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1. Introduction

High-precision oscillators have significant applications in modern communication and
navigation systems, radars, and sensors mounted in unmanned aerial vehicles, helicopters,
missiles, and other dynamic platforms. These systems must provide their required
performance even when subject to mild to severe dynamic environmental conditions.
Oscillators often can provide sufficiently low intrinsic phase modulation (PM) noise to
satisfy particular system requirements when in a static environment. However, these
oscillators are sensitive to acceleration that can be in the form of steady acceleration,
vibration, shock, or acoustic pickup. In most applications the acceleration experienced by an
oscillator is in the form of vibration, which can introduce mechanical deformations that
deteriorate the oscillator’s otherwise low PM noise (Filler, 1988; Vig et al., 1992; Howe et al.,
2005). This degrades the performance of the entire electronic system that depends on this
oscillator’s low phase noise. For example, when radars and sensors mounted on helicopters
are subjected to severe low- and medium-frequency vibration environments, the vibration
noise induced into the system’s reference oscillator translates to blurring of targets and
possibly false detection.

This sensitivity to vibration originates most commonly from phase fluctuations within the
oscillator’s positive-feedback loop, due usually to the physical deformations in the
frequency determining element, the resonator. Factors that lead to high acceleration
sensitivity of the resonator include nonlinear or sensitive mechanical coupling effects and
lack of mechanical symmetry that serve to cancel frequency changes in the resonator.
Vibration also causes mechanical deformations in non-frequency-determining electronic
components that then cause phase fluctuations (Steinberg, 2000). Because these fluctuations
are inside the oscillator feedback loop and are integrated according to Leeson’s model
(Leeson, 1966), they can become large at Fourier, or offset, frequencies close to carrier
frequency. An oscillator’s sensitivity to vibration is characterized traditionally by
acceleration sensitivity, which is the normalized frequency change per g (1 g is the
acceleration of gravity near the earth’s surface, approximately 9.8 m/s?2). Typically,
frequency shifts in oscillators are on the order of 108 to 1010 per g, primarily because of the
physical deformations.

Work of US Government, not subject to copyright. Commercial products are identified in this document
only for complete technical description; no endorsement is implied.



260 Aerial Vehicles

Vibration-induced noise can be suppressed by physical means and further by electronic
means if a suitably low-cost way of measuring and correcting the vibration-induced noise
from an oscillator is implemented. Passive mechanical isolation systems consist of elastic
and damping materials that translate vibration energy to different frequencies where they
are less troublesome and/or damped (Renoult et al., 1989). Active mechanical systems use
accelerometers and mechanical actuators to measure and cancel motion induced by the
vibration. Hybrid active-passive systems allow higher degrees of vibration isolation to be
achieved, but such systems are not easily miniaturized, are somewhat complex, and are
power-consuming (Weglein, 1989). In principle, atom-based frequency-determining
elements such as those used in atomic frequency standards have extremely low acceleration
sensitivity (Thieme et al., 2004). However, the state-selection, RF interrogation, and
detection electronics are more complex than in oscillators, and the corresponding large
volume of atomic standards make them equally vulnerable to mechanical deformation
under vibration. Some method of suppressing induced frequency shifts is often required to
even approach 1010 per g (Kwon & Hahn, 1983). More compact atomic standards allow for
simpler mechanical vibration isolation to be incorporated (Riley, 1992).

Strategies for electronically reducing acceleration sensitivity have traditionally relied on
accurately detecting this vibration with sensors (Healy et al., 1983) and even using the
resonator itself as a vibration sensor (Watts et al.,, 1988). Suppression at one vibration
frequency along one axis in quartz oscillators by electronic means has been explored with
success (Rosati & Filler, 1981). More recently, significant advances have been made in which
this electronic vibration suppression is effective over a wide range of vibration frequencies
from a few hertz to 200 Hz. This is accomplished by fabricating high-Q quartz resonators in
which the “cross” g-sensitivities of the three orthogonal axes are decoupled to a high degree
(Bloch et al., 2006).

This chapter is intended to introduce the subject of vibration-induced PM noise by
discussing the method of characterizing acceleration sensitivity and reporting such
characterization on a sample of devices operating at microwave frequencies. Schemes for
reducing vibration-induced noise are also discussed.

2. Defining Acceleration Sensitivity

If the vibration frequency from mechanical shock or other external processes is f, the
vibration-induced phase fluctuations cause the carrier frequency to deviates from its
nominal frequency, fo, by an amount + Af at a rate of f,. Spurious sidebands, a highly
undesirable type of noise in many applications, will appear at fy + f,. The red curve in Figure
1 shows the PM noise of one test oscillator that is subjected to 100 Hz vibration along one
axis. Note that the intrinsic random electronic noise is degraded by additional noise due to
this vibration (shown as the noise pedestal on both sides of an ideal carrier signal). Also, the
blue curve indicates that as the vibration increases, so do the sidebands, eventually
exceeding the carrier power.

Low acceleration sensitivity at one frequency such as 100 Hz does not necessarily mean that
phase noise due to acoustic and structure-borne vibration is suppressed. While vibration-
induced noise modulation on an oscillator may be proportional to overall acceleration
sensitivity, the proportionality as a function of f, can be complicated in the range of audio
frequencies of concern here (from a few Hertz to 2 kHz). Resonator deformations that affect
its center frequency depend on designs of mounting, elastic properties of materials, acoustic
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resonances, sound and vibration isolation, orientation, etc. Therefore, suppression of only
“dc or time-independent” acceleration sensitivity due to what is commonly called 2 g-
tipover (Vig et al., 1992) or steady acceleration has limitations and is insufficient to solve the
larger problem of “ac or time dependent” acceleration sensitivity due to vibration.
Acceleration sensitivity and vibration sensitivity are often used interchangeably for time-
dependent accelerations. The acceleration sensitivity is characterized more fully as a
function of f,, as discussed next.
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Figure 1. Phase noise of an oscillator that is subjected to vibration at f, = 100 Hz. fis the
offset frequency from the carrier

Acceleration sensitivity of an oscillator is explained in detail by Filler [Filler, 1988]. When an
oscillator is subjected to acceleration, its resonant frequency shifts. The peak frequency shift
Afpear, which is proportional to magnitude of the acceleration and dependent on the direction
of acceleration, is given by a peak fractional-frequency change vy as

MNpeak - -
J’peak=—l}o =Teaq, 1)

where fy is the frequency of the oscillator with no acceleration, T'is the acceleration
sensitivity vector and & is the peak applied acceleration vector. The magnitude of
acceleration is expressed in units of g. When the direction of applied acceleration is parallel
to the axis of acceleration sensitivity vector, it will have the greatest effect on Afyea.

By definition, Sy(f) is the power spectral density of root-mean-square (rms) fractional-
frequency change, ys (Sullivan et al., 1990), and is given by

2
Sy(f) |yrms| |Afrms| =|Afpeak|

| | BW |\/§f0| BW [1/Hz], (2)
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where f is the offset, or Fourier, frequency away from the carrier and BW is the bandwidth
of the spectral-density measurement. Also, S,(f) is related to power spectral density of phase
fluctuations as

S (f) [dBc/Hz], 4)

where dBc/Hz is dB below the carrier in a 1 Hz bandwidth. Substituting f = £, the vibration
frequency, and normalizing to a 1 Hz bandwidth, L(f,) can be related to acceleration
sensitivity for a small modulation index as

1 A peak 2 1o 2
L(fV)_E( «/gfo j ETVJ

I ®)
(5]
Or, when expressed in dB,
L(fv)zzolog{zj:ffoj. 6)
Equation 6 may be rearranged to obtain
[L(ﬁ )j
T;= 2y ol 20 , )

ai o

where TI';is the component of acceleration sensitivity vector in the i (i = x, y and z) direction.

For a sinusoidal vibration,

Zi| is the peak applied vibration level in units of g, and L(f,) is

expressed in units of dBc. In most cases, vibration experienced by an oscillator is random
instead of sinusoidal. Under random vibration the power is randomly distributed over a
range of frequencies, phases, and amplitudes, and the acceleration is represented by its

Zi| =+/2PSD , and its unit is g/VHz.

Also, for a random vibration, L(f,) is expressed in units of dBc/Hz. The sum of acceleration

power spectral density (PSD). For random vibration,
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sensitivity squared in all three axes gives the total acceleration sensitivity, or gamma (l: ),

and its magnitude is defined as
[F=\rz+r3+12. ®)

I of an oscillator can be calculated from equation 8 once the PM noise of the oscillator is
measured for all three axes. Noteworthy to this discussion, the sidebands generated by
oscillators under vibration are a more serious issue, as the signal frequency increases due
either to frequency multiplication or direct frequency generation at higher frequency.
Systems are in place that require ultralow PM noise from reference oscillators operating in
the range of 6 to 18 GHz. The vibration-induced PM noise of an oscillator with frequency fy
upon frequency multiplication by a factor of N is given by

L(fv)=2010gB}a

(Mo )] ©)

v

The vibration frequency f, is unaffected because it is an external influence. It is clear from
equation 9 that, given a nominal ‘f“ ~1 x109/g, the level of vibration sidebands in phase-

noise plots of L(f) can become excessively large at X-band and higher ranges. For example, a
10 MHz oscillator with a vibration sensitivity of 1 x 109/g when experiencing an

acceleration of 5 g produces a sideband level of -72 dBc at f, = 100Hz. For the same ‘1:‘ and

under identical vibration conditions, a 10 GHz oscillator will produce a sideband of -12 dBc,
a factor of 20 log (N =1000) higher. Often the sidebands are larger than the carrier, and there
are also conditions where the carrier disappears and all of the power appears in the
sidebands. This seriously affects or even prohibits the use of microwave systems that
employ phase-locked loops, because large sidebands due to vibration cause large phase
excursions and unlock the loops (Filler, 1988; Wallin et al., 2003).

3. Measurement Techniques

In order to measure the acceleration sensitivity of different microwave oscillators and
components, the device needs to be characterized while subjected to vibration. The
equipment needed to vibrate the device consists of a mechanical actuator or “shaker,” its
associated power amplifier, an accelerometer, and computer control system. The computer
uses the accelerometer to sense the vibration of the actuator and generates the desired
vibration profile using closed-loop feedback. The single axis actuator used for these tests
has the capability to vibrate either in a random vibration pattern or in various sinusoidal
patterns, including continuous wave and swept. When the actuator vibrates in one axis, the
cross-axis leakage is low, as shown in Figure 3. These data are taken with a 3-axis
accelerometer mounted on the actuator.
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Figure 2. The picture on the left shows the vibration actuator (shown in blue); the amplifier
for driving the actuator (the vertical rack-mount system); and the controlling computer. The
picture on the right is a device under test (DUT) mounted on the actuator
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Figure 3. Plot showing the acceleration power spectral density (PSD) along x, y and z axes
when vibration is along the z-axis, showing that cross-axis leakage is small. A random
vibration profile of acceleration PSD = 1.0 mg?/Hz (rms) is used for 10 Hz < £, < 2000 Hz; f,
is the vibration frequency

For all the vibration tests discussed later, both sinusoidal and random vibration testing are
chosen. First, a random vibration pattern is used, vibrating at frequencies between 10 and
2000 Hz, followed by a sinusoidal vibration at 10, 20, 30, 50, 70, 90, 100, 200, 300, 500, 700,
900, 1000, and 2000 Hz. This frequency range is chosen because it is the full range for the
available vibration table, adequately covering smaller ranges associated with most
applications (Section 5).

3.1 Experimental Setup for Residual PM Noise Measurement

Residual noise is the noise that is added to a signal by its passage through a two-port device.
Figure 4 shows the block diagram of a PM noise measurement system used to measure the
residual noise of a two-port or a non-oscillatory device such as a bandpass filter or amplifier
as well as a cable and connector under vibration (Walls & Ferre-Pikal, 1999). The output
power of a reference oscillator is split into two paths. One path is used to drive the device



Vibration-induced PM Noise in Oscillators and its Suppression 265

under test (DUT), and the other path is connected to a delay line. The delay is chosen so that
the delay introduced in one path is equal to the delay in the other path. A phase shifter is
used to set phase quadrature or 90-degrees between two paths, and the resulting signals are
fed to a double-balanced mixer, acting as a phase detector. The baseband signal at the
output of the phase detector is amplified and measured on a fast Fourier transform (FFT)
analyzer. The output voltage Vi(t) is given by

Vo (1) =kgGAg(t)  for Ag(t) <<1, (10)

where k;is the mixer sensitivity, G is the gain of the baseband IF amplifier, and A¢(t) is the
difference in phase fluctuations between two inputs to the phase detector. The PM noise is
obtained from

_ PSD[ ¥ (1)] .

(11)
(kgG)*

Sp (/)

Reference Oscillator

Microwave
cables

FFT Analyzer

Stationary Measurement System

Figure 4. Block diagram of an experimental setup for residual PM noise measurement of
components under vibration. DUT — Device Under Test; IF Amp — Intermediate Frequency
Amplifier

Because the delays in the two signal paths are equal, the PM noise from the reference
oscillator is equal and correlated in each path and thus cancels. At the output of the mixer,
the noise from the vibrating DUT and connecting cables appears because it is not correlated
between the two inputs of the mixer. A low noise phase detector and IF amplifier are chosen
for this measurement and their noise contributions are much lower than the dominating
vibration-induced noise of DUT and cables.

In order to accurately measure the vibration sensitivity of a DUT, it is very important to
know the vibration sensitivity noise floor first. For the noise floor measurement, the DUT is
replaced with an appropriate length of rigid coaxial cable. Compared to all other
experimental components, it is the microwave cables, blue in color (Figure 4) and connected
between the measurement system and the DUT mounted on the actuator that generally set
the vibration sensitivity noise floor. When the DUT is under vibration, the cables flex
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between the vibrating and stationary (measurement system) reference frames. The flexure of
the cables causes the relative position between the different segments of the outer
conductor, the dielectric, and the inner conductor of the cable to vary and thus changes the
electrical characteristics of the cables. The main challenge is to obtain a reproducible low
noise floor at close to carrier offset frequencies. The noise floor is very dependent on the
configuration and tension of cables the running between the vibrating and stationary
reference frames; a slight change may cause the noise to vary anywhere from 10 to 30 dB, as
shown in Figure 5.
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Figure 5. Residual PM noise floor of the measurement system measured with and without
vibration. A random vibration profile of acceleration PSD = 1.0 mg2/Hz (rms) is used for 10
Hz < £, <2000 Hz. It shows the variation in the close to carrier noise for three different sets of
measurement cable configurations. The bottom curve shows the noise floor measured under
no vibration. Narrow spurs are power line EMI pick-up and should be ignored

Sometimes the noise floor is so high that it is impossible to accurately characterize low-

vibration-sensitive components. In order to measure the acceleration sensitivity of a

component accurately, the following precautionary measures should be taken:

¢ Rigidly mount the DUT on the vibration table to avoid any mechanical resonance inside
the frequency range of interest.

e  Experiment with different amount of cable slack or tension between the stationary and
vibrating reference frames to obtain the best noise floor.

e  Properly secure the cables to minimize flexing and strain due to vibration. It is also
important to properly secure the power leads for the DUT.

e Reduce the acoustic noise and external vibration in the test area.

e  The vibration actuator often has cooling fans; prevent this airflow from disturbing the
cables.

¢ No other components except the DUT and accelerometer should be mounted on the
vibration table.
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e If possible, use 1 to 3 dB attenuators at the connector interfaces to minimize the effect of
voltage-standing-wave-ratio (VSWR) induced mechanical and multipath phase
fluctuations.

e  Check the noise floor in between the measurements by replacing the DUT with a short
cable.

3.2. Experimental Setup for Absolute PM Noise Measurement

Absolute noise is the noise measured on a one-port device such as an oscillator. Several
measurement techniques can be used to measure the PM noise and thus the acceleration
sensitivity of an oscillator. The most commonly used techniques are the heterodyne (two-
oscillator) PM noise measurement system and the homodyne (delay-line discriminator)
measurement system (Lance et al., 1984; Sullivan et al., 1990; Walls & Ferre-Pikal, 1999). In
this section, these measurement techniques are briefly described. The block diagram of a
single-channel heterodyne (two-oscillator) PM noise measurement system is shown in
Figure 6. In this system, the signals from the DUT mounted on the vibration actuator and a
stationary reference oscillator of the same frequency are fed into a double-balanced mixer. A
lowpass filter (LPF) is used after the mixer to filter the higher-order harmonics, and a phase-
locked loop (PLL) is used to lock the reference frequency to the DUT frequency and to
maintain quadrature between the two input signals to the mixer. The output voltage of the
mixer is proportional to the difference between the phase fluctuations of the two sources.
This signal is amplified, and its power spectral density is measured on a FFT analyzer.

[

Integrator
EFC
Reference Oscillator LPF IF AMP
X B G FFT
Actuator
DUT

Figure 6. Block diagram for a heterodyne PM noise measurement system. DUT- Device
Under Test; LPF — Low Pass Filter; EFC — Electrical Frequency Control; IF AMP —
Intermediate Frequency Amplifier

The advantage of the heterodyne measurement system is its high sensitivity; however, there
are notable disadvantages. It requires a reference oscillator of the same frequency, a PLL,
and calibration of the mixer sensitivity (ks). Among these, the main measurement
uncertainty comes from the PLL. In order to measure the vibration induced PM noise at
close to carrier offset frequencies, a low loop bandwidth is required. Furthermore, when the
DUT experiences a large level of vibration, it may be difficult to keep the DUT and reference
oscillator phase locked due to large phase excursions. This situation requires the PLL
bandwidth to be increased, which complicates the calibration inside the PLL bandwidth.
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A PM noise measurement system that needs neither a second source nor a phase-locked
loop is a delay-line discriminator system, shown in Figure 7. As discussed in Section 3.1, in a
residual PM noise measurement of a device, it is important to keep the delay in both signal
paths as equal as possible so that the source noise is correlated and cancels at the phase
detector. However, in a delay-line discriminator technique, introduction of a long delay in
one path intentionally un-correlates the noise by increasing the delay time so that one can
measure the PM noise of the source. The differential delay introduced in one path creates a
frequency dependent phase shift between the two inputs of the phase detector. This
frequency dependent phase shift converts frequency fluctuations of the source into
differential phase fluctuations between the inputs of the phase detector. When these two
signals are adjusted for phase quadrature, the phase detector converts the phase fluctuations
into their voltage equivalent for measurement and analysis. The voltage at the output of the
IF amplifier is given by

o (2) = (22voka T) Gypms (1) = Voky Gyms (1) (12)

where w, 7, ka G, Yms(t), and k, are respectively the carrier frequency, the time delay
introduced by the delay line, the mixer sensitivity to phase fluctuations, the voltage gain of
the baseband IF amplifier, the rms fractional frequency fluctuation and mixer sensitivity to
frequency fluctuations. Equation 12 indicates that the output voltage of the mixer is
proportional to the frequency fluctuation in the source; thus, this system measures the
frequency modulated (FM) noise of the DUT. The FM and PM noises can be calculated from
the following relations respectively,

PSD| 7y (¢
y(f )=[—(2)]
(VOka)
5 for f<1/7. (13)
_ 1) PsD[1(1)]
S¢(f) = ) 2
f (kv G)
1))
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Figure 7. Block diagram of a measurement system that uses a delay-line to measure PM
noise of an oscillator under vibration

The close to carrier noise floor of a delay line discriminator measurement is inversely
proportional to the time delay, 7z By increasing the time delay, the noise floor can be
lowered; however, longer delay causes higher insertion loss of the RF signal thus reducing
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measurement sensitivity, which effectively increases the noise floor. This problem can be
overcome by use of a low loss delay, such as a photonic delay line (Rubiola et al., 2005). The
long fiber delay provides a low-loss carrier of RF signals. A 2 km fiber typically provides 0.4
dB loss and about 10 us delay whereas insertion loss due to a 25 m semi-rigid cable at 10
GHz is approximately 20 dB with a delay of about 100 ns. Using a 10 pus photonic delay
instead of a 100 ns RF delay, almost 40 dB of improvement in the noise floor can be
achieved.

There is another technique known as direct digital PM noise measurement (Grove et al.,
2004), which requires two sources similar to a heterodyne technique. However, like a delay
line discriminator technique it needs no phase-locked loop. This PM noise measurement
system uses fast analog-to-digital converters to digitize the input RF signal and performs all
down-conversion and phase detection functions by digital signal processing. It provides a
low noise floor, require no calibration of ks or k,, and can compare oscillators at different
frequencies. High dynamic range with no phase-locked loop involved means the PM noise
of a vibrating noisy source can be measured accurately for offset frequencies very close to
the carrier. Figure 8 shows the setup used to measure acceleration sensitivity of different
microwave oscillators discussed in Section 5.2 using this measurement system. The
oscillator under test is mounted on a vibration table with the output going to one input of a
mixer. This output is then mixed with a very-low-PM-noise oscillator to generate a beat
frequency anywhere between 1 MHz to 30 MHz for the most straightforward digitizers. A
low-noise 10 MHz quartz crystal oscillator serves nicely as the digitizer’s reference clock.

Actuator

z
DUT i —1 Accelerometer
y

R D
1 P
Beat Frequency N
(1 MHz - 30 MHz)
M
S
Low noise
Oscillator 10 MHz

Reference Oscillator

Figure 8. Block diagram of an experimental setup for measuring acceleration sensitivity of
an oscillator. DPNMS — Direct digital PM noise measurement system

4. Results - Acceleration Sensitivity of Non-oscillatory Devices

Most microwave components are sensitive to vibrations to some extent. Among them,
microwave cables, bandpass filters, mechanical phase shifters and connectors are the most
sensitive. Therefore, it is very important to select vibration-tolerant components in order to
build a system with low vibration sensitivity. The local oscillator is one of the prime
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performance-limiting components in an RF receiver. However, with increasing demand for
low acceleration sensitivity of oscillators in various applications, the sensitivity to vibration
of these non-oscillatory components will soon be the limiting factor and thus cannot be
ignored (Driscoll & Donovan, 2007). In this section, the performance of some of the non-
oscillatory microwave and optical components under vibration is discussed. The
components used for test are commercially available and shown in Figure 9.

Figure 9. Picture of the non-oscillatory components used for vibration test. (a) Bandpass
filter, (b) Mechanical phase shifter, (c) Amplifier and (d) Microwave cables. Arbitrary x and
y axes are chosen in the plane of the page, and the z-axis is normal to the page

4.1 Microwave Components

First, two 10 GHz bandpass cavity filters of different quality factors (Q) are tested under
random vibration. A random vibration profile of acceleration PSD 1.0 mg2/Hz (rms) for
offset frequencies 10 Hz to 2000 Hz is used. Figure 10(a) shows the PM noise floor of the
measurement system as well as the PM noise of the filters under vibration. A comparison of
acceleration sensitivity of these filters in rad/g is shown in Figure 10(b). The result is

obtained by converting L(f) to S,f) using equation 4 and dividing it by |E1| =~+2PSD . The

result shows that the filter with higher Q (narrow bandwidth) is more sensitive to vibration.
This is due to the fact that the transfer function phase of a band pass filter has its steepest
slope at the center frequency. Any vibration that modulates the resonant structure of the
filter also modulates the center frequency and thus the phase shift through the filter. The
phase slope is proportional to the filter Q; this causes the high-Q filter to be more sensitive
to small mechanical distortions under vibration. Figure 10(b) also indicates that the
microwave cables used for the measurement set a noise floor that provides an acceleration
sensitivity of 104 to 106 rad/g. For perspective, this means that in order to measure a 10
GHz oscillator with an acceleration sensitivity of 10-12/g experiencing a random noise of 0.05
g2/Hz (rms) between 10 Hz < f, < 1000 Hz, the cable should have vibration sensitivity better
than 7 x 104 rad/g and 7 x 106 at offset frequencies 10 Hz and 1000 Hz, respectively.
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Figure 10. (a) PM noise of two 10 GHz bandpass cavity filters under vibration. A random
vibration profile of acceleration PSD = 1.0 mg2/Hz (rms) is used for 10 Hz < £,< 2000 Hz.
The bottom curve shows the PM noise floor set by flexing of cables under vibration.

(b) Acceleration sensitivity of the same two 10 GHz bandpass cavity filters. BW is the
bandwidth of band pass filter

-60 T T T T -80 T T T T T
[ I I
70 | | | | a0 | Resonance of
— Resonance of | 90 Lo " mounting fixture |
80 J [ mounting fixture | [ ! !
‘ -100 4 [ I I
90 4 | [ | |
= w i . I I
£ -100 £ 110 ‘ | |
2 8 ‘
g 110 { ) 3, 120 f
< -120 T & 4ap | - A
- 130 4| —x-axis J | 5-1%0 3 : : l V
N | -axi:
140 || y-axis . ) -140 + ! T T it t
150 — z-axis I | ‘L 150 —zaxis 1 1 1 |
77 1| —Noise floor | : v ] —Noise floor | | | L
-160 T -160 | L1 - | | 1
10 100 1000 10 100 1000
(c) Frequency [Hz] (d) Frequency [Hz]

Figure 10. (c) PM noise of a 10 GHz high-Q band pass filter along x, y and z axes. (d) PM
noise of a mechanical phase shifter along x, y and z axes. A random vibration profile of
acceleration PSD = 1.0 mg2/Hz (rms) is used for 10 Hz < f, < 2000 Hz

The PM noise of a high-Q bandpass filter and a mechanical phase shifter is measured along
all three axes. See Figure 9 for the orientation of the axes. Figure 10(c) shows the PM noise of
a bandpass filter under vibration along all three axes. Close to the carrier, the filter is more
sensitive to vibration along the x- and y-axis than along the z-axis. It is also important to
note that sometimes the mechanical resonances of the fixture used to mount the component
on the actuator can appear. This effect is visible for the bandpass filter above 300 Hz.
Therefore, it is important to either minimize this effect, if possible, or separate it from the
results of actual vibration induced noise. In the case of the phase shifter, the noise is limited
mostly by the noise floor of the measurement system, as shown in Figure 10(d).

Next, three different types of cables, viz. flexible, hand formable and semi-rigid cables, each
12 feet long, are chosen for the noise floor measurement. The PM noise floors set by each of
these cables under vibration are comparable, similar to that shown in Figure 5. Finally, the
PM noises of a few amplifiers at 10 GHz are also measured under vibration (Hati et al. 2007).
The acceleration sensitivity of these components is much lower than the acceleration
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sensitivity noise floor provided by the cables. As a result, an accurate measurement is not
possible. However, it can be concluded from the experimental results that the acceleration
sensitivity of the phase shifter and amplifier under test is no greater than 104rad/g.

4.2 Optical Components

Optical fibers are widely used in fiber-optic communication, ring-laser gyroscopes,
optoelectronic oscillators (OEOs), and delay line discriminators, among a number of other
applications (Yao & Maleki, 1996; Romisch et al., 2000; Kadiwar & Giles, 1989; Rubiola et al.,
2005; Minacian, 2006). Mechanical distortions due to vibration induce phase fluctuations in
the fiber. In this section, the effect of vibration on the phase fluctuations in the optical fiber
wound on a spool is discussed. Letting [ be the length of the fiber (assumed to be uniformly
wound on a cylindrical spool) and v, the group velocity of amplitude modulated
electromagnetic waves down the fiber; then the group delay through the fiber is 7, = I/v,. In
fiber, stretching can occur either as a result of temperature changes of the spool on which
the fiber is wound or as a result of axial vibrations that accelerate, and hence, deform the
spool. The fiber length change (0/) due to deformation of spool, which is mounted at the
bottom, is given by (Ashby et al., 2007)

Sl _ vpa(t)h’ )
/ 2E

where v, p, a(t), h and E are, respectively, Poisson’s ratio of the spool material, spool density,
time-dependent acceleration, height of the spool, and Young's modulus (describing the
spool’s stiffness). Equation 14 shows that the stiffer the spool, the smaller the length change,
and the denser the spool, the larger the length change, because the force on the fiber is
larger. It also shows a linear dependence on the time-dependent acceleration. Further, a
change in length due to stretching will also result in stresses within the fiber that can change
the optical properties of the fiber, resulting in a change in the group velocity through its
stress-optic coefficients. When these changes are small, the fractional frequency shift is a
superposition of these two contributions:

| =y, = (15)

The changes in the group velocity for a stretched fiber are quite small, and we can neglect
them in a first approximation so that the fractional frequency shift due to vibration-induced
fiber length changes can be adequately approximated by

of ol

of . - (16)

foo

Thus, when used in an optoelectronic oscillator, which is described in Section 5.2, the main
effect on a desired frequency comes from the change of length itself rather than from the
change in group velocity. The small time-delay fluctuations due to fiber length fluctuations
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inside the loop directly map to larger frequency fluctuations at the output of the oscillator
(Leeson, 1966), which is principally why suppressing fiber vibration sensitivity is so
important.
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Figure 11. (a) Experimental setup to study vibration-induced PM noise in a fiber delay line
mounted on a vibration table. (b) Optical fiber of length 3 km wound on a ceramic spool and
mounted on a vibration table. Orientation as shown presents the vibration (acceleration)
along the z-axis of spool

Figure 11(a) shows the setup used to measure the effect of vibration on a fiber delay line
using a residual PM noise measurement. It consists of a 1550 nm communications-grade
laser whose output is sent into an optical modulator that is amplitude-modulated by a 10
GHz RF signal. This RF-modulated optical signal is then split into two signal paths, each
composed of a 3 km length of single mode fiber (SMF-28) wound on a cylindrical spool, a
photo-detector, an RF amplifier, and a phase shifter. As discussed earlier, a mechanical
phase shifter is used to set phase quadrature between the two signals so that the output
voltage noise of the mixer is proportional to the PM noise. This signal is then measured on a
FFT analyzer. Because the delays in the two signal paths are equal, this technique cancels the
PM noise introduced by the laser, optical modulator, and the reference oscillator.

In order to test the vibration properties of the fiber, one of the 3 km fibers wound on a stiff
cylindrical ceramic spool is secured to a vibration table. The cylindrical spool is
approximately 11.5 cm in diameter with a length between end caps of 10 cm. An
accelerometer mounted to the actuator, as shown in Figure 11(b) (sensor A), provides
closed-loop feedback to a computer for control of the vibration profile. Sensor B is a triaxial
accelerometer that is used to sense vibrations affecting the fiber spool. Its z-axis is aligned
with the axis of the spool, and both the x and y axes are in the radial directions. For this test,
the z-axis sensitivity is the subject of consideration because the vibration sensitivity of a
fiber-on-spool is greatest along this axis (Ashby et al. 2007; Huang et al. 2000). The spool is
subjected to a random vibration of acceleration PSD equal to 0.5 mg2/Hz (rms) along the z-
axis, and the PM noise is measured. In Figure 12, the bottom curve is the noise floor, and the
topmost curve is the same measurement of PM noise under vibration. The dotted brown line
shows that the acceleration sensitivity of this fiber is 2.5x10- rad/g, which is calculated for
L(f) = -85 dBc/Hz. The resonance at 600 Hz is a characteristic of the hollow cylindrical spool
geometry. The ceramic spool is chosen due to its stiffness because it is less sensitive to
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vibration than other materials such as plastics (Taylor et al.,, 2008). The measurement of
acceleration sensitivity of other optical components such as optical connectors, fiber laser,
optical modulator, and photo-detector are also important; however, the largest sensitivity to
vibration is usually from the fiber.
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Figure 12. The residual PM noise of a 3 km fiber under random vibration along the z-axis is
shown. A random vibration profile of acceleration PSD of 0.5 mg2/Hz (rms) is used for 10
Hz < f,< 2000 Hz. The dotted brown curve shows the acceleration sensitivity corresponding
to L(f) = -85 dBc/Hz. The bottom curve is the noise floor measured under no vibration

5. Results - Acceleration Sensitivity of Different Classes of Oscillators

Low-noise oscillators must operate under “real world” vibration/acceleration conditions.
This is crucial for high-speed communications systems, advanced surveillance systems,
weapons detection, and many other applications. The PM noise requirement for each
application is different, and a single oscillator cannot meet the PM noise requirement over a
broad range of offset frequencies. For example, a good low noise 10 MHz quartz oscillator
typically has a PM noise L(10 Hz) = -130 dBc/Hz and a white PM noise level of -170
dBc/Hz. The PM noise of this 10 MHz signal at 10 Hz offset, when multiplied to generate a
signal at 10 GHz, becomes -70 dBc/Hz, which is reasonably low and suitable for a 10 GHz
radar to detect slow-moving objects (Fruehauf, 2007). However, the white PM noise after
ideal multiplication becomes -110 dBc/Hz and is too high to detect fast-moving targets such
as supersonic aircraft. There are several X-band oscillators topologies such as a YIG
(Yttrium, Iron and Garnet) oscillator, dielectric resonator oscillator (DRO), surface
transverse wave (STW) oscillator, sapphire loaded cavity oscillator, or a simple air-dielectric
cavity resonator oscillator that can provide very low phase noise at higher offset
frequencies. A combination of any of these oscillators with a quartz oscillator can achieve a
low PM noise performance over a broad frequency range.

Oscillators that are capable of satisfying specific system requirements in quiet environments
are readily available. However, in the vibrating environments of airborne platforms, the PM
noise of oscillators degrades significantly. Table 1 and Figure 13 show the typical level of
acceleration for certain operating environments (Mancini, 2004). Acceleration levels at the



Vibration-induced PM Noise in Oscillators and its Suppression 275

oscillator depend on how and where the oscillator is mounted. Platform resonances can
greatly amplify the acceleration levels.

Environment Acceleration
typical levels, in units of g

Tractor-trailer (3-80 Hz) 0.2 peak

Armored personnel carrier 0.5to 3 rms
Ship — calm seas 0.02 to 0.1 peak

Ship — rough seas 0.8 peak
Propeller aircraft 0.3 to5rms
Helicopter” 0.1to7 rms

Missile — boost phase 15 peak
Jet aircraft* 0.02 to 2 rms

Table 1. Typical level of acceleration for certain operating environments. * See Figure 13
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Figure 13. Typical aircraft random vibration profile

Section 5 is primarily focused on studying the effect of vibration on the phase noise of
electronic and opto-electronic oscillators at 10 GHz and also comparing their acceleration
sensitivity. The acceleration sensitivity of a quartz oscillator is not discussed here because
enormous amounts of work have already been done and the data are readily available in the
literature (Vig, 1992; Driscoll, 1993; Filler, 1983; Kosinski, 2000). A good quartz oscillator
typically has an acceleration sensitivity of 1 x 109/g, and the lowest known acceleration
sensitivity for a quartz oscillator is 2 x 10-11/g for 10 Hz < f, < 200 Hz (Bloch et al., 2006).

5.1 Electronic Oscillators

Figure 14 shows three different types of oscillators chosen for the vibration test, viz., a DRO
at 10 GHz, a silicon germanium (SiGe) amplifier-based STW oscillator at 2.5 GHz (Hay, et
al.,, 2004), and a TEo»3 mode air-dielectric ceramic-cavity resonator oscillator (ACCRO) at 10
GHz (Hati et al., 2006). A STW oscillator is chosen because these are the best performing
oscillators in the frequency range 1 to 3 GHz. Below 1 GHz surface acoustic wave (SAW)
oscillators perform well (Parker & Montress, 1988), and above 3 GHz DROs provide the best
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compromise between performance and cost. There are several other commercially available
oscillators above 3 GHz that have extremely low phase noise but are large, specialized and
expensive by comparison. At first, the PM noise of these oscillators is measured with no
vibration; the PM noise plots are shown in Figure 15.

10 GHz BPF Phase Shifter

Amp lifier

}

Power Splitter Output

Figure 14. Pictures of three different types of oscillators used for vibration test. (a) DRO, (b)
STW oscillator, (c) ACCRO. Arbitrary x and y axes are chosen in the plane of the page, and
the z-axis is normal to the page
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Figure 15. PM noise of three different oscillators at 10 GHz without vibration. For straight
comparison, the PM noise of 2.5 GHz STW oscillator is normalized to 10 GHz

A commercial DRO at 10 GHz is subjected to a random vibration along three axes
independently. The degradation in PM noise due to vibration in the z-axis is shown in
Figure 16(a). The effect of random vibration in the x and y axes is not noticeable because the
PM noise of the stationary DRO is much higher than the noise induced by random vibration.
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In order to measure the acceleration sensitivity in all three axes, the oscillator is subjected to
sinusoidal vibration with higher g-levels at different frequencies. The results are shown in
Figure 16(b). This particular DRO is more sensitive to vibration along the z-axis than along
the other two axes. Further, the acceleration sensitivities of two DROs of comparable size
and weight but different Q are compared. Figure 17(a) and 17(b) respectively show the PM
noise and acceleration sensitivity of these DROs. The DRO with higher Q is more sensitive
to vibration for the same reason as discussed in Section 4.1 for a high-Q bandpass filter.
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Figure 16. (a) PM noise of the DRO with and without vibration along the z-axis. The brown
curve indicates the z-axis acceleration sensitivity of this particular DRO. (b) x, y, and z-axis
gamma. An acceleration PSD of 0.5 mg2/Hz (rms) is used for random vibration (Fig. 16a)
and a peak acceleration of 1 g is used for sinusoidal vibration (Fig. 16b)
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Figure 17. (a) PM noise of two DROs of different Q without vibration. (b) Plot of total
gamma for the DROs. An acceleration PSD = 0.5 mg2/Hz (rms) is used for 10 Hz < £, < 2000
Hz. The lower PM noise oscillator has correspondingly higher acceleration sensitivity

Vibration-sensitivity experiments are also performed for a STW oscillator in all three axes,
and the results are shown in Figure 17(c). For the ACCRO, the vibration measurement is
confined to a single axis normal to the mounting plate, as shown in Figure 10. Figure 17(d)
shows the z-axis acceleration sensitivity of three oscillators; the acceleration sensitivity of the
STW oscillator is two orders of magnitude lower than that of the DRO.
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Figure 17. (c) x, y and z-axis acceleration sensitivity of a STW oscillator. (d) Comparison of
z-axis acceleration sensitivity of different oscillators. A peak acceleration of 1 g is used

5.2 Optoelectronic Oscillator

Low-noise, microwave-frequency oscillators are key components of systems that require
high spectral purity. An optoelectronic oscillator (OEO) is an example that has emerged as a
low-noise source in recent years (Yao & Maleki, 1996, Romisch et al., 2000; Eliyahu et al.,
2008). The high spectral purity signal of an OEO is achieved by using a long optical fiber
that provides a very high quality factor (Q). However, the close to carrier spectral purity of
an OEO is degraded mostly by environmental sensitivities, one being the vibration-induced
phase fluctuations in its optical fiber (Howe et al., 2007; Hati et al., 2008).
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RF out Loop Amplifier

Figure 18. Block diagram of an optoelectronic oscillator

In a typical optoelectronic device as shown in Figure 18, light from a laser passes through an
electro-optic amplitude modulator, the output of which is fed to a long optical fiber and
detected with a photodetector. The output of the photodetector is then amplified, filtered,
and fed back to the modulator port, which amplitude-modulates the laser light. When loop
gain is greater than 1, this configuration leads to self-sustained oscillations. A typical OEO
gives a large number of modes with frequencies given by (Yao & Maleki, 1996; Romisch et
al., 2000)
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K+1/2
fO :w. (17)
7d

where K is an integer whose value is selected by the filter and 1; = I/v; = nl/c is the group
delay through the fiber with index of refraction n and length I and c is the velocity of light.
The quality factor of an OEO is proportional to length [ and is given by Q = zz;fo = milfo/ c.
An OEO at 10 GHz is designed by using the same 3 km (SMF-28) fiber as mentioned in
Section 4.2 to study the effect of vibration on the overall PM noise performance of the
oscillator. The PM noise of this OEO subjected to random vibration is shown in Figure 19.
The PM noise under vibration degrades almost 30 to 40 dB from its normal stationary PM
noise performance. This is due to the fact that the phase perturbations due to vibration in
the fiber, which is the most vibration sensitive component in the loop, translate to frequency
fluctuations inside the OEO’s resonator bandwidth. The z-axis acceleration sensitivity of this
OEO is approximately 5 x 10/ g, as shown by the brown plot in Figure 19.
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Figure 19. Plot comparing the PM noise of an optoelectronic oscillator with and without
vibration. A random vibration profile of acceleration PSD = 0.5 mg2/Hz (rms) is used for 10
Hz < f,<2000 Hz. The brown curve shows the z-axis acceleration sensitivity of this OEO,
which is approximately 5 x 109/ g. The first mode for a 3 km fiber, which is approximately
67 kHz from the carrier, is also shown

6. Acceleration Sensitivity Reduction

In this section, a few methods of reducing vibration-induced noise from vibration-sensitive
components are discussed. The most common approach for reducing vibration-induced PM
noise is to select low-vibration-sensitive materials. A comparison is made for two air-
dielectric cavity oscillators at 10 GHz, one cavity made of aluminum and another one made
of ceramic. The two cavities are chosen so that they have comparable volume, almost
identical loaded Q’s of 22,000 (TEps3 mode) and insertion losses of 6 dB. All the other
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components of the two oscillators are identical. These two oscillators are tested for different
sinusoidal vibration frequencies. The acceleration sensitivity of the ceramic cavity oscillator
is found to be almost one sixth that of the aluminum cavity oscillator, as shown in Figure 20.
This is because ceramic is stiffer than aluminum and thus less sensitive to vibration.
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Figure 20. Comparison of acceleration sensitivity of aluminum and ceramic air-dielectric
cavity resonator oscillators

It is also worth noting the results of a few tests of passive mechanical dampers and isolators
on different test oscillators. The most common approach to reduce vibration-induced PM
noise is to select vibration isolators of low natural frequency. Small stranded wire rope
isolators and urethane shock mounts, as shown in Figure 21(a), provide excellent damping
and omnidirectional isolation. When size is critical, these small shock absorbers are often
incorporated inside the oscillator package to improve the PM noise performance of the
oscillator in high vibration induced environments. Further, when space is not an issue, an
external vibration isolation platform can be used. In this case, the whole system including
the oscillator can be mounted on this vibration-free platform to achieve the precision needed
for the particular application. There are several commercially available vibration isolation
platforms with extremely good performance and very low natural resonance frequencies,
less than 1 Hz. A significant improvement in the acceleration sensitivity of the DRO and
STW oscillators is observed when tested under vibration with these passive dampers as
shown in Figure 21(b).

Finally, an active electronic vibration cancellation technique can be sometimes used to
reduce the vibration sensitivity. A 3 km long optical fiber and an optoelectronic oscillator
are chosen to illustrate this scheme. Work on control of environmental noise in optical fiber
has previously been implemented in systems where either a portion of the system
undergoes vibration or a stable reference is available to measure the vibration-induced noise
(Foreman et al., 2007). It is very important to assess the degree to which vibration induced
phase fluctuations @,(t) can be correlated with and predicted by an accelerometer so that it
becomes possible to electronically cancel the effect of vibration-induced noise in the fiber
(Hati et al., 2008).
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Figure 21. (a) Wire-rope and urethane passive shock mounts. (b) Improvement in
acceleration sensitivity resulting from use of shock mounts
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Figure 22. Experimental setup to study vibration-induced PM noise and its suppression in a
fiber delay line mounted on a vibration table. PD is a photodetector that converts 10 GHz
optical modulation to RF

The 3 km optical fiber (SMF-28) wound on a ceramic spool is subjected to vibration. While
the fiber is under vibration, an estimate of the opposite phase of the ¢,(t) signal is generated
based on vibration sensors, in this case, a z-axis accelerometer (sensor B) mounted on the
top of the spool. The z-axis is the most sensitive axis, by an order of magnitude or more
compared to the x and y axes (Ashby et al. 2007, Huang et al. 2000). An electronic phase
shifter, as shown in Figure 22, corrects the phase perturbations of the demodulated 10 GHz
signal sensed by the accelerometer by feed-forward correction. Figure 23(a) shows
preliminary results and proof-of-concept of active noise control applied to the ceramic spool
of optical fiber. The bottom curve is the noise floor, and the topmost curve is the same
measurement of PM noise while the spool is subjected to a random vibration. The middle
curve is the residual PM noise with the noise control on. Particularly noteworthy is that the
residual PM noise through the spool of fiber is reduced by 15 dB to 25 dB. For this
experiment, a flat frequency response is used for the feed-forward phase correction. The
acceleration sensitivity of 3 km fiber with and without feed-forward cancellation is also
shown in Figure 23(b).
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Figure 23. (a) Plot comparing the residual PM noise of fiber under random vibration with
and without feed-forward cancellation. (b) Acceleration sensitivity of a 3 km fiber with and
without feed-forward cancellation. A random vibration profile of acceleration PSD = 0.5
mg2/Hz (rms) is used for 10 Hz < f, < 2000 Hz
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Figure 24. Block diagram of an OEO with active vibration-induced noise control
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The same technique is implemented in an OEO to cancel the vibration-induced noise. In an
OEO under vibration, an accelerometer signal is used to accurately estimate the complex
conjugate of the vibration-induced phase modulation, as depicted in Figure 24. This estimate
modulates the oscillator’s output frequency by virtue of Leeson’s model (Leeson, 1966) in
such a way as to correct the induced in-loop phase perturbations. The PM noise of the 10
GHz OEO with and without vibration, as well as with vibration cancellation, is shown in
Figure 25(a). Finally, the z-axis acceleration sensitivity of the OEO at 10 GHz is calculated by
use of equation 7 and Figure 25(a) and is shown in Figure 25(b). There is an improvement by
almost an order of magnitude in acceleration sensitivity over the full range of vibration
frequencies tested. A flat frequency response is used for the feed-forward phase correction
in this case. However, a custom-tailored frequency response can be used to achieve better
cancellation at different vibration frequencies. In order to verify this, the fiber spool is
subjected to a sinusoidal acceleration of 1 g at 10 Hz, 50 Hz, 100 Hz, 200 Hz and 1 kHz. The
bottom curve of Figure 25(b) shows that further improvement in z-axis sensitivity is
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achieved by optimizing the phase and amplitude of the feed-forward phase correction at
these specific sinusoidal frequencies.
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Figure 25. (a) PM noise of a 10 GHz OEO with and without vibration cancellation. A random
vibration profile of acceleration PSD of 0.5 mg2/Hz (rms) is used for 10 Hz < £, < 2000 Hz.

(b) Plot of z-axis acceleration sensitivity with and without vibration cancellation. The bottom
curve corresponds to a single-frequency sinusoidal peak acceleration of 1 g. For each
sinusoidal frequency, an optimized feed-forward phase correction (OFPC) is used

7. Conclusion

Structure-borne vibration is routine for many applications, causing an increase in PM noise
of oscillators that disables many systems. Therefore, it is very important to select
components that show low phase changes under vibration in order to build a system with
low vibration sensitivity. In this chapter, the acceleration sensitivity and its relation to PM
noise of an oscillator is derived. Different techniques for measuring the PM noise level of
components under vibration are also discussed. The acceleration sensitivity of several state-
of-the-art microwave and optical components are measured. Results show that high-Q
components are generally more sensitive to vibration. Finally, different passive and active
techniques to suppress or cancel vibration-induced noise in these oscillators are also
discussed. Results show that proper use of passive and active cancellation schemes can
improve the acceleration sensitivity of an oscillator by several orders of magnitude.
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