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Abstract—This paper describes the design and fabrication of A fully monolithic VCO requires an integrated resonator.
fully mo.nollthlc voltage-controlled osclllilator (VQO) circuits using  Many different resonator types are realizable in microstrip
a combined GaAs high electron-mobility transistor (HEMT) and form: e.g., ring [4], coupled, or single resonators [5]. These

iCPhoéﬂ??ﬁs\ﬁﬁcéO; d;(r)(;j:eg;og?sﬂsﬁsT(t)y:)hee ﬁ;;hggsenkr:;vg:je(?cgjre Vtg'é re_sonators are egs_ily integrated with the_VCO circuit a_t higher
fabrication. Three VCO designs with similar circuit topology, —Microwave or millimeter-wave frequencies. In choosing the
but two different operating frequencies and resonator types, resonator type, consideration must be given to the quality
were investigated to compare their relative performance. Two ((9) factor and its influence on two important performance
approaches to the integrated resonator were tried: coupled and characteristics: highe® reduces the phase noise, but also

single microstrip lines. The single resonator approach resulted in d th ilable tuni C led d sinal
better power efficiency, while the coupled resonator was found to ecreases {ne avallable tuning range. Loupied and singie

provide a wider frequency tuning range and lower phase noise. fesonators were investigated in this paper and their effect on
output power, efficiency, tuning range, and phase noise is

Index Terms—High electron-mobility transistor, monolithic-
reported.

microwave integrated circuit, Schottky-varactor diode, voltage-
controlled oscillator.

Il. COMBINED HEMT/VARACTOR MONOLITHIC-MICROWAVE
l. INTRODUCTION INTEGRATED-CIRCUIT TECHNOLOGY

HERE have been many monolithic or quasi-monolithic The VvCO wafers were fabricated by the GaAs IC
oscillators reported in the technical literature [1]. Mosprototyping Facility [6], Commonwealth Scientific and
of these use MESFET or heterojunction bipolar transist@idustrial Research Organization (CSIRO), Marsfield, N.S.W.,
(HBT) devices because oscillators using such devices haygstralia, using a combination of existing pulse-doped
been shown to produce lower phase noise than high e|90tf9§eudomorphic HEMT (pHEMT) and Schottky-varactor-
mobility transistor (HEMT)-based oscillators. However, highdiode monolithic-microwave integrated-circuit  (MMIC)
performance HEMT oscillators are essential if they are to Bgchnologies. This process and the epitaxial material were
integrated with HEMT amplifiers and mixers for single-chigpecially developed for this work. Active layers for the
receivers or transmitters. Recently, with this goal in ming4EMT and varactor devices were sequentially grown on
successful HEMT oscillators operating at higher microwa\@mi_insmaﬂng GaAs wafers using a molecular beam epitaxy
and millimeter-wave frequencies have been reported [2], [3{MBE) system. Fig. 1 shows a schematic representation of the
In the voltage-controlled oscillator (VCO) circuits describegctive layers in the VCO process. The varactor layers were
in this paper, an HEMT device is used to provide negatirown on top of the HEMT layers.
resistance to start and maintain oscillation, and a variableThe unwanted area of the active layers was etched away
capacitance provides frequency tuning. The wide range f define the HEMT and varactor devices, and also to expose
capacitance versus dc-bias voltage available from a Schottlgye semi-insulating GaAs substrate on which the microstrip
varactor diode increases the frequency coverage of the Vefguitry was to be fabricated. The etching process was carried
and provides more linear frequency tuning than would Rt in two major steps. The first step was to use reactive ion
available if a diode based on an HEMT epitaxial structure wWasching (RIE) to define the varactor mesas. A combination of
used in place of the varactor. Combining HEMT and Schottkg|E and wet etching in the second step isolated the HEMT’s
varactor diode technologies on a single wafer enables th8d the varactors. Fig. 2 shows a schematic cross-sectional
development of fully monolithic VCO's with a wide-frequencyiew of the HEMT and varactor devices. The connection be-
coverage at microwave and millimeter-wave frequencies. tween the varactor Schottky contact and the microstrip circuit
consisted of an air bridge, which crossed the ohmic contact
Manuscript received October 25, 1997; revised May 15, 1998. (cathode) surrounding the Schottky contact (anode). Details of
The authors are with the Commonwealth Scientific and Industrial Reseakg{n yaractor structure have been described previously [7]. The
Organization, Telecommunications and Industrial Physics, Marsfield, N.S.W, . . . . . . L . .
2122, Australia. passive circuitry included microstrip transmission lines, thin-
Publisher Item Identifier S 0018-9480(98)06730-1. film resistors, thin-film capacitors, and air bridges. The wafers
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Fig. 3. Drain-current versus drain—source-voltage curves of (a) measured and
(b) simulated HEMT device. Measured and simulated transconductange (
semi-insulating GaAs of the HEMT device (c)Vps = 3 V.

300 nm, superlattice buffer

Fig. 1. Schematic structure of the epitaxial layers in the VCO process. reverse anode bias. Varactor test devices were measured on-
wafer and the model parameters were extracted from the

dc current versus voltage (deV) data and the 1-26-GHz
Airbridge Anode bias-dependent-parameter data. The nonlinear diode model
1 parameters for a varactor device with 26r+square anode
n- | cathode  egal specific to the VCO wafers were as follows:
[_1 | et Gate 1) zero voltage capacitancg;, = 0.505 pF;
i Sourte ) B 00 D e poring 2) series resistanc&, = 1.3 Q;
Superiatice buffar — 3) built-in voltageV; = 0.8 V;
Semi-insulating GaAs J 4) ideality factorny = 1.04.

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

were thinned to 10Qm. Etched and plated 7@m-diameter The Curtice cubic-MESFET model [8] available in HP-

via holes provided ground connection. The mushroom croddPS was used to describe the nonlinear behavior of the
section gates of the HEMT devices were T-shaped, 280- HEMT device. To the authors’ knowledge, this model is the
wide, and 0.25:m long. The varactor devices had squarBeSt approximation to HEMT large-signal performance cur-
Schottky contacts, the size of which was adjusted to suit tHntly available in the commonly used commercial simulators,

operating frequency as described below. and is easily transferable between them. The model parameters
were extracted from the deV data and the 1-50-GHz bias-
ll. DEVICE MODELS dependens-parameters obtained from on-wafer measurements

o . ) of test devices. In this model, the gate—source junction is
The circuit performance was simulated using commermpé

: g ) resented as a nonlinear diode with half-power dependence
harmonic-balance-analysis software HP-MDS. The active- aBFPcapacitance on reverse gate bias. This is, at best, an

passive-device models O_f HP'MDS were a_ldjusted t_o repres_(?,llﬁbroximation because the gate—source capacitance in an
the measured characteristics of the individual devices. ThifEpmT is not well described by a response of this type

film resistors included the distributed effects of the resistivgS the device approaches pinchoff. The gatedrain

: . . -junction
film and were modeled using a sheet resistance value 6f 40c'apacitance was assumed constant in the HEMT model, a

per square. Thin-film capacitors_incl_uded the dist_ributed effeq;g"d assumption for drain voltages above the knee in the dc
of the bottom cor_lduct_or ano_l a"'b“d_ge connection to the t(_?QV response. The measured drain current of a test device on
metal. The capacitor dielectric was SiO and was modeled withy,~ \vafer is plotted against the drain-source voltage in

relative permittivity of 5.53 and thickness of 0.26n. The 3.3y with gate—source voltage as the varying parameter.
microstrip transmission lines and the air bridges were modelg

using HP-MDS’s microstrip and ribbon elements, respectivelm w

. o X e could achieve. The nonlinear model parameters for this
using the bulk conductivity of gold and 2m thickness.

fitis given in Table 1. In Fig. 3(c), the measured and simulated
transconductance,) is shown as a function of gate—source
A. Varactor Model voltage at a drain voltage of 3 V.

The varactor device was modeled as a nonlinear SchottkyThe1/f noise of the HEMT and varactor diode devices was
diode with half-power dependence of capacitance on thet measured at the time the circuits were designed due to lack
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TABLE |
CurTIS-CuBic MESFET MODEL PARAMETERS

V_varactor
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Fig. 4. Schematic circuit diagram of the VCO circuit withAgd4 coupled

microstrip resonators.

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

Fig. 6. Microphotographs of the fabricated (a) VCO type |, designed for
30 GHz. (b) VCO type Il and (c) VCO type lll, designed for 20 GHz.
IV. DESIGN

The VCO circuits were designed for a $D-load uUs- 1 75 yym. The varactor anode area was chosen as 1B

ing the negative-resistance approach. The HEMT devicggy 14 give the correct operating frequency at a varactor bias
were connected in common drain configuration. Gate, drag\; 2 V.

and varactor biases were provided separately\g§ mi- ;oo types Il and IIl were designed to operate at approxi-
crostrip transmission lines. The output was tgken from ﬂ?ﬁately 20 GHz, and incorporated4-long coupled and single
HEMT source electrode. Open- and short-circuited stubs Wegesnators, respectively. Microphotographs of the fabricated

connected to the source electrode, provided matching- apgo types 11 and 11 are shown in Fig. 6(b) and (c). Respective
second-harmonic suppression. The HEMT devices were bia sizes were 2 mnx 2.2 mm and 2 mmx 1.95 mm. The

at maximumgnl, _and all three designs were optimized fo{, 5 octor anode size was 26 26 um2 in both circuits.
maximum and uniform output power throughout the frequency the simulated oscillation frequency and output power with
tuning range. Schematic circuit diagrams of the VCO's algving varactor bias are shown in Figs. 7-9, together with

shown in Figs. 4 and 5 for coupled and single microstrig " measured performance of typical devices.
resonators, respectively.

The first VCO design (VCO type 1) incorporated two
A/4-long coupled microstrip resonators and was designed to V. MEASURED PERFORMANCE
operate at approximately 30 GHz. A microphotograph of this All three designs were included on a single mask set and
circuit is shown in Fig. 6(a). The chip size was 2 mm were fabricated on a 14-mm-square GaAs wafer piece. Power,
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Fig. 7. (a) Simulated and measured output power and (b) frequency togethig 9. (&) Simulated and measured output power and (b) frequency, together
with the (c) measured phase noise of the fabricated VCO type I. The phadth the (c) measured phase noise of the fabricated VCO type Ill. The phase

noise was measured at 100-kHz offset from the carrier. noise was measured at 100-kHz offset from the carrier.
TABLE I
20 == = SUMMARY OF MEASURED PERFORMANCE OF THREE VCO
15 2 DEesIGNS EFFICIENCY AND PHASE NOISE ARE GIVEN FOR
Power /Nw—‘ Freq. 21 THE SPOT FREQUENCIES OFMAXIMUM OuTPUT POWER
10+
{dBm) N (GHz} 2o - 5
57 +S,;ij:z:d 19 ‘+Sf:j‘l;:; VCO Type | Freq. Range | Max, Output DC to RF Phase Noise at 100KHz
° o 5 10 18 0 s 10 (GHz) Power (dBm) | Efficiency (%) (dBc/Hz)
Varactor Voltage (V) Varactor Voltage (V) 1 (coupled) 287-31.0 +11.8 75 -66.0
@ (b)
Il (coupled) | 20.4-22.0 +13.7 15.6 803
-40
N I (singl 21.2-22.3 +15.5 23.7 -74.7
%0 [+ Woasired| (single)
Phase -0
Noise _70
(dBc/Hz) \“\o‘q
-80
-90 . .
0 5 10 The measured oscillation frequency versus varactor voltage
Varactor Voltage (V) was in very good agreement with the simulation. The measured
(© frequency varied smoothly throughout its full range, and

Fig. 8. (a) Simulated and measured output power and (b) frequency, togetiBowed no evidence of frequency hopping. The variation in
with the (c) measured phase noise of the fabricated VCO type II. The phdgequency from circuit to circuit was 0.92 GHz for the same
noise was measured at 100-kHz offset from the carrier. 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

frequency, and phase-noise measurements were carried 284GHz VCO circuits of types Il and IIl are shown in Figs. 8
using an HP 8564E spectrum analyzer. The phase noise waad 9, respectively. The VCO type Il with a coupled resonator
measured at 100 kHz from the carrier. showed similar performance to the VCO type I. The measured

Five successful VCO circuits of type | (30-GHz coupleghower was lower than the prediction by 5.7-8.6 dB, while
resonator) were prototyped. The measured performance oha oscillation frequency was in good agreement with the
typical circuit and the simulated performance using the modaiediction. The measured phase noise at 100 kHz varied
parameters derived from the measurements on the same whfdween-71.3 and—80.3 dBc/Hz. The VCO type Il with the
are shown in Fig. 7. The maximum variation in the outpudingle resonator showed slightly different behavior. The power
power from circuit to circuit on this wafer was 2.3 dB.prediction was 4.0-6.0 dB higher than the measurement and
The 5.4-7.3-dB disagreement observed between predicted dndo-RF efficiency was higher, but, contrary to expectations,
measured power output may be due to inaccuracy of the Curtise frequency tuning range was lower than for the coupled
cubic MESFET model in representing the HEMT devicaesonator case. The measured phase noise at 100 kHz varied
Alternatively, the harmonic-balance-simulation method mayom —68.8 to—76.1 dBc/Hz, on average, higher than for the
not be accurate, and a time-domain approach may give betteupled resonator case.
results. Future work will further investigate the reasons for The agreement between the measured and simulated perfor-
this disagreement. mance is acceptable considering that the nonlinear model used
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to describe the HEMT was actually a MESFET model, and th~
circuits were fabricated using a developmental process.
The overall measured performance of the circuits is comg
rable to or better than that achieved with other fully monolithi
HEMT VCO'’s, which use alternative methods of frequenc
tuning. Measured frequency, power, efficiency, and pha
noise of the best performing VCO circuit of each type (fror
the same wafer) are shown in Table Il. The output power ley Since that fime, she has designed many novel GaAs
shown is the maximum level achieved for each oscillator. Tmﬁ\/lIC’s for frontier research on micrOV\;ave and millimeter-wave circuits and
dc-to-RF conversion efficiency and the phase-noise figures aysems. She is currently working on new MMIC designs on GaAs and InP
given at the frequencies for the maximum power conditioftaterials, and managing the MMIC Packaging Facility, CSIRO.
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.
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