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Spectral analysis of dynamic laser speckle patterns
by using a full-field temporal modulation method
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We introduce an approach for analyzing the power spectrum of the time-varying intensity in
the dynamic laser speckle patterns. The method is free from the limitation imposed by the Nyquist
criterion on the minimum sampling rate. The temporal modulation shifts the intensity fluctuation
spectrum by an amount that is equal to the modulation frequency. The subsequent integration of
the intensity signal, performed at each detector pixel, acts effectively as a low-pass filter allowing
the extraction of the spectral component at the modulation frequency. Within the speed range
from 1 to 10 mm/s investigated in our experiment, the result demonstrates that the moving speed
of the diffuse object can be determined with a good accuracy.
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1. Introduction

The interference of coherent light reflected by or transmitted through diffuse objects
gives rise to the random speckle patterns. If the scattering objects are also in motion,
the speckle patterns will vary with time, creating translating/rotating and boiling
dynamic speckle patterns. By analyzing the temporal fluctuation of the intensity,
the motion of the objects can be revealed. Laser speckle contrast analysis (LSCA)
techniques such as laser speckle spatial and temporal contrast analysis have been
developed for the full-field monitoring of dynamics in diffuse media [1-6]. These
LSCA techniques offer the full-field imaging capability with excellent spatial and
temporal resolutions. However, because of the complexity of the scattering process in
diffuse media and the nature of the dynamic speckles, it is still difficult to apply
LSCA techniques as quantitative tools for the interpretation of the complex dynamic
processes presented in inhomogeneous strongly-scattering objects [7, 8].

The intensity fluctuating spectra of the scattering light can be obtained by using
photon correlation spectroscopy and laser Doppler techniques. Although they suffer
from similar problems, such as the multiple-scattering effect, as do LSCA tech-
niques [8—12], an intensity fluctuating spectrum is substantially more informative than
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just a single speckle contrast reading obtained with LSCA techniques. The information
regarding the scatterers and their dynamics can be either inferred from the spectral
features such as the cutoff frequencies and the shift of spectral bands [13, 14], or
determined from the zero-order and first-order moments of the spectra [15, 16]. This
advantage in the quantitative analysis is one of the reasons for the widespread
application of photon correlation spectroscopy and laser Doppler techniques for perfu-
sion and flow measurements [11-24].

In both photon correlation spectroscopy and laser Doppler technique, the time-
-varying intensity must be recorded at a sampling rate that is at least two times that of
the signal bandwidth in order to truthfully recover the autocorrelation function and
the frequency spectrum. This requirement on the minimum sampling rate is easily met
by the use of single-channel detectors or streak cameras. However, in many biomedical
and micro-fluidic applications where the spatial distributions of velocity or flow rate
are to be imaged, the use of single-channel detector or streak cameras would require
the scanning of the objects, meaning that the dynamical events occurring at two
different spots on the object may not be recorded simultaneously. Full-field methods
demand the use of multi-channel detectors such as a charge-coupled device (CCD)
which often have limited frame-rates when operating at full resolution. The state-of-art
complementary metal-oxide semiconductor (CMOS) detectors are capable of operating
at frame rates up to a few kHz and more, albeit at reduced resolutions and regions of
interest (ROI) [25, 26]. To overcome the limitation imposed by the speed of the multi-
-channel detectors, molecular filters have been used to construct a full-field Doppler
velocimetry [27]. However, this technique is effective for Doppler shifts in the MHz
range which limits its use to applications where very high flow speeds are involved.

In this work, we introduce a full-field method based on the temporal modulation
of the light intensity and the subsequent low-pass filtering implemented via the signal
integration. Because this method does not rely on the use of fast frame rates and
high-speed recordings, it can be readily implemented with currently available multi-
-channel detectors. As the modulation frequency can be chosen over a wide range, it
has the potential for probing a wide range of Doppler shifts. This large dynamic range
makes it possible for imaging the speed and flow distributions in the presence of large
speed variations. The aim of this work is to elucidate on the basic concepts involved
in this method, and to demonstrate its feasibility for investigating the power spectrum
of the time-varying intensity from a moving random phase object.

2. Theoretical development

The spectral analysis procedure often involves sending the intensity signal /(¢) into
a band-pass filter whose bandwidth is very small. The output of the filtering can
be regarded as the spectral component of the input signal at the central frequency
of the filter. In order to construct the full spectrum of /(¢), the central frequency of
the filter needs to be scanned over a frequency range.
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Instead of shifting the band-pass filter, we shifted the spectrum of the signal itself
by the sinusoidally modulating the light intensity. The original intensity signal /(¢)
becomes the modulated intensity signal: I(z, f;, @) =[1 + Mcos(2n fot + @)]11(¢),
where M is the modulation depth which is smaller than unity, £, is the modulation
frequency, and ¢ is the phase angle. In the frequency domain, the modulation gives
rise to two side bands which are located at —f; and f,. The Fourier transform of
the modulated intensity is given by the convolution theorem as:
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If the modulated intensity signal is then sent into a low-pass filter with infinitely
narrow bandwidth such as a Dirac J function, we get, in the frequency domain:

SUNXUs Sy 0) = 5(f>{X(0>+M[cos<¢>XR<fo> + cos(q))X[(fo)]} 2)

where Xy ( f;) and X;( f;) are the real and imaginary part of the spectrum at the mod-
ulation frequency, respectively. Therefore, the frequency-domain output F(f,, ¢) is:

F(fy ) = X(0)+ M| cos(@)Xp(fo) + cos (9)X, (/o) 3)

To obtain the power spectrum, the phase angle is changed by 90° from ¢, and the
frequency-domain output, after the filtering, changes from F( f,, @) to F(f,, ¢ + 1/2),
accordingly. It follows in a straightforward manner that the power spectrum at the mod-

ulation frequency can be determined as:
2
[ (oo Z)- X<0)} )

In this work, the low-pass filtering is implemented via the signal integration. What
is actually recorded at the detector is not the instantaneous value of /(¢), but its
integrated value within a limited integration time of 7 [28]:

Uy = =5 [Ft - x0)] +
Mm*
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t

The integrated intensity I(¢) can be regarded as the convolution between
a rectangular function and /(¢). Thus, its Fourier transform X( /') is the multiplication
of the spectrum X( /') and a sinc-like function:

X(f) = wsin[e(@f)1X(f) (6)
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In the limit of very long integration time, the sinc-like function approaches
the Dirac J function, and Eq. (6) approaches Eq. (2). In practice, the integration time
needs to be much longer than the decorrelation time associated with the time-varying
intensity signal.

By replacing the sinc-like function with the § function in Eq. (6), the DC compo-
nent X(0) is obtained. Likewise, F( f, @), and F( f;, ¢ + ©/2) are determined from
Eq. (6), in the presence of the intensity modulation. The three quantities are then
substituted into Eq. (4) to calculate the power spectrum at the modulation frequency f;,.

3. Experimental measurement

In this work, the modulation needs to be performed with two different phase angles.
To ensure that the two intensity signals: I(t, f,, ¢) and I(t, f,, ¢ + 90°) differ only in
their phase angles, their modulation and the subsequent recording must be performed
simultaneously while the diffuse object is being moved. Figure 1 shows the schematics
of'the optical system consisting two optical paths each of which processes one intensity
signal. The optical paths involve linear polarized lights whose polarizations are
perpendicular relative to each other, allowing the separation of the two intensity signals
for modulation and detection. In case of the depolarization of the back-scattered light
reflected from the diffuse object, the two intensity signals will mix in terms of their
polarization states, making their complete separation impossible. Using a linearly
polarized incident light, the polarization state of the back-scattered was measured, and
the degree of depolarization was found to be negligible.

An intensity stabilized He-Ne laser (Newport), operating at 632.8 nm and 1.5 mW,
was used as the coherent light source. The laser beam was split into two linear polarized
beams with equal intensity and polarizations perpendicular relative to each other.
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Fig. 1. Schematic diagram of the optical system. The components are labeled as: S for the laser source,
B for the polarizing beam splitters, M for the modulators, R for mirrors, H for the half-wave plates, N for
the neutral-density filter, E for the beam expander, P for the diffuse object, L for the lenses, I for iris, and
C for the CCD sensors. The signal generator, amplifier, computer and associated electrical connections
are not shown for the sake of clarity.
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The intensity of the light was modulated by two Pockels cell modulators (Leysop)
driven by sinusoidal voltages. The modulators were biased at 50% transmission and
relatively small driving voltages were used to ensure that they responded linearly to
the driving voltage. After the transmission through each modulator, the light intensity
varied from 0.5 to 0.245 mW sinusoidally at the modulation frequency. Half-wave
plates were used to change the s-polarized component to p-polarized component and
vice versa, which were then recombined into a single beam by a polarizing beam
splitter. The beam was expanded to a diameter of about 20 mm before arriving at
the diffuse object. The subject speckle patterns were recorded by using a 4-f imaging
system. The two polarization components were separated by a polarizing beam splitter,
and each component was recorded by one of the two identical CCD sensors.

The random phase object used in the experiment was a frost glass plate with a grit
number of 1500. The rough side of the plate is coated with a thin film of aluminum to
make it reflecting. The plate was mounted on a translational stage (Physik Instrumente)
which moved the plate surface along the in-plane direction. The light reflected by
the diffuse surface was collected by a 4-f system consisting of two converging lenses
both of which have focal lengths of 100 mm. An iris was placed in between the lenses
at their common focal point. The iris opening was set at a diameter of about 2 mm,
thus it acted as the aperture stop of the 4-f'system.

Identical CCD sensors (Dalsa) were used for recording the speckle patterns. Each
detector contains 1056x1056 pixels, each of which is 12 pum>12 um in size and has
a 12-bit dynamic range. The amplification setting, integration time, and triggering,
etc., were controlled via a Labview program. The integration times ranged from 300 ms
to 3 s, making them much longer than the estimated decorrelation times associated
with the corresponding moving speed.

4. Result and discussion

A typical speckle pattern produced by a stationary random-phase object in the absence
of the modulation is shown in Fig. 2a, which allows the autocovariance function of

a b

Fig. 2. A typical laser speckle pattern produced by a stationary random-phase object (a). A typical
laser speckle pattern produced by a moving random-phase object at 1 mm/s in the absence of modula-
tion (b). Both images were recorded with an integration time of 1 s, and display the same region consisting
of 200%200 pixels.
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Fig. 3. The normalized autocovariance function of a stationary speckle pattern shown in Fig. 2. The inset
shows the bar diagram of the probability density function (PDF) of the intensity distribution from
the same stationary speckle pattern.

the intensity distribution to be determined [29]. As shown in Fig. 3, the width at half
maximum of the autocovariance function along the horizontal direction was 31 um,
which was about the same for the autocovariance function along the vertical direction.
The width at half maximum of the autocovariance function gives an estimate of
the average speckle size [30]. Thus, the average speckle size measured in our exper-
iment was about 2.5 times that of the CCD pixel, meeting the Nyquist criterion [31].
Note that it was also consistent with the characteristic width of the Airy function of
the 4-f optical system used in the experiment.

The probability density function of the intensity distribution is determined from
the same stationary speckle pattern. As can be seen from the inset of Fig. 3, the proba-
bility density function deviates somewhat from the ideal negative exponential curve.
As the extent of depolarization was negligible, the partially developed speckle pattern
is ruled out as the cause of this departure. Therefore, the main contributions were most
likely the various noises presented in the experiment, such as the sensor dark current,
amplifier noise, and vibration during exposure time, etc. [32].

Given the normal incidence and backscattering geometry used in our experiment,
the dynamic speckle should be dominated by speckle translation rather than speckle
boiling [33]. The speckle translation is evident in Fig. 2b where the speckle pattern is
blurred into horizontal strips due to the in-plane motion in x-direction. Consequently,
the time-variation of the intensity recorded at each pixel is characterized by the decor-
relation time 7, which depends on the speckle size and the speed of the in-plane motion.
The effect of the decorrelation can be described by the normalized autocorrelation
function R(¢) of the time-varying intensity recorded at each pixel [34]:

2
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where J| is the Bessel function of the first kind, and 7, = w/v, with w being the charac-
teristic width of the Airy function [7] and v — the speed at the image plane cor-
responding to the in-plane motion of the object.

Since the spatial distribution of the stationary speckle pattern can be translated
into the temporal intensity fluctuation measured at a fixed pixel by simply replacing
the x-coordinate with the elapsed time, the phase angle of the modulation is directly
proportional to the x-coordinates of the pixels. The bright and the dark bands are
formed at locations where the intensity fluctuations are in phase and out of phase with
the modulation, respectively. In the speckle pattern (Fig. 4a) recorded by one of
the cameras, the average distance between the bright and dark bands is 25 um. For
a moving speed of 1 mm/s, the corresponding time difference is 25 ms. Given a mod-
ulation frequency of 20 Hz, this time difference is the half-period of the modulation,
and leads to a w phase-difference which is manifested as the alternating bright and dark
bands. The speckle pattern (figure not shown) recorded simultaneously by the other
camera displays similar periodicity. The intensity profiles of the speckle patterns
simultaneously recorded by the two cameras are shown in Fig. 4b, both of which are
measured along the same horizontal line of interest as marked in Fig. 4a. The peri-
odic intensity profiles are offset horizontally by about 12 um from each other due to
the ©t/2 phase difference in the modulation used for each camera. When the two speckle
patterns are combined by using Eq. (4), the bright-and-dark periodic structures are
smoothed out, and power spectrum maps with relatively uniform intensity are obtained.

The theoretical power spectrum is readily obtained from the Fourier transform
of R(¢) in Eq. (7), and is plotted in Fig. 5 along with the corresponding experimentally
measured power spectrum. A total number of 1024 data points were used to perform
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Fig. 4. A laser speckle pattern (200x200 pixels) recorded by one of the cameras, using a 20 Hz modulation
and an integration time of 1 s, for a random-phase object moving at 1 mm/s (a). Solid line — the intensity
profile measured along the horizontal line as marked in (a); dashed line — the intensity profile measured
along the same horizontal line for the speckle pattern (figure not shown) simultaneously recorded by
the other cameras; the horizontal offset between the two profiles results from the ©/2 phase difference
between the modulations used for recording each speckle pattern (b).
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Fig. 5. The power spectra collected at two different moving speeds: 3 mm/s (solid circles) and 6 mm/s
(open circles). The integration time is 1 s for both of them. The average of 225 pixels is used for each
experimental data point shown. The extent of the pixel-to-pixel variation in the spectrum is shown as
the error bars. The solid curves are the best fits of the experimental data points based on the model given
in Eq. (7). The two spectra are offset vertically for clarity.

the Fourier transform, and the step-size of the time interval was chosen to be much
smaller than the correlation time. The speed that is used to generate the theoretical
power spectrum is determined by a Matlab optimization program in such a way that
the optimized theoretical power spectrum gives the best fit for the corresponding
experimental power spectrum. The good agreement between the two can be seen in
Fig. 5. The power spectra were found to reach their peak values at 0 Hz, and their
bandwidth increases consistently with increasing object moving speed, both of which
are the expected results for the spectra acquired with the homodyne methods [35].

To obtain the experimental power spectrum, a ROI consisting of 15x15 pixels is
chosen near the center of the speckle patterns. For each modulation frequency,
the values of the power spectrum of the time-varying intensity recorded at each
individual pixel are obtained. The averaged value from all 225 pixels is then used in
the optimization procedure to determine the curve of the best fit. In all speckle imag-
ing techniques, the statistical nature of the speckle pattern gives rise to the pixel-to-pixel
variation [31]. The value of the power spectrum was found to vary from pixel-to-pixel,
and the standard deviations resulted from this pixel-wise variation are plotted as error
bars in Fig. 5.

Owning to the statistical nature of the speckle pattern and the random errors
presented in the experiment, the speed values obtained via the curve fitting procedure
also deviate slightly from the actual values in a random fashion. As can be seen in
Fig. 6, despite of the small and random differences between the measured and
the actual values of the speeds, a well-defined linear relationship can be found between
the two, which illustrates the potential of this method for measuring the speed of
moving diffuse objects.
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Fig. 6. The speeds obtained via the curve fitting procedure against the actual speeds used in the experiment.
The solid straight line with a slope of one is shown to illustrate the linear correlation between the two.

This method relies on the use of a narrow low-pass filter which is implemented via
the signal integration. To faithfully recover the power spectrum, the bandwidth of
the low-pass filter (i.e., the sinc function) needs to be much smaller than that of
the spectrum, which translates into an integration time that is much longer than the de-
correlation time. In case this requirement is not met, the operation by the low-pass
filter, as given in Eq. (6), will lead to the overestimation of the lower frequency spectral
components and the appearance of oscillatory features in the spectrum.

The effect of the small integration time is illustrated in Fig. 7, where two power
spectra are shown, both of which were obtained for a moving speed of 6 mm/s.
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Fig. 7. Power spectra measured using two different integration times: 20 ms (solid circles) and 750 ms
(open circles). The moving speed is 6 mm/s for both of them. The straight lines connecting the solid circles
are guides for the eyes. The solid curve next to the open circles is the best fit of the experimental data
points based on the model given in Eq. (7). The average of 225 pixels is used for each data point shown.
The extent of the pixel-to-pixel variation in the spectrum is shown as the error bar. The two spectra are
offset vertically for clarity.
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However, one was obtained with an integration time of 750 ms; while the other one
with 20 ms. Because the decorrelation time is 5.2 ms, the latter integration time is not
adequate, and the substantially modification of the power spectrum can be observed
in Fig. 7.

5. Conclusions

In conclusion, we have demonstrated an approach for analyzing the power spectrum
of the time-varying intensity presented in dynamic laser speckle patterns. The use of
the temporal-intensity-modulation and the subsequent low-pass filtering allow the value
of the power spectrum at the modulation frequency to be extracted. By taking
advantage of the charge accumulation nature of the CCD sensors for the purpose of
the signal integration, the data acquisition and processing procedures are greatly
simplified. The method is free from the limitation imposed by the Nyquist criterion
on the minimum sampling rate, allowing it to be implemented using multiple-channel
detectors with limited frame rates for the application of full-field imaging of speed and
flow distributions.

To determine the power spectrum over a frequency range, the modulation frequency
will need to be scanned over that range. It was found, however, that the curve fitting
procedure can be performed with good confidence by using as few as ~10 data points
for the experimental power spectrum. The absence of complex and sharp features in
the power spectra observed in our experiment justifies the use of fewer numbers of
data points. Within the speed range from 1 to 10 mm/s investigated in our experiment,
the result demonstrates that the moving speed of the diffuse object can be determined
with a good accuracy provided that the integration time is much longer than the decor-
relation time. The substantial modifications in the power spectra were observed when
the requirement on the integration time was not met.

Future study of the full-field temporal modulation method will utilize live tissue
samples where the dynamic laser speckle pattern is generated by the blood flow and
perfusion in vascular systems. The power spectra obtained with this method will
allow the extraction of dynamic signals associated with blood flow and perfusion, and
the rejection of the static noise generated due to the scattering of connective tissues.
Therefore, this method will greatly improve the signal-to-noise ratio of the recorded
flow pattern, allowing microcirculations in small vessels to be investigated.
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