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Ultrasound modulated optical tomography (USMOT) can image the optical properties of a scattering
medium at a spatial resolution approaching that of ultrasound (US). A lock-in parallel speckle detection
technique is proposed to detect pulsed US modulated light using a multipixel detector. The frequency
components of the pass band match those of the US pulse train and provide efficient detection. The modu-
lation depth is extracted by taking the difference between a pair of speckle patterns modulated by a pair
of phase-inversed US bursts. Modification to pulse inversion mode enables the second harmonic US
modulation due to nonlinear US propagation to be detected. © 2013 Optical Society of America
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1. Introduction

Ultrasound modulated optical tomography (USMOT)
is a hybrid imaging technique used to image heavily
optically scattering media. In tissue imaging,
USMOT has the potential to provide the functional
information, e.g., blood oxygenation saturation, of op-
tical techniques at a spatial resolution approaching
that of ultrasound (US). The technique involves ap-
plying both light and focused US to a scattering
medium. Light that passes through the US column
becomes modulated by the US (often called optical
tagging). This produces a modulated optical speckle
pattern at the detector, which provides localized in-
formation about the optical properties in this region.

Leveque and co-workers introduced a parallel lock-
in detection method [1,2] which was used to extract
the modulated intensity of the detected speckle at
each pixel in a detector array. In this method, the
scattered light in the US focal zone is modulated
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(110.6150) Speckle imaging; (110.0113) Imaging through turbid media.

at the frequency of the US and the light source is
turned on for either the 1st, 2nd, 3rd, or 4th quarter
of the modulation period. By combining the inten-
sities measured during these quarters, detection
analogous to a lock-in amplifier can be achieved,
allowing high frequency signals to be demodulated
(~MHz) by a low frame rate detector (~Hz). A simpli-
fied version showed that comparable performance
could be achieved using two- or three-phase steps
[3]. To date, this method has only been applied for
continuous wave (CW) US.

Analogous to conventional US imaging, improved
axial resolution can be achieved by pulsing the US
and time gating the detection. As demodulation tech-
niques are often optimized for single-frequency CW
detection, energy is lost when wideband US pulses
are applied. Lev and Sfez [4] developed a method
which used short (4 cycles) US bursts to achieve high
axial resolution while also maintaining narrow band
detection. Individual pulses were recorded using a
fast detector and an analog to digital converter,
and the phase of the pulses was conserved between
pulses. Stitching these phase-conserved pulses
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together produces a narrow band signal and im-
proves signal-to-noise ratio (SNR) over the wideband
case. As this method requires the shape of the US
modulated pulse to be recorded directly to allow
pulse reshaping, it is not compatible with a parallel
lock-in approach using a CCD camera. Narrow band
filtering detection methods such as Fabry—Perot
interferometer detection [5], holography [6,7], and
spectral hole burning [8] also encounter problems
in dealing with wide band US pulses, as modulated
signals are filtered out. Often, US tone bursts that
are several cycles long are used [6,8] in order achieve
a compromise between matching the signal band-
width to the filter bandwidth and obtaining high
axial resolution. As an alternative to filter-based ap-
proaches, speckle contrast detection with intense
acoustic bursts [9] has been used to detect a wide
bandwidth modulated signal; however, this approach
is also sensitive to wide bandwidth noise and, for
nonlinear imaging, cannot completely separate the
fundamental and second harmonic US modulated
signals.

For the first time to our knowledge, we present a
phase stepping method that can efficiently demodu-
late pulsed USMOT signals which have a high har-
monic content due to using a train of US pulses. By
utilizing short-pulsed optical illumination synchron-
ized to a train of US pulses an optical speckle pattern
is obtained within the integration time of the detec-
tor. In the next camera frame, the train of US pulses
is inverted and another speckle pattern is acquired.
Combining these two speckle patterns provides a
pass band which allows detection of the harmonic
components of the US modulated optical signal. It
should be noted that the harmonic components re-
ferred to here are at the pulse repetition frequency
and not due to nonlinear propagation of the US. It
is also interesting to note that in conventional
lock-in detection, the objective is to avoid detection
of harmonic components, but here we make use of
this property to improve performance. By simple
modification of the pulse sequence, the pass band
of the detection can be modified to detect the second
harmonic USMOT signal due to nonlinear propaga-
tion of the US. This method involves using a train of
alternating inverted and noninverted US pulses to
obtain a speckle pattern within the detector integra-
tion time. Shifting this sequence by 7/2 in the next
camera frame and then combining the speckle
patterns enables the second harmonic signal to be
extracted.

2. Theory

Figure 1 shows the principle of the method for
extracting optical modulation by US with linear
propagation. A pair of phase-inversed, single-cycle
US bursts [Figs. 1(a) and 1(b)] is used to modulate
the strobed laser illumination [Fig. 1(c)], which is
synchronized with US pulses arriving at the focal
zone of the US transducer. At the detector, an optical
speckle pattern with intensities fluctuating over the
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Fig. 1. Single cycle US arriving at the US focal zone after delay;
(a) 0 phase frame; (b) = phase frame; (¢) synchronized laser pulses
(T, US pulse duration; T}, interval time between pulses; T',, laser
pulse duration; T',, camera exposure time).
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same range of frequencies as the US is produced.
Over the camera exposure time, the pixels collect
thousands of laser pulses (typically ~2000, 50 ns du-
ration, 50 ps interval time, 100 ms exposure time)
corresponding to the same phase of the US pulse
[Fig. 1(a)]. The same process then repeats for the
next frame but modulated by US pulses with the in-
verse phase [Fig. 1(b)]. Taking the difference of the
two speckle patterns obtained in consecutive frames
cancels the common unmodulated signal while the
modulated signal remains. Although the overall
bandwidth of the detected optical pulses is wide, con-
sisting of a fundamental and multiple harmonics
with 1/T; frequency interval (where T'; is the interval
time between pulses), each frequency component
has a corresponding inverted counterpart which re-
sults in narrow band detection of each harmonic
component of the modulated pulse.

To analyze the spectra of the US pulse trains, the
time series of single cycle sinusoidal US bursts sep-
arated by a time interval T; [Fig. 1(a)] is represented
as a Fourier series

So(t) = Y A, cos(nwgt) + B, sin(nwgt). (1)
n=1

where

1 1 1 a
A, _2_7r[b/a+n+b/a—n:|[1_cos (2ﬂn5)i|,

1 1 1 . a
B, = _%[b/a +n+b/a—n:| st (Zﬂng)’

wg = 2x/T;; T; is the interval time between pulses;
a/b is the duty cycle of the single cycle tone burst;
n, a, b are integers.

Similarly, the tone burst sequence with inverted
phase is represented as

S1(t) =Y A, cos(nwgt + ) + B, sin(nwot + 7). (2)
n=1

From Egs. (1) and (2), it can be seen that each
frequency component has a phase-inversed



counterpart. Considering a single frequency compo-
nent, which has a pair of inverted pulses associated
with it, this method is similar to the two-phase CW
parallel lock-in method [3], in which the US modula-
tion of the laser is shifted by 7 to enable phase step-
ping. Following this method, the US modulation
depth M can be obtained,

(To; —11,)?)/2
(To; +11)/2) ~

where Ij,; and I;; are the values recorded on the ith
pixel of frame 0 (0 phase modulation) and frame 1
(= phase modulation) respectively; (-) denotes aver-
aging over the detected speckle pattern. Extending
this to all frequency components in the US pulse re-
sults in each harmonic component being demodu-
lated. It should be noted that Eq. (3) is a
simplified derivation which ignores the integration
time of the camera. A more rigorous derivation has
been carried out previously for the CW case [2]
and, for completeness in the Appendix, we have de-
rived the AC intensity for the optical signal modu-
lated by the fundamental (linear propagation) US.
However it should be noted that, apart from some
constant scaling factors, the numerator in Eq. (3)
is not substantially different to Eq. (A12) and there-
fore the simplified method used here is valid.

To analyze the power spectra of the US pulse
trains, simulated 0 and = phase US burst sequences
are generated for a 2.25 MHz single cycle tone burst
with a 100 kHz repetition rate and a laser pulse
length of 111 ns, parameters which are also used
in the experiments. The power spectra of the sequen-
ces are identical and so only one spectrum is shown
in Fig. 2(a). There are discrete frequency components
at nf1, where f; = 100 kHz. The envelope of the spec-
trum is given by the Fourier coefficients A,, and B,, as
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Fig. 2. Simulated data, (a) power spectrum of the sequence of US
bursts with pulse frequency 2.25 MHz, repetition rate 100 kHz;
(b) lock-in detection harmonic response with 111 ns laser pulse
duration, 100 kHz repetition rate; (c) same as (b) but with a pulse
duration of 360 ns.

described in Eq. (1) and is related to the US pulse
duration. The bandwidth of each frequency compo-
nent is inversely proportional to the overall length
of the tone burst sequence which is defined by the
camera exposure time. For example, for a 10 ms ex-
posure time, an individual frequency bandwidth is
100 Hz, resulting in @ = 1000 at f; = 100 kHz,
where the @ factor is the ratio of the central
frequency and pass bandwidth.

To analyze the pass band of the lock-in detection,
the laser pulse train is also simulated. As the laser
pulses are synchronized with the US bursts, the de-
tection response has frequency components at the
same discrete frequencies nf; as the US spectrum.
The envelope of the detection response is a sinc func-
tion whose width is inversely proportional to the
laser pulse duration T',. The laser pulse width should
be small enough to allow wide band US bursts to
pass. Figures 2(b) and 2(c) show examples at laser
pulse durations of 111 and 360 ns, respectively. As
the individual frequency components of the lock-in
detection method are precisely matched to those of
the modulated signal, the harmonic components of
the wideband US modulated signal can be detected
while wideband noise can be filtered out efficiently.

This method can also be adapted to detect the
second harmonic US modulation due to nonlinear
acoustic wave propagation, which can be used to im-
prove spatial resolution and reduce side lobes
[10,11]. It should be noted that the term “harmonic”
here indicates the signal generated by the nonlinear
acoustic wave propagation and not the harmonics in-
troduced by modulating the light with an US pulse
discussed previously. The second harmonic signal
generation depends on the nonlinear coefficient of
the medium and the propagation distance, and sig-
nificantly increases as the US pressure becomes
higher. To detect the second harmonic signal due
to nonlinear US propagation efficiently, a pulse in-
version technique [10] has also been developed to
overcome the problem of overlapping bands when
wide-bandwidth US pulses are used. In this tech-
nique, a pair of phase-inverted US pulses is detected
and then summed, resulting in the fundamental
signal cancelling out while maintaining the second
harmonic.

To apply the parallel lock-in technique to second
harmonic USMOT signals, the US pulse train
[Fig. 1(a)] is modified to a series of pulses in which
each pulse is phase inverted to the previous one
within the same camera exposure time (Fig. 3).
During the camera exposure period, the laser pulses
are modulated by multiple pairs of phase-inverted
US pulses, resulting in the fundamental modulated
signal cancelling out and the second harmonic signal,
due to nonlinear US propagation, being detected
[Fig. 3(a)l. The resulting speckle pattern is the first
image of the two-phase, lock-in parallel speckle de-
tection algorithm. To obtain the second speckle im-
age due to second harmonic modulation, the US at
the fundamental frequency is shifted by »/2 which

1 July 2013/ Vol. 52, No. 19 / APPLIED OPTICS 4757



o

L Te |

Fig. 3. Single cycle US arriving at the US focal zone after delay;
(a) 0 — = phase frame; (b) 7/2 — 37/2 phase frame; (c) synchronized
laser pulses.

produces a n phase shift at the second harmonic
frequency [Fig. 3(b)] [10]. The second harmonic US
modulation depth is obtained by processing these
two speckle images following the algorithm de-
scribed in Eq. (3).

The pass band of the lock-in detection for the
second harmonic is similar to that used for detecting
the fundamental signal and is shown in Fig. 4(a),
with its zoom in version in Fig. 4(b). The difference
between harmonics due to nonlinear US propagation
and harmonics due to applying a short US pulse can
be clearly observed in Fig. 4(c). The spectrum due to
modulation as a result of linear propagation of US
has a higher magnitude and is centered at the fun-
damental frequency that due to modulation by non-
linear US propagation is of lower magnitude and is
centred at the second harmonic frequency. Each spec-
trum has an associated set of harmonic components
at the pulse repetition frequency. In conventional US,
the two spectra overlap; however, upon closer inspec-
tion of the discrete frequency bands [Fig. 4(d)] it can
be seen that in this case they are well separated. The
frequency components of the second harmonic modu-
lation signal [highlighted by the dashed vertical lines
in Fig. 4(d)] are precisely matched to the second
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Fig. 4. (a)Passband of the lock-in detection; (b) zoom in version of

(a); (¢) power spectra of the nonlinear US pulse train showing fun-
damental (left-hand side) and second harmonic (right-hand side);
(d) zoom in version of (¢). The dashed vertical lines in (b) and
(d) indicate the second harmonic components.
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harmonic lock-in response obtained by pulse inver-
sion parallel lock-in detection [Fig. 4(b)].

3. Experiment

In the experimental setup (Fig. 5), a 2.25 MHz,
48 mm focal length US transducer [Olympus
A304S, 17 mm focal zone length, 1.83 mm measured
full-width half-maximum (FWHM) lateral beam-
width at focus] is driven by single-cycle sinusoidal
tone bursts with T; = 45 ps time interval (generated
by a Tektronix AFG3252 function generator and am-
plified by an ENI A300 RF power amplifier). When
the US pulse reaches the transducer focal point (after
T, = 32 ps in this case), a laser diode with a variable
pulse duration (Sanyo DL-6148-030, 638 nm wave-
length, 40 mW power, Thorlabs LTC100-B driver)
strobes the scattering medium at the US modulation
corresponding to either 0 or = phase (or 0 and /2 for
second harmonic imaging). A CCD camera (Ham-
amatsu ORCA C4742-95-12ERG, 1344 x 1024 pixels,
12 bits, pixel size 6.45 pm x 6.45 pm) is placed 10 cm
behind a 5 mm diameter aperture to ensure approx-
imately 4 pixels per speckle [12]. Two consecutive
speckle pattern images modulated by phase-inversed
tone bursts are recorded by the camera using a
180 ms exposure time for each. Implementing
Eq. (3) and scanning the sample enables an image
of the modulation depth to be obtained. Including
frame transfer and processing times, the acquisition
time for each pair of speckle patterns is ~800 ms for
both fundamental and second harmonic detection.
Averaging the signal 10 times is carried out to reduce
noise. For additional validation of the shape of the
US pulses, a needle hydrophone (Precision Acoustics,
0.2 mm) was used to measure the pulsed US pressure
at four phases.

In an experiment to investigate US modulation at
the fundamental frequency, four optically absorbing
objects were embedded at the mid-plane of an 18 mm
thick agarose phantom mixed with microspheres
(scattering coefficient y, = 3.0 mm™!, anisotropy fac-
tor g = 0.938, no additional absorption added). The
absorbing objects [Fig. 6(a)] are 3 mm x 2 mm with
3 mm spacing in the x dimension and 2 mm spacing
in the y dimension, and are obtained by printing onto
a transparent film (polyester, 100 pm thick). In order
to maintain constant optical and acoustic properties
in the region of interest, the scattering medium was
raster scanned on the x—y plane along with a 0.4 mm
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Fig. 5. System setup.
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step size. In order to quantify the lateral resolution
improvement by detecting the second harmonic US
modulated signal, a pair of pulse inversion US pulse
trains [10] was used in the same system to image an
optically absorbing edge embedded at the mid-plane
of a scattering gel (16 mm thick, y; = 2.4 mm™1). This
sample is slightly more Weakly scattering than that
used in the previous experiment as the second har-
monic component is smaller (by a factor of ~0.2) than
the fundamental.

4. Results

Figures 6(a) and 6(b) show the US pulses measured
with a needle hydrophone at phase 0 and phase .
Compared with Fig. 3(a), some additional ringing
appears in the measured waveform, but the funda-
mental signals are similarly inverted as shown in
Figs. 6(a) and 6(b). Figure 6(c) shows the summation

Fig. 7.

of Figs. 6(a) and 6(b), in which the fundamental
frequency is cancelled while the second harmonic com-
ponent remains. The z/2 shifted pulses [Fig. 3(b)]
were also measured and shown in Figs. 6(d) and 6(e)
with their sum shown in Fig. 6(f). The second har-
monic signals are inverted as shown in Figs. 6(c)
and 6(f). Figures 6(g)-6(i) show the spectra of
Figs. 6(a)-6(c). Compared with the spectrum profile
of the ideal pulse train [Fig. 4(c)], the measured spec-
tra are narrower as the transducer acts as a band pass
filter but Fig. 6(c) demonstrates rejection of the funda-
mental signal.

At each step, both the US modulated signal [AC
signal, Eq. (3)] and mean light intensity on the CCD
(DC signal) were detected. The AC image [Fig. 7(b)]
shows that the absorbing objects are discernible where-
as they cannot be resolved in the DC image [Fig. 7(c)].

The results of the line scan of the edge embedded
within a scattering medium is shown in Fig. 8(a); the
rising edge of the scan is sharper with second har-
monic signal detection than that with fundamental
signal detection. This edge response function can
be used to estimate the line spread function by a
least squares fitting of an inverse polynomial, which
is a rational approximation of the integral of Gaus-
sian function [13]. Figure 8(b) shows the line spread
functions with FWHM of 9.26 mm (DC), 4.02 mm
(fundamental), and 2.43 mm (second harmonic),
respectively.

5. Discussion and Conclusion

The pulsed US modulated optical signals are broad-
band but consist of a series of discrete harmonic
frequencies at the pulse repetition frequency. The
signals can be detected by matching the pass band
of the lock-in detection to that of the pulsed US
modulated signal. Using a sequence of pulses
(0 phase) followed by an inverted sequence (z phase),
the background optical speckle is suppressed while
the modulated signal is enhanced. The axial image
resolution can be improved by using higher-
frequency US pulses and an appropriate laser pulse
width. Moreover, by using pulse inversion US pulse

(a) Objects embedded into the scattering gel; (b) image of pulsed US modulation (AC image); (¢) light intensity image (DC image).
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based on the fitting to the edge response functions; FWHM are 9.26 mm (DC), 4.02 mm (fundamental), and 2.43 mm (second harmonic).

trains, the nonlinear second harmonic and funda-
mental US modulated signals are well separated.
By detecting the nonlinear second harmonic US
modulated optical signals, the lateral resolution of
USMOT imaging can also be improved [10]. To allow
sufficient light to be detected, the exposure time to
acquire each speckle pattern is set to 180 ms, which
is much longer than the optical speckle decorrelation
time of many tissues in vivo. However, this harmonic
lock-in detection technique can be further revised and
combined with holography techniques [6] which can
effectively reduce the speckle decorrrelation effect.

As shown in Fig. 2, different filter responses can be
obtained by varying the laser pulse duration length,
and this can be used to optimize the SNR. An exam-
ple is obtained from the US modulated signal spec-
trum shown in Fig. 2(a). This example assumes
that the modulation depth = 10-® and that the de-
tection is shot noise limited by the DC light level, pro-
ducing white noise proportional to the square root of
the DC light level. As the intended application area
for such techniques is in tissue imaging, we also as-
sume that we are limited by the average optical and
ultrasonic intensity to comply with safety regula-
tions. Therefore when the pulse duration is shorter,
the peak intensity rises accordingly to maintain a
constant average intensity.

Passing both the signal spectrum and noise spec-
trum through a range of filters corresponding to
different pulse durations [such as those shown in
Figs. 2(b) and 2(c)] allows the SNR for a range of
pulse durations to be obtained. As shown in Fig. 9,
shorter pulses provide better performance due to
the increase in peak optical intensity matched to a
corresponding increase in US intensity over the same
time period.

It is also interesting to compare the performance of
this demodulation method with conventional detec-
tion of pulsed and CW US modulated optical signals.
The CW case follows a similar analysis that was
carried out for optimizing the laser pulse duration.
Ensuring that the average optical and US signals
match those of the pulsed case and the laser pulse
duration is 1/4 of the US wavelength [2], the SNR
of the CW case is ~57. This is a factor of ~5 lower
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than the optimized results shown in Fig. 9 for the
pulsed case. Although the CW case has a narrower
detection bandwidth, the improvement in SNR is be-
cause both the synchronized US and optical peak
intensities are higher and the resulting US modu-
lated signal is proportional to the product of these
intensities [14].

There are also, of course, practical drawbacks with
using CW US, as time gated detection cannot be
performed along the acoustic axis, thus limiting its
application.

In conclusion, the lock-in parallel speckle detection
technique can detect pulsed US modulated light us-
ing a multipixel detector. The frequency components
of the pass band match those of the US pulse train
and provide efficient detection. The modulation
depth is extracted by taking the difference between
a pair of speckle patterns modulated by a pair of
phase-inversed US bursts. Modification to pulse
inversion mode enables the second harmonic US
modulation due to nonlinear US propagation to be
detected. The multipixel detection of optical signals
modulated by pulsed US provides a useful approach
for enabling time gating along the acoustic axis and
optimizing SNR.

300
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Fig. 9. SNR for different laser pulse durations for the signal

spectrum shown in Fig. 2(a). A modulation depth = 1076 and shot
noise limited detection is assumed.



Appendix A

Here we show a more rigorous derivation of the modu-
lated light intensity that takes into account the finite
integration time of the detector. This is similar to the
derivation previously carried out for the CW case [2]
but generalizes this to an arbitrary duty cycle of the
optical pulse being modulated by an US pulse train.
The laser pulse train (modulation function) is
given by
D@) =

+ Z C,, cos(wgnt), (A1)
n=1

2
C,=— sin(wona)
nr 2
is the Fourier coefficient.
Let I(¢) be the light intensity on each pixel of the

camera if the laser intensity were kept constant as
described in [2].

I(t) = Idc + IacSE)(t’ ®),

S Q

where

(A2)

where
Syt.p) = ZA,, cos(nwgt + @) + B, sin(nwyt + @),
n=1

and ¢ is the random phase of the speckle.

Multiplying by the modulation function and inte-
grating over the exposure time of the detector, the
intensity on ith pixel for the first US pulse train is
given by

Iy; = / & I@t)D(t)dt, (A3)
0

T, ©
Iy, = / (T4 + LS (2, q))][% +Y C, cos(wont)}dt,
0 n=1

(A4)
a T, ©
Io;=1lacy T+ / [Iacs;) t.9) Y Cy cos(wont)}dt,
0 n=1
(A5)
a Te [s) oo
Iy, = IchTe +1, Z Z C,, cos(mwyt)
0 m—in=1

x [A,, cos(nwot + @) + B,, sin(nwot + @)]d¢, (A6)

a
Iy; = Idche

T, &
+ I, / Z[Ancn x cos(nwgt) cos(nwot + @)
(U—

+ B,C,, x cos(nwyt) sin(nwot + ¢)]dt, (A7)

I [e0)
Io; = Ly To + T, Y (A, C, c0s(9) + B,C, sin(g)]
n=1

(A8)

In order to demodulate I,., another speckle
pattern I,; with phase-inverted US modulation is
captured,

Iy =1 8T, -1, 3 (4, cose) + B,C, sin(p)].
n=1

(A9)

Taking the difference of these frames,

Io;—I1; = I, T. Y [A,C, cos(g) + B,C, sin(p)]

n=1
(A10)
1 0 2 00 2
(os =110 = 5272 (L 4,C0) o+ (LBG) |
n=1 n=1
(A11)

where (-) denotes average over all the pixels. It
should be noted that T',, A,,, B,,, and C,, are constants.
Rearranging (Al11), we have

Toe o \/{To; = I1)?).

Therefore, the simplified Eq. (3) is applicable in the
pulsed US modulation case and is applied in this
system.
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