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ABSTRACT We use the proper orthogonal decomposition (POD) method to decompose acoustic imaging
from wavelet-based beamforming results into their corresponding modes, and demonstrate the method to
analyze the noise characteristics of small-dimensional components, where research literature is still scarce.
In particular, we consider the noise from a central processing unit (CPU) cooling fan, though the developed
method could find realistic applications in a wider scheme of electronic industry. In addition to developing
the new analysis method, we also endeavor to prepare a realistic experimental setup with a CPU cooling
fan in an anechoic room. The results show that the combination of POD and wavelet-based beamforming
methods is suitable for CPU cooling fan acoustic imaging, which can enhance the analysis ability of acoustic
imaging test. The results offered in this work are helpful in cooling fan design and evaluation, which would

open doors to a wide range of industrial applications.

INDEX TERMS Acoustic imaging, proper orthogonal decomposition, fan noise, wavelet.

I. INTRODUCTION

An experimental study is conducted in this work for cooling
fan noise by combining advanced analysis methods of proper
orthogonal decomposition (POD) and wavelet-based beam-
forming. The noise reduction issue of cooling fan, which have
been heavily used in central processing unit (CPU)/graphics
processing unit (GPU), has recently become a popular topic
in industry and consumer electronics and calls for a deep
understanding of its acoustic physics [1]-[4]. Further insight
into the underlying mechanisms would enable new tech-
nological directions such as in the further development of
serrated fan and supersonic fan designs. To date, the related
studies have been primarily focused on applications from
huge-dimensional wind turbines [5] to large-dimensional
aeroengine fans [6]-[13], whereas an experimental studys of
small to tiny-dimensional CPU/GPU cooling fans are still
rare. To address this issue, here we endeavor to develop and
demonstrate the associated experimental and analysis meth-
ods, which constitutes the main contribution of this article.
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In this work, we incorporate wavelet and POD analysis
methods into beamforming method [14]-[19]. The latter has
been commonly used in acoustic imaging with a micro-
phone array to identify dominant noise sources [5]-[8], [20].
Wavelet-based beamforming, as one of the most recent exten-
sions of beamforming [21], [22], works in the time-frequency
domain and would enable experimental studies of unsteady
noise sources [23]. It is well known that the rotating source
will generate tonal noise at a certain ‘“‘blade passing fre-
quency” (BPF) and broadband noise elsewhere [24]-[26].
The former can be largely suppressed by reducing aero-
dynamic loading and flow separation [27]. As a result,
instead of tonal noise, turbulence noise of distinctive modes
at various other frequencies becomes increasingly more
important [28], [29], which calls for a new analysis method.

In fluid and acoustic physics, POD has been commonly
used to decompose physical fields into several constitut-
ing modes, which can help elucidate short-term, transient
fluid dynamics, such as the coherent structures and insta-
bility of turbulence [30]-[38]. Considering the similarity
between acoustic imaging and flow field, here we com-
bine POD and beamforming methods together to decompose
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acoustic imaging results into their corresponding basic
POD modes. More interestingly, it seems that POD mode
results can be correlated to circumferential modes and
radial modes in the spatial domain, which suggests that
POD can serve as fan noise mode detections in a physical
sense [30], [31], [39]-[43].

In this article, we decompose the modes of acoustic images
from a cooling fan noise by combining the POD method and
the wavelet-based beamforming method. To the best of our
knowledge, such a combination is still absent in experimental
studies for industry electronic applications. The remaining
part of this paper is organized as follows. First, the math-
ematical framework of the wavelet-based beamforming and
POD method is summarized in Sec. II. Next, an experimental
demonstration is discussed in Sec. III, which clearly shows
the strength of the proposed new method that combines both
POD and wavelet-based beamforming. Finally, we present
the concluding remarks in Sec. IV.

Il. METHODS

A. WAVELET-BASED BEAMFORMING

For the convenience of readers, here we provide the main
mathematical framework of the wavelet-based beamform-
ing method and the associated basic concepts and physi-
cal meanings. For more details, interested readers can refer
to [22], [23]. Readers who are just interested in experimental
demonstrations can directly jump to the next section.

We first assume the location of microphones and imaging
points at X and 7, and consider the sound pressure p of angular
frequency w. By using wavelet transform, sound pressure can
be represented in the time-frequency domain as follows:

L L[> [(t—t .
Pw(r,x,t,s)zgf v ( S )-p(x,r)dr, @))

—00

where (-)* denotes a complex conjugate and s is the scale
parameter of the Morse wavelet 1. If Doppler effect o due to
the movement of sources is taken into consideration, from the
relationship between the emission time 7, and time ¢, the array
measurements form the following vector:
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Here t; = t, + |F — Xi|/co, (-); denotes the ith sensor
of the array and cp is the speed of sound. Similar to the
conventional beamforming method, the associated array cross
spectral matrix would be

CSM(F, w, 1) = Y(F, , 1) - Y*(F, 0, te). 3

Following [22], [23], the free space Green’s function can be
written as,

2
- a“p
G(r’x)=4n|?——7c’ 4

where B collectively represents the acceleration effect of the
movement of source and the near-field effect. To define the
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weight vector, we set G = [Gq...G,]. The wavelet-based
beamforming weight vector can be written as

G- 1)
GG to)I]”
where ||- || represents the L2-norm. By following the classical

analytical form of conventional beamforming approaches,
we propose the wavelet-based beamforming as

b(F, w, t,) = W*(F, t,)CSM(F, w, t.)W(F, t,). (6)

‘7‘)(;7 le) =

&)

The wavelet-based beamforming approach shown in (6) is
suitable for imaging in time-frequency analysis.

B. POD METHOD

The POD method used in this work is the so-called ‘snapshot
POD’. Here the number of snapshots k is equal to the number
of samples of an array. By further assuming the sampling
number of an array system, and the number of imaging
points m, we can generate a matrix

b(?],a),l‘l) b(?],a),tj) b(?],a),tk)
B=| b w.11) ... bGo.0) ... bFo.) | (7)

b(Fpm, 0, 11) ... b, 0, 1) ... b(Fp, @, 1)

where 7; and #; denote the ith imaging point and the jth
sampling time. The autocovariance matrix is defined as

R=B'B. ®)

Let the ordered eigenvalues A of Ris A1 > X; > A > 0, and
the associated eigenvectors ¢ have the relationship

R§; = Aigi. 9

Here (-); denotes the ith POD mode. Next, the POD mode q;i
can be given by

- 1 R
i = mB¢z, (10)
which can be easily calculated in MATLAB by using the svd
function.

Fig. 1 shows the relationship between the acoustic imaging
results and POD method. In particular, the results indicate
that the wavelet-based beamforming can provide the unprece-
dented analysis capability in space, time, and frequency
simultaneously. Furthermore, Fig. 1 shows the POD results
from the wavelet-based beamforming results at 5 kHz. It is
worthwhile to mention that the incorporation of POD into the
wavelet-based beamforming is straightforward to implement.
The corresponding steps are summarized as follows:

1) Calculate the wavelet transform for each sensor.

2) Generate the array outputs Y (7, w, ).

3) Calculate the weight vector for every imaging point at

each imaging time.

4) Generate the cross spectral matrix for every imaging

point at each imaging time.
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FIGURE 1. Sketch of the combination of the wavelet-based beamforming
method and POD method together.

5) Calculate the wavelet-based beamforming results by
following (6).

6) Conduct POD analysis at a frequency of interest and
produce the corresponding POD modes.

[ [/ [ [/ [ /[ L L L
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Microphone array

CPU cooling fan
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FIGURE 2. Experimental setup in the half-anechoic room.

Ill. EXPERIMENTAL DEMONSTRATION

In this paper, we focus on applying the proposed method
to experimentally analyze the noise images from a practical
CPU cooling fan, which shall serve as a good demonstration.
The experiment is carried out in a half-anechoic room. Fig. 2
shows the top view of the experimental setup. The CPU cool-
ing fan (AMD Wraith Prism with the diameter D = 90 mm)
is placed on the left hand side of the setup, as shown in
Fig. 2, with the rotating speed of 2650 rpm and 3960 rpm,
respectively. The distance between the microphone array and
the CPU cooling fan is 0.35 m.
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FIGURE 3. The layout of the microphone array used in this work.

A microphone array of 36 Briel & Kjer type 4957
high-precision sensors (with a linear response between 50 Hz
and 10kHz) is adopted. The sensors are validated by the
pistonphone at 98 dB/1 dB. The layout of the microphones
is shown in Fig. 3. The simultaneous sampling rate is set to
50 kHz for a total sampling period of 4 s. The data acquisition
is performed by using a NI PXI-1071 chassis with three 24-bit
PX1-4496 cards.
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FIGURE 4. The averaged SPL results from the microphone array at three
various setups.

Before showing acoustic images, Fig. 4 first shows the
averaged SPL results from the microphone array, where the
dashed line is the SPL results at 2650 rpm, solid line at
3960 rpm and the dash-dot line is the background noise.
In addition to BPF noise and its harmonics, the SPL results
consist of half-BPF tones (the first subharmonic) and broad-
band noises. The former could be caused by the unsteady
wake-rotor interaction. Some other high-frequency tones are
directly related to mechanical vibrations. Moreover, physi-
cally, the broadband noise at high frequency ranges is mainly
from flow turbulence.
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FIGURE 5. Time averaged wavelet-based beamforming results with different rotating speed and different frequencies.
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FIGURE 6. The POD results from the wavelet-based beamforming at 3 kHz with 2650 rpm, where mode
1 corresponds to the results with (m, n) = (0, 0), mode 2 and mode 3 to (m, n) = (1, 0), mode 4 to

(m, n) = (0, 1), mode 5 and mode 6 to (m, n) = (2, 0).

Next, when applying the wavelet-based beamforming
method, the imaging resolution limit is directly proportional
to the array aperture and the frequency of target sound com-
ponents. In practice, the acoustic imaging results would be
incorrect when the array achieves its diffraction limit, which
is especially stringent for high-frequency noise from a small
cooling fan. Moreover, Fig. 4 shows that the noise level at
2650 rpm is close to the background noise level across most
frequencies, whereas the noise level at 3960 rpm is much
greater by around 20dB. Hence, the following analysis is
mostly focused on the setup with 3960 rpm.

Fig. 5 shows the time-averaged wavelet-based beamform-
ing results at two different rotating speeds and a couple of
representative frequencies, from 3 kHz to 6 kHz. In the fig-
ures the dashed circle denotes the size and the location of the
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cooling fan. Here the frequencies are deliberately chosen to
be much greater than the BPF because the study is focused on
high-frequency turbulence noise physics. The dynamic range
of the results is set to 12 dB. At the lower rpm setup, Fig. 4
already shows that the associated noise level approaches the
background noise level (smaller than 3 dB beyond 3 kHz).
Hence, the imaging results at the higher rpm (3960 rpm,
the bottom row of Fig. 5) is less susceptible to background
noise interference.

Next, by observing the results in Fig. 5, one may imme-
diately argue the seemingly limited information that can be
obtained by such a complicated testing system. It is not
surprising that the noise source is located at the fan, and the
only useful knowledge from the wavelet-based beamforming
will be the relative sound pressure levels of noise sources

VOLUME 8, 2020
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FIGURE 7. The POD results from the wavelet-based beamforming at the whole frequency range with 3960 rpm, where mode
1 corresponds to the results with (m, n) = (0, 0), mode 2 and mode 3 to (m, n) = (1, 0), mode 4 to (m, n) = (0, 1), mode 5 and

mode 6 to (m, n) = (2, 0).

from different fan designs. Nevertheless, we must emphasize
that such a seemingly simple image would be very helpful
in cooling fan design and evaluation. Moreover, we found
that more insightful knowledge can be further distilled by

VOLUME 8, 2020

incorporating the POD approach into the wavelet beamform-

ing results.

As an example, Fig. 6 shows the results of various POD
modes from the beamforming image at 3 kHz and 2650 rpm
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(i.e., the top left panel in Fig. 5). It can be seen that the POD
method successfully decomposes the beamforming results
into a couple of POD modes, which are actually closely
correlated to the circumferential and radial modes that are
already well-known in turbomachinery mechanics.

By following the common practice, here we assume the cir-
cumferential mode number is m and the radial mode number
is n, where mode 1 corresponds to the results with (m, n) =
(0, 0), mode 2 and mode 3 to (m,n) = (1,0), mode 4 to
(m,n) = (0,1), mode 5 and mode 6 to (m,n) = (2,0).
Moreover, Fig. 7 shows the POD results for the much louder
setup (at 3960 rpm) at the whole frequency range.

From Fig. 6 and Fig. 7, it can be seen that the proposed
method could help to crack down the seemingly simple
acoustic images to further provide quantitative information
at various POD modes, which shall be closely correlated to
the existing circumferential modes and radial modes. More
specifically, currently, the dominant one is mode 1, which
is much greater than other modes by more than 5dB from
3kHz to 5kHz and 3 dB at 6 kHz. Fig. 6 and Fig. 7 show that
mode 2 is greater than mode 3 by around 1 dB or 2 dB, which
is smaller than the difference value between the mode 1 and
mode 2. An inherent connection between these two POD
modes and the physical dipole source could be established.
In a similar way, higher POD modes could find their corre-
sponding more collective physical sources (quadrupole, etc.).
To this end, it is clear that our signal processing approach
is able to offer distinctive physical insights that are impos-
sible to achieve with other classical methods. Moreover,
by using our approach, fan designs can be examined and eval-
uated quantitively at each POD mode, which could facilitate
low-noise designs.

IV. CONCLUSION

In this paper, a new signal processing method has been pro-
posed for the experimental study and analysis of cooling fan
noise problems. The key achievement of this work is the
experimental demonstration of the proposed testing method.
The essential idea is the incorporation of the POD method
into the wavelet-based beamforming. The current work is
solely focused on the small-scale cooling fan setup, which
shall find applications in industry and consumer electronics.
In addition, the proposed method should be directly appli-
cable to other large-scale aeroengine and turbine systems in
aerospace industry.

In this work, we adopt the POD method directly into
the wavelet-based beamforming. The latter imposes cer-
tain challenges in its understanding and the corresponding
code implementation. Moreover, the experimental results
(in particular, Fig. 6) clearly demonstrate the powerful
capability of the wavelet-based beamforming method in
terms of time-frequency analysis performance in practical
applications.

The most important observations are summarized here.
The former wavelet-based beamforming method is effective
and generic, but is hard to analyze the CPU cooling fan noise
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with a small diameter (limited by the resolution). In contrast,
the new method that combines the wavelet-based beamform-
ing and POD method together can decompose source modes
in a straightforward manner and produce acoustic images
in the basic modes. To the best of our knowledge, we are
the first to report this method and we believe it would see
wide applications in industrial testing. Overall, the concept
behind the proposed method is very straightforward and it
should be easy to follow and implement by interested readers.
We believe that this work should extend the current array
beamforming capability and help the design and evaluation
of low-noise propeller systems for robotics and aerospace
applications.
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