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A Highly Stabilized Low-Noise GaAs I?ET
Integrated Oscillator with a Dielectric

Resonator in the CBand
HIROYUKI ABE, YOICHIRO TAKAYAMA, MEMBER, lEEE, ASAMITSU HIGASHISAKA,

AND HIDEO TAKAMIZAWA

Abstract—A GaAs FET integrated oscillator stabilized with a

BaO–T~Oz system ceramic dielectric resonator provides a high-
frequency-stabilized low-noise compact microwave power source.
The newly dewloped ceramic has an expansion coefficient and
dielectric constant temperature coefficient that offset each other and
result in a small resonant frequency temperature coefficient. A

stabilized oscillator output of 100 mW with a 17-percent efficiency
and a frequency temperature coefficient as low as 2.3 ppm~C are

obtained at 6 GHz. FM noise level is reduced more the 30 dEi by the
stabilization. The dynamic properties of the oscillator and resonator

are precisely measured to determine equivalent circuit representa-

tions. A large-signal design theory based on these equivalent circuit
representations is presented to realize the optimal coupling condition

between the oscillator and stabilizing resonator. The stabilized

oscillator performance is sufficient for application to microwave
communications systems.

1. INTRODCTCTION

G

AIX,IUM ARSENIDE field effect transistor oscilla-

tors with an external feedback network have exhibited

high-power high-efficiency microwave performance [1].

GaAs FET oscillators have been reported in use as

frequency-stabilized sources and swept frequency sources

[2], [3]. To use a GaAs FET oscillator as a power source in
microwave communications systems, high-frequency stabil-

ity and low-noise characteristics are essential.

D. S. James et al. stabilized GaAs FET oscillators with

invar and titanium silicate resonant cavities, used as band

pass filters [2]. In the C band the resonant cavity is relatively

large. Furthermore, difficult problems lie in coupling a

resonant cavity directly to an FET oscillator fabricated with

microstriplines.

A highly stabilized low-noise GaAs FET oscillator is

realized in the C band by the use of a dielectric resonator.

This dielectric resonator is placed at the oscillator drain

output terminal as a band rejection filter. This dielectric
resonator with high resonant frequency stability is made of a

newly developed BaO–TiO ~ system ceramic. This material

has an expansion coefficient and dielectric constant temper-

ature coefficient that offset each other and result in a small
resonant frequency temperature coefficient. Improved stabi-

lization can be effected with a low-loss dielectric resonator

because of the resonator’s small size and easy coupling with

the oscillator [4].
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The oscillator load characteristics and reflection charac-

teristics of the resonator magnetically coupled to a 50-Q

microstripline are precisely measured, and the equivalent

circuit representations are determined. A large-signal design

theory, based on these equivalent circuit representations, is

presented to realize optimal coupling between the oscillator

and stabilizing resonant circuit.

II. GaAs FET OSCILLATOR PERFORMANCE

BEFORE STABILIZATION

In this study, GaAs FET chips, developed for medium

power applications by A. Higashisaka et al. in the NEC

Central Research Laboratories, were used [5]. The gate

length is 1.5 ,um and the total gate width is 2500 ym. When

this FET chip is used as an amplifier under common-source

class A operating conditions, the saturated power level is 600

mW with a 5-dB gain (power added efficiency 35 percent) at

6 GHz.

The first step of GaAs FET oscillator fabrication is to

form an active subnetwork. This subnetwork consists of a

feedback network from drain to gate on a 5-mm wide chip

carrier [6]. The feedback network has a series connection of

microstriplines on the alumina substrate and a chip capaci-

tor of BaO-TiOz system ceramic plate metallized on both

sides. An integrated GaAs FET oscillator is obtained by

connecting an open-ended microstripline at the active sub-

network gate terminal and an output matching network at

the drain terminal.

By optimizing the external feedback network, the FET

chip can generate the maximum available output power.

The unstabilized FET oscillator microwave performance is

shown in Fig. 1 as a function of drain bias voltage VDswith

gate bias voltage J& fixed at – 3.8 V. For 8 V VDs and

– 3.8 V V~s, this oscillator generated 400-mW output power
at 6000 MHz. The generated power level was comparable to

the maximum added power of an amplifier using an FET

chip obtained from the same wafer. The maximum dc to rf

conversion efficiency of 38 percent was obtained at 7 V VDS.

Oscillation frequency was sensitive to the gate bias vol-

tage with a pushing figure around 200 MHz/V. The oscilla-

tion frequency depended on the length of the open-ended

microstripline connected to the gate terminal of the active

subnetwork. Fine-frequency adjustment was available, even

after the subnetwork was completed, by making use of these

dependencies.
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III. DIELECTIUC RESONANT CIRCUIT

The dielectric material used for the resonator is low-loss

ceramic NED-39 developed in the NEC Central Research

Laboratories. It principally consists of BaTi40 ~. The

microwave characteristics of this dielectric material were

determined by measuring the TEO ~~resonance frequency for

a cylindrical resonator short-circuited with metal plates on

both sides, At 6 GHz, the relative dielectric constant ~,is 39.5

and the unloaded Q value is 7000. In the room temperature

range, the thermal expansion coefficient 1/{ . A~/AT is + 8.8

ppm~C and the dielectric constant temperature coefficient

1/s, A.sF/A T is – 23.8 ppm~C. The temperature effects of

these two coefficients offset each other and cause a small

temperature coefficient for the resonant frequency. The

resonant frequency temperature coefficient I/f, Afr/A T of

a resonator fabricated from such a material can be approx-

imated as follows:

1 AL 1 1 Ac, 1 Al

~“== 2g” AT-7” AT”
(1)

If the above-mentioned numerical values are substituted, the

right-hand side of the equation equals +3.1 ppm/”C.

A simple theory was proposed by J. C. Sethares et al. [7] to

determine the relationship between the resonator shape and

resonant frequency. According to this theory the resonant

frequency is given as a function of the relative dielectric

constant s,, diameter D, and height L of the cylindrical

resonator.

‘“*T”:

.arctanw%lz-’

T- ‘o=ch ‘2)

where c is the light velocity in vacuum and x(nm) is the nth

zero of Bessel function J~(x). For the TEO la resonance

mode, x(O1 ) equals 2.404.

In a practical resonant circuit, the dielectric resonator is

placed on the alumina substrate and is confined within a

metal case. The resonant circuit has a triple-layered struc-

ture of alumina substrate, cylindrical dielectric resonator

and air gap, as is shown in Fig. 2. The resonant frequencies of

such triple-layered structures are higher than the values

evaluated by means of (2). In Fig. 3 resonant frequencies are

shown as a function of resonator diameter D, while L/D is

fixed at 0.4 and alumina substrate thickness/2 at 0.635 mm

and 1.0 mm. In the figure, calculated resonant frequencies

are also plotted as a reference. The resonant frequency f,

decreases with increasing D and [2.

Fine adjustment of resonant frequency is possible by

changing air gap thickness #l between the resonator and the

metal disk. Fig. 4 shows a mechanical tuning characteristic

of the resonant circuit containing a D = 10-mm and

L = 4-mm resonator. By changing ~1 from O to 3.5 mm,

mechanical tuning over 1000 MHz was obtained.
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Fig. 1. Unstabilized oscillator microwave performance.
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Fig. 3. Resonant frequency as a function of resonator dimension

When a dielectric resonator is placed in the vicinity of a

microstripline on the alumina substrate, magnetical cou-

pling between resonator and line is caused. Coupling con-

stant increases if distance ~Y between resonator edge and

microstripline edge decreases. Reelection coefficients of the

resonator of D = 10 mm and L = 4 mm, coupled to a 50-K2
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Fig. 4. Resonant frequency as a function of air gap thickness.

line terminated by a matched load, are shown in Fig. 5 for

various distances, where the reference plane is placed 2~/2

away from the resonator center position (X* = 1~/2), where

2~ is the microstrip wavelength. Distance rfy is changed from

2.0 to 3.5 mm. It can be shown that the dielectric resonant

circuit is expressed as a high-Q parallel resonant circuit

coupled to transmission line of characteristic impedance

20 = 50 f2, as is shown in Fig. 6. By fitting the impedance

locus in Fig. 5 to the following equation,

(2=20 1+ P

1
Af=f–fr (3)

1+2. j.Qr~

J’

the coupling constant /3 and the unloaded Q-value Q, for

r?, = 2.5 mm were found to be 2.2 and 4000, respectively.

IV. COUPLING BETWEEN OSCILLATOR AND RESONANT

CIRCUIT

A blockdiagram of a stabilized oscillator is shown in Fig.

7. The dielectric resonator is placed in the vicinity of a 50-fl

microstripline, which is connected to the drain output

terminal of the active subnetwork, and constitutes a band

rejection filter.

A. Load Characteristics of Unstabilized Oscillator

Before coupling the unstabilized oscillator to the resonant

circuit, large-signal impedances ZO,Cfor the oscillator were

measured. The Rieke diagram is shown in Fig. 8, where

impedance – 2.,. is plotted as the inverse of reflection

coefficient l/ro,c.

I/ro,c =
– Zo,c – 20

– 2.,= + 20
Re (ZO,C) <0

The reflection coefficient rO,C is seen at the active subnet-

work output terminal or at a plane located 2 mm away from

the FET chip drain terminal. In a large-signal reflection

coefficient measurement, a variable tuner was connected at

the output terminal for adjusting power output or frequency

and the reflection coefficient presented to the oscillator by

the tuner were measured for constant power levels or

constant frequencies. Under sustained oscillation condi-

tions, the load reflection coefficient is equal to the inverse of

the large-signal reflection coefficient of the unstabilized

I .0

I.0

D=lOmm L=4mm i,=35mm &=l.Omm fr=5810MHz

Fig. 5. Reflection coefficients of the resonator coupled to a terminated
50-0 microstripline.
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Fig. 6. Equivalent circuit of dielectric resonant circuit.
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Fig. 7. Stabilized oscillator blockdiagram.

oscillator. From these contours of the unstabilized oscillator

impedance, it was found that the oscillator is approximately

expressed by a negative conductance, decreasing with in-

creasing ac voltage, and LC parallel resonant circuit, which

terminate a 2-mm long line (Xl = 2 mm, 2nX1/A~ = n/5),

as is shown in Fig. 8.
From these RF properties of oscillator and resonant

circuit, the optimum resonator center position was deter-

mined to be Ag/2 away from the FET chip drain terminal, or

(1,/2 – 2 mm) away from the active subnetwork output

terminal. In Fig. 8 the impedance contour of the stabilizing

band rejection filter is also plotted (dotted line). The opera-

tion point is marked with the letter P.
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By differentiating both sides of (5), derivatives (d~/d~O)fr and

(&/5!,)J-0 are obtained.

RESONATOR (D=90. L= 36)

----- ~lood ‘----} J+o,c
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G::F9z@0~’;’’g’2

Fig. 8. Reflection coefficient rO,Cof unstabilized oscillator.

11. Tlworetical Aspect of Oscillator Stabilization

Stabilization of a solid-state microwave oscillator by

loading a band rejection filter was theoretically investigated

by K. Shirahata [8].

When a resonant circuit is placed at a point nlg/2 away

from the negative conductance and is coupled to a transmis-

sion line terminated by a load with reflection coefficient

I r I e“, oscillation frequency is obtained by equating total

susceptance 1?, to zero under the condition, dB, /df >0.

where

,fo

Qo

f,r

Q,

P

(afr=l’F(l)(v)
(%)fo=(f-fo’F(’’(71)/fr “)

Four values of fo,,fr + fa, f, +fb.f. ‘fb, andf, – fa(.f; > fb),

which make (df/@fo)~r infinite, are obtained by solving (7).

(–)~,,,f-t co ‘

f.r
(7)

and substituting the roots into (5). Forf. – /~ <j. <, f, – fb

andf, + j~ <to <j; + fa, three values for, f which satisfy (5)

exist but only the largest and the smallest ones satisfy the

stable operating condition dBt/dJ >0. This brings about

hysteresis in,f versusfO andf versusf, relationships. Stabiliza-

tion range A., which includes hysteresis, and Ab which does

not include hysteresis, are obtained by (8).

A.= ~fa

A~ = 2fb. (8)

Thanks to the inequality Q. < Q,, A. and A6 can be

approximated as in (9).

(9)

2PQ f -f,

~=7Qol~–L+.fi–fo t+

[– l--

,T”b(’+’’v+)’]t-
f.r f, ,fo

(

f-fi 2
l+ fl+a-2bQ, —

H 1

f-f. 2=0

h
+ b+2QJl+a)~

.r

1+ pld~
a+jb= l&21rle’a

I– Irlda –

unstabilized oscillator oscillation frequency,

unstabilized oscillator external Q value,

resonant circuit resonant frequency,

resonant circuit Q value,

coupling constant between resonant circuit and

transmission line.

In the first term of the equation,j~ /j. is approximated as

unity.

When the transmission line is terminated with a

nonreflecting load, (4) can be converted to (5).

Hfo-f=F q

“fr r

_ f-.fi

f,,

(4)

Stabilized oscillator temperature coefficient p and push-

ing figure q are evaluated by means of (6).

1 ‘f -A[ig) “~+Hfr4‘=~~T–f ?jrfo

Aj

– (-) –

~f Ajo
qz

AVGs = dfo ~, AV’GS
(10)

where j“ = j = f., p and q are expressed as functions off,. (2o,

Q,. and &

‘o

(
P .(2J. 1

1 +(1 +~)’ ‘o ~ + 2’, f-f,

(

~ (5)

l+fl L ))

1 Af, 1 1 Ajo

‘= ~“~T+ b Qr”.fo” AT

l+(l+p)’

1 Aj;
q=

~ ‘r “ AVGs”

1+(l+fl)2Q0

(11)
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Pulling characteristics, when~O = ~, are obtained by ap-

proximately solving (5), on the assumption that I r I 4 P,

Maximum frequency deviation (A~)PU1l is equal to

I r I “j/(Qrfi). Where~=~O =~,and I r \ = O,load conduc-

tance seen at negative conductance is YO/(1 + ~), where YOis

the transmission line characteristic admittance. As the

output power level of the unstabilized oscillator changes

with load conductance and band rejection filter insertion

causes insertion loss, microwave power P~ delivered to load

YOis reduced from that without band rejection filter.

PL = Po(Yo/(l + /3))/(1 + p) = kPo(Yo)

1 . Po(Yo/(l + p))
k=l+P

PO(YO)
(13)

where PO(GJ is an unstabilized oscillator output power

level, depending on load conductance G~.

For designing a stabilized FET oscillator, frequency

temperature coefficient, pushing figure, pulling character-

istic, stabilization range width, and output power level have

to be taken into account. These performances depend

strongly on O. In the oscillator stabilization by a dielectric

resonator, /? can be adjusted continuously by changing the

resonator position. In this study, ~ is selected to be around

unity. The distance ~, between resonator and line has to be

selected with great care.

As a numerical example, the following values are sub-

stituted into (9)-(13):

Qo = 10,

Q, = 4000,

P = 1,

f, = 6000 MHz,

1 Afo

fo” AT

Af

A V~s

—– – 100 ppm~C,

= +3.1 ppm~C,

= 200 MHz/V,

lrl = 0.13,

PO(YO/2)/Po( Yo) = 0.7.

Then

A. = 150 MHz,

A, = 60 MHz,

P = +2.1 ppm~C,

q = 2 MHz/V,

(Af )pm = 195 kHz,

k = 0.35.

Fig, 9. Stabilized oscillator photograph. Right: top view of stabilized
oscillator with a dielectric resonator. Left: case lid with metal disk.

V. STABILIZED OSCILLATOR STRUCTURE

A complete stabilized oscillator photograph is shown in

Fig. 9. The oscillator circuit is contained within a metal case.

In the photograph the case lid is disassembled and is placed

nearby. The circuit was formed on l-mm or 0.635-mm thick

alumina substrates. The active subnetwork, which con-

tained FET chip and external feedback network, was placed

on the base of the case under the metal wall. Open-ended

microstripline at the gate terminal and 50-C.2microstripline

at the drain output terminal were connected to dc bias

circuits, which consisted of Ag/4 high-impedance line and a

chip capacitor. A chip capacitor was also used for cutting dc

current off from output SMA connector. As shown in the

photograph, the dielectric resonator was confined within a

conductive wall to prevent spurious coupling with the

feedback network or the open-ended line. A metal disk was

attached to the case lid. It moved up and down with a sliding

screw to change the air gap thickness between the resonator

and the disk when the lid was assembled with the case.

VI. STABILIZED FET OSCILLATOR

MICROWAVE PERFORMANCE

Figs. 10-14 show the microwave performance of the

frequency-stabilized GaAs FET oscillator with a dielectric

resonator. Diameter D and height L of the cylindrical

resonator are 10 mm and 4 mm, respectively. The alumina

substrate thickness is 1 mm for Figs. 10 and 11 and 0.635 mm

for Figs. 12-14.

Fig. 10 shows oscillation frequencyfO,c and output power

level POU, dependence on gate bias voltage VGs, while

ambient temperature T. and drain bias voltage V~sare fixed.
Oscillation frequency was stabilized over the gate bias range

of – 3.1 to – 4.3 V. The pushing figure was about 3 MHz/V.

Hysteresis curves were observed on both sides of the stab-

ilized range. Hysteresis phenomena were also observed in

V& dependence of drain bias current I~s. An abrupt jump of
1~~ from 135 to 87 mA, observed at V& of – 3.08 V with

the frequency jump from 5690 to 5810 MHz, suggests a

sudden operation point shift.

Fig. 11 shows fO,c and POU,deviations for the ambient

temperature range from Oto 5&’C. V~s and V& were fixed at

7.0 V and at – 3.2 V. The positive temperature coefficient for

resonant frequency compensated for the negative tempera-
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ture coefficient of unstabilized oscillator and brought about

a small frequency temperature coefficient as low as + 2.3

ppm~C. Deviations in j&c, POU,,and l~s are ~ 0.34 MHz,
~ 0.2 dBm, and ~ 3 mA, respectively. At 25°C ambient

temperature T.,.LoSC, Pout, q, and l~s are 5810 MHz, 20 dBm

(100 mW), 17 percent, and 85 mA, respectively.
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Fig. 13. Mechanical tuning characteristics of stabilized oscillator.
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Fig. 14, FM noise characteristics of unstabilized and stabilized
oscillators.

Fig. 12 shows V~s dependence of f.,. and Pout, while the

gate was biased at – 3.5 V, The oscillator was always pulled

into the stabilized state as long as V~swas greater than 6.5 V.

To show the mechanical tuning characteristic of the

stabilized oscillator,~O,C and~, are plotted as functions of air

gap thickness 81 in Fig. 13. Air gap thickness Z ~ in the

resonant circuit triple-layered structure was changed by

moving the metal disk with a sliding screw. If {1 is restricted

within the range between 2.1 and 2.6 mm, ~O,Cfollows

resonant frequency without showing any hysteresis charac-

teristic from 6000 to 6050 MHz.

FM noise characteristics were also markedly improved by

introducing a dielectric resonator. (A~ ),~, in the l-Hz band

was 0.4 Hz/@ at 200-kHz off carrier and exhibited a noise

reduction of more than 30 dB from that of the unstabilized

oscillator (Fig. 14). The external Q value was about 2000.

Frequency stability and stabilization range for the ob-
tained stabilized oscillator show a reasonable agreement

with the numerical values presented in Section IV. This

demonstrates an excellent designability of the stabilized

oscillator with a dielectric resonator. Part of the discrepancy

between theory and experiment is attributable to the neg-

lected ac voltage dependence of oscillator susceptance.
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VII. CONCLUSION Katoh. and F. Hasegawa for their constant encouragement

Design theory, fabrication procedure, and performance of

a highly stabilized GaAs FET oscillator with a high-Q

dielectric resonator have been described. A newly developed

low-loss dielectric material with a small frequency tempera-

ture coefficient as low as 3.1 ppm~C was successfully

applied to stabilizing a high-power high-efficiency GaAs

FET oscillator.

The compact stabilized oscillator exhibited a 100-mW

output power level with 17-percent efficiency and a

frequency temperature coefficient as low as +2.3 ppm~C.

FM noise level was improved more than 30 dB by stabiliza-

tion. These performances will be sufficient to be applied to

microwave communication systems.
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Dynamic Considerations of Injection Locked
Pulsed Oscillators with Very Fast

Switching Characteristics
DIMITRIOS PAVLIDIS, HANS LUDWIG HARTNAGEL, AND KAZUTAKA TOMIZAWA

Abstract—A theory is reported which describes, in a more accur-

ate manner than previously, the voltage and phase transients of
injection locked pulsed oscillators with very fast growth times by
incorporating second-order effects which become important under

certain conditions. The locking transients are determined either in the
time domain or on a phase plane in which the variables are the
oscillation amplitude and the phase +. The optimum conditions for

fast switching are demonstrated with the aid of experimentally
obtained data for Gunn oscillators, which give some experimental
verification of the theory presented here.
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I. INTRODUCTION

T HE SYNCHRONIZATION of negative resistance

oscillators has been the subject of theoretical and

experimental treatments. The study of the steady state

synchronization properties was pioneered by Van der Pol
[1]. A better physical understanding together with a trans-

ient analysis for the case of low-level injected signals has

been provided by Adler [2]. The case of strong driving

signals has been considered by Paciorec [3], while Huntoon

and Weiss [4] refined Adler’s theory, predicting the potential

future of the synchronization phenomena in the develop-

ment of oscillators suitable for microwave applications. The

most outstanding, recent work has been contributed by

Kurokawa [5], [6], whose analysis, however, neglects sec-

ond-order effects. Many applications aim at fast growth

times of oscillations. By way of example of such an applica-
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