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Abstract—This paper presents a 94-GHz power amplifier plifiers [5]-[8] have been successfully demonstrated using
(PA) module. This module contains three identical monolithic an AlGaAs/InGaAs/GaAs pseudomorphic T-gate power high
microwave integrated circuit (MMIC) PA chips and demonstrates electron mobility transistor (HEMT) with 0.%:m gate length.

0.35-W output power at the waveguide output port with a L e
miniature sige. ?he MMIC PA is agtwo-stage? mopnolithic W- Output power capability for W-band amplifiers has been

band PA using 0.1pm pseudomorphic AlGaAs/inGaAs/GaAs demonstrated and enhanced in the past few years [5]-[8].
T-gate power high electron mobility transistor (HEMT) process. Using these MMIC amplifiers, a PA module delivering 100-
This MMIC PA extisks s messured near gen of § 5 and . mW output power has been reported [11]
aximum ou 070 - H
added efficienF():y (FF)’AE) at 94 GHz. To our knowlezge, tf)oth the /S paper presents the development of a 94-GHz two-
300-mW output power MMIC PA and the 0.35-W PA module stage monollthlc PA using the Oim power HEMT process
represent the highest output power amplification component ON & thinned 2-mil GaAs substrate and a 0.35-W PA module
performance at this frequency. utilizing three of the MMIC PA chips. The main advantages
Index Terms—HEMT, MMIC, PA. of a thinner substrate are lower thermal resistance and the
use of smaller via holes, which results in the design of a
more compact PA than those using 4-mil substrate. At 94
I. INTRODUCTION GHz, the MMIC PA exhibits 8-dB linear gain and 300-mW

HE next generation millimeter-wave (MMW) systemgnaximum output power with 10.5% peak efficiency at the chip

require high-performance, reliable, and low-cost compd®icrostrip-line output port. This performance demonstrates
nents. Monolithic MMW integrated circuits (MMIC's) havethe latest breakthrough of the output power capability for a
great potential to meet such requirements over the convéM=band MMIC amplifier. A 94-GHz PA miniature module
tional hybrid integrated circuit approach. The frequency of ins further developed using one of the MMIC chips to drive
terest for missile-seeker radar, communications, smart weap@fother two chips with a pair of Wilkinson power combiners
electronic warfare, and radiometry system applications is 94 quartz substrates. This PA module achieves a measured
GHz. A miniature 94-GHz power amplifier (PA) moduleoutput power of 0.35 W at the waveguide output port with a
is attractive for transmitter application in W-band missilgize of 1"x0.6” x0.3", which also represents the state-of-the-
seekers and phased array radars. In the past, the transmatbperformance of MMIC-based W-band PA modules.
components in this frequency were usually based on IMPATT
diodes and suffered from size constraints as well as dc power ||, DevicE CHARACTERISTICS AND MODELING

consumption. _
Great effort has been devoted to the development of mono-The 0.1um power HEMT device development has been

o L - reported in the previous publication [9]. The major difference
lithic integrated circuits for MMW applications recently. Infor the amplifier presented here is that it is processed on a 2-

the earlier time, due to lack of 94-GHz MMIC amplifiers, il substrate. MMIC power amplifiers using 2-mil substrates

MMIC-based 94-GHz transmitter modules using frequen ave been successfully demonstrated at lower frequencies
multiplication devi roaches were pr fr n . X .
ultiplication device approaches were proposed (freque 0]. Using a thinner substrate allows for smaller via holes

trippler approach, but no test results cited) [1] or implement nd lower thermal resistance. With smaller via holes, device

(doubler approach, demonstrated 90-mW output power) | 'Iurces can be grounded with separate via holes, thus lowering

These approaches not only require more components, e source inductance, which in turn improves the gain and
example, lower frequency PA’s and frequency multiplier ' b 9

with 64-GHz ouput, resulting in a higher cost, but alsgiE! ST TR B R PO R L i o
suffer by the loss of frequency multiplication and con P 9 P Y

quently lead to higher dc power consumption. Various \/39 minimize paraS|t_|cs._ The unity current gain frequgnﬁy)(
band MMIC low-noise amplifiers [3], [4] and power am_and maximum oscillation frequency.{.x) of this device are

200 and 130 GHz, respectively.
. . . . The device linear model is developed by carefully fitting the
Manuscript received April 2, 1997; revised August 15, 1997. . . . .
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Fig. 1. (@) Linear equivalent circuit model and parameters of an eight-finger @6BHEMT. (b) Curtice—Ettenberg FET asymmetric equivalent circuit model
and parameters of an eight-finger 166+ HEMT. (c) Measured and modeled Sand S 2 of the device from 1 to 50 GHz. MEASO is the measured data
and MODO is the model. (d) Measured and modeled 8nagnitude and angle) of the device from 1 to 50 GHz. MEASO is the measured data and MODO
is the model. (e) Measured (dashed line) and simulated (solid linéxharacteristics of an eight-finger 166n HEMT.

160+:m total gate-width HEMT device and the measured also designed as shown in Fig. 2. These test structures are
parameters together with dé&-1 data compared with the used to verify the validity of the device model at W-band.
model are shown in Fig. 1. In addition, simple prematchdeg. 3 shows the measured results and simulated performance
structures with small-signal gain frequency response centefeam 75 to 110 GHz using the device linear model of the
at 94 GHz for a single device and two devices in parallel apgematched structures. Reasonable agreement is observed for
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the matching elements are determined, full-wave electromag-
netic (EM) analysis [15] is used for the passive structures to
eliminate the uncertainties caused by the quasistatic models.

With metal-insulator-metal (MIM) capacitors for dc block-
ing, radial stubs for RF bypass, and shil##C in the biasing
networks for low frequency stability, the chip is made to
be on-wafer probable. A small resistor and a shunt quarter-
wavelength short stub are placed in the input and output
matching networks to remove the undesired out-of-band gain.
Isolation resistors between every pair of paralleled devices
are used to prevent possible oscillations due to the high
transconductancey(,) of a large device periphery.

The PA was first tested on-wafer for dc screening and linear
gain. Owing a large part to the GaAs process maturity, very
high RF yield was achieved. On a single wafer where 11 sites
of PA are available, ten sites show 7-10-dB linear gain from
88 to 94 GHz. The bias voltages for drain and gate are 4
and 0 V, respectively. Fig. 5 shows the on-wafer tested linear
gain performance from 75 to 110 GHz of all ten sites from
e a single wafer. The PA chip was then tested in a WR-10
[UPA2RBTGEPBAY. MOD < % waveguide test-fixture with a fin-line waveguide-to-microstrip-

@T 4 line transition for output power measurement at the same bias
condition. As shown in Fig. 6, the PA exhibits a 24.8-dBm
(300-mW) maximum output power with a power gain of 4 dB
and a peak power-added efficiency (PAE) of 10.5% at 94 GHz.
With a slight decrease in output power, PAE can be improved
to 12.2% by lowering the drain voltage on the first stage to
3 V with a maximum output power of 24.6 dBm. All of the
power data presented here are the power levels at the chip end
microstrip-line output port and have accounted for a 0.7-dB
loss for each transition.

SRR

[UPAEIBBPA2U.

180 X 193

b) IV. 94-GHz MODULE DESIGN AND MEASUREMENT RESULTS

Fig. 2. (a) Layout of the single-device prematched test structure. (b) LayoutThe block diagram of this PA module is shown in Fig. 7.
of the two-device prematched test structure. This module includes three identical 94-GHz PA chips, de-
scribed in Section Ill. One serves as the driver amplifier and

both of the test structures. As can be observed, the discrepa%c ar:r of W|Ik|ns$]r_1 pcf)wer combiners areh used dt? Cr? mb|_ne
between simulation and measurement in small-signal gainﬂrs] ther two PA chips for outpgt power..T € n;o u'e ousw;g
within 1 dB at the frequency of interest. is made of an alloyed composite materla! (60% _AI and 40A)

Si, commonly referred as A40), and with a size ofxl

0.6” x0.3". The main selection of this material is mainly due
IIl. M ONOLITHIC POWER AMPLIFIER to the coefficient of thermal expansion (CTE) to be matched

DESIGN AND PERFORMANCE with GaAs substrate and its thermal property. The input

The power amplifier is a single-ended two-stage desigmmd output ports are WR-10 waveguides akiplane probe

with a compact chip size. The compact chip design featurgansitions on 5-mil-thick quartz substrates are used to couple

include compact device layout, dry etch via, and narrow litke RF power to 532 microstrip lines. The probe design is
width for low characteristic impedance on the 2-mil substratmilar to those reported at lower frequencies (26-110 GHz)

(compared with the conventional 4-mil design [5]-[8]). Th¢l3]. Another full-wave EM analysis software [14] is used
chip photograph is shown in Fig. 4 with a chip size of onlyor the design and the measured insertion loss is about 0.5

2.3x1.8 mm. The first stage employs four cells of eightdB per transition at 94 GHz. The Wilkinson power combiner
finger 160um HEMT devices and second stage has twids designed on 5-mil quartz substrate using full-wave EM
the device periphery with eight HEMT devices. The RRnalysis [15]. The measured insertion loss of a pair of the
performance is optimized with reactive matching elementsombiner (back-to-back) is 1.8 dB (corrected with transition
The microstrip-line edge-coupled lines between both stagess) with return loss of better than 10 dB from 88 to 100
provide proper impedance transformation, which producesGiz, as shown in Fig. 8. All of the substrates were mounted
wide-band design and ensures performance repeatability. Afterthe housing using silver epoxy, and 2-mil-wide gold ribbon
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Fig. 3 (a) Validation of the device model with the single-device test structure. (b) Validation of the device model with the two-device test structure
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Fig. 6. Measured output power and power-added efficiency at 94 GHz.

20.0
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& 100

z

% 50 Fig. 7. Block diagram of the W-band power module.

% 0.0

g 5.0 0.35-W at output waveguide port at 94-GHz with a power

g .00 gain of 8 dB and a PAE of 5%. The output power versus input

i o power curve is plotted in Fig. 10. As indicated in the curve,
1 the linear power gain of this module is 13 dB. During the
-20.0 testing, the drain bias voltage of the HEMT devices on the PA

700 750 800 850 90.0 950 100.0 1050 110.0 ; . . ; .
chips are all at 4 V with gate bias at 0 V with a total drain

Frequency (GHz) current of 1.58 A.
Fig. 5. Small-signal gain of ten different sites from a single wafer.
V. SUMMARY
was thermally bonded for good electrical contact to connectWe have demonstrated a W-band MMIC two-stage power
the quartz substrates and GaAs chips. amplifier using a 0.2:m AlGaAs/InGaAs/GaAs power HEMT

Fig. 9 is the photograph of the complete miniature PArocess on a 2-mil GaAs substrate. Excellent RF yield based
module. This module exhibits a measured output power of small-signal gain, 300-mW output power, and greater



2422

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 12, DECEMBER 1997

18211,1S111 (dB)

88 20 92

94

Frequency (GHz)

(b)

a0

.30

@

2,3

= 25

£

G 3

= 20

g8

=150

I:‘%15: ~

= ] T e

= 10 S~

= _ Rl

£ .
5 L L LA LY LA L LU L
0 2 4 6 8 10 12 14 16 18 2

Fin (dBm)

Fig. 10. Measured Rv—Porrr at 94 GHz of the W-band power module.

This is also the best output power performance among the
reported MMIC-based transmitter modules at this frequency.
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