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Applications of Interferometric Signal Processing to
Phase-Noise Reduction in Microwave Oscillators
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Abstract—To enhance the sensitivity of oscillator phase-noise
measurements, an interferometric frequency-discriminator sys-
tem may be implemented. Such systems consists of a microwave
interferometer, incorporating a high-Q resonator and a phase-
sensitive microwave readout. Suppressing the carrier at the out-
put of the interferometer enables the microwave readout to
operate in the small-signal regime with an effective noise tem-
perature close to its physical temperature. When used as a
sensor of a frequency-control system to lock the oscillator to a
selected resonant mode of a high-Q resonator, the interferometric
frequency discriminator has enabled more than two orders of
magnitude improvement in oscillator phase-noise performance as
compared with the state-of-the-art. Thus, the phase noise of an
X-band oscillator was reduced to�150 dBc/Hz at 1-kHz Fourier
frequency without the use of cryogenics, and was limited by the
thermal noise in the microwave interferometer. To facilitate tun-
ing and locking, an automatically balanced microwave frequency
discriminator was developed using voltage-controlled attenuators
and phase shifters. Rapid frequency tuning of the oscillator was
achieved by varying the interferometer phase mismatch and
automatically controlling the carrier suppression without tuning
the high-Q resonator.

Index Terms—Effective noise temperature, frequency discrim-
inator, microwave interferometer, phase and amplitude fluctua-
tions.

I. INTRODUCTION

T HE frequency discriminator is a key part of any oscillator
frequency-stabilization system and improvement of its

sensitivity results in the corresponding improvement in the
oscillator phase noise. The ideas of using a carrier–suppression
technique for improving the sensitivity of frequency discrimi-
nators can be found in literature dating back to the late 1950’s
[1]. In particular, a carrier–rejection filter based on a critically
coupled microwave resonator in reflection was suggested in
[2] as the dispersive element in a frequency discriminator. By
following this work, Santiago and Dick developed a cryogenic

-band frequency discriminator with an extremely low phase-
noise floor of 160 dBc/Hz at Fourier frequency kHz
in 1992 [3], [4]. This performance was achieved by using a
sapphire loaded cavity (SLC) resonator operating at liquid-
nitrogen temperature. However, the sensitivity of Santiago
and Dick’s frequency discriminator was limited by the lack
of carrier suppression caused by nonperfect matching of the
cavity to the transmission line. The drawbacks of frequency
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discriminators based on the critically coupled resonators were
overcome in the interferometric measurement systems devel-
oped at the University of Western Australia, Nedlands, W.A.,
in the mid-1990’s, and is subject to international patent [5]–[9].
By implementing the interferometric signal processing, the
phase-noise floor of an -band frequency discriminator was
reduced to a level of 155 dBc/Hz at 1-kHz Fourier frequency
without the use of cryogenics. This has enabled the devel-
opment of a 9-GHz oscillator with the phase-noise spectral
density of 150 dBc/Hz at kHz, which represented
at least a 25-dB improvement in the oscillator phase-noise
performance as compared with the previous state-of-the-art
[10], [11].

The enhanced sensitivity of the interferometric measurement
system arises from its ability to satisfy two seemingly con-
tradictory requirements: having high power at the input of
the interferometer, and enabling the small-signal operation of
a microwave readout system, which represents a homodyne
downconvertor for converting fluctuations of the microwave
signal at the output of interferometer into voltage noise.
The low-noise operation of the readout system is achieved
by balancing the interferometer and amplifying the signal
with the suppressed carrier by using a high-gain low-noise
microwave amplifier before processing it in the nonlinear
mixing stage. The combination of carrier suppression and a
low-noise microwave amplification enables the interferometric
noise-measurement system to operate with effective noise
temperatures close to its physical temperature [5].

In this paper, we consider: 1) the principles of opera-
tion of interferometric frequency discriminators and the noise
mechanisms affecting their sensitivity; 2) the applications of
microwave interferometric signal processing to phase-noise
reduction in microwave oscillators; and 3) noise analysis and
performance of tunable ultra-low phase-noise oscillators with
automatic carrier suppression.

II. PHASE-NOISE FLOOR OF THE INTERFEROMETRIC

FREQUENCY DISCRIMINATOR

The schematic diagram of the interferometric frequency dis-
criminator is shown in Fig. 1. The key part of the discriminator
is a microwave interferometer with a high-resonator in one
of its arms. The sensitivity of the interferometric frequency
discriminator to pump oscillator frequency fluctuations results
from frequency-to-phase conversion, which takes place in the
high- resonator. This upsets the balance of the interferometer
and results in power fluctuations at its output. The signal
with suppressed carrier from the output of interferometer is
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Fig. 1. An interferometric frequency discriminator.

processed by the homodyne phase-sensitive readout system,
which is formed by the low-noise microwave amplifier, refer-
ence phase shifter, and double-balance mixer. The microwave
amplifier is introduced in front of the mixer in order to
take advantage of the carrier suppression and override the
mixer’s high effective noise temperature. While operating in
the small-signal regime, the effective noise temperature of the
microwave readout system is constant, and not affected by the
flicker noise of microwave amplifier. This allows the phase
sensitivity of the interferometric frequency discriminator to
be increased by increasing the power incident on the high-
resonator as long as the carrier suppression remains sufficient.

A number of noise mechanisms, both intrinsic and external
with respect to the frequency discriminator, limit its sensi-
tivity and, therefore, introduce uncertainty in the process of
oscillator frequency measurements. One of these mechanisms
can be described in terms of the readout-system effective
noise temperature , which can be expressed as a sum
of three components representing noise contributions of the
microwave-amplifier, double-balance mixer, and lossy com-
ponents of the interferometer

(1)

Here, and are the microwave-amplifier gain
and effective noise temperature, respectively, andis the
ambient temperature. High amplifier gain makes the mixer
noise contribution insignificant, and (1) can be simplified to

.
In the general case, is a function of Fourier frequency
and power at the input of the low-noise microwave amplifier

. This dependence is caused by the microwave-amplifier
flicker noise, which intensity scales proportionally with input
power [12], [13]. For a typical microwave amplifier, we found
that [5]

(2)

Here, is the minimum effective noise temperature of
the readout system measured with a 50-termination attached
to its input, and is the flicker-noise corner frequency given
by

Hz mW (3)

By suppressing the carrier at the output of the interferometer
and choosing a microwave amplifier with a low level of
Johnson noise, the readout-system effective noise temperature
can be reduced to a level close to the ambient temperature.

For instance, the effective noise temperature of about 360 K
was measured at dBm [5]. The value of
being close to implies that the measurement-system noise
floor is primarily limited by thermal fluctuations in the lossy
components of the interferometer.

Assuming that the oscillator operating frequency is
equal to the resonant frequency of the high-resonator ,
the interferometric frequency-discriminator phase-noise floor
in terms of one-sided spectral densities is given by [5]

(4)

Here, is the power of microwave signal incident on
the resonator, is Boltzman’s constant, is the resonator
coupling coefficient, and are the resonant frequency
and unloaded -factor of the resonator, respectively, and

is the resonator loaded half-
bandwidth. Substituting into (4) the set of parameters cor-
responding to a typical room temperature SLC, ,

, GHz, and assuming that K
and mW, we calculate a one-sided phase-noise floor
of 155 dBc/Hz at kHz. This is more than 50 dB better
than the phase noise of a free-running oscillator based on the
same resonator [6], and illustrates the high potential of the
interferometric phase-noise reduction technique.

Another component of the frequency-discriminator phase-
noise floor is due to the phase modulation (PM) and am-
plitude modulation (AM) fluctuations inside the microwave
interferometer. These fluctuations occur in voltage-controlled
and ferrite components of the interferometer, and can also
be vibrationally induced. Assuming that , the
frequency-discriminator phase-noise floor due to the above
mechanism is given by

(5)

Here, and are spectral densities of phase
and amplitude fluctuations in the interferometer, respectively,
and is the error in setting the reference phase shift, which
results in a residual sensitivity of the frequency discriminator
to amplitude fluctuations in the interferometer. Using the above
parameters of the SLC resonator and considering the noise
performance of typical voltage-controlled devices [7], we can
show that dBc/Hz at kHz. This is
14 dB higher than the thermal noise floor calculated earlier
from (4). Removing the voltage-controlled devices from the
interferometer leaves the microwave circulator as the only
source of nonthermal fluctuations inside the interferometer (see
Fig. 1), and allows a significant reduction in the frequency-
discriminator noise floor. Using the phase-noise model of a
single isolator [7], [8]

dBc/Hz (6)

from (5) it follows kHz dBc/Hz, which
is lower than the noise floor calculated from (4). However,



IVANOV et al.: APPLICATIONS OF INTERFEROMETRIC SIGNAL PROCESSING 1539

Fig. 2. A frequency-stabilized microwave oscillator with interferometric
signal processing.

at low Fourier frequencies, the circulator noise contribution
becomes the dominant factor and determines the frequency-
discriminator noise floor. This is because the increases
as while .

When the oscillator operating frequency is not exactly
equal to , the phase noise of the interferometric frequency
discriminator is affected by the oscillator AM noise. The nu-
merical estimate for the frequency-discriminator phase-noise
floor due to this effect is approximately160 dBc/Hz at

kHz, assuming that kHz and the oscillator
AM noise spectral density kHz dBc/Hz.
Another mechanism for the amplitude-to-phase conversion in
an interferometric frequency discriminator is related to the
error in setting the reference phase shift . The frequency-
discriminator phase-noise floor due to this effect is given
by

(7)

Equation (7) allows the upper limit on the reference phase-
shift error to be calculated. Thus, assuming an oscillator AM
noise of kHz dBc/Hz, the phase error

must be kept less than 1.4if the thermal-noise limited
performance given by (4) is to be achieved.

III. U LTRA-LOW PHASE-NOISE OSCILLATOR WITH

INTERFEROMETRICSIGNAL PROCESSING

A simplified diagram of the frequency-stabilized microwave
oscillator with interferometric signal processing is shown in
Fig. 2. The high- resonator is used both as a bandpass filter
in the loop oscillator and a dispersive element of the frequency
discriminator [14]. The oscillator phase-noise suppression is
achieved by applying a filtered signal from the output of the
frequency discriminator to the voltage-controlled phase shifter
(VCP) inside the loop oscillator. The VCP allows the tuning
of the oscillator operating frequency by changing the effective
electric length of the loop. The frequency discriminator and
VCP represent the sensor and actuator, respectively, of a
frequency-control system, which locks the oscillator to a
selected resonant mode of the high-resonator. An auxiliary

Fig. 3. Phase-noise performance of a 9-GHz oscillator. Curve 1: measured
phase noise of the free-running oscillator. Curve 2: measured phase noise
of frequency-stabilized oscillator. Curve 3: phase noise due to the fre-
quency-servo finite-loop gain. Curve 4: phase noise due to readout-system
effective noise temperature. Curve 5: phase noise due to intrinsic phase
fluctuations of microwave circulator. Curve 6: phase noise due to oscillator
amplitude fluctuations.

channel of the readout system based on Mixer 2 (see Fig. 2)
allows in situ monitoring of the noise performance of the
readout microwave amplifier.

The spectral density of the oscillator phase noise at Fourier
frequencies within the bandwidth of a high-gain frequency-
control system is given by [5]

(8)

where the first term represents the frequency-discriminator
phase-noise floor due to the noise mechanisms discussed
earlier, and the second term represents the high-resonator
resonant frequency fluctuations. Such fluctuations arise from
various effects including temperature, and seismic and radia-
tion pressure fluctuations [15].

The phase noise of the 9-GHz loop oscillator with the
interferometric frequency discriminator was measured by us-
ing a second interferometric frequency discriminator with
similar sensitivity. Both frequency discriminators were based
on the commercial temperature-stabilized SLC’s developed by
Poseidon Scientific Instruments Pty Ltd., Fremantle, W.A. The
results of noise measurements are shown in Fig. 3. Curve 1
in Fig. 3 corresponds to the phase noise of the free-running
loop oscillator. Closing the frequency feedback loop with a
dc gain of 58 dB reduces the oscillator phase noise by 50 dB
at Fourier frequencies below a few kilohertz (curve 2). The
one-sided phase noise of the oscillator in this case follows a
flicker-frequency law and fits to

dBc/Hz (9)

which corresponds to kHz dBc/Hz. The
various components of the oscillator phase noise given by
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curves 3–6 in Fig. 3 were calculated from a small-signal model
of the low-noise oscillator. Here, we assumed the following
parameters:

1) power incident on the SLC resonator mW;
2) reference phase-shift error ;
3) oscillator AM noise spectral density kHz

dBc/Hz;
4) 60-dB level of carrier suppression.

It was also assumed that the carrier is suppressed at the SLC
resonant frequency and the total dc gain of the feedback
control loop was equal to 58 dB. The loop filter was designed
to provide a phase margin of the open-loop transfer function
equal to 25.

Curve 3 shows the suppression of the free-running oscillator
phase noise by the frequency servo. This level of the oscillator
phase noise could be achieved if the frequency discriminator
was noiseless. Comparing curves 2 and 3 shows that the
relative degradation of the oscillator phase noise at Fourier
frequencies above 10 kHz is due to the insufficient gain of
the frequency servo. Curve 4 in Fig. 3 corresponds to the
oscillator phase noise due to the readout-system effective noise
temperature. It varies as and is a major factor limiting the
oscillator phase-noise performance at Fourier frequencies from
200 Hz to 10 kHz. At low Fourier frequencies Hz, the
oscillator phase noise is limited by phase fluctuations in the
circulator (curve 5 in Fig. 3). The phase-noise performance
of the oscillator in this frequency range can be improved
by setting the resonator coupling close to critical

(5). The same goal can also be achieved by replacing
the circulator with a 3-dB hybrid coupler, as suggested in
[4]. In this case, the power at the input of the microwave
interferometer must be increased by 6 dB to compensate for
the loss of signal power in the hybrid coupler. The overall
phase noise of such an oscillator at Fourier frequencies 50 Hz

kHz is entirely determined by the readout-system
effective noise temperature (curve 4 in Fig. 3). The component
of the oscillator phase noise caused by AM-to-PM conversion
(7) is shown by curve 6 in Fig. 3.

From the above discussion, it follows that further im-
provements in the oscillator phase-noise performance could
be achieved by increasing both the power incident on the
resonator and its -factor. For instance, a phase-noise spectral
density of the order of kHz is expected for the room
temperature SLC oscillator operating with an incident power
of mW. To increase the -factor of the SLC,
it must be cooled to cryogenic temperatures.-factors of
order 5 10 and 5 10 have been achieved for the SLC
resonators operating at liquid nitrogen (77 K) and helium
(4.2 K) temperatures, respectively [16], [17]. The phase noise
of a frequency-stabilized oscillator based on a 77-K SLC
resonator with mW is expected to be equal to

180 dBc/Hz at kHz. It is worth noting that at Fourier
frequencies higher than the resonator bandwidth, the oscillator
phase noise does not depend on the-factor [see (4) and
(5)]. This implies that at Hz, the phase noise of the
cryogenic oscillator based on the 77-K SLC resonator will not
be affected by cooling to lower temperatures.

Fig. 4. A frequency-stabilized microwave oscillator with automatic carrier
suppression.

IV. TUNABLE ULTRA-LOW PHASE-NOISE OSCILLATOR

WITH AUTOMATIC CARRIER SUPPRESSION

A. Principle of Operation

The optimal phase-noise performance of the above oscillator
is achieved at frequencies close to the resonant frequency
of the high- resonator. Tuning the operating frequency of
such an oscillator (by changing the phase balance of the
interferometer) ruins the carrier suppression and degrades the
oscillator phase-noise performance due to flicker noise in
the readout amplifier. To minimize the degradation of the
oscillator phase noise, an automatic carrier–suppression system
capable of maintaining the balance of the interferometer within
the oscillator tuning range has been developed. The general
configuration of the microwave oscillator with an automatic
carrier–suppression system is shown in Fig. 4. In such an
oscillator, the carrier is automatically suppressed due to the
joint operation of two feedback control systems. The first
(frequency) control system maintains the phase balance of
the interferometer, while the second one (amplitude-control
system) keeps the amplitude mismatch between the interferom-
eter arms at a minimum. The sensors of both control systems
are almost identical, except for the quadrature settings of the
reference phase shifters and . In practice, the optimal
values of the reference phase shifts are sought at frequency
close to to ensure the optimal sensitivity of each sensor
and minimum cross coupling between the control systems.
The values of and obtained in the process of such
optimization remain unchanged during the oscillator frequency
tuning.

Responding to variations of interferometer phase mismatch,
the two feedback control systems alter the oscillator frequency
and the attenuation of the interferometer compensating arm
until the balance of the interferometer at a new operating
frequency is achieved. This enables the degradation of the
oscillator phase noise associated with the lack of carrier
suppression to be completely avoided. However, there are
other noise mechanisms which effect the oscillator phase
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Fig. 5. Oscillator frequency offset from the resonant frequency of SLC
resonator (curve 1) and power at the output of microwave interferometer
(curve 2) as functions of interferometer phase mismatch.

noise and depend only on the oscillator frequency shift from
the high- resonator center of resonance , and is
discussed in the following section.

The tuning range of the frequency-stabilized oscillator with
automatic carrier suppression is limited by the maximum phase
mismatch at which the interferometer can still be
balanced. For a two-port high-resonator, the value of
is given by

(10)

where is the equivalent coupling of the high-resonator
equal to , and and are the resonator
coupling coefficients. Here, it is assumed that . The
value of corresponds to the maximum phase deviation
of the cavity reflection coefficient with frequency. From (10),
the boundaries of the oscillator frequency tuning range can be
calculated to be

(11)

where is the resonator half-
bandwidth and is the unloaded -factor.

The experimental dependence of oscillator operating fre-
quency on phase mismatch is shown in Fig. 5 (curve 1).
It corresponds to the oscillator based on a typical room-
temperature SLC resonator having the following parameters:

1) GHz;
2) , ;
3) .

From Fig. 5, it follows that the frequency is a nonlinear
function of the phase mismatch, and the total tuning range
is approximately 14 kHz, which is comparable to the SLC
resonator half-bandwidth . From (11), it follows that
the oscillator tuning range can be increased by reducing the
resonator’s -factor and its coupling coefficient. However, this
will be achieved at the expense of degrading the oscillator
phase noise [see (4) and (5)]. This confirms the intuitive
perception that low-phase-noise operation and broad frequency
tuning are mutually exclusive.

Power at the output of microwave interferometer (input
of low-noise microwave amplifier) as a function of phase
mismatch is shown by curve 2 in Fig. 5. This dependence
corresponds to when the frequency and amplitude-control
systems are both operating. It shows that even at the bound-
aries of the tuning range, the power at the input of the
low-noise microwave amplifier does not exceed68 dBm,
which is low enough not to cause any significant degradation
of the frequency-discriminator effective noise temperature
[see (2) and (3)]. These experiments have also confirmed
that extremely high levels of carrier suppression could be
reproducibly achieved and maintained. Defining the carrier
suppression as a ratio of power incident on the high-
resonator to the power at the input of the microwave readout
amplifier— —and applying this definition to
the experimental data in Fig. 5, a maximum value ofequal
to 109 dB was obtained.

B. Oscillator Small-Signal Model

The noise performance of a microwave oscillator with
automatic carrier suppression is analyzed by solving a system
of coupled nonlinear differential equations, which describe the
joint operation of frequency and amplitude-control systems.
The first characteristic equation of this system corresponds
to the loop oscillator in which the total phase shift around
the loop is adjusted by the error signal from the frequency
discriminator. Expressing the operating frequency of the loop
oscillator as a function of the phase shift[18]

(12a)

and taking into account that theis a function of the output
voltage of the filter in the frequency control system, results in

(12b)

where is a voltage independent com-
ponent of the loop oscillator phase shift, is an initial bias
voltage of the electronic phase shifter, is the differential
operator corresponding to the frequency control system filter
transfer function, and is the frequency discriminator
output voltage The latter is a function of frequency offset

, interferometer phase and amplitude mismatches
and , respectively, power incident on the high-resonator

, the gain of microwave amplifier , and some other
parameters.

The characteristic equation of the amplitude-control system
is derived by “traveling” around the control loop and combin-
ing the transfer functions of all its elements. Starting from the
voltage-controlled attenuator in the compensating arm of the
interferometer, its attenuation can be expressed as a nonlinear
function of the applied voltage

(13a)

Representing as a sum of the dc bias voltage
and the amplitude-discriminator filtered voltage, the following
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Fig. 6. The small-signal model of a frequency-stabilized microwave oscil-
lator with automatic carrier suppression.

characteristic equation of the amplitude-control system is
obtained:

(13b)

where is the filter-transfer function and is the
amplitude-discriminator output voltage. The parameterin
(13b) is the optimal attenuation of the compensating arm of
the interferometer, which can be found from the condition of
carrier suppression: , where is the reflection
coefficient of the high- resonator at some arbitrary frequency

, which is not necessarily equal to .
By linearizing the system of characteristic equations (12b)

and (13b) in the vicinity of the stationary regime, one can
obtain a set of differential equations, which are linear with re-
spect to small fluctuations of the oscillator operating frequency

and interferometer amplitude mismatch . Presenting
these equations in a graphical form yields a block diagram,
shown in Fig. 6, which will be referred to as an oscillator
small-signal model. The graphical approach simplifies the
understanding of the oscillator noise analysis by visualizing
the interaction between two control systems and allowing one
to trace the effect of various noise sources on the oscillator
frequency stability. From the small-signal model of the os-
cillator, it is also clear that the cross-coupling between the
two control systems is caused by residual sensitivities of both
discriminators to the unwanted type of fluctuations. Thus,
in general, the frequency discriminator is sensitive to AM
fluctuations in the interferometer, while the amplitude discrim-
inator exhibits some sensitivity to oscillator phase noise. It
should be noted that the sensitivities of both frequency and
amplitude discrimination are functions of the interferometer
phase mismatch and, therefore, vary in the process of
frequency tuning. Assuming that both control systems are
operating, the sensitivities of frequency discriminator to phase
fluctuations inside the interferometer and oscillator

Fig. 7. The frequency-discriminator sensitivities to phase fluctuations inside
interferometer (curve 1) and oscillator amplitude noise (curve 2) as functions
of interferometer phase mismatch. Both control systems are operational.

AM noise have been calculated as functions of the
. The results of these calculations are shown in Fig. 7

(curves 1 and 2, respectively). They imply that oscillator
phase-noise performance degrades near the boundaries of the
tuning range as both and rapidly increase
as .

The major disturbances affecting the oscillator frequency
stability include: 1) frequency fluctuations of the free-running
oscillator caused primarily by phase fluctuations of
the microwave amplifier in the loop oscillator; 2) phase
and amplitude fluctuations inside the interferometer;
3) oscillator amplitude fluctuations ; and 4) intrinsic
voltage fluctuations and at the output of frequency
and amplitude discriminators. Most of these fluctuations are
statistically independent, except for the last two ( and

), which are strongly correlated, as they are primarily
caused by the same factor—thermal noise at the input of the
microwave readout amplifier (see Fig. 4).

The fluctuations of the oscillator operating frequency due
to the above disturbances can be found by using the oscillator
small-signal model. We consider below only two noise mech-
anisms causing the oscillator frequency fluctuations. The first
mechanism is associated with fluctuations . It imposes
the following limit on frequency fluctuations of the frequency-
stabilized oscillator:

(14)

where

(15)

is the modified open-loop gain of the frequency-control sys-
tem. This is an important parameter, as it allows the stability
analysis of the stationary regime of the tunable oscillator
to be performed. It also shows how well the frequency
fluctuations of the free-running oscillator are suppressed by
the frequency-control system. Parameters, in (15) are
the open-loop gains of the frequency and amplitude-control
systems, respectively, given by

and

(16)
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where is the sensitivity of frequency discriminator
to frequency fluctuations, is the sensitivity of
amplitude discriminator to AM fluctuations inside the interfer-
ometer, and and are transfer functions of actuators of
frequency and amplitude-control systems, respectively. They
are given by

and

(17)

where is the stationary value of the loop phase shift,
and and are the voltage derivatives taken
at the point of stationary regime. Parameterin (15) is a
coefficient characterizing coupling between two servo control
systems and are given by

(18)

where is the sensitivity of amplitude discrimina-
tor to oscillator frequency fluctuations, and and

are the respective sensitivities of frequency and
amplitude discriminators to interferometer AM mismatch fluc-
tuations.

The second noise mechanism causing the oscillator fre-
quency fluctuations is related to fluctuations of the interfer-
ometer phase mismatch . The limit imposed on the
by this mechanism is given by

(19)

where and are the respective sensitivities
of frequency and amplitude discriminators to phase fluctua-
tions inside the interferometer . For the spectral components
of within the bandwidth of the frequency-control system,
but outside the bandwidth of the amplitude control one, (17)
may be simplified as

(20)

where is the gradient of oscillator frequency depen-
dence on the phase mismatch . An example of such
dependence measured for the SLC-based oscillator is shown in
Fig. 5 (curve 1). The shape of indicates that sensitivity of
oscillator frequency to phase mismatch fluctuations increases
at the boundaries of the tuning range.

C. Oscillator Phase-Noise Performance

The results of noise analysis of the tunable oscillator are
presented in Fig. 8. By using the oscillator small-signal model,
various components of the oscillator phase noise were calcu-
lated as functions of Fourier frequency (curves 2–6). To verify
the results of numerical simulations, the measured phase-noise
spectrum of the tunable oscillator is also shown in Fig. 8

Fig. 8. The noise budget of frequency-stabilized microwave oscillator with
automatic carrier suppression. Curve 1: measured phase noise. Curve 2:
noise floor due to the limited gain of frequency servo. Curve 3: noise
floor due to phase fluctuations inside interferometer. Curve 4: noise floor
due to readout-system finite noise temperature. Curve 5: noise floor due to
oscillator AM noise. Curve 6: noise floor due to amplitude fluctuations inside
interferometer. It is assumed thatfosc � fres = 10 kHz.

(curve 1). For the sake of generality, both numerical and theo-
retical data were obtained for the oscillator operating at 10-kHz
offset from the SLC center of resonance. The simulations
were performed assuming the same set of parameters specified
earlier in Section III. It was also assumed that the AM noise of
the voltage-controlled attenuator in the compensating branch
of the interferometer was equal to dBc/Hz [7].
Fluctuations of the interferometer phase mismatch were taken
in a form dBc/Hz [7]. The open-loop dc
gains of the frequency and amplitude-control systems were
chosen to be equal to 55 and 50 dB, respectively. Curve 2
in Fig. 8 shows the suppression of the free-running oscillator
phase noise by the frequency servo. This level of the oscillator
phase noise could be achieved if the frequency discriminator
was noiseless. Curve 3 gives the oscillator phase-noise floor
due to phase fluctuations inside the microwave interferometer.
It varies as and is a major factor limiting the oscillator
phase noise at offset frequencies below 400 Hz. As was
mentioned previously, this noise floor can be reduced by
setting the resonator coupling close to critical at
a given value of a resonator-factor. Curve 4 corresponds to
the oscillator phase-noise floor imposed by the finite effective
noise temperature of the microwave readout system. It
varies like within the frequency range from 100 Hz to
10 kHz and like at Hz. The rapid increase of
the oscillator noise at Hz is caused by the lack of
carrier suppression [see Fig. 6 and (2) and (3)]. At high offset
frequencies around 10 kHz, the oscillator phase noise is limited
by oscillator AM noise (curve 5 in Fig. 8). This limit arises
from the residual sensitivity of the frequency discriminator to
oscillator AM noise when . The last component
of the oscillator phase-noise floor is due to AM fluctuations
inside the interferometer (curve 6 in Fig. 8). This noise floor
was calculated for the amplitude-control system based on
the single-pole low-pass filter with corner frequency 10 Hz,
which was used in our experiments. By increasing either
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Fig. 9. The phase-noise spectra of a frequency-stabilized microwave os-
cillator with automatic carrier suppression at different offsets from the
resonant frequency of the SLC resonator. Curve 1:fosc = fres Curve 2:
fosc = fres + 5 kHz. Curve 3:fosc = fres + 10 kHz.

the bandwidth of the amplitude-control system or its gain,
the effect of this noise source on the oscillator phase-noise
performance can be reduced.

The phase-noise spectra of a tunable oscillator with auto-
matic carrier suppression measured at different offsets from
the SLC resonator resonant frequency are shown in Fig. 9. For
instance, curve 1 gives the phase-noise spectrum at .
In this case, the spectral density of the phase noise equal to

145 dBc/Hz at kHz. The 5-dB noise degradation as
compared with the fixed frequency oscillator (see Fig. 3) is
caused by the phase noise of the VCP, which was introduced
into the interferometer to enable the electric tuning of the
oscillator frequency. Pulling the oscillator frequency from

by 5 and 10 kHz results in the phase-noise spectra
given by curves 2 and 3, respectively. In the latter case,
the oscillator phase noise at kHz increases to the
level 131 dBc/Hz. This increase is caused by amplitude
fluctuations inside the interferometer and can be minimized
by broadening the bandwidth of the amplitude-control system.
By doing so, the oscillator phase noise at a Fourier frequency
of 1 kHz should be reduced to the level of140 dBc/Hz,
which is set by oscillator AM fluctuations.

V. CONCLUSION

We have demonstrated potential and practical applications
of the microwave interferometric technique for oscillator pre-
cision noise measurements and frequency stabilization. By
using the interferometric signal processing, the phase noise
of a 9-GHz oscillator operating entirely at room temperature
was reduced to the level of150 dBc/Hz at Fourier frequency

kHz, which was 25 dB better than state-of-the-art. The
phase-noise performance of such an oscillator improves pro-
portionally with power incident on the resonator, and a phase-
noise spectral density of order kHz dBc/Hz
can be expected for room-temperature oscillators operating
with an incident power of mW.

We have also developed a tunable low phase-noise mi-
crowave oscillator with automatic carrier suppression. Such
an oscillator enables a fast frequency tuning to be com-
bined with a low phase-noise performance. It also exhibits
an improved immunity to environmental disturbances such
as vibrations, which normally tend to upset balance of the
microwave interferometer and degrade the oscillator frequency
stability. The phase-noise spectral density of a 9-GHz tunable
oscillator operating at room temperature was measured to
be 145 dBc/Hz at 1-kHz Fourier frequency. We expect
that -band liquid-nitrogen-cooled oscillators with automatic
carrier suppression should be capable of achieving the phase-
noise levels of order kHz dBc/Hz. Such
oscillators are supposed to play a crucial role in the precision
physical experiments aimed at the detection of gravitational
waves.
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