFET’S are being used in

all circuit types. The transistor’s model and its element

values are presented in Fig. 1, The latter have been ob-

tained from the measured S-parameters of a GaAs

MESFET with a 0.5X300-pm gate and a 2”1017 cm-3

carrier concentration.

The topologies of the amplifier modules and the values

of their components are presented in Fig. 2. Biasing can be

accomplished easily through any of the short-circuited

shunt elements. However, this causes a loss in efficiency in
case a resistor is part of the biasing network. The values of

all passive circuit components have been optimized for best

gain performance and do not represent the optimum condi-

tions for noise figure, The positions of the active device in

both the lossy match and the feedback amplifier are oc-

cupied by two GaAs MESFET’S in parallel. This is due to
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the insufficient gain produced by the single device of Fig. 1

for these types of circuits, as will be further explained

below.

The insertion gain of a single-ended module making

simultaneous use of lossy matching and feedback (Fig. 3)

may be expressed by [6]

GAIN =
Y.

(rZY,2-YFB)

(1)

when n parallel transistors are employed. The module’s

reflection coefficients are

~ = (Yo-Y{J(Yo +Yfi)+(nY2, -YFB)(nY,2-YFB)

“ (Y. + Y<,)(YO+ Y<2)-(nY2, - YFB)(nY12 - YFB)

(la)

~ = (Yo+Y<J(Yo-Y&)+ (nY21-YFB)(nY12 -YFB)

22 (Yo+Y;J(Yo +Y4)-(rzY2, -YFB)(nY,2-YFB)

(lb)

Y:l = nY1l + Y~ + Y~~ (lC)

Y;2 = n Y22+ Y~ + Y~~ (Id)

Yo=z;l. (le)

At low frequencies (Bp~ << G~B, Y21= gm ) and n Y12 ~~ GFB,

the set of equations (1) reduces to

GAIN =

[&[/l -(ngm - GFB)GFBZ;(l+S1, )(1+S22) -1]]2

(2)

(Yo-y{,)(yo+y<2 )-(ngm-GFB)GFB

‘“= (Yo+Y;l)(Yo +~2)+(ngm-G~,)G~,
(2a)

(YO+Y{l)(YO -Y{Z)-(ng~-G~~)G~B

’22= (YO+YL)(YO+Y~)+ (ngm-G.,)GF,
(2b)

Y;l=GG+G FB (2C)

Y&s nGd$ + G~ + GFB

(G.. –drain-to-source conductance.) (2d)

For n =2, gw = 28 mS, Gd, = 3.7 mS, GFB = 2.5 mS, G~ =

6.7 mS, and G~ = 5 mS [Fig. 2 (1%)] we calculate with (2)

a gain of G = 5.3 dB and the reflection coefficients ISII1 =

0.21 and 1S22I = 0.02. The corresponding parameters for

n = 1 are G = 0.3 dB, {Slll = 0.28, and IS221= 0.20, repre-

senting an unacceptably low gain response. Similar results

exist for the LJl circuit of Fig. 2, for which (1) assumes the

following low-frequency expressions [6]

GAIN= ~[ng~ZO(l+ SII)(1+S,,)]2 (3)

Y. – GG
’11= y.+ GG

S22=
Yo–(nGd$+G~)

Yo+(nGd$+G~) “

(3a)

(3b)

For n =2, g~ = 28 mS, G~ =13.5 mS, and GD = 5 mS, we

calculate with (3) G = 6.2 dB, ISII I = 0.19, and 1S22I = 0.24.

In the case of n =1, the gain is reduced to G =1.2 dB with

IS1lI = 0.19 and IS221= 0.40. As discussed elsewhere, (3)

also represents the gain and the reflection coefficients of a

distributed amplifier at low frequencies when n links are

employed [7]. In order to achieve an equivalent gain with

the distributed amplifier, three links are required.

In the following, we will show that similar gain perfor-

mance may be obtained with the four circuits illustrated in

Fig. 2. Their small signal gains, noise figures, and reflection

coefficients are plotted in Fig. 4 across the band of interest.

While the average gains of all four amplifier types remain

within 1.6 dB of each other, the reflection coefficients

exhibit vast dlff erences. The latter, more than any other

parameters, dictate the feasibility of the design principle in

the case of multistage operation. The average noise figures

of the four types stay within 1.1 dB of each other. Table I

summarizes the performance characteristics of the 2–18-

GHz modules. Comparing the data, the distributed ampli-

fier demonstrates the best gain flatness, the lowest reflec-

tion coefficients, and the highest stability factors. Its maxi-

mum noise figure, however, exceeds those of the other

modules. The lossy match amplifier shows the best overall

noise figure in addition to excellent gain performance. The

feedback amplifier trails both the 10SSY match and the

distributed amplifier in gaiu but has the advantage of

lower reflection coefficients over the LM unit. In contrast,

the RM module is unstable at frequencies below 9 GHz

and, therefore, not very well suited for cascading.

As already pointed out, the choice of the circuit type is

mostly dictated by the reflection coefficients, for they

represent the most critical parameters. The importance of

the modules’ input and output VSWR becomes very much

apparent when cascading several units. The impact on

gain, gain flatness, maximum VSWR, and stability factor is

summarized in Table II. While the gain characteristics of

both the feedback and the distributed amplifier may be
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Fig. 4. Computed performance characteristics of the 2-18-GHz ampli-
fier types employing the active device of Fig. 1.

acceptable up to three stages, as long as gain flatness is of

concern only the distributed amplifier principle appears to

be usable above three stages. The data in Table II clearly
demonstrates the distributed amplifier’s superior input and

output match performance, making it the logical choice for

most high-gain 2–18-GHz applications. However, any ap-

preciable reduction of this frequency band may render the

feedback or the lossy match amplifier the best suited

candidate, while, for frequency bands below two octaves,

TABLE I
SINGLE-STAGEAMPLIFIER PERFORMANCE

SINGLE-ENDED AMPLIFIER PERFORMANCE

TYPE 38 GAIN NOISE FIGURE MAX. VSWR MIN. REVERSE MIN.
dB dB ISOLATION STABILITY

INPUT OUTPUT dB FACTOR,
RM 6.6 * 1.0 6.7* 1,6 @ 7.3 .20,6
LM

021
6,8 f 0,5 6.6 + 0.5 4.7 2,6 .21,6

FB
1 ?4

5.4 i 0,5 6,B + 0.7 3.4 2.0 .21.s
OA

2,90
7.0 i 0.s 7.7 + 1.5 1,3 1.4 .21.6 2,75

TABLE II
MULTISTAGEAMPLIFIER PERFORMANCE

MULTISTAGE AMPLIFIER PERFORMANCE

STAGES TYPE SS GAIN MAX, VSWR MIN
dtI K. FACT,

INPUT OUTPUT

RM 6,6ilo 73 021

1
LM 6.B!05 4:7 26 1.74
FB 5.4f05 34 20 2 so
DA 7,0 * 0,5 13 1,4 275

AM 56t 0.7 26 2,4 6,0

RM 15,5 i 5,6 - .23,8

2
LM 14,3 * 1,7 6.9 2.7 5,50
FB 11,2 * 1,0 3.4 2,1 lB 1
OA 14,6 i 10 1.5 1,6 1s.5

AM 13,8 + 2.2 2.5 2.6 40.2

RM

3
LM 20,9 * 3.0 7.5 2,7 16.S
FB 17,2 * 1,8 34 2,1 10B 8

OA 218 i 1.5 1,5 16 757

AM 20.0 + 15 2,6 2.8 260.0

RM —

4
LM 27,9 i 4,8 7,6 27 646
FB 22,7 + 3,o 3,4 21 6727
OA 29.0 ? 20 15 1,6 40B 2

AM 27.1 + 2,B 2,6 2,B >1000

the reflective match principle may survive its opponents in

the competition for the be;t overall performanc~~

So far, we have determined that the best overall perfor-

mance of our multistage 2–18 GHz amplifier with passive

matching elements will be achieved when using the DA

principle. However, comparing the noise figures of the

modules of Fig. 2, we find from Fig. 4 that the distributed

amplifier module exhibits the highest maximum noise fig-

ure. Hence, the question arises whether and how the noise

characteristics can be improved without significantly im-

pairing the other performance parameters.
A closer look at Fig. 4 reveals that the lossy match

amplifier (LM) achieves the best overall noise perfor-

mance. From this, we should expect that a modification of

the DA module, towards the LM module would bring

about an improvement of the DA noise figure, Fortunately,

the principle of the lossy match and the distributed ampli-

fier are somewhat related, for, when removing the elements

linking together the transistors of a distributed amplifier, it

turns into a lossy match amplifier. Therefore, reducing the
lengths of the linking transmission lines from those in Fig.

2 (DA) should improve the noise figure at the high end of

the frequency band, possibly compromising the reflection

coefficients and gain flatness.

It is known from the literature that the resistive compo-

nents of the idle ports’ terminations have their greatest
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(a)

(b)

(c)

L

Fig. 5. Signal matrix [A ~~] and noise matrix [ BF~] of the distributed

amplifier’s basic link when employing feedback.

impact on the noise figure at the low end of the frequency

band [8]. In this range, their share in the amplifier’s noise

figure may be reduced by partial or total elimination of

these resistive components whose gain equalizing and

matching functions may be performed by using negative

feedback. In this case, the computation of the noise figure,

the gain, and the reflection coefficients can be accom-

plished by using formulas published in the literature sub-

stituting, however, the signal matrix [A ~K ] and the noise

matrix [ B~K ] of the active device (Fig. 5(a)) with that of the

active device employing feedback (Fig. 5(c)) [8].

The circuits in Fig. 6 represent three of many combina-

tions that are worth exploring: the distributed amplifier

with complex terminations (LMDA); with negative feed-

back (FBDA); and with both complex terminations and

negative feedback (LMFBDA). A comparison of these

circuits with that of the distributed amplifier in Fig. 2

(DA) shows a significant reduction in the lengths of the

linking transmission lines, especially in the gate line. The

performance results of the modules illustrated in Fig. 6 are
plotted in Fig. 7 and summarized in Table III. The maxi-

mum noise figure of the LMDA is reduced by A~F = 1.4

dB, an improvement that has been paid for by a partial

deterioration of the input match and, to a lesser degree, by

an increase in the gain variation. In general, the FBDA and

the LMFBDA circuit do not measure up to the LMDA’s

overall performance and, in addition, are more com-

plicated and, therefore, of less practical interest. Since the

LMDA of Fig. 6 is identical to the DA, of Fig. 2, except for

the dimensions of the individual circuit elements, it emerges

as the optimum choice when the noise figure is of more

concern than the input match and the gain variation (Table
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A
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n

110s2

100/.085

IN

27.5/.125 140/.028
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Fig. 6. Proposed distributed amplifier topologies to reduce noise figure
(lengths of transmission lines in inches for air dielectric).
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TABLE III
SUMMARYOFTHE SINGLE-STAGEDISTRIBUTEDAMPLIFIER

CHARACTEZUSTICS

DISTRIBUTED AMPLIFIER PERFORMANCE

TYPE SS GAIN NOISE FIGURE MAXIMUM VSWR

dB dB INPUT OUTPUT

LMDA 7.0 t 0.8 6.5k06 25 1,5

FBDA 66108 6.1 ? 1,9 35 2.3

LMFBDA 69*O8 7ofo.9 23 17

IV). A comparison of the LM circuit’s performance in Fig.

4 with that of the LMDA circuit in Fig, 7 reveals identical

maximum noise figures and a somewhat better gain flat-

ness of the Li’vl module. However, the LMDA circuit

clearly exhibits, by far, the better input and output VSWRS,

making it more suitable for multistage operation. In the

final analysis, the specifications of the amplifier will dictate
which approach to take unless added complexity or other

reasons rule out the expenditure for a lower noise figure.

B. Matching with Active Elements

In the preceding part, we have compared a class of

amplifiers whose ports are matched to a 50-Q system by

$U)l

TABLE IV
SUMMARYOFTHE MULTISTAGE DISTRIBUTEDAMPLIFIER

cHARAcmMsTIC5

LMDA – MULTISTAGE AMPLIFIER PERFORMANCE

STAGES SS GAIN MAXIMUM VSWR

dB INPUT OUTPUT

1 7,0ib8 25 1,s

2 14.0214 2,6 1.4

3 210 t 2.1 27 1.4

4 2S,0 f 2,B 26 14

6 419 i 4.2 2,6 14

‘a) COMMONGATE
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4

(c)
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Fig. 8. Common-gate input stage and common-drtin output stage
(lengths of transmission !ines in inches for air dielectric).

means of networks that exclusively consist of passive ele-

ments, i.e., components that are not capable of amplifying

a signal. In the following, we will briefly discuss a group of

aznphflers employing active elements, namely MESFET’S,

which are able to accomplish the same task, i.e., provide

acceptable input and output impedances. This class of
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amplifiers, which has recently found its way into the design

of microwave solid-state amplifiers, may be collectively

described as active-match amplifiers [9]-[13].

It is well known that a GaAs MESFET operated in

“common-gate” configuration as shown in Fig. 8(a) is

capable of providing a good input match. The significance

of the common-gate input circuit can be easily understood

by examining its scattering parameters. To make matters

simple, we determine the S-parameters for those frequen-

cies for which the MESFET’S parasitic are negligible and,

in addition, neglect all resistive elements except for the

drain source conductance G~,. For a source impedance of

ZI and a load impedance of Zz, we find

~ = l–g~Zl+Gd, (Zz– Zl)

11 1+ g~Zl + Gd, (Zl + Zl)
(4a)

2Gds-
S12 =

l+gmZl+Gd~(Zz+Zl)
(4b)

2(&n+ Gds)m
S*l=

l+g~Z1-t Gd, (Zz+Zl)
(4C)

S = l+g.Zl– Gd, (Zz– ZJ

‘2 l+g~Zl+Gd,(Z2+Zl) “
(4d)

It can be easily seen from (4) that, for g~Zl = 1 + Gd,( Z2

– ZI ), the input reflection coefficient becomes ISII I = O

and the associated gain is G = [S2112= Z2 /Zl, i.e., O dB for

ZI = Z2 = ZO. Under the condition that Rd, >> Zz + Zl,

the output reflection coefficient approaches [Szz[ =1. Thus,

a tradeoff exists between the input match on one hand and

the gain and the output match on the other. For the

practical device characterized in Fig. 1 and ZI = Zz = ZO,

the maximum magnitudes of the reflection coefficients are

ISII[ = 0.138 and IS22[ = 1.36 between 2 and 18 GHz which

compares to ISll I = 0,145 and IS22I = 0.87, respectively,

when calculated with (4a) and (4d). Furthermore, the ap-

proximations of (4) which yield acceptable magnitudes of

the scattering parameters up to 4 GHz are independent of

frequency and therefore do not reflect the frequency

dependence of the scattering parameters’ phase angles.

Over the 2–18-GHz band, these angles vary between

– 109°> ,4S11 > – 179°, –4”>LS22>–69” and –7°>
z S21> – 89°, a fact that has to be taken into account in

the design of the active match input stage.

A similar situation exists for the device in “common-
drain” configuration, only the roles of the ports are

reversed, as can be easily seen from the low-frequency

S-parameters

s~~= 1 (5a)

S,2= o (5b)

km
S21=

1+(%+%)%
l–(gm+Gd$)Z2

S22=
l+(gm+G~,)z2”

(5C)

(5d)

In the absence of parasitic, the input terminal presents

an open circuit and the input and the output are totally

isolated from each other. For ( g~ + Gd$) Z2 =1, the output

reflection coefficient becomes 1S22I = O while the gain is

G= ISZ112= g~ZlZ2, i.e., G> O dB when g~ >20 mS and
ZI = Z2 = ZO. Comparing the magnitudes of the reflection

coefficients computed for the device of Fig. 1 with those

calculated with (5), we find 1< lS1l I <1.27 versus lS1l I = 1

and 0.218< IS221<0.233 versus IS221= 0.226 when Z1 = Z2

= ZO. As was the case for the common-gate configuration,

the phase angles of the practical device vary significantly

from the constant angles determined with (5) over the

2–18-GHz frequency range.

At this point, a brief discussion on the influence of the

source and load impedance of the common-gate FET (CGF)

and the common-drain FET (CDF) on their individual

S-parameters is in order. As can be seen from (4) and (5),

the choices of ZI and Z2 have an appreciable impact on

the gain and the reflection coefficients of both FET config-

urations, and this is true for the common-source FET

(CSF) as well. For a demonstration, let us assume we

cascade three idealized devices characterized by gn = 20

mS and Rd. = 272 !2 (Gd, = 3.68 mS) in accordance with

the simple active match amplifier circuit of Fig. 9. Choos-

ing RI =160 and R2 = 750 Q, the three-stage amplifier’s

computed gain is G = 14.0 dB and the computed maximum

VSWRS are 1.34:1 for the input and 1.18:1 for the output

port. As in all of our studies, the source and load imped-

ance of the amplifier are ZO = 50 Q. For comparison, the

idealized versions of the individual devices when operating

in a 50-0 system yield gains of G = O dB for the CGF,

G = 4.55 dB for the CSF, and G = – 0.76 dB for the CDF

module. The computed parameters above are independent

of frequency due to the choice of the device model. As one

might expect, the technique of providing a set of source

and load impedances over multi-octave bands loses its

strength at frequencies where the parasitic of the actual

device exert a strong influence on the S-parameters. When

replacing the idealized model with the transistor of Fig. 1,

and choosing RI = 125 and R z = 400 $?, our three-stage

amplifier’s gain deteriorates from G = 14.1 dB at 2 GHz to

G = 5.8 dB at 7 GHz. However, across the same frequency

band, the maximum input and output VSWRS do not

exceed 1.4:1 and 1.5:1, respectively. Of course, there are

means of extending the band coverage by introducing

additional circuit elements, However, it appears rather
difficult to extract appreciable gain and simultaneously

achieve superior matching from either the CGF or the

CDF module when the frequency band is 2-18 GHz,

unless we succeed in significantly reducing the parasitic of

our devices.

While as we have demonstrated, the common-gate FET

(CGF) serves as a good input match and the common-drain

FET (CDF) as a good output match, the CGF output port

and the CDF input port present unacceptable and, over the

upper part of the frequency band, often negative imped-

ances to the amplifying section to be placed between them,

Shunt resistors, as well as parallel and series feedback, may
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Fig, 9. Simple active match amplifier circuit.
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be used to improve the reflection coefficients of the ports

facing the actual amplifier section and simultaneously pro-

vide unconditional stability for both active matching cir-

cuits. The schematics of the circuits which result from such

stabilizing techniques when employing the device of Fig. 1

are shown in Fig. 8(c) and 8(d), while the curves of the

circuits’ reflection coefficients are plotted in Fig. 8(e) and

8(f). Finally, the loss and reverse isolation of both net-

works are shown in Fig. 8(g). The results presented have

been computed for a source and load impedance of 21=

Zz =50 Q. The common-gate circuit of Fig. 8(c) produces a

flat gain response and an acceptable input VSWR brought

about by the use of the parallel and the series ohmic

feedback, as well as the lossy shunts. However, the noise

figure is impaired, primarily due to the noise injected by

the series feedback resistor. The elimination of the latter is

therefore beneficial for low-noise operation.

Since in many practical cases the output match of the
last amplifier stage needs little improvement, an active

match output may not be needed or not be able to provide

any appreciable improvement, especially over multi-octave

bandwidths. The schematic of an active match amplifier

module that employs the device of Fig. 1 in both the

active-match input stage and the subsequent amplifier stage

is shown in Fig. 10(a), while Fig. 10(b) represents the gain,

the noise figure, and the reflection coefficients of this

module between 2 and 18 GHz. For reasons of lower noise

figures, we have not made use. of the series feedback, even

though this measure accounted for a deteriorated input

match. The amplifier stage is of the lossy match type and,

because of it, has an acceptable output VSWR. The input

VSWR shows significant improvement (2.6:1) over the

lossy match module of Fig. 2 (4.7: 1). However, a compari-

son of Fig. 10(b) and Fig. 4 reveals a + 0.7-dB gain

variation and a 9.6-dB maximum noise figure of the active

match amplifier versus a i 0.5-dB gain variation and a

7.1-dB maximum noise figure of the lossy match module.

The output VSWRS are 2.4:1 for the AM unit and 2.6:1

for the LM unit. Replacing the common-gate input stage of

Fig. 10 with that of Fig. 8(c) and, in addition, optimizing

the second stage for gain results in an improved input

VSWR (2.0:1) and similar gain performance (6.0+0.75

dB). However, the maximum noise figure increases from

9.6 to 13.0 dB, primarily due to the noise contributed by

(a)

I 1 -4

2
~ 0.4 –
E
z

s
v 9
602 –
:
8.
h
.

I 1 1 1 f I I

24 681012141618

FREQUENCY- GHz

(b)

Fig. 10. (a) Active match ampfifier schematic and (b) performance
(— input, ---- output refl. coeff.)

obtained from the optimization of the three-stage milt

(n= 3). The data reveals that our active match amplifier

incorporating n stages has a gain performance similar tc)

that of the LM ‘amplifier with significantly improved input

VSWR and comparable output VSWR. Furthermore, a

better gain flatness is obtained for n >2. However, as were

the LM and FB amplifiers, it is not a serious competitor tc)

the distributed amplifier in the 2–18-GHz frequency bancl

when using the device of Fig. 1. In addition, biasing the

common-gate input stage via the lossy match networks on

either side of the transistor results in significant voltage

drops and efficiency losses.

111. EXPERIMENTAL RESULTS

In the preceding chapter, we have concentrated owr

efforts on discussing the designs of multistage 2–18-~JH.

amplifiers and have compared their computed perfor-

mances. Now we will attempt to assemble some of the

supporting experimental results.

the series feedback resistor.

The element values of the module shown in Fig. 10(a) ‘“ ‘reUious& ‘ePorted ‘ata

need to be reoptirnized in order to achieve an acceptable A number of multi-octave single-ended solid-state

gain performance when more than one LM gain stage amplifiers employing lossy match, feedback, distributed,

follows the active match input stage. The characteristics of and active match circuits have been described in the litera-

multistage amplifiers consisting of n LM gain stages pre- ture [6]–[30]. While the frequency coverage of the first

ceded by an AM input stage are also summarized in Table three amplifier types has been extended into Ku-band and,

II. The results presented are based on element values in case of the distributed amplifier, beyond 18 GHz, the
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design efforts of the active match amplifiers have almost

exclusively been confined to frequencies below 5 GHz,

with one known exception [13].

Until now, no data has come to our attention on the

successful design of a practical 2–18-GHz reflective match

amplifier. On the other hand, H. Q. Tserng and co-workers

have reported small-signal gains of G = 6.4 i- 1.0 dB from

3.2 to 18 GHz in a single-ended module designed for

6–18-GHz operation [14]. From 3 to 2 GHz, this module’s

gain increased rather rapidly to G >10 dB; yet, when

driven with P,n = 20 dBm, a less varying gain of G = 5 + 2.3

dB was observed between 2 and 18 GHz.

A. M. Pavio demonstrated for the first time the feasibil-

ity of a 2–18-GHz feedback amplifier and was able to

achieve G =11.0 ~ 2.1 dB across this band, as well as

G =14.4+ 2.6 dB from 2.8 to 18 GHz after self-biasing was

added [15]. Since feedback amplifiers, even at low frequen-

cies, can be realized on very small substrates, they offer an

economical design option to monolithic technology. P. A.

Terzian et al. measured a small-signal gain of G = 6.0 i- 0.2

dB between 1 and 7 GHz in a monolithic feedback ampli-

fier using lumped elements [16]. The input and output

VSWR were 2.3:1 and 1.7:1, respectively. In a similar

approach, W. O. Camp et al. realized G = 7.0+ 0.7 dB on a

0.76-mm2 GaAs chip with a maximum input VSWR of

3.6:1 and a maximum output VSWR of 2.4:1 [17]. R. N.

Rigby and co-workers achieved G = 5.8+ 0.6 dB between

0.6 and 6.1 GHz, realizing maximum VSWRS of 3.2:1 for

the input and 2:1 for the output port [18]. K. Honjo et al.

reported on a two-stage monolithic amplifier using nega-

tive feedback and self-biasing for the second stage [19]. The

authors achieved a 3-dB bandwidth gain of G =13.5 dB

from 500 kHz to 2.8 GHz. The unit exhibited an input

VSWR of <2.5:1 from 500 kHz to 2.1 GHz and an

output VSWR of <1,6:1 between 500 kHz and 4.5 GHz.

The concept of the lossy match solid-state amplifier at

microwave frequencies was studied by two teams. In France,

T. Obregon et al. demonstrated G = 12.0 f 2.1 dB in a

self-biased three-stage unit operating between 150 MHz

and 16 GHz, and measured a maximum noise figure of

NF = 8.5 dB from 1–12.4 GHz [20]. At almost the same

time, K. Honjo and Y. Takayama in Japan obtained an

8.6-dB gain over the 3-dB bandwidth from 800 kHz to 9.5

GHz [21]. The input VSWR was better than 4:1 over the 1

MHz to 1O-GHZ frequency range, while a 2:1 VSWR was

obtained between 2 MHz and 9 GHz. The amplifier had an

output power at l-dB gain compression of 12 dBm over the

2 MHz to 9-GHz range. A maximum noise figure of 8 dB

, was observed from 50 MHz to 6 GHz. The widest band

coverage reported in a Iossy match amplifier was achieved

by M. Mamodaly and co-workers, who were able to obtain

G = 4.5+ 1.5 dB in a 100 MHz to 17 GHz two-stage

amplifier with gain control by way of dual-gate GaAs

MESFET’S [22]. Maximum input and output VSWRS were

3.5:1 and 2.5:1, respectively, and the unit’s gain could be

varied by 15 dB.

Concerning distributed amplifiers, Y. Ayasli et al. suc-

ceeded in realizing G = 11.6 + 1.6 dB in 2–20-GHz

two-stage monolithic amplifiers on 2.2x 5.5x0.1 mm GaAs

substrates [23]. The same team was successful in combining

the powers of two distributed amplifiers by devising a

unique circuit that consists of two distributed amplifiers

sharing a common drain line [24]. The amplifier which uses

a power divider to feed two input ports produced a nominal

output power of 250 mW at an input power of 20 dBm

from 2-18 GHz.
The activities in the field of active-match amplifiers have

mostly been concentrated at frequencies below 5 GHz. The

only exception known to this author is the work done by

W. C. Peterson et al. who reported on a O.1-10.O-GHZ

monolithic four-stage amplifier design consisting of a com-

mon-gate active match input stage, two common-source

lossy match amplifier stages, and a common-drain output

stage [13]. Manufactured on a 2.5-mm2 chip, the amplifier

yielded G== 7.2 + 1.2 dB of small-signal gain between 0.7

and 9.0 GHz. The input and output reflection coefficients

over this band were better than 2:1. In contrast, at lower

frequencies, where the stability of the circuits can more

easily be obtained, a number of researchers have made use

of active matching. In 1978, R. L. Van Tuyl first described

his monolithic integrated 4-GHz amplifier [9]. This unit

went far beyond the concept of active matching, for Van

Tuyl replaced passive with active elements throughout the

amplifier. While a common-drain circuit was employed as

the output stage, the resistor, normally used in parallel

feedback, was replaced by a MESFET. Furthermore, the

resistive load had given way to an active load in order to

improve the unit’s large-signal performance. As the basic

amplifying element, a common-source MESFET was em-

ployed and biasing of this direct coupled amplifier was

accomplished by means of level shifting diodes. Thus, a

single amplifier stage used five FET functions. Many re-

finements have altered this circuit type in subsequent years,

among them a resistively loaded common-gate input stage

[10], [11]. A typical voltage gain of 26 dB between 5 MHz

and 3.3 GHz with less than 1.3:1 of input VSWR have

been achieved in a 0.4X0.65 mm gain block incorporating

17 MESFET’S, Using the circuit techniques described by

R. L. Van Tuyl, D. P. Hornbuckle, and D. B. Estreich, a

nominal gain of G = 20 dB, as well as an input and output

VSWR of 1.5:1 and 2:1, respectively, were measured by

V. Pauker and M. Binet in their 0.11–3.2-GHz amplifier.

However, in their unit the feedback was performed by a

resistor [12].

B. Recent Experimental Data

In this section, we shall add some of our own experimen-

tal data recently obtained from a 3–17.5-GHz reflective

match module, a two-stage and a four-stage 2–18-GHz

feedback amplifier, as well as a two-stage and a four-stage

2–18-GHz distributed amplifier. While the results support

what has been discussed in Section II, they are not meant

to represent the experimental proof to the computed results

of the circuits in Fig. 2. In particular, the RM module was

intended to operate in the 4–18-GHz band, while the FB

amplifiers were designed for a single GaAs MESFET capa-
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Fig. 11. Measured gain of a 3–17.5-GHz reflective match gain module.

ble of replacing the two parallel devices shown in the

schematic of Fig. 2 (l%) and described in Fig. 1, However,

except for the distributed amplifier’s biasing circuitry, the

types of the passive elements and their locations are identi-

cal to those shown in the schematics of Fig. 2. Only their

values have been altered in order to satisfy specific require-

ments.

1) Reflective Match Amplifier: Wliile no attempt was

made to design a 2–18-GHz reflective match amplifier, we

have studied the feasibility of a 4–18-GHz module using

the GaAs MESFET described in Fig. 1. The rather limited

effort was confined to the design of a single-stage module

and was terminated with the measurements of its gain and

reflection coefficients. The gain performance is plotted in

Fig. 11, demonstrating G = 6.8 f 1.1 between 3 and 17.5

GHz. The measured reflection coefficients range from a

maximum of ISIII = 0.99 and 1S22I = 0.89 at 3 GHz to a

minimum of ISlll = 0.33 and IS2ZI = 0.20 at 18 GHz. Obvi-

ously, the extremely high reflection coefficients at the low

end of the frequency band and the necessity of using

tandem couplers due to the multi-octave bandwidth make

it quite a challenge to realize a reliable 2–18-GHz RM

amplifier performance and therefore invite the considera-

tion of alternate approaches.

2) Feedback Amplifier: Encouraged by the computed

results shown in Fig. 4 and the multi-stage characteristics

of Table II, it was decided to study the feasibility of a

two-stage and a four-stage feedback amplifier. Since, how-

ever, the use of two parallel transistors in a feedback

amplifier is somewhat impractical, the decision was made

to replace the two devices with a single sub half-micron

gate GaAs MESFET of matching characteristics. The ele-

ment values of its equivalent circuit are presented in Table

V. Except for the short-circuited shunt element of the input

matching network, which was omitted, all stages are char-

acterized by the schematic in Fig. 2 ( FB) and connected by

a T-shaped interstage matching circuit consisting of an

open-circuited shunt stub flanked by transmission lines on

both sides. In contrast to the circuit diagram of Fig. 2

(FB), the actual amplifiers incorporated the following re-

sistors: R~ = 475 Q, RD = 220 Q, RFB1= 240 Q, R~B2 =
500 &l in case of the two-stage unit and R~ = 475 a,

R~ = 235 Q, R~~l = 2000, R~~z = R~~3 = R~~4 = 500 Q

for the four-stage unit, The overall dimensions of the two

circuits are 0,308 X0.120 x0,015 in and 0.530x0.120X

0.015 in, respectively, Alumina was used as substrate

material. ~
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TABLE V
ELEMENTVALUES OFTHE Surr HALF-MICRON GATE GaAs

MESFET

INTRINSICELEMENTS EXTRINSICELEMENTS

gm = 53mS R = 2 ohm
9

-rO = 3.2 psec
‘9

s .097nH

cgs = .345PF R$ = .95ohm

cgd = .035PF Ls - .016nH

Clk
= .011PF c

ds
= .115PF

R = 4.7 ohmgs ‘d
= 2.2 ohm

‘ds = 213ohm
‘d

= .177nH
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Fig. 12. Measured small-signal gain, noise figure, and return loss of the

2–1 8-GH2 two-stage feedback amplifier.

Fig. 12 shows the curves of the small-signal gain, the

noise figure, and the return loss of the two-stage amplifier

between 2 and 18.5 GHz. A gain of G =10.8* 0.7 dB and

maximum return loss of – 4.4 dB (VSWR of 4:1) for the

input port and – 9.5 dB (VSWR of 2:1) for the output

port were measured between 2 and 18 GHz. Across the

same frequency band, a maximuin noise figure of NF = 7.1

dB was recorded. The performance characteristics of the

four-stage amplifier are plotted in Fig. 13 between 0.5 and

18.5 GHz. In this case, a gain of G = 23.1 ~ 1,1 dB and a

maximum return loss of – 4.0 dB (VSWR of 4.4:1) for the

input port and – 7.5 dB (VSWR of 2.5:1) for th~ imtlput

port were measured across the 18.O-GHZ bandwidth. The

associated maximum noise figures were NF = 7.9 dB from

0.5–18.5 GHz and NF = 7.0 dB from 2.0-18.5 GHz. As in

all of our studies, the emphasis was put on gain flatness

and no effort was made to improve either the noise figure
or the return loss of the input or the output port. Neverthe-

less, the above measurements mark, to the best of our

knowledge, the lowest instantaneous noise figure reported

to date across the respective frequency bands. The mini-

mum output power at the l-dB compression points was

POUt= 13.5 dBm.
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Measured small-signal gain, noise figure, and return loss of the

0.5–18.5-GHz four-stage feedback amplifier.
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Fig. 14. Measured small-signal gain, noise figure, and return loss of the
2–18-GHz two-stage distributed amphfier.

3) Distributed Amplifier: The data reported here was

taken on a two-stage and a four-stage amplifier whose

individual stages are essentially built to the schematic of

Fig. 2 (DA), with the exception of the drain bias circuitry

and the resistance of the drain termination. Since each

stage operated at a drain current of approximately 120

mA, a voltage drop of 24 V would have occurred across the
200-!d termination resulting in 2.9 W of power dissipation

in the 3 X 12 roils tantalum nitride resistor. To avoid a

decrease in reliability due to overheating and a loss in

efficiency, we chose to bias the drains directly through a

high-impedance short-circuited shunt stub located parallel

to the termination resistor. The latter was changed from

200 to 125 0 for best gain flatness. The fabrication and

dimensions of the modules have been described elsewhere

[7].

The gain, the noise figure, and the return loss of the

two-stage unit are plotted in Fig. 14. A gain of G =12.3+

0.55 dB and a maximum return loss of – 8 dB (VSWR of

.5 L I

FREQUENCY- GHz

Measured smafl-signal gain and return loss of the 2-18-GHz
four-stage distributed amplifier.

INPUTPOWERd8m

Harmonic output of the single-stage 2–18-GHr distributed
amplifier (~. = 2 GHz).

for the input and – 7 dB (VSWR of 2.6:1) for the

output terminal were measured from 2.0–20.0 GHz, while

the maximum noise figure was NF = 9.6 dB between 2 and

18 GHz. The curves for gain and return loss of the four-

stage amplifier are shown in Fig. 15. This unit exhibits a

gain of G = 19.4 +.9 dB, while a maximum input return

loss of – 7.5 dB (VSWR of 2.5:1) and output return loss

of – 6 dB (VSWR of 3.0: 1) were achieved between 2.0 and
18.0 GHz, Across the same band, a maximum noise figure

of NF = 11 dB was measured. It should be reemphasized

that both amplifiers were tuned for best gain flatness,

compromising noise figure as well as optimum gain perfor-

mance. Thus far, no attempt has been made to improve the

noise figure by implementing the theoretical findings dis-

cussed earlier. Finally, Fig. 16 represents the harmonic

output power curves of a single-stage module when driven

by an input signal of j = 2 GHz at various power levels.

They show a 23-dB separation between fundamental and

the dominant harmonic output power at the l-dB compres-

sion point.
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IV. CONCLUSION

The computed performance characteristics of the reflec-

tive match, the lossy match, the feedback, the distributed,

and the active match amplifier have been compared across

the 2-18-GHz frequency band. In addition, a set of for-

mulas has been developed that demonstrates the significant

interdependence of an amplifier’s gain and reflection coef-

ficients when feedback, lossy matches, or both are being

employed. When utilizing one and the same type of active

device in all five circuit types, the computed results reveal

gain characteristics that make it difficult to favor one

concept over the others. However, when the gain specifica-

tions require the cascading of two or more gain modules, as

is the case in most practical applications, the reflection

coefficients of the input and output ports become of major

significance and the choices narrow down with the number

of cascaded stages. As demonstrated in Table II, for more

than three stages, the distributed amplifier principle is

clearly the favorite option. However, one should be quick

to point out that matters are not as clear-cut when reduc-

ing the bandwidth requirement at the high end of the

frequency range.

In search for a solution to improve the noise figure of

the distributed amplifier for a given transistor, it was found

that any improvement in noise figure impairs the amplifier’s

gain flatness. Of the three proposed circuit configurations

discussed, that of the lossy match distributed amplifier

(LMDA) appears to be the most practical solution with the

best prospects in noise reduction.

In order to provide art overview of the accomplishments

in the field of single-ended amplifiers, some of the previ-

ously reported data has been briefly reviewed. In addition,

new test results have been presented in support of the

computed data. Of the amplifiers tested recently, the reflec-

tive match gain module exhibited 6.8 t 1.1 dB of small-

signal gain from 3–17.5 GHz. However, cascading of

single-ended modules was not attempted for reasons of

instability. A gain of G =10.8 +0.7 dB and a maximum

noise figure of NF = 7.1 dB were demonstrated in the

two-stage feedback amplifier employing 10SSYmatch bias-

ing networks. A four-stage feedback amplifier operated

between 0.5 and 18.5-GHz exhibited G = 23.1 +1.1 dB of

small-signal gain and 7.9 dB of maximum noise figure.

Above noise figures, though not optimized, are believed to

represent state-of-the-art performance in the 2–18.5-GHz

and 0.5–18.5-GHz frequency bands. The gain and the

maximum noise figure measured in the two-stage distrib-

uted amplifier were G =12.3 ~ 0.55 dB and NF = 9.6 dB,

respectively. A maximum return loss of – 7 dB was re-

corded in this direct-biased unit. With the four-stage dis-

tributed amplifier, we were able to demonstrate 19.4+ 0.9

dB of gain and 11.0 dB of maximum noise figure. Higher

order harmonic output power of a single gain module did

not exceed – 23 dBc up to the l-dB compression point for

a ~ = 2 GHz fundamental input signal.

In conclusion, we have found that the optimum circuit

type of a GaAs MESFET amplifier depends to a great

degree on the frequency band of interest, the characteris-

907

tics of the active devices, and the required gain level. For

the 2–18-GHz frequency band and transistors with char-

acteristics similar to those of Fig. 1, however, the optimum

multistage gain performance is offered by the distributed

amplifier.
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Abstract —This paper ontlines a step-by-step approach to the design of

wavegnide circulators using partiaf-height resonators, which incorporates

every linear dimension of the deyice, The approach used consists of

defining the physicaf variables of the ferrite region in terms of the
frequency, VSWR, and bandwidth specification. It also incorporates the

definition of the length and admittance level of the radial transformer. The

model employed is essentially a two-mode one, with the third mode

separately adjusted to exhibit an ideal electric-wall boundary condltiou at

the terminals of the junction.
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I. INTRODUCTION

A LTHOUGH THE l-PORT complex gyrator circuit

(operating frequency, susceptance slope parameter,

loaded Q-factor, gyrator conductance) of waveguide circu-

lators using weakly magnetized quarter-wave-long open

ferrite resonators is fairly well understood [1]–[27], there is

still no step-by-step procedure for their design in terms of a

return loss and bandwidth specification. This is in part due

to the fact that the radial impedance transformer used in

these devices is a nonuniform line whose dimensions are

dependent upon both the gyrator conductance and its

terminal plane, and it k in part due to the difficulty in

0018-9480/84/0800-0908$01.00 @1984 IEEE


