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Noise in Two-Tier Matrix Amplifiers

KARL B. NICLAS, SENIOR MEMBER, TEEE, AND AUGUSTIN P. CHANG, MEMBER, IEEE

Abstract — A noise theory for the two-tier matrix amplifier [1] has been
developed that permits the computation of the amplifier’s noise figure as a
function of the active device and circuit parameters. The computed results
based on the noise parameters of a GaAs MESFET with the gate dimen-
sions 0.25% 200 pm are discussed. In addition, a comparative study is done
on the performance data of a 2X4 matrix amplifier and its equivalent
two-stage distributed amplifier. Finally, the noise characteristics of two
2 X 4 matrix amplifiers incorporating GaAs MESFET’s processed on either
ion-implanted or VPE substrate material are compared with those mea-
sured on actual amplifiers.

I. INTRODUCTION

HE CONCEPT OF the matrix amplifier, and its

practical realization in the form of a 2 X4 rectangular
array, have been discussed in a recently published paper
[1]. The new device combines the processes of additive and
multiplicative amplification, along with their characteristic
features, high gain and wide bandwidth, in one and the
same module. Its two-tier version (two rows of active
devices) distinguishes itself from an equivalent two-stage
distributed amplifier using the same number and types of
transistors by its significantly smaller size and improved
reflection coefficients. In addition, an equally or even
more important characteristic surfaced when the theoreti-
cal noise behavior of the new amplifier was examined.
There is reasonable evidence that the matrix amplifier
offers a more desirable compromise between its broad-band
maximum noise figure on the one hand, and its gain as
well as VSWR performance on the other, when compared
with an equivalent distributed amplifier. An understanding
of the two-tier matrix amplifier’s noise behavior and of the
influence of its active, as well as passive, circuit elements
on the noise figure therefore becomes an important factor
in the design of such amplifiers. In addition to a discussion
of the device’s noise theory and its noise as a function of
certain circuit parameters, a comparison between com-
puted results and measured data performed on two differ-
ent 2X 4 array amplifiers is made.

I1. THE NOISE THEORY

In this chapter we develop the theoretical basis that
ultimately leads to the formula for the noise figure. It is
intended for those readers who are interested in the deriva-
tion and the validity of our formulas. However, it may be
omitted by those who are mainly concerned with the
computed results, such as the dependence of the noise
behavior on the circuit parameters.

Manuscript received January 17, 1987; revised May 7, 1987.

The authors are with the Watkins-Johnson Company, Stanford Re-
search Park, Palo Alto, Ca 94304.

1EEE Log Number 8717906.

The formulas derived in this paper consider only the
noise contributed by the active devices and the thermal
noise injected by the terminations of all idle ports. The
part that is contributed by the lossy transmission line
elements or lossy inductors, as well as capacitors, is con-
sidered to be comparatively small and has therefore been
neglected [2], [3).

In our efforts to determine the matrix amplifier’s noise
parameters, we will essentially follow the procedure used
for the distributed amplifier which is described in the
literature [3]. The generalized circuit diagram of the two-tier
matrix amplifier (m = 2) consisting of » columns of active
devices is shown in Fig. 1. For the noise analysis of this
amplifier, we divide the module into the same functional
blocks as was done in [1], i.e., the input four-port, the
linking six-ports, the two-tier active six-ports, and the
output four-port. The input and output four-port contain
the idle ports’ terminations which, as will be seen later,
significantly contribute to the noise figure of the device.

A. The Two-Tier Active Six-Port

Fig. 2 presents the circuit of the two-tier active six-port
which incorporates the two cascaded transistors as well as
the transforming transmission line elements 7}, and the
drain line open-circuit shunt stubs 7,, characterized by
their #-shaped equivalent circuits and their noise sources
as shown in Fig. 3. The latter consist of the noise voltages
o™ and v{® as well as the noise currents ig and i{®
located at the input port of each active device in accor-
dance with Fig. 3. The index k refers to the kth elemen-
tary six-port. The relationship between the circuit elements
Y}), in Fig. 2 and those of the equivalent circuit Y} in
Fig. 3 may be expressed by

Yih Yih ZY) tan 6f)
1+ jY{5 Z5), tan ),

Y =Y —J

(1a)

‘ Vi

YO = 1b
8= ST 7Y 25 S ) (1e)
YF(Z)lk
Y() = - 1c
2K cos 5, + Y ZE) sin b)), (1)
1 Yih,Zh) + jtand)),
Y= YD(I)c + (1d)

Zf))k 1+ ij(‘2)2kZ£))k tan 01()%

Here the Y}, represent the admittance parameters of the
active devices. (Note that for practical reasons the drain
line stub admittance of the first tier has been set to
Y5 =0 in the schematics of Figs. 1 and 2.)
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DESCRIPTION OF CIRCUIT COMPONENTS
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Fig. 1. Schematic of the two-tier matrix amplifier with » active six-ports.

In accordance with the equivalent circuit of Fig 3, which
takes into consideration the transformations and capaci-
tive loading expressed by (1), we are now in a position to
find the voltages and currents at the gate line, the center
line, and the drain line of our active six-port. They may be
written in the form of the chain matrix equation

V-1 Vi _UﬁcB)
Tpi-1 Ipy it?
Vo |_A | Y LB | o (2)
Tory Fie| = Iy Fk e
—————————— k
VGk~1 VGk _‘6‘_
Ickfl_ _IGk_ L 0
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Fig 2. The two-tier active six-port.

[ A, ]1s designated the signal matrix of our active six-port,
while [Bj,] is its noise matrix. The latter transforms the
transistors’ internal noise sources to the three input ports
of the elementary six-port. The transmission line elements
connected to each output of the two transistors in Fig. 2
change the noise currents of the subcircuit in accordance
with (2b) of the chain matrix equation (2). The voltages
and currents of (2) contain both the signal and the noise
components. As the amplification process of the signal has
already been discussed in detail in a previous paper [1]
and, therefore, will not concern us any longer, we now
separate the signal from the noise quantities. This can be
easily accomplished since the amplifier is always assumed
to operate under linear conditions, where total voltages
and currents are simply the sum of their signal and noise
components. The noise parameters, which are symbolized
by lower case letters, may be expressed by

(UDl\fl_ [ upy ] - v

Ipk—1 —ipk i®

“ A B LB S|
ezt | e S

Uok-1 Vg __k_._-
_in—l | _-inJ 8

In physical terms, (3) transforms all noise voltages and
currents appearing at the output of our six-port
(Upisipi> Vs i Ugro igre) and all of its internal noise
sources ({2, i{®) v{M (D) to the input of the device
rendering the two-tier active six-port itself and all circuitry
connected to its output terminals noiseless.

B. The Amplifier

When dealing with the entire amplifier, the unit’s
boundary conditions need to be taken into consideration.
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Fig. 4. Termination conditions and external noise sources of the matrix

amplifier.

As demonstrated in Fig. 4, the matrix amplifier’s four idle
ports are terminated with the admittances Y}, at the drain
line, Y., and Y, at the two ports of the center line, and ¥
at the gate line. The signal source with its internal admit-
tance Y is connected to the amplifier’s input terminal,
while the amplifier’s output power is delivered to the load
admittance Y;. In general, all six terminations contain a
finite conductance, each injecting noise into the network.
Except for the load admittance Y;, which is not part of the
amplifier, all other terminations (Yg, Y, Y.,, Yc,, and Y},)
contribute to the noise power that is delivered to the
amplifier’s output terminal. In most cases, the active de-
vices’ noise components outweigh those of the termina-
tions, especially at high frequencies. Their magnitudes may
be determined with (3) and represented by the noise volt-
age sources Upqg, Ucos Ugos Upnr Ven» and 0g, at each of the
six terminal pairs in Fig. 4. As already pointed out, this is
accomplished by transforming the active devices’ noise

(B) (B)
N2 * Yiz)
(B (B
(Vg + Yip)
lex
———
—0 4
Vex

Equivalent circuit of the active six-port including its internal noise sources.

sources to the six-port terminals, as illustrated in Fig. 4,
rendering the six-port free of noise. The two-tier active
six-ports of Figs. 2 and 3 are linked with a network of
inductances or, as is the case in Fig. 1, of transmission line
elements. They may conveniently be represented by the
six-ports that are described in [1]. Through multiplication
of the elementary six-port matrices in the sequence they
are cascaded, all noise contributed by any active device or
lossy component, such as a termination, will be trans-
formed to the amplifier’s input terminals. Finding then the
relationship that exists between the internal noise sources
and the transformed noise voltages representing the former
at the amplifier’s terminals becomes now an exercise in
matrix algebra.

Applying the boundary conditions as they are defined in
Fig. 4 to the amplifier and assuming » active six-ports, we
derive the following matrix equation:

_ Upo W i Upn _l
'(YDUDO—iD) Y,0p,
Uco A Ucn
- (YCIUCO - ic:) B (YCoUCn ~ic,)
Uco U6n
| — (Y060 —iy) L (Y6, — i) |

E

+
™M s

(4)
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where

A

(4a)

A

]Eikr i m lété;ll;lﬁk

(4b)

(4c)

A, =ALAL
A =1

n+1

[A,] and [A4,] are the matrices of the input and output
matching networks, respectively, while [ A}'] represents the
kth active six-port and [ 47] the linking six-port preceding
the former. The final linking six-port following the last
active device is characterized by [A4!,;]. The links are
numbered in the sequence they are cascaded beginning at
the input end. As is the case for the linking six-ports, the
input and output matching network’s matrix can be found
in [1].

The matrix equation (4) expresses the relationship be-
tween the input and output noise parameters. Unfor-
tunately, the unknown voltages (v 0. Uco> U605 UVnns Ucns Ugn)

still appear on both sides of the equation, as do the known

quantities (ip.ic, isicor iV oB o iB i), ie., the
result is in implicit form. Formulatmg the unknown volt-
ages as functions of the known quantities requires a sig-
nificant amount of restructuring, which is quite involved
and rather tedious. We therefore refer the interested reader
to the Appendix for the results of these efforts.

Before proceeding any further, the assumption is made
that no correlation exists between any noise voltages and
noise currents except if they originate in one and the same
device, as is the case in our transistors. The correlation is
expressed by

(4d)

(5)

which gives us the relationship between that part of the
current i,, namely i, that is not correlated with the
voltage v,. (Y, ), is the well-known correlation admit-
tance of the kth device [4].

Using (4) and the F parameters determined in the
Appendix, we may now formulate the amplifier’s output
noise voltage v, appearing across the load Y; as a
function of all noise sources present:

= Q1in + incl + Q3is + Q4iCo + Qsic

ik - lnk +( cor)kvk

UDn
6= YiB0,) 0P + (0, — YEP0, ) 0]

e [kalnk +Q9kl(A)]- (6)

The dependence of the Q parameters on F;, F,, and F;
and the circuit parameters E,, as well as the admittances
at the input and output ports, Y, Y, Y, ¥;, Y-, and Y,
may also be obtained from the Appendix.

In compliance with Fig. 4, the unit delivers the noise
output power

2
Np,=Yvp,l|

(7)
to the load Y, .
Consistent with (5) and (6), we have

2= 10, i+ 10 )2+ 105171, P+ 104l i
+105igl

n
B 2 2
+ ¥ [10s - ¥ P04 10 @2
k=1

IUDnl

A B
+10,— Y500, 10 P

+ 3 (104 PR+ 10,3 PR (8)
k=1

The available noise input power generated by the source
is

N, = kT, Af

where k& is Boltzmann’s constant.
Using the well-known Nyquist formulas

li|>= 4kT,GAf (10a)
[v]>=4KkT,RAf (10b)

we now are able to determine the amplifier’s gain with

(H-(10):

)

GAIN = 4G,Y, |04

Here Gy is the source conductance.

Since the input noise power (9), the output noise power
(7). and the gain (11) are now known, we are finally in a
position to determine the two-tier matrix amplifier’s noise
figure. Using the Nyquist formulas (10), it is

(11)

NF=1+——

[IQIIZG +1021°Ge, 104G, +1051°Gs
G leI

+ ¥ (106 — YD042RE + 10,

k=1
A
- }/c(or)Q9l/\R£’l//4\) + |Q8|2G(B)

+ IleiGn‘Z“)}- (12)

Equation (12) not only enables us to compute the noise
figure, but also makes it possible to trace it to the individ-
ual components which inject the noise. Such insight, of
course, is of great value for understanding and, eventually,
optimizing the noise figure of the matrix amplifier. In the
next section when the noise of a variety of amplifiers is
quantitatively studied, we will take advantage of this at-
tribute in order to spot the main contributors to the
device’s noise figure.
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Fig. 5. The equivalent noise parameters of the active devices processed
on ion-implanted material.

IIT. CompPARISON OF COMPUTED PERFORMANCE
CHARACTERISTICS

In this chapter we will discuss the computed perfor-
mance characteristics of the two-tier matrix amplifier, such
as the small-signal gain (11), the noise figure (12), and the
reflection coefficients. The latter may be determined with
[1, eq. (AD)] or, of course, any computer program based on
nodal analysis. Before becoming involved with the analy-
sis, we need to characterize our active devices. For practi-
cal reasons, the use of identical devices in all positions of
both tiers was chosen. Their equivalent circuit, with the
exception of the transconductance g,, = 26.5 mS, is identi-
cal to that described in [1]. The reduction of g, from 29.7
mS in [1] to 26.5 mS in this study was necessary in order to
bring gains measured on a number of amplifiers into closer
agreement with the computed results. The noise parame-
ters characterizing a single representative of the MESFET’s
employed in the experimental amplifier of [1] are plotted
in Fig. 5.

From the noise theory of the distributed amplifier [3],
we have learned that the noise figure in the lower portion
of the frequency band decreases with increasing number of
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Fig. 6. Dependence of the performance parameters on the number of
active six-ports n.

’

active links. Hence, the question arises whether we can
expect similar behavior from the two-tier matrix amplifier.
In addition, and analogous to the distributed amplifier, we
anticipate an improvement in the gain with n without
sacrificing the input and output match. In order to make
the comparison between amplifiers of various numbers of
active links meaningful, all passive circuit elements are
optimized for gain, gain flatness, and VSWR. The sche-
matic of the circuit to be analyzed is that of Fig. 1. The
optimization, as will be seen in the next section when we
discuss an experimental amplifier, leads to unequal links of
the “declining drain line lengths” variety [5]. The results of
our computations are reflected in Fig. 6, which compares
the noise figure, the gain, and the reflection coefficients of
the two-tier matrix amplifier for n =3, 4, 5, and 6 active
six-ports. The improvements of the noise figure at low
frequencies and of the gain across the entire frequency
band are clearly discernible. As can be seen, the magni-
tudes of the input and output reflection coefficients remain
within acceptable limits.

From the computed data shown in Fig. 6, it seems that
the unit with n=3 active six-ports represents a good
compromise between complexity and overall performance
and is therefore a good vehicle on which to continue our
studies. But before we do so, let us briefly examine which
group of noisy elements has the greatest influence on the
amplifier’s noise performance at any particular frequency.
Again we conduct this study for different numbers of
active links n. The outcome of our computations is plotted
in Fig. 7, which shows the noise contributions of the first
and second tiers of transistors as well as that of all
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Fig. 7. Noise figure contributions due to the first and second tiers of
transistors as well as all terminations for n = 5.

terminations combined to the total noise figure F. Note
that the results are expressed in numeric, rather than
logarithmic, figures. They add up to the numeric excess
noise figure of the amplifier, i.e., (F —1). The terminations’
influence on noise figure declines with frequency and, for
the most part, with the number of active six-ports n at
frequencies up to about f=7 GHz. Beyond f=10 GHz
their contribution is practically negligible. As expected, the
first tier of active devices contributes the largest portion of
noise while the noise contribution of the second tier is only
a small fraction of that of the first tier. As will be demon-
strated in the next section, for a practical design (n = 4),
between approximately 50 percent and 87 percent of the
terminations’ noise is injected by the gate termination and
hardly any by the drain termination. That immediately.
though not unexpectedly, singles out the gate resistance R,
as the dominant noise contributor outside of the active
devices. Therefore, reducing the amplifier’s overall noise
figure by altering the gate resistance R, becomes an
important design tool when low-noise performance is of
major concern. Obviously, such a change will impair other
performance parameters such as gain, gain flatness, and
VSWR. Hence, any change in R requires a reoptimiza-
tion of all circuit parameters to at least preserve an accept-
able gain performance. Fortunately, the latter can be
accomplished when we include the admittances of the
remaining three terminations Y.,, Y., and Y, into the
optimization process. The resulting performance character-
istics of the amplifier for n =5 are presented in Fig. 8 for
different values of R.. As is easily discernible, the gain
flatness and VSWR’s can be held at acceptable levels if the
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Fig. 8. The mfluence of the gate resistance R on noise figure, small-
signal gain, and reflection coefficients for n = 5.

values of R, are chosen within reasonable limits (25
2 < R; <100 Q). Naturally, this is not the case at R;=01
Q, for which the module exhibits unstable operation at
frequencies below approximately f = 2.4 GHz. Within the
range of acceptable performance parameters, R, =50
emerges as the logical choice for the best overall perfor-
mance. It is worth mentioning that for 0.1 @ < R <100 ,
the gain performance may be retained within the limits
shown in Fig. 8 by simply optimizing the remaining
termination resistors and all other passive circuit elements
for gain flatness and VSWR. The resulting ranges of the
termination resistors are 25 @ < R, <50 €, 10 <R,
<50 2, and 65 Q@ <R, <120 Q.

This section would not be complete without a compari-
son of the noise figures of the matrix amplifier and its
equivalent two-stage distributed amplifier. In our case,
equivalence means the employment of identical types and
numbers of devices in both units, which are optimized for
best gain and VSWR performance. Since our experimental
amplifier, which will be discussed in the following section,
uses n = 4 active six-ports, i.e., eight GaAs MESFET’s, we
will conduct this study for n = 4. Consequently, the equiv-
alent two-stage distributed amplifier employs n =4 tran-
sistors in each of its two identical modules. The results of
our computations are displayed in Fig. 9. The small-signal
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Fig. 9. Performance comparison of the n = 4 two-tier matrix amplifier
with the equivalent » = 4 two-stage distributed amplifier.

gain flatness of the two-stage distributed amplifier is defi-
nitely smoother, and its input reflection coefficient is
roughly of thée same quality as that of the matrix amplifier.
The latter’s output match as well as its overall noise figure,
however, due to its lower maximum noise figure across the
frequency band, is clearly preferable. While in this case the
difference between the maximum noise figures of the
equivalent gain amplifiers is only 0.6 dB we have found
examples where it differs in excess of 2 dB when the noise
figure is included in the optimization process.

While this outcome is encouraging, it does not represent
sufficient evidence to favor one concept over the other as
far as noise performance is concerned. Much research, far
beyond the scope of this paper, is needed to produce
convincing proof on the subject of noise figure superiority.
However, until now we have not found a schematic for an
equivalent two-stage distributed amplifier that disputes the
tendencies demonstrated in Fig. 9.

IV. EXPERIMENTAL RESULTS

At first, we will compare the computed results with the
measured data, obtained from an n =4 two-tier matrix
amplifier in accordance with the schematic of Fig. 1 and
described in a previous paper [1]. For reasons explained
earlier, the transconductance of the GaAs MESFET’s was
reduced from g, =297 mS in [1] to g, =26.5 mS. All
other parameters of either the transistors’ equivalent cir-
cuit or the matrix amplifier itself are identical to those in
[1]. It is important to note that none of the discussed
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Fig. 11.

measures to reduce the noise by coipromising between
noise figure, VSWR, and gain flatness were quantitatively
known at the time of this amplifier’s design. The device
was optimized for gdin, gain flatness, and VSWR without
any consideration for noise figure.

Fig. 10 compares the noise figure computed with (12)
and the data measured on the amplifier when the devices
characterized by the noise parameters of Fig. 5 were incor-
porated. As is the case for the distributed amplifier, there
is little difference between the noise figure and the mini-
mum noise figure of the two-tier matrix amplifier. In Fig,
11 we have broken out the major sources contributing to
the noise. The components, like those in Fig. 7, are numeric
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Fig. 13. The equivalent noise parameters of the active devices processed
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and add up to the numeric excess noise figure (¥ —1) of
the amplifier. It can be easily seen that the noise contribu-
tion of the first tier dominates the amplifier’s noise behav-
ior and that above f =10 GHz the terminations’ participa-
tion in the overall noise figure becomes negligible. The
contribution of the second tier never exceeds 20 percent of
the amplifier’s numeric excess noise figure. In Fig. 12 we
pay attention to the terminations’ noise only, which, as
~expected, is dominated by the gate termination. The con-
tributions of the center line terminations are significantly
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Fig. 14. Comparison of the measured and computed data of the ampli-
fier in Fig. 1 (n = 4) when incorporating VPE transistors.
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lower, while that of the drain termination is mostly below
1 percent and therefore not shown.

A second amplifier, which employed GaAs MESFET’s
with a topology identical to that of the active devices
discussed so far but processed on vapor phase epitaxial
rather than the ion-implanted material used in the fabrica-
tion of the earlier MESFET’s [1], was also tested. The
devices’ noise behavior is reflected in the curves of Fig. 13
and i1s significantly different from that of its ion-implanted
counterpart represented by Fig. 5. A comparison of the
computed and measured noise figures as well as the small-
signal gains of this module is shown in Fig. 14. Across the
2.5-18.0-GHz frequency band, a maximum noise figure of
F=6.3 dB and a gain of G=18.3+1.1 dB were recorded.
Finally, in Fig. 15, the individual noise sources’ contribu-
tions to the numeric excess noise figure are plotted. Again,
the first tier’s noise contribution dominates the amplifier’s
noise performance. In this case the maximum noise contri-
bution of the second tier relative to that of the first is
approximately 25 percent.
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V. CONCLUSIONS

Formulas have been derived that permit the computa-
tion of the noise figure and the gain of the two-tier matrix
amplifier consisting of n active six-ports. Using the for-
mulas, the noise behavior of the amplifier as it depends on
the device and circuit parameters was studied. As is the
case for the distributed amplifier, the noise injected by the
terminations decreases with frequency. Also, the noise
figure at the low end of the band decreases with increasing
number of active six-ports (n), analogous to the distrib-
uted amplifier, where it becomes smaller with the number
of transistors. The first tier of active devices, as expected,
is the chief contributor to the amplifier’s noise. The par-
ticipation of the terminations’ noise becomes negligible at
frequencies above f =10 GHz while the second tier’s noise
component represents a relatively small fraction of the
total noise. The latter deviates insignificantly from the
noise buildup of the equivalent two-stage distributed
amplifier whose first stage mostly dominates its noise
figure. A significant outcome of our theoretical as well as
experimental studies, although performed for specific GaAs
MESFET’s, is the matrix amplifier’s lower noise figures
over the high-frequency portion of the band in comparison
to those of the equivalent distributed amplifier. Finding
out about the conditions that constitute the limiting fac-
tors to this important result merits future analysis.

APPENDIX

Based on the boundary conditions as they are specified
in Fig. 4, we have derived the matrix equation (4). It
expresses the relationship, in implicit form, between the
input and output noise voltages vpy, Ucos Ugo» Vpns Vens
and vg,. In order to obtain the noise voltage at the
amplifier’s output port vy, (6) as a function of the known
noise quantities ip, i, ig ico ig» Vi, 0B, itP, and
i{®), we need to compute the Q parameters of (6). Since
this is a rather laborious, though elementary, procedure,
the discourse of the interim steps is omitted and the
discussion is confined to the presentation of the results.

With the matrix components 4, of the amplifier mod-
ule defined by (4a), we obtain

0,=F (Ala)
0,=F (Alb)
0;=F, (Alc)

Qu= Fi( Ay +YpAy)+ F( Ay + Yo, A3)

+ Fy(Agy + Ys4ss) (Ald)
Q5= Fy( Ay + Ypdis) + Fy( Ay + YeiAsz)

+ Fy(Ags+ Ysdss) (Ale)
Qox = Fi( Ey + YpEy)  + F(Ey + Yo, Eq)y

+ F(Eq + YsEs),  (Alf)
Q5= F(Ep+YoEy), + B(Ep+ Y, Eyp),

+ Fy(Eq + YsEsy) . (Alg)
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ng = FI(E23 + YDE13)k + Fz(E43 + YC1E33)/<

+ Fy(Eg + YsEs3), (Alh)
Qou=Fi(Epyy+YpEis) + B(Eu+ Y ,Ey),

+ F(Egy + YgEsy), (Al

where
1
F1=F(H33H22_H32H23) (A2a)
1
Fz=;(H32H13"H33H12) (AZb)
1
F,= ;(H23H12_H22H13) (A2c)
and

F= H33(H22H11 - H12H21) + H32(H21H13 - HzaHu)
+ Hy (HyHyy — HyHys).  (A2d)
At last the H parameters are
Hyy = (An+ Y Ap)+ Y (A4 +Y,4;,)  (A3a)
Hpy,=(Ay+ YC0A24) +Yp( 45+ YC0A14) (A3b)
Hys = (Ays+ Yo Ay5) + Y (Ays+ Y 4s6) (A3c)
Hy=(Ag+ Y, Ap)+ Y, (45 +Y4,)  (A3d)
Hyy = (Ag+ Yo, Ag) + Ye,(Ays + Ye,43) (A3e)
Hyy = (Ags+ YgAue) + Yo (A3 + Ygdz)  (A3f)
Hy = (Ag+ Y Ag) + Ys(4s + Y, As) (A3g)
Hy, = (Ag+ Yo, Agy) + V(A5 + Y, Ass)  (A3h)
Hyy = (Ags+ YoAgs) + Ys(Ass+ Yodss).  (A3Q)
The noise voltage at the unit’s output port v, is expressed
by (6), and the noise output power N,, by (7). With

(8)—(11), we are finally arriving at the formula for the
noise figure (12).
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