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Abstract—T his paper describesthe development, along with de-
tailed phase-noise analysis, of V-band monolithic-microwave
integrated-circuit (MMIC) dielectric-resonator  oscillators
(DROs) achieving state-of-the-art performances. A TEq1s-mode
Ba(Mg,Ta)Os cylindrical dielectric resonator (DR) is directly
placed on a MMIC GaAs substrate to avoid the loss and uncer-
tainty of bonding wires. A 0.15-zm AlGaAs-InGaAs heterojunc-
tion field-effect transistor with optimized structure is developed
as an active device. A design procedure proposed by the authors
is employed, which allows us to analyze and optimize circuits in
consideration for the output power, phase noise, and temperature
stability. A developed DRO co-integrated with a buffer amplifier
exhibits alow phase noise of —90 dBc/Hz at 100-kHz offset, a high
output power of 10.0 dBm, and an excellent frequency stability of
1.6 ppm/°C at an oscillation frequency of 59.6 GHz, all of which
are state-of-the-art performances reported for MMIC DROs
above V-band. An experimental and theoretical analysis for the
phase-noise-reduction effect of a DR is also addressed.

Index Terms—Dielectric resonator oscillators (DROSs), dielectric
resonators (DRs), field-effect transistors (FETSs), millimeter wave,
monoalithic microwave integrated circuits (MMICs), oscillators.

|. INTRODUCTION

IELECTRIC resonator oscillators (DROs) have been

demonstrated at the microwave frequency range [1]-{40]
and millimeter-wave frequency range below (-band [41], [43],
[49], [52] and incorporated in various radar [18] and commu-
nication systems [2], [4], [5]. They have exhibited excellent
phase-noise performance and temperature stability due to an
extremely high unloaded (} factor and a small and controllable
temperature coefficient of dielectric resonators (DRs) [54],
[55].

Also in the frequency range above V-band, severa studies
have been made in recent years. 50- and 66-GHz MESFET
DROs [42], a 58-GHz SiGe HBT push—push DRO [50], a
62-GHz heterostructure field-effect transistor (HFET) mono-
lithic-microwave integrated-circuit (MMIC) DRO [47], an
81-GHz HFET DRO [48], a 93-GHz Gunn diode DRO [51],
and a 98-GHz Gunn diode DRO [53] have been demonstrated.
However, several problems to be solved seem to remain.
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First, most of these studies [42], [50], [48], [51], [53] have
been realized in the hybrid configuration (HIC) with the use of
wire or flip-chip bonding techniques. In such configuration, as-
sembly tolerances are extremely tight and can substantially af-
fect RF performance. Hence, they are not suitable for high con-
sumer applications. Second, none of these studies have simul-
taneously accomplished excellent output-power, phase- noise,
and temperature-stability performances, all of which are im-
portant properties for applications of DROs. Third, the phase-
noise-reduction effect of the DR is an important problem and
has to be studied to verify the accuracy of design procedures
(especialy that of the DR model) and to obtain useful insight
into the complicated mechanism of phase-noise reduction in
DROs. Such analysis, however, has not been presented, even
if the studies below @Q-band are concerned, except a simple
experimental study of Barth [51]. The second and third prob-
lems, in our opinion, are attributed primarily to the fact that
small-signal-design methods have been frequently adopted [47],
[48], which cannot account for such large-signal characteristics
as the output power, phase noise, and temperature stability.

This paper firstly reports on MMIC DROs that simultane-
ously achieve low phase noise, high output power, and high
temperature stability at the frequency range above V-band. A
fully monolithic configuration is adopted to avoid the loss and
uncertainty of bonding wires in the millimeter-wave band. A
heterojunction field-effect transistor (HJFET) [also known as a
high electron-mobility transistor (HEMT)] with an optimized
structure is developed as an active device. An originally pro-
posed design method [56] is employed to analyze and optimize
circuits in consideration for the large-signal characteristics in-
cluding temperature stability. We also address an experimental
and theoretical analysis on the phase-noise-reduction effect of
the DR. The analysisis accomplished by adopting a newly pro-
posed circuit configuration, which allows oscillation at almost
the same fregquency for two states, i.e., “DR-stabilized” (with
DR) and “DR-unstabilized” (without DR).

II. MONOLITHIC RESONANT STRUCTURE

In most of the previous studies, DROs were realized in HIC
utilizing a ceramic circuit substrate. A partially monolithic con-
figuration was also adopted by severa authors [4], [13], [15],
[21],[23], [28], [43], [49], where an oscillator circuit excluding
aresonant circuit was monolithically integrated and a DR was
put on an external ceramic substrate. In these configurations,
bonding wires are required to connect an active-device chip
with the circuit substrate or amonolithic oscillator chip with the
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Fig. 1. Cross-sectional view of an AlIGaAs-InGaAsHJFET with agate length
of 0.15 pm.

external resonant circuit. However, inthemillimeter-waverange,
bonding wiresarelossy and difficult to characterize. Thus, afully
monolithic configuration [11], [12], [45]47] is preferable and
adopted in this study, where a DR is placed directly on a GaAs
MMIC chip andiscoupled toamicrostrip line (M SL) fabricated
on the same substrate. A cylindrical resonator, made of Ba(Mg,
Ta)O3 whose relative diel ectric constant is 23.8, isadopted. The
cross-sectional view of the resonant structure is shown in [56].
Anunloaded ) factor of the resonant structure is approximately
2000 (that of the DR itself isapproximately 5000) [57].

This monolithic resonant structure (the DR coupled to an
MSL on GaAs) is modeled as an originally proposed RLC par-
alel resonant circuit [57]. One of the notable features of our
model is that equivalent-circuit parameters (R, L, and C) are
represented as a function of the ambient temperature and struc-
tural parameters (the airgap between the DR top surface and a
tuning screw, and the distance betweenthe DR and MSL). A de-
tailed derivation procedure for this model is described in [57].
This model is introduced in a harmonic-balance (HB) circuit
simulator to optimize circuit parameters, including a tempera-
ture coefficient of the DR and structural parameters, in consid-
eration of various DRO performances such asthe oscillation fre-
guency, output power, and phase noise [56].

IIl. DESIGN AND MODELING OF HETEROJUNCTION
FIELD-EFFECT TRANSISTOR (HJFET)

To realize MMIC DROs with high output power at such a
high frequency range as V'-band, an active device with excellent
high-frequency characteristics and high-power deliverability
has to be devel oped. We developed an AlGaAs-InGaAsHIFET
[58] with an optimized device structure.

The cross-sectional view of thedeviceisshowninFig. 1. The
active part of the epitaxial layer structure consists of an undoped
InGaAs channel layer sandwiched between two heavily doped
n-type AlGaAslayers. An undoped AlGaAslayer wasused asa
Schottky contact layer. A 0.15-:m T-shaped Ti—Al-Ti gate was
fabricated by an electron-beam evaporation and liftoff technique
[59].
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Fig. 2. Circuit schematic of 55-GHz-band HJFET DRO.

Therecessdistancefromthe gateto thedrain edge (L., ) isan
important parameter that has strong effects on both dc and high-
frequency performances. We experimentally optimized this pa-
rameter to be 0.4 ;sm considering both the maximum stable gain
(MSG) at 60 GHz for high-frequency operation and the max-
imum drain current (.., ) for high-power performance[58]. As
aresult, the maximum oscillation frequency ( fi,ax) of 230 GHz
and I,,., of 40 mA were obtained for the optimized HIFET
with 100-.:m gatewidth. These performances show that the op-
timized HIFET has great potential as an active device for mil-
limeter-wave oscillator and amplifier applications.

The HIFET was modeled using the Curtice cubic model [60]
to carry out nonlinear oscillator analyses. As detailed in [56],
thismodel wasfurther modified to be dependent on temperature.
It, in conjunction with the temperature dependent DR model
[57] mentioned in Section |1, allows us to optimize a circuit
and to select a DR with an appropriate temperature coefficient
considering temperature stability of DROs [56].

IV. DESIGN, ANALYSIS, AND PERFORMANCES OF DROs
A. Circuit Design and Fabrication

As a prototype for a 60-GHz-band frequency source de-
scribed in Section I1V-E, a 55-GHz-band HIJFET MMIC
DRO [44] was designed, fabricated, and analyzed. A novel
circuit configuration was employed to achieve oscillation at
approximately the same frequency for the two states, i.e., the
DR-stabilized state (with a DR) and the unstabilized state
(without a DR). This allows direct experimental analyses for
the phase-noise-reduction effect of the DR.

Fig. 2 illustrates the circuit schematic of the DRO. The DRO
consists of a series feedback topology with a 100-.:m gatewidth
HJFET in a common-source configuration. The resonant cir-
cuit, composed of a TEq15-mode Ba(Mg,Ta)O; cylindrical DR
coupled to an MSL, is connected to the gate termina of the
HJFET. The MSL is generaly terminated by a resistor whose
resistanceis equal to the characteristic impedance of the MSL.
In this study, however, the MSL is terminated with a parallel
combination of aresistor and a quarter-wavelength open stub.
Adopting such a circuit configuration makes it possible to sat-
isfy the oscillation condition at almost the same frequency inthe
two states, i.e., with and without a resonator. Fig. 3(a) and (b)
illustrates the equivalent circuit of the DRO with and without a
DR, respectively. The “device-circuit impedance” Zg(zs, A, w)
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Fig. 3. Equivalent circuits for a 55-GHz-band DRO. (a) DR-stabilized state
(with a DR). The DR coupled to an MSL in Fig. 2 is replaced by an RLC
parallel resonant circuit. (b) Unstabilized state (without aDR). The RLC parallel
resonant circuit in (a) is removed.

and the “resonant-circuit impedance” Zr(w) are defined in this
figure. Here, ¢ denotes a modulation source, which is usually
Vs for FET-type devices [61], [62]. A parameter A represents
an oscillation amplitude, and w is an angular frequency. These
parameters at an operation point are denoted as (eq, Ag, wo )-

On the circuit design, circuit parameters, including the
structural parameters of the resonant structure and the temper-
ature coefficient of the DR, were optimized in consideration
of not only oscillation frequency, but of output power, phase
noise, and temperature stability based on the design method
proposed by the authors [56]. In [56], we demonstrated that our
design method well predicts temperature- and structural-pa
rameter-dependent characteristics of DROs. In this paper, our
design method will be further verified through analyses on the
phase-noise-reduction effects of the DR (Sections 1V-B-D),
as well as a demonstration of excellent DRO performances
(Sections IV-E and F).

The photograph of the fabricated MMIC DRO with a
DR directly placed on the MMIC chip is shown in Fig. 4.
Metal—insulator—metal (MI1M) capacitors, epitaxial layer resis-
tors, air bridges, and via-holes were employed for monolithic
integration.

In Sections | V-B-D, we will discuss the effects of the DR on
circuit impedance, pushing figure, and phase noise of the DRO
based on analytical calculations, numerical (HB) simulations,
and experiments.
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Fig. 4. Topside view of the 55-GHz-band HJFET MMIC DRO with a
cylindrical DR of diameter 1.3 mm (chip size: 2.22 mm x 2.22 mm).

B. Circuit Impedance Analysis

In this section, we analyze circuit impedances and predict ef-
fects of the DR on the pushing figure and phase noise based
on analytical expressions. By doing so, we can obtain some in-
sight into the complicated mechanism of phase-noise reduction
in DROs.

Fig. 5(a) and (b) plotsthe cal cul ated device-circuit impedance
—Za(eo, A, wp) With A as a parameter and the resonant-cir-
cuit impedance Zg(w) with w as a parameter for the DR-sta-
bilized and DR-unstabilized states. These are computed by HB
and linear-circuit analyses. Here, — Zg (g9, A, wo) for two states
are not identical with each other because angular oscillation fre-
guency wq is dightly different. As can be seen from these fig-
ures, frequency sensitivity of Zg(w) is dramatically improved
by adopting the DR. Values of |dZg/dw].,, for the two states
are listed in the first row of Table |. The improvement is by a
factor of 249.

According to Kurokawa stheory [63] for negative-resistance
oscillator noise, which was later expanded by Riddle and Trew
[61], the spectral density of theflicker-FM noise[64], Sy, (wm)
can be written as

8 (wm)
Wk
5%

2102,
A |54 %

S¢f(wm) =

2

€0,40,w0

92,

2
0z, L2 |22 .92

e0,A0,wo m | Je dw
82,12 w2 |22 4
Ow leg,Ag,wo m | Ow leg,Ag,wo

@

where 6¢2(w,,) denotes the low-frequency noise of an active
device and w,,, is the offset angular frequency. Z;(e, A,w) =
Zg(e, A,w) + Zr(w) isthe impedance of the whole oscillator
circuit. Since measured single-sideband (SSB) phase noise had
a slope of approximately w;,,® at around w,,, /27 = 100 kHz
(i.e., the phase noi seisdominated by theflicker-FM noiseat this
offset frequency), we do not discuss the white FM noise [64] in

X
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Fig.5. Resonator impedance and negative of deviceimpedancein the complex
impedance plane. () DR-stabilized state (with a DR). (b) Unstabilized state
(without a DR).

this paper. Note that SSB phase noise is approximately given by
Sg, (wWm)/2. Our numerical calculations on various DROs show
that the second terms of the numerator and denominator in (1)
are negligible, as compared to the first terms. Hence, (1) can be
precisely approximated as follows:

a7, 12 .2
g _ 652(“—)771) [)Et [50,‘40,4«;0 S (z) 2
gy (wm) = w2 1022 in2 6 @
m dw [eg,Ao,wo sin

where @ is the intersection angle between vectors 97, /0A
and 97, /6w, and ¢ is the intersection angle between vectors
0Z,/0e and 8Z, /0 A a an operation point (o, Ag,wo)-

Four parametersin (2), |02, /0w|.,. Ag,we+ 1021 [O€lsq, A0
sin €, and sin ¢ are calculated for the DR-stabilized and DR-un-
stabilized states(Tablel). Thefrequency sensitivity of thewhole
circuit |0Z; /0w|e, 4.0, Was improved by a factor of 34 by
adopting aDR. Thisimprovement factor is smaller than 249 for
|dZR /dw|., . Itisbecause dZ /dw cannot be neglected in com-
parison to dZ g /dw for the unstabilized state. However, the im-
provement is still great to decrease the pushing figure and to re-
duce the phase noise drastically, as described below. Changesin
the other three parameters (|02, /9¢|-, 4, .w,,sin 6, and sin ¢)
are negligible as compared to the change in |02, /0w, 44w, -

The flicker FM noise spectral density (2) is associated with
the pushing figure (dfo/de|.,, where fo = wo/2n denotes an
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TABLE |
SIMULATED VALUES FOR PARAMETERS IN (2). RATIOS OF THESE PARAMETERS
OF DR-STABILIZED AND DR-UNSTABILIZED STATES ARE ALSO SHOWN

parameter “ DR-stabilized [ unstabilized I ratio
|dZdo] (Qxsecsrad) || 1990x10® | 8x10° | 249
|6Z/60| (Qxsec/rad) 2052x107° 61x107° 34
16Z,/3¢| (UV) 433 173 25
sin© 0.68 0.52 13
sind 0.36 045 0.8
TABLE I

PUSHING-FIGURE REDUCTION BY ADOPTING A DR (COMPARISON AMONG
ANALYTICAL EXPRESSION, HB SIMULATION, AND MEASUREMENT). FLICKER
FM Noise REDUCTION VALUES CALCULATED BY AN ANALYTICAL
EXPRESSION (3) USING ANALYTICALLY CALCULATED, HB-SIMULATED,
AND MEASURED PUSHING FIGURES ARE ALSO LISTED

pushing figure flicker-FM noise
|dfy/de|y (MHZ/V) reduction (dB)
calculated by (3)
DR-stabilized | unstabilized | ratio
analytical 17.4 390 22.4 27
HB simulation 12.6 242 20.2 26
measurement 7.8 226 30.0 29

oscillation frequency), which is directly measurable viathe fol-
lowing relation:

2

Sy ) = ) | @
where

dho| _ 1 1m0 @)

de W 27 %{t c0. A0 sinf’

The pushing figure for the two states calculated by (4) (using
the valuesin Table 1) are shown in thefirst row of Tablell. The
pushing figure decreased from 390 to 17.4 MHz/V (by afactor
of 22.4) mainly due to the improvement of |0Z,/0wl., Ay ;-
Substituting these pushing-figure values into (3) predicts that
adopting the DR reduces the flicker FM noise by 27 dB (also
shown in Table I1).

C. Measurement and HB Smulation of Pushing Figure

Measured gate-bias pushing characteristics for the two states
are plotted in Fig. 6 dong with HB-simulation results. Mea-
sured and HB-simulated characteristics are in fair agreement
with each other for both of the states. The measured pushing
figure was reduced from 226 to 7.8 MHz/V (by afactor of 30.0)
by adopting a DR, whereas the HB-simulated pushing figure
was reduced from 242 to 12.6 MHz/V (by a factor of 20.2), as
listedin Tablell. These values are approximately in accord with
the values predicted from the circuit-impedance analysis (listed
in the first row of TableIl).

Flicker FM noise reduction can be estimated from these
HB-simulated or measured pushing-figure values utilizing (3).
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Fig. 6. Comparison of gate-bias pushing characteristics of the 55-GHz-band
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DR) states.
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Fig. 7. Output spectrum of the 55-GHz-band HIFET MMIC DRO. (a) DR-
stabilized state (with a DR). (b) DR-unstabilized state (without a DR).

frafi2

Estimated values for the flicker FM noise reduction are 26 and
29 dB, respectively (also listed in Table ).

D. Measurement of Phase Noise

Fig. 7(a) and (b) demonstrates the output spectrum for the
DRO in DR-stabilized and DR-unstabilized states, respectively.
A stable oscillation was obtained at 55.135 GHz with an output
power of 3.7 dBm when the DR was coupled to the oscillator.
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Fig. 8. Comparison of SSB phase-noise performance of the 55-GHz-band
HJFET MMIC DRO for DR-stahilized (with a DR) and DR-unstabilized
(without a DR) states.

When the DR was removed, the oscillation frequency was
54.6 GHz, which is dlightly lower than the stabilized one,
with a relatively high output power of 7.6 dBm. No spurious
oscillation was observed in both states.

Fig. 8 depicts measured SSB phase noise of the DRO in the
DR-stabilized and DR-unstabilized states. The DRO exhibited a
low phase noise of —88 dBc/Hz at 100-kHz offset inthe DR-sta-
bilized state. Measured phase-noise improvement amounts to
28 dB at 100-kHz offset.

The phase noise at this offset frequency has a slope of
approximately w;® and is considered to be dominated by the
flicker-FM noise[64]. We can, therefore, compare the measured
phase-noise-reduction value with the flicker FM-noise-reduc-
tion values predicted from the analytically calculated, HB-sim-
ulated, and measured pushing figuresin previous sections. The
measured reduction value (28 dB) is in reasonable agreement
with the predicted ones listed in Table I1.

These results demonstrated in Sections 1V -B—D conclude the
following.

1) Our HB-based design procedure [56], featuring an orig-
inal DR model [57], is able to make accurate estimates of
phase-noise-reduction effects of the DR. It is, therefore,
useful for accurate design of millimeter-wave DROs.

2) Analytical expressions (2) and (4) combined with circuit-
impedance analyses also precisely predict reductions of
the phase noise and pushing figure. Dueto their analytical
nature, they give some insight into the mechanism of the
phase-noise reduction [an example is mentioned in 3)].

3) Phase-noise reduction is achieved mainly due to an
increase in frequency sensitivity of a resonant cir-
cuit (|dZgr/dw|.,). However, the effect is weak-
ened by frequency sensitivity of a device circuit
(10Z¢/0wleq, A0 w0 ), Which cannot be neglected in
the millimeter-wave range.

To the authors’ knowledge, the analyses and experiments de-
scribed in Sections IV-B-D are the first attempt to discuss the
phase-noi se-reduction effects of aDR in DROsthrough compar-
ative experiments along with theoretical calculations. Our de-
sign procedure [56], whose accuracy is thus verified, is utilized
to realize a 60-GHz-band frequency source in Section IV-E.
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Fig. 9. Circuit schematic for 60-GHz-band HIFET MMIC DRO co-integrated with a buffer amplifier.

Fig. 10. Photograph for the 60-GHz-band HIFET MMIC DRO co-integrated
with a buffer amplifier. Chip size: 2.22 mm x 3.37 mm.

E. Development of a V-Band DRO Co-Integrated With Buffer
Amplifier

The final purpose of this study is to develop a signal source
with low phase noise, high output power, and excellent tempera-
ture stability at the 60-GHz band. We designed a 60-GHz-band
MMIC DRO co-integrated with a buffer amplifier [65] based
on the proposed design method [56] whose accuracy was fur-
ther verified in Sections IV-B-D. Fig. 9 illustrates the circuit
schematic. The oscillator has the same circuit configuration as
described in Section 1V-A. The amplifier employs the HIFET
with 200-,:m gatewidth to deliver ahigh output power. Theinput
matching circuit consists of atransmission line and an open stub,
while the output matching circuit consists of atransmission line
and a short stub. R—C networks are adopted in the bias circuit
to suppress parasitic oscillations. Circuit parameters, structural
parameters of the resonant structure, and the temperature coeffi-
cient of the DR were optimized by the proposed design method
[56] considering all respects of output power, phase noise, and
temperature stability. The chip photograph for the fabricated
MMIC DRO with acylindrical DR isshownin Fig. 10. Fig. 11
shows atypical output spectrum of the DRO. Stable oscillation
was obtained at the oscillation frequency of 59.6 GHz. The DRO
exhibited alow phase noise of —90 dBc/Hz at 100-kHz offset,
a high output power of 10.0 dBm, and an excellent temperature

0 RL 0.00 dBm_10.00 dB/DIV

A

Power Ieyel (dBm)
(¢
o

-100
fo—-Afi2 f,
Frequency
(,=59.550159GHz, Af=1.0MHz)
CENTER 59.550 159 GHz SPAN 1.000 MHz
RB 10.0kHz VB 1.00kHz ST 300.0 msec

ftAf2

Fig. 11. Typical output spectrum for the 60-GHz-band HIFET MMIC DRO
co-integrated with a buffer amplifier. The MMIC was assembled in a metal
package with a microwave integrated circuit (MIC)/waveguide transition. The
output power of the MMIC was divided by a directiona coupler between
a spectrum analyzer and a power meter for the evaluation of the oscillation
spectrum and output-power level, respectively. (The output power of the MMIC
itself was +10 dBm.)

stability of 1.6 ppm/°C. These performances are sufficient for
applications to various high-quality communication systems.

F. Summary of Performances

Fig. 12(a)«c) summarizes the phase-noise (at 100-kHz
offset), output-power, and temperature-stability performances
reported for microwave and millimeter-wave DROs [1]-{53]
based on various active device technologies. Performances
of the 55-GHz DRO (denoted as “this work (A)”) and the
60-GHz DRO with a buffer amplifier (denoted as “this work
(B)") demonstrated in this study are also plotted. The DROs
developed in this study benchmark the best performances in
al respects of phase noise, output power, and temperature
stability so far as MMIC DROs above V-band are concerned.
Even if hybrid DROs are included, this is believed to be the
first report for the DRO that simultaneously achieves excellent
phase-noise, output-power, and temperature-stability perfor-
mances above V-band. These results confirm the validity of
our design and analysis method [56] featuring original DR and
HJFET models.
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Fig. 12. Summary of previously reported DRO performances based on various device technologies: MESFET [1]-{18], [41], [42], HEMT [19]-{23], [43]-{45],
HFET [47], [48], HBT [24]-{33], [49], [50], Si bipolar junction transistor (BJT) [34]-{38], and Gunn/IMPATT diode [39], [40], [51]{53]. Closed marks denote
MMICs (diode-based DROs are al in HIC). Performances of 55-GHz DRO (A) and 60-GHz DRO (B) demonstrated in this study are also plotted. (a) SSB phase
noise at 100-kHz offset. (b) Output power. Note that the DRO of this study (B) isintegrated with a buffer amplifier. As the amplifier has a gain of approximately
7 dB, the output power of the 60-GHz DRO itself is calculated as 3 dBm. (c) Temperature stability.

V. CONCLUSION

We have demonstrated V-band MMIC DROs that bench-
mark the state-of-the-art performances in all respects of phase
noise, output power, and temperature stability among reported
MMIC DROs above V-band. A MMIC technology based on
a 0.15-zm AlGaAs-nGaAs HIFET with an optimized device
structure was developed. A fully monolithic configuration was
adopted to avoid the use of bonding wires. A design procedure
proposed by the authors was employed to optimize circuits in
consideration of output power, phase noise, and temperature
stability. A 60-GHz-band MMIC DRO co-integrated with a
buffer amplifier was designed and fabricated based on the
above-mentioned design and fabrication technologies. It ex-
hibited a low phase noise of —90 dBc/Hz at 100-kHz offset,
high output power of 10.0 dBm, and an excellent temperature
stability of 1.6 ppm/°C at an oscillation frequency of 59.6 GHz.

We have aso addressed an analysis for the phase-noise-re-
duction effect of a DR in DROs. A new circuit configuration
has been employed to obtain oscillation at the same frequency
for two states: with and without a DR, which allows direct ex-
periments on the phase-noise-reduction effect of the DR. Good
agreement between experimental and theoretical results for the

effect confirmed accuracy of our design method. The analysis
also gave some insight into the complicated mechanism of the
phase-noise-reduction effect of the DR.

ACKNOWLEDGMENT

The authors wish to thank Dr. N. Iwata, NEC Corporation,
Kawasaki, Japan, and K. Matsunaga, NEC Corporation, Shiga,
Japan, for their cooperation in device and fabrication-process
development, K. Maruhashi, NEC Corporation, Shiga, Japan,
for valuable discussions on oscillator design. The authors are
also grateful to Dr. H. Abe, NEC Corporation, Kawasaki, Japan,
Dr. M. Ogawa, NEC Corporation, | baraki, Japan, Dr. T. Uji, NEC
Corporation, Shiga, Japan, Dr. T. Mizuta, NEC Corporation,
Shiga, Japan, Dr. H. Hirayama, NEC Corporation, Kawasaki,
Japan, and Dr. H. Hida, NEC Corporation, Ibaraki, Japan, for
their constant encouragement and support through this study.

REFERENCES

[1] H. Abe, Y. Takayama, A. Higashisaka, and H. Tekamizawa, “A highly
stabilized low-noise GaAs FET integrated oscillator with a dielectric
resonator in the C'-band,” |EEE Trans. Microwave Theory Tech., vol.
MTT-26, pp. 156-162, Mar. 1978.



HOSOYA et al.: V-BAND HIFET MMIC DROs WITH LOW PHASE NOISE, HIGH POWER, AND EXCELLENT TEMPERATURE STABILITY

(2

(3l

(4]

(5]

(6]

(8]

(9

(10

[11]

[12]

[13]

[14]

[19]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

K. Imai and H. Nakakita, “A 22-GHz-band low-noise down-converter
for satellite broadcast receivers,” IEEE Trans. Microwave Theory Tech.,
vol. 39, pp. 993-999, June 1991.

O. Ishihara, T. Mori, H. Sawano, and M. Nakatani, “A highly stabi-
lized GaAs FET oscillator using a dielectric resonator feedback circuit
in 9-14 GHz,” |EEE Trans. Microwave Theory Tech., vol. MTT-28, pp.
817824, Aug. 1980.

S. Hori, K. Kamel, K. Shibata, M. Tatematsu, K. Mishima, and S. Okano,
“GaAs monolithic MIC'sfor direct broadcast satellite receivers,” |EEE
Trans. Microwave Theory Tech., vol. MTT-31, pp. 1089-1096, Dec.
1983.

K. Ogawa, T. Ishizaki, K. Hashimoto, M. Sakakura, and T. Uwano, “A
50 GHz GaAs FET MIC transmitter/receiver using Hermetic miniature
probe transitions,” |EEE Trans. Microwave Theory Tech., vol. 37, pp.
1434-1441, Aug. 1989.

K. Uzawa and K. Matsumoto, “Low noise microwave oscillator using
ultrahigh () dielectric resonator,” in |EEE MTT-SInt. Microwave Symp.
Dig., Boston, MA, June 1991, pp. 835-838.

M. Mizan and R. C. McGowan, “Extremely low-phase noise X -band
field effect transistor dielectric resonator oscillator,” in |[EEE MTT-SInt.
Microwave Symp. Dig., Boston, MA, June 1991, pp. 891-894.

K. R. Varian, “Dielectric resonator oscillators at 4, 6, and 11 GHz,” in
|EEE MTT-SInt. Microwave Symp. Dig., Baltimore, MD, June 1986, pp.
589-591.

Y. Komatsu, Y. Murakami, T. Yamaguchi, T. Otobe, and M. Hirabayashi,
“A frequency-stabilized MIC oscillator using a newly-devel oped dielec-
tricresonator,” in IEEE MTT-SInt. Microwave Symp. Dig., LosAngeles,
CA, June 1981, pp. 313-315.

N. R. Mysoor, “An electronically tuned, stable 8415 MHz dielectric res-
onator FET oscillator for space applications,” in | EEE Aerospace Appli-
cations Conf. Dig., 1990, pp. 147-156.

U. Giittich, J. M. Dieudonné, and L. P. Schmidt, “A monalithic dielec-
trically stabilized voltage controlled oscillator for the millimeter wave
range” in |IEEE MTT-S Int. Microwave Symp. Dig., Atlanta, GA, June
1993, pp. 667—-670.

M. G. Keller, A. P. Freundorfer, and Y. M. M. Antar, “A single-chip
coplanar 0.8-um GaAsMESFET K/ K a-band DRO,” IEEE Microwave
Guided Wave Lett., vol. 9, pp. 526-528, Dec. 1999.

U. Gittich, “A 23 GHz dielectric resonator stabilized monolithic
MESFET oscillator,” in Proc. 21st Eur. Microwave Conf., Stuttgart,
Germany, Sept. 1991, pp. 1492-1495.

D. Elad and A. Madjar, “ K’ band very low noise DRO,” in 18th IEEE
Conw. in Israel, 1995, pp. 4.4.2/1-4.4.2/5.

A. M. Darwish, A. K. Ezzeddine, H.-L. A. Hung, and F. R. Phelleps, “A
new phase noise reduction technique for MMIC oscillators,” in IEEE
Microwave and Millimeter-Wave Monoalithic Circuits Symp. Dig., Albu-
querque, NM, June 1992, pp. 171-174.

A.P S.Khannaand R. T. Oyafusu, “ Frequency stabile parallel feedback
X/ Ku band DRO using GaAs MMIC," in Proc. 3rd Asia—Pacific Mi-
crowave Conf., Tokyo, Japan, Sept. 1990, pp. 1125-1128.

C. Buali, G. Mora, and T. Turillo, “Microwave dielectric resonator dis-
criminator oscillator,” in Proc. 22nd Eur. Microwave Conf., Helsinki,
Finland, 1992, pp. 137-142.

J. Kehrbeck, E. Heidrich, and W. Wiesbeck, “A novel and inexpensive
short range FM-CW radar design,” in Int. Radar '92 Conf., 1992, pp.
288-291.

K. Kamozaki, “4 GHz miniaturized low noise dielectric resonator sta-
bilized oscillator,” in IEEE MTT-S Int. Microwave Symp. Dig., Albu-
querque, NM, June 1992, pp. 1305-1308.

S. L. Badnikar, N. Shanmugan, and V. R. K. Murthy, “Microwave
whispering gallery mode dielectric resonator oscillator,” in Proc. Eur.
Frequency and Time ForunVIEEE Int. Frequency Control Symp. Joint
Meeting, 1999, pp. 597-600.

G. Baumann, D. Hollman, and R. Heilig, “A 29 GHz DRO in coplanar
waveguide configuration with an AIGaAsHEMT,” in 3rd Int. Integrated
Nonlinear Microwave and Millimeterwave Circuits Wor kshop, 1994, pp.
237-242.

T. Kato, K. lio, K. Sakamoto, and Y. Takimoto, “Millimeter-wave DRO
with excellent temperature stability of frequency,” in Proc. 29th Eur.
Microwave Conf., Munich, Germany, 1999, pp. 197-200.

H. C. Duran, U. Lott, H. Benedickter, and W. Bachtold, “A K band
DRO in coplanar layout with dry and wet etched InP HEMTS,” in
IEEE MTT-S Int. Microwave Symp. Dig., New York, NY, May 1988,
pp. 861-864.

U. Giittich, A. Gruhle, and J. F. Luy, “A Si-SiGe HBT dielectric res-
onator stabilized microstrip oscillator at X -band frequencies,” |EEE Mi-
crowave Guided Wave Lett., vol. 2, pp. 281-283, June 1992.

[29]

[26]

[27]

(28]

[29]

(30]

(31]

(34]

(35]

(36]

(37]
(38]

(39]

[45

[46]

2257

U. Giittich, H. Shin, U. Erben, C. Gaessler, and H. Leler, “24-27 GHz
dielectrically stabilized oscillators with excellent phase noise proper-
tiesutilizing INP/INGaAsHBTS,” in IEEE MTT-SInt. Microwave Symp.
Dig., Anaheim, CA, June 1999, pp. 729-732.

U. Gittich, H. Leier, A. Marten, K. Riepe, W. Pletschen, and K. H.
Bachem, “ I{'-band dielectric resonator oscillator using a GalnP/GaAs
HBT,” in Proc. 20th Int. GaAs and Related Compounds Symp., Freiburg,
Germany, Aug.—Sept. 1993, pp. 15-20.

K. K. Agarwal, “Dielectric resonator oscillators using GaAs/(Ga,Al)As
heterojunction bipolar transistors,” in IEEE MTT-S Int. Microwave
Symp. Dig., Batimore, MD, June 1986, pp. 95-98.

H. Wang, K. W. Chang, L. T. Tran, J. C. Cowles, T. R. Block, E. W.
Lin, G. S. Dow, A. K. Oki, D. C. Streit, and B. R. Allen, “Low phase
noise millimeter-wave frequency sources using InP-based HBT MMIC
technology,” IEEE J. Solid-Sate Circuits, vol. 31, pp. 1419-1425, Oct.
1996.

S. Pérez, D. Floriot, P Maurin, P. Bouquet, P. M. Gutiérrez, J. Obregon,
and S. L. Delage, “Extremely low noise InGaP/GaAs HBT oscillator at
C-band,” Electron. Lett., vol. 34, no. 8, pp. 813-814, Apr. 1998.

K. Ogawa, H. lkeda, T. Ishizaki, K. Hashimoto, and Y. Ota, “25 GHz
dielectric resonator oscillator using an AlGaAs/GaAs HBT,” Electron.
Lett., vol. 26, no. 18, pp. 1514-1516, Aug. 1990.

M. A. Khatibzadeh and B. Bayraktaroglu, “ L ow phase noise heterojunc-
tion bipolar transistor oscillator,” Electron. Lett., vol. 26, no. 16, pp.
1246-1248, Aug. 1990.

M. N. Tutt, D. Pavlidis, A. Khatibzadeh, and B. Bayraktaroglu, “Inves-
tigation of HBT oscillator noise through 1/ f noise and noise upconver-
sion studies,” in |[EEE MTT-SInt. Microwave Symp. Dig., Albuguerque,
NM, June 1992, pp. 727—730.

M. Regis, O. Llopis, L. Escotte, R. Plana, A. Gruhle, T. J. Brazil, M.
Chaubet, and J. Graffeuil, “Nonlinear modeling of a SiGe HBT with
applications to ultralow phase noise dielectric resonator oscillators,” in
IEEE MTT-SInt. Microwave Symp. Dig., Anaheim, CA, June 1999, pp.
83-86.

E. C. Niehenke and P. A. Green, “A low-noise L-band di€lectric res-
onator stabilized microstrip oscillator,” in IEEE MTT-SInt. Microwave
Symp. Dig., Las Vegas, NV, June 1987, pp. 193-196.

P. C. Kandpa and C. Ho, “A broadband VCO using dielectric res-
onators,” in IEEE MTT-S Int. Microwave Symp. Dig., New York, NY,
May 1988, pp. 609-612.

M. Mizan, R. C. McGowan, T. Lukaszek, and A. Ballato, “ Tempera-
ture stable, low-phase noise 2 GHz dielectric resonator oscillator,” in
|IEEE MTT-S Int. Microwave Symp. Dig., Boston, MA, June 1991, pp.
1183-1186.

R. Jonesand V. Estric, “Low phase noise dielectric resonator oscillator,”
in Proc. |EEE 44th Annu. Frequency Control Symp., 1990, pp. 549-554.
M. Regis, O. Llopis, and J. Graffeuil, “Nonlinear modeling and design
of bipolar transistors ultra-low phase-noise dielectric-resonator oscilla-
tors” |EEE Trans. Microwave Theory Tech., vol. 46, pp. 1589-1593,
Aug. 1998.

T. Makino and A. Hashima, “A highly stabilized MIC Gunn oscillator
using adielectric resonator,” |EEE Trans. Microwave Theory Tech., vol.
MTT-27, pp. 633-638, July 1979.

N. Imai and K. Yamamoto, “ Design considerations for frequency-stabi-
lized MIC IMPATT oscillators in the 26-GHz band,” |EEE Trans. Mi-
crowave Theory Tech., vol. MTT-33, pp. 242-248, Mar. 1985.

G. S. Dow, D. Sensiper, and J. M. Schellenberg, “Highly stable 35 GHz
FET oscillator,” in IEEE MTT-SInt. Microwave Symp. Dig., Baltimore,
MD, June 1986, pp. 589-591.

W. Yau, E. T. Watkins, and Y. C. Shih, “FET DRO’sat V'-band,” in |[EEE
MTT-SInt. Microwave Symp. Dig., Boston, MA, June 1991, pp. 281-284.
P. G. Wilson, “Monalithic 38 GHz dielectric resonator oscillator,” in
|IEEE MTT-SInt. Microwave Symp. Dig., Boston, MA, June 1991, pp.
831-834.

M. Funabashi, K. Ohata, K. Onda, K. Hosoya, T. Inoue, M. Kuzuhara,
K. Kanekawa, and Y. Kobayashi, “A V' -band AlGaAs/InGaAs hetero-
junction FET MMIC dielectric resonator oscillator,” in IEEE GaAs IC
Symp. Dig., Philadelphia, PA, Oct. 1994, pp. 30-33.

M. Funabashi, T. Inoue, K. Ohata, K. Maruhashi, K. Hosoya, M.
Kuzuhara, K. Kanekawa, and Y. Kobayashi, “A 60 GHz MMIC stabi-
lized frequency source composed of a 30 GHz DRO and a doubler,” in
|IEEE MTT-S Int. Microwave Symp. Dig., Orlando, FL, May 1995, pp.
71-74.

T. Inoug, K. Ohata, M. Funabashi, K. Hosoya, M. Maruhashi, Y. Makino,
and M. Kuzuhara, “60 GHz dielectrically stabilized monolithic voltage
controlled oscillator,” in Proc. 25th Eur. Microwave Conf., Bologna,
Italy, Sept. 1995, pp. 281-284.



2258

[47] U. Gittich and J. Wenger, “Design, fabrication and performance of
monolithic dielectrically stabilized PM-HFET oscillators up to 60
GHz,” in Proc. 24th Eur. Microwave Conf., Cannes, France, Sept. 1994,
pp. 361-365.

J. Wenger and U. Giittich, “ X a- and W -band PM-HFET DRO's,” |IEEE
Microwave Guided Wave Lett., vol. 3, pp. 191-193, June 1993.

S. Chen, S. Tadayon, T. Ho, K. Pande, P. Rice, J. Adair, and M.
Ghahremani, “U-band MMIC HBT DRO,” |IEEE Microwave Guided
Wave Lett., vol. 4, pp. 50-52, Feb. 1994.

F. X. Sinneshichler, B. Hautz, and G. R. Olbrich, “A Si/SiGe HBT di-
electric resonator push—push oscillator at 58 GHz,” |EEE Microwave
Guided Wave Lett., vol. 10, pp. 145-147, Apr. 2000.

H. Barth, “A 94 GHz-dielectric resonator oscillator,” in Proc. 21st Eur.
Microwave Conf., Stuttgart, Germany, Sept. 1991, pp. 364-369.

A. Raha and G. Bosisio, “A stable K a band planar Gunn diode dielec-
tric resonator oscillator (DRO),” in Canadian Electrical and Computer
Engineering Conf., 1995, pp. 734-737.

D. Cros, C. Tronche, P. Guillon, and B. Theron, “W band whispering
gallery dielectric resonator mode oscillator,” in [EEE MTT-S Int. Mi-
crowave Symp. Dig., Boston, MA, June 1991, pp. 929-932.

J. K. Plourde and C.-L. Ren, “Application of dielectric resonator in
microwave components,” |IEEE Trans. Microwave Theory Tech., vol.
MTT-29, pp. 754770, Aug. 1981.

D. Kafez and P. Guillon, Dielectric Resonators.
Artech House, 1986.

K. Hosoya, K. Ohata, T. Inoue, M. Funabashi, and M. Kuzuhara,
“Temperature- and structural-parameters-dependent characteristics of
V'-band heterojunction FET MMIC DROs,” |EEE Trans. Microwave
Theory Tech., vol. 51, pp. 347-355, Feb. 2003.

K. Hosoya, T. Inoue, M. Funabashi, and K. Ohata, “Systematic eval-
uation and analysis for 60-GHz dielectric resonators coupled to a mi-
crostriplineonaGaAssubstrate,” | EEE Trans. Microwave Theory Tech.,
vol. 46, pp. 352-358, Apr. 1998.

M. Funabashi, K. Hosoya, K. Ohata, K. Onda, N. lwata, and M.
Kuzuhara, “High gain V-band heterojunction FET MMIC power
amplifiers,” in IEEE GaAs IC Symp. Dig., San Jose, CA, Oct. 1993, pp.
379-382.

N. Samoto, Y. Makino, K. Onda, E. Mizuki, and T. Ito, “A novel elec-
tron-beam exposure technique for 0.1 gm T-shaped gate fabrication,”
J. Vac. Sci. Technol. B, Microelectron., vol. B8, no. 6, pp. 13351338,
Nov./Dec. 1990.

W. R. Curtice and M. Ettenberg, “A nonlinear GaAs FET model for
use in the design of output circuits for power amplifiers,” |EEE Trans.
Microwave Theory Tech., vol. MTT-33, pp. 1383-1394, Dec. 1985.
A.N.Riddleand R. J. Trew, “A new approach to low phase noise oscil-
lator design,” in Proc. IEEE/Cornell Advanced Conceptsin High Speed
Semiconductor Devices and Circuits Conf., July 1985, pp. 302—-311.

H. Rohdin, C.-Y. Su, and C. Stolte, “A study of the relation between
device low-frequency noise and oscillator phase noise for GaAs MES-
FETs,” in IEEE MTT-SInt. Microwave Symp. Dig., San Francisco, CA,
May—-June 1984, pp. 267—269.

K. Kurokawa, “Some basic characteristics of broadband negative
resistance oscillator circuits” Bell Syst. Tech. J., vol. 48, no. 6, pp.
1937-1955, July 1969.

R. Poore, “ Accurate simulation of mixer noiseand oscillator phase noise
in large RFICs,” in Asia—Pacific Microwave Conf., Hong Kong, Dec.
1997, pp. 357-360.

K. Ohataand T. Saito, “ High-performance millimeter-wave MM IC’ sfor
wireless communication systems,” in Proc. URS Int. Sgnals Systems
Electronics Symp., 1995, pp. 119-122.

(48]

(49]

(50]

(51]

(52

(53]

(54]

[55] Norwood, MA:

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(69]

Ken'ichi Hosoya (M’'98) received the B.A. degree
in pure and applied science from the University of
Tokyo, Tokyo, Japan, in 1991.

In 1991, hejoined the NEC Corporation, Tsukuba,
Ibaraki, Japan, where he was engaged in the devel op-
ment of millimeter-wave HIFETs and their MMICs
for 60-GHz-band wireless communication systems.
Since 1998, he has been involved in the devel opment
of HBT MMICs for 77-GHz-band automotive radar
systems and ultra-high-speed HBT ICs for 40-Gh/s
optical communication systems.

Mr. Hosoyaisamember of the Institute of Electronics, Information and Com-
munication Engineers (IEICE), Japan. He was the recipient of the Microwave
Prize presented at the 1999 Asia—Pacific Microwave Conference, Singapore.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 11, NOVEMBER 2003

Kelichi Ohata (M’86) received the B.E. and M.E.
degreesin electronic engineering from Kyoto Univer-
sity, Kyoto, Japan, in 1970 and 1972, respectively.
In 1972, he joined the Central Research Labora-
tories, NEC Corporation, Kawasaki, Japan, where
he was engaged in the research of ohmic contacts to
GaAs, development of low-noise GaAs MESFETS,
y and research and development of microwave and
7 millimeter-wave heterojunction devices. From 1991
& to 1996, he was temporarily transferred to the
Advanced Millimeter Wave Technologies Company
Ltd., Shiga, Japan, where he was responsible for the research of 60-GHz-band
MMICs for short-range communication systems. He is currently a Principal
Researcher with the Photonic and Wireless Devices Research Laboratories,
NEC Corporation, Otsu, Shiga, Japan, where he is involved with research
and development of millimeter-wave devices and transceivers for multimedia
communications.
Mr. Ohatais a member of the IEEE Microwave Theory and Techniques So-
ciety (IEEE MTT-S), the |IEEE Electron Devices Society, and the Institute of
Electronics, Information and Communication Engineers (1EICE), Japan.

Masahiro Funabashi received the B.S. degree in
electrical engineering from Saitama University,
Saitama, Japan, in 1980.

Hethen joined the NEC Corporation, Nakarara-ku,
Kawasaki, Japan, where he has been engaged in the
development of microwave integrated circuits. From
July 1991 to March 1996, he waswith Advanced Mil-
limeter-Wave Technologies. Heis currently a Project
Manager with the System Ultra-Large-Scale Integra-
tion (ULSI) Development Division, NEC Corpora-
tion.

Takashi Inoue was born in Shiga, Japan, on April
2, 1960. He received the B.S. degree in synthetic
chemistry, B.E. degree in applied mathematics and
physics, and M.E. degree in molecular engineering
from Kyoto University, Kyoto, Japan, in 1983, 1985,
and 1987, respectively.

In 1987, he joined the NEC Corporation,
Kawasaki, Japan, where he has been engaged in
the research and development of magnetic RAMS,
superconductive ICs and MMICs using I111-V com-
pound semiconductors. His current interests include
the research of gallium—nitride devices for use in millimeter-wave power appli-
cations. He is currently a Principal Researcher with the Photonic and Wireless
Devices Research Laboratories, NEC Corporation, Otsu, Shiga, Japan.

Mr. Inoue is a member of the Institute of Electronics, Information and Com-
munication Engineers (1EICE), Japan.

Masaaki Kuzuhara (M’'82-SM’'01) received the

B.E., M.E., and Ph.D. degrees in electrical engi-

neering from Kyoto University, Kyoto, Japan, in

1979, 1981, and 1991, respectively.

{ b In 1981, hejoined the Central Research Laborato-

L 2 ries, NEC Corporation, where he hasbeen engaged in

- research and development on |11-V compound semi-

’ conductor devices and their integrated circuits. From

1987 to 1988, he was a Visiting Researcher with the

y W University of Illinois at Urbana-Champaign, where

he was engaged in modeling and simulation of high-

speed |11-V heterojunction devices using the Monte Carlo approach. Heis cur-

rently a Manager with the Photonic and Wireless Devices Research Laborato-
ries, NEC Corporation, Otsu, Shiga, Japan.

Dr. Kuzuhara was the recipient of the 2002 Ichimura Prize presented by the
New Technology Development Foundation.




	MTT025
	Return to Contents


