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A Monolithic GaAs 1– 13-GHz
Traveling-Wave Amplifier
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Abstract —This paper deseribes a monolithic GaAs traveling-wave
amplifier with 9-dLt gabs and * l-dB gain flatness in the 1-13-GHz
frequeney range. The circuit is reafiied in monolithic form on a O.1-mm

GRAS substrate with 50- Q input and output fines. In this approac~ GaAs
FET’s periodically load inpnt and output microstrip fines and provide the

coupling between them with proper phase tbrongh their transeonductance.

Experimental results and the circuit details of such a structure are dk-

cnssed. Initial results of a noise analysis and predictions on the noise

performance are afso given.

I. INTRODUCTION

T HE POTENTIAL of traveling-wave or distributed

amplification for obtaining gains over wide frequency

bands has long been recognized. There is a vast amount of

literature on the subject and therefore only two representa-

tive references are given [1], [2]. In this approach, the input

and output capacitances of electron tubes or transistors are

combined with inductors to form two lumped-element

artificial transmission lines. These artificial transmission

lines are coupled by the transconductance of the active

devices.

In actual circuits, however, the extreme bandwidths pre-

dieted by a first-order theory are modified by several

factors, such as capacitive and inductive couplings, loading

of the lumped-element transmission lines due to grid and

coil losses, lead inductance, and parasitic capacitances

associated with the coil windings. In circuits which employ

FET’s as the active elements, the gate and drain loading

plays a very significant role in the operation and the

high-frequency performance of the amplifier.

A new approach to traveling-wave amplification, which

is more suitable for obtaining wide-band gain at micro-

wave frequencies, was reported earlier [3]–[5]. In this ap-

proach, GRAS FET’s are used as the active elements, and

the input and output lines are periodically loaded micro-

strip transmission lines. With such an arrangement, the

factors mentioned above as degrading the expected perfor-

mance are either completely eliminated or their effect is

included in the design.

II. AMPLIFIER DESIGN CONSIDERATIONS

A simplified equivalent-circuit diagram of the amplifier

is shown in Fig. 1. In this circuit, microstnp lines are

periodically loaded with the complex gate and drain

impedances of the FET’s, forming 10SSY transmission line

structures of different characteristic impedance and propa-
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Fig. 1. Schematic representation of four-stage FET traveling-wave
ampfifier.
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Fig. 2. Simplified equivalent-circuit diagram of FET traveling-wave
amplifier.

gation constant. The resultant effective input and” output

propagation structures are referred to as the gate and drain

lines.

An RF signal applied at the input end of the gate line

travels down the line to the other end, where it is absorbed

by the terminating impedance. However, a significant por-

tion of the signal is dissipated by the gate circuits of the

individual FET’s along the way. The input signal sampled

by the gate circuits at different phases (and generally at

different amplitudes) is transferred to the drain line through

the transconductance of the FET’s. If the phase velocity of
the signal at the drain line is identical to the phase velocity

of the gate line, then the signals on the drain line add. The

addition will be in phase only for the forward-traveling

signal. This can readily be verified by examining the vari-

ous possible signal paths between the input and output

terminals. Any signal which travels backward, and is not

quite cancelled by the out-of-phase additions, will be

absorbed by the complex drain impedance.
A simplified equivalent-circuit diagram for the amplifier

is shown in Fig. 2, In conventional amplifiers, one cannot

increase the gain-bandwidth product by paralleling FET’s,

because the resulting increase in transductance g~ is com-

pensated for by the corresponding increase in the input

and output capacitances. The distributed amplifier over-
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comes this difficulty by adding the individual g~’s of the

FET’s without adding their input and output capacitances.

If the spacing between the FET’s is small compared with

the wavelength, the characteristic impedances of the gate

and drain lines shown in Fig. 2 can be approximated as

% +4%+ cg./l,)]1’2 (1)

and

‘d ‘[ Ld/(cd + cds/1d)]”2 (2)

where Lg, Cg and Ld, Cd are the per-unit-length inductance

and capacitance of the gate and drain lines, respectively.

Cg, is the input gate-to-source capacitance and Cd, is the

output drain-to-source capacitance of the unit cell FET; Ig

and ld are the lengths of the unit gate- and drain-line

sections, respectively (see Fig. 2). The effect of resistive

components rg and rd are neglected. The impedance expres-

sions in (1) and (2) are clearly independent of the number

of FET’s used in the circuit.

Using the simplified equivalent-circuit of Fig. 2 and

approximating the gate and drain lines as continuous ‘struc-

tures, the gain expression for an n-cell circuit can be

derived as

2

yg~.g[exp(– yg~gn) ‘exP(– ydld~)
G = gm’zdzg (3)

yg’lg’ – yd’ld’

where
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Under normal operating conditions, the signals in the

gate and drain lines are near synchronism (~gl, = ~dld). If

it is further assumed that IYgI = I&\, and IYdI = I~d 1, and

Zg = Zd = 2., (3) can be simplified to

[G=,=, exp(– CIglgn)–exp(– adldn)]’

4
(ag~g - a~Zd)2

. (4)

This expression clearly shows that, as the number of cells n

is increased, gain does not increase monotonically. This

conclusion is in contrast to early tube distributed amplifier

theories. In fact, as n gets large, gain approaches zero in

the limit.

For values of aglgn <1 and when drain-line losses are

neglected compared with gate-line losses, (4) can be rewrit-

ten as

We note that, in this operating regime, gain can be made

proportional to n’.
The gain expression derived above represents the actual

circuit response reasonably well and can be used as a

useful design tool. For instance, if a practical upper limit

for the gate-line attenuation is assumed a~ aglgn <1, then

using the expression for the gate-line attenuation constant

ag, we find

rgu2C,~Zon <2. (6)

Thus we observe that, for a given FET, the maximum

number of cells n that can be employed in the traveling

amplifier can be determined from (6). Since the gate pe-

riphery of a unit cell is known, (6) also brings an upper

limit to the total gate periphery that can be used in a

practical amplifier. Clearly, this upper limit should be

determined at the high end of the frequency band where

satisfying the inequality of (6) is most difficult.

The performance of the traveling-wave amplifier was

examined in a 2– 12-GHz design band as a function of the

more significant FET parameters such as rg and RD and

the number of cells n. For this study, the simplified equiva-

lent circuit of a FET traveling-wave amplifier shown in

Fig. 2 was used and typical l-pm gate length GaAs FET

parameters assumed.

In Fig. 3, gain is plotted as a function of frequency as

the number of cells or sections is varied. Clearly there is an

optimum for n; going above that optimum value actually

degrades the gain, starting from the high frequency end of

the design band where gate and drain loading is the most

severe.

In Fig. 4, the effect of the gate loading is examined as

the gate resistance rg used in the design (22 L?) is set to zero

or doubled. One can redesign the circuit elements to regain

the flat gain performance, as shown in Fig. 5. This figure

clearly indicates that the resistive part of the gate loading

typically results in 3-dB gain reduction and doubling the

effect of this loading gives an additional 3-dB reduction in

gain. However, it is satisfying to see that the gain response

can still be flattened despite assumed large attenuation on

the gate line.

RF voltage variation along the gate line at individual
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Fig. 7. Effect of drain loadings on gain versus frequency response.

gate terminals is shown in Fig. 6 for the four-cell 9-dB gain

design. The decrease of the signal level at the actual gates is

less than one would calculate from the exp( – aglgn )
expression obtained on the basis of a single propagating

wave in a continuous-line model. In such an approxima-

tion, reflections from the gate and drain-line impedances

are not taken into account. For this reason, gain formulas
(4) and (5) tend to underestimate the actual achievable

gains by 1–2 dB.

In Fig. 7, the effect of the resistive drain loading on the

performance of the four-cell design is examined. As the

drain resistance is increased to values much larger than the

464 fil used in the design, gain increases by about 1 dB.

Note that, compared with the effect of gate loading, the

effect of the drain loading is smaller. As the loading is

increased further by decreasing R ~, gain at first comes

down uniformly, then faster at the high band end. Since

the attenuation constant ad is independent of frequency to

first order, this behavior indicates that FET’s first in line
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contribute to the high-frequency performance more than

the later stages. This is not surprising when we consider

that the later FET stages are not excited as well as the first

few stages at the high end of the frequency band.

III. CIRCUIT FABRICATION

Circuits are processed on vapor-phase epitaxy layers

grown by the AsC13 system on semi-insulating GaAs sub-

strates. The three layer structures consist of a high-doped

contact layer (n> 2X 1018 cm–3, 1= 0.2 pm), an active

layer of moderate doping (n = 9X 1016 cm-3, t = 0.3, pm),

and an undoped buffer region (n< 5 X 1013 cm-3, t= 2.0

pm). Device isolation is achieved with a combination of a

shallow mesa etch and a damaging 160+ implant.

Ohmic contacts are formed by alloying the standard

Ni/AuGe metalization into the surface. The ohmic metal

also forms ~e bottom plates of the thin-fihn capacitors.

The gates, which ~are recessed, consist of a Ti/Pt/Au

(1000/1000/3000 A) metalization and are nominally 1 pm

long.

The capacitor dielectric is a plasma-assisted CVD ~ilicon

nitride layer with a nominal thickness of 5000 A and

relative dielectric constant of 6’.8. The thin-fihn resistor

material is titanium. During deposition, the fihn thickness

is monitored using a four-point resistance setup to assure a

final sheet resistance of about 6.7 $2/0.

The final frontside processing steps define the transmis-

sion-line structures, capacitor top plates, and air-bridge

interconnects. All of these are fabricated out of plated gold

about 3–4 pm thick. The air-bridges are used to connect

from the GaAs surface to the top plates of the MIM

capacitors without having to cross the dielectric step and

risk shorting of the structure.

After plating, the wafer is lapped to its final thickness of

100 pm by first mounting it upside down on an alumina

substrate. Via-holes are etched through the wafer to ground

points on the frontside. The via-holes are aligned by look-

ing through the slice with infrared optics to see the front-

Fig. 8. GaAs monolithic traveling-wave amplifier chip.
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side pattern. Finally, a chip-dicing gfid is defined in the Fig. 9. fiperimentd performance of monofittic traveling:wave ampfi-

back by alignment to the via-hole pattern and the region fier at 0.5-2-GHz frequency range.

between the grid lines (the chip back) is plated to a

thickness of 12– 15 pm with gold. The grid lines are etched

through the frontside, the wafer dismounted, and the chips 0 FET & LOT 29A V,j, =sv

allowed to simply fall apart. i *I (4,1) Vg =+,5
Id, =!som& @ DESIGN POINTS

IV. CIRCUIT DESCRIPTION AND EXPERIMENTAL +10 - %
, ~ .~, >—--%~e%~e

RESULTS
zS
g +5 -

The circuit shown in ‘Fig. 1 is realized in monolithic form s

on 0.1 -mm GaAs with 50-0 input and output lines, as 0

RETURN LOSS [dB)

shown in Fig. 8. The chip dimensions are 2.5 mm X 1.65
-10

mm. The total gate periphery is 4X300 pm with nominal

l-pm gate length. Devices typically have – 2-V pinchoff -20 -

voltages. The design calls for 9-dB gain in the 2– 12-GHz ISOLATICU (dBl

frequency band. The experimental performance in the 0.5– ‘m-

14-GHz frequency band is shown in Figs. 9 and 10. In Fig. I
10, the predicted gain points are also included, indicating 2 4

I I I I I I
6 6 10 12 14 15

FREQuENCY [GHz)

good agreement with the 9-dB * 1-dB experimental g~n Fig. 10. ~Periment~ performance of monolithic traveling-wave ampli-

performance obtained in the 2– 13-GHz band. The input– fier at 2- 14-GHz frequency range.
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Fig. 12. Third-order intermodulation measurement results for an
amplifier with —4-V pinchoff devices.

output isolation is better than 18 dB across the band. In

Fig. 11, performance at O-V gate bias is shown. The gain is

l-dB lower at 8 dB * 1 dB, but the high-frequency end of

the gain curve now extends to 14.5 GHz, in agreement with

(6).

To observe the power performance, circuits with 4-V

pinchoff voltages were processed. These circuits gave power

outputs of 300 mW at the 1-dB gain compression point

with 6-dB gain and 17 percent power added efficiency at

10 GHz. In Fig. 12, the results of third-order intermodula-

tion measurements are presented.

The measured noise figure of the amplifier when the

FET’s are biased at the minimum noise condition is 3.9 dB

at 4 GHz and 5.4 dB at 10 GHz with 5.4-dB associated

gain. We have also developed a computer program which

can predict the noise performance of a traveling-wave

amplifier. Fig. 13 shows a typical amplifier configuration

with the associated noise generators. In this figure, ej and iy
with j = 1 to 4 represent the intrinsic FET noise generators,

all referred to the gate side; eg and ed represent the noise

OUT
.

i
Fig. 13. Schematic representation of the relevant noise sources in a

four-cell traveling-wave amplifier.
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Fig. 14. Calculated noise performance of the amplifier in comparison to
the noise performance of the devices used.

generated by the gate- and drain-line load resistances,

respectively. Given the noise parameters R., YOpt,and Fti
of the FET’s used in the circuit, the program calculates the

contribution of all the individual noise generators to the

overall noise figure of the amplifier, including the correla-

tions between e,’s and i] ‘s. We have applied the program

to a 2– 12-GHz amplifier design using the low-noise

S-parameters of 300-pm periphery devices. The noise per-

formance of such an amplifier with an associated gain of

5.5 dB is shown in Fig. 14.

V. CONCLUSION

We have described a traveling-wave amplifier with 9-dB

& 1-dB gain over a 1– 13-GHz bandwidth, demonstrating

that traveling-wave amplification in microwave frequencies

is realizable with GaAs FET’s and distributed input and

output lines. The experimental results are in excellent

agreement with the theoretical predictions. The complete

amplifier is realized with monolithic circuit technology on

a 2.5-mm X 1.65-mm X O.l-mm chip.

We have examined the microwave performance of such a

structure as a function of the important FET and amplifier

parameters, derived gain expressions including the effect of

gate- and drain-line loading, and given initial results on the

noise performance of such a structure.
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