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Abstract—A high-performance integrated power module us-
ing U-band MMIC MESFET power amplifiers in conjunction
with W-band MMIC high efficiency varactor doublers has been
developed for millimeter-wave system applications. This paper
presents the design, fabrication, and performance of this
W-band integrated power module. Measured results of the
complete integrated power module show an output power of 90
mW with an overall associated gain of 29.5 dB at 94 GHz. A
saturated power of over 95 mW was also achieved. These re-
sults represent the highest reported power and gain at W-band
using MESFET and varactor frequency doubling technologies.
This integrated power module is suitable for the future 94 GHz
missile seeker applications.

I. INTRODUCTION

HE next generation millimeter-wave systems require

high-performance, reliable, and low-cost monolithic
solid-state components to be affordable. Monolithic mil-
limeter-wave integrated circuits (MMIC’s) offer the
greater potential to reduce cost, enhance performance, and
improve the reliability of such systems. Considerable ef-
fort is, therefore, being directed toward the development
of monolithic millimeter-wave integrated circuit compo-
nents for radar, missile seeker, communications, smart
weapon, electronic warfare, and radiometry system ap-
plications. The 94 GHz monolithic power transmitters
have potential application for W-band missile seekers and
phased array radars. However, no such transmitters are
readily available due to the lack of power amplifiers with
desired output power of 80 mW at 94 GHz. Although
pseudomorphic InGaAs and lattice matched InP high-
electron mobility transistors (PHEMT) with multiquan-
tum well structures show excellent potential for power
amplification at W-band [1]-[3], their usage is limited due
to relatively low yield as a result of 0.1-um gate lengths.
Moreover, their reliability has yet to be established for
power amplification. Therefore, the option of doubling 47
GHz of output power to 94 GHz is quite attractive, since
reliable high yield 0.3 um gate length FET’s [4] can be
used for the 47 GHz power amplifier chips.
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In this paper, we present the design, fabrication, and
performance of a state-of-the-art W-band integrated power
module, using a 0.6-watt U-band power MESFET MMIC
amplifier in conjunction with W-band high efficiency
MMIC varactor doublers, to generate 95 mW transmitted
power at W-band. Measured results of the complete inte-
grated power module show an output of 90 mW with an
overall associated gain of 29.5 dB at 94 GHz. A saturated
output power of 95 mW was also achieved. These results
represent the highest power and gain at W-band using
MESFET and varactor frequency doubling technologies.
The developed four-way combined MMIC power ampli-
fier demonstrated 460 mW output power with an associ-
ated gain of 16.6 dB at 47 GHz. The saturated output
power of this amplifier exceeded 580 mW. The doubler
chip uses a 16-um diameter Schottky contact varactor that
has a buried n* layer and has exhibited a state-of-the-art
performance, maximum efficiency of 25% (6 dB conver-
sion loss), and output power of 55 mW at 94 GHz. A
saturated output power of 65 mW was also obtained at the
same frequency. This integrated power module can reli-
ably produce greater than 90 mW of output power at 94
GHz as a transmitter source for missile seeker applica-
tions.

The configuration of integrated power modules will be
described in Section II. The MMIC circuit design and fab- -
rication are presented in Sections II and III, respectively.
Section IV, summarizes the circuit performance and Sec-
tion V is the conclusion.

II. CircurT DESIGN

Fig. 1 shows a block diagram of the 47-94 GHz inte-
grated power module. The developed integrated power
module is composed of a four-stage MMIC power ampli-
fier, a four-way combined 0.6-watt 47-GHz power am-
plifier, and two-way combined 94 GHz MMIC doublers
using off-chip Wilkinson type divider/combiner circuits.
Based on this approach, the state-of-the-art output power
of 95 mW, with about 28 dB associated gain at 94 GHz,
has been achieved.

U-Band Power Amplifier

A high performance four-stage 47 GHz monolithic
power amplifier was developed using a 400-um gate width
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Fig. 1. Block diagram of W-band integrated power module.
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Fig. 2. Circuit schematic of four-stage MMIC power amplifier chip.

MESFET device. The amplifier design consists of a two-
stage driver amplifier followed by a two-stage power am-
plifier. Fig. 2 shows the circuit schematic of the four-stage
MMIC power amplifier chip. The baseline monolithic
driver amplifier design consists of a two-stage, 400-um
MESFET amplifier. The power stage consists of a pair of
two-stage driver amplifiers combined using integrated in-
phase Wilkinson-type divider/combiner circuits. A high-
frequency small-signal equivalent circuit was obtained for
the MESFET device by matching an equivalent circuit
model to the measured S-parameters up to 40 GHz. The
optimal load impedance, required by the MESFET device
to deliver its maximum power at 47 GHz, was calculated
with a load-pull simulation program [5] [6]. Both the
equivalent circuit model and optimal load impedances
were used for the MMIC power amplifier design. In the
MMIC circuit design, the output matching circuit was de-
signed for optimal load impedance to the MESFET in its
bandwidth of operation, resulting in maximum delivered
power in that bandwidth. The input matching circuit was
designed for a conjugate match to the MESFET input
impedance with the device terminated with the optimal
load impedance to achieve maximum power gain. The in-
put match was then optimized for input return loss and
gain flatness across the design bandwidth by using Touch-
stone microwave circuit analysis program. The stabilizing
RC circuits were integrated with the gate bias networks
to ensure unconditional stability of the chip operation
down to few megahertz region. A resistor/divider circuit
was also included to bias FET gates of each amplifier stage
at a nominal value of —0.7 V with a power supply of
—5 V. At the drain side, the +5 V power supply voltage

of the system was applied to each amplifier stage directly,
without scaling to bias the drain.

To achieve usable power and gain for system applica-
tions, a four-way combined power amplifier using the
above four-stage power MMIC chips was also developed.
The hybrid combiners and dividers were regular in-phase
and 90° offset Wilkinson-type circuits to form a four-way
combining circuit. This four-way combiner/divider was
fabricated on S5-mil-thick fused silica substrate. Four
power MMIC chips, together with a four-way combiner/
divider, were mounted on a flat center block as shown in
Fig. 3. The amplifier block was then sandwiched between
two ridged waveguide-to-microstrip transitions.

W-Band Varactor Doubler

Successful development of a doubler circuit hinges on
proper design and accurate modeling of the varactor diode.
Assuming the current density is confined parabolically
within a skin depth &, the series resistance R,, including
spreading resistance and skin effect, can be derived based
on previous work [7], [8]. The diode junction capacitance
C; and the breakdown voltage Vj can also be estimated
accurately [9]. The doubling efficiency 5 and maximum
output power, P, of an abrupt junction varactor diode
can be predicted from R,, C;, and V, [10], [11]. Variation
of a varactor diode series resistance and cut-off frequency
with the active layer doping concentration has been ana-
lyzed and simulated. Based on the results of the optimi-
zation, a varactor diode with a 16-um diameter Schottky
contact and an active layer of 7 X 10'® cm ™~ doping con-
centration were chosen for optimum efficiency. The
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Fig. 3. 47 GHz four-way combined power amplifier.
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Fig. 4. Circuit schematic of W-band doubler.

breakdown voltage of the diode was estimated to be 20.5
V. The thickness of the active layer was, in turn, deter-
mined to be 0.65 um from the doping concentration and
breakdown voltage so as to keep the depletion layer in the
active region from penetrating into the substrate at full
drive condition. By using the optimized diode doping pro-
file, a zero-biased cut-off frequency higher than 1,100
GHz was achieved.

Fig. 4 is a circuit schematic of the MMIC doubler. A
N\/4 (at 47 GHz) shorted stub at the input side of the
diode, which is equivalent to X\ /2 of 94 GHz, is used to
create an RF short circuit at 94 GHz to prevent the output
power generated by the diode nonlinearity from traveling
backward. Similarly, a A /4 (at 47 GHz) open stub at the
output side of the diode, generates an RF short at 47 GHz
and causes the input signal penetrating through the diode
to be reflected back. Since the diode is modeled as a volt-
age-dependent capacitive impedance, inductive source and
load terminations are required in order to resonate the
diode junction capacitance to obtain maximum efficiency
and output power [11] [12]. As shown in the MMIC pho-
tograph, a section of transmission line is used as an in-
ductor and a \ /4 impedance transformer is used to trans-
form 50 Q to the optimum diode terminations. Some
parameters of the varactor diode, together with the mea-
sured results, are given in Table I. Simulated results of a
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TABLE 1
COMPARISON OF MEASURED AND PREDICTED DIODE PARAMETERS AND
DOUBLER PERFORMANCE

Description
Active layer doping 7x1016 cm-3
n* layer doping 8x1018 cm-3
Diameter of Schottky contact 16 pm
Active layer thickness 0.65 pm
n* layer thickness 25 um
Predicted Measured
Series resistance R¢ 0.82Q 0.87 !
Zero-based capacitance (Cp) 0.17 pF 0.17 pF
Breakdown Voltage (Vg) 205V 18V
Efficiency () @ 330 mW 1put 28 1% 19.7%
Qutput power @ 330 mW mput 93 mW 65 mW

94 GHz doubler in LIBRA using the diodes are also pre-
sented in Table I. Excellent agreement of the predicted
values with the measured results was achieved, and the
validity of the analysis was verified.

To achieve usable power at 94 GHz for system appli-
cations, a two-way combined doubler using the above
MMIC doubler chips was also developed. The hybrid
combiners for 94 GHz and dividers for 47 GHz were in-
phase Wilkinson-type circuits which were fabricated on
5-mil-thick fused silica substrate.

III. MMIC FABRICATION

The amplifiers were fabricated on epitaxial layers grown
by the molecular beam epitaxy (MBE) technique. MBE
material was used with an active n layer of 4.5 x 10"
cm’® doping concentration and a contact n* layer concen-
tration of 3 x 10'® cm®. The chips were isolated by the
mesa-etching process and a combination of direct-write
e-beam and optical lithography was used for defining 0.3
pum gates and fabrication of the circuits. Au-Ge-Ni-Ag-
Au alloy and Ti-Pt-Au metallizations were used for the
ohmic contacts and gates, respectively. SizN, was used
for the MIM capacitor dielectric, and for the chip passi-
vation. The dielectric layer was 2500 A thick, providing
a capacitance of 220 pF /mm”. The chips have via-holes
for source grounding. Mesa-resistors in the range of 100
Q were used as resistive power termination for the on-chip
Wilkinson power combiner/divider. Fig. 5 shows the
MMIC chip with dimensions of 5.0 X 2.8 X 0.09 mm.

The doubler was fabricated on a vapor phase epitaxy
(VPE) substrate that had a buried n* layer to minimize
the diode series resistance [8]. VPE material was used
with an active n layer of 7 X 10'7 cm ™ doping concen-
tration and a contact n* layer concentration of 8 x 10
cm >, An Au-Ge-Ni-Ag-Au alloy was also used for the
ohmic contact, and Ti-Pt-Au metallization for Schottky
barrier contacts. Si;N, was used for both the capacitor
dielectric layer and chip passivation. Following comple-
tion of the circuits through the front side, via-holes were
etched in the thinned wafer. Gold was then plated onto
the backside and via-holes to a thickness of 10 um prior
to dicing the chips. The diode has a breakdown voltage
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Fig. 5. Microphotograph of 47-GHz GaAs MESFET power MMIC chip

(chip sizé: 5.0 X 2.8 X 0.09 mm).

Fig. 6. Microphotograph of 94-GHz GaAs MMIC doubler chip (chip size:
1.5 X 1.0 X 0.09 mm).

greater than 16 V. Fig. 6 shows the MMIC doubler chip
with dimensions of 1.5 X 1.0 X 0.09 mm.

IV. CIrcUIT PERFORMANCE
Waveguide-to-Microstrip Transitions

A high-performance waveguide-to-microstrip transi-
tion is essential for accurately evaluating MMIC’s at
U- and W-band. A ridged-waveguide transition was se-
lected and developed to provide low RF loss and a rigid
structure. Fig. 7(a) shows the W-band waveguide-to-
microstrip transition housing. A 5-mil-thick fused silica
substrate was mounted on transition housing using silver
epoxy, and a 10-mil-wide gold ribbon was thermally
bonded from the ridge to microstrip line to have a good
electrical contact. Fig. 7(b) shows the performance to two
transitions measured back-to-back with two 200-mil fused
silica 50 Q transmission lines. From the frequency 90-97
GHz, the insertion loss and return loss of each transition
were typically 0.6 dB and better than 16 dB, respectively.
The U-band performance of two transitions was also
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Fig. 7. W-band waveguide-to-microstrip tran<**ton. (a) Transition housing
assembly. (b) W-band performance of two  nsitions measured back-to-
back (with two 200-mil-long 50  lines on fused silica substrate).

measured back-to-back with 70-mil fused silica 50 € lines.
Over the frequency range of 40-48 GHz, the insertion loss
was typically 0.25 dB and the return loss was better than
20 dB for each transition. The above ridged waveguide-
to-microstrip transitions were used to evaluate the MMIC
chips at U- and W-band. : -

U-Band Power Amplifier

The MMIC power amplifier chips were tested by
mounting in a U-band amplifier test fixture, which con-
sisted of a copper center block and a pair of low-loss
ridged waveguide-to-microstrip transitions. A four-stage
MMIC power amplifier chip was assembled and tested us-

‘ing the U-band waveguide test setup. The associated

overall gain versus frequency is shown in Fig. 8(a) for
four input drive levels, namely, —5, 4, 6 and 8 dBm. The
amplifier associated gain is about 14.2 dB across the fre- -
quency band from 46.5-47.5 GHz with an output power
level of 165 mW. The input and output return losses were
better than 15 and 9 dB, respectively, in the same fre-
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Fig. 8. Measured performance of four-stage GaAs MESFET power am-
plifier. (a) Power gain versus frequency. (b) Output power versus input
power.

quency band. Fig. 8(b) shows the power transfer charac-
teristics of the amplifier at 47 GHz. A saturated power of
over 180 mW with 11.2% power added efficiency was
also achieved. Stable power amplification was achieved
without connecting any off-chip stabilizing R-C elements.
This result represents the highest power gain and com-
plexity known from a single MMIC chip at U-band.

A four-way combined MMIC power amplifier was also
assembled and tested using the above power MMIC chips
as shown in Fig. 3. The complete four-way combined
power amplifier module assembly with the input and out-
put ridged waveguide-to-microstrip transitions is shown
in Fig. 9. The associated power gain versus frequency is
shown in Fig. 10(a), namely, —10, 5, 8, and 10 dBm.
For this data, the amplifier was biased with Vds = 4.5V
and Vgs = 0.75 V. The amplifier associated gain is about
16.6 dB across the frequency band of 46.5-47.5 GHz with
an output power of 460 mW. The output power versus
input power of the amplifier is shown in Fig. 10(b) for 47
GHz. A saturated output power of over 0.58 W with 8.6%
power added efficiency was also achieved at 47 GHz.
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Fig. 9. Complete four-way combined power amplifier module assembly.
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W-Band Varactor Doubler

The doubler was RF tested by mounting the chip to a
test fixture consisting of a U-band and W-band output mi-
crostrip to ridged waveguide transitions. The measured
output power and efficiency with input power from 15-25
dBm are shown in Fig. 11. The reverse bias applied to
the varactor diode was 7 V. The doubler exhibited maxi-
mum efficiency of 25% (6 dB conversion loss) and output
power of 55 mW at input power of 220 mW. Sixty-five
mW output power at 94 GHz was obtained at an input
level of 330 mW at 47 GHz. These results represent the
highest reported power and efficiency using a MMIC
doubler at W-band. The predicted output power and effi-
ciency using LIBRA and the nonlinear diode model de-
scribed in a previous section, are also shown in the figure
and exhibit very good agreement with the measured re-
sults. *

W-Band Integrated Power Module

To achieve over 90 mW output power at 94 GHz, an
integrated module was also assembled and tested. Fig. 12
shows the complete integrated power module assembly
with input (47 GHz) and output (94 GHz) ridged wave-
guide-to-microstrip transitions. The associated power gain
versus frequency is shown in Fig. 13(a), namely, —10
and —8 dBm. For this data, the amplifier was biased with
Vds = 4.5 V and Vgs = 0.75 V, and the doubler was
biased with Vd = 7 V. The total current input of this
integrated power module is about 1.76 A. The overall as-
sociated gain of the integrated power module is about 27.4
dB across the frequency band from 93.5-94.5 GHz with

an output power level of 80 mW. The output power versus

input power of the integrated power module is shown in
Fig. 13(b). An output power of 90 mW with an overall
associated power gain of 29.5 dB was measured at 94
GHz. A saturated output power of over 95 mW was also
achieved at the same frequency.
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Fig. 12. Complete W-band integrated ’power module assembly.
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Fig. 13. Measured performance of W-band integrated power module. (a)
Power gain versus frequency. (b) Output power versus input power.

V. CONCLUSION

A W-band integrated - power module using U-band
MMIC MESFET power amplifiers in conjunction with
W-band MMIC high efficiency varactor doubler has been
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designed, fabricated, and tested. Measured results of the
complete integrated power module show an output power
of 90 mW with an overall associated gain of 29.5 dB at
94 GHz. A saturated power of over 95 mW. was also
achieved. This is the first successfully developed W-band
integrated power module with 95 mW output power at 94
GHz. This integrated power module is suitable as a trans-
mitter source for 94 GHz missile seeker applications.
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