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Single-pixel imaging can reconstruct the image of the object when the light traveling from the object to the detector is
scattered or distorted. Most single-pixel imaging methods only obtain distribution of transmittance or reflectivity of the
object. Somemethods can obtain extra information, such as color and polarization information. However, there is no method
that can get the vibration information when the object is vibrating during the measurement. Vibration information is very
important, because unexpected vibration often means the occurrence of abnormal conditions. In this Letter, we introduce a
method to obtain vibration information with the frequency modulation single-pixel imaging method. This method uses a
light source with a special pattern to illuminate the object and analyzes the frequency of the total light intensity signal
transmitted or reflected by the object. Compared to other single-pixel imaging methods, frequency modulation single-pixel
imaging can obtain vibration information and maintain high signal-to-noise ratio and has potential on finding out hidden
facilities under construction or instruments in work.
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1. Introduction

Single-pixel imaging can reconstruct the 2D image of the object
when the light traveling from the object to the detector is scat-
tered or distorted, so it is widely used in some complicated sit-
uations, such as in smoke, turbulence, or water where other
optical methods cannot implement imaging. It has huge poten-
tial in defense and civil and has became a research hotspot in the
field of optical imaging recently. Single-pixel imaging is often
referred to ghost imaging[1], especially computational ghost im-
aging[2], because both of them illuminate the object with light
patterns and use a single-pixel detector to detect the scattered
light from the object[3]. At first, ghost imaging was more popu-
lar, but it has the problem of extremely low imaging signal-to-
noise ratio (SNR)[4]. Compared to computational ghost imaging,
where the light patterns are random, single-pixel imaging usu-
ally has better SNR by designing the light patterns carefully[5].
Several methods were developed to improve the SNR of

single-pixel imaging and ghost imaging, such as differential
ghost imaging[6], iterative algorithm[7,8], Gerchberg–Saxton-like
single-pixel image[9], and imaging of a reflective object using

positive and negative correlations[10]. Compared to the methods
above, single-pixel imaging that used special light patterns has
obvious advantages in SNR, for example, the compressive sens-
ing computational single-pixel imaging method[11,12], Fourier
spectrum retrieval method[13], and Fourier spectrum acquisition
method[3]. All thesemethods greatly improve the SNR andmake
single-pixel imaging more suitable for use.
Some methods can obtain extra information. The colored

object encoding scheme was used in single-pixel imaging sys-
tems to get the color of the object[14], and the polarimetric
single-pixel imaging method can be used to obtain polarization
information[15]. However, we still cannot get the vibration infor-
mation when the object is vibrating during the measurement,
and the single-pixel image will also blur.

2. Theory

In this Letter, we use a method called frequency modulation
single-pixel imaging (FMSI) to detect the vibration of the object.
FMSI uses a light source with a special pattern to illuminate
the object, which can ensure that the light intensity signals at
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different positions have different frequencies.When the object is
vibrating, there will be an extra intensity modulation on the
light, and the frequency of the position will be changed. By ana-
lyzing the change of the frequency, we can obtain the informa-
tion of the position and frequency of the vibration. By getting the
vibration information, FMSI has the potential to finding abnor-
mal conditions such as hidden facilities under construction or
unexpected instruments in work.
The optical design of FMSI is shown in Fig. 1. An LED array is

used as a light source to illuminate the object. The distance
between the objects and LED array is 2 cm, and the distance
between the objects and sensor is about 40 cm. The pattern of
the LED is well designed, and the light pattern on the sample
is almost the same as the LED pattern because the distance
between the object and sample is quite small. If the distance
becomes large, the lights from different LEDs will mix with each
other, and the final image will blur. The image we finally obtain
is the convolution of the pattern of the object and point spread
function (PSF), which can be obtained by the light intensity dis-
tribution function on the object of a single superluminescent
diode (SLD). In this circumstance, a lens can be placed between
the light source and object to project the pattern of the light
source onto the object to reduce PSF. The light pattern on the
sample has sequence intensity distribution I�x, y, n�. n repre-
sents the series number of the light pattern, and �x, y� represents
the position of the object.
As the objects have different transmittance, part of the light

passes through the object and finally enters the power sensor.
As single-pixel imaging is usually used in complicated situations
where there are obstacles or distortions which will disturb the
light from the object between the detector and the object, a piece
of ground glass is placed before the detector as a barrier to distort
the light. Of course, we can still obtain the image without the
ground glass, and the image will be even better because the
power sensor receives more light. Sn is the sequence signal
detected by the power sensor.

When the sequence light intensity pattern I�x, y, n� is ran-
dom, the light intensity signals at different positions are not
orthogonal to each other. That results in the quite low SNR
in the traditional algorithm. Also, we cannot get the vibration
information in this circumstance.
In order to distinguish information from different positions

and get the vibration information, we should make the sequence
light intensity signals at different positions orthogonal to each
other. As the trigonometric function is one of the most com-
monly used and most compact orthogonal functions, we use
it to modulate the light. We make the light intensity signals at
different positions have different frequencies, and the light
intensity distribution at position �x, y� can be expressed as

I�x, y, n� = f1� cos�π�Xy� x − X�n=XY �g=2;
x ∈ �1,X�, y ∈ �1,Y �, n ∈ �1, 2XY �: (1)

The light then passes through the object and ground glass and
reaches the detector. The signal at the detector is

S�n� =
X

t�x, y� × I�x, y, n�
=
X

t�x, y� × f1� cos�π�Xy� x − X�n=XY �g=2, (2)

where t�x, y� represents the transmittance of the object at the
position �x, y�.
From Eq. (2), we can see that when the object is stable, the

sequence signal at the detector is the sum of a constant and
the cosine transformation of the transmittance distribution
function t�x, y� of the object. So, the transmittance distribution
function t�x, y� can be obtained by the cosine transformation of
the signal,

t 0�p� =
X

n

S�n� cos�2πpn=2XY�

=
X

n

X

x, y

t�x, y� × f1� cos�π�Xy� x − X�n=XY �g=2

× cos�πpn=XY�
∝
X

x, y

t�x, y�δ�p = Xy� x − X� � const: (3)

When the object is vibrating, as long as there is a vibration
component perpendicular to the propagation direction of the
light, the transmittance at the edge of the object will change with
time.
The transmittance at the edge of the object can be written as

t�xv , yv, t� = t�xv, yv� × �1� A cos�2πf t � ϕ��=2: (4)

Fig. 1. Optical design of FMSI. The light-emitting diode (LED) array is 32 ×
16 pixels, and each pixel is 5 mm× 5 mm. Power sensor: S130C, Thorlabs; power
meter console: PM100USB, Thorlabs.
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The sequence signal at the detector will also be changed,

S�n� =
X

t�x, y� × I�x, y, n�
=
X

xs , ys

t�xs, ys� × f1� cos�π�Xys � xs − X�n=XY �g=2

�
X

xv , yv

t�xv, yv, t� × f1� cos�π�Xyv � xv − X�n=XY �g=2

=
X

xs , ys

t�xs, ys� × f1� cos�π�Xys � xs − X�n=XY �g=2

�
X

xv , yv

t�xv, yv� × �1� A cos�2πf t � ϕ��=2

×f1� cos�π�Xyv � xv − X�n=XY �g=2, (5)

where �xs, ys� represents the position where the object is stable or
the position in the vibrating object, where the transmittance
does not change. �xv, yv� represents the position at the edge of
the vibrating object where the transmittance is changing with
time. Furthermore, the transmittance at �xv, yv� changes at
the same frequency f with the vibrating of the object.Φ is a con-
stant that represents the initial phase, A is a constant that rep-
resents the amplitude of the vibration, and A ∈ �0, 1�. Here, we
assume that the amplitude of the vibration is less than the size of
one pixel.
By doing cosine transformation of the signal S�n�, the infor-

mation of the transmittance distribution and the frequency of
the vibration can be obtained,

t 0�p� =
X

n

S�n� cos�2πpn=2XY�

=
X

n

X

xs , ys

t�xs, ys� × f1� cos�π�Xys � xs − X�n=XY �g=2

× cos�πpn=XY�
�

X

n

X

xv , yv

ft�xv , yv� × �1� A cos�2πf t � ϕ��=2

×f1� cos�π�Xyv � xv − X�n=XY �g=2g × cos�πpn=XY�
∝
X

xs , ys

t�xs, ys�δ�p = Xys � xs − X�=2� const1

� const2�
X

xv , yv

�At�xv , yv�δ�p = 2f XYt=n��=4

�
X

xv , yv

�t�xv , yv�δ�p = Xyv � xv − X��=4

�
X

xv , yv

At�xv, yv�δ�p = 2f XYt=n� �Xyv � xv − X��=8

�
X

xv , yv

At�xv, yv�δ�p = 2f XYt=n − �Xyv � xv − X��=8,

(6)

where const1 and const2 are two constants that appear at p = 0
and have little effect on our result. From Eq. (6), we can see that
the signal t 0�p� contains three parts:

A: at the area where the transmittance is constant, the result
is the same as Eq. (3),

t�xs, ys� ∝ t 0�p�, p = Xy� x − X; (7)

B: a signal will appear at the vibration frequency,

p = 2f XYt=n = f T , whereT is the measurement time,

frequency of the light pattern is n=t = 2XY=T ; (8)

C: the signal of the edge of the object where the transmittance
is oscillating with time will appear at three frequencies,

t 0�p�∝
X

xv ,yv

�t�xv,yv�δ�p=Xyv�xv−X��=4

�
X

xv ,yv

At�xv,yv�δ�p=2f XYt=n��Xyv�xv−X��=8

�
X

xv ,yv

At�xv,yv�δ�p=2f XYt=n− �Xyv�xv−X��=8:

(9)

The first term appears at the same position when the object is
stable. The second and third terms distribute symmetrically on
both sides of the vibration frequency.
In order to avoid the signals overlapping with each other, the

position of the vibration signal with smaller frequency should be
larger than that of the signal of the stable object. So, we should
have

f − �Xyv � xv − X�=T > XY=T: (10)

3. Simulation

The simulations of the vibration measurement with FMSI are
shown in Fig. 2. When all the objects are stable, FMSI can
retrieve the image perfectly, as shown in Figs. 2(b) and 2(c).
When object 1 is vibrating, the edge of the object will blur, as
shown in Fig. 2(e), a signal appears at the vibration frequency,
and the signal of the edge of the object appears at both sides of
the vibration signal, as shown in Fig. 2(e). In Fig. 2(f), the posi-
tion of the vibrating object can be found by the edge of the object.
In fact, the amplitude of the vibration may not be less than the

size of one pixel. If the amplitude is larger than one pixel, the
frequency distribution of the transmittance will change.
Simulations when the amplitude of the vibration is larger than

one pixel are shown in Fig. 3. When the amplitude is 1.6 times
the length of the pixel and the edge of the object is vibrating
between pixel 1 and pixel 2, the transmittance of each pixel is
shown in Figs. 3(b) and 3(c). By Fourier transformation, we
can see that the harmonics appear. Fortunately, the frequency
of the vibration is the same as the base frequency, and the signal
of harmonics and the vibration object will not overlap with each
other due to Eq. (10).
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4. Experiment

A stable leaf and a vibrating cylinder are used as samples to fur-
ther experimentally verify the feasibility of FMSI to measure
vibration. We use a 32 × 16 pixels light source and measure
its transmittance. The optical design is the same as Fig. 1. A step-
per motor is used to drive the cylinder to rotate eccentrically, so
there is a vibration component perpendicular to the propagation
direction of the light. In our experiment, we set the rotating
speed so the frequency of the vibration component can be deter-
mined. We then use our method to detect the position and fre-
quency of the vibration.
The experiment results of single-pixel imaging are shown in

Figs. 4 and 5. The Nyquist sampling rule requires twice the high-
est frequency of the signal of sample. If all the object is stable, the
highest frequency from the object is XY=T , so the sample fre-
quency and the frequency of the light pattern are 2XY=T , as
in Eq. (2). The mirror image will appear at p ∈ �XY � 1, 2XY �,
which will not affect the image we need.
But, if we want to detect the vibration, the highest fre-

quency we need becomes larger. The largest frequency is
f � �Xyv � xv − X�=T , so the theoretical sample frequency
and the frequency of the light pattern should also be increased
to at least 2�f � �Xyv � xv − X�=T�. However, the sample fre-
quency does not need to reach the theoretical sample frequency;
because themirror signal of the vibration signal is quite weak, we

only need to consider the mirror image of the stable object. The
position of the mirror image of the stable object should be larger
than that of the vibration signal with larger frequency.
In our experiment, the highest frequency of the light

source is XY=T = 1.78Hz, f = 210 min−1 = 3.5 Hz. When
we set the frequency, the light pattern is increased to
4�XY=T� = 7.12Hz. The mirror image of the stable object that
will appear at the position refers to 5.34–7.12 Hz, which will not
affect the vibration detection, as shown in Fig. 4.

Fig. 2. Simulations of the vibration measurement with FMSI. (a) The original
binary sample (64 × 64), (b) Fourier transformation of the signal when all the
objects are stable, (c) single-pixel image when all the objects are stable,
(d) Fourier transformation of the signal when object 1 is vibrating horizontally,
(e) single-pixel image when object 1 is vibrating horizontally, and (f) single-
pixel image of vibrating area.

Fig. 3. Frequency distribution of transmittance when the amplitude of the
vibration is larger than one pixel. (a) The edge of the object vibrating between
pixel 1 and pixel 2. Pixel 1 and pixel 2 are the two pixels affected by the vibration
edge, where the amplitude of the vibration is 1.6 times the length of the pixel.
(b) and (c) Change of transmittance at the pixel 1 and pixel 2, (d) frequency of
the vibration, (e) and (f) frequency of transmittance of pixel 1 and pixel 2.

Fig. 4. Experiments of the vibration measurement with FMSI. The signals of
the stable object and vibrating object, and mirror signal are shown.
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As shown in Figs. 5(b) and 5(c), when all the objects are stable,
FMSI can retrieve the image perfectly, and no vibration signal
appears. When the cylinder is vibrating, the edge of the object
will blur, as shown in Fig. 5(e), and the vibration signal and
the signals of the edge of the object appear, as shown in
Figs. 5(d) and 5(f).
The vibration signal appears at p = 1008, the measurement

time T = 287.3 s, and we have f = 210.5 min−1 due to Eq. (9),
which is almost the same as the theoretical value of 210 min−1.
What should be emphasized is that other orthogonal func-

tions can also reconstruct the image, but that will be complex.
With trigonometric function modulation, at the edge of the
vibrating object, the intensity of transmitted light is transmit-
tancemultiplied by the intensity of light shining on that location.
The signals with a difference and sum of their frequencies are
produced. So, we can obtain the structure and vibration infor-
mation of the object by a signal Fourier transformation, which
is quite a simple process.
Also, as we use trigonometric function modulation, the signal

of environmental light, especially the signal of electric light, may
affect our result, for which their frequency is usually 50 Hz or its
integer multiples. In this circumstance, we can remove these sig-
nals of particular frequencies in image processing or choose
the appropriate frequency of the light source to avoid this
disturbance.

5. Conclusion

We introduce amethod to obtain vibration information with the
FMSI method. This method uses a light source with a special
pattern to illuminate the object, which can ensure that the light
intensity signals at different positions have different frequencies.
When the object has an in-plane vibration component, by ana-
lyzing the total light intensity signal transmitted or reflected by
the sample, the position of the vibrating object and the vibration
frequency can be obtained. By getting the vibration information,
FMSI has the potential to finding the occurrence of abnormal
conditions accompanied by unexpected vibration. Also, in addi-
tion to being able to measure vibration, FMSI has a similar SNR
to other high-SNR single-pixel imaging methods[4].
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