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Abstract—In this article, multilayer ceramic capacitors
(MLCCs) induced acoustic noise is studied through simulation
investigation of the vibration behavior of the printed circuit
board (PCB). The board vibration theory is briefly summarized
to understand the key parameters influencing intrinsic board
vibration properties. The identified key parameters are the
thickness, mass density, and Young’s modulus of each board
layer. To accommodate the parameter variations in real board
fabrication process, a statistical simulation model for PCB
vibration modal response is proposed. The simulation results have
shown good correlation with the measurement. The sensitivity
analysis of board vibration properties to the identified parameters
of each layer has also been conducted through simulation. Based
on the derived intrinsic board vibration properties, the PCB
vibration behavior with capacitor as forced excitation is further
analyzed through modal superposition. The simulated results also
exhibit good correlation with measurement. With the proposed
simulation methods, engineers can evaluate the board vibration
behavior at early design stage and some design guidelines for
placing MLCCs can be derived to reduce acoustic noise.

Index Terms—Acoustic noise, harmonic analysis, mass density,
modal analysis, thickness, vibration, Young’s modulus.

I. INTRODUCTION

MULTILAYER ceramic capacitors (MLCCs) has been
widely applied as decoupling capacitors for the power

distribution network (PDN) in modern mobile systems. The
electrical performance of PDN has been investigated extensively
[1]–[3]. The influence of MLCC package size, power, and
ground via pinout and voltage derating are commonly evaluated
as the criteria for MLCC selection and placement. The improve-
ment of the electrical characteristics of PDN is important as the
performance of the integrated circuits in the mobile system relies
on it significantly [4].
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PDN with improved electrical performance is one of the
crucial foundations for better user experience. Recently, another
aspect for MLCC and PDN consideration has starting to draw
attention [5]. The MLCC induced high pitch acoustic noise in
mobile systems could be a serious concern for user experience
and should be evaluated during the PCB design stage. The
dielectric material is BaTiO3 which allows the realization of
capacitor with large capacitance value in a compact package
size. An additional effect this material brings is the piezoelectric
property. With the ac electrical noise presented on PDN, the
MLCCs start to contract and expand following the pace of the
electrical noise [6]. The MLCCs vibration can then be trans-
ferred to PCB. If the electrical noise is in the range of audible
frequency (20–20 000 Hz), the vibration of PCB can generate
acoustic noise.

To evaluate the MLCC caused PCB vibration during early de-
sign stage, it is preferable to develop a proper simulation method-
ology for the PCB dynamic characteristics. Many research work
have concentrated on the board fatigue failure prediction [7]
and improvement of finite-element numerical methods [8]. The
intrinsic board vibration properties are also investigated through
modal analysis simulation [9], [10]. The forced PCB vibration
subjected to MLCC vibration can also be analyzed through
simulation with harmonic analysis [11]. However, the influence
of MLCC location on the vibration amplitude is not considered
and validated. In addition, the effect of board parameters to board
vibration properties has not been clearly evaluated. Furthermore,
there has been no demonstration to accommodate parameter
variations in the modal analysis simulation.

This article is an extension for [12]. Compared to [12], the
parameter effect is first analyzed from vibration theory. A statis-
tical simulation method is also proposed to take the parameter
variation effect into consideration. The simulated results are
validated through the comparison with measurement. The effect
of MLCC location on PCB vibration is also simulated and
validated through measurement.

In this article, MLCC induced acoustic noise in mobile sys-
tems is studied through PCB vibration simulation investiga-
tion. The governing equations are summarized and analyzed
to identify the key parameters. The understanding for vibra-
tion behavior is also derived from the theoretical analysis. A
statistical simulation methodology is proposed to accommodate
the key parameter variations in modal analysis. The obtained
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modal shape patterns and natural frequencies are compared with
measurement and are analyzed statistically. Through simulation,
the contribution of each parameter can also be identified, thus
allowing engineers to filter out less useful parameters during de-
sign stage. The MLCC location influence on PCB vibration is in-
vestigated through harmonic analysis with modal superposition.
The forced vibration is also validated through measurement.
With the intrinsic PCB vibration properties, the MLCC induced
vibration can be predicted. More importantly, a design guideline
can be proposed based on the analysis of the modal shape pattern.
By placing the MLCC at locations with smaller amplitude in
the modal shape response, the excited modal amplitude can
be reduced, thus reducing the acoustic noise. Traditionally, the
MLCC placement is mainly a consideration for PDN electrical
performance. The proposed method can be applied together with
the common MLCC placement design guidelines to improve
both the acoustic noise performance and electrical performance.

II. ACOUSTIC NOISE ANALYSIS FROM PCB VIBRATION STUDY

A. PCB Acoustic Noise Generation Mechanism

MLCCs connected on the PDN are subjected to the electrical
noise presented on the power rail. The switching noise on the
power rail can excite the MLCCs to vibrate. As the MLCCs are
soldered on the PCB, which is a rigid connection, the PCB will
vibrate follow the pace of the MLCCs. If the electrical noise is in
the audible frequency range, the PCB vibration will produce the
acoustic noise. It has been validated and demonstrated in many
works [5], [11], [12] that the acoustic noise can be analyzed
from the vibration study of the PCB. In addition, the vibration
simulation can be conducted more conveniently than the acoustic
noise simulation. In this article, the simulation methodology is
proposed from the PCB vibration point of view.

B. PCB Vibration Governing Equation and Parameters

Assuming the board can be treated as a thin rectangular plate
in x–y plane, the out-of-plane displacement can be written as the
following wave equation [13]

Eh3
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where w is the out-of-plane displacement, E represents the
Young’s modulus, v is for the Poisson’s ratio, h is the plate
thickness, t is the time, γ is the mass per unit area of the plate,
and q is the out-of-plane pressure load (external force) in +z
direction.

If there is no external load forced on the structure, the intrinsic
vibration properties of the board can be derived by solving (1),
setting q = 0. The evaluation of the board intrinsic modes is
referred as modal analysis. Applying separation of variables as
w(x,y, t) = φ(x, y)T(t), (1) can be decoupled to an equation of
space, x and y only
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which is a spatial eigenvalue equation. An equation of time only

d2T (t)

dt2
+ ω2T (t) = 0 (3)

φ(x, y) is the spatial mode shape, T(t) is a function of time and
ω is the circular natural frequencies.

To illustrate the properties of modal response, an example
case where the four edges of the plates are fixed is examined.
In real case, the fixation boundary conditions maybe more com-
plicated. The modal solution from (2) for the simply supported
rectangular plate with length a and width b can be expressed as
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i = 1, 2, 3, . . . , j = 1, 2, 3, . . . (4)

where i and j are modal indices denoting the number of
half waves in the mode shape along the x and y coordinates,
respectively. The associated natural frequency fij = ωij/2π is

fij =
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The vibration modal response is in analogous to electromag-
netic waves for a rectangular cavity.

If an external force is applied, the study of vibration char-
acteristics with external force is referred as harmonic analysis.
In this article, the forced dynamic response is obtained through
modal superposition, which means that the displacement can be
written as a linear combination of the Eigen modes

w(x, y, t) =
∑
i

∑
j

αij (t)φij (x, y) (6)

where αij(t) is the i–jth modal amplitude under external force
F0cos(2πft). φij(x, y) is previously solved spatial mode shape
for the i–jth mode. The modal amplitude is expressed as

αij (t) =
4F0

γabω2
ij

sin (iπx0/a) sin (jπy0/b)

1− f2
/
f2
ij

cos (2πft) (7)

for the previously simply supported rectangular plate case. The
external force is applied at (x0, y0) location.

From (7), it can be shown that the out-of-plane displacement
will oscillate follow the frequency of the external force. Also,
if the external force frequency is very close to the natural
frequency, the modal amplitude will be very large, which will
lead to board resonance. In addition, since the modal amplitude
includes the sin(iπx0/a)sin(jπy0/b) term which is of the same
form as modal shape response sin(iπx/a)sin(jπy/b), the location
where the external force is applied is important.

This is also valid for other board boundary conditions [13].
If the force is applied at the location where the displacement is
small for a particular mode response, the modal amplitude will
also be small. On the contrary, if the force is imposed to the
position where the displacement is large for a particular mode
response, the modal amplitude will also be large.
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TABLE I
BOARD STACK UP FROM VENDOR

III. STATISTICAL SIMULATION METHOD

FOR PCB VIBRATION PROPERTIES

The PCB intrinsic vibration properties are firstly analyzed
through modal analysis. From (4), it can be observed that the
thin board modal shape is a function of board x–y direction
geometry. From (5), it can be shown that the natural frequency is
a function of board material properties, which include material
mass density, Young’s modulus and Poisson’s ratio. It is also
a function of board dimensions, including board x–y direction
geometry and the board thickness. It can be shown that, for a
specific boundary fixation condition, as long as the geometry in
x–y direction can be correctly obtained, the mode shape can be
solved rather easily. On the other hand, the natural frequency is
more sensitive to the board thickness and material properties, as
these parameters can vary up to about±20% [14]. To address the
influence of these parameter variations, a statistical simulation
method is proposed.

A. Statistical Simulation Method

To build the device under test (DUT) PCB model for vibration
simulation, each of the 19 layers of the DUT needs to be set
properly. The layer thickness and dielectric material information
are given in Table I, based on the stack-up specification provided
by the PCB vendor.

For the statistical simulation model, three important parame-
ters, the layer thickness, layer mass density, and layer Young’s
modulus, are swept in the given range to produce the distributed
output results. These input parameters are subjected to rela-
tively significant variation during the real fabrication process.
The outputs of the statistical simulation model are the natural
frequencies and the corresponding modal shapes. The process
of the statistical simulation method is illustrated in Fig. 1.

Based on the PCB stack up information, the PCB vibration
model for the nominal input parameters is first built. The initial
model is constructed using Sherlock [15]. The materials for di-
electric layers are selected from the material library. To account
for the trace routing of different copper metal layers, the metal

Fig. 1. Process of statistical simulation methodology.

Fig. 2. Stack up of board model for PCB vibration simulaiton.

layer is treated as a mixture of the copper and dielectric material
calculated from board layout file. The aggregate mechanical
properties of the 19 layers can then be derived automatically
based on the layer material information.

The board vibration model stack up setting is depicted in
Fig. 2. The copper layer is considered as copper-resin mixture,
with the copper ratio indicated. For the power or ground layer
where most of the layer area is covered with copper, the ratio
will be close to 100%. The percentage of resin content for
the dielectric material is determined by the laminate type. The
difference of prepreg and core is also accounted for. Layer
thickness is set to the nominal thickness indicated by the vendor.
The mass density, coefficient of thermal expansion (CTExy,
CTEz for in-plane, and out-of-plane) and modulus (Exy, Ez for
in-plane, and out-of-plane) are calculated from the layer setting.
For vibration simulation, the thickness, density and modulus are
the critical parameters. The unit for density, CTE and modulus
are g/cm3, 10−6/°C, and MPa, respectively.

The constructed initial board model is then imported to Ansys
workbench [16] for statistical analysis. The initial board vibra-
tion model is plotted in Fig. 3. The board is fixed at the circled
four locations. Other components on the board are ignored for
simplicity. The value range for the board layer density and
modulus are set to deviate from the initial nominal value with
±20%. The design cases are generated with optisLang plugin
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Fig. 3. PCB vibration model for modal analysis in Ansys workbench.

TABLE II
SIMULATED MODAL SHAPE RESULTS

[17] in the Ansys workbench, given the designated parameter
scope. Three board layer thickness situations are evaluated to
reduce simulation complexity, where each layer is set to the
minimum value, nominal value and the maximum value, respec-
tively. Under each board layer thickness condition, the board
layer density, and modulus are varied and the corresponding
mode shapes and frequencies are obtained. For each board layer
thickness situation, 100 cases are generated. There are total of
three hundred cases. For each thick thickness condition, the
distribution is close to a Gaussian distribution. The histogram
plot in Fig. 4 is a combination of the distribution of all the
three layer thickness cases. The combined histogram looks like
three “bundles” of Gaussian distribution. The left, middle, and
right bundles correspond to the minimal, nominal and maxi-
mum thickness conditions. The design of experiments process
is applied to allow efficient statistical sampling of the parameter
space. As mentioned earlier, the mode shapes are mainly deter-
mined by the board dimension in the x–y direction, the mode
shapes obtained for these design cases will be very similar. The
simulated first ten mode shapes are given in Table II. On the
contrary, since the natural frequencies are tightly correlated with
layer thickness, mass density, and modulus, the three hundred

Fig. 4. Statistical distribution of natural frequency values for the first ten
modes. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode
6. (g) Mode 7. (h) Mode 8. (i) Mode 9. (j) Mode 10.

design cases will produce diverse mode frequency values. For
the first ten modes, the probability distribution histograms of the
natural frequency values are shown in Fig. 4.

B. Correlation With Measurement

The simulated mode shapes and natural frequencies are val-
idated through measurement. The measurement setup is shown
in Fig. 5. The bare board vibration is captured by a laser Dopper
vibrometer [18]. The board is excited by applying an electrical
signal on a capacitor hooked to the PDN power rail. Only one
capacitor is soldered on the power rail for the evaluation. The
location of the capacitor is indicated in the attached plot in Fig. 6
with red dot. The electrical signal exhibits uniform amplitude in
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Fig. 5. Mode shapes measurement setup. (a) Setup illustration. (b) Scene photo
of measurement.

Fig. 6. Averaged vibration velocity spectrum for modal analysis.

the entire audio frequency range. The bare board is also fixed at
the same four locations as in the simulation.

The board vibration is described with vibration velocity. The
vibration spectrum at each scanning location is averaged to
obtain an averaged vibration spectrum as illustrated in Fig. 6.
The peak locations corresponds to the natural frequencies. The
vibration “hot map” at these frequencies are the related mode
shape patterns.

TABLE III
MEASURED MODAL RESULTS

The measured first ten mode shapes are summarized in Ta-
ble III. It can be shown that, with the proposed simulation
procedure, the board modal shape patterns can be estimated
rather close to the real measurements. In addition, for the sim-
ulated natural frequency histogram, the frequency values in the
horizontal axis are the possible values that could exist for the
corresponding mode based on the range of the given parameters.
With the proposed statistical simulation method, engineers can
evaluate the board intrinsic vibration properties with reasonable
flexibility based on the board stack up information.

C. Parameter Sensitivity Analysis

The uncertainty in the output response of the board vibration
system can be divided and allocated quantitatively to different
sources of uncertainty in its input. The sensitivity analysis for
mode frequencies with respect to the layer mass density and
layer modulus is conducted to understand the dominant param-
eters controlling board vibration properties. These effects are
evaluated at a fixed layer thickness. The sensitivity to layer
thickness is not evaluated in this process. However, the effect
of layer thickness can be observed in Fig. 4. For different layer
thickness, the sensitivity results to each layer mass density and
layer modulus are very similar. The effect of each layer density
and modulus to the first ten natural frequencies is summarized
in Fig. 7. Some parameters with contribution less than 0.4%
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Fig. 7. Layer mass density (L∗_D) and layer modulus (L∗_M) influence
percentage to the mode frequencies.

are not shown. The percentage of each colored bar indicates the
corresponding input parameter influence on the corresponding
output response. For a certain output response (one natural
frequency), the total effect of all the parameters added together
is very close to 1.

It can be observed that, for all the mode frequencies, the first
layer modulus is the dominant factor. The secondary influential
input parameter is the last layer modulus. The top and bottom
layers are both copper-resin mixture. Since the top layer and the

Fig. 8. PCB model for harmonic analysis in simulation.

Fig. 9. MLCC excitation location respective to mode 6 response.

bottom layers are not bounded by the other layers on one side, the
layer modulus effect will be stronger. In addition, the top layer
possesses less copper percentage, this could be the reason that
the top layer modulus is more dominant than that of the bottom
layer. On the other hand, the mass density of the tenth layer also
exhibit comparable influence as with the bottom layer modulus.
This may be due to the fact that the tenth layer is the thickest
layer among all the other layers. Based on the understanding
of the dominant input parameters, the intrinsic board vibration
properties can be predicted or evaluated with ease.

IV. PCB VIBRATION DUE TO MLCC VIBRATION EXCITATION

From the modal analysis, the intrinsic board vibration prop-
erties can be predicted. With the modal response, the board
vibration under external forces can be calculated based on (10).
As mentioned before, the board vibration subject to the external
force is evaluated through harmonic analysis applying modal
superposition. For the harmonic analysis, an MLCC is added to
the top layer and an external force is applied to the top layer of
the MLCC to mimic the situation where the MLCC is vibrating.
The simulation model for the harmonic analysis is plotted in
Fig. 8. The board is fixed at the same four locations.

As previously discussed for (10), the capacitor excitation
location is critical to the resulted board vibration response. If
the capacitor is placed at locations where the modal response is
small, the forced vibration response will also be small. On the
contrary, if the capacitor is placed at locations where the modal
response is relatively high, the induced forced vibration response
will be stronger. To examine the effect of MLCC excitation lo-
cations on vibration strength, two capacitor excitation locations
are selected. The board vibration is evaluated at the mode 6
frequency. Since the size of the capacitor is relatively small,
the change of the modal response is negligible. The checked
capacitor locations with respect to the mode 6 response are
depicted in Fig. 9. The forced vibration simulation results are
illustrated in Fig. 10(a) and (b). The first capacitor location is
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Fig. 10. Simulated PCB vibration with MLCC excitation at different locations.
(a) Location 1. (b) Location 2.

Fig. 11. Measured PCB vibration with MLCC excitation at different locations.
(a) Location 1. (b) Location 2.

selected at the position where the mode 6 mode response is
relatively strong, while the second capacitor location is selected
at the position where the mode 6 mode response is relatively
weak. For the two cases, the amplitude of excitation force applied
to the top surface of the capacitor are kept to the same as
0.5 N. The highest vibration amplitude induced for location 1 is
1.356e-4 m, while the generated highest vibration amplitude for
location 2 is 4.5e-5 m.

The effect of the capacitor excitation location is also validated
on the real board measurement. The measurement setup is the
same as shown in Fig. 5. The board is excited by applying a
broad band signal to the MLCC and the mode 6 is examined.
The excitation voltages are kept to the same for the two cases.
The capacitor locations in the two cases are exactly the same
as in the simulation setup. The vibration response for the two
capacitor locations is depicted in Fig. 11. From the reading of
the averaged vibration spectrum at the mode 6 frequency as

Fig. 12. Measured PCB vibration spectrum with MLCC excitation at different
locations. (a) Location 1. (b) Location 2.

shown in Fig. 12, the averaged vibration velocity for location 1
is −64.6014 dBm/s, while for location 2 is −68.190 dBm/s.

The evaluation of the intrinsic board vibration properties
is important, as it can provide design guidelines for placing
the capacitors and avoiding the resonance frequencies. In real
practice, eliminating the power rail noise in the audio frequency
range maybe difficult. However, with the mode shape response,
it is possible to identify several area where the mode shape
response is weak and put the decoupling capacitor for the power
rail at these identified locations. In addition, the forced vibration
analysis can also be conducted based on the modal analysis.

V. CONCLUSION

In this article, a statistical simulation methodology for PCB
intrinsic vibration properties is proposed to include the effect of
parameter variation. The key parameters are identified through
the analysis of PCB vibration governing equations. The varia-
tion range information can be gathered from PCB vendor. The
studied parameters are board layer thickness, mass density, and
Young’s modulus. Since the modal shape response is mainly a
function of the in plane dimension of the board, the acquired
mode shape patterns are very similar in all the design cases.
The simulated mode shape patterns are very close to the mea-
surement results. The natural frequencies are controlled by all
the aforementioned parameters, thus a statistically distributed
result can be obtained. The measured natural frequencies can
fall into the range of the simulated distribution scope, indicating
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the capability of the proposed statistical simulation model. The
MLCC induced PCB vibration is simulated through harmonic
analysis applying modal superposition method. Based on the
intrinsic PCB vibration response, a design guideline is proposed
regarding the MLCC placement. Putting MLCCs at the “blue”
regions in modal shape response, the excited related modal am-
plitude will be smaller, thus reducing the level of vibration. This
conclusion is draw first from the previous theoretical study and
then validated with harmonic simulation. The simulated results
for MLCC induced PCB vibration is also validated through
measurement.
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