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Frequency Stability of L-Band, Two-Port
Dielectric Resonator Oscillators
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Abstract —Dielectric resonator oscillators operating at 1.5 GHz and 2.0
GHz, based on a two-port resonator design incorporated into a basic
feedback loop oscillator configuration, were evaluated and show state-of-
the-art, close-to-carrier phase noise performance. Typically, at 1-kHz
carrier offset frequency the single-sideband phase noise levels were —130
dBc/Hz and —120 dBc/Hz for the 1.5-GHz and 2.0-GHz oscillators,
respectively. Vibration sensitivity was also investigated and the resonators
show fractional frequency changes per g in the range of 10 ~7 to 10 =2 for
the 1.5-GHz and 2.0-GHz designs. Finally, measurements were performed
to characterize both the static and dynamic temperature sensitivities of the
2.0-GHz dielectric resonator oscillator design. The static temperature
coefficient was found to be approximately —1.40 ppm/°C, while the
dynamic temperature coefficient was nominally —3000 ppm/°C/s, at
27.5°C. :

I. INTRODUCTION

HE PERFORMANCE requirements of next-genera-

tion radar and communication systems can only be
satisfied through the development of stable, very low phase
noise microwave sources. For example, improved oscillator
phase noise levels will permit next-generation radars to
detect reduced radar cross-section targets and discern
slower moving targets. The L-band dielectric resonator
oscillator (DRO), while considerably larger (and heavier)
than several alternative choices such as surface acoustic
wave or surface skimming bulk wave oscillators [1], has
been shown to be an extremely low noise microwave
frequency source [2]. While most previously reported
DRO’s have utilized a one-port resonator design, we have
chosen to implement a two-port transmission mode ap-
proach, based upon a simple feedback loop oscillator
configuration [3], [4]. All of the oscillator’s components,
e.g., dielectric resonator (DR), amplifier, and directional
coupler, are designed to operate in a 50-0 characteristic
impedance environment, as illustrated in Fig. 1. This ap-
proach permits simple, precise measurements of loaded
and unloaded Q’s, insertion loss, and group delay, as well
as the convenient evaluation of potential spurious oscilla-
tor modes and considerable ease in setting up the proper
loop conditions for oscillation. Also, it is possible to
individually characterize the components which comprise
the oscillator loop, and thus predict their respective contri-
butions to the oscillator’s close-to-carrier phase noise level.
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Fig. 1

We report herein on 1.5-GHz and 2.0-GHz dielectric
resonator oscillators constructed using commercially avail-
able components, as shown in Fig. 1. Except for the
resonators, the oscillators at each frequency were assem-
bled using identical electronic components. Silicon bipolar
transistor amplifiers were used, rather than GaAs FET
amplifiers, since they have been shown to have lower
flicker noise levels, typically 10-30 dB better for compara-
ble L-band (1-2 GHz) amplifier designs [5]. Three critical
aspects of an oscillator’s frequency stability weré char-
acterized for the DRO designs, namely: 1) single-sideband
phase noise, 2) vibration sensitivity, and 3) temperature
sensitivity, including both static and dynamic effects.

II. RESONATOR CONSTRUCTION

The performance of L-band dielectric resonator oscilla-
tors operating at 1.5 GHz and 2.0 GHz is described. Each
1.5-GHz resonator was constructed using low-loss
cordierite ceramic supports whose outer diameters were
equal to the inner diameter of the metal cavity. For oné
resonator design mounting was accomplished using a nylon
nut and bolt, while in another design a low-loss epoxy was
used. These resonators had nominal loaded and unloaded
Q’s of 9500 and 15000, respectively, while the insertion
loss was approximately 9 dB. The inner diameter of the
metal cavity was equal to twice the diameter of the dielec-
tric resonator, while the dielectric resonator’s diameter and
height were 1.500 and 0.600 in, respectively. The 2.0-GHz
resonators were constructed using fused quartz support
pedestals whose diameters were equal to the dielectric
resonator’s diameter, and firmly boited with nylon screws.
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Fig. 2. Basic diclectric resonator mechanical configurations. (a) 1.5-GHz

design. (b) 2.0-GHz design.

These resonators had nominal loaded and unloaded Q’s of
8100 and 16000, respectively, while the insertion loss was
approximately 6 dB. The inner diameter of the metal
cavity was equal to 1.6 times the dielectric resonator’s
diameter, while the dielectric resonator’s diameter and
height were 1.125 and 0.450 in, respectively. All resonators
were made of ZrSnTiO; (e, = 37) with a 0 ppm/°C (£0.5
ppm/°C) temperature coefficient (Trans-Tech, Inc., type
D-8515), and were designed for TE,; mode operation.
Fig. 2 illustrates the two styles of cavity design and sup-
porting structures.

I1I.

The dielectric resonators were assembled and individu-
ally tested to determine their phase noise levels. This was
done using a Hewlett-Packard 11740A Microwave Phase
Noise Measurement System [6]. This type of measurement
is commonly referred to as an “open-loop” phase noise
test. It is possible, for the feedback loop oscillator config-
uration, to individually test the components which com-
prise the oscillator feedback loop. In principle, one can
account for the phase noise contribution of each device,
and these data can be used to estimate the phase noise of
the assembled oscillator. This technique was used to
eliminate noisy amplifiers and problematic resonator con-
struction. A careful examination of open-loop phase noise
measurement data on oscillator components is necessary
since their noise levels may be very close to the system
noise floor. A complete characterization of the system
noise floor is also essential in order to properly interpret
these data.

Once assembled, the DRO’s were allowed to stabilize at
room temperature, and phase noise measurements were
repeated at random intervals over periods of one to two
weeks. Oscillator noise measurements were performed on
individual oscillators using a Hewlett-Packard 5390A
Frequency Stability Analyzer [7] and on oscillator pairs
using the Hewlett-Packard 11740A system [8]. These mea-
surements demonstrated that the noise was flicker of
frequency and at 1-kHz offset, the single-sideband phase
noise levels were typically —130 dBc/Hz and -120
dBc/Hz for the 1.5-GHz and 2.0-GHz oscillators, respec-
tively. The observed close-to-carrier phase noise levels are

CHARACTERIZATION OF PHASE NOISE
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comparable to those reported by Alley and Wang [2] and
represent the current state of the art for an L-band DRO.
We note that the 1.0-GHz, one-port oscillator design of
Alley and Wang operated with > +20 dBm incident on
the resonator, whereas the oscillators described herein ran
with only +7 dBm of incident RF power. The fact that the
close-to-carrier phase noise performance is comparable in
both cases is consistent with the hypothesis that the source
of close-to-carrier phase noise in DRO’s (and many other
oscillators) is phase fluctuations rather than voltage
fluctuations. Of course, the low loop power in our oscilla-
tors did not result in a particularly low noise floor, and in
fact —165 dBc/Hz was measured.

To compare oscillator phase noise measured within the
resonator’s bandwidth with the component phase noise
levels measured using the “open-loop” technique, one must
use the relation [9], [10]

2(f)=2,(f)-20log(f)+20log[F,/(20,)] (1)

where

Z,(f)= closed-loop single-sideband phase noise in
dBc/Hz,
&£ (f)= open-loop single-sideband phase noise in
dBc/Hz,
f= carrier offset or noise frequency in Hz,
F,= carrier frequency in Hz,
Q= loaded Q of the DR in the oscillator loop.

Typical open-loop phase noise measurements on wide-
band silicon bipolar transistor amplifiers below 1 GHz
give nominal flicker noise levels of £, (f =100 Hz) = —155
dBc/Hz. This is the case provided that the amplifier is not
driven more than 3 dB into gain compression. When the
measurements are performed at higher carrier frequencies,
the system noise floor can exceed this level, precluding a
direct measurement of the amplifier’s noise. This problem
was indeed encountered during our measurements at L-
band frequencies. A detailed analysis of phase noise
processes indicates that when the loop amplifier is the
source of phase noise in a feedback-loop-type oscillator,
the close-to-carrier phase noise of the oscillator will vary
inversely with the loaded Q of the resonator [9]. For two
2.0-GHz dielectric resonators, the loaded Q was varied in
order to give up to a 5-dB change in the third term on the
right side of (1). When the oscillators were measured, the
phase noise at 100 Hz offset from the carrier varied by
6+ 1 dB. Finally, when the loaded Q’s of the two 2.0-GHz
dielectric resonators were set to the same value, compara-
ble phase noise levels were observed. A calculation of the
“open-loop” phase noise level from the oscillator phase
noise gives values comparable to the amplifier phase noise
level discussed earlier. This is a strong indication that the
loop amplifier, rather than the dielectric resonator, is the
dominanti source of phase noise in the DRO’s that we have
evaluated to date.
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AXIS #1
Fig. 3.

AXIS #2 AXIS#3

Definition of the three mutually orthogonal axes used for our
vibration sensitivity measurements.

IV. CHARACTERIZATION OF VIBRATION SENSITIVITY

In many applications where it is desirable to employ
low-noise frequency sources, the oscillator’s environment
may be subjected to relatively high vibration levels. In
such situations the quiescent phase noise characteristic
may no longer be relevant since vibration can significantly
degrade an oscillator’s phase noise spectrum. Therefore, as
has been done for bulk acoustic wave (BAW) [11] and
surface acoustic wave (SAW) [12] based low-noise sources,
it becomes necessary to characterize the vibration sensitiv-
ity of the frequency stabilizing element, in this case the
dielectric resonator.

To be consistent with the standard definitions developed
to characterize the vibration sensitivity of quartz-based
frequency sources, the fractional frequency change per
peak g of acceleration during vibration, v, is defined by

v=(AFuax/Fo)/8 (2)
where F; is the “at rest” frequency of the oscillator and
A Fyyax is the maximum frequency change. For a random
vibration spectrum, its contribution to the single-sideband
phase noise of the oscillator is given by

L) = P /Pl gwo1m, =10l0g [ (YR, /1,)(G /)] (3)

with the assumption that the levels of the vibration-
induced sidebands are small compared to the carrier power
P,. The quantity G represents the vibration power spectral
density in g?/Hz at the vibration frequency f,.

In the laboratory, vibration sensitivity is most easily
evaluated with a sinusoidal vibration source. For sinusoidal
vibration levels which produce small discreie sidebands
relative to the carrier, the quantity y can be found using
the equation

P../P.=10log[(vF2)/(21,)]? (4)

where g is the peak sinusoidal acceleration in g’s. Since an
oscillator may experience vibration in any direction (or
directions) in a real system application, it is necessary to
characterize the vibration sensitivity of the oscillator along
three mutually orthogonal axes. For the dielectric reso-
nator, we selected the axes as defined in Fig. 3. Axis #1 is
along the cylinder axis, while the two axes in the plane of
the microstrip substrate are parallel (#2) and perpendicu-
lar (# 3) to the microstrip lines.

A complete set of measurements for the magnitude of y
versus vibration frequency, using the axes just defined, was
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Fig. 4 Measured axis #?2 vibration sensitivity for a 2.0-GHz DRO.
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Fig. 5. Measured vibration sensitivities along axis #1 (y;) for two

1.5-GHz DRO’s using different mounting techniques: epoxy (----) and
nylon screws (—).

performed on a 2.0-GHz dielectric resonator. Fig. 4 shows
the actual data for y,, the most sensitive axis observed.
The nominal vibration sensitivities measured on the 2.0-
GHz dielectric resonator were vy, ~6X107%/g, v, ~ 4X
107%/g, and v, ~1x 10" 3/g. Experiments were performed
on the resonator alone, with the oscillator electronics ca-
bled away from the vibration equipment. Separate mea-
surements confirmed that the cables do not contribute to
the measured sensitivities using this technigque. Fluctua-
tions in the measured data above 1 kXHz can be attributed
to mechanical resonances within the resonator and the
experimental mounting structure, Fig. 5 shows measure-
ments of y, versus vibration frequency for two different
1.5-GHz dielectric resonators, one mounted with a nylon
bolt, the other with epoxy. The observed levels for v,,
nominally 1x10~7/g at 1.5 GHz and 6X107%/g at 2.0
GHz, are significantly higher than the 1X107°/g mea-
sured for SAW resonators and the 2X107°/g measured
for BAW resonators. Based on the data in Fig. 5, the
epoxy mount does not appear to offer any advantage over
the nylon bolt in terms of vibration sensitivity. Since all
resonators employed pedestal supports whose diameters
were equal to or greater than the dielectric resonator’s
diameter, the difference in vibration sensitivity between
the two dielectric resonator designs might be attributed to
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Fig. 6. Fractional frequency change versus time for a 2.0-GHz DRO in
response to a 5°C temperature cycle in the range of 25 to 30°C,

their significant size difference. However, it is important to
note the dielectric resonator’s comparatively high vibration
sensitivity and to observe that this sensitivity could further
degrade if the entire oscillator were subjected to vibration.

During construction, no attempt was made to minimize
the dielectric resonator’s vibration sensitivity, and it is
entirely possible that improvements can be made without
adversely affecting other oscillator performance parame-
ters. However, we have established a baseline for the
vibration sensitivity of L-band dielectric resonators by
employing a standard characterization technique. A
knowledge of the quantity y allows one to use (3), along
with a known vibration power spectral density, to estimate
the degradation of an oscillator’s phase noise due to vibra-
tion.

V. CHARACTERIZATION OF TEMPERATURE
SENSITIVITY

The accurate characterization of a DRO’s temperature
sensitivity is very important for applications requiring the
design of temperature-stable oscillators. Fig. 6 shows the
fractional frequency change for a 2.0-GHz DRO in re-
sponse to a 5°C temperature cycle, in the temperature
range of 25 to 30°C. As might be expected, the large mass
of an L-band dielectric resonator results in a very long
thermal time constant, typically one hour for several de-
vices which were tested.

The fractional frequency change of the DRO in response
to a temperature step can be separated into two parts as
expressed by

AF(T,t)/Fy=a(T—T,)+ x(dT/dt) (5)

where F, and T, are the frequency and temperature at
t =0, respectively. The first term on the right side of (5) is
referred to as the “static” portion of the temperature
dependence. This component depends only on the absolute
temperature change and is independent of time. For small
temperature changes, this contribution can be approxi-
mated by a linear term, and as the magnitude of the
temperature change increases, second- and third-order ef-
fects may become more significant. The coefficient a is
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referred to as the static temperature coefficient. The sec-
ond term on the right side of (5) represents the “dynamic”
part of the temperature dependence and it depends on the
rate of change of temperature with time. The coefficient x
is called the dynamic temperature coefficient. The large
fractional frequency transients shown in Fig. 6 represent
the dynamic responses, whereas the static responses are
given by the steady-state fractional frequency changes
after the oscillator has reached equilibrium. When con-
structing temperature-stable DRO’s, it is the static part of
the temperature dependence which is generally of interest.
Evaluating the static temperature coefficient simply con-
sists of measuring the steady-state fractional frequency
change and dividing by the temperature change. Fig. 6
gives an average value of —1.4 ppm/°C for the static
temperature coefficient at 27.5°C, Evaluating the dynamic
temperature coefficient is more difficult since the dynamic
portion of the responseé can include contributions from
static effects. The figure gives a nominal value of —3000
ppm/°C/s for the dynamic temperature coefficient &, at
27.5°C.

This model assumes that the maximum dynamic frac-
tional frequency change occurs at the time corresponding
to the maximum time rate of change of temperature. The
DRO responses in Fig. 6 do not follow the model pre-
cisely, but this may be a consequence of the fact that the
temperature sensor was mounted on the exterior .of the
metal cavity, thus responding too quickly to temperature
changes. The large magnitude of the dynamic temperature
coefficient is of great interest since it is some 100-1000
times larger than those measured for quartz-based acoustic
resonators. This indicates a comparatively high sensitivity
of the dielectric resonator oscillator’s frequency to temper-
ature fluctuations, an effect which can contribute to an
oscillator’s phase noise level. There are two potential ex-
planations for the rather large dynamic thermal effect
which was observed. First is the realization that the brass
cavity responds rapidly to temperature changes through
expansion or contraction and thus reaches thermal equi-
librium sooner than the dielectric resonator. Second, the
electronic circuitry will also respond to temperature
changes very rapidly; thus the temperature-dependent
phase shift through the electronic circuitry reaches thermal
equilibrium sooner than the dielectric resonator. It is thus
important that the time interval between successive tem-
perature steps exceed the thermal time constant of the
DRO for correct static temperature effects to be observed.
If not, the measured data may be dominated by dynamic
responses, and if used to determine the static temperature
coefficients could even yield results of the wrong sign.

VI. SUMMARY

L-band oscillators, when designed with two-port dielec-
tric resonators and using the basic feedback loop con-
figuration, have been shown to provide state-of-the-art,
close-to-carrier phase noise performance. The two-port
resonator design allows the use of convenient oscillator
characterization techniques, as well as the capability to
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separate and individually test the oscillator components.
When carefully designed, the dominant source of oscillator
phase noise appears to be the oscillator electromcs and not
the dielectric resonator.

The vibration sensitivities for several L-band dielectric
resonators were characterized. For a 2.0-GHz device the
vibration sensitivities were measured along three mutually
orthogonal axes, resulting in a typical sensitivity magni-
tude of 4x1078/g. The measurements were made in such
a fashion that these results can be used to estimate the
contribution to an oscillator’s phase noise spectrum due to
an arbitrary vibration environment. Static and dynamic
thermal effects were also observed on a 2.0-GHz DRO
which was constructed with a 0 ppm/°C (£0.5 ppm/°C)
temperature coefficient dielectric puck material. The dy-
namic temperature coefficient was found to be nominally
— 3000 ppm/°C/s, while the static temperature coefficient
was approximately —1.4 ppm/°C, both measured at an
average temperature of 27.5°C. The vibration and dynamic
temperature sensitivity measurements yielded results which
are considerably larger than those typically observed for
quartz-based acoustic resonators.

Improved dielectric resonator cavity designs (both
mechanical and thermal) will very likely lead to reduced
vibration and temperature sensitivities. This may result in
the use of DRO’s in certain applications which are cur-
rently being addressed by quartz-based acoustic resonator
oscillators of modest performance. In such cases improved
far-from-carrier phase noise levels would also be realized.
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