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A method that uses digital heterodyne holography reconstruction to extract scattered light modulated by a single-
cycle ultrasound (US) burst is demonstrated and analyzed. An US burst is used to shift the pulsed laser frequency
by a series of discrete harmonic frequencies which are then locked on a CCD. The analysis demonstrates that the
unmodulated light’s contribution to the detected signal can be canceled by appropriate selection of the pulse rep-
etition frequency. It is also shown that the modulated signal can be maximized by selecting a pulse sequence
which consists of a pulse followed by its inverted counterpart. The system is used to image a 12 mm thick chicken
breast with 2 mm wide optically absorbing objects embedded at the midplane. Furthermore, the method can be
revised to detect the nonlinear US modulated signal by locking at the second harmonic US frequency. © 2013
Optical Society of America

OCIS codes: (170.0110) Imaging systems; (170.1065) Acousto-optics.
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1. INTRODUCTION
Due to optical scattering, it is challenging to map the absorp-
tion and scattering coefficients deep inside tissue with high
resolution and high contrast using optical techniques alone.
Ultrasound modulated optical tomography (USMOT), combin-
ing optical and ultrasonic techniques, has the potential to pro-
vide nonionizing and noninvasive functional imaging of tissue.
Coherent light and ultrasound (US) are simultaneously ap-
plied to the samples and light that passes through the US focus
is phase modulated due to both a change in the refractive in-
dex and a change in the displacement of scatterers within the
focal volume [1]. This produces a modulated optical speckle
pattern at the detector plane. There are a number of ap-
proaches to demodulating the speckle pattern. Parallel
lock-in detection [2] can be used to lock the US modulated
light at a pixelated detector and obtains high signal-to-noise
ratio (SNR) due to the large optical acceptance solid angle.
Techniques based on digital holography [3] and holography
using a photorefractive crystal [4] have also been used to
demodulate the speckle pattern. In these methods, the fre-
quency of a reference laser beam is tuned to match the US
modulated light frequency and a static hologram of the US
modulated light is written onto the camera or photorefractive
crystal. One of the major advantages of such approaches is
that optical gain is applied to the signal due to interference
between the modulated signal and reference beam. Impor-
tantly, speckle decorrelation noise can be reduced as the
US modulated signal is separated from speckle decorrelation
noise in the k-space of the hologram. There has been increas-
ing interest in applying pulsed US to USMOT for both har-
monic imaging [5] and time reversal US encoding [6,7].
Other techniques have been applied to detect the US modu-
lated optical signal such as Fabry–Perot interferometry

[8,9] and spectral hole burning [10]. All these techniques
can be adapted for use with short US pulses [11,12], which
enables axial resolution to be obtained through time gating.
However, the use of short (wideband) pulses is not ideal
for use with narrow band detection as signal energy is lost
during the filtering process.

In this paper, we report and analyze a pulsed USMOT tech-
nique using a harmonic lock-in technique based on hetero-
dyne holographic reconstruction that can be used to detect
light modulated by either the fundamental or second har-
monic US. Scattered light is modulated by a single-cycle US
burst train, comprised of a series of discrete harmonic
frequencies (at the pulse repetition frequency), and is de-
tected using digital holography. The method is useful because
the frequencies contained in the response of the lock-in detec-
tion matches those of the US modulated light signal. This al-
lows wide band detection of the energy of the US modulated
optical pulse, which can improve SNR. Furthermore, the ad-
vantages of optical gain, as well as large optical etendue, are
inherited from digital holography [3]. The analysis provided in
the next section allows the optimum parameters (pulse rep-
etition frequency and reference frequency) to be set. We also
demonstrate that this approach can be adapted to image the
US modulated optical signal caused by nonlinear propagation
of the US. This can reduce the US beam waist at higher har-
monic frequencies, reducing sidelobes and improving lateral
spatial resolution.

2. SIGNAL PROCESSING THEORY
A. Digital Heterodyne Holography
Detection of the pulsed US modulated optical signal is based
on a heterodyne holographic technique [3] (Fig. 1). In the
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linear acoustic regime, light emerging from a scattering
medium contains a frequency component at the optical fre-
quency and a component that has been shifted by the US fre-
quency. Scattered light emerging from an aperture situated in
front of the camera forms a speckle pattern on the camera. A
reference beam at the US shifted optical frequency also illumi-
nates the camera, which means that static interference fringes
are formed when the US modulated light from the sample in-
terferes with the reference [Fig. 1(b)]. Unmodulated light at
the optical frequency beats with the reference beam at the
US frequency and is temporally averaged out at the camera.
Taking the Fourier transform of the speckle pattern results in
the image of the aperture [Fig. 1(c)], and averaging along the
columns enables the US modulated optical signal to be ex-
tracted [Fig. 1(d)].

The pulsed USMOT technique analyzed here is based on
digital holography and uses pulsed US and synchronized
time-gated laser pulses to improve USMOT axial imaging res-
olution (Fig. 2). The camera is used as a time-integrated de-
tector to average out the dynamic interference fringes due to
unmodulated light and to detect the static fringes due to US
modulated light. The theoretical derivation shown in this sec-
tion consists of following steps. First, the general condition to
eliminate the unmodulated light is derived, followed by the
condition for maximizing the detection of US modulated light.
Second, a Fourier series analysis demonstrates that the opti-
mum US pulse sequence that meets these general conditions
consists of a train of noninverted and inverted pulses. Finally,
the frequency components of the interference signal on the
CCD and the pass band of the lock-in detection are compared,

demonstrating that the discrete frequency components of the
US modulated signals can be locked.

At time t0, the US pulse arrives at the US transducer focal
zone, at which point the synchronized laser pulse is triggered
(Fig. 2 shows the timing of the interaction between the US and
light at the US focal zone). The optical intensity of the inter-
ference between the signal beam and reference beam at one
point (approximately one pixel of the camera) on the holo-
gram plane is given by

I � Ir � Ib � Im � 2
���������
IrIb

p
cos�2πΔf t0 � Δφrb�

� 2
����������
IrIm

p
cos�2π�Δf � f a�t0 � Δφrm�

� 2
����������
IbIm

p
cos��f at0 � Δφbm�; (1)

where Ir , Ib, and Im are the light intensity of reference beam,
unmodulated light, and modulated light, respectively; f a is the
US frequency; Δf is the frequency difference between the
reference beam and the unmodulated laser beam; Δφrb,
Δφrm, and Δφbm are the optical phase differences between
the two interfering field components. Here, the reference
beam intensity is much higher than the scattered light inten-
sity; therefore, Eq. (1) is approximated to

I � Ir � 2
���������
IrIb

p
cos�2πΔf t0 � Δφrb�

� 2
����������
IrIm

p
cos�2π�Δf � f a�t0 � Δφrm�: (2)

The last two terms represent the AC fringes due to interfer-
ence between the unmodulated light and the reference beam,
and interference between the modulated light and the refer-
ence beam. Similarly, at time t1, when the next US pulse ar-
rives at the same position, the light intensity is given by

I 0 � Ir � 2
���������
IrIb

p
cos�2πΔf t1 � Δφrb�

� 2
����������
IrIm

p
cos�2π�Δf � f a�t1 � Δφrm�: (3)

The objective is to select pairs of pulses [Eqs. (2) and (3)]
that eliminate the contribution of unmodulated light from the
detected signal while maximizing the contribution from US

Fig. 1. Digital holography detection. (a) Scattered light from the aperture interferes with the reference at the detector plane; (b) static speckles
can be observed corresponding to US modulated light; (c) Fourier transform of (b); and (d) averaging over the rows to obtain the US modulated
signal.

Fig. 2. Pulse sequences for US: noninverted and inverted US pulse
train; Laser: laser pulse train. The US and laser are synchronized so
that the US pulse arriving at the US focal zone modulates the light at
the phases shown. Ta, US pulse duration; Ti, pulse train interval; Tp,
laser pulse duration; Te, exposure time.
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modulated light. In order to cancel the unmodulated light
fringes when two light pulses sum up on the camera, the
sum of the second terms of both Eqs. (2) and (3) should be
zero, which infers

2πΔf �t1 − t0� � �2n� 1�π; n � 0; 1; 2;…; (4)

Δf �
�
n� 1

2

�
f i; n � 0; 1; 2;…; (5)

where f i � 1∕Ti; Ti � t1 − t0 (Fig. 2). It is interesting to note
that the effect of unmodulated light on the detected signal can
be eliminated at a given Δf by appropriate selection of the
pulse repetition frequency alone.

To maximize the contribution of US modulated light to the
detected signal, the sum of the third terms in Eqs. (2) and (3)
should be a maximum. This occurs when they are in phase,
which infers

2π�Δf � f a��t1 − t0� � 2nπ; n ∈ z;

2πΔf �t1 − t0� � 2πf a�t1 − t0� � 2nπ; (6)

where z is the set of integers. In order to both maximize the US
modulated signal and cancel the unmodulated light contribu-
tion, Eq. (5) needs to be substituted into Eq. (6):

�2πf a�t1 − t0� � �2n0 � 1�π − 2nπ; n; n0 ∈ z: (7)

As f a is a non-negative frequency, the condition for static
fringes due to the US modulated signal, i.e., for maximizing
the contribution to the signal from the US modulated signal,
can be rewritten as

2πf aTi � �2n� 1�π; n � 0; 1; 2;…; (8)

f a �
�
n� 1

2

�
f i; n � 0; 1; 2;…: (9)

Equations (8) and (9) indicate that the phase of the US signal
at t1 should be inverted from that at t0. The condition for maxi-
mizing the modulated light is therefore met by the pulse train
shown in Fig. 2, where an US pulse is followed by its inverse at
a pulse repetition frequency f i. We now analyze this pulse
train in the frequency domain.

It should be noted that the period of the US pulse train is
2Ti rather than Ti, as there is one pulse pair in each period. It
can be expanded as a Fourier series

g�t� �
X∞
1

An cos
�
2πn

f i
2
t
�
� Bn sin

�
2πn

f i
2
t
�
; (10)

where the Fourier amplitude coefficient An is given by

An � 1
π

(Z
−π�a

b2π

−π
sin

�
b
a
�x� π�

�
cos�nx�dx

�
Z b

a2π

0
sin

�
b
a
x� π

�
cos�nx�dx

)
; (11)

where a∕b � Ta∕�2Ti� is the duty cycle of the US pulse pair.
An can be simplified to

An � 1
π

�Z a
b2π

0
sin

�
b
a
x
�
cos�nx − nπ�dx

−

Z b
a2π

0
sin

�
b
a
x
�
cos�nx�dx

�
; (12)

An � 1
π

�Z a
b2π

0
sin

�
b
a
x
�
�cos�nx − nπ� − cos�nx��dx

�
: (13)

Similarly,

Bn � 1
π

�Z a
b2π

0
sin

�
b
a
x
�
�sin�nx − nπ� − sin�nx��dx

�
: (14)

If n is an even number in Eqs. (13) and (14), An � Bn � 0,
g�t� in Eq. (10) is zero. Therefore, as the Fourier series of
the US waveform retains only odd orders, Eq. (10) can be re-
written as

g�t� �
X∞
1

An cos
�
2π

�
n� 1

2

�
f it

�
� Bn sin

�
2π

�
n� 1

2

�
f it

�
;

n � 0; 1; 2;…: (15)

Thus, the US signal [Fig. 2 and Eq. (15)] fulfills the con-
dition described in Eq. (9). The synchronized laser pulse train
effectively acts as a lock-in detector, which locks the US
modulated signal at the US pulse repetition frequency and
its harmonics. For a laser pulse train with time interval
Ti, the normalized response function of the lock-in detection
is the square of the Fourier transform of the laser pulse train
(Fig. 2), given by

P�f � � sinc2�πf Tp�
�X∞

0

δ�f − nf i� ⊗ sinc�πf Te�
�2
; (16)

where Tp is the laser pulse width; ⊗ denotes convolution.
The convolution with sinc�πf Te� can be ignored in the fol-
lowing analysis, as Te ≫ Ti. Therefore, Eq. (16) becomes

P�f � � sinc2�πf Tp�
X∞
0

δ�f − nf i�: (17)

Figure 3(a) shows the response function (Eq. 16) of the
detection with Tp � 120 ns; Ti � 10 μs with a zoomed spec-
trum from 1 to 1.5 MHz in Fig. 3(b). Each discrete frequency
component is a sinc2 function whose width is inversely pro-
portional to the camera exposure time Te. It also shows that
the Q factor, which is defined as the ratio between the cen-
tral frequency and the pass band width, is very high for this
lock-in detection. Usually the harmonic response of the
lock-in detection is suppressed in a lock-in amplifier, but
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here it is used to lock the wide spectrum of the single-cycle
US modulation.

It should be noted that the minimum detected unmodu-
lated signal [Eq. (5)] is provided at the midpoints of the
frequencies shown in Fig. 3(b). However, given the high Q
of the individual frequency components in practice (pro-
vided the frequency difference Δf between the signal and
reference does not equal nf i), then the unmodulated signal
can be adequately canceled.

The spectrum of the US pulse train shown in Fig. 2 and de-
scribed in the time domain by Eq. (15) is given by
A�f �P∞

0 δ�f − �n − 1∕2�f i�, where n � 0; 1; 2;… and A�f � is
the normalized envelope of the spectrum. A delta function
is used here, as the bandwidth of each frequency component
is very narrow as discussed previously. The spectrum of the
optical frequency shifted by these US bursts is

S�f � � A�f �
X∞
−∞

δ

�
f −

�
n� 1

2

�
f i

�
; (18)

where n is an integer, A�f � � A�−f �. Figures 3(c) and 3(d)
show the spectrum of the frequency-shifted light [Eq. (18)]
when US pulse width Ta � 444 ns (f a � 2.25 MHz) and
pulse time interval Ti � 10 μs. The frequency components
shown in Figs. 3(c) and 3(d) cannot be detected directly
and so need to be mixed with a reference beam at the de-
tector plane.

Interfering the light described in Eq. (18) by the reference
beam shifts the frequency components [Fig. 3(c)] by Δf to
those shown in Figs. 3(e) and 3(f),

F�f �

�

8><
>:
A�Δf � f �P δ

h
Δf � f −

�
n� 1

2

	
f i
i
;

�
n� 1

2

	
f i ≥ Δf

A�Δf − f �P δ
h
Δf − f −

�
n� 1

2

	
f i
i
;

�
n� 1

2

	
f i < Δf

;

(19)

where n is an integer. Substituting for Δf using Eq. (5) gives

F�f �

�

8><
>:
A�Δf � f �P δ

h�
n0 � 1

2

	
f i � f −

�
n� 1

2

	
f i
i
; n ≥ n0

A�Δf − f �P δ
h�

n0 � 1
2

	
f i − f −

�
n� 1

2

	
f i
i
; n < n0

;

(20)

F�f � �
(
A�Δf � f �P δ�−�n − n0�f i � f �; n ≥ n0

A�Δf − f �P δ�−�n − n0�f i − f �; n < n0 ; (21)

where n0 � 0; 1; 2;…, as described in Eq. (5). Therefore, it can
be rewritten as

F�f � �
(
A�Δf � f �P δ�−nf i � f �; n � 0; 1; 2;…

A�Δf − f �P δ�−nf i − f �; n � −1;−2;−3;…
: (22)

This indicates that the interference with the reference beam
shifts the US modulated frequency by −Δf and then flips the
negative frequency to the positive part to become the tempo-
ral spectrum of the time-varying fringes. Figures 3(e) and 3(f)
show the spectrum of the fringes that result from the interfer-
ence between the modulated light with the spectrum shown in
Fig. 3(c) and the reference beam with Δf � 2.25 MHz
(Eq. 25). Recalling Eq. (17), it can be observed that the fre-
quency components of the fringes match the pass band of
the lock-in detection as shown in Figs. 3(b) and 3(f), resulting
in efficient detection of the US modulated light.

In summary, unmodulated light can be eliminated if the la-
ser pulse repetition rate f i and frequency difference between
the reference beam and incident beam Δf meet the condition
described in Eq. 5, while US modulated light can be locked
using a combination of phase-inverted US bursts synchronized
with the laser pulses as shown in Fig. 2 [Eqs. (8) and (9)]. If
required, e.g., for image comparison purposes, the unmodu-
lated light frequency can be locked when Δf � nf i.

B. Second Harmonic Implementation of Digital
Heterodyne Holography
With minor modifications, the approach described in
Section 2.A can be used to detect light modulated at the sec-
ond harmonic US frequency while efficiently rejecting inter-
ference fringes due to unmodulated light and US modulated
light at the fundamental frequency. It is important to make
a distinction between the fundamental frequency and second
harmonic discussed here and the harmonic content discussed
in Section 2.A. In Section 2.A, the US modulated light contains
harmonics at the pulse repetition frequency of the US pulse
train (Fig. 3) when the US propagation is linear. In this section,
the fundamental and second harmonic components refer to
modulation due to nonlinear propagation of the US. Ultra-
sound wave distortion accumulates along its propagation path
in the medium due to the sound wave propagation velocity
being higher in a dense medium and lower in a rarefied
medium. The degree of nonlinearity depends on the US
pressure, medium properties, and propagation distance

Fig. 3. (a) Harmonic response of the lock-in detection (f i �
100 kHz, Tp � 120 ns); (b) zoom in at 1–1.5 MHz of (a); (c) spectrum
of the light frequency shifted by US modulation (US pulse central
frequency is 2.25 MHz); (d) zoom in at 1–1.5 MHz of (c); (e) spectrum
of the time-varying fringes due to interference between US modulated
light and reference beam (Δf � 2.25 MHz); and (f) zoom in at 1–
1.5 MHz of (e).
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[13]. Second harmonic US has been widely used in the clinical
setting to enhance image contrast through the use of micro-
bubbles [14]. Improvement in the lateral image resolution us-
ing second harmonic US generated through nonlinear
propagation has also been reported [15]. This improvement
is based on the fact that a narrower US beam waist with fewer
sidelobes compared to the fundamental frequency can be ob-
tained at higher harmonic US frequencies. Taking advantage
of this, nonlinear US has also been applied to USMOT to im-
prove the lateral imaging resolution [5,16], as the resolution of
USMOT imaging is largely dependent on the US beam width.
Significant US modulated second harmonic signal has been
detected in our work when the US pressure is greater than
1 MPa in water. In this section, it is demonstrated that, by re-
vising the US pulse train and the driving frequency difference
Δf , the signal modulated by the second harmonic frequency of
the US pulses can be extracted.

Analogous to the detection of the US modulation at the fun-
damental frequency (Section 2.A), the US in the second har-
monic case is generated using a noninverted and inverted
pulse pair (Fig. 4). The pulse sequence in Fig. 4 is shown dis-
torted to represent the nonlinear propagation of the US.

To extract the second harmonic frequency component, the
period of the laser pulse train is revised to T 0

i � Ti∕2 [laser
pulse repetition rate f 0i � 2f i (Fig. 4 Laser)]. Therefore, as dis-
cussed in the fundamental case [Eq. (5)], the frequency differ-
ence Δf between the reference beam and incident beam
should be

Δf � �2n� 1�f i; n � 0; 1; 2;…; (23)

where f i � 1∕�2Ti� so that holographic fringes due to
unmodulated light average out over the camera exposure
time. Following Eq. (16), the pass band of the lock-in detec-
tion filter (given by the fast Fourier transform of the laser
pulse series) shown in Fig. 4 is

P�f � � sinc2�πf Tp�
X∞
0

δ�f − 2nf i�: (24)

An example is shown in Figs. 5(a) and 5(b) (zoom in) for
Ti � 1∕�2f i� � 5 μs, Tp � 120 ns. Figures 5(c) and 5(d)
(zoom in) show the spectrum of the detected modulated light.
The different frequency components are clear from looking at
the positive part of the spectrum in Fig. 5(c). Modulation of
the light by linear US propagation can be seen around
2.25 MHz along with the harmonic content at the pulse repeti-
tion frequency of the pulse train [Eq. (17)]. The second har-
monic component due to nonlinear propagation of the US

occurs at around 4.5 MHz, along with its associated frequency
content at the repetition frequency of the pulse train. Although
the envelopes of the spectra appear to overlap, the distinct
frequency components at multiples of the pulse repetition fre-
quency do not.

Following the derivation in Section 2.A and replacing Δf in
Eq. (25) with Eq. (23), the spectrum of the interference signal
due to the fundamental US is given by

F�f � �

8><
>:
A�Δf � f �P δ

h
−

�
n −

1
2

	
f i � f

i
; n � 1; 2; 3;…

A�Δf − f �P δ
h
−

�
n −

1
2

	
f i − f

i
; n � 0;−1;−2;…

:

(25)

For the second harmonic US modulation, the spectrum of
the scattered light by the second harmonic US is

S0�f � � A0�f �
X∞
−∞

δ�f − nf i�; (26)

whereA0�f � is the envelope of the second harmonic and n is an
integer. Analogous to the analysis in the previous fundamental
modulation case, the spectrum of the interference of the sec-
ond harmonic US shifted light and the reference beam is

F�f � �
(
A�Δf � f �P δ�Δf � f − nf i�; nf i ≥ Δf

A�Δf − f �P δ�Δf − f − nf i�; nf i < Δf
; (27)

F�f � �
(
A�Δf � f �P δ�−�n − 2n0

− 1�f i � f �; n − 2n0
− 1 ≥ 0

A�Δf − f �P δ�−�n − 2n0
− 1�f i − f �; n − 2n0

− 1 < 0
;

(28)

Fig. 4. Pulse sequences for second harmonic detection. US, nonin-
verted and inverted US pulses; Laser, lock-in laser pulses. The US and
laser are synchronized so that the US pulse arriving at the US focal
zone modulates the light at the phases shown. Ta, US pulse duration;
T 0
i, pulse train interval; Tp, laser pulse duration; Te, exposure time.

Fig. 5. (a) Harmonic response of the lock-in laser pulses (Ti � 5 μs,
Tp � 120 ns); (b) zoom in (a) at 1.2–1.7 MHz; (c) frequency shift by
the US with pulse central frequency at 2.25 MHz, pulse repetition rate
f i � 100 kHz; (d) zoom in (c) at 3.5–4 MHz; (e) frequency domain of
interference signal between US modulated light and reference beam
when Δf � 2.3 MHz; and (f) zoom in (e) at 1.2–1.7 MHz. The dashed
vertical lines in (b), (d), and (f) indicate the position of the second
harmonic frequency components which do not overlap with their fun-
damental counterparts.
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where n is an integer, n0 � 0; 1; 2;…. Therefore, it can be re-
written as

F�f � �
(
A�Δf � f �P δ�−nf i � f �; n � 0; 1; 2;…

A�Δf − f �P δ�−nf i − f �; n � −1;−2;−3;…
:

(29)

The spectra of the fundamental [Eq. (25)] and the second
harmonic [Eq. (29)] are shown in Figs. 5(e) (Δf � 2.3 MHz)
and 5(f) (zoom in). Comparing Figs. 5(b) and 5(f), it can
be seen that the fundamental frequency spectrum [without
dashed line in Fig. 5(f)] doesn’t match the response in
Fig. 5(b). Compared with the lock-in response [Eq. (24)], half
of the second harmonic frequency components are locked
by the laser pulses as shown in Figs. 5(b) and 5(f) (dashed
line), while the fundamental frequency components (without
dashed line, shown in between the dashed lines) are
filtered out.

3. EXPERIMENT
The experimental setup of the holography-based US modu-
lated optical tomography is shown in Fig. 6. Continuous wave
light from a laser (Oxxius Slim 50 mW, 532 nm wavelength) is
split to two paths; one shifted by 80 MHz using an acousto-
optic modulator AOM1 (Isomet 1205c-1, same as AOM2),
while the other is shifted by 80 MHz� Δf by AOM2 and ex-
panded as a reference beam. These driving signals are gener-
ated from each channel of function generator 1 (Tektronix
AFG 3252, dual channel) and then gated by another channel
(as in the pulse sequence shown in Figs. 2 and 4) from func-
tion generator 2 (Tektronix AFG 3022B dual channel) using
two frequency mixers (Mini-Circuits ZEM-2B). The laser gat-
ing signal is synchronized with the US pulse train (Figs. 2 and
4 US) from the other channel of function generator 2. This US
pulse train is then amplified by a RF power amplifier (Ampli-
fier Research 75A250A) to drive a focused US transducer
(Olympus A304S, 2.25 MHz, 48 mm focal length). When each
US pulse propagates to the transducer focal point, the
synchronized laser pulse is modulated at the US frequency.
The scattered light exits from the aperture and then interferes
with the reference laser beam, resulting in an interference
speckle pattern on the CCD plane of the camera (Hamamatsu
ORCA C4742-95-12ERG, 1344 × 1024 pixels, 12 bits, pixel size
6.45 μm × 6.45 μm). A 50 mm convex lens with its Fourier
plane situated at the aperture is used to convert the hologram

to the far field so that a sharp aperture image can be recon-
structed. The distance between the lens and the camera is
∼250 mm. The speckle size is then optimized by setting an ap-
propriate aperture slit size (∼2 mm). Practically, the aperture
size is chosen such that the reconstructed aperture image is
well separated from the zero order and low spatial frequency
part of the image.

In the fundamental frequency imaging experiment, a piece
of chicken breast of 12 mm thickness, fixed by two glass slides
and submerged in water, is scanned as a sample. Two opti-
cally absorbing objects (x � 2 mm, y � 5 mm) with 2 mm
spacing [Fig. 7(b)] are embedded at the midplane. Both modu-
lated and unmodulated light scattered by the sample transmit
through the aperture, whose width and position are adjusted
to make the reconstructed aperture image well separated
from the zero-order and low-frequency part. The interval time
of both laser and US pulses is 10 μs (f i � 100 kHz), which en-
sures each pulse is well separated in the sample. The laser
pulse width is 120 ns, which provides a broad enough har-
monic response envelope for the US pulses and also maintains
sufficient detected light intensity. Following the lock-in con-
dition as derived in Eq. (5) for the modulated light, Δf �
2.25 MHz is set here while a strong unmodulated signal can
be detected with Δf � nf i, e.g., 2.3 MHz. This can be used
for spatial resolution comparison purposes. Heterodyne
holography is applied here to reduce the zero order effect
and fixed pattern noise [3,17]. In this case, the camera frame
rate is set to 4 fps and so the actual frequency difference be-
tween the reference beam and the signal of interest within the
incident beam is Δf 0 � Δf � 1 Hz. Four images I1, I2, I3, and
I4 are captured in sequence; and the aperture image is recon-
structed by the Fourier transform of �I1 − I3� � i�I2 − I4�,

Fig. 6. Experimental setup. AP, aperture slit; BE, beam expander;
BS1 and BS2, nonpolarized beam splitters; L, 50 mm lens; M1 and
M2, mirrors; UT, ultrasound transducer.

Fig. 7. (a) Comparison of cross sections of the reconstructed images
of the aperture slit; (b) objects embedded into a piece of chicken
breast; (c) DC image of the sample; and (d) AC image of the sample.

1414 J. Opt. Soc. Am. A / Vol. 30, No. 7 / July 2013 Ruan et al.



where i is the imaginary unit. The aperture to be imaged is
extended to a slit in the y direction (in this case x �
∼2 mm, y � ∼20 mm) so that averaging can be performed
along the y direction to reduce noise. This sample is scanned
(step size 0.2 mm) in the y direction, then column by column
in the x direction, to obtain a two-dimensional mapping of the
US modulated signals.

The SNR for this experiment was insufficient to detect a
second harmonic signal from the chicken breast, as its inten-
sity is lower than that of the fundamental. However, to quan-
tify the improvement on lateral resolution by locking at the
second harmonic US modulation, an 18 mm thick tissue-
mimicking phantom (scattering coefficient μs � 3.04 mm−1,
anisotropy factor g � 0.938) with an optical absorbing edge
embedded at the midplane is scanned with 0.2 mm per step
in the x direction. DC, fundamental, and second harmonic im-
ages were obtained. The phantom consists of agarose (3%)
and polystyrene microspheres (diameter � 1.6 μm). The
anisotropy factor g is calculated according to Mie theory
and μs by multiplying the particle density by the scattering
cross section of the particle [18].

4. RESULTS
Figure 7(a) shows the reconstructed aperture image averaged
over the rows for the fundamental frequency detection case
and the chicken sample. This represents the k-space of the
interference speckle pattern on the hologram plane and can
be divided into three regions. Region I is the image of the aper-
ture and corresponds to the spatial frequency content of the
static fringes. (A) is the signal when US is off (Δf �
2.25 MHz); (B) is the US modulated signal (Δf � 2.25 MHz)
and (C) shows the signal for the unmodulated signal (obtained
by setting Δf � 2.3 MHz). Region II is the zero-order and low
spatial frequency region and Region III is the conjugate image.
Although the heterodyne holography technique should limit
the presence of zero-order and conjugate images [17], they
can still be observed in our experiment because of speckle
decorrelation noise [11], system frequency drift, and motion
artifacts. The two objects cannot be resolved in the DC light
image [Fig. 7(c)], whereas the two objects are discernible in
the US modulated image [Fig. 7(d)].

A comparison of the reconstructed aperture images for the
gel phantom containing an absorbing edge is shown in Fig. 8
for fundamental and second harmonic US modulated light. In
Fig. 8(a), the baseline of the second harmonic image is shifted
to the same level as the fundamental to allow comparison. Re-
gion I shows the USmodulated signal which, depending on the
US pulse and laser pulse sequence, can be used to detect ei-
ther the fundamental or second harmonic US modulated op-
tical signal. Region II shows that the DC and that of the second
harmonic is higher than the fundamental because laser pulse
repetition rate for detecting the second harmonic (Fig. 4) is
double that in fundamental detection (Fig. 2).

Modulation depths of both cases over the US pressure are
also compared [Fig. 8(b)] and show that the second harmonic
modulation becomes more significant at higher US pressure
(>1 MPa) and increases faster than the fundamental modula-
tion. This agrees with the trends of the second harmonic US
case. In the results shown in Figs. 8(a), 8(c), and 8(d), the US
peak–peak pressure is 2.4 MPa, allowing the second harmonic
signal to be detected. The scans of the edge [Fig. 8(c)] with

fundamental modulation, second harmonic modulation, and
DC light intensity show that higher lateral resolution can
be obtained using the second harmonic modulation. Spatial
resolution is estimated by least squared fitting to the edge re-
sponse function as previously described in [19]. The corre-
sponding line spread functions [Fig. 8(d)] show that the
FWHM of the second harmonic modulation image is reduced
from 9.6 mm (DC) to 4.1 mm (fundamental modulation) to
2.1 mm (second harmonic modulation).

5. DISCUSSION
Digital holography is a useful approach in the detection of US
modulated light, as it provides amplification of the detected
signal due to multiplication by a reference beam and also re-
duces the effects of speckle decorrelation due to unmodulated
light and interference between unmodulated light and modu-
lated light. Pulsed US is useful, as it can be used to obtain res-
olution along the acoustic axis and is compatible with
commercial US scanners. Using pulsed US introduces multi-
ple frequency components at the pulse repetition frequency
into the modulated optical signal. Using a laser pulse sequence
as multiple frequency lock-in detection provides a response in
which the pass band of the detection is matched to the indi-
vidual frequency components of the US modulated light.
Although the overall bandwidth of the envelope is wide,
the detection bandwidth of the individual frequency compo-
nents is small (∼5 MHz and 20 Hz, respectively, for the exam-
ple in this experiment). This US pulse sequence is commonly
used in pulse inversion US [14,15] and so is compatible with
commercial scanners. There has been increasing interest
in the application of digital holography to time reversal

Fig. 8. (a) Reconstructed aperture images locked at the fundamental
and the second harmonic frequency; (b) modulation depth of funda-
mental frequency modulation and second harmonic modulation with
US pressure; (c) edge response functions of DC signal, fundamental
modulation and second harmonic modulation; (d) line spread func-
tions of (c).
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techniques such as wavefront sensors [6,7]. The analysis pro-
vided here shows that the unmodulated light component can
be canceled by appropriate setting of the pulse repetition fre-
quency [Eq. (5)] independent of the US frequency, allowing
the approach to be scalable to high frequency US. The analysis
also demonstrates [Eq. (9)] that the maximummodulated light
signal can be obtained using a sequence of pulses in which a
pulse is followed by its inverted counterpart.

Modifying the pulse sequence allows second harmonic fre-
quency components to be detected while suppressing the con-
tribution of unmodulated light and light modulated at the
fundamental US frequency. This provides improved lateral
resolution, albeit at the expense of SNR. In practice, second
harmonic US can be combined with microbubbles, which en-
hance the second harmonic signal due to nonlinear oscillation
of the bubble. This will be applied in future work.

The theoretical derivation described was for the ideal case.
It is therefore interesting to consider the effect of nonideal
experimental conditions on the performance of the system.
The shape of the laser pulse and US pulse determines the
spectral envelope of the laser pulse train and US pulse train,
and therefore it has relatively little effect on the ability of
the system to match to the individual frequency components.
This is determined by the interval time between the laser
pulses and US pulses, which is therefore critical in the experi-
ment. As in conventional US, the axial resolution of the
system is reduced due to the finite bandwidth of the trans-
ducer. It should be also be noted that four frames of speckle
pattern are required to implement heterodyne holography
reconstruction, which means that speckle decorrelation be-
tween frames reduces SNR. This effect could be further re-
duced by using a high frame rate, high sensitivity camera in
combination with a higher peak power pulsed laser.

6. CONCLUSION
A digital holography-based method is demonstrated for the de-
tection of optical signals modulated by pulsed US. The method
employs a series of US pulses comprised of a pulse followed
by its inverted counterpart. These pulses are strobed by
synchronized optical pulses, which produce a detection re-
sponse analogous to a lock-in amplifier. Although the overall
frequency content of the modulated light is broad, it consists
of a series of discrete frequencies at the pulse repetition fre-
quency which are matched by the detection response to pro-
vide efficient detection. The analysis demonstrates that the
unmodulated light contribution to the detected signal can
be canceled by appropriate selection of the pulse repetition
frequency. It is also shown that the modulated signal can
be maximized by selecting a pulse sequence which consists
of a pulse followed by its inverted counterpart. By modifying
the optical pulse sequence, the second harmonic content of
the US modulated light can be extracted while filtering out
contributions from the modulation at the fundamental fre-
quency. This can be useful in improving lateral resolution
and contrast. The technique is demonstrated in imaging ab-
sorbing objects embedded in a chicken breast and in a scat-
tering gel phantom.
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