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Abstract—We demonstrate a novel technique for reducing the
phase modulation (PM) noise of an oscillator in a steady-state con-
dition as well as under vibration. It utilizes correlation between
PM noise and amplitude modulation (AM) noise that can originate
from the oscillator’s loop components. A control voltage propor-
tional to the correlated AM noise is generated and utilized in a
feedforward architecture to correct for the steady state as well as
the vibration-induced PM noise. An improvement of almost 10–
15 dB in PM noise is observed over one decade of offset frequencies
for a 635-MHz quartz-MEMS oscillator. This corresponds to more
than a factor of five reductions in vibration sensitivity.

Index Terms—Amplitude modulation (AM) noise, correlation,
oscillator, phase modulation (PM) noise, vibration sensitivity.

I. INTRODUCTION

L OW PHASE noise is a primary performance requirement
for advanced communications, GPS applications, high-

speed computing, and defense systems such as surveillance,
radar, remote sensing, and military GPS [1]–[5]. As phase
stability requirements become ever more stringent for these
applications, more focus is needed on designing low-phase
noise oscillators. However, the great majority of useful appli-
cations of precision oscillators and timing systems occur where
environmental conditions can substantially degrade phase noise
and compromise system performance. Environmental parame-
ters such as temperature and humidity can often be controlled
easily. But vibration and acceleration can be major sources
of phase noise that cannot be easily controlled—for example,
in flying aircraft, traveling motor vehicles, or even stationary
systems subject to normal environmental vibrations.

If the phase modulation (PM) noise of an oscillator can
be measured in real time, it can be corrected. A direct PM
noise measurement is complicated, cumbersome, and expen-
sive because it requires a second, superior reference. There are
several known feedback and feedforward noise reduction tech-
niques [6] that have been successfully implemented to reduce
the phase noise of an oscillator in steady-state conditions. In
this paper, we present a new technique that utilizes indirect
measurement of PM noise via correlated amplitude modulation
(AM) noise. This scheme uses feedforward electronic phase
correction for the mitigation of vibration-induced as well as
steady-state phase fluctuations in an oscillator. In contrast to
direct PM noise measurement, this technique does not require
a second superior reference oscillator. It uses an AM detector
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which has a significant advantage as a simpler, smaller, and
less expensive device. We demonstrate that if there is a strong
correlation between PM and AM noises, then AM noise can
be used to compensate for the PM noise of an oscillator. Such
correlation between PM and AM noises can originate in the
loop amplifier through up-converted current noise [7]–[9], due
to asymmetry in the resonator, nonlinear effects [10]–[12], or
through vibration-induced noise in the resonator and other loop
components.

This paper is organized as follows. Section II provides sim-
ulation and experimental results to prove that if the PM and
AM noises of an oscillator are correlated, then the PM noise
can be reduced by use of the correlated AM noise. We demon-
strate that an improvement of more than 20 dB is possible if
the correlation between PM and AM noises is more than 90%.
We also implement this technique in a 635-MHz quartz-MEMS
oscillator to improve the phase noise performance. This partic-
ular oscillator is chosen because the quartz-MEMS resonator
[13] used in the oscillator exhibits a strong conversion of AM
to PM noise under certain operating conditions. In Section III,
we discuss the construction of a quartz-MEMS oscillator and
provide the results of its PM noise, AM noise, and the corre-
lation between the two noise types. The active PM–AM noise
correction scheme for the oscillator operating in steady state
and under vibration is discussed, respectively, in Sections IV
and V. Finally, conclusions are presented in Section VI.

II. PROOF OF PRINCIPLE

For a proof of concept that correlated AM noise can be uti-
lized to reduce the PM noise in an oscillator, we first set up a
simple experiment as shown in Fig. 1. A 635-MHz carrier signal
from a commercial signal generator represented as device under
test (DUT) is simultaneously FM and AM modulated with a
common white-noise source. This produces correlated PM (f−2

slope) and AM (f0 slope) noises. An I/Q demodulator is imple-
mented to measure the single-sided PM noise, AM noise, and
the cross-power spectral density (CPSD) between them. These
quantities are, respectively, defined as

Sϕ (f) =
2

T
〈Φ(f)Φ∗(f)〉m, ϕ(t) = tan−1

(
Q(t)

I(t)

)
(1)

Sα (f) =
2

T
〈A(f)A∗(f)〉m,

α(t) =

√
I2(t) +Q2(t)−

〈√
I2(t) +Q2(t)

〉
〈√

I2(t) +Q2(t)
〉 (2)
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Fig. 1. Experimental setup for correcting PM noise using correlation between
PM and AM noises in an oscillator. DUT–device under test; IF AMP-
intermediate frequency amplifier; VCPS-voltage-controlled phase shifter.

and

Sϕα (f) =
2

T
〈Φ(f)A∗(f)〉m. (3)

Here, ϕ(t) and α(t) are the instantaneous phase and ampli-
tude fluctuations, Φ(f) and A(f) are the respective Fourier
transforms, T is the measurement time normalizing the PSD
to 1 Hz, “*” indicates the complex conjugate, and 〈 〉m denotes
an ensemble of m averages. The results in decibel (dB) for PM,
AM, and CPSD are displayed in Fig. 2(a).

The degree of correlation between PM and AM noises can be
described by a correlation function, ρ [14]

ρ =
Sϕα√
SϕSα

(4)

where
√
SϕSα is the geometric mean of Sϕ and Sα. The values

of ρ range from 0 to 1, and ρ = 1 represents 100% correlation.
In our experiment, the cross-spectrum is exactly the expected
geometric mean between 10- and 1000-Hz offset frequencies
indicating 100% correlation. A high level of correlation is due
to the fact that PM and AM noises both originate from the same
white-noise source. As shown in Fig. 2(a), the slope between
PM and AM noises is f−2, so if we generate a control sig-
nal utilizing the AM noise that is of same magnitude, the same
noise slope, and opposite phase as the PM noise, then this con-
trol signal can be used in a feedforward approach to reduce the
PM noise. To achieve the desired signal, a portion of the mod-
ulated carrier at 635 MHz is AM detected as shown in Fig. 1.
Two transfer functions are measured and used to calculate the
required control function. First, HAM−PM(f) is determined
from the ratio of the measured AM noise at the output of the
AM detector to the PM noise of the I-Q demodulator. The sec-
ond transfer function HVCPS(f) is measured between the input
of the voltage-controlled phase shifter (VCPS) and the PM out-
put of the demodulator. Finally, the control transfer function
HC(f) is obtained from

HC (f) = −HAM−PM (f)

HVCPS (f)
. (5)

The detected AM signal is then filtered with the transfer
function HC(f) and applied to the control port of the VCPS.

Fig. 2. (a) Plot of the PM noise, AM noise, and the cross-spectrum of the DUT
at 635 MHz (left axis). The plot shows 100% correlation (ρ = 1) as shown
on the right axis. (b) Plot of PM noise: 1) no feedforward control; 2) with
feedforward control.

The phase noise of the 635-MHz signal is measured with and
without the control signal as shown in Fig. 2(b). We see an
improvement greater than 20 dB over two decades of offset
frequencies. Here, we clearly demonstrate that if an oscillator
exhibits a strong correlation between PM and AM noises, then
the AM noise can be used to compensate the PM noise.

Simulations for the reduction in phase noise due to PM–
AM correlation were produced in labVIEW with the block
diagram shown in Fig. 1. The simulation results at a 100-Hz
offset frequency for different correlation functions are shown
in Fig. 3.

III. PM–AM CORRELATION IN A QUARTZ-MEMS
OSCILLATOR

We implemented the technique of PM noise reduction from
the correlated AM noise in a 635-MHz quartz-MEMS oscil-
lator. This oscillator is chosen because the quartz-MEMS res-
onator exhibited a strong conversion of AM to PM noise [13],
[15], [16]. When an amplitude modulated signal is applied to
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Fig. 3. Simulation result showing the amount of noise reduction as a function
of correlation function.

Fig. 4. Block diagram of the quartz-MEMS oscillator at 635 MHz with control
circuit.

this resonator, it produces unequal upper and lower sidebands
[12]. The asymmetry of sidebands confirms that a portion of
the AM noise is converted to phase noise [17]. This asymme-
try increases with increasing input power to the resonator. For
+2.5 dBm input power, an AM tone at 100 Hz produces an
almost equal level of PM sidebands. The block diagram of the
oscillator designed with this resonator is shown in Fig. 4, where
we introduce the VCPS inside the loop. The input and output
power of the resonator are adjusted using variable attenuators 1
and 2. The loaded quality factor (QL) of the resonator is approx-
imately 5200, and the amplifier “A” in series with the resonator
has gain, noise figure, and 1 dB compression power of 20 dB,
4 dB, and 18 dBm, respectively. The phase noise of the ampli-
fier is −132 dBrad2/Hz, and the flicker noise floor of the AM
detector is approximately −130 dB/Hz at 1-Hz offset.

The PM noise of the oscillator was measured for differ-
ent input powers. We made the following observations for this
quartz-MEMS oscillator.

1) As the input power of the resonator increases, the resonant
frequency of the oscillator moves to a higher frequency.

2) Whenever the gain of the sustaining amplifier only
marginally exceeds the loss in the oscillator loop, most

Fig. 5. Plot of PM noise, AM noise, and the cross-spectrum for the quartz-
MEMS oscillator at 635.17 MHz.

of the saturation occurs in the resonator rather than the
amplifier; under this operating condition, we observe
strong correlation between PM and AM noises.

3) As the input power of the resonator increases and the
amplifier goes deeper into saturation, the correlation
between PM and AM noises decreases.

4) If the power to the input of the resonator is increased
(> 5 dBm), then both resonator and amplifier are at or
above 1-dB compression; a degradation in the PM noise
of the oscillator is observed; and we again see strong
correlation between AM and PM noises.

Operating condition (2) was addressed for this study. Such
a condition occurs when the input powers to the resonator and
amplifier are approximately +0.5 and −11 dBm, respectively.
The AM, PM, and CPSD measurement of this oscillator at
635.17 MHz are shown in Fig. 5. It is interesting to see that
close-to-carrier CPSD is exactly the expected geometric mean,
even for very widely differing levels of PM and AM noises, and
this means that substantially complete correlation exists for this
quartz-MEMS oscillator.

IV. ACTIVE PM–AM NOISE CORRECTION IN

QUARTZ-MEMS OSCILLATOR

Next, the phase noise of the oscillator is measured with the
control circuit (red section of Fig. 4) enabled. There is a slight
difference in the control circuit configuration; the VCPS is
inside the oscillator loop unlike Fig. 1 where the correction
is occurring outside the loop. Moving the VCPS inside the
oscillator loop has the advantage of reducing the order of the
control transfer function HC(f) that is required. The integra-
tion of the AM noise that is required to match the PM noise
slope can be achieved automatically via the Leeson’s effect
[18] by applying the feedforward signal to the VCPS inside the
oscillator loop. We see almost 10-dB improvement from 2- to
100-Hz offset frequencies by implementing the control circuit.
We also noticed that the correlation between PM and AM noises
decreases when we introduce the control circuit as shown in the
inset of Fig. 6. This is because the control circuit is removing
the correlated portion of the PM noise.
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Fig. 6. Experimental results of PM noise of the oscillator with and without
feedforward correction (resonator input power = 0.5 dBm). The amount of
improvement at higher offset frequencies is less due to the deviation from f−2

slope between PM and AM noises. Inset: Correlation between AM and PM
noises of the oscillator with and without feedforward correction.

Fig. 7. Experimental results of AM noise of the quartz-MEMS oscillator at
635 MHz with and without feedforward correction.

In addition, we also compared the AM noise of the oscil-
lator with and without control and observed more than 10-dB
improvement in AM noise when the control circuit is turned ON

(as shown in Fig. 7). This may explain why the improvement
is limited to only 10 dB. To verify whether there is undesired
AM modulation generated by the VCPS, we applied a con-
stant amplitude tone to the control port of the VCPS without
affecting the oscillator closed-loop configuration and then mea-
sured the PM, AM, and CPSD response. As shown in Fig. 8,
we see the AM response is more than 30 dB below the PM
for f < 500 Hz, indicating negligible AM leakage and that the
reduction in AM noise with the control circuit is in fact due to
the PM control.

We have so far described improvement in PM noise due
to correlated PM–AM noise originating mainly from the res-
onator; however, our scheme can also improve the phase noise
of an oscillator if this correlation originates from the loop
amplifier or other loop components simultaneously. To prove
this, we added white noise to the loop amplifier’s bias current to
create correlated AM and PM noises. We were able to improve

Fig. 8. Plot of the residual AM noise of the VCPS.

Fig. 9. Experimental results of PM noise of the oscillator with and without
feedforward correction when artifically high correlated PM–AM noise was
generated by introducing noise to the loop amplifier bias current.

the PM noise by more than 20 dB between 10- and 100-Hz
offset frequencies as shown in Fig. 9.

V. IMPROVEMENT OF VIBRATION INSENSITIVITY

An oscillator’s phase noise can degrade significantly under
vibration compared to its steady-state phase noise. Vibration
causes mechanical strain that can introduce either length or
size fluctuations, variation in the electrical parameters, para-
sitic capacitance, and piezoelectric effects in various compo-
nents in the oscillator circuitry. The amount of degradation in
phase noise depends on the oscillator’s vibration sensitivity (Γ)
defined as

Γ =
Sϕ (f)√
Sg (f)

(
fv
ν0

)
(1/g) (6)

where Sg(f), ν0, and fv are, respectively, the power spectral
density of acceleration, the carrier frequency, and the vibration
frequency. Vibration-induced phase noise can be suppressed
either by passive or active vibration-suppression schemes.
These schemes have proved very effective for quartz crystal,
microwave, and opto-electronic oscillators [19]–[24]. In this
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Fig. 10. Plot of PM noise, AM noise, and the CPSD between them for a
quartz-MEMS oscillator under vibration. A constant acceleration white noise
profile is used. Acceleration PSD = 0.005 g2/Hz between 20 and 200 Hz
(integrated acceleration = 0.95 grms). The plot shows strong correlation (ρ =
0.97) within the vibration frequencies (right axis).

section, we report the effect of the correlated PM–AM noise
correction scheme discussed in Section II on the vibration sen-
sitivity of a 635-MHz quartz-MEMS oscillator. We mounted a
smaller version of the oscillator on a 17.8-cm-diameter shake
table. To this point, the steady-state characterization of the
oscillator was done with discrete components, and several
probes were used to monitor the loop parameters. For the vibra-
tion test, we constructed the oscillator using the same resonator;
however, surface mount loop components were used for com-
pactness and convenience of mounting the oscillator on this
small shake table.

The oscillator was subjected to a constant acceleration white
noise of an amount equal to 0.005 g2/Hz between 20 and
200 Hz (integrated acceleration = 0.95 grms). Both phase and
amplitude noises and CPSD are measured simultaneously and
are displayed in Fig. 10. We observe a strong correlation of
ρ > 0.97 for the frequencies under vibration. As mentioned,
vibration causes mechanical distortions and affects the oscil-
lator circuitry. The vibration-induced noise shown in Fig. 11
is the combined contribution from the resonator, electronics
components, PCB circuit board, cables, and connectors. Under
vibration, we measure the PM noise with and without the
feedforward correction. An improvement of almost 15 dB in
PM noise is observed over one decade of vibration frequency
span as shown in Fig. 11. The vibration sensitivity (Γ) of the
oscillator is also shown in Fig. 12, calculated from (6). We
demonstrated improvement in the phase noise under vibration
as well as in steady-state modes of operation. The phase noise
and vibration sensitivity of this oscillator are comparable or
superior to other MEMS oscillator when scaled to the same fre-
quency [25]–[28]. For the quartz-MEMS oscillator chosen for
the test, the slope between PM and AM noises is not equal under
vibration and in the steady-state operation, as a result unique
optimization of HC(f) is required for each operation type to
achieve the lowest phase noise.

There are advantages of using AM noise as a vibration
sensor. In our earlier work [24], we demonstrated a feedfor-
ward electronic phase correction scheme for the mitigation

Fig. 11. Plot of PM noise for a quartz-MEMS oscillator at 635 MHz under
vibration. (1) With vibration, no feed-forward control, (2) with vibration, with
feed-forward control, and (3) no vibration.

Fig. 12. Vibration sensitivity (Γ) of a quartz-MEMS oscillator at 635 MHz with
and without feed-forward cancellation. The two plots are obtained for Sg(f) =
0.005 g2/Hz.

of vibration-induced phase fluctuations in an optoelectronic
oscillator (OEO) [29]. Instead of using the AM noise as a
vibration sensor, an accelerometer was used. While the oscil-
lator was under vibration, an estimate of a complex-conjugate
(same amplitude and opposite phase) signal was generated from
accelerometer signals and used to modulate the oscillator’s out-
put phase in a feedforward method to suppress or reduce the
induced noise sidebands.

Schemes that use accelerometers as vibration sensors have
proven to be effective, but their main drawback is the depen-
dence on position and mounting of the sensor. In our new
scheme, the vibration detection occurs in the oscillator itself,
which removes the difficulty of having to find the optimal
position or mounting of the sensor. An accelerometer-based
correction requires sensing of vibration and generation of the
control signal independently for all six degrees of freedom (x,
y, z linear and orthogonal axes). The feedforward correction via
PM–AM noise correlation in this paper may correct all degrees
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of freedom of the correlated Γ simultaneously. We intend to
address this possible advantage in a future study.

VI. CONCLUSION

We presented results that show how phase fluctuations of an
oscillator can be compensated from correlated amplitude fluc-
tuations. A simple scheme was described that is effective under
steady-state conditions, as well as under vibration. We imple-
mented this noise-reducing scheme in a MEMS oscillator and
showed that the PM noise reduces by more than 10 dB under
quiet and vibrating operating conditions.

Previous studies of the correlation between PM and transis-
tor current noise to improve 1/f phase noise in transistors and its
application to reduce the frequency fluctuations in an oscillator
are known [30], [31]. These schemes only reduce phase noise
from correlations that exist in the loop amplifier (from tran-
sistor bias current noise). Our scheme reduces the phase noise
of an oscillator if this correlation originates from the amplifier,
resonator, phase shifter, or all components simultaneously.

Like all correlation cancellation techniques, the degree of PM
noise improvement is reduced if an oscillator lacks correlation
between PM and AM noises, or if this correlation is not stable
with time and environmental extremes.
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