IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 38, NO. 1, JANUARY 1990 23

Coupled-Wave Small-Signal Transient Analysis
of GaAs Distributed Amplifier

KELI HAN, STUDENT MEMBER, IEEE, AND THOMAS T. Y. WONG, MEMBER, IEEE

Abstract — A coupled-wave small-signal transient analysis for the GaAs
distributed amplifier is presented. The analysis takes into consideration the
effect of ¢,, in the active device, leading to a coupled-mode formulation.
Dispersions within the transmission lines and the presence of two normal
modes make it impractical to obtain broad-band matching. Numerical
results for specific terminations and various degrees of passive and active
coupling clearly indicate the influence of c,, and the necessity for
coupled-mode analysis. The presented numerical scheme based on
Bromwich integration can be incorporated into CAD routines for time-
domain response optimization.

I. INTRODUCTION

HE POTENTIAL of the distributed amplifier in

waveform amplification has long been visualized. In-
deed, the search for a high-performance pulse amplifier for
radar systems was one of the motivations that led to the
development of the first distributed amplifier [1], [2]. Since
then, considerable effort has been devoted to the fre-
quency-domain analysis and measurement of the dis-
tributed amplifier [3]-[14]. An early time-domain investi-
gation carried out from the network viewpoint [15], as well
as more recent experimental studies [6], [8], have provided
much insight into the time-domain aspect of distributed
amplification. An accurate analysis of the distributed am-
plifier in the time domain is a formidable task, since it is
necessary to take into account such factors as the nonlin-
earity of the device, the presence of coupled waves, and
reflections arising from load mismatch.

In this paper, we address the time-domain wave propa-
gation aspect of the distributed amplifier by means of a
small-signal coupled-mode analysis. A transient analysis of
passive coupled-mode systems in general has been given by
Barnes [16]. The distributed amplifier, however, has both
passive and active coupling. Furthermore, the active cou-
pling is nonreciprocal. Nevertheless, oné can represent the
amplifier using the general coupled-wave system shown in
Fig. 1. The two transmission lines, representing the gate
line and the drain line in the context of the GaAs dis-
tributed amplifier, are uniformly coupled to each other by
a distributed active two-port network. Such a representa-
tion is a good approximation to the actual amplifier when
the phase shift between adjacent stages is small. In the
present analysis, it is more convenient to use y parameters
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of the distributed two-port which represents the active
device. As the lengths of the transmission lines are not the
same in most cases, two linear coordinates z and z’ have
to be introduced. Because of the nature of the loading
effect by the active device, it is not possible to obtain a
broad-band match for the two lines. On the other hand,
the amplifier is terminated at both the drain and gate lines
in order to function and interface with external circuits.
The effects of the termination mismatch as well as that of
the coupling circuit are considered in subsequent discus-
sions. The small-signal nature of the analysis permits the
use of transform techniques, so that the transient response
can be derived from the frequency-domain analysis by the
inverse Laplace transform.

II. THEORY

The usual transmission line analysis in the frequency
domain applied to the system shown in Fig. 1 yields the
following equations:

a,

& Ah

dl,

E=_(Y1+Y11)Vl_Y12Vz (1)

and

av,

dz’ =~ 2%h

dl,

?=_Y21V1‘(Y2+Y22)Vz (2a)

where Z,, Z, and Y, Y, are the impedances and admit-
tances per unit length of lines 1 and 2, respectively. Y,
Y15, Y,y, and Y,, are the per-unit-length y parameters of
the distributed two-port network.

It is convenient to rescale the coordinate for line 2 so
that equations (2a) read

dav, d,
2t
dl,

d, d,
dz = Z Yz1V1_ Z (Yz"'Yzz)Vz- (2b)
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ing four relations, which can be obtained from (3):

2
Y21
A=|———14
B RN
2
Y21
Bi=|— > | B1
Y1~ Yo
2
Ya
=13 > |G
Yy — Y2
2
Y21
D,= 2_ 2 D,. (7)
Y2 T Y22

Fig. 1. A general coupled-wave system represented as two transmission

lines coupled by a distributed two-port network. For the model shown in Fig. 1, the boundary conditions

are taken to be as follows:
11(0,5) =V,
Vz(O» S) =- Zi2[2(0’ S)

V1(d1,s) = lell(dhs)
Vz(dh s) = ZIZIZ(dl’ S)-

(8)

After some mathematical manipulation, the following
coupled-wave equations are obtained:

a,
—21 =viV, +vSV, Using the relations in (7) and the boundary conditions
dz in (8), we have the following matrix equation for coeffi-
aw, cients A;, B;, C;, and D;:
P V1RV, (3) Gy Gn G Gu |4 Vin
Gy Gy Gy Gyul|B _ 0 9)
where Gy Gy Gy Gy || G 0
V= 21+ 1) G Co Go GullPil L0
where
Yo =2ZY, G1=Gp=G;3=G, =1
V4
d,\? Gy=[1- Ly |end Gy = |14+ 22y, |enc
Y221: (f Z,Y,, 21 ( Z, Y1)€ 22 ] Yi|€
! zZ
PRt Gp=|1- %Yz)ehdl Gy=|1+ _Yz)ehdl
2 : 1
| 2] aner). (@ Y
1 i~ T Zn
Gn= 7122 ! ZYI
By eliminating either ¥} or ¥, in (3) and solving the y
resulting fourth-order linear differential equations, we fi- G — LRt 1 _Zg
nally obtain the voltage expressions in both transmission 2 Y zZ, n
lines as follows: 5 o
G = Y2 T i 1+ Zy
Vi=A,e™"* + Bie" + Cie” 2" + Dje"?’ 3 YL - Z, e
Vy= Aje "+ ByeZ 4 Ce™ 127 4 Dyehe* (5) v =T Z,
Giy= T 1 7}’2
where ) = , ¢
Yi Y Z
1 , 5 G41 L ) e (1 7[2‘)/1 e_Yldl
Y127 {‘2‘[(Y11+Y22) HE b
2_ .2
Vi Vi Zn
a1} V2 Gy ¥z (1 + 7'}’1) ené
+ r[(Y121 + 7222) _4('}'1217222 - Y122Y221)] ]} (6) ) 2 ) b
Y2 Y Zp vd
Gp= 2 I-—=y,]e ™4
and when c,, =0, y;=v;1, ¥, =171, and v;, =v,,=0. Y12 Z,
From (5) it is seen that in general there exist two types v2—y2 7
of waves with different propagation constants in both Gu=|— 5 e (1 + lyz) erh (10)
lines. The coefficients 4,, B,, C, and D, satisfy the follow- Y12 Zy
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and

With [G] being nonsingular, A4;, B, C,, and D, can be
obtained by solving (9), which gives 4,, B,, C,, and D,
from (7). The output voltage V (s) is then given by

V,(s) = Aye 1+ BeM% + Coe 12 + Dye2, (11)

The time-domain response of the output voltage is thus
obtained from the inverse Laplace transform of V, (s). The
inverse Laplace transform can be obtained by evaluating
the Bromwich integral numerically [17]:

V(z)=ij v, (s)e™ ds
4 277_] 5 o

z277'

M
Y, V. (o+ jnle)e@t M9, (12)
n=—M

for suitably chosen ¢ and Aw and a sufficiently large M.

III. NUMERICAL RESULTS

The derivation of voltage waves in the coupled transmis-
sion line pair is readily applicable to the distributed ampli-
fier when the properly normalized two-port equivalent
circuit of a GaAs FET as shown in Fig. 2 is substituted for
the coupling network in Fig. 1. Only the most essential
elements reflecting the intrinsic properties of a typical
MESFET are included in the equivalent circuit. Other
contributions arising from device periphery which are more
specific to a particular circuit pattern are not taken into
consideration. Nevertheless, the y-parameter representa-
tion can easily be made to accommodate additional circuit
components when their values are available from a given
design. The elements which provide coupling between the
two lines are c,, and g,. However, their effects are quite
different since c,, is passive and reciprocal, while g,, is
active and nonreciprocal. Assuming typical MESFET pa-
rameters and interstage spacing for the gate line and the
drain line, one arrives at the following y parameters:

y 1 Jocg, v )
u- 7| 7L . . TJwC
o\ 1+ jwegr, g
1
YIZZT(—jwcdg)
z
1 8m )
Y, =—|————— joc
a1, 1+ jowcgr, %
1]1 ]
Y=+ _+J°~’(Cdg+cds) (13)
IR

where the numerical values of rg=1.3 Q, cgs=1.24 pPF,
8,» = 53 mmbho, r, =800 Q, ¢, =0.24 pF, ¢, =0.028 pF,
l,=0.7 mm, and /,=121 mm are used for the calcula-
tions presented in subsequent diagrams. The two transmis-
sion lines are both with 100 © characteristic impedances
when the coupling network is absent.

25
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Fig. 2. Small-signal equivalent circuit for a GaAs MESFET.

Although the theme of this investigation is the small-sig-
nal transient response of the amplifier, it is of interest to
consider the frequency-domain characteristics in order to
gain some insight into the interpretation of time-domain
results. When c,, is absent, there exist only the so-called
cold modes in each line and only one wave in the gate line.
When c,, is present, two waves will exist in both lines so
that two characteristic impedances can be defined for each
line, i.e.,

z Z, 7 A
011 _Yl 012 Y2
z, z,

Zgpy=— and Zy,=—. (14)
1 2

These impedances correspond to the “fast and slow”
wave characteristic impedances as defined in [5]. We de-
fine Zy;, and Zy,, as characteristic impedances of domi-
nant modes in gate line and drain line, respectively, since
the two impedances tend to the intrinsic impedance of
each line when c,, approaches zero. These characteristic
impedances are not equal and have different frequency
dependence. In view of the fact that it is not possible to
provide a broad-band matched load to both modes in the
lines, a more realistic arrangement would be to terminate
each line with the real part of the characteristic impedance
of the dominant mode at midband frequency. The effects
of c,, on the characteristic impedances of the two waves
are shown in Fig. 3. Owing to the loading effect of the
FET, considerable dispersion is observed in the imaginary
part of these impedances even when c,, is absent. The
presence of c,, together with g, further intensifies the
variation of characteristic impedances with respect to fre-
quency. On the other hand, considerable dispersion is
observed only in the real part of the propagation constant,
which is considerably smaller in magnitude than the imagi-
nary part, as shown in Fig. 4. Of particular interest is the
observation of a; becoming negative when the coupling
between the two lines is significant. This is observed only
when coupled mode analysis is considered. A negative a
signifies the intrinsic growth in the amplitude of the wave
along the direction of propagation. However, this is not a
necessary condition for amplification, as power gain can
be achieved through the action of the transconductance
g, This can readily be verified by considering the case
when c,, is zero so that a is positive for both modes;
voltage and current gain (from generator to load) of con-
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Fig. 3. Frequency dependence of the characteristic impedances of the
different waves: (2) Zy;,, (b) Zyyy, (€) Zyp, (d) Zyyy.
T
| Cdg =0
200 T T 10® 300 2.Cag = 0028 pF do?
, 3 Cdg = 0056 pF /
I Cag= 0 | .
150 2 Cag- 0028 pF -t
3.Cdg= 0056 pF
100 —i0®
€
~ t °
£ 50 —i® S 4
Z 3 £
— o N
s 4 Q
1 Q_
o ~10
-50 —i
-100 ! i i ol o J | I |
00l Y 10 10 100 00l ol 10 10 100
f(GHz) f (GHz)
(a) (b)

Fig. 4. Propagation constants y; and v, versus frequency for different ¢,, and g,, (continued on next page).
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Fig. 5. Transient response of a five-stage MESFET distributed amplifier with different c,,.

siderable magnitude can still be obtained. With both modes
present, the voltage and current waves in each line com-
prise four linearly independent waves, two in each direc-
tion of propagation.

To obtain the small-signal transient response, we assume
that the input end of the gate line is excited by a unit-step
voltage. For calculations carried out in this investigation,
the termination for the gate line was taken to be 35 © and
that for the drain line was taken to be 75 {1, which
correspond to the characteristic impedances of 35.18 —
j1.34 § and 74.71+ j17.76 @ of the dominant mode in
each line at 5 GHz, representing approximately half of the
3 dB bandwidth. Using the method described in Section 11,
the normalized transient output voltage was calculated for
different coupling elements c,, and g,,, as shown in Fig. 5
and Fig. 6. It can be observed that both c,, and g, have
influence on the overall transient response of the amplifier.

The amount of overshoot observed in this calculation,
however, is not severe, since the overall lengths of the two
transmission lines are not large enough to permit the
manifestation of multiple reflection. For a response curve
with little overshoot and ringing, it is meaningful to define
the rise time as the duration for the system output to go
from 10 to 90 percent of the steady-state value. The rise
times for amplifiers with different numbers of stages are
shown in Fig. 7, which clearly indicates the effect of
coupled waves induced by c,, on the time-domain re-
sponse of the distributed amplifier.

The numerical Bromwich integration employed in this
investigation can serve as a basis for time-domain response
optimization in CAD routines. All the calculations pre-
sented in this section were carried out using the model
given in Fig. 1. However, for certain more complicated
coupling networks, the use of a high-frequency asymptotic
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Fig. 6. Transient response of a five-stage MESFET distributed amplifier with different g,,.
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Fig. 7. (a) Dependence of rise time on ¢,, for different distributed

amplifiers (¢ 49 =0.028 pF). (b) Dependence of rise time on g,, for
different distributed amplifiers ( g,,,, = 53 mmho).

model in the large-|s| portion of the contour can speed up
the computation process considerably.

IV. CONCLUSION

A small-signal transient analysis of the GaAs distributed
amplifier has been carried out with the objective of assess-
ing the influence of coupled waves on the time-domain
performance. With the aid of a model system represented
by a pair of transmission lines coupled uniformly to each
other by a distributed two-port network characterized by y
parameters, the transient response was obtained by numer-
ical evaluation of the Bromwich integral for the inverse
Laplace transform. The presence of two propagation modes
in each line along with the frequency dependence of the
corresponding characteristic impedances makes it imprac-
tical to provide broad-band matched terminations. As a
compromise, one may choose to terminate the lines with a
load corresponding to the resistive part of the characteris-
tic impedance of the dominant wave at midband fre-
quency. Numerical results clearly reveal the effect of cou-
pled waves on the time-domain response, thus indicating
the necessity of including c,, in the analysis. The formula-
tion presented can also be applied to the transient analysis
of distributed systems and devices with coupled wave
interactions.
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