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On the Design and Performance of
a 6– 18 GHz Three-Tier

Matrix Amplifier

KARL B. NICLAS, SENIOR MEMBER, IEEE, AND RAMON R. PEREIRA

Abstract —A 3X 3 matrix amplifier for the 6-18 GHz frequency band

has been developed. Employing MESFET’S fabricated on VPE material,

gains of G = 23.5+ 0.5 dB with a maximum reflection loss of RL = – 10

dB were obtained from 5.2 to 18.7 GHz. Gain improved to G = 29.1+ 1.1

dB at a worst-case reflection loss of RL = – 7.5 dB between 4.6 and

18.3 GHz when MBE material was used for the MESFET’S. In addition to

the experimental results, important design considerations, especially in

regard to the termination impedances of the idle ports, are discussed.

I. INTRODUCTION

T HE PRACTICALITY of a matrix amplifier with more

than two tiers has been uppermost in our minds ever

since the measurement of the first encouraging results

achieved on the original two-tier matrix amplifiers [1].

Early theoretical studies predicted a somewhat reduced

bandwidth capability of the three-tier matrix amplifier

when compared with its two-tier equivalent. In spite of

this, having fabricated and tested a good number of two-tier

matrix amplifiers [2]–[4] and being reassured by their

performance, we gathered enough momentum to focus our

attention on the development of a 6–18 GHz three-tier

module. The choice of the frequency band was influenced

by such technical factors as the relatively easy task of

achieving a very high gain performance using simple bias-

ing circuitry and, of course, the band’s widespread employ-

ment. Gain enhancement through the use of purely reac-

tive terminations of selected idle ports and other measures

responsible for the performance of the amplifier modules,

as well as important experimental results, will be discussed

in detail.

II. PRINCIPLE OF OPERATION

Deriving an accurate formula for the linear gain of the

three-tier matrix amplifier in terms of its circuit and device

parameters is a gigantic task that leads to extremely com-

plicated results. Unfortunately, an interpretable expression

requires significant concessions to accuracy and, conse-

quently, depending on the parasitic of the active devices,

renders qualitative answers at best. Starting with an accu-

rate device model, we will strip the latter of most of its
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Fig. 1. Schematic of the elementary amplifier cell.

parasitic in order to arrive at a relatively simple formula

for the gain. The results will then be used to qualitatively

explain certain steps that were taken in the design of the

3 x 3 matrix amplifier module. Fig. 1 shows the schematic

of an active eight-port that may be considered an element-

ary cell of the amplifier. Cascading several (n) of these

cells and terminating all idle ports with the admittances Y

results in the three-tier matrix amplifier of Fig. 2. Assum-

ing identical gain cells, we obtain the termination voltages

with the matrix equation
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Fig. 2. The amplifier block and its terminations.
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Here ~, are the Y parameters of theactive devices which

are assumed to be identical throughout the amplifier.

As mentioned earlier, to extract an expression for the

gain from (1) is rather impractical in that it leads to a

formula depending on 32 variables. Since, at this point, we

are striving for a qualitative solution which helps to ex-

plain the principle of operation of our three-tier matrix

amplifier, we resort to a highly oversimplified transistor

model consisting of only three elements. The model and

the circuit when using resistors as terminations of the idle

ports are shown in Fig. 3. The transistors are located as

indicated in the schematic of Fig. 3(b). Since for reasons of

simplicity all capacitances C are chosen to be equal (C=

Cg~+ Cd.), shunt capacitances, C,k, are required in the gate
line of the first tier (C~hl = Cd,) and in the drain line of the

third tier ( C,k~ = Cg,). If we further assume that LA =

LB= LC = L, the number of variables is reduced to 9,

namely gm, L, C, RD, Rco, Rcm, RBO, RBn, and RA.
Next, let us examine the amplifier (n = 3) shown in Fig.

3(b). With

Ylls jaCg, (2a)

Y12= o (2b)

Y21= gm (2C)

Yzz E juC~, (2d)

and the insertion of the above-mentioned shunt capaci-

tances C,~l and C,k~, the chain matrix (lb) reduces to-
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Fig. 3. (a) The idealized MESFET model and (b) the schematic of an
elementary version of the matrix amplifier in the form of a 3 X 3 array.
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where Using (la) and (3), it can be shown that there are 2n

Q=@ (3a)
frequencies at which the input and output impedances of

an idealized m x n matrix amplifier based on a simplified
and network such as that shown in Fig. 3 are purely resistive,

r

regardless of the number of tier> m. They are given in

2.= : (3b) Table I, which presents the. roots of the normalized fre-

quencies Q for the amplifiers with n =2, 3, 4, 5, and 6

are the normalized frequency and the characteristic elementary cells. Outside of Q = O, there is one normalized

impedance of the artificial transmission lines. frequency,namely Q.+ ~= m, that takes a prominent role;
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TABLE I

NORMALIZED FREQUENCIES OF THE m x n MATRIX AMPLIFIER FOR RESISTIVE INPIJT AND OUTPUT IMPEDANCES

1 , I I I 1 1 1 I 1 1 I i

E
2

3

Q

5

6

it is a solution common to all idealized matrix amplifiers

regardless of the number of links and number of tiers.

Furthermore, when replacing the idealized device of Fig.

3(a) with a practical MESFET having gate dimensions 0.35

pm x 200 pm an acceptable gain performance for n = 3

can be expected up to L! = L. It is for these reasons that

we now focus our attention on this frequency (Q= m)

when deriving a formula for the gain of the idealized 3 X 3

matrix ampli~ier of Fig. 3.
Using (la) and (3) for n =3, we obtain

GAIN(Q =fi) = /F12(gn,X)6

where

F= F~ [FD1(FBFC1+ FC2) + FD2FB+ FD3]

2 XYO
F~ =

l+ G~YOX2

(1- GDGC3X2) + j3X(Gc3 + GD)
F~l =

(l+ YOG~X2)

(1+ G,,G~X2)

‘D’ = 4 (1+ YoG~X2)

(1- G.G.X’)+ jX(G. +G.)
FD3=–4

(1+ YOGDX’)

F = (1 - G,,GCOX2) + j3X(G,, + Gco)

cl (1+ GCOGC,X2)

(4)

(4a)

(4b)

(4C)

(4d)

(4e)

(4f)

YO=20mS. (4j)

As can be seen from (4), even when employing an idealized

FET model at a single frequency, the dependency of the

linear gain on the terminations and transistor parameters

is still rather complicated. Furthermore, an examination of

(4) reveals two important corollaries.

1)

2)
The linear gain is proportional to ( g~ X)6.

Short circuits as terminations maybe used at one or

both terminals of lines B and C. If one terminal of a

line is short-circuited, the stability of the amplifier

can only be maintained if the other terminal of the

same line is terminated into a finite impedance or a

short.

While the first result was expected, the second came as a

surprise and will be taken advantage of in the amplifier

design. The impact on the gain (4) by short-circuiting one

of the two idle ports of the lines B and C and varying the

termination resistors at the opposite ends is demonstrated

in Fig. 4 for the case where the termination resistors R of

both lines are identical. Obviously, such a measure will

only work at higher frequencies and result in no or little

gain at low frequencies, where the gain can be approxi-

mated by

f
2

[

2(ngm)3%
GAIN(Q= O)= 1(GA+ Yo)(GBo +GBn+nGdS)(GCo +Gc,, +nGdS)(GDo +yo+nGd,) “

(5)

Here G~, is the drain-source conductance of the

F =4 (I+ G.GCOX2)
MESFET, and n is the number of MESFET’S per tier.

c’ (1+ GCOGC3X2)
(4g)

111, CIRCUIT DESIGN

(1 - G~G,0X2) + j3X(G. + G,,) ~4h)
As pointed out in the preceding section, the derived

FB =
formulas (4) represent qualitative trends rather than an

(1+ G,0G,3X2) accurate solution. They were developed for the sole pur-
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Fig. 6. Equivalent circuit and circuit elements of the GaAs MESFET on VPE material.

pose of aiding in the understanding of the amplification

mechanism and explaining the rather unorthodox step of

using short circuits as the terminations of selected idle

ports. With the help of the computer we will now demon-

strate that this measure is applicable to all frequencies

except for low frequencies (L? < 0.25), where (5) represents

a good approximation for the gain.

The schematic of the 3 x 3 matrix amplifier chosen for

the experimental amplifier is shown in Fig. 5. As can be

easily seen, the left port of the B line and both ports of the

C line are terminated into short circuits. Instead of lumped

elements (inductors), distributed elements (transmission

lines) are employed throughout the amplifier. In contrast

to the circuit of Fig. 3, this circuit makes use of an input

and output matching network in order to improve the

reflection coefficients of the amplifier. Biasing of the active

devices of the first and kecond tier is easily accomplished

by means of the short-circuited idle ports while the transis-

tors of the third tier are energized through the short-circuit

shunt stub parallel to the termination resistor.

In the following, all computations are based on the

measured S parameters of the actual MESFET used in our
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Fig. 7. Optimized performance of the amplifier for RBO = Rco =

RC3 = O.

experiments and were executed using SUPER-COMPACT

[5]. The transistor’s gate dimensions are 0.35 pm x 200 pm

and its equivalent circuit parameters are represented in

Fig. 6. The devices were fabricated on vapor phase expitax-

ial material. To achieve optimum gain performance, all

elements shown in Fig. 5 were subjected to the optimiza-

tion process for gain and reflection coefficients. Since this

process resulted in different transmission line widths and

lengths for most linking elements Tmn, including T21, T31,
and T3d (Fig. 5), we may no longer consider T21, Tql, and

T34 simply as links shorted to ground. Observed from a

more realistic vantage point, they represent transmission

line links terminated by reactance. While terminating all

six idle ports of the amplifier with resistors leads to

acceptable performance, making use of reactive termina-

tions at selective ports of lines B and C increases the gain

at both ends of the frequency band and thereby the unit’s

bandwidth. The computed performance data of a 3 x 3

matrix amplifier in accordance with the schematic of Fig.

5, for RBO = RCO= RC3 = O, R~ = 32 Q, RB3 = 46 Q, and

R ~ = 233 !2, are plotted in Fig. 7. For comparison, the

computed data curves of an amplifier with R ~. = R C3= O,
RB3=53 Q Rco= 57 Q, R~=29 Q, and R~= 223 Q are

shown in Fig. 8. The extension of the bandwidth at both

ends of the frequency band by choosing R co = O in accor-

dance with the circuit of Fig. 5, i.e., R ~. = R CO= RC3 = O,
is clearly discernible when comparing the gain curves of

Figs. 7 and 8. For both amplifiers, the results represent a

compromise between gain, gain flatness, noise figure, and

VSWR. The characteristics exhibited in the data compari-

I Iv
o I I I I I

46810121416 1820

FREQUENCY- GHz

Fig. 8. Optimized performance of the amplifier for RBO = RC3 = O

Fig. 9. Photograph of the experimental amplifier,

son of Fig. 7 and Fig. 8 have been clearly supported by our

experiments, as will be demonstrated in the next section.

IV. EXPERIMENTAL RESULTS

A. Data Relevant to dre Computed Results of Section III

A photograph of the experimental amplifier designed in

accordance with the schematic of Fig. 5 and the computed

performance of Fig. 7 is shown in Fig. 9. The circuit is

fabricated on four alumina substrates and has the overall

dimensions of 0.385X 0.175X 0.015 in3. The unit is self-

biased and only one voltage, 13 V, is supplied to this

amplifier, which draws a total dc current of 82.5 mA.

Approximately 21 percent of the total power consumption

is dissipated in the source-bias resistors. The unit’s mea-

sured termination resistors are R~ = 29 Q, RB3 = 49 0,

and RD = 212 Q (RBO= Rco= Rc~ = O) and are within



NICLAS AND PEREIRA : 6–1 8 GHz THREE-TIER MATRIX AMPLIFIER 1075

.

I I

24 –

23 –

21 –

20 I I I 1. I I

7

5

4

= -20 ~ I I I I I I I II I

g I I

!H_cM_u. .
46810121416 1820

FREQUENCY- 61iz

Fig. 10. Measured performance of an experimental amplifier with

RBO = Rco = RC3 = O using VPE MESFET’S.

+10 percent of the computed values R~ = 32 Q, RB3 =

46 K?, and RD = 233 0. The measured small-signal gain,

noise figure, and return losses are plotted in Fig. 10. A

comparison with the computed data of Fig. 7 reveals

excellent agreement. Por comparison, the curves in Fig. 11

were obtained from an amplifier that has one termination

resistor in both lines B and C designed to achieve the

performance represented by the computed data of Fig. 8.

The termination resistors of the actual amplifier are R~ =
28 Q, R~3 = 49 Q, RCO= 55 Q, and RD= 207 L? (R~o =
RC3 = O). These values compare to the computed resis-

tances of R~ = 29 Q, R~3 = 530, RCO= 57 !il, and RD =
223 Q discussed in the previous section. As is easily

discernible from the plots of Fig. 11 and predicted by the

computed results of Fig. 8, the bandwidth is reduced when

compared to that of Fig. 10. In addition, the plots of Fig.

11 show a lower gain and a higher noise figure. The

measured minimum reverse isolation of both experimental

units exceeds – 52 dB.

B. Data Obtained Using Improved MESFET’S

Subsequent experiments were performed on amplifiers

that incorporated MESFET’S which were fabricated with

the same mask set as the devices employed so far but

htiving MBE rather than VPE material. The resulting

transductances g~ and gate–source capacitances Cg, were

both improved over those. of its VPE relative. The outcome

of the measurements is believed to be of interest as the

MBE devices appreciably improved the amplifier’s gain

performance, namely, G = 29.1+ 1.1 dB between 4.6 and

18.3 GHz. The performance of the amplifier is plotted in

141 i I I I I I I I

Fig. 11.

‘Ekdd
4681012141618 20

FREQUENCY- GHz

Measured Performance of the experimental amolifier with
RB~ = RC3 = O using VPf3 ifi9SFf3T’S. -
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Fig. 12. Measured performance of an experimental amplifier tuned for

output power with R ~. = Rco = R ~3 = O using MBE MESFET’S.

Fig. 12. This unit’s noise figure, however, reached a peak

of NFmm = 7.8 dB due to the fact that the amplifier was

tuned for maximum output power and, like the unit dis-

cussed earlier, was not designed for optimum noise perfor-

mance. A third amplifier tuned for optimum gain and gain

flatness exhibited noise figures of NF = 5.2 i 1.2 dB and

gains of 27.7 +0.9 dB across the frequency band (Fig. 13).
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Fig. 13. Measured performance of an experimental amplifier tuned for

gain and gain flatness with RBO = Rco = RC3 = O using MBE MES-
FET’s.

C. Comparison of Biasing Schemes

The ensuing power measurements revealed the limita-

tions of the series biasing scheme employed up to this

point in time. Some of the experimental results are re-

flected in the graphs of Fig. 14, in which the output powers

and the associated compression levels for series and paral-

lel biasing are compared when operating at a constant

input power of P,m= – 13 dBm. Also shown are the rela-

tive drain–source voltages V~~n/ V~~~o, i.e., the ratios of

the drain–source voltages at large-signal and the corre-

sponding drain–source voltages at small-signal operation.

The worst-case compression and output power for both

biasing schemes occurred at ~ = 6 GHz. At this frequency

and for P,n = – 13 dBm, the series biased amplifier was 5

dB into compression at an output power of POut= 11.5

dBm. A drive-induced change in the distribution of the dc

drain-source voltages is, to a great extent, responsible for

the early saturation. The device’s drain–source voltage of

the third tier was reduced to 57.5 percent of its small-sig-

nal level, while that of the second and the first tier in-

creased to compensate for the reduction. The unit’s total

current shared by all tiers remained between 59.8 mA <

I ~1~~ <62.2 mA at small-signal and saturated power levels.

The worst-case output power and compression for parallel

biasing at P,n = – 13 dBm were 12.8 dBm and 2.8 dB,

respectively. Here the dc current of the third tier increased

by 19.5 percent from its small-signal level, while that of the

12

E/

--- PARALLEL BIASING

11
— SERIES BIASING

f’-’=%

100 L I I I I I I

6 8 10 12 14 16 18

FREQUENCY- GHz

Compression and output power for series and parallel biasing.

second and the first tier remained virtually unchanged. It

becomes evident from these experiments that series biasing

of a three-tier matrix amplifier, while capable of operating

at low dc currents, results in higher compression and lower

output powers when compared with the parallel biased

operation. However, in many practical applications, the

series biasing is preferred due to its low current require-

ments.

V. SUMMARY

Tlhe main objective of our efforts was to demonstrate the
feasibility of the three-tier matrix amplifier as a practical

device. This work resulted in the development of two 3 x 3

amplifiers that yield gains of 23.5 +0.5 dB from 5.2 to

18.7 GHz and G = 29.1 +1.1 dB from 4.6 to 18.3 GHz,

respectively. A third amplifier exhibits a noise figure of

IVF=5.2f 1.2 dB and a gain of G = 27.7 +0.9 dB from 6

to 18 GHz. In order to achieve these performances over

the indicated bandwidths, three of the six idle ports of the

units were terminated into reactance. An analytical ex-

pression of the gain based on an idealized FET model and

executed for a particular frequency qualitatively explains

the impact of this measure on gain. Subsequent computer
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studies demonstrated its feasibility across the frequency

band for real devices. Finally, the paper compared the

impact of the current-efficient series biasing and the

voltage-efficient parallel biasing scheme on the gain com-

pression and the output power of the three-tier matrix

amplifier.
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