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Abstract—The performance of microwave components is 
sensitive to vibrations to some extent. Aside from the resona-
tor, microwave cables, and connectors, bandpass filters, me-
chanical phase shifters, and some nonlinear components are 
the most sensitive. The local oscillator is one of the prime 
performance-limiting components in microwave systems rang-
ing from simple RF receivers to advanced radars. The increas-
ing present and future demand for low acceleration sensitive 
oscillators, approaching 10−13/g, requires a reexamination of 
sensitivities of basic nonoscillatory building-block components 
under vibration. The purpose of this paper is to study the 
phase-modulation (PM) noise performance of an assortment of 
oscillatory and nonoscillatory microwave components under vi-
bration at 10 GHz. We point out some challenges and provide 
suggestions for the accurate measurement of vibration sensitiv-
ity of these components. We also study the effect of vibration 
on the amplitude-modulation (AM) noise.

I. Introduction

High-precision oscillators have significant applica-
tions in modern communication and navigation sys-

tems, radars, and sensors mounted in unmanned aerial ve-
hicles, helicopters, missiles, and other dynamic platforms. 
These systems are gaining use in the tens of gigahertz 
microwave spectrum and must meet their performance re-
quirements even when subjected to severe dynamic envi-
ronmental conditions. In most applications, the accelera-
tion experienced by a microwave oscillator is in the form 
of vibration, which can introduce mechanical deformations 
that deteriorate the oscillator’s otherwise low phase-mod-
ulation (PM) noise [1]–[3]. This degrades the performance 
of the entire electronic system that depends on this oscil-
lator’s low phase noise.

The acceleration sensitivity of an oscillator originates 
most commonly from deformations induced by accelera-
tion in the frequency-determining element, the resonator. 
The resonant frequency of a resonator depends on its di-
mensions, thus mapping any changes in size to frequency. 
The frequency shift due to physical deformation of resona-
tor is a linear effect. There are also frequency shifts due 
to nonlinear effects that arise from the nonlinear elasticity 
in the deformed resonator material [4]. This behavior may 
become pronounced when vibration levels exceed one or 
more thresholds. The effect of such nonlinearity is that a 

single-frequency vibration spectrum causes not only a cor-
responding single-frequency spur in the phase noise spec-
trum of the device, but also produces harmonically related 
frequency spurs [2]. symmetry, either in the resonator ge-
ometry or in the mounting configuration can lead to lower 
acceleration sensitivity [4]–[10]. The acceleration sensitiv-
ity can further be reduced by passive isolation as well as 
active cancellation of vibration-induced noise [11]–[15].

Vibration also causes mechanical deformations in non-
frequency-determining electronic components that then 
cause phase fluctuations [2], [16], [17]. In general, these 
effects are more prominent in higher-frequency oscillators, 
due to increased signal phase sensitivity to mechanical 
deformation and decreased resonator quality factor [2]. If 
these phase fluctuations are inside the oscillator feedback 
loop, they convert to frequency fluctuations via leeson’s 
effect [18] within the resonator half-bandwidth (HbW). In 
recent years, resonator and oscillator frequency sensitiv-
ity to vibration has improved to a point where the phase 
sensitivity of nonoscillatory components cannot be over-
looked [11]–[15]. coaxial cables and connectors, bandpass 
filters, mechanical phase shifters, and amplifiers are the 
most sensitive, particularly at microwave frequencies [17], 
[19]. The increasing present and future demand for low 
vibration-sensitive oscillators, approaching 10−13/g (1 g is 
the acceleration of gravity near the earth’s surface, ap-
proximately 9.8 m/s2), requires a reexamination of sensi-
tivities of basic nonoscillatory building block components 
under vibration.

The purpose of this paper is to study the performance 
of an assortment of oscillatory and nonoscillatory com-
ponents under vibration normalized to a microwave fre-
quency of 10 GHz. a large number of studies have been 
done for quartz oscillators at megahertz frequencies, with 
references in [12], and therefore are not taken into con-
sideration for the vibration test in this paper. We first 
introduce the relationship between acceleration sensitivity 
and phase noise in section II. In section III, we discuss 
the PM and aM noise measurement techniques, point out 
some challenges, and provide a few suggestions for ac-
curate measurement in the presence of vibration. We also 
present aM and PM noise performance of some nonoscil-
latory components. In section IV, we present the accelera-
tion sensitivity results for different classes of oscillators, 
and finally a summary is given in section V.

II. acceleration sensitivity and Phase noise

an oscillator’s sensitivity to vibration is traditional-
ly characterized by acceleration sensitivity, which is the 
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normalized frequency change per unit g. When an oscil-
lator is subjected to acceleration, its resonant frequency 
shifts. The frequency shift, Δf(t), which is proportional 
to the magnitude of the time-dependent acceleration and 
depends on the direction of acceleration, is given by a 
fractional-frequency change y(t) as [1]
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where f0 is the frequency of the oscillator with no accel-
eration, 



G is the acceleration sensitivity vector, and 


a t( ) 
is the applied acceleration vector. Γi and ai are the com-
ponents of these 2 vectors in the i (i = x, y, or z) direction. 
When the direction of applied acceleration is parallel to 
the axis of the acceleration sensitivity vector, it will have 
the greatest effect on frequency shift. The associated pow-
er spectral density (Psd) of (1) is

 S f S fy i a
i

i( ) = ( )åG 2 1, /Hz, (2)

where Sy(f) and Sa(f) are the Psd of rms fractional fre-
quency fluctuations and rms acceleration, respectively. 
Sa(f) should not be confused with sα(f), which is the Psd 
of amplitude fluctuations. For simplicity, we will now drop 
the subscript i and consider contributions only along a 
single axis. For a low modulation index, the single side-
band phase noise, L(fv) at any vibration frequency fv is 
related to acceleration sensitivity as
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or, in decibels (db),
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Eq. (4) can be rearranged to obtain
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Under random vibration, the acceleration is randomly 
distributed over a range of frequencies and represented by 
its power spectral density, Sa (fv) in units of g2 per hertz 
(g2/Hz). also, for random vibration, L(fv) is expressed in 
units of decibels relative to the carrier power per unit 
bandwidth (dbc/Hz) and Γ is calculated from (5). on the 
other hand, when the vibration is sinusoidal vibration, Γ 
is determined from

 G =
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where apeak is the peak sinusoidal acceleration in units of 
g and L′(fv) is the phase noise power spectrum of the sinu-

soidal modulation expressed in units of decibels relative to 
the carrier power (dbc, not dbc/Hz).

The sum of acceleration sensitivity squared in all 3 axes 
gives the total acceleration sensitivity, or gamma (Γtot), 
and is given by [2], [20]

 G G G Gtot = + +x y z
2 2 2 . (7)

Γtot of an oscillator can be calculated from (7) once the 
PM noise of the oscillator is measured for all 3 axes.

now, when a nonoscillatory component is subject to ac-
celeration, it causes a change in phase of the signal travel-
ing through it, which is given by

 y yt a( ) = ×




G , (8)

where 


G y is the acceleration sensitivity vector of phase 
and expressed in units of radians per g. Following the 
same mathematical steps as described in (2) to (4), we can 
write the acceleration sensitivity due to phase fluctuations 
as
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When these nonoscillatory components (resonator, am-
plifier, filter, cables, or phase shifter) are placed inside 
the oscillator loop, the vibration induced double sideband 
phase noise of the oscillator can be written as [18], [21]
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Sψ-loop(fv) and Sψ-Pc(fv) are, respectively, the combined 
phase noise of loop components and the post-loop compo-
nents under vibration. Qeff is the effective quality factor 
(q) of the entire feedback loop, which is equal to half of 
the slope of the transmission phase response (dφ/dy) at 
resonance [21]. Effective q is used for all resonant compo-
nents in this paper. a resonator in an open loop condition 
maps frequency fluctuations of its resonance to phase fluc-
tuations on a signal passing through it, and when an oscil-
lator is built with this resonator, these phase fluctuations 
convert back to frequency fluctuations of the oscillator 
output signal. In other words, the frequency fluctuations 
of the resonator convert directly to the frequency fluctua-
tions of the oscillator. so, if the resonator is the only con-
tributor to loop q, (10) can be rewritten as
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where Sy-res(fv) and Qres are Psd of rms fractional fre-
quency fluctuations and effective q of the resonator, re-
spectively. Using (3), (6), (9), and (11), a relationship 
between acceleration sensitivity of an oscillator (Γosc) in 
terms of acceleration sensitivity of resonator (Γres), loop 
components (Γψ-loop) and post-loop components (Γψ-Pc) 
can be written as

 
G G Gosc res

res
-loop

2 2

0

2

2
21

4
= +

æ

è
ççç

ö

ø
÷÷÷÷ +

é

ë
ê
êê

ù

û
ú
úú

f
f Q

fv
vy ( )

  -PC+
æ

è
ççç

ö

ø
÷÷÷÷

f
f

fv
v

0

2
2G y ( ).

 (12)

This expression shows that the effect of acceleration sen-
sitivity (Γψ) of various nonoscillatory loop components on 
the acceleration sensitivity of an oscillator is reduced by 
2Qres inside the resonator HbW.

III. Effect of Vibration on nonoscillatory 
devices at 10 GHz

A. PM Noise

Fig. 1(a) is a block diagram of a PM noise measurement 
system used to measure the residual noise of a nonoscilla-
tory device such as a bandpass filter or amplifier as well as 
a cable and connector under vibration. The output power 
of a reference oscillator is split into 2 paths. one path is 
used to drive the device under test (dUT) mounted to 
an actuator, 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, be-
tween 2 paths, and the resulting signals are connected 
to a double-balanced mixer acting as a phase detector. 
The baseband signal at the output of the phase detec-
tor is amplified and measured on a fast Fourier transform 
(FFT) analyzer. because the delays in the 2 signal paths 
are equal, the PM noise from the reference oscillator is 
equal and correlated in each path and thus cancels [22]. 
at the output of the mixer, the phase fluctuations from 
the vibrating dUT and its connecting cables are detected 
because they appear differentially at the 2 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 the dUT and cables.

1) Cable Considerations: To measure the acceleration 
sensitivity of a dUT accurately, it is important to know 
the noise floor of the measurement system. The main con-
tributors to the vibration-induced PM noise floor are the 
coaxial cables, as illustrated by the gray curves in Fig. 
1(a), connected between the stationary measurement sys-
tem and the actuator. Under vibration, these cables flex, 
causing localized distortions in the coaxial structure that 
lead to modulations of the propagation parameters of the 
cable. Piezoelectric effects in coaxial cables can also be 
involved [23]. The main challenge is to obtain a reproduc-
ible low noise floor set by these flexing cables at close-to-
carrier offset frequencies. For the noise floor measurement, 
the dUT is replaced by an 8-cm-long semirigid coaxial 
cable whose solid outer conductor diameter is 0.358 cm. 
The measured noise floor is dependent on the configura-
tion and tension of the cables running between the vi-
brating and stationary reference frames; changes in the 
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Fig. 1. (a) block diagram of an experimental setup for residual phase-modulation noise measurement of components under vibration. Ps = power 
splitter, dUT = device under test, IF amp = intermediate frequency amplifier, l1 and l2 = l-shaped brackets. (b) Typical cables used for vibra-
tion test.
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configuration can cause the noise to vary by anywhere 
from 10 db to 30 db. The configuration used for these 
measurements is shown in Fig. 1(a). It uses 2 l-shaped 
brackets (l1 and l2) each containing 2 sMa bulkhead 
connectors, one located on the stationary measurement 
system and other on the actuator. The microwave cables 
run between stationary and vibrating reference frames via 
these sMa connectors. different amounts of cable slack, 
tension, and damping are used to obtain the best noise 
floor. It is also worthwhile to mention that use of clay-like 
adhesive poster putty as a damping material is found to 
be very effective in reducing the vibration-induced noise 
in the cables. The advantage of this configuration is that, 
once the lowest noise floor is achieved, the dUT can easily 
be replaced without affecting the system noise floor.

also, we find that the noise floor can vary significantly 
from one type and brand of cables to another. To test this, 
we measured the noise floor using several different types 
of cables available in the laboratory and noticed signifi-
cant differences in the results. In Fig. 2, the residual PM 
noise results at 10 GHz of 2 cable types are shown. First, 
the noise floor is measured with semirigid coaxial cables 
whose outer solid conductor diameter is 0.358 cm, each 
46 cm long, represented by solid and dotted gray curves 
in Fig. 1(a). Then, one of the semirigid coaxial cables 
represented by the dotted gray curve is replaced with a 
braided-shield flexible coaxial cable of the same length, 
and the noise floor is measured again. Fig. 1(b) shows the 
picture of 2 cable types used for vibration tests. a random 
vibration profile of acceleration Psd of 1.0 mg2/Hz (rms) 
is used between 10 Hz ≤ fv ≤ 2000 Hz. This range of vi-
bration frequencies is the range for our vibration table, 
adequately covering smaller ranges associated with most 
applications.

The results show that the noise floor can vary by 10 db 
to 30 db, depending on the cable types; therefore, extra 

care must be taken in selecting the cables for vibration-
induced noise measurements. among the samples of co-
axial cables tested, we find that the vibration sensitivity 
is lowest for the semirigid coaxial cable whose solid outer 
conductor diameter is 0.358 cm. However, this sensitivity 
to vibration is not low enough to measure an oscillator 
whose acceleration sensitivity is 1 × 10−13/g. For per-
spective, an oscillator at 10 GHz under random vibration 
of 1.0 mg2/Hz (rms) will produce single sideband phase 
noise of −113 and −153 dbc/Hz, respectively, at 10 and 
1000 Hz offset frequencies, which is below the noise floor 
of the semirigid cable under vibration. Fig. 2 also indi-
cates that the PM noise of the vibrating cable is not flat 
with offset frequency. This may be due to a low-pass fil-
tering effect of the damping material as well as the loop 
structure, shown in Fig. 2(b), bent into the cable on the 
overall mechanical frequency response.

2) DUT Considerations: Measuring the acceleration 
sensitivity of a dUT is challenging. For accurate measure-
ments the following precautions should be taken:

Experiment with different types of connecting cables •	
as well as different amounts of cable slack or tension 
between the stationary and vibrating reference frames 
to obtain the best noise floor.
rigidly mount the dUT on the vibration table to •	
avoid any mechanical resonance inside the frequency 
range of interest.
Properly secure the cables to minimize flexing and •	
strain due to vibration. It is also important to secure 
the power leads for the dUT properly.
reduce the acoustic noise and external vibration in •	
the test area.
The vibration actuator often has cooling fans; prevent •	
this airflow from disturbing the connecting cables, 
dUT, or measurement-system components.
no other components except the dUT and accelerom-•	
eter should be mounted on the shaker.
If possible, use 1- to 3-db attenuators at the con-•	
nector interfaces to minimize the effect of voltage-
standing-wave-ratio (VsWr)-induced mechanical and 
multipath phase fluctuations.
Ground loops interact with magnetic and electric •	
fields generated by the vibrating actuator. Minimizing 
the ground loops is of utmost importance for accurate 
measurements.
check the noise floor between the measurements by •	
replacing the dUT with a short cable.

after establishing a low noise floor, 2, 10-GHz band-
pass cavity filters of different q as shown in Fig. 3(a) are 
tested under random vibration along the z axis. The effec-
tive qs of these 2 filters are approximately 3739 and 320. 
a random vibration profile of acceleration Psd 1.0 mg2/
Hz (rms) for offset-frequency range 10 Hz to 2000 Hz is 
used. Fig. 4 shows the PM noise floor of the measurement 
system as well as the PM noise of the filters under vibra-
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Fig. 2. residual phase-modulation (PM) noise floor of the measurement 
system under vibration for semirigid coaxial and braided-shield, flexible 
coaxial. The device under test is replaced by 8-cm-long semirigid coaxial 
cable for this test. a random vibration with Sa (fv) = 1.0 mg2/Hz is 
used for 10 Hz ≤ fv ≤ 2000 Hz. The bottom curve shows the noise floor 
measured under no vibration. narrow spurs are power-line EMI pick-up 
and should be ignored.
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tion. The sensitivity of these filters to vibration is found 
to be very dependent on the amount of stress applied on 
them by the mounting fixture while securing them on the 
vibration table. The results presented in Fig. 4 are the 
lowest obtained under certain conditions. The z-axis ac-
celeration sensitivity of these filters calculated from (9) is 
also indicated in Fig. 4.

The result shows that the filter with higher q is more 
sensitive to vibration. one possible reason is due to the 
fact that the transfer function phase of a high-q filter 
has a steeper slope at its 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. However, 
the acceleration sensitivity does not necessarily depend 
solely on the q of a filter. a cavity filter is a multipole or 
higher-order filter consisting of several resonators. These 
resonators are distributed in the filter network, each of 
which modulates the signal. The q can be increased by 
increasing the number of resonators, which may make it 
more vibration sensitive. In other words, increasing the 

number of stages of a filter increases the sensitivity to me-
chanical stress. Fig. 4 indicates the fact that q is not the 
only dominant factor in the filters’ vibration sensitivities. 
because the phase noise difference between the 2 filters is 
~17 db, which is less than 20log(3739/320) = 21.4 db, 
this means that structural effects such as the shape and 
size of the cavity housing and other mechanical processes 
are playing a role, making the high-q filter better than 
expected, the low-q filter worse than expected, or a com-
bination of both.

Finally, the PM noises of a few amplifiers and a me-
chanical phase shifter at 10 GHz are also measured under 
vibration. For these components, the PM noise is either 
lower than or equal to the noise floor of the connecting 
cables under vibration. as a result, an accurate measure-
ment is not possible. However, it can be concluded from 
the experimental results that the acceleration sensitivity 
(Γψ) of the phase shifter and amplifiers under test is no 
greater than 5.6 × 10−6 rad/g, as shown in Fig. 4.

B. AM Noise

The flexing of coaxial cables due to vibration changes 
the structure of the cable, which not only modulates the 
phase of the transmitting signal but also modulates its 
amplitude [17]. However, unlike vibration-induced PM 
noise, the aM noise can be less of a problem because 
this effect can be reduced by amplitude compressing or 
clipping the signal. Fig. 5 shows a block diagram of the 
cross-correlated measurement system used to measure aM 
noise [22] of cables, amplifiers, and filters under vibration. 
The output of the reference oscillator is fed to the dUT 
mounted on the actuator. The signal returning form the 
dUT is split into 2 paths, each containing the vibration-
induced aM noise of the dUT and cables plus the aM 
noise of the stationary reference oscillator. These signals 
are fed to a 2-channel, cross-correlation FFT analyzer. 
The advantage of this technique is that only the aM noise 
coherent to both channels, i.e., the noise of the oscillator, 
vibrating cables, and dUT, averages to a finite value. The 
time average of the incoherent noise processes, such as the 
aM detectors and IF amplifiers, approaches zero as the 
number of averages used in cross-spectrum increases. an 
oscillator of very low aM noise is used for this test so as 
not to dominate the dUT noise.
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Fig. 3. Picture of the nonoscillatory components used for vibration tests at 10 GHz. (a) High-q (3739) and low-q (320) bandpass filters, (b) ampli-
fiers, (c) phase shifter. arbitrary x and y axes are chosen in the plane of the page, and the z axis is normal to the device top surface.

Fig. 4. Phase-modulation (PM) noise of 2, 10-GHz bandpass cavity 
filters under vibration along the z axis. a random vibration with Sa 
(fv) = 1.0 mg2/Hz is used for 10 Hz ≤ fv ≤ 2000 Hz. The bottom curve 
shows the PM noise floor set by flexing of cables under vibration. The 
z-axis acceleration sensitivities (Γψ) of high and low q filters are, respec-
tively, 2.0 × 10−4 rad/g [for L(f ) = −107 dbc/Hz ] and 3.6 × 10−5 rad/g 
[for L(f) = −122 dbc/Hz].
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First, the dUT is replaced with an 8-cm-long semirigid 
coaxial cable, and the vibration-induced aM is measured 
for the same 46-cm-long semirigid and braided-shield flex-
ible cables as those used for PM noise measurement. The 
vibration-induced aM noise is found to be negligible for 
semirigid cables; however, it is significant for braided-
shield flexible cable. The aM vibration noise of flexible 
cable can be reduced by following it with a saturated am-
plifier. a stationary low-aM-noise amplifier in saturation 
is used before the power splitter, and a reduction of al-
most 20 db is observed, as shown in Fig. 6. These results 
indicate that, when selecting cables either for a vibration 
measurement or for low vibration-sensitive design, it is 
equally important to measure both vibration-induced aM 
and PM noise. Further nonlinear processing of the signal, 

such as mixing, may cause inadvertent aM-to-PM conver-
sion of vibration-induced aM noise.

next, the short semirigid coaxial is replaced by a dUT, 
in this case, bandpass cavity filters; see Fig. 3(a). The aM 
noise contribution of the low-q (320) filter is below the 
aM noise floor. Fig. 7 shows only the aM noise added by 
the high-q (3739) filter under vibration. If this filter is 
used inside an oscillator loop, the effect of aM noise will 
be reduced significantly due to saturation of the signal by 
the loop amplifier. However, in a system where the band-
pass filter is used as a post filter, often known as spectrum 
cleanup filter, under vibration such filters can amplitude-
modulate the signals passing through them and add sig-
nificant aM noise to a frequency source of low aM noise. 
Hence, these spectrum cleanup filters must be selected 
carefully in systems subject to vibration.

IV. acceleration sensitivity of different 
classes of oscillators

Fig. 8 shows the setup used to measure acceleration 
sensitivity of different microwave oscillators. a direct digi-
tal PM noise measurement system [24] is used that utilizes 
fast analog-to-digital converters to digitize the input rF 
signal and perform down-conversion and phase detection 
functions by digital signal processing. The oscillator under 
test is mounted on the actuator, with the output going to 
one input of a mixer. This output is then mixed with a 
stationary very-low-PM-noise oscillator to generate a beat 
frequency between 1 MHz to 30 MHz for digitizing di-
rectly. a low-noise 10-MHz quartz crystal oscillator serves 
nicely as the digitizer’s reference.

First, we investigate how the acceleration sensitivity 
of nonoscillatory components translates to the accelera-
tion sensitivity of an oscillator when these components are 
placed inside the oscillator loop. We build 2 simple oscil-
lators at 10 GHz as shown in Fig. 9, one using a high-q 
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Fig. 5. block diagram of an experimental setup for amplitude-modulation 
(aM) noise measurement of components under vibration. Ps = power 
splitter; dUT = device under test; IF amp = intermediate frequency 
amplifier.

Fig. 6. amplitude-modulation (aM) noise floors of the measurement 
system for semirigid and braided shield flexible coaxial cable under vi-
bration at 10 GHz. a random vibration with Sa (fv) = 1.0 mg2/Hz is 
used for 20 Hz ≤ fv ≤ 2000 Hz. The second curve from the top shows the 
reduction in vibration-induced aM noise after the signal is saturated by 
a stationary amplifier. sα(f) is the double sideband aM noise.

Fig. 7. amplitude-modulation (aM) noise performance of a bandpass 
cavity filter at 10 GHz under vibration. The effective q of the filter is 
approximately 3739. a random vibration with Sa(fv) = 1.0 mg2/Hz is 
used for 20 Hz ≤ fv ≤ 2000 Hz.
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(3739) cavity filter and another using a low-q (320) cavity 
filter as the resonators. all other loop components are 
kept identical for both oscillators. The PM noise of the 2 
oscillators are measured with and without vibration along 
the z axis, and the results are shown in Fig. 10. It shows 
that when the oscillators are at rest, the difference in their 
PM noise is approximately 20 db, which is in close agree-
ment with the result predicted from leeson’s model. The 
vibration sensitivity of these oscillators calculated from 
(5) using L(fv) of Fig. 10, indicates that the high-q oscil-
lator is slightly less sensitive to vibration.

We also calculate Γosc theoretically from (12) by equat-
ing Γosc to Γres, ignoring the small contributions of all other 
loop components. because the applied vibration is within 
the resonator HbW, Γres is obtained by dividing Γψ of the 
cavity filter by 2Qres. The theoretical result agrees with 
the experimental finding that the high-q oscillator is less 
sensitive to vibration. However, for both oscillators, there 
are slight differences in the experimental and theoretical 
value of Γosc. This difference, which is less than a factor of 
2, can be well explained as follows. as mentioned earlier, 

the vibration sensitivity of these filters are very sensitive 
to the stress applied on them by the mounting fixture. It 
is quite possible that the amount of stress applied on the 
filters when they are mounted inside the oscillator loop is 
different from the stress used for the residual noise mea-
surement, resulting in vibration sensitivity of high-q and 
low-q filters higher than that used for the calculation.

next, we measured the vibration sensitivity of commer-
cial and custom oscillators. Fig. 11 shows different types 
of oscillators chosen for the vibration test, namely, low- 
and high-PM noise dielectric resonator oscillators (dros) 
at 10 GHz, a silicon germanium (siGe) amplifier-based 
surface transverse wave (sTW) oscillator at 2.5 GHz [25], 
and a TE023 mode air-dielectric ceramic-cavity resonator 
oscillator (accro) at 10 GHz [26]. an sTW oscillator 
is chosen because this is a very low noise oscillator with 
a stiff resonator in the frequency range 1 to 3 GHz. be-
low 1 GHz, saW oscillators perform well [27], and above 
3 GHz, dros provide the best compromise between per-
formance and cost. There are several other commercially 
available oscillators above 3 GHz that have extremely low 
phase noise, but they are large, specialized, and expensive 
by comparison.

at first, the PM noise of dro-1, sTW, and accro is 
measured without vibration, and then they are subjected 
to random vibration along the z axis. Figs. 12 and 13 show 
the PM noise and z-axis acceleration sensitivity of these 
oscillators, respectively; the acceleration sensitivity of the 
sTW oscillator is 2 orders of magnitude lower than that 
of the dro.

Further, the acceleration sensitivities of 2 dros of 
comparable size and weight but different PM noise are 
compared. These dros at 10 GHz are subjected to a 
random vibration along 3 axes independently. For dro-1, 
the effect of random vibration in the x and y axes is not 
noticeable, because the PM noise of the stationary dro 
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Fig. 8. block diagram of an experimental setup for measuring accel-
eration sensitivity of an oscillator. dPnMs = direct-digital phase noise 
measurement system; dUT = device under test.

Fig. 9. block diagram of a simple loop oscillator at 10 GHz. The band-
pass cavity filter acting as a resonator is the most vibration-sensitive 
element in the loop.

Fig. 10. The phase-modulation (PM) noise of 2 oscillators with and with-
out vibration along the z axis. The secondary y axis represents the ac-
celeration sensitivity of the oscillator. a random vibration with Sa(fv) = 
1.0 mg2/Hz is used for 20 Hz ≤ fv ≤ 2000 Hz. Γψ = 2.0 × 10−4 rad/g for 
high-q filter and Γψ = = 3.6 × 10−5 rad/g for low-q filter is used for 
Γosc (theory) calculation.
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is significantly higher than the noise induced by random 
vibration. To measure the acceleration sensitivity in all 3 
axes, the dro is subjected to sinusoidal vibration with 
higher g-levels at different spot frequencies. Figs. 14 and 
15, respectively, show the PM noise and acceleration sensi-
tivity of these dros. These results show that a low-noise 
oscillator at rest is not necessarily the best choice for cer-
tain applications on a vibrating platform.

V. discussion

structure-borne vibration is routine for many applica-
tions, causing an increase in PM noise of oscillators that 
disables or degrades the performance of many systems. 
Therefore, it is very important to select components that 

show low-phase changes under vibration to build a system 
with low-vibration sensitivity.

In this paper, the acceleration sensitivity of several 
microwave components is reported. We find that the co-
axial cables that run between the vibrating platform and 
the stationary measurement system set the PM and aM 
noise floor. depending on the cable type, the noise floor 
can vary anywhere from 10 db to 30 db; therefore, extra 
care must be taken in selecting coaxial cables. We also 
find that acceleration sensitivity of some components is 
dependent on mechanical stress; symmetry in the mount-
ing configuration can lead to lower acceleration sensitivity. 
our finding also shows that a low-noise oscillator at rest is 
not necessarily the best choice for certain applications on 
a vibrating platform. Vibration also affects the aM noise 
of nonoscillatory components, and sometimes vibration-
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Fig. 11. Pictures of 4 different types of oscillators used for vibration tests: (a) dielectric resonator oscillator (dro-1) with high phase-modulation 
noise, (b) dro-2 with low PM noise, (c) surface transverse wave (sTW) oscillator, (d) air-dielectric ceramic-cavity resonator oscillator (accro). 
arbitrary x and y axes are chosen in the plane of the page, and the z axis is normal to the device top surface.

Fig. 12. Phase-modulation (PM) noise of 3 different oscillators at 10 GHz 
without vibration. For direct comparison, the PM noise of a 2.5-GHz 
sTW oscillator is normalized to 10 GHz.

Fig. 13. comparison of z-axis acceleration sensitivity of different oscilla-
tors. a peak acceleration (apeak) of 1 g is used.
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induced aM noise can be greater than vibration-induced 
PM noise. However, for oscillators, the effect of vibration 
on the aM noise is reduced due to signal saturation inside 
the loop.
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Fig. 14. Phase-modulation (PM) noise of dro-1 and dro-2 with 
and without vibration along the z axis. a random vibration with 
Sa(fv) = 1.0 mg2/Hz is used for 10 Hz ≤ fv ≤ 2000 Hz.

Fig. 15. Plot of total gamma (Γtot) for the dros. The lower phase-
modulation (PM) noise oscillator has higher acceleration sensitivity.
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