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When a rough surface is illuminated by a laser beam, it
scatters the light producing a random interference pat-
tern also known as speckle pattern. By imaging the
speckle pattern with a line-scan CCD, we are able to
measure the acoustic vibrations of a scattering surface
which can be up to 300 m distant. We also show that our
instrument can be used as a laser microphone capable
of detecting ambient sound such as human voice © 2019

Optical Society of America
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1. INTRODUCTION

Optical Vibrometry represents an accurate and non-invasive
solution for the measurement of mechanical oscillations. Inter-
ferometry can be used to detect sub-wavelength deformations
of an object’s surface by measuring the optical path difference
between a probe and a reference beam. By imaging the interfer-
ence pattern, a map of the surface deformation can be obtained
with a low framerate [1]. Conversely, if a single pixel detector
is used, vibrations on a single point can measured with higher
bandwidth [2] and longer distances [3]. Similarly, in self-mixing
interferometry the probe beam interferes with the light inside the
laser cavity changing optical and electrical properties of the laser.
Again sub-wavelength vibration or even the absolute position
of a target can be measured [4].

Interferometry is also at the core of Laser Doppler Vibrome-
ters (LDV). In LDVs, the probe beam, which is Doppler-shifted
by a moving surface, interferes with a reference beam. A photo-
diode records an oscillating signal whose frequency is connected
to the velocity of the reflecting surface [5, 6]. LDV technique is
accurate and fast (velocities below µm/s can be measured with
a bandwidth of tens of MHz) and represent a versatile vibration
sensor [6, 7]. However, as other techniques based on interferom-
etry, LDV suffers two major limitations: i) if the reference arm
length is fixed, the range of targets’ distances must not exceed
laser’s coherence length (most LDVs have a range of less than
a few tens of meters), ii) “speckle noise” [8, 9] makes LDV less
effective for measurements on rough surfaces (target surface
must often be covered with a reflecting tape [10]).

Speckle patterns arise whenever light is scattered by a rough
object and, even though in LDVs represent a source of unde-

sired noise, their dynamics encodes the information about the
target’s vibrations. For instance a rigid translation δx or rotation
δθ of the reflecting object result in a translation of the speckle
intensity pattern of respectively δx [11] and Lδθ [12] (where L
is the surface-detector distance). These effects, which can be
exploited to generate a time-varying signal on a single-pixel
detector [13–17], have been tested mainly for short range ap-
plications [15–18]. Using a single-pixel detector, remote objects
could be also probed but only a qualitative and noisy reconstruc-
tion of the vibration can be recovered [19, 20]. Conversely, by
imaging and tracking the speckle pattern, one could have a quan-
titative measure of the vibrations but in this case the range is
limited both by the camera framerate [21] and the light intensity
[18, 22]. Here we propose a scheme in which speckle patterns
are focused along a line and imaged by a line-scan camera. The
optical power collected by the system is distributed on a limited
number of pixels so that, even when the target is very distant,
high signal to noise ratio (SNR) images can be acquired. A simi-
lar enhancement of the SNR could be obtained by focusing the
light on a small 2D region but, in that case, the entire speckle
pattern would be demagnified and therefore the higher signal
to noise ratio would come at the cost of a reduced sensitivity
to speckle shifts. On the contrary, when the speckle pattern is
focused on a line, we sacrifice the ability to detect the speckle’s
shift along one axis but we gain the ability to probe remote tar-
gets without demagnifying the speckle pattern. Moreover, by
reducing the dimensionality of the problem, we significantly
decrease the amount of data to be transferred so that the camera
framerate can reach the acoustic bandwidth. We show the po-
tential applications of our method in the Result section where
our instrument is also used as a laser-microphone.

2. EXPERIMENTAL SETUP

A sketch of our instrument is shown in Figure 1. A laser beam
(Laser Quantum Gem, λ = 532 nm, max. power = 2 W) is
expanded and focused into a spot of size W onto the target
surface placed at a distance L. The scattered speckle pattern
is collected by the parabolic mirror of a Newtonian telescope
with focal length f1 = 800 mm and aperture D = 200 mm. The
position of a diverging lens ( f2 = −100 mm) can be regulated
to collimate the collected light. Finally a cylindrical lens ( fc =
50 mm) focuses the light on a line-scan CCD (Teledyne Dalsa
Spyder 3, 1024 pixels, pixel size=14 µm). A laserline bandpass
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Fig. 1. Sketch of the experimental setup. Light scattered
from a vibrating target is collected by the parabolic mirror
( f1 = 800 mm) of a Newtonian telescope and collimated by a
divergent lens ( f2 = −100 mm) with adjustable position. A
cylindrical lens ( fc = 50 mm) focuses the light on a line-scan
CCD. A representative image of the speckle pattern before
and after the cylindrical lens is shown. Vibrations of the target
result in a translation of the speckle pattern.

filter is placed in front of the camera to reject undesired ambient
light. Using a line scan camera we reduce the amount of data to
be transferred and analyzed. Indeed with an area scan camera
it would be challenging to stream images at a framerate of the
order of 10 kHz. Moreover real-time analysis of the speckle
patterns would be computationally very demanding. The role is
of the cylindrical lens is to squeeze a 2D speckle pattern onto a
line that increases the intensity by a factor of the order 103: with
an area-scan camera with same size of our line-scan CCD the
same amount of power would be spread on 1024×1024 pixels
instead of being spread on 1×1024 pixels.

In this scheme, while speckle pattern intensity increases, the
pattern contrast decreases. However, using simple arguments,
we can argue that this is a negligible issue. The telescope collects
a number of speckles D2/s2 where D = 200 mm is the telescope
aperture and s is the speckle size. Each pixel of the line-CCD
integrates the optical power of a slice of the 2D pattern passing
through a number of speckles N ≈ D/s. Roughly speaking, the
power carried by each speckle can be considered as independent
random variable [23] therefore the mean signal along the 1D
pattern scales as N while its fluctuations around the mean (i.e. its
standard deviation) scales as

√
N. In the case of a 2D polarized

speckle pattern, the contrast, computed as the ratio between the
standard deviation and mean of the intensity, is equal to 1 [23],
therefore in our case the contrast is 1/

√
N. If the contrast is too

low, the dynamic range of the camera might be not enough to
resolve the features of the 1D speckle pattern. As we will show
hereafter, s is always about 10 mm at the telescope aperture so
that the contrast is 1/

√
N =

√
s/D ≈ 0.2 while an 8bit camera is

able to resolve features that are 1/256 ≈ 0.004 of the maximum.
When the target is rough (e.g. when the surface have features

with depth and pitch larger of the order of λ) the speckle size at
the telescope aperture is s ≈ Lλ/2W [20], where W is the laser
spot on the target and L the target distance. If we focus the probe
laser onto a diffracted limited spot we have W ≈ Lλ/2d (where
d = 20 mm is the aperture of the probe laser focusing lens as
shown in Fig. 1) so that s does not depend on the target distance
L. At the telescope aperture, s ≈ 10 mm while on the camera

plane, where the collected beam is demagnified by a factor f1/ f2,
we have s ≈ 1.25 mm. When the target surface is polished the
scattering angle is smaller and therefore the collected power can
be much higher. However, for polished surfaces, speckle size
is also larger which might be a problem since a few number
of speckles must be visible on the CCD to track precisely the
pattern displacement.

In Appendix A we show that to a shift ∆ of the target surface
corresponds a speckle pattern displacement of approximately
∆ f1/ f2. As we will show later, our resolution in detecting the
speckles displacement is a fraction of the pixel size of the camera
(14 µm). Acoustic vibrations rarely produces in-plane deforma-
tions of the order of microns so that we can neglect this effect.
On the contrary vibrations inducing a local tilt of the surface
of δθ causes a shift of the speckle pattern on the camera plane
of approximately δx = δθL f2/ f1 (see Appendix A). In Figure
1 it shown a example of a the speckle pattern scattered by a
vibrating piezo plate. Black and gray lines plot two intensity
profiles recorded a two instants separated by 4 ms. To find the
displacement δx(t) between two intensity pattern I(x, t) and
I(x, t + δt), we first compute their correlation function using the
convolution theorem:

C(x, t) =
∫

dx eikx Î(k, t) Î(k, t + δt)P(k) (1)

where Î(k, t) and Î(k, t + δt) represent respectively the Fourier
transform of I(x, t) and I(x, t+ δt) along x while P(k) is filtering
function whose value is 1 when k is in the interval [kmin, kmax]
and 0 otherwise. The correlation function C(x, t) is filtered to re-
move the high spatial frequency components due to single-pixel
noise as well as the low spatial frequency components due to
imperfection of the imaging system. To avoid to suppress the
signal due to the speckles one should choose kmin � 1/s and
kmax � 1/s (we chose kmin = 0.1 mm−1 and kmax = 20 mm−1).
When speckles translate by δx, the correlation function will ap-
pear as a peak with width s centered at δx. For each time t we
compute a threshold value Th(t) as a fraction of the maximum
value of C(x, t) (in our case 50% of the maximum). We then
compute a thresholded correlation function Ĉ(x, t) that takes the
value C(x, t)− Th(t) if C(x, t) > Th(t) and 0 otherwise. Finally
we compute the speckle displacement as the “center of mass” of
Ĉ(x, t):

δx(t) =
∫

dx Ĉ(x, t)x (2)

Note that the speckle displacement is computed by compar-
ing two consecutive frames therefore δx(t) is proportional to
(dx/dt)δt. The latter can be integrated over time to recover
x(t) = θ(t)L f2/ f1.

Using a Intel i7 laptop processor the computation of C(x, t),
which is the most expensive operation, along with its center of
mass detection takes about 50 µs. To speed up the procedure
we exploiting the computational power of Graphic Processing
Units [24]. Using a GeForce GT520M, the same operations take
about 10 µs to be executed so that real-time processing of speckle
patterns acquired with a 10 kHz framerate is achievable.

3. RESULTS

To calibrate our system we target the center of a vibrating piezo
plate (Steminc SMPF61W20F50) driven with a sinusoidal sig-
nal with a frequency of 220 Hz that is far from the resonance
frequency. The vibration amplitude of the piezo plate, which
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Fig. 2. (a) Speckle displacement on the CCD plane when
the target surface is a piezoelectric plate vibrating at 220 Hz
placed at a distance of 35 m. Inset shows the power of the
recorded signal. (b) Amplitude of the speckle displacement
on the CCD plane as a function of the tilt angle amplitude of
the piezoelectric plate (vibrating at 220 Hz). Red line is a lin-
ear fit to the data. Horizontal dashed line indicates the pixel
size of the CCD (14 µm) while dotted line indicates the noise
amplitude. c) SNR for the detected speckle displacement as a
function of the SNR of the images. Each curve plots data rela-
tive to a 35 m distant piezoplate vibrating at fixed amplitude.
d) Speckle displacement as function of the distance from the
target. Red line is a linear fit to the data. All measurements
shown have been acquired with laser power set to 50 mW

is proportional to applied voltage, results in a local tilt at the
center of the piezo plate of 5.7× 10−5 [rad]/V. Figure 2(a) shows
the speckle displacement when the piezo plate is placed at 35 m
distance and is driven with a 0.2 V signal (corresponding to
1.1× 10−5 [rad] tilt). The inset, which plots the power spectrum
of the speckle displacement, shows that a single harmonic is
present as expected. Figure 2(b) plots the detected speckle dis-
placement as a function of the target tilt angle θ confirming the
expected linear relation between the two. Dashed and dotted
horizontal lines indicates respectively the pixel size (14 µm) and
the noise that is computed as the standard deviation of the de-
tected displacement when the driving voltage on the piezo plate
is 0 V. Note that the precision on the speckle displacement is
lower that the pixel size.

Data shown in Fig. 2(b) has been extracted from images ac-
quired in good conditions in terms of signal to noise ratio (SNR).
As the return light gets lower (e.g. the target is distant or poorly
reflecting) the detected speckle pattern is submerged by the
CCD readout noise and therefore the analysis returns a noisy
speckle displacement track. Inset in Fig. 2(c) shows the speckle
displacement SNR for the piezo plate vibrating at 220 Hz at fixed
amplitude while the CCD exposure was reduced to simulate the
effect of a distant or a non-reflecting target. Displacement SNR
has been computed by dividing the amplitude of the Fourier
component at 220 Hz by the standard deviation of the signal
after the 220 Hz component has been subtracted. The plot shows
that the speckle displacement SNR remains constant if the im-
ages SNR is approximately above 10.

Finally we tested the linear relation between the target dis-
tance L and the speckle displacement δx. The piezo plate is
driven with 1 V sinusoidal signal at 220 Hz, which corresponds
to a periodic tilt of 5.7× 10−5 [rad], while L is changed from 8 m
to 35 m. Upon changing L, the position of the divergent lens
( f2=-100 mm) shown in Fig. 1 must be tuned so that the collected
light refocuses on a line that overlaps on the line CCD. The local
tilt θ of the piezo plate is not uniform along its surface (see Fig. 1)
therefore, any time the piezo plate is moved, we make sure that
the laser hits the marked position (i.e. its center) as much as
possible. Figure 2(d) shows that the speckle displacement in-
creases linearly with L even though, for the reasons explained
above, a visible level of uncertainty is present. A linear fit to the
data (red line) returns a angular coefficient between L and the
speckle displacement of 9.6× 10−6 which compares well with
the expected one θ f1/ f2=8.2× 10−6.

To show the potential applications of our instrument as a laser
microphone we tested it in several situations. Figure 3 shows
three tests in which human voice has been reconstructed (see
also videos in Visualization 1 and Visualization 2). The experi-
menter’s voice is clearly audible even in the situation pictured in
Fig 3(c) where atmospheric turbulence and undesired shaking of
the instrument cause displacement of the beam on the target re-
sulting in large disturbances. An experimental characterization
of such a noise is unfeasible but we expect that its amplitude
grows with the target distance L. A tilt of probe laser δα would
result in a shift of the laser spot of δαL and, in turn, in a speckle
shift of δαL f1/ f2 on the camera plane. Similarly atmospheric
turbulence cause a random displacement of the beam whose
standard deviation is proportional to L [25]. Therefore, when
large environmental perturbations are present, both signal and
noise grow with L so that there is no improvement of the signal
to noise ratio upon increasing L.

4. CONCLUSION

We developed an optical sensor able to detect angular velocity
of vibrating remote surfaces in the acoustic frequency range
through the analysis of scattered laser light. The main innova-
tion of our instrument consist in focusing the speckle pattern on
a line-scan camera. Our technique, when compared to one in
which speckles are imaged with an area-scan camera, increases
the intensity of by a factor 103 while the amount of data to pro-
cess is reduced by the same factor. Even though the capability to
measure tilts along the axis orthogonal to the pixel array is sacri-
ficed, the range and and frequency bandwidth are significantly
increased. Our instrument may have potential applications as
a surveillance device or as sub-acoustic sensor for monitoring
building vibrations.
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APPENDIX A

We want to find the relation between the speckle shift on the
camera plane and the local tilt and/or the translation of the
target surface. To do this we first find in the ray optics regime
the transfer matrix between the object and the camera plane.
Calling x and θ respectively the coordinate and the inclination
of the ray along the axis parallel to the line-scan camera have
that:
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Fig. 3. The experimenter’s voice causes a target surface to vibrate. Target surface is (a) car frame 20 meters distant from the instru-
ment, (b) a plastic bottle at 120 m, and (c) a sign at 300 m. See also Visualization 1 and Visualization 2. Laser power during the tests
shown in (a), (b), and (c) was 500 mW.

x

θ

 =

 f1(l− f2)
f2 L − f2

f1

f2
f1

L

− f2
f1 L 0

x′

θ′

 (3)

where x′ and θ′ indicates respectively position and inclination
of the ray on the target surface and l is the distance between the
the divergent lens (with focal length f2) and the camera. The
matrix above is constructed multiplying the transfer matrices of
a free-space propagation matrix with distance L, a lens matrix
with focal length f1, a free-space matrix with length L f1/(L−
f 1) + f 2, a lens matrix with focal length f2 and finally free-space
matrix with length l. Note that the cylindrical lens have no effect
on the x axis.

The matrix in Equation 4 can be also written as the product
of two matrices: f1(l− f2)

f2 L − f2
f1

f2
f1

L

− f2
f1 L 0

 =

1 l − f2 −
L f 2

2
f 2
1

0 1

 0 f1
f2

L

− f2
f1 L 0

 (4)

Starting from right, the first matrix corresponds to a propagation
between two focal planes of a lens with focal length F = L f2/ f1
while the second corresponds to a free-space propagation with
distance D = l − f2 − L( f2/ f1)

2. In wave-optics regime the
above transform can be written by following [26]. Calling u(x)
and u(x′) respectively the field on the camera plane and target
surface plane, we have that:

u(x) =
∫

dx′dx′′ exp
[

i
k

2D
(

x′ − x′′
)2
]

exp
[

ikx′x′′

F

]
u(x′)

=
∫

dx′ exp
[
−i

kD
2F2 x′2

]
exp

[
ikx′x

F

]
u(x′)

(5)

The integration over the dummy variable x′′ can be performed
by noticing that it is a Fourier transform of the Gaussian function

exp
[
−i k

2D x′′2
]

where the reciprocal variable is ik(x′/ f − x/D).

If the target surface is tilted by a small angle δθ we have that
u(x′) → u(x′) exp(ikδθx′). Under such a transform it is easy
to show that I(x) → I(x + Fδθ) where I(x) = |u(x)|2 is the
speckle pattern intensity on the camera plane. Similarly if the
target surface is translated by ∆ we have that u(x′)→ u(x′ + ∆)
that, on the camera plane, corresponds to I(x)→ I(x + D/F∆).
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