
1572 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 10, OCTOBER 1998

GaAs HEMT Monolithic Voltage-Controlled
Oscillators at 20 and 30 GHz Incorporating

Schottky-Varactor Frequency Tuning
Oya Sevimli,Member, IEEE,John W. Archer,Fellow, IEEE,and Grant J. Griffiths,Member, IEEE

Abstract—This paper describes the design and fabrication of
fully monolithic voltage-controlled oscillator (VCO) circuits using
a combined GaAs high electron-mobility transistor (HEMT) and
Schottky-varactor diode process. To the authors’ knowledge, this
is the first time a process of this type has been used for VCO
fabrication. Three VCO designs with similar circuit topology,
but two different operating frequencies and resonator types,
were investigated to compare their relative performance. Two
approaches to the integrated resonator were tried: coupled and
single microstrip lines. The single resonator approach resulted in
better power efficiency, while the coupled resonator was found to
provide a wider frequency tuning range and lower phase noise.

Index Terms—High electron-mobility transistor, monolithic-
microwave integrated circuit, Schottky-varactor diode, voltage-
controlled oscillator.

I. INTRODUCTION

T HERE have been many monolithic or quasi-monolithic
oscillators reported in the technical literature [1]. Most

of these use MESFET or heterojunction bipolar transistor
(HBT) devices because oscillators using such devices have
been shown to produce lower phase noise than high electron-
mobility transistor (HEMT)-based oscillators. However, high-
performance HEMT oscillators are essential if they are to be
integrated with HEMT amplifiers and mixers for single-chip
receivers or transmitters. Recently, with this goal in mind,
successful HEMT oscillators operating at higher microwave
and millimeter-wave frequencies have been reported [2], [3].

In the voltage-controlled oscillator (VCO) circuits described
in this paper, an HEMT device is used to provide negative
resistance to start and maintain oscillation, and a variable
capacitance provides frequency tuning. The wide range of
capacitance versus dc-bias voltage available from a Schottky-
varactor diode increases the frequency coverage of the VCO
and provides more linear frequency tuning than would be
available if a diode based on an HEMT epitaxial structure was
used in place of the varactor. Combining HEMT and Schottky-
varactor diode technologies on a single wafer enables the
development of fully monolithic VCO’s with a wide-frequency
coverage at microwave and millimeter-wave frequencies.
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A fully monolithic VCO requires an integrated resonator.
Many different resonator types are realizable in microstrip
form: e.g., ring [4], coupled, or single resonators [5]. These
resonators are easily integrated with the VCO circuit at higher
microwave or millimeter-wave frequencies. In choosing the
resonator type, consideration must be given to the quality
( ) factor and its influence on two important performance
characteristics: higher reduces the phase noise, but also
decreases the available tuning range. Coupled and single
resonators were investigated in this paper and their effect on
output power, efficiency, tuning range, and phase noise is
reported.

II. COMBINED HEMT/VARACTOR MONOLITHIC-MICROWAVE

INTEGRATED-CIRCUIT TECHNOLOGY

The VCO wafers were fabricated by the GaAs IC
Prototyping Facility [6], Commonwealth Scientific and
Industrial Research Organization (CSIRO), Marsfield, N.S.W.,
Australia, using a combination of existing pulse-doped
pseudomorphic HEMT (pHEMT) and Schottky-varactor-
diode monolithic-microwave integrated-circuit (MMIC)
technologies. This process and the epitaxial material were
specially developed for this work. Active layers for the
HEMT and varactor devices were sequentially grown on
semi-insulating GaAs wafers using a molecular beam epitaxy
(MBE) system. Fig. 1 shows a schematic representation of the
active layers in the VCO process. The varactor layers were
grown on top of the HEMT layers.

The unwanted area of the active layers was etched away
to define the HEMT and varactor devices, and also to expose
the semi-insulating GaAs substrate on which the microstrip
circuitry was to be fabricated. The etching process was carried
out in two major steps. The first step was to use reactive ion
etching (RIE) to define the varactor mesas. A combination of
RIE and wet etching in the second step isolated the HEMT’s
and the varactors. Fig. 2 shows a schematic cross-sectional
view of the HEMT and varactor devices. The connection be-
tween the varactor Schottky contact and the microstrip circuit
consisted of an air bridge, which crossed the ohmic contact
(cathode) surrounding the Schottky contact (anode). Details of
the varactor structure have been described previously [7]. The
passive circuitry included microstrip transmission lines, thin-
film resistors, thin-film capacitors, and air bridges. The wafers
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Fig. 1. Schematic structure of the epitaxial layers in the VCO process.

Fig. 2. Schematic cross-sectional view of the HEMT and varactor layers in
the combined VCO process.

were thinned to 100 m. Etched and plated 70-m-diameter
via holes provided ground connection. The mushroom cross-
section gates of the HEMT devices were T-shaped, 250-m
wide, and 0.25-m long. The varactor devices had square
Schottky contacts, the size of which was adjusted to suit the
operating frequency as described below.

III. D EVICE MODELS

The circuit performance was simulated using commercial
harmonic-balance-analysis software HP-MDS. The active- and
passive-device models of HP-MDS were adjusted to represent
the measured characteristics of the individual devices. Thin-
film resistors included the distributed effects of the resistive
film and were modeled using a sheet resistance value of 40-
per square. Thin-film capacitors included the distributed effects
of the bottom conductor and air-bridge connection to the top
metal. The capacitor dielectric was SiO and was modeled with
relative permittivity of 5.53 and thickness of 0.26m. The
microstrip transmission lines and the air bridges were modeled
using HP-MDS’s microstrip and ribbon elements, respectively,
using the bulk conductivity of gold and 2-m thickness.

A. Varactor Model

The varactor device was modeled as a nonlinear Schottky
diode with half-power dependence of capacitance on the

(a) (b)

(c)

Fig. 3. Drain-current versus drain–source-voltage curves of (a) measured and
(b) simulated HEMT device. Measured and simulated transconductance (gm)
of the HEMT device (c)VDS = 3V.

reverse anode bias. Varactor test devices were measured on-
wafer and the model parameters were extracted from the
dc current versus voltage (dcI–V) data and the 1–26-GHz
bias-dependent-parameter data. The nonlinear diode model
parameters for a varactor device with 26-m-square anode
specific to the VCO wafers were as follows:

1) zero voltage capacitance pF;
2) series resistance ;
3) built-in voltage V;
4) ideality factor .

B. HEMT Model

The Curtice cubic-MESFET model [8] available in HP-
MDS was used to describe the nonlinear behavior of the
HEMT device. To the authors’ knowledge, this model is the
best approximation to HEMT large-signal performance cur-
rently available in the commonly used commercial simulators,
and is easily transferable between them. The model parameters
were extracted from the dcI–V data and the 1–50-GHz bias-
dependent-parameters obtained from on-wafer measurements
of test devices. In this model, the gate–source junction is
represented as a nonlinear diode with half-power dependence
of capacitance on reverse gate bias. This is, at best, an
approximation because the gate–source capacitance in an
HEMT is not well described by a response of this type
as the device approaches pinchoff. The gate–drain-junction
capacitance was assumed constant in the HEMT model, a
valid assumption for drain voltages above the knee in the dc
I–V response. The measured drain current of a test device on
a VCO wafer is plotted against the drain–source voltage in
Fig. 3(a) with gate–source voltage as the varying parameter.
Fig. 3(b) shows a similar plot for the HEMT model for the best
fit we could achieve. The nonlinear model parameters for this
fit is given in Table I. In Fig. 3(c), the measured and simulated
transconductance ( ) is shown as a function of gate–source
voltage at a drain voltage of 3 V.

The noise of the HEMT and varactor diode devices was
not measured at the time the circuits were designed due to lack
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TABLE I
CURTIS-CUBIC MESFET MODEL PARAMETERS

USED TO APPROXIMATE THE HEMT DEVICE

Fig. 4. Schematic circuit diagram of the VCO circuit with a�=4 coupled
microstrip resonators.

of low-frequency measuring equipment and, hence, were not
included in the models.

IV. DESIGN

The VCO circuits were designed for a 50-load us-
ing the negative-resistance approach. The HEMT devices
were connected in common drain configuration. Gate, drain,
and varactor biases were provided separately by mi-
crostrip transmission lines. The output was taken from the
HEMT source electrode. Open- and short-circuited stubs were
connected to the source electrode, provided matching- and
second-harmonic suppression. The HEMT devices were biased
at maximum , and all three designs were optimized for
maximum and uniform output power throughout the frequency
tuning range. Schematic circuit diagrams of the VCO’s are
shown in Figs. 4 and 5 for coupled and single microstrip
resonators, respectively.

The first VCO design (VCO type I) incorporated two
-long coupled microstrip resonators and was designed to

operate at approximately 30 GHz. A microphotograph of this
circuit is shown in Fig. 6(a). The chip size was 2 mm

Fig. 5. Schematic circuit diagram of the VCO circuit with a�=4 single
microstrip resonators.

(a) (b)

(c)

Fig. 6. Microphotographs of the fabricated (a) VCO type I, designed for
30 GHz. (b) VCO type II and (c) VCO type III, designed for 20 GHz.

1.75 mm. The varactor anode area was chosen as 1818
m to give the correct operating frequency at a varactor bias

of 2 V.
VCO types II and III were designed to operate at approxi-

mately 20 GHz, and incorporated -long coupled and single
resonators, respectively. Microphotographs of the fabricated
VCO types II and III are shown in Fig. 6(b) and (c). Respective
chip sizes were 2 mm 2.2 mm and 2 mm 1.95 mm. The
varactor anode size was 26 26 m in both circuits.

The simulated oscillation frequency and output power with
varying varactor bias are shown in Figs. 7–9, together with
the measured performance of typical devices.

V. MEASURED PERFORMANCE

All three designs were included on a single mask set and
were fabricated on a 14-mm-square GaAs wafer piece. Power,
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(a) (b)

(c)

Fig. 7. (a) Simulated and measured output power and (b) frequency together
with the (c) measured phase noise of the fabricated VCO type I. The phase
noise was measured at 100-kHz offset from the carrier.

(a) (b)

(c)

Fig. 8. (a) Simulated and measured output power and (b) frequency, together
with the (c) measured phase noise of the fabricated VCO type II. The phase
noise was measured at 100-kHz offset from the carrier.

frequency, and phase-noise measurements were carried out
using an HP 8564E spectrum analyzer. The phase noise was
measured at 100 kHz from the carrier.

Five successful VCO circuits of type I (30-GHz coupled
resonator) were prototyped. The measured performance of a
typical circuit and the simulated performance using the model
parameters derived from the measurements on the same wafer
are shown in Fig. 7. The maximum variation in the output
power from circuit to circuit on this wafer was 2.3 dB.
The 5.4–7.3-dB disagreement observed between predicted and
measured power output may be due to inaccuracy of the Curtis-
cubic MESFET model in representing the HEMT device.
Alternatively, the harmonic-balance-simulation method may
not be accurate, and a time-domain approach may give better
results. Future work will further investigate the reasons for
this disagreement.

(a) (b)

(c)

Fig. 9. (a) Simulated and measured output power and (b) frequency, together
with the (c) measured phase noise of the fabricated VCO type III. The phase
noise was measured at 100-kHz offset from the carrier.

TABLE II
SUMMARY OF MEASURED PERFORMANCE OFTHREE VCO
DESIGNS. EFFICIENCY AND PHASE NOISE ARE GIVEN FOR

THE SPOT FREQUENCIES OFMAXIMUM OUTPUT POWER

The measured oscillation frequency versus varactor voltage
was in very good agreement with the simulation. The measured
frequency varied smoothly throughout its full range, and
showed no evidence of frequency hopping. The variation in
frequency from circuit to circuit was 0.92 GHz for the same
varactor bias voltage. The measured phase noise at 100 kHz
varied from 62.2 to 75.8 dBc/Hz.

The measured and simulated performance of the fabricated
20-GHz VCO circuits of types II and III are shown in Figs. 8
and 9, respectively. The VCO type II with a coupled resonator
showed similar performance to the VCO type I. The measured
power was lower than the prediction by 5.7–8.6 dB, while
the oscillation frequency was in good agreement with the
prediction. The measured phase noise at 100 kHz varied
between 71.3 and 80.3 dBc/Hz. The VCO type III with the
single resonator showed slightly different behavior. The power
prediction was 4.0–6.0 dB higher than the measurement and
dc-to-RF efficiency was higher, but, contrary to expectations,
the frequency tuning range was lower than for the coupled
resonator case. The measured phase noise at 100 kHz varied
from 68.8 to 76.1 dBc/Hz, on average, higher than for the
coupled resonator case.

The agreement between the measured and simulated perfor-
mance is acceptable considering that the nonlinear model used
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to describe the HEMT was actually a MESFET model, and the
circuits were fabricated using a developmental process.

The overall measured performance of the circuits is compa-
rable to or better than that achieved with other fully monolithic
HEMT VCO’s, which use alternative methods of frequency
tuning. Measured frequency, power, efficiency, and phase
noise of the best performing VCO circuit of each type (from
the same wafer) are shown in Table II. The output power level
shown is the maximum level achieved for each oscillator. The
dc-to-RF conversion efficiency and the phase-noise figures are
given at the frequencies for the maximum power condition.
For the two oscillators at 20 GHz, the one with the single
resonator showed the higher efficiency, while the oscillator
with the coupled resonator had wider frequency range.

VI. CONCLUSION

For the first time, fully monolithic VCO circuits using a
combined pulse-doped pHEMT and Schottky-varactor diode
technology have been designed, prototyped, and tested. These
circuits operate at approximately 20 and 30 GHz. Compari-
son of predicted and measured output power and frequency
indicated that only the frequency predictions were accurate.
The measured performance of coupled- and single-resonator
oscillators was compared. Better efficiency was achieved with
the single-resonator oscillator, while the coupled-resonator
oscillators were found to produce lower phase noise and,
contrary to expectations, a wider frequency coverage.
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K. Khöler, and B. Raynor, “W -band MMIC VCO with a large tuning
range using a pseudomorphic HFET,” inIEEE MTT-S Int. Microwave
Symp. Dig.,vol. 2, San Francisco, CA, June 18–20, 1996, pp. 525–528.

[3] M. Schefer, U. Lott, H. Benedickter, B.-U. Klepser, W. Patrick, and
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