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The Matrix Amplifier:

A High-Gain Module

for Multioctave Frequency Bands

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

Abstract —The characteristics of a new type of amplifier that makes
simultaneous use of the additive and the multiplicative amplification pro-
cess in one and the same module is discussed. The device, which achieves
high-gain performance over multioctave bands, is a relative of the distrib-
uted amplifier. Initial experimental resuits demonstrated a small-signal
gain of G=13.840.8 dB with —11.4 dB of maximum return loss between
2.0 and 21.5 GHz when using MESFET’s manufactured on ion-implanted
substrate material and G =16.8+0.9 dB gain over the 2.3-20.3-GHz
frequency band in the case of vapor-phase-epitaxial material. The princi-
ple, the theory, and the experimental results are discussed in detail.

I. INTRODUCTION

MPLIFICATION from two or more active devices

may be classified as multiplicative or additive. In the
case of the former, the overall gain is proportional to the
product of the gains supplied by the individual modules,
while in the case of the latter it is proportional to the sum
of the powers contributed by the individual active devices.
The vast majority of amplifiers make use of the multiplica-
tive process through cascading. The most prominent ex-
ception is the distributed or traveling-wave amplifier whose
amplifying mechanism is based on the additive principle
[1], [2]. While in most practical applications the latter
produces less gain per device than the multiplicative
amplifier types, it yields significantly larger bandwidths
through the ingenious use of the active devices’ parasitics.
Since 1937, when the invention of the distributed amplifier
was patented [1], very few modifications of the original
concept have surfaced. However, two variations have re-
cently emerged that are of practical importance. In the
first, the common source MESFET is replaced by a
cascaded two-port that consists of a common-source first
stage followed by a common-gate second stage separated
by a two-port that serves as an interstage transformer [3].
This type of amplifier produces moderately higher gains
and significantly higher reverse isolations. In the second
modification, two distributed-amplifier circuits are paral-
leled by establishing a common drain line. The input signal
is divided and applied to the two input terminals of the
ensuing network while the output signal is extracted at the
common drain terminal [4]. In this case, the output power
is doubled with no change in gain.
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In this paper, a circuit is described that adds a new
dimension to the distributed amplifier in the form of one
or more rows of transistors, i.e., active tiers. In its most
general form, the new amplifier consists of an array of m
rows and n columns of active devices. Each column is
linked to the next by inductors or transmission-line ele-
ments connected at the input and output terminals of each
transistor, composing a lattice of circuit elements. For m
active tiers, there are 2m idle ports that are terminated
into power-dissipating loads. The purpose of adding the
vertical dimension to the horizontal dimension of the
distributed amplifier in the form of the m X n rectangular
array is to combine the multiplicative and additive amplifi-
cation process in one and the same module. The ad-
vantages of the new device include significantly higher
gain and reverse isolation over wide bandwidths at consid-
erably reduced size. Due to its regular geometrical arrange-
ment of circuit elements, very much similar to the rectan-
gular array of mathematical elements in a matrix, we
propose to designate the new device the matrix amplifier.

II. THE PRINCIPLE

The concept of the matrix amplifier combines the
processes of additive and multiplicative amplification in
one and the same module. Its purpose, therefore, is to
combine the characteristic features of both principles,
namely, to increase the gain of the additive amplifier
concept and the bandwidth of the multiplicative amplifier
concept. This can be accomplished in a module whose size
is significantly reduced when compared with the tradi-
tional amplifier types of similar gain and bandwidth per-
formance.

The principle of the matrix amplifier is most easily
explained by means of a simplified schematic making use
of an idealized transistor model. The latter consists of an
input (C,,), an output shunt capacitance (C,,), and a
current generator that is controlled by the input voltage.
Its equivalent circuit is shown in Fig. 1 along with a
schematic of this stripped-down version of the matrix
amplifier in the form of a 2 X4 array.

Each link of the input and output artificial transmission
line consists of the input and the output shunt capaci-
tances C = C  + C,, and the inductance 1,/2 L. Choosing
C=C,, + C,, makes all three artificial transmission lines
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Fig. 1. (a) The idealized transistor model and (b) the schematic of an
elementary version of the matrix amplifier in form of a 2X4 array.
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of the amplifier in Fig. 1 identical and requires adding
shunt capacitance other than that inherent in the devices
to the gate line and the drain line, but none to the center
line. The idle gate and drain ports are terminated with a
resistor that equals the characteristic impedances of their
respective artificial transmission lines. In contrast, both
idle ports of the center line are terminated into the arbi-
trary resistor R . Since the idealized circuit in Fig. 1(b) has
no feedback path between the transmission lines and, in
addition, employs identical artificial transmission lines on
both sides of the center line, the input and output re-
flection coefficients are identical and independent of the
characteristics of the center transmission line and its
terminations. It should be pointed out, however, that this
condition no longer exists as soon as the idealized tran-
sistors are replaced by real devices which have parallel and
series feedback, as well as input and output admittances
that cannot be made identical by attaching additional
circuit elements.

The relationship between the input and output voltages
and currents of an elementary module as displayed in Fig.
1(b) and consisting of n links may be expressed by the
" quadratic matrix
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where
Q=w/LC (1a)
and
7 L
o=V (1b)

are the normalized frequency and the characteristic imped-
ance of the artificial input and output transmission lines,
respectively. The voltages and currents are measured at
the input of the drain line (Vpg, Ip,), the center line
(Vco» Ico), and the gate line (V5, I,) and at the ports of
the respective output lines (Vp,,,, Ip,. Vs Lens Von Lgn)- IE
we now terminate the idle ports in accordance with the
schematic of Fig. 1(b), i.e.,

Von=—2Zolg, (10)
Vpo=—2oIpg (1d)
Veo=—Releo (13)
Ven=—Reley, (1f)

and further assume that our matrix amplifier has n=4
links, we find four frequencies for which the input and
output reflection coefficients are zero, namely Q=0, Q
={2—V2, Q=v2, and Q=V2+V2 . The S-parameters
for the first and the third normalized frequency can be
easily determined with (1). They are, for @ =0,

$11=58,=0 (22)
S, =0 (2b)
n\2 2
Sp= (E) RC/ZO(ngO) (2¢)
and for @ =v2 and n=4,

S =8,=0 (2d)

S, =0 (2e)

R, Z, 1 2
=4—+—+ j=V2 Zy). 2f
Sy [ Zo+Rc .]2\/—:|(gm o) (2f)

At ©=0, we have the case of n devices in parallel,
resulting in a simple expression for the S,;-parameter. For
Q=v2, the S,-parameter for n=4 (2f) is very much
dependent on R /Z, and approaches infinity for R./Z,

! 1\ 1 ! T |
--Q? QZ,[1--92 0z - —Q*72 0 0 Vou
Voo (1 29 ) J 0(1 4 : ]2 08m 4 08m E D
Q 1 ! 1
— -9y | i—QZ, ! 0 0 I
Ipo JZO (1 29 ) : 8m J2 08m : Dn
""""""""""" 4"“1""""“’I"‘?’“‘l"““"""“"
I
Veo 0 0 ! (1—592) 02, 1—592); J59Z08m —Zszzzggm Ven
- 9 1\ 1 (1)
Ico 0 0 :l J—Z; (1”59 ) E &m JEQZOgm —Ic,
iieieiaiat ke 1“"_1 “““““““ 1 BN
Voo 0 0 :l 0 0 ! (1—592 jQZO(l—ZQZ) Von
[ ! Q 1Qz
' — 1-— -1,
Tso L 0 0 | 0 0 | Iz ( 5 ) L on
| . ) | _ .
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Fig. 2. Small-signal gain of (a) the 2x 4 array of Fig,. 1 for g,, =30 mS, C = 0.163 pF, L =0.4075nH, and R =2, =50 £
and of (b) the 2X 4 array in Fig. 3 for g, =30 mS, C=0.163 pF, L;= L, = 0.4075, L, =0.815 nH, and RC—ﬁZO =
70.7 L.
=0 and R./Z,=c0. Minimum gain |S,,|> occurs at tos L an ® T
R./Z,=1/2, while minimum gain variation across the 1 T
frequency band is found at R./Z,=1. Curve (a) of Fig. 2 L2 L L L L2

displays the frequency response of the amplifier’s gain for
n=4, g,.=30 mS, C=0.163 pF, L=04075 nH, and
R.=2Zy=50 Q. The capacitance C=C,,+C,, and the
transconductance g,, are taken from S-parameter mea-
surements of the device that will be later used in our
experiments and whose equivalent circuit is shown in Fig.
9. Since, except for C,; and C,, all other parasitics that
characterize our active device have been removed, the gain
response of our idealized amplifier (Fig. 1), of course,
extends far beyond the frequencies that the actual GaAs
MESFET is able to cover. We will see in the next section
that the upper limit of the frequency band when using
practical devices is located somewhere between =1 and
Q =2 For this reason, we have determined the S-param-
eters of the 2X4 array of Fig. 1 at @ =1. They are, for
Q=1and n=4,

Su=5p=77 ;7 (2g)

S;,=0 (2h)
4

T 1Ay

[(Re/Zy+1/8)+ j(Re/Zy+1)]°

2
C

=< +3/4
Z) /

0
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Schematic of an elementary version of the matrix amplifier with
double inductance (2 L) in the center line.

Fig. 3.

The gain and the gain flatness of our idealized amplifier
(Fig. 1) can be improved by doubling the inductance of the
links in the center line in accordance with the circuit of
Fig. 3. Since no changes were made in either the gate or
the drain transmission line, the input and output reflection
coefficients are again zero at =0, @ =y2—v2 , Q=v2,
and @ =/2+v2 .

In the case of £ =0, the S-parameters are identical to
those of (2a)—(2c), while for & =2 (and n = 4) they are
expressed by

$11=8,=0 (3a)

S1,=0 (3b)
_ 12R./Zy+ jTV2

AT T 12\/—RC/Z (g Zo) (3¢)

From (3), it becomes immediately apparent that in con-
trast to the circuit of Fig. 1 the gain of the circuit in Fig. 3
is finite for R./Z,=0 and R./Z,= 0. As can be seen
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Fig. 4. Schematic of a simplified distributed amplifier.
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from curve (b) in Fig. 2 forn=4, g, =30 mS, C=10.163
pF, L=10.4075 nH, and R /ZO=1/5 , both the average
gain and the total gain variation between @ = 0 and 2 =2,
even though not ideal, have significantly improved over
those of the circuit in Fig. 1.

In order to dramatize the dual nature, i.e., multiplicative
and additive amplification characteristics, of the matrix
amplifier, a comparison of its S-parameters at certain
frequencies with those of an equivalent distributed ampli-
fier follows. The schematic of the latter is shown in Fig. 4.
Again, for Q=0 and Q =2, the input and output reflec-
tion coefficients are zero. However, the input and output
shunt capacitances are now C=C,  (if C,;>C,) or C=
C,, (f C, > C,), which, in accordance with (1b), results in
a lower inductivity L (Z,=50 ) and, therefore, in a
slightly higher bandwidth. The S-parameters of the ideal-
ized distributed amplifier in Fig. 4 at the normalized
. frequencies @ = 0 and Q =v2 are, for Q =0,

S;1=8,=0 (4a)
$1,=0 (4b)
Sy=-1/2ng,2, (4c)

and for Q=v2 and n=4

S =8,=0 (4d)
$1,=0 (4e)
Sy = ~38nZ,. (4f)

A comparison of (2c¢) with (4c) and of (2f) with (4f) clearly
shows the multiplicative property of the matrix amplifier,
which is reflected in the term (g,,Z,)>.

In order to compare the performance of a matrix ampli-
fier of n links and m multiplicative tiers (n =4 and m =2
in Figs. 1 and 3) with an equivalent distributed amplifier,
the latter has to consist of n links and m cascaded stages.
Such a comparison, however, is not very meaningful when
performed for the idealized cases we have treated so far. It
will be performed later when we describe the matrix
amplifier’s performance based on actually measured de-
vices. The purpose, then, of what has been discussed until
now is merely to demonstrate the dual nature of the matrix
amplifier’s functions, i.e., additive and multiplicative
amplification in one and the same module.

III. DEsiGN CONSIDERATIONS

A. Analytical Tools

In the preceding, we explained the principle of the
matrix amplifier by means of a highly simplified model of
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Fig. 5. Major circuit blocks of the matrix amplifier (2 X4 array) in its
unabridged form.

a 2X 4 array, i.e., a four-link device with two multiplicative
gain tiers. While the principle generally allows use of any
number of links and multiplicative gain tiers, we will
proceed with the example of the 2 X4 array. The schematic
of the matrix amplifier incorporating the actual circuit
elements is shown in Fig. 5. It consists of three major
blocks, i.e., the active six-port flanked by the input and the
output four-port.

The active six-port incorporates the transistors char-
acterized by their sets of Y-parameters, the network of
inductances (not shown in Fig. 5) or transmission-line
elements represented by their respective characteristic im-
pedances and line lengths, and the open-circuit shunt stubs
capacitively loading the drain line. In contrast, the input
and output four-ports contain only passive circuit ele-
ments, i.e., the terminations of the amplifier’s idle ports
and a simple input and output matching network. In what
follows, we will attempt to formulate a number of matrix
equations that are useful to compute the characteristics of
the amplifier. As mentioned earlier, the analysis will be
performed by means of the 2 X4 array shown in Fig. 5, but
may be expanded to m multiplicative tiers, resuiting in
square matrices composed of (2m +2)? elements. In the
case of the 2 X4 array analyzed here, we have m = 2 tiers,
leading to a set of 6 X6 matrices which when multiplied
make it possible to compute the input and output voltages
and currents of our device. The equation describing the
voltages and currents of a matrix amplifier consisting of p
elementary six-ports is of the form

Voo | [ Vo ]
Ipg . —Ip,
=p
;/CO = ﬂ A _Vin . (5)
co k=0 Cn
Vao Ven
IGO - IGn |

Here, as in (1), subscripts ( ), and ( ), indicate the input
and output quantities, respectively. The matrix (5) results
from the multiplication of all matrices [4,] that char-
acterize the elementary six-ports which have been cascaded
between the terminals of the amplifier. For example, the
characteristics of the two-tier active six-port of Fig. 6 are
represented in the matrix (Al) of the Appendix. Similarly,
those of the transmission-line elements in Fig. 7(a) are
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Fig. 8. The (a) input and (b) output four-ports.

reflected in the matrix (A2), while those of the inductive
links in Fig. 7(b) may be determined with (A3). Finally,
the characteristics of the input and output four-ports in
Fig. &(a) and (b) are expressed by the matrices (A4) and
(A5), respectively.

Once the idle ports of the amplifier are terminated in
accordance with Fig. 5 and the matrices of all elementary
six-ports have been multiplied in the sequence they are
cascaded, the resulting matrix equation may be reduced to

that of a two-port: :

I GO Yl(lMA) Yl(ZMA) VGO 6)

Ip, Y2(1MA) ‘ Yz(zMA) Von ' (
The admittance parameters ¥,{™%) of this two-port (A7)
are presented in the Appendix. They can be used to
formulate the gain, the reflection coefficients, and the
reverse isolation of the amplifier. As to the involvement of
multiplying a great number of matrices of the complexity
represented by (A1)-(AS), when actual MESFET’s are
employed, the computer greatly simplifies this task. The
computations, of course, can be executed with the com-
mercially available computer programs that are based on
nodal analysis.

The use of equations (Al)-(A7) leads us to the exact
solution of the admittance parameters; however, their
complexity gives us no immediate clue to the amplification
principle of the device. To obtain a descriptive set of
Y-parameters, we take a very brief look at the amplifier’s
low-frequency model. At low frequencies, where the inter-
nal feedback of the transistors and the influence of the
linking elements may be neglected (in our case, f<?2
GHz), the expressions of the admittance parameters (A7)
take the simple and interpretive form

YD =Y, +nY (0 (7a)
Y414 = 0 (7b)
2y (A)y(B)
T < - A (70
Yor+Yoo+n (Yl(lB) + Yz(zA))
YD =Y, + nYP. (7d)

B. Effects of the Device Parasitics

Let us now take a closer look at a simple 2X4 array
identical to that shown in Fig. 1(b) in which the idealized
active device is replaced by a GaAs MESFET char-
acterized by the equivalent-circuit elements shown in Fig.
9. They are based on S-parameter measurements per-
formed on a transistor incorporating a 0.25 X 200-um gate
having a peak doping of 5.7x10'7 cm™3. The data are
representative of the devices that were used in our experi-
mental amplifiers.

The computed gains are plotted in curve (a) of Fig. 10
for the case where all inductive links are identical, as in the
circuit of Fig. 1(b). Comparing the curves (a) in Fig. 2 and
Fig. 10 reveals the immense influence that the parasitics of
the GaAs MESFET’s exert on the module’s gain perfor-
mance. Not only has the circuit’s small-signal gain been
significantly affected; in addition, its bandwidth has
suffered severely. Obviously, this comparison renders our
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Fig. 10. Small s1gna] gain of the 2X 4 array when employmg the device
of Fig. 9 and the four following sets of values for the circuit compo-
nents: (a) L;=Lc=L,=04075 nH, C;=C-=0, C;, =01385 pF
(C=0163pF), Ro=Re=Rey=Rp=50 ©; (b) Lg=1/2 Le=1Ly
=0.4075 nH, G, =C.=0, C, =0.1385 pF (C=0.163 pF), Rg=R)
=50 Q, Rey=Rp, =707 @ () L;=1/2 Lo=L;,=04325 nH,
Cs=Cc =0, Cp=0.105 pF, R;=374, Rp=90 9, Reqy =135 Re, =
50 @ (d) Ly=Le=Lyp=0385 nH, C;=C-=0, C,=0081 pF,
R;=30Q, Ry, =110 @, R, =325 Q, Ry =50 Q.

study of the simplified circuit in the previous section a
gualitative analysis at best. However, as stated previously,
the intent was to' demonstrate in descriptive terms the
matrix amplifier’s dual nature. A similar discrepancy be-
comes apparent when we compare the circuits that use
twice the inductance in the center line in accordance with
Flg 3. Again, the small-signal gain and the bandwidth
experience a significant decline due to the transistors’
parasitic elements, as demonstrated by curves (b) in Figs. 2
and 10. The gain variation of the simple circuits repre-
sented by the schematics in Figs. 1 and 3, however, may be
improved by altering the inductors linking the active de-
vices. '

C. Performance Improvements

The gain variations produced by the simple circuits
represented by the schematics of Figs. 1 and 3 after the
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Fig. 11. Schematic of the experimental amplifier. 7y, denotes. input-
matching - transmission-line elements; - T;,,, output-matching transmis-
sion-line elements; 7;, gate-line transmission-line elements;- 7;, center-
line transmission-line elements; .73, “drain-line ' transmission-line
elements; Ty, transforming transmission-line elements (1. tier); Tp,,
transforming transmission-line elements (2. tier); 7, drain-line open-
circuit shunt stubs; R gate-line termination; R, center-line termina-
tions; R, drain-line termination; T, center-line short-circuit shunt
stubs; Tp drain-line short-circuit shunt stub.

Fig. 12. Photograph of the experimental amplifier. '

idealized devices (Fig. 1(a)) have been replaced by practi-
cal GaAs MESFET’s (Fig. 9) are not acceptable and need
improvement. Simple adjustments'in the values of the idle
ports’ terminations, the linking inductors, and the loading
capacitors produce the changes displayed by the gain
patterns of curves (c) and (d) of Fig. 10.

If, however, a further enhancement of performance is
desired, the principle of the identical six-port elements has
to be abandoned, i.e., all linking elements as well as all
capacitive loads need to be subjected to individual optimi-
zation. Furthermore, simple input and output matching
networks must be added to improve the matrix amplifier’s
input and output matches. In addition, it becomes neces-
sary to insert series inductive elements, i.e., inductors or
high-impedance transmission-line elements between the
drain terminals of the active devices and their respective
linking elements.

Fig. 11 shows the schematic of the resulting 2 X4 matrix
amplifier whose practical realization is reflected in the
photograph of Fig. 12. The amplifier employes the device
characterized by the equivalent circuit and its elements of
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Fig. 13. Computed performance charactetistics of the experimental amplifier (Fig. 11).

Fig. 9. It can be seen from the photograph that, due to the
optimization applied to all circuit elements, hardly any are
identical in length when compared to their peers located in
equivalent positions. The module’s computed small-signal
gain, reflection coefficients, and reverse isolation are shown
in Fig. 13. A comparison with the gain curves (d) for
identical links in Fig. 10 reveals significant improvements
in both absolute gain and the amount of gain variation,
justifying the effort of individual-circuit-element optimiza-
tion [5].

Since cascading two distributed amplifiers also combines
the gain of each module through multiplication, it is of
considerable interest how the performance of our 2X4
matrix amplifier compares to a unit consisting of two
cascaded distributed amplifier modules using the same
number and type of transistors. In order to achieve a
meaningful comparison, all circuit elements of each of the
identical stages are individually optimized to produce the
best two-stage amplifier performance. The results are
plotted in Fig. 14. Comparing the data of Fig. 13 with
those of Fig. 14 clearly shows that while both amplifiers
have similar gain levels, the gain variation and the band-
width of the two-stage amplifier, as expected, are superior.
However, the input and output reflection coefficients of
the matrix amplifier exhibit somewhat lower levels than
those of the two-stage unit. In contrast to the moderate
improvements of the reflection coefficients computed for
the matrix amplifier over those of the two-stage distributed
amplifier, measured data decisively demonstrate the better
performance of the 2X 4 array. On the basis of the above
data comparison alone, it is hard to justify the existence of
the matrix amplifier. However, when drawing a compari-
son between the sizes of the two units, the matrix amplifier

has the clear edge. The overall circuit area is approxi-
mately 65 percent that of the two-stage amplifier. This is a
significant advantage wherever size and, for monolithic
devices, cost are of great importance. In addition, better
noise figures may be expected by using the new principle.
The theoretical proof will be presented in a forthcoming
paper. The high concentration of active devices in the
center section of the matrix amplifier, as shown in Fig. 12,
makes this portion of the circuit especially suitable and,
due to the fact that it occupies only a small fraction of the
entire amplifier, very cost-effective for monolithic technol-
ogy. The area-consuming drain-line circuitry may then be
fabricated on substrate material other than GaAs, which
retains the option of tuning for this sensitive part of the
amplifier.

IV. EXPERIMENTAL RESULTS

A photograph of the experimental matrix amplifier is
shown in Fig. 12. The overall circuit size is 0.500x0.240
in, and 10-mil-thick quartz was used for substrate material.
The unit is self-biased and only one dc voltage (12 V) was
supplied to a simple voltage divider which, in our experi-
mental unit, is located outside the amplifier housing. The
sum of all drain currents totaled 304 mA. The amplifier’s
small-signal gain, return losses, and reverse isolation are
plotted in Fig. 15. From 2.0 GHz to 21.5 GHz, the
small-signal gain is G =13.84+0.8 dB, with a worst return
loss of —11.7 dB for the input port and —11.4 dB for the
output port. The reverse isolation ranges from a minimum
of —33.2 dB to a maximum of — 66 dB across the 19.5-GHz
band. For comparison, the computed small-signal gain
(Fig. 13) is G=15.9+0.7 dB over the slightly narrower
2-20.0-GHz frequency band. A maximum noise figure of
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Measured performance of the experimental amplifier employ-
ing MESFET’s manufactured on ion-implanted material.

NF=8.0 dB between 2.0 GHz and 20.0 GHz and a
minimum output power of 17.0 dBm at the 1-dB compres-
sion points between 2.0 GHz and 21.0 GHz were mea-
sured. The amplifier’s large-signal gain at 100 mW of
output power is G =11.6+1.5 dB from 2 GHz to 21 GHz.
The maximum harmonic output power at the 1-dB com-
pression points is generated by the first harmonic and is 21
dB below the fundamental output power at f,=2 GHz
As shown in Fig. 16, subsequent amplifiers incorporating
GaAs MESFET’s fabricated with the same mask set but
on vapor-phase-epitaxial rather than ion-implanted
material yield G=16.3+0.9 dB of small-signal gain over
the slightly narrower 2.3-20.3-GHz frequency band using
the same basic circuit of Fig. 12. A maximum noise figure
of NF=6.6 dB was measured between 2.5 GHz and 18
GHz and NF=5.1 dB from 8§ GHz to 18 GHz. In contrast
to the ion-implanted substrate’s peak doping of N=
6x10" cm™? at a depth of 0.1 pm, the vapor-phase-epi-
taxial substrate’s doping is N=4X10'7 cm~3 with a 90-
percent level at a depth of 0.2 pm. [6]

V. CONCLUSIONS

A new type of amplifier has been described which
combines the process of additive with that of multiplica-
tive amplification. The principle of operation has been
explained by means of a simple circuit employing idealized
transistors. Based on a rigorous solution for voltages and
currents involving GaAs MESFET’s with 0.:5X200-pm
gate dimensions, the characteristics of the amplifiers were
examined employing a 2 X4 array as a typical example. In
pursuit of an acceptable performance, all circuit parame-
ters were subjected to an optimization routine. Based on
these computed results, a matrix amplifier consisting of the
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MESFET’s manufactured on vapor-epitaxial material.

aforementioned 2X4 array was designed and fabricated.
Subsequent measurements clearly demonstrated the feasi-
bility of the new concept. Measured gain performance is
approximately what one would expect from two cascaded
distributed amplifiers whose performance is optimized as a
single unit. The advantages of the matrix amplifier over
the cascaded distributed amplifier are size and cost, espe-
cially when monolithic technology is used. In addition,
better reflection coefficients and noise figures may be
expected from the new device. Besides higher gain, the
advantage of the matrix amplifier over the distributed
amplifier employing the cascade-connected devices [3] is
the ability to separately bias each row of devices by means
of the linking elements. Due to the initial encouraging
results and the vast number of options offered by the new
concept, the 2X4 array described here may be only the
first representative of an emerging class of amplifiers.

APPENDIX
VOLTAGES, CURRENTS, AND Y-PARAMETERS OF THE
Two-TIERED MATRIX AMPLIFIER

The circuit shown in the schematic of Fig. 5 serves as a
representative example of a matrix amplifier that contains
m = 2 tiers of active devices. For ease of a rigorous analy-
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Fig. 17. Active device with output transformer and capacitive load.

sis, it is expedient to divide this network into subcircuits
that can be represented by relatively uncomplicated equa-
tions for the voltages and the currents at the terminals of
the ensuing six-ports. For convenience, we have chosen
five types of six-ports that satisfy the requirements im-
posed by the possible subcircuits of the matrix amplifier in
Fig. 5. They are the two-tier active six-port of Fig. 6, the
six-port links composed of transmission-line elements or
inductors of Fig. 7(a) and (b), and, finally, the input and
output four-ports of Fig. 8(a) and (b), respectively. Each of
the described six-ports may be represented by a quadratic
matrix. Following the above order, the matrix equation of
the two-tiered active six-port is

Voi_1 1 0 i 0 0 i 0 0
Ipk—1 Y5 1 | YR 0 : 0 0
Ver 0 011 010 0
= | |

Lot Y5 0 3 (Yl(gc) + Yz(f?) 1 L Y o
Ver-1 0 0,0 ) 01 ) 0
T 0 Oi Y52 OE i 1

Vok

~ iDk

Ve

T Ack (Al)

Vor

A6k

The admittances Y, contain the transmission-line ele-
ments inserted between the transistors’ drain terminals and
the nodes connecting the linking elements with the capaci-
tive loads Yy, (Fig. 17). If Yy, , are the transistors’ admit-
tances, Z;, the characteristic impedances, and 8,, the
electrical lengths of the inserted line transformers, then we

obtain the admittances for both tiers ¥,(;) and Y2 of the
kth active six-port with
YopYnpZtand,,
Yie=Yup = J 15 (Ala)
. + JYypZy i tanby,
Y12Fk
Y, = - Alb
5 cos Oy + jYypZgsinbyy, (ATD)
Yo re
Your = - Al
2 cos by + Yo g Zpy sin O, (Ale)
1 YppZy+ jtanby,
Yor=Yp +5— (Ald)

Zyy Y+ jYypZtanb;, ‘

The six-port links composed of transmission-line ele-
ments are transforming the voltages and the currents in
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accordance with
[ Vok_y || cosbp iz sinfp, | 0 0 ! 0 0 17 v
1 t |
IDk—l jZ_ Sln0Dk COos aDk : 0 0 : 0 0 - IDk
D | |
v. |-z e e _——
Ck-1 0 0 I cosfy JZcy sinbc; ) 0 0 Ver (A2)
i |
ICk—l 0 O | J"‘— Sin 0Ck COS 0Ck | 0 0 - ICk
L |
Vor-1 0 0 | 0 0 : cos O, JZgy sinb;,, V(;(
| i ’
IGk—l O 0 : 0 0 : j_— Sin 0Gk cOs 0(;/( hand IGk
i | ZGk
L JL i [ JL A
In those cases for which the linking elements are inductivities, we have
_VDk—l_ [ 1 JjoLp 0 0 ;0 o 1 Vi ]
Ipi 1 0 1 10 0 {0 0 — I,
Vaeer | [0 0 11 JoLg1 0 0 || Ve (A3)
Ii 1710 0 0 1 10 0 -1
________ . o
V-1 0 0 !0 0 |1 joLg Ve,
Topq 0 0 !0 0 10 1 o
| m L | | Jd L -

If A;, B;, C;, and D, are the chain parameters of the
input matching network and 4, B,, C,, and D, those of
the output matching network, the voltages and currents at
the input and output terminals may be calculated with

Vo 1 0/0 0,0 o[ vy
YpVpo 0 150 010 0| -Iy
Ve 0 0/1 0,0 0] vy
___________ DU PP —————
Lo 0 0,0 0,¢C Dl -1y
_ m | | | Jb |
(A4)
for the input and with
[ Vooi ] [4, Byt 0 010 0] ¥, |
Ip, 1 Co Dol 0 010 0 —1p,
Veno1 0 0,1 0,0 Ofl v,
Lo [T 0010 110 0| Ve | ()
Ve 1 0 010 0l1 ol ¥,
IG,,_IJ 0 0'!0 00 1| v,
. L | 1 . .

for the output terminal.

Finally, the individual 6 X6 matrices arranged in the
order in which the elementary six-ports are cascaded and
multiplied in accordance with (5). This step leads directly
to the input and output voltages as well as currents of the
matrix amplifier.

The amplifier’s idle ports are terminated as shown in
Fig. 5. In accordance with the conditions (1¢)~(1f), which
are reflected in the matrices (A4) and (A5), we are able to
reduce the six-port representation of (5) to the more
familiar two-port equations (6) that usually characterize an
amplifier. The multiplication of the matrices of the ele-

mentary six-ports leads us to the six-port matrix that
contains the boundary conditions

I VDO I VDn
Y DVDO - IDn
VCO VCn
YCIVCO =4 YCOVCn (A6)
VG’O VGn
IGO YGVGn

Here [A4] is a 6 X6 matrix with the elements 4, ;- Since
(A6) contains all matrix elements 4, of the amplifier, we
are now in a position to determine the Y-parameters ¥\
of the ensuing two-port. They are

Ay + (Ags + AgyYeo) Ny — (Ags + Agg Y ) Ny,

Y1(1MA)=
ASZAH+(A53+A54YC0)N22_(A55+A56YG)N12
(A7a)
(MA) N21 Ny
Y12 = A61+(A63+A64YCO)K—_(A65+A66YG)A—
H H
Ny
- A62+(A63+A64Yc0)—A"“
H
Ny (MA)
_(A65+A66YG)X— Yy (A7b)
H

-1

Y MA) =
2 Ny, Ny,
Asy +(As3 + A54YCO)T — (A5 + Assyc)"&“

H H

(A7c)



306 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-35, NO. 3, MARCH 1987

and

A Dy +(Asy+ A5y Yeo) Noy = (Ass + AsY6) Ny
ASZAH + (A53 + A54YC0)N22 - (Ass + A56YG)N12

(A7d)
Ny =(dy + 4,,Yp)Hy — (A + A Ye ) Hy,  (ABa)
Ny =(Ay+ ApYp)Hy —(Agy + ApYe ) Hy, (A8D)
Ny = (Ay + Ay Yp) Hyy — (A + A3Ye ) Hy;  (A8c)
Ny = (Ay + A, Yp) Hyy — (A + A3 Yer) Hys (A84)

MAY _
v -

Ay =Hy;3Hyy — Hyp Ho (A9)
Hy, = (Ay + Ay Yc0) + V(A + 4147 ) (A10a)
Hyy= (s + ApeYs) + Yp(Ays + A1675) (A10b)
Hy = (A + Au¥oo) + Yo (453 + 43,Y)  (AlOc)
Hy= (A45 + A46YG) + YCI(A35 + A36YG)' (AlOd)

It is immediately obvious from the formulas (A7)-(A10)
that only a computer is able to quickly yield reliable
results. At this point, as it has become quite common in
the analytical treatment, especially of distributed ampli-
fiers, we will for a moment neglect the transistors’ feed-
back (Y, = 0). This step reduces the expressions (A7) to
the comparatively simple equations

Ags + Ags Y

= T A, (Al1a)
55 564G

YO = (Allb)

1 A

YMA) = =2 (Allc

2 (Ass + AsgY)( Ay + A, Yp) Hyy ( )
A21 + A11YD

Y = ALY, (Al1d)
22 124D

The use of (All) is, however, only permissible at frequen-
cies where the active devices’ internal feedback is negligi-
ble. Consequently, at high frequencies, where the use of
(Al11) may result in significant errors, the accurate for-
mulas (A7), despite their complexity, need to be applied.
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