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Traveling-Wave Amplifiers with Prescribed
Frequency Response

Abstract—This paper develops the design of microwave tran-
sistor amplifier combinations that have controlled frequeéncy
response over a specified bandwidth. Theoretical analysis of
such an amplifier with an arbitrary number of sections is pre-
sented. The response of the amplifier is controlled by tapering
the frequency selectivity or Q of each section of the amplifier.
To verify the theory, a three-section amplifier with maximally-

flat time delay response is designed, constructed, and evalu- -

ated. Existing traveling-wave amplifiers are modeled as lossy
transmission lines. Although the amplifiers are relatively broad-
band, a prescribed frequency response is not achieved, and each
transistor does not receive an equal portion of the signal power.
Resistive elements are required for impedance matching at the
input and output. The amplifier design developed in this work
seeks to improve on existing techniques by trading bandwidth
for controlled gain. By making the transmission line that con-
nects the amplifier sections non-uniform, the frequency re-
sponse is controlled over the design bandwidth. The impedance
of the transmission lines is specified so that all of the input
power is delivered to each transistor equally. No resistive ele-
ments are required for impedance matching, thus reducing the
inherent noise of the amplifier. The designs are easily imple-
mented using familiar components.

I. INTRODUCTION

ANY researchers have used traveling-wave power
dividers and combiners [1] in microwave transistor
amplifiers, situating the transistors at intervals along a
uniform transmission line. In this configuration, the am-
plifier is modeled as a lossy transmission line, with the
input and output impedances of the transistor as the lossy
elements. No attempt is made to match the input oroutput
impedance of the transistors. The first transistor receives
most of the input power, and so limits performance. The
last transistor has a low signal to noise ratio, so the overall
noise performance of the amplifier is decreased. The
power combining network on the output of the amplifier
reflects power back into the outputs of the transistors.
There are resistive elements terminating the input and out-
put lines to provide impedance matching. These elements
diminish the available power and add noise.
Despite these limitations, traveling-wave amplifiers do
have some advantages over other microwave amplifiers.
They are relatively broad-band, although the frequency
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Fig. 1. The traveling-wave amplifier.

response is not controlled. Since the signal reaches each

“amplifier at a different phase, the instantaneous power re-

quired from the signal source is diminished somewhat.
There may also be some noise cancellation as a result of
the phase difference of the signal [2]-[9]. A diagram of
this amplifier configuration is shown in Fig. 1.

By making the transmission line in the traveling-wave
power divider and combiner nonuniform, the frequency
response of the magnitude or phase of the network can be
controlled. At the same time, the impedance of the net-
work can be specified so that the output power is deliv-
ered to each section of the amplifier equally, and each
section produces an equal portion of the output power de-
livered to the load. Reflections in the output power com-
biner are minimized, because the connecting transmission
lines show a lower impedance than the inputs to the tran-
sistors. No resistive elements are required for impedance
matching, thus increasing the available power and reduc-

-ing the inherent noise of the amplifier. Since the sections

of the amplifier are separated by quarter-wavelength
transformers, any noise that is common to all sections will
be subject to some cancellation.

This work investigates the properties of these multi-
section microwave transistor amplifiers that have a pre-
scribed frequency response. The frequency response of
the amplifier is specified by tapering the Q, or frequency
selectivity, of each section of the amplifier as is done in
multi-section microwave filters. Filter theory has been
used to design broad-band matching networks for micro-.
wave amplifiers [10], but in general has not previously
been incorporated into the overall amplifier design. A
three-section amplifier with maximally-flat time delay
(Thomson or linear-phase) response will be analyzed, de-
signed, constructed, and evaluated. -
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The design techniques presented in this paper represent
a departure from existing techniques, in that the ampli-
fiers share desirable characteristics of both series cascade
and parallel amplifiers. Henceforth in this work, this dis-

tributed amplifier configuration will be called the paral— :

lel-cascade amplifier.

II. THEORY

Fig. 2 shows a symbolic diagram of the complete mi-
crowave circuit of a K-section parallel-cascade amplifier.
Power supply and gate bias connections are omitted. Fig.
3 shows a photograph of the circuit realized in microstrip
with SMA input and output connectors, including power
and bias lines. Each section of the amplifier consists of a
quarter-wavelength transformer of characteristic im-
pedance Z.

The matching networks on the transistors transform the
generally complex impedance of the transistor to a purely
real value R, at the design frequency w, (radians per sec-
ond). The outputs of the transistors also have matching
networks leading to quarter-wavelength transformers at
the output of the amplifier. ’

For analysis, the amplifier is divided across the center-
line, with the input and output resistances of the matching
- networks for the transistors connected to a virtual ground.
Each section is now modeled as a quarter-wavelength
transformer with a resistive load, as shown in Fig. 4. The
impedances at various points in this network are calcu-
lated using the transmission line equation [11] and basic
rules for combining impedances.

The first design constraint is that each section must re-
ceive equal power. For an arbitrary section & in an am-
plifier with K sections, R, will absorb a given amount of
power. (K — k) times as much power must flow into the

remaining sections. Therefore, the source impedance of

“section (k + 1) must be R, /(K — k). This impedance will
combine in parallel with R; such that the load on section
kis ' ‘v
Ry = R/(K — (k - D). @
To maintain the equal power constraint, the input imped-
ance to the section must be the same as the source imped-
ance

Zs = Ry—1)/(K — (k — 1)). - @)

The line must match the input to the load Using the trans-
mission line equation,

_ R Ry~ > |
Zoi = \/<(K - 1»><(K —c-1m) @

or

Ry Ry -1 ’
Zor = \/ (K — (k — 1)* @

The second design constraint is that all of the input

At the outputs of the transformers are’
matching networks leading to the inputs of the transistors.
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Fig. 2. Complete microwave circuit of a K—sectlon parallel-cascade am-
plifier.

Fig. 3. Photograph of the circuit realized in microstrip with SMA input
and output connectors. Power supply and gate bias leads shown.
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Flg 4, Analytlcal model of parallel-cascade amplifier for impedance anal-
ysis.

power must be transferred to the resistors with no loss, so
the network must be matched to the characteristic imped-
ance of the input transmission line. In other words, Z;y =
Z,. Since there are K resistors in the network, the load on
the first section will be R, /K. This must match to Z,
through Z,,. Therefore,

ZoR,
i

Zy = (5)

Each section of the amplifier will have a @y, or fre-

‘quency selectivity, that has a specific numerical relation-



PALMER AND JOINES: TRAVELING-WAVE AMPLIFIERS

ship to the Q of the other sections. The expression for the
frequency selectivity of the matched quarter-wavelength
transformer [12] is

TR
8 IR, Zyl

0=

To determine numerical values for each R, and Z,, the
desired frequency response and the required total fre-
quency selectivity Qr of the amplifier must be deter-
mined. Qr is defined as

wo -
(w7 — wy)
where w, is the design frequency in radians per second,
and (w, -— w,) is the 3 dB bandwidth.
A common requirement for the frequency response of

an amplifier is maximally-flat time delay (Thomson or lin-
ear-phase response). Circuits having this type of response

o= %

can be built with an arbitrary number of frequency-selec-

tive stages. The component values of each stage are com-
puted from lowpass prototype filter tables [13] that give

values in terms of a prototype component value g;, shown

in Table I. From these g, the Q of each section 1n the
amplifier is determined by the equation

o =%0 o ®

Rewriting (6) for an arbitrary section of the circuit,
™| 2o _ Ru

%= S Ry Zoel”

®

The characteristic impedance of the line, Z, is deter-
mined by the design constraints given earlier in this sec-
tion. It must match the source impedance to the load on
that particular section. When this condition is met,

Zow = NZg Ry (10
and
& _ /ZSK = /R—L" (11)
Ry Zg

Squaring both sides, fnultiplying through first by Zg, and
- then by R;; gives

. ,
Z} - {2 + < f‘*) }ZS,{RL,C +RE=0 (12)

a quadratic equation in R;;. Two roots are calculated us-
ing the quadratic formula. The value of R;; that gives the
most reasonable value for Zy, (usually between 15 @ and
150 Q) is used.

The first section has Zg, = Z, and R;; = R, /K, yielding

R? [2 + < Q1> }KZORI + (KZ) =0 (13)

OF
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TABLE 1
"NORMALIZED ELEMENT VALUES ( &) FOR MAXIMALLY FLAT DELAY
(THOMSON OR LINEAR PHASE) RESPONSE AMPLIFIER HAVING 1 SECTIONS

n &1 82 83 81 &s 86 87
2 0.5755 2.1478

3 0.3374 09705 2.2034

4 0.2334 0.6725  1.0815 2.2404

S 0.1743  0.5072 - 0.8040 1.1110 2.2582

6 0.1365 0.4002 0.6392 0.8538 1.1126 ~2.2645

7 0.1106 0.3259 0.5249 0.7020 0.8690 1.1052 2.2659

Thus, Q;, K, and the characteristic impedance Z; com-
pletely determine R;.

For an arbitrary section &, the source impedance ZSk and
the load resistance Ry, are given by (2) and (1), respec-
tively. Substituting these expressions into (12) yields

<__R___> e (gﬂ __RiciRe
K — (k= 1) ™ K — (k — 1))
} <——Ri——>2 =0 (14)

K - (k — 1) '

or .
" /8
R? {2 + ( f’“) ]Rk_lek + R}, =0. (15

Given R, _; and @, pick the value for R; that gives a
reasonable value for Zy;. Once R, is determined, (15) is
used with Q) to determine R,; then R, and Q, determine
R;, and so on until the resistor values for all K sections
are calculated.

For a circuit with many sections, K will be a large
value. The load on the. first section is then a small resis-
tance R; /K. Depending on Q,, Z;; will have to be small
to give a match at the input. If the power is to be divided
equally between a large number of resistors, each individ-
ual resistor must be large to produce a reasonable value
for the input impedance. Then, the last section of trans-
mission line will have a high value for Zyg to match to
Ry.

In microstrip circuits, low impedance lines are fairly
wide and high impedance lines are fairly narrow. In prac-
tical circuits, it is difficult to join transmission lines of
different widths at a common point. The range of widths
leads to difficult layout and production of the circuit, and
less predictability in its behavior. Fringing capacitance at
line junctions changes the effective electrical length of the
lines. Dispersive effects are non-negligible at lower fre-
quency in lines with extremely low impedance. Practical
circuits are effectively limited to two or three sections.

The equations for the three-section amplifier are shown
in the following section. These equations will be used to -
design a parallel-cascade amplifier with Q7 = 2.0, built
to operate at f = 2 GHz with a maximally-flat phase re-
sponse in the designed passband. This amplifier will be
constructed, and its measured performance will be com-
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pared with its simulated performance in the Results sec-
tion.

III. THREE-SECTION AMPLIFIER

Fig. 5 shows the equivalent circuit of a three-section
parallel-cascade amplifier. Looking away from the source,

Z%, .
= —= 16
Zi =% (16)
Zg =R, | Z, 7
Zy
Ze === (18)
¢~z
Zp = R Zc 19
Z
Z (20)
N = ZD
For an impedance match at the input, Z;y = Z,. For

equal power to each section, Z, = R, and Z¢ = R;/2.
Then Zg = R,/2 and Z, = R, /3.

Using (5) and (3),
‘ Zoy = NZnZp

_ %R,
EVEE!

(21
Zoz = VZCZB
foRz
= 2 22
1 (22)
Zy = VZARS'—
R, R;. (23)
Now )
Zy =17y Zs, = 3R Zss = Ry
RLI = %Rl RL2 = %Rz ’ RLS = R3
Zoy = N3ZR, Zp = ViRiRy Zp = VRR; (24)

in accordance with the general equations given in Section
II.
Substituting appropriate values for each section into

(12),
R}, — |; <8Q1> :lZSIRLl +Z%=0
8
R,/3)" - { < Q‘H ZoR,/3) +Z: =0

R} — [ <8Q‘> }3201{1 + (3Zy)* =

25)
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Fig. 5. Equivalent circuit of a three-section parallel-cascade amplifier.

Rs

TABLE 11
COMPONENT VALUES FOR 3-SECTION MAXIMALLY FLAT DELAY (THOMSON
OR LINEAR PHASE) RESPONSE AMPLIFIER*

k 1 2 3

O 0.3374 0.9705 2.2034
Zoy 32.94 91.96 89.84
R, 65.10 519.64 15.53

*k is the section number of the amplifier. Q, is the frequency selectivity,
Zo is the characteristic impedance, and R, is the shunt resistance at the
output of the kth section of transmission line.

R%Z - [2 + <8$ > }ZSZRLZ + Z%z == O
R/2)* — [2 + < Q2> }(Rl/szz/z) + R, /27 =

8
R [2+<Q2>}R1R2+R%=0
T

(26)
8
R, — [2 + ( %) }szL3 +2Z% =0

R? [2 + <8Q3> }R2R3 +R}=0

™

@7

@, and the characteristic impedance Z; completely deter-
mine R;, which then, with Q,, determines R,. O; and R,
give R;.

 Using these equations to design an amplifier with a
Thomson response, operating at f = 2 GHz with Q; =
2.0, gives the component values shown in Table II. To
verify that simulations and practical circuit measurements
agree, the amplifier was designed around the NE72084, a
low-cost, general-purpose GaAs MESFET manufactured
by NEC [14, pp. 3-117-3-123]. The input and output
impedances of the transistor were conjugately matched to
their respective R, values using series reactance elements
and quarter-wavelength transformers.

IV. REsULTS

The circuit designed in the previous section was con-
structed on 1/32 in thick polyethylene circuit board with
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e, = 2.32, and 1 oz copper cladding on both sides. The
circuit layout was etched on one side of the board. The
copper cladding:on the other side of the board was left as
a ground plane.

The input reflection coefficient s;;, the forward trans-
mission coefficient s,;, the output reflection coefficient s,,,
and the reverse transmission coefficient s;, were obtained
in two ways. The circuit was simulated using the SPICE
[15]-[17] circuit analysis program. Since SPICE does not
provide a device model for the MESFET, a simple uni-
lateral MESFET transistor equivalent circuit ([18, p. 35])
was used. The S-parameters of the circuit were extracted
from the simulations using the techniques in [19]. The
S-parameters of the practical circuit were measured on a
Hewlett-Packard HP8753A network analyzer. v

The component values for the MESFET equivalent cir-
cuit were calculated from the input and output impedances
of the transistor at the design frequency, using S-param-
eter data provided by the manufacturer. If the transistor
is unconditionally stable at the design frequency, a si-
multaneous solution for these impedances can be found
that takes into account the bilateral nature of the transis-
tor. The choice of design frequency for the circuit consid-
ered in this paper was constrained by the measurement
range of the network analyzer. The transistor was re-
quired to operate in a frequency range where'it is poten-
tially unstable, and so the input and output impedances
were calculated with the necessary assumption that the
transistor is unilateral.

The matching networks at the input and output of the
transistors were designed based on the calculated input
and output impedances. Any discrepancy between the cal-
culated impedances and the impedances of the physical
transistor will produce a shift in the frequency where the
best match occurs. This shift in the frequency of the in-
dividual matching networks will be reflected in the overall
response of the amplifier.

Measured and simulated data was compared using the
Graph Tool scientific graphing package [20]. In most
cases, the magnitude of the S-parameter is of main inter-
est. The phase of the S-parameter is shown for the for-
- ward transmission coefficient of the Thomson amplifier,
‘as linear phase is a primary design goal. In all figures,
measured data is shown by a solid line, and simulated data
is shown as a dashed line.

The measured curve for the magnitude of the input re-
flection coefficient in Fig. 6 follows the general shape of
the simulated curve. The center frequency is offset to ap-
proximately 2.1 GHz.

The magmtude of the forward transmission coefficient
in Fig. 7 is surprisingly flat in the simulation, considering
that the primary design criterion is linear phase. The
measured data has about the same bandwidth, with re-
duced gain in the passband. This reduced gain occurs be-
cause the combining network is- reflecting some power
back to the output of the transistors. This reflected power
does not contribute to the forward gain of the amplifier.
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Fig. 6. Input reflection coefficient magnitude (| s1;]) for the Thomson am-
plifier with Q = 2.0. Measured data shown as a solid line; simulation
results shown as a dotted line.
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Fig. 7. Magnitude of forward transmission coefficient (|'s,|) of the Thom-
son amplifier with Q; = 2.0. Measured data shown as a solid line; simu-
lation results shown as a dotted line. -

The forward transmission coefficient in Fig. 8 shows ex-
cellent phase response; it is quite linear in the passband
for both the measured and simulated curves. The mea-
sured curve is again offset in frequency for this parameter.

The simulated. curve for the output reflectign coefficient
in Fig. 9 shows a good impedance match at the design
frequency. The measured data shows a fairly good match
at about 2.4 GHz, but outside of the passband the mea-
sured and simulated values do not agree well. This is
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Fig. 8. Phase of forward transmission coefficient (2 s5,;) of the Thomson
amplifier with @, = 2.0. Measured data shown as a solid line; simulation
results shown as a dotted line.
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Fig. 9. Output reflection coefficient magnitude (|sy,|) for the Thomson
amplifier with Q7 = 2.0. Measured data shown as a solid line; simulation
results shown as a dotted line.

largely because the transistor model is unilateral, whereas
the transistor itself is bilateral. The reverse gain of the
transistor affects the output impedance match much more
strongly than the input impedance match.

The measured reverse transmission coefficient is shown
in Fig. 10. The simulation has no transmission in the re-
verse direction, because the transistor model is unilateral.
Reflected power at the amplifier output is transmitted back
to the input within the designed passband.
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Fig. 10. Reverse transmission coefficient magnitude (| s(|) for the Thom-
son amplifier with @, = 2.0.

V. CONCLUSION

This work has shown that the parallel-cascade micro-
wave amplifier with prescribed frequency response using
traveling-wave power dividers and combiners produces
improved performance over a specified bandwidth. A
mathematical treatment of the underlying theory has aided
in the development of effective design techniques that in-
sure design goals can be met. In spite of the fact that an
approximate equivalent circuit was used to model the
transistor, practical circuits built using modern GaAs
MESFET microwave transistors have shown that mea-
surements agree reasonably well with prediction.

The theory can be generalized to K-sections, but con-
straints on microstrip line widths limit the number of sec-
tions in practice. Experimental results agree well with
simulations for the three-section amplifier. The Thomson
amplifier shows linear phase response over the designed
passband. Since maximally-flat magnitude is not the pri-
mary requirement for linear phase circuits, performance
can be considered satisfactory. Further research into ex-
tended applications of these design techniques is war-
ranted.. Monolithic implementations on GaAs substrates
could prove particularly interesting for communications
applications.

REFERENCES

[1] A. G. Bert and D. Kaminsky, *“The traveling-wave divider/com-
biner,”’” IEEE Trans. Microwave Theory Tech., vol. MTT-28, no. 12,
pp. 14681473, Dec. 1980.

[2] Y. Ayasli, R. L. Mozzi, J. L. Vorhaus, L. D. Reynolds, and R. A.
Pucel, ‘‘A monolithic GaAs 1-3 GHz traveling-wave amplifier,”’
IEEE Trans. Microwave Theory Tech., vol. MTT-30, no. 7, pp. 976-
981, July 1982.

[3] Y. Ayasli, L. D. Reynolds, Jr., J. L. Vorhaus, and L. K. Hanes,



PALMER AND JOINES: TRAVELING-WAVE AMPLIFIERS

‘2-20 GHz GaAs traveling-wave amplifier,”” IEEE Trans. Micro-
wave Theory Tech. , vol. MTT-32, no. 1, pp. 71-77, Jan. 1984.

[4] Y. Ayasli, ““‘Decade bandwidth amplification at microwave frequen-
cies,”” Microwave J., pp. 71-79, Apr. 1984.

[51 A. G. Bert, D. Kammsky, and G. Kantorowicz, ‘‘Progress in GaAs

FET power combining with the traveling-wave combiner amplifier,”’
Microwave J., pp. 69-73, July 1981.

[6] E. L. Ginzton, W. R. Hewlett, J. H. Jasberg, and J. D. Noe, *‘Dis-
tributed amplification,”” Proc. IRE, vol. 36, no. 8, pp. 956-969, Aug.
1948. '

[7]1 R. G. Houng, ‘‘2-D distributed amp ups power, not load,”’ Micro-
waves and RF, pp. 139-142, Apr. 1987. \

(81 T. L. Martin, Jr., Electronic Circuits. Englewood Cliffs, NJ : Pren-
tice-Hall; 1955.

[91 E. W. Strid and K R: Gleason ‘““A DC-12 GHz monolithic GaAs
FET distributed amplifier,”” IEEE Trans. Microwave Theory Tech.,
vol. MTT-30, no. 7, pp. 969-975, July 1982,

[10]'J. L. Ramos Quirarte, ‘A mettiod for designing microwave broad-
band amplifiers by using Chebyshev filter theory to design the match-
ing networks,”’ Microwave and Optical Technology Letters, vol. 4,
no. 3, pp. 117-123, Feb. 1991.

[11] S. Ramo, J. R. Whinnery, and T. Van Duzer, Fields and Waves in
Communication Electronics, 2nd ed.. New York: Wiley, 1984.

[12] W. T. Joines and J. R. Griffin, ‘‘On using the Q of transmission
lines,”” IEEE Trans, Microwave Theory Tech., vol. MTT-16, no. 4,
pp. 258-260, Apr. 1968.

[13] A. L. Zverev, Handbook of Filter Syntheszs
1967. . .

[14] California Eastern Laboratories, ‘‘Reliability assurance,”” in NEC
Microwave and RF Semiconductors 1989-1990. Santa Clara, CA:
California Eastern Laboratories; 1989.

[15] A. Vladimirescu, K. Zhang, A. R. Newton, D. O. Pedersen, A. San-
giovanni-Vincentelli, SPICE Version 2G.5.0 User’s Guide, Berke-
ley, CA: The University of California, 1982.

New York: Wiiey,

[16] W. Banzhaf, Computer-Aided Circuit Analysis Using SPICE En- ~

glewood Cliffs, NJ: Prentice-Hall, 1989.
[17] R. W. Kruse, ‘‘Microwave design using standard SPICE,”” Micro-
- ‘wave J.; pp.. 164-171, Nov. 1988.

1229

{18] G. Gonzales Mtcrowave TranszstorAmplzﬁers Analyszs and Design.
Erglewood Cliffs, NJ: Prentice-Hall, 1984,

[19] R. Goyal, ‘‘S-parameter output from SPICE program,”’ Microwave
System News, pp. 63-66, Feb. 1988.

[20] 3-D Visions, GRAPHTOOL Graphical Analysis System; User’s Guide.
Redondo Beach, CA: 3-D Visions Corp., 1987-1990.

W. Devereux Palmer (5$’91) was born in Au-
gusta, GA on November 29, 1957. He received
the B.A. degree .in physics, -and the M:S. .and
Ph.D. degrees in electrical engineering from Duke
University in 1980, 1988, and 1991 respectively.’
From 1982 to 1987, he was a Research Elec-
tronics Technician for the Department of Psychia-
try at Duke University Medical Center, where he
participated in medical research and product de-
velopment. He is presently holding a postdoctoral
) position with the Microelectronics Center of North
Carolina, where he is engaged in research on high-frequency amplification
using microvatuum transistors. Dr. Palmer is a member of Sigma Xi.

William T. Joines (M’61) was born in Granite
Falls, NC, on November 20, 1931. He received
the B.S.E.E. degree (with high honors) from
North Carolina State University, Raleigh, in 1959, '
and the M.S. and Ph.D. degrees in electrical en-
gineering from Duke University, Durham, NC, in
1961 and 1964, respectively.

From 1959 to 1966, he was 4 member of the
Technical Staff at Bell Laboratories, Winston-
~Salem, NC, where he was engaged in research and
development work on microwave components and
systems for military applications. He joined the faculty of Duke University
in 1966, and is currently a Professor of Electrical Engineering. His re-
search and teaching interests are in the area of electromagnetic wave inter-
actions with materials.




