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Active Matching with Common-Gate
MESFET’s

KARL B. NICLAS, SENIOR MEMBER, IEEE

Abstract —The electrical performance of the common-gate MESFET
input stage across multi-octave frequency bands has been analyzed. Based
on the device’s common-source parameters, formulas for the circuit’s
admittance and noise parameters have been derived that allow one to
calculate its gain, reflection coefficients, and noise figure. The influence of
the circuit elements on the input stage’s performance, especially on the
noise figure, are studied. Finally, the electrical behavior of a two-stage unit
consisting of a common-gate input stage followed by a common-source
amplifier stage is discussed.

I. INTRODUCTION

HE COMMON-GATE FET employing series induc-

tive feedback is widely used in oscillator design. Its
capability to induce negative resistance conditions at one
or both of its ports, however, is only one important char-
acteristic of the MESFET in common-gate configuration.
Another outstanding feature that has attracted the atten-
tion of solid-state amplifier designers is the circuit’s excel-
lent input match over wide frequency bands. The latter of
these two characteristics, i.e., active matching, is the subject
of this paper.

The feasibility of the common-gate input stage as an
active matching device at microwave frequencies has been
demonstrated by a number of researchers, and experimen-
tal results have been reported in the literature [1]-[3].
While design efforts have mostly been expended at fre-
quencies f <5 GHz, where biasing and stability pose less
of a problem [1], [2], W. C. Peterson et al. [3] have
demonstrated G=72+12 dB of small-signal gain in a
four-stage monolithic amplifier from 0.7 GHz to 9.0 GHz.
The unit’s input VSWR was better than 2:1 between 0.1
GHz and 12 GHz. It is the primary purpose of this paper
to analyze the theoretical performance of the common-gate
FET input stage at microwave frequencies and to develop
analytic expressions that aid in the understanding of such
circuits. Special emphasis is focused on wide-band applica-
tions, which make it mandatory to include the second stage
into the analysis for it presents a complex set of load
impedances to the input network that has a profound
impact on the amplifier’s overall performance. In addition,
the second stage provides most of the two-stage unit’s gain,
making it a significant factor in the composition of the
overall noise figure.
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II. THE SIGNAL AND NOISE PARAMETERS

A. The Current Matrix

GaAs MESFET’s, when used in amplifiers, are almost
exclusively operated in a common-source configuration.
Since the characterization of the transistors is also per-
formed and their S-parameters, with a few exceptions, are
published for the grounded source device, we base our
analysis on common-source parameters. The circuit of the
common-gate input stage in its general form is shown in
Fig. 1. The series impedance Z, the parallel admittance
Y,, and the gate and drain admittances Y, and Y,, have
been added to the circuitry to increase the stability, shape
the gain, and improve the output match. As will be shown
later, not all of these elements are necessary or even
desirable for the circuit’s performance for they may impair
its noise figure. The analysis, though employing elementary
algebra, is rather involved. Hence, to make matters less
complicated, we divide the treatment into two steps by first
analyzing the inner circuit of Fig. 1 and then adding the
remaining elements (Y, Y, and Y)), i.e., the outer circuit.
Conducting the analysis by means of the Y-parameters and
the equivalent noise parameters (R,, G,, and Y, ) [4] in
accordance with Fig. 2(a) and (b) adds further to the
convenience of the mathematical procedure.

1) The Inner Circuit: Once the Y-parameters and the
noise parameters of the common source FET (Fig. 2(a) and
(b)) are known, we are able to determine those of the
subcircuit of Fig. 2(c), which is identical to the inner circuit
of Fig. 1 and equivalent to that of Fig. 3. The laiter is more
detailed and includes the noise sources of the MESFET
and that of the series impedance. Application of Kirchhoff’s
rules to the circuit of Fig. 3 leads us to the signal and noise
currents at the terminals of the common-gate MESFET
employing series feedback. Expressed in matrix representa-
tion, they are

Signal
Matrix
I} _ Y, YLV N 1
ool vallv| 1tZ4xn
Noise
Matrix
. [(YZI + Yu) (1- ZsY21) ][(01 + Us) ] )
- Y21 ZSY21 - il
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Fig. 1.

Schematlc of the common-gate input stage.
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Fig. 2. Conversion of the device’s common-source parameters ((a)
admittance and (b) noise) into its common-gate parameters ((c) admit-
tance and (d) noise) when applying series feedback.

where
1
1 L
"u 1+Y,Z,
(Y + Yy + Yoy + Y50 )+ Z (Y, Yoo — Y, V)]
(1a)
-1
Y= '1__'_‘1}:1_2' (Yo + Ypo)+ Z (Y}, Yy — Y,Yy)] (1b)
Y= W [(Yop + Yoy )+ Z,(¥y1 Yy — Y,Yy)] (lc)
1
Yzlz = T:_YH_Z_ [Yzz + Zs(YuYzz - Y12Y21)] (1d)

are the parameters of the signal matrix. The superscripts
() and ()Y distinguish between the parameters of the
inner circuit ( )! and those of the common-gate input stage
()Y shown in Fig. 1.

The Y-parameters of the signal matrix may be signifi-
cantly simplified if the condition

Yy > Z (Y, Yy — Y15 Yy) (2)

is satisfied for both the real and the imaginary part. In this

P
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case
Y= T}IIH'Z“(YH + Y, + Yy + 1) (32)
Y]LIz = 1__,_};7(},22 + le) (3b)
Yy= 1 +_Y111 7 (Yp+1y) (3¢)
Y’Iz = 1+ 11/1123 Y. (3d)

Meeting the requirements of (2) obviously depends on the
transistor’s characteristics and the series impedance Z,.
For example, in the case of the device represented by the
equivalent circuit of Fig. 4, the approximation formulas (3)
may be used for frequencies f <10 GHz as long as a
resistor R <10 Q serves as the series feedback impedance
Z,. The element values tabulated in Fig. 4 have been
obtained by matching the S-parameters of the equivalent
circuit with those measured on a GaAs MESFET with a
0.5X300-pm gate and a 2Xx10'-cm™3 carrier concentra-
tion.

2) The Common-Gate Input Stage: Derivation of the
currents for the entire circuit of Fig. 1 can be easily
accomplished by superposition of the currents in accor-
dance with Fig. 5. Hence, the total currents are

Signal Matrix
. (Yi+Y%+Y,)  (Yh-1,) e
I (Yi-Y,) (Yh+Y,+Y,) || vt

Noise Matrices
1 [(Y21+Y11) (1_ZsY21)]

* 1+2.Y, - Yy ZYy
Yp0p
| Cortw) +[—1 1 0] ; (4)
- 1 0 1 iG
D

Having derived both the signal and the noise currents,
we are now in a position to determine the gain, the
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noise sources.

reflection coefficients, and the noise figure. Driven by the
complex source impedance Z; and terminated by the com-
plex load impedance Z,, the input reflection coefficients
|S71| and |S,,|, as well as the transducer gain G, of the
common gate input stage, are

IS4 1-Z, Y+ 2,8 - Z,Z,(Yv) - YiTY)
1ul=
1+ ZlYl‘f + Z,Y5 + Z,Zy (YY) - Y5 Yo))
(52)
1S, = 1+ Z,YY - Z,Y - Z,Z, (V1Y — YEY,))
221
1+ 21Y1111 + Zzyzlzl + lez(Yllllelzl - Y112IY2111
(5b)
Gr=(2Z,+ 2§)(2,+ 23)
YII 2
1+ Z)Y [+ Z,Yy + lez(YllllyzlzI - YlIzIYleI) (5¢)
and in accordance with the signal matrix of (4)
Yh=YL+Y,;+Y, (5d)

Yh=Y5-Y,

II _
Y21 -

(5e)
(5)
(52)

The exact formulas of the inner circuit’s admittance
parameters YI} are given in (1). However, the approxima-
tions of (3) may be used as long as the condition (2) is

satisfied. At low frequencies, where Y;; =Y;,=0,Y,,=g,,

YZII - YP
Ya=Y,+Y,+ Y.

The common-gate input stage of Fig. 1 and its “outer circuit”
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(transconductance) and Y,, =G, (drain-source conduc-
tance), the Y,f-parameters become independent of the series
impedance Z,. Here, as will be shown later, Z_ looses its
influence on both gain and optimum noise figure.

B. The Equivalent Noise Parameters

1) The Inner Circuit: We will now focus our attention
on the derivation of the circuit’s noise parameters. As
indicated earlier, this may be accomplished in two steps.
Beginning with the inner circuit of Fig. 1 represented by
the equivalent circuit of Fig. 3, we transform all sources of
noise to the input of our network rendering it noiseless, i.e.,
T = 0°K. (Fig. 2(d)). This is done by converting the noise
matrix of (1) into the noise quantities v! and i], external to
our circuit

I 21
U =
! (Y21+ Y22)+Zs(Y11Y22_

Y12Y21)

(v, +0,)-Z4,] (6a)
il = 1
(Y21 + Yzz)"‘ Zs(YuYzz - Y12Y21)
(Yo = Yy Y ) (01 + 0) = (Y + Yap)in] . (6b)

Taking into account the correlation that exists between the
voltage and the current, which is expressed by [4]

D QS | 1.1
h=1y + Yoorvl

™)
we arrive at the equivalent noise parameters of the subcir-
cuit (Fig. 2(d))

RI — |U{,2
" 4kT,Af
= IY21|2
(Y, + Yy + Z (Y11 Yy — Y, Y0 |2
[+ Z YR, + R, +|Z,7G,] (82)
|2l
Gl=—7"n
" 4kT,Af
- 1
1+ ZY,|°R, + R, +|Z,°G,
[R G +R (G +| Corlan)] (8b)
; IU{ ’ I1+ 4 },‘30r|2Rn + Rs+ 'Zslan
Y1 Yo — YT,
Yo (Z,=0)[1+ ZFY 8] R, ~ B R,
21
Yout¥y
4ozx 22 q
ZS Y21 Gn ( C)
cor(Z _0) Y Y21+Y22_ Y11Y22—Y12}’21 (8d)
Yy Yy
Zs=Rs+jXS. (86)

Unfortunately, the results are rather complex and an at-
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tempt to simplify the above formulas seems to be in order.
Assuming the use of the device characterized in Fig. 4 and
employing resistive series feedback (Z,=R,), we have
studied the limits of frequency and feedback resistance
within which certain terms of our formulas become negligi-
ble. The results of this investigation are reflected in the
following limits and approximation formulas. For

Z,=R,<10Q (92)
and
<10 GHz (9b)
Y. 2
RI = __21__. R +R 10a
" Y21+Y22 ( g 3') ( )
I~ 2 RnRs
Gn - Gn + IYcor| Rn+ Rs (1Ob)
yl=—1 _lyl(z =0)[1+R,Y:]R
cor Rn + Rs cor\ “¢ steord™mn
s Yl g g Fattag) (109
Y, Yy

While the formulas for RY and G} have been considerably
reduced, that for Y[ remains rather complicated. Unfor-
tunately, none of the three terms in (8c) is small compared
to the others, and further reduction results in errors for Y1
and, consequently, in erroneous noise figures. '

The noise figure of our circuit may now be obtained with

[5]

R 2
F'=Fpnt G Y~ Y|

(11)

where

Y, =G, + jB, (11a)
is the source admittance,
Yoor = Gor + JBeor (11b)

is the correlation admittance, and
I

. G, 2
=G, +]len'un= F_}-(Gclor) - BcIor

I
Y, § min

§ min

(11¢)
is the source admittance for the minimum noise figure

FL =1+2RL(GL +G! (114)

cor s mm) ‘

Based on the approximation formulas (10), the deviation of
the minimum noise figure from its exact value does not
exceed AFL =03 dB for <10 GHz and R <15 @
when the device of Fig. 4 is used. However, reasonable
accuracy for the optimum source admittance (11c) can only
be obtained within the limits of (9). Curves of the exact
optimum noise figure as computed with (8) and (11d) are
plotted in Fig. 6(a) between 2 GHz and 18 GHz for
different series resistance values. The corresponding small-
signal gain (5¢) is shown in Fig. 6(b), clearly demonstrating
the gain leveling capabilities of R .
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Fig. 6. (a) Noise figure and (b) insertion gain of the common-gate input

stage in accordance with Fig. 3.

2) The Common-Gate Input Stage: Rather than repeat-
ing the above steps with the entire circuit’s noise matrices
expressed by (4), we resort to already published results for
the remaining transformation [6]. Since [6] also offers a
more complete treatment of a typical noise problem, the
interested reader might find its study helpful in the under-
standing of the more condensed procedure given here.
With the equivalent noise parameters of the subcircuit (Fig.
2(d)) already known (8), we obtain those of the input stage
shown in Fig. 1 by using the formulas published in [6].
They are

n__ 1
ST Ak

[IY412RE +Y:|%R» + G (12a)

|YpI’RpR,,

GMl=Gl'+ G, + Y + Y} - YL
|YA|2RE + |Yp|*Rp + G

cor

|Y111 - YcirlzREz + IYP|2RP
|Y511°R}, + |Yp|’Rp + Gp

Gp (12b)

(Y1) Y,R}, + 1Y, Rp

|YA*R), +1Yp|’Rp + Gp
Gp

|YAI*RL +|Yp°Rp + G

YII — YI

cor cor

+Y,+(Yh+ Y -Y))

cor

+(YL+Y,-YL) . (12)

As in the case of the noise parameters of the inner circuit
(8), we are confronted with a complicated set of formulas
(12) if we insist on an exact solution. Again, an effort to
simplify the expressions we arrived at is warranted. When
using the device of Fig. 4, we find that in most practical
cases the third term of the noise conductance G, is small
compared to the other three terms. If, in addition, we
choose G, =0 as we have done in the input network of
Fig. 10, our set of formulas (12) experiences significant
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reductions
1
U= ————[|TAR, + |V, °R ] (13a)
Y5 — Y|
Gl=G '+ G, (13b)

(Y1) YR, +|Y,|°R,,
Y3 %RL+ YR,
(13¢)

YII ~ YI

cor — “*cor

+ Y+ (Yh+ YL -YL)

cor

As can be seen from (13b), the effect of parallel feedback
on the input stage’s noise conductance in the absence of
G, is, as expected, negligible. However, in case of G5, # 0,
the influence of the output conductance G, on the circuit’s
noise parameters (12) can no longer be ignored.

In the foregoing, we have assembled the parameters that
enable us to calculate the gain, the reflection coefficients,
the optimum noise figure, and the-noise figure of the
common-gate input stage. In the following, we will briefly
examine the influence of the individual circuit parameters
on these quantities.

IT1.

Before we focus our attention on the characteristics of a
practical amplifier design, it seems appropriate to examine
briefly the accuracy of our approximation formulas for the
Y-parameters (3) and the noise parameters (10) and (13).
However, rather than comparing the exact and approxi-
mated values of Y,)", RY, GI, and Y.\, we will compare
those of the gain G (5c), the minimum noise figure F o,
(11d), and the optimum source admittance Y,'L, (11c) as
computed by means of the exact ((1), (8), (12)) and the
approximated values ((3), (10), (13)) of the Y-parameters
and the noise parameters. Two common-gate input circuits
that are similar to the 2-12-GHz and 2-18-GHz input
stages shown as part of the two-stage amplifier designs in
Fig. 10 serve as the study vehicles. The schematic and the
elements of the circuits are presented in Fig. 7 and vary
from those of Fig. 10 only by the series feedback resistors
R, =10 & that have been inserted to test the accuracy of
our approximation formulas in the presence of series
feedback. When comparing the results shown in Figs. 8
and 9, we find excellent agreement for the minimum noise
figures FIL at frequencies of f <14 GHz, as well as for the
optimum source impedances Y, at frequencies of f <10
GHz in the case of both circuits. The latter is important
when using the approximation formulas (10) and (13) in
order to calculate the noise figure (11).

As explained earlier, the values of the elements sur-
rounding the transistor in Fig. 1 were chosen for a desired
gain curve and stable operation of the amplifier. Such
measures, when applied over wide bandwidths, result in
fairly low gains and sometimes even loss at the low end of
the frequency band. For this reason, and the fact that the
gain of the common-gate input stage depends heavily on
the load presented to it by the following amplifier stage, it
is almost pointless to study the common-gate input stage

CoMPUTED PERFORMANCE RESULTS
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Fig. 7. Common-gate input stages using series feedback.
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Fig. 8. Comparison of exact (solid curves) and approximated (dashed
curves) performance parameters of circuit “A” in Fig. 7.

(a)

FIGURE - ¢B
-3

MINIMUM NOISE
— N O ~

b

GAIN - dB
(=]

SMALL-SIGNAL

2 4 6 8 10 12 14 16 B8
FREQUENCY -~ GHz

©

o———o Exact
& ~===sApprox

Fig. 9. Comparison of exact (solid curves) and approximated (dashed

curves) performance parameters of circuit “B” in Fig. 7.
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COMMON GATE INPUT  INTERSTAGE COMMON SOURCE
STAGE

STAGE TRANSFORMER

z oo | Z

o2 'p2

Gl l(;l G2 G2

FREQUENCY BAND 2-12 GHz 2-18 GHz
RGI 360a 2500
ZGl 1500 150e
lGl 350 In .2231n
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lI 12910 .064 1n
RGZ 1700 3000
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ZDZ 1250 1350
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Fig. 10. Simple two-stage amplifier with common-gate input stage.
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Fig. 11. Noise transformation in a lossless transmission line.

between 50-Q terminations. Therefore, we extend our anal-
ysis to an amplifier module consisting of the common-gate
input stage followed by a common-source second stage in
accordance with the simple network of Fig. 10. Both active
devices in the schematic of Fig. 10 (Q1 and Q2) are
identical and characterized by the equivalent circuit of Fig.
4. The interstage transformer improves the matching be-
tween the two active circuits. However, it also transforms
the noise parameters even though the optimum noise figure
of such a transformatiéon remains unaltered as long as the
transmission-line element is lossless. For reasons of com-
pleteness, we present the transformed noise parameters
(A1), which are based on the network of Fig. 11 in Ap-
pendix 1. After obtaining the noise parameters of the
common-gate input stage with (8) and (10) or, since in our
case Z =0, with (A2) of Appendix II and those of the
common-source stage with the formulas of [6], we finally
need to cascade these noisy two-ports and the interstage
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Fig. 12. Performance of the two-stage amplifiers of Fig. 10.

transformer (Al) between them to arrive at the overall
noise figure. This can be done with the formulas reported
in the literature [7].

It should be pointed out that the circuit of Fig. 10 does
not make use of series feedback (Z; = 0). Its elimination
became necessary, for the real component of Z; (i.e., R,)
has a strong influence on the amplifier’s optimum noise
figure. This is clearly demonstrated in the curves of Fig.
6(a), which show the common-gate input stage’s optimum
noise figure for the simple circuit of Fig. 2(c) when Z = R,
and the device of Fig. 4 is used. If, therefore, the amplifier’s
noise figure is of concern, it is advisable to choose Z, =0
provided that stable operation can be maintained with the
remaining circuit elements. The series resistance’s tilting
effect on gain is illustrated in the curves of Fig. 6(b). Here,
we chose to plot the transducer gain rather than the
maximum available gain because the circuit is either condi-
tionally stable or unstable in the band of interest if 0 < R|
<20 Q. ‘

The optimized circuit elements of the two-stage amplifier
whose values are supplied in Fig. 10 present a compromise
between gain, noise figure, and VSWR performance, which
are plotted in Fig. 12 for the 2-12-GHz and the 2-18-GHz
frequency band. The curves clearly demonstrate that of the
four parameters shown, the input match is the most dif-
ficult one to obtain over a frequency range in excess of 3
octaves while simultaneously maintaining acceptable gain
and noise figure performance. When comparing the input
reflection coefficients of the 2-12-GHz and the 2-18-GHz
amplifiers, we learn that only the former exhibits an accep-
table performance, for the input VSWR of the 2-18-GHz
design approaches 3.3:1. While the gain and the noise
figure of the latter show respectable results, its overall
performance is impaired by the relatively high input reflec-
tion coefficient. Generally, it has been found, however, that
a common-gate input stage is capable of improving the
input match of a 2-18-GHz feedback or lossy match
amplifier. [8]. On the other hand, this improvement does
not match the input VSWR performance achievable with a
distributed amplifier employing devices similar to those
characterized by the equivalent circuit of Fig. 4. [8]
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IV. CONCLUSION

The design of a common-gate input stage requires much
more attention to the MESFET parameters than does the
common-source input stage employing the same device.
Especially, the elimination of stability problems and nega-
tive output impedances at high frequencies are dominating
the design procedure. As shown, this task can be accom-
plished with relatively simple circuits that make use of
lossy shunts and lossy feedback. However, as demon-
strated, the lossy circuit elements have a significant impact
on gain and noise figure. Therefore, formulas for the
admittance and noise parameters have been developed that
allow one to calculate the gain and noise figure of the
common-gate input stage. A study of the theoretical results
shows the degree of the series feedback’s negative influence
on noise figure. Its effect at high frequencies is significant;
thus, resistive series feedback should be avoided whenever
low noise figures are of primary concern. However, its
ability to tilt the gain curve may be desirable in case a flat
gain performance is demanded of the common-gate input
circuit. Since the gain of a common-gate input stage stabi-
lized by resistive circuitry is relatively low, accurate noise-
figure calculations require the inclusion of at least the
following stage into the computations. Hence, the perfor-
mances of two relatively simple common-gate common-
source circuits have been studied over the 2-12-GHz and
2-18-GHz frequency bands. Only the 2-12-GHz band unit
exhibits an acceptable input match, indicating that more
complicated networks are needed to cover the 2-18-GHz
band [8].

APPENDIX 1
NOISE TRANSFORMATION IN A TRANSMISSION LINE

A noisy two-port characterized by its equivalent noise
parameters R,, G,, and Y, is preceded by a lossless
transmission line of the characteristic impedance Z, and
electrical length 6, as shown in Fig. 11(a). Incorporation of
the transmission line into the new two-port of Fig. 11(b)

leads to the new set of noise parameters

Rl =R,[c0s?8, +|Z,Y, | sin* 0, — B, Zsin26
(Ala)
R
1_ fa
Gi=2rG, (Alb)
R
I __n
Gcor - RI cor (AlC)
R 1-1Y, . Zr% ) .
1 __'n smin &7
B, = R [ o COS 20 + (——————ZZT sin28;,
(Ald)
),smin = Gs min ~ chor (Ale)
G
Gs min —Iz_n + (Gcot)2 . (Alf)
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APPENDIX 11
NoOISE PARAMETERS OF THE COMMON-GATE INPUT
STAGEFOR Z =0

The Y-parameters (1) and the noise parameters of the
inner circuit of Fig. 1 (8) take on a much simpler form for
the case of Z = 0. Substituting (8) into (12) for Z, =0
yields the noise parameters of the common-gate input stage

Im_ 1

=———|(|¥4|?°R, + |Y,|’R, +G
n ,121+},22+YPI2[I 21| n lPl P D]

(A2a)
Y,|?R R
GIEI=GG+GH+IY11—YYCOL‘|2 2 l Pl PZ .
[Yul"R, +[Yp|"Rp+Gp
Y, +Y,, =Y _|?R, +]Y,|°R
l 11 ;1 corl 2n I PI PGD (AZb)
1Yul"R, +1Yp)"Rp + Gp
chr =Y +1,;+1, +(Y21 + Y+ YP)
. GD : YZ’;(YH ; Ycor)Rn ) (A2C)
Yo "R, +1Yp|"Rp + G
In many practical cases
|Y21 + Yll - Ycorlz > |Y11 - Ycorlz (A3)

and, indeed, very accurate noise conductances G\! can be
obtained when the third term of (A2b) has been dropped.
This fact emphasizes, in contrast to common-source net-
works [6], the considerable influence of G, on the noise
figure when employing common-gate circuits.
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