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The power spectrum of the time-varying intensity in the dynamic laser speckle patterns is determined by passing the shifted power
spectrum through a low-pass filter which is implemented via the signal integration. The light intensity is modulated sinusoidally
to induce the stroboscopic effect which shifts the resonant frequency component of the spectrum to 0 Hz. The homodyne dynamic
laser speckles generated by the quasi-inelastic scattering of the Brownian motions in colloidal suspensions are investigated. Within
the frequency range from 10 Hz to 10 kHz used in this work, the bandwidth of the Lorenztian power spectrums is shown to be
inversely proportional to the particle size, which is in agreement with the prediction of the dynamic light scattering theory of
diffusing particle. The spatial variation observed in the full-field power spectrum maps is caused by the nonuniform distribution of
average speckle intensity and varies with the modulation frequency. However, the bandwidths measured at different locations are
found to be intensity independent.

1. Introduction
The frequency spectrum of the dynamic laser speckle pattern,
which fluctuates with time in response to the motions of the
scattering centers, can be used to reveal the nature of the
scatterer dynamics. A well-known example is the Doppler
broadening of the scattered light by the Brownian motion of
particles in colloidal suspensions. The frequency shifts generated by quasi-elastic light scatterings, however, are too small
to be effectively detected by the traditional optical filtering
method that is based on diffraction gratings, interferometers,
or molecular filters. Optical mixing techniques, on the other
hand, work well with the slower dynamic process which has
a characteristic time longer than 10−6 sec [1]. Optical mixing
techniques, such as photon correlation spectroscopy and laser
Doppler velocimetry, have been adopted for a wide array of
applications in biomedical and tissue optics [2–10].
Inasmuch as photon correlation spectroscopy and laser
Doppler technique are based on the autocorrelation functions
or their Fourier transforms, sufficiently fast sampling rates

are needed to meet the Nyquist criterion in the frequency
domain. In the context of blood flow imaging applications,
a minimum frame rate of ∼20 kHz is often needed to
measure the flows in arterioles, and hundreds and more
frames must be recorded to reach a spectral resolution of
∼5 Hz [11, 12]. For full-field applications, the requirements
on sampling and recording demand the use of high-speed
multiple-channel detectors and substantial computing power
for the subsequent data processing to recover the spectrum of
the time-varying intensity recorded at each pixel. Although
high-speed CMOS detectors with fast data transfer rates and
the computing power needed for data processing are now
available for full-field imaging applications [11–14], it is still
desirable to device a more flexible technique that is capable of
extracting the spectral information at frequencies of interest
and does not rely as heavily on the hardware capacity.
In this work, we introduce a spectral filtering technique
which utilizes low-pass filtering to extract the DC component
of the power spectrum. The low-pass filtering is performed
by the CMOS detector via the signal integration, which does
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not separate signal light of different frequencies into different
physical channels as the traditional optical filtering technique
does. In order to extract non-DC frequency components, the
spectrum is shifted in the frequency domain via the temporal
modulation of the light intensity. The temporal modulation
induces the stroboscopic effect; namely, if a cyclic motion
has the same periodicity as the modulation frequency of the
strobe light it will appear stationary in the recorded film
sequence. In the language of spectral analysis, the spectrum of
the cyclic motion is shifted to 0 Hz (i.e., it is made stationary).
As will be explained in the theoretical section, our approach
hinges on the calculation of the statistic variance resulted
from the random phase angles of the sinusoidal modulation.
It is this inherently statistic nature that sets this approach
apart from the regular stroboscopic photography. Without
the need of high-speed recordings, it can be implemented
with regular multichannel detectors and is free from the
limitation imposed the Nyquist criterion. As the modulation
frequency can be chosen over a wide range, it has the potential
for probing a wide range of frequency shifts in a variety
of quasi-inelastic light scattering experiments. For instance,
this large dynamic range makes it useful for mapping the
speed and flow distributions of blood cells in circulatory and
vascular systems. This method has been investigated for the
time-varying speckle patterns generated by moving random
phase objects using an imaging speckle setup [15]. Here, we
demonstrate the working of this method for the Doppler
broadening generated by Brownian particles in colloidal
suspensions using a far-field backscattering configuration.
Temporal modulation technique has been applied to
fluorescence lifetime imaging, where the modulation of the
excitation light or the detector sensitivity is used to generate
the phase delay between the fluorescence signals and the
excitation [16–19]. However, the time-delay or phase-shift
is not the quantities of interest in our work. A wide-field
heterodyne optical mixing configuration, which also operates
in frequency domain and makes use of low-frame-rate
multiple-channel detectors, has been developed for imaging
the Doppler signature of the cerebral blood flow [20, 21].
This scheme differs from ours in that it employs a frequencyshifted local oscillator and is derived from the off-axis holographic method which offers it a high sensitivity at the price
of the reduced field of view. Recently, an intensity fluctuation
modulation (IFM) method has been applied to obtain fullfield laser speckle microvessel images [22]. Contrary to our
approach, the IFM imaging is insensitive to flow velocity and
is used to reconstruct microvessel images.

2. Theory
Instead of shifting the band-pass filter over the spectral range
of interest, as in the case of most filtering techniques, we
shifted the signal spectrum itself by the sinusoidal modulation of the intensity 𝐼(𝑡), producing the modulated intensity
signal: 𝐼(𝑡, 𝑓0 , 𝜑) = [1 + Δ ⋅ cos(2𝜋𝑓0 𝑡 + 𝜑)] ⋅ 𝐼(𝑡), where Δ
is the modulation depth which is smaller than unity, 𝑓0 the
modulation frequency, and 𝜑 the phase angle of the sinusoidal
modulation at the start of each recording. In the frequency
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domain, the modulation gives rise to two side-bands which
are located at –𝑓0 and 𝑓0 :
𝑋 (𝑓, 𝑓0 , 𝜑)
(1)
1
= 𝑋 (𝑓) + Δ [𝑒−𝑖𝜑 ⋅ 𝑋 (𝑓 + 𝑓0 ) + 𝑒𝑖𝜑 ⋅ 𝑋 (𝑓 − 𝑓0 )] ,
2
where 𝑋(𝑓, 𝑓0 , 𝜑) and 𝑋(𝑓) are the Fourier transforms of
𝐼(𝑡, 𝑓0 , 𝜑) and 𝐼(𝑡), respectively.
In this approach, the low-pass filtering is implemented
via the signal integration which yields the DC component of
the time-varying signal in the limit of very long integration
time. In practice, the integration time should be much longer
than the decorrelation time associated with the time-varying
intensity signal and the characteristic time of the modulation.
The DC component of 𝑋(𝑓, 𝑓0 , 𝜑), obtained via the low-pass
filtering is
𝐹 (𝑓0 , 𝜑) = 𝑋 (0) + Δ [cos 𝜑 ⋅ 𝑋𝑅 (𝑓0 ) + sin 𝜑 ⋅ 𝑋𝐼 (𝑓0 )] ,
(2)
where 𝑋𝑅 (𝑓0 ) and 𝑋𝐼 (𝑓0 ) are the real and imaginary parts
of the spectrum 𝑋(𝑓) at the modulation frequency (i.e., the
resonant frequency component), respectively.
To obtain the power spectrum, a series of 𝐹(𝑓0 , 𝜑𝑛 ) are
recorded at a numbers of random phase angles 𝜑𝑛 . It can
be shown that the statistic variance in 𝐹(𝑓0 , 𝜑𝑛 ) is directly
proportional to the power spectrum of the intensity signal
𝐼(𝑡) [15]:
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Var [𝐹 (𝑓0 , 𝜑𝑛 )] ∝ 𝑋 (𝑓0 ) ,

(3)

where the power spectrum is given by: |𝑋(𝑓0 )|2 = 𝑋𝑅2 (𝑓0 ) +
𝑋𝐼2 (𝑓0 ). This relationship between the variance and the power
spectrum can be understood by considering two situations:
𝑓0 is close to the characteristic frequency of the timevarying signal and 𝑓0 is very different from the characteristic
frequency. In the former, any change in the phase angle
will give rise to a substantial variation in 𝐹(𝑓0 , 𝜑𝑛 ); that is,
the frame-to-frame variance is large, whereas, in the latter,
𝐹(𝑓0 , 𝜑𝑛 ) is insensitive to the phase angle and the variance is
small.
To calculate the variance with high confidence, adequate
numbers of recordings will be needed so that the random
phase angles can go through sufficient numbers of different
values. Unlike the regular stroboscopic photography where
the sequence of the recordings must be kept in order to
faithfully reconstruct the motion, the calculation of variance
does not concern the sequence of the recording. In other
words, our approach is a statistic method and is suitable
for analyzing the dynamic laser speckle that is stochastic in
nature.

3. Experimental
An intensity-stabilized He-Ne laser (Newport), operating at
632.8 nm, was used as the coherent light source. The intensity
of the light was modulated by a Pockels cell electrooptic modulator (Leysop) driven by a sinusoidal voltage. The modulator
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was biased at 50% transmission and responded linearly to the
driving voltage. Before reaching the samples, the modulated
light was expanded by a beam expander to a diameter of
7 mm, which ensures that the light was scattered by sufficient
numbers of particles and the Gaussian statistic was applicable
[1]. Monodisperse polystyrene particles (Bangs Laboratories)
with size ranging from 0.17 𝜇m to 3.11 𝜇m were mixed with DI
water to form colloidal suspensions at the room temperature.
The volume concentrations ranged from 0.1% to 1%, with the
lowest concentrations used for smaller particles, to ensure
that the single scattering condition was met [23]. The colloidal
suspensions appeared to be translucent and the Tyndall effect
was clear visible.
The backscattering configuration is shown in Figure 1.
The light scattered from the colloidal suspension was collected by a Fourier transform lens with a focal length of
10 cm, and the far-field speckle pattern was formed on an
8-bit 1024-by-1024 pixel CMOS sensor (Thorlabs) placed at
the focal plane of the lens. The CMOS sensor was positioned
with its edge aligned with the optical axis of the system to
record half of the scattering pattern (because the scattering
pattern is symmetric about the optical axis, this arrangement
makes a better use of CMOS sensor and covers a greater
range of scattering angles). An iris was placed near the lens
to control the speckle size. A polarizer-analyzer pair was
cross polarized to cut out the specular reflection from the
cuvette. In the absence of the local oscillator, the experimental
setup is expected to measure the homodyne spectrums. The
integration times ranged from 100 ms to 3 s, making them
much longer than the estimated characteristic times of the
Brownian motion in the samples tested in our experiments.

4. Result and Discussion
For each type of colloidal suspensions, 102 frames of
speckle patterns were recorded at each modulation frequency.
Figure 2(a) shows a typical speckle patterns produced by
Brownian particles with a diameter of 2.08 𝜇m in the absence
of modulation. The intensity profile is measured along
the horizontal reference line in Figure 2(a) and plotted in
Figure 2(b). The speckle intensity is stronger at the left edge
of the field where the optical axis is located (thereafter called
the center of the field) and decreases towards the edge of the
field, largely a result of the vignetting effect [24]. The speckle
patterns produced by smaller particles are characterized by
similar patterns where the speckle intensity decreases towards
the edge, albeit to a slightly lesser degree, which is most likely
caused by the wider angular distribution of the light scattered
by smaller particles [25]. The average speckle size was found
to be about 5 times that of the pixel size, meeting the Nyquist
criterion in the spatial domain [26].
In the presence of the temporal modulation, although
the overall appearance of the speckle pattern remains the
same, the time-integrated intensity recorded at each pixel
(i.e., the DC component given in (2), obtained via low-pass
filtering) fluctuates from one frame to the next. A 20-by-20
pixel region-of-interest (ROI) located at the left end of the
reference line is chosen for computing the frame-to-frame
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Figure 1: Schematic diagram of the backscattering configuration for
recording the far-field dynamic speckle pattern. The light scattered
from the colloidal suspension in the cuvette was collected by the
Fourier transform lens, and the far-field speckle pattern was formed
on the CMOS sensor placed at the focal plane of the lens.

variance of the speckle intensity at each modulation frequency. The 400-pixel-averaged intensity in the ROI recorded
at each frame is plotted in Figure 3(a) for two time-varying
intensity series, with one recorded at a modulation frequency
of 10 Hz, while the other is recorded at 400 Hz. According
to (3), the extent of variation is directly proportional to the
power spectrum at the modulation frequency, the smaller
variation observed at 𝑓0 = 400 Hz (the lower curve in
Figure 3(a)) can then be explained by the fact that the
homodyne power spectrum deceases monotonically with
increasing frequency. For the 2.08 𝜇m particles shown in
Figure 3(a), the change in the extent of the frame-to-frame
variation is most obvious when the modulation frequency
increases from 10 Hz to 100 Hz. As its power spectrum
levels out at higher frequencies, the frame-to-frame variation
no longer change appreciably with increasing modulation
frequency. To the contrary, the frame-to-frame variation
observed for the 0.17 𝜇m particles remains almost constant
from 𝑓0 = 10 Hz to 100 Hz, indicating a much flatter power
spectrum at the low end of the frequency range.
Similar to the calculation of the mean value of a stochastic
variable, the frame-to-frame variance fluctuates from one
calculation to the next. The accuracy of the frame-to-frame
variance obviously improves with increasing number of
frames used in each calculation. To find out how many
frames are needed, the frame-wise variance is evaluated
using increasing numbers of frames, with each calculation
repeated multiple times to form a set of variance values. In
other words, each set of variance values consists of multiple
calculations performed using the same number of frames,
and the standard deviation is computed for each set of
variance values. As expected, the standard deviation of the
variance in each set decreases with increasing number of
frames used in the calculation. As shown in Figure 3(b),
there is no significant drop in the standard deviation of the
variance, once the number of frames used in calculating the
variance exceeds 100 frames. Thus, it is used as the number of
frames for all the calculations of variance in this work.
The power spectrum of the intensity is the Fourier
transform of the intensity autocorrelation 𝑔2 (𝜏), whose normalized form is given by the Siegert relation as 𝑔2 (𝜏) =

4

Advances in Optics

Speckle intensity (a.u.)

120
100
80
60
40
20
0

200

400
600
Pixel number

(a)

800

1000

(b)

Figure 2: (a) A typical laser speckle pattern (1024-by-1024 pixels) produced by the 2.08 𝜇m particles. (b) The speckle intensity profile measured
along the horizontal reference line given in Figure 2(a). The dashed vertical lines mark the locations of ROIs used for the spectral analysis.
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Figure 3: (a) The frame-wise fluctuation of the 400-pixel-averaged intensity in the ROI located at the field center for the 2.08 𝜇m particles at
two modulation frequencies: 10 Hz and 400 Hz. (b) The standard deviation in the frame-wise variance calculated using different numbers of
frames. The solid lines are guides to the eyes.

1 + 𝛽|𝑔1 (𝜏)|2 , where 𝛽 is a number depending on the ratio
of detector pixel size to speckle size [27, 29]. For diffusing
Brownian particles, the electric field autocorrelation 𝑔1 (𝜏)
is given by the diffusion coefficient 𝐷 and the scattering
wavevector 𝑞: 𝑔1 (𝜏) = exp(−𝐷𝑞2 𝜏). The Fourier transform
of 𝑔2 (𝜏) = 1 + 𝛽 exp(−2𝐷𝑞2 𝜏) then gives the well-known
Lorentzian power spectrum. The frame-to-frame variance of
the pixel-averaged intensity in the ROI is computed using 102

frames recorded at each modulation frequency, and the result
is plotted against the frequency in Figure 4(a). The data points
are fitted to the Lorentzian power spectrum:
|𝑋(𝜔)|2 = 𝐵 +

𝐶 ⋅ Δ𝜔
,
[𝜔2 + Δ𝜔2 ]

(4)

where the bandwidth Δ𝜔 is Δ𝜔 = 2𝐷𝑞2 and 𝜔 is given by the
modulation frequency. With the value of Δ𝜔 extracted from
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Figure 4: (a) The frame-wise variance of the pixel-averaged intensity in the ROI versus the modulation frequency for 0.69 𝜇m (open squares)
and 2.08 𝜇m (solid circulars) particles. The solid lines are the Lorenztian spectral functions generated by the curve fit. (b) The bandwidths of
the power spectrums obtained from the curve fit versus the actual particle diameters. The error bars are the uncertainties in Δ𝜔, produced
by the least-square curve fitting procedure. The solid dots give the bandwidths obtained using the conventional intensity correlation analysis
for dynamic speckle patterns recorded at a sampling rate of 120 Hz.

the curve fit and the scattering wavevector calculated from
the 180∘ scattering angle, the diffusion coefficient can then be
calculated. The Stokes-Einstein equation = 𝑘𝐵 𝑇/6𝜋𝜂𝑎 allows
the particle size, 𝑎, to be eventually determined. The Δ𝜔
extracted from the two sets of data points in Figure 4(a) is 152
and 459 rad/s, and the corresponding particle diameters are
1.99 𝜇m and 0.66 𝜇m which are in agreement with the actual
particle diameters of 2.08 𝜇m and 0.69 𝜇m. The bandwidths
of the power spectrums obtained from the curve fit are
plotted against the actual particle diameters in Figure 4(b)
for the colloidal suspensions tested. Comparing the six data
points against the theoretical bandwidth-versus-diameter
curve, which is given by the simple inverse relation, Δ𝜔 =
2𝑘𝐵 𝑇𝑞2 /6𝜋𝜂𝑎, we find that the bandwidths measured using
our approach agree with the values predicted based on
the single scattering assumption and the Stokes-Einstein
equation.
To further demonstrate the benefit of the modulationbased filtering technique, the dynamic speckle produced by
the diffusing particles was recorded using the same CMOS
sensor at a frame rate of 120 fps. Each frame consists of
640-by-480 pixels, and the speckle intensity was recorded
without the temporal modulation. The conventional correlation analysis was performed to analyze the speckle intensity: the intensity autocorrelation function was evaluated by
performing the ensemble averaging over all pixels in each
frame, and the subsequent Fourier transform yields the power
spectrum. The bandwidths of the spectrums produced by
different sized particles are plotted in Figure 4(b) along with
the bandwidths determined by the modulation-based filtering technique. For the largest particle whose corresponding

theoretical bandwidth is 97 rad/s, the 120 Hz sampling rate is
adequate, and the bandwidths obtained by the two different
schemes match well. As the particle size decreases and the
sampling rate becomes smaller relative to the characteristic
time of the intensity fluctuation, the bandwidths obtained
with the conventional correlation analysis fall below the
predicted values. For the smallest two particle sizes, because
the power spectrums deviate substantially from the Lorenztian functional form due to the pronounced aliasing effect,
the bandwidth can no longer be used to characterize the
spectrums. Of course, one can trade off the number of
pixels recorded in each frame for the faster frame rates.
However, this tradeoff implies that one needs to use the
time averaging in place of the ensemble averaging, and the
advantage of multichannel detector is lost. To the contrary, in
the modulation-based filtering technique, the upper bound of
the measurable bandwidth is set by the modulation frequency
rather than the fastest frame rate.
The values of the fitting parameter 𝐵, extracted for
different particle sizes, are very close to each other, which can
be verified by the observation of both fitted curves asymptotically approaching the 0.78 level in the high frequency
limit in Figure 4(a). This baseline of the power spectrum
presents the white noise floor, which is contributed by the
sensor dark current, the amplifier readout noise, and the
shot noise as well. The data recorded in dark condition
reveals a negligible detector dark current; that is, the noise
is intensity related. To see the dependence of the noise on
the average speckle intensity, six additional ROIs, whose
locations are labeled in Figure 2(b), are chosen to analyze the
frame-to-frame variance and extract the fitting parameters.
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Figure 5: (a) The values of parameter 𝐵 and 𝐶 versus the speckle intensity averaged over the 400 pixels in each ROI. The red continuous
curve is a quadratic function generated from the curve fit. The error bars are the uncertainties in 𝐵 and 𝐶, produced by the least-square curve
fitting of (4). (b) The ratio of 𝐶 versus 𝐵. The solid line is a guide to the eyes.

As shown in Figure 5(a), the value of parameter 𝐵 decreases
with decreasing speckle intensity which is averaged over
the 400 pixels in each ROI. In case of pure shot noise, the
noise power should be linearly proportional to the average
intensity. Therefore, the nonlinear nature of the intensity
dependence of the noise observed in our experiment implies
that it has a more complicated origin. The dependence of the
other fitting parameter (parameter 𝐶 in (4)) on the average
intensity is also shown in Figure 5(a), and a simple quadratic
relation can be seen with the help of a fitting curve. This
quadratic dependence on the average intensity is an expected
result based on the definition of the statistic variance. It is
worth noting that although the values of parameter 𝐵 and 𝐶
do not affect the Lorenztian power spectrum, as shown in (4),
the ratio of 𝐶/𝐵 does affect the signal-to-noise ratio which
decreases with decreasing intensity.
The frame-to-frame variance of the pixel intensity for
the entire field is also computed, and the results obtained
at 𝑓0 = 10 Hz and 400 Hz are shown in Figures 6(a) and
6(b), where the gray level at a pixel stands for the variance
in the 102 intensity values recorded at this pixel. In both
maps, the variance declines from the center of the filed to the
edge, but the contrast in the 10 Hz map is more pronounced.
The variance profiles measured along the horizontal reference
lines are shown in Figures 6(c) and 6(d), which confirms the
different contrast observed in Figures 6(a) and 6(b). To ensure
that the less pronounced contrast observed at 𝑓0 = 400 Hz
is indeed related to the dynamics of the Brownian particles,
the colloidal suspension was replaced by a frost glass plate
which produced similar but stationary speckle patterns. The
result obtained using the frost glass plate did not vary with
the modulation frequency.
Given the far-filed configuration, different pixel records
light scattered into different scattering angles, and consequently the variance maps are expected to show the
angular distribution of the power spectrum. However, given

the backscattering geometry and the small field angle (less
than 5∘ ) the change in bandwidth is merely a fraction of
1 Hz from the center of field to the edge, meaning that the
bandwidth remains nearly constant across the field. Instead
of being a consequence of the change in the spectrum, the
contrast change observed in the variance maps is a result of
both the modulation frequencies and the values of parameter
𝐶. At all field locations, the variance level, that is, the power
spectrum, declines with increasing modulation frequency.
But because the change in the power spectrum is amplified
by parameter 𝐶, as can be seen in (4), the variance measured
at the center of the field, where the values of 𝐶 are greater, is
more sensitive to the increasing modulation frequency. The
power spectrums at 𝑓0 = 10 Hz and 400 Hz are computed
as functions of field locations using the fitting parameters
and bandwidth obtained from the spectral analysis. The calculated power spectrums (Figures 6(c) and 6(d)) agree with
the measured ones and confirm the differential declination
of power spectrum from the field center to the edge. Despite
the smaller contrast in the variance map observed at higher
frequencies, the bandwidths measured at different ROIs
show no appreciable difference as predicted. This intensityindependent feature of our approach is a great advantage in
the presence of nonuniform laser source profile and artifacts
caused by projecting optics. For instance, a recent study has
pointed out that the spatial variations in the intensity profile
can impact the flow rates measured via the laser speckle
contrast imaging method [29].

5. Conclusion
We demonstrated an approach for analyzing the power spectrum of the time-varying intensity presented in dynamic laser
speckle patterns. The temporal modulation of the light intensity induces the stroboscopic effect which shifts the resonant
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Figure 6: The full-field power spectrum maps of for 2.08 𝜇m particles recorded at modulation frequency of 10 Hz (a), and 400 Hz (b). The
power spectrum profiles (scattered dots) measured along the horizontal reference line for 10 Hz (c), and 400 Hz (d). The solid and dashed
lines are the calculated power spectrum profiles at corresponding frequencies.

frequency component of the spectrum to 0 Hz. The subsequent low-pass filtering via the signal integration allows the
resonant frequency component to be extracted. The random
phase angle of the modulation gives rise to the frame-toframe fluctuation which is shown to be directly proportional
to the value of power spectrum at the modulation frequency.
The homodyne dynamic laser speckles generated by
the quasi-inelastic scattering of the Brownian motions in
colloidal suspensions are recorded at different modulation
frequencies. Each frame records the DC component of the
modulated spectrum, and the frame-to-frame variance yields
the original power spectrum of the time-varying intensity.
The frame-to-frame variance is observed to decrease with
increasing modulation frequency, giving rise to the characteristic Lorenztian power spectrum produced by the Brownian
particles. The diameters of the particles are obtained based on

the bandwidths obtained from the spectral analysis, which is
in agreement with the actual diameters. The fitting parameter
extracted from the analysis indicates that the temporal noise
involved in our experiments depends on the average speckle
intensity in a nonlinear fashion. Both the speckle intensity
patterns and the corresponding variance maps are observed
to decrease from the center of the field to the edge. The
level of variance drops faster with increasing modulation
frequency at the field center than at the edge, reducing the
contrast observed in the variance map recorded at higher
frequency. This frequency dependent behavior of the fullfield power spectrum distribution is satisfactorily explained
by the amplifying effect of the average speckle intensity
distribution across the field. The bandwidths measured at
different ROIs are found to be independent of the average
speckle intensity.
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To determine the power spectrum over a frequency range,
the modulation frequency will need to be scanned over
that range. Nevertheless, the result obtained in our work
demonstrates that the spectral analysis procedure can be
performed with good confidence by using as few as ∼10 data
points for spectrums lacking complex and sharp features.
Within the frequency range from 10 Hz to 10 kHz investigated
in this work, the result demonstrates that the Lorenztian
power spectra can be determined with a good accuracy
provided that the integration time is much longer than the
characteristic time of the modulation and the dynamics
of scatterers. Applying this full-field temporal modulation
method to study dynamics processes that generate sharp and
distinct spectral bands is currently underway.
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