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The synthetic aperture-based linear-array photoacoustic tomography (PAT) was proposed to
address the limited-view shortcomings of the single aperture, but the detection ¯eld of view
(FOV) determined by the aperture orientation e®ect was not fully considered yet, leading to the
limited-view observation and image resolution degradation. Herein, the aperture orientation
e®ect was proposed from the theoretical model and then it was veri¯ed via both the numerical
simulation and phantom experiment. Di®erent orientations were enumerated sequentially in the
simulation to approximate the ideal full-view case for the optimal detection FOV, considering the
detection pattern of the linear-array transducer. As a result, the corresponding optimal aperture
orientation was 60� if the synthetic aperture was seamlessly established by three single linear
arrays, where the overlapped detection pattern was optimized from the individual linear-array
transducer at the adjacent positions. Therefore, the limited-view artifacts were minimized and
the image resolution was enhanced in this aperture orientation. This study showed that the
aperture orientation had great in°uence on the optimal detection FOV in the synthetic aperture
con¯guration, where the full-view imaging quality and enhanced image resolution could be
achieved.
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1. Introduction

Photoacoustic tomography (PAT) is a promising
biomedical imaging modality which is based on
the thermoacoustic e®ect in biological tissues.1–3 It
combines the superiorities of high contrast of optical
imaging and high spatial resolution of ultrasound
imaging. The linear-array PAT is widely applied
because it has high-speed data acquisition, hand-
held convenience, and unique capability of detecting
optical absorbers up to several centimeters in
depth.4–8 The linear-array-based single aperture
PAT su®ers from the limited-view challenge due to
its incomplete detection geometry,9–11 thus the
synthetic aperture PAT was proposed to address
the problem. However, the optimal detection ¯eld of
view (FOV) mainly determined by the aperture
orientation cannot always be full view in practice,
considering the target structure, acoustic coupling,
and laser irradiation pattern. For example, the
human breast is hemispherical in shape and cannot
be immersed in water entirely for acoustic
coupling. Therefore, it is of great signi¯cance to
study the aperture orientation e®ect in the syn-
thetic aperture PAT.

Several synthetic aperture PATs have been
proposed with di®erent aperture orientations.
Huang et al. utilized acoustic re°ector to increase
the detection angle of single aperture, and the ge-
ometry was either one re°ector placed at 45�
(Ref. 12) or two re°ectors located at 120� to triple
the detection view.13 Cox and co-workers also chose
the acoustic re°ectors and a novel reverberant
cavity to enhance the view of single aperture.14,15

However, the detection FOV is limited if the
acoustic re°ectors is placed in the detection area
and the corresponding acoustic properties need to
be carefully assigned. Kruger et al. and Yang et al.
focused on the relative rotation between the trans-
ducer and imaging targets to increase the detection
coverage, rotating either the imaging targets16 or
the linear-array transducer.17 Lin et al. applied an
extended linear-array transducer to form the syn-
thetic aperture.18 Nonetheless, the aperture orien-
tation e®ect in these methods was not fully
considered yet, resulting in obvious limited-view
artifacts, resolution degradation, and huge dataset
to achieve the full-view observation with the linear-
array transducer.19 Therefore, the orientation of the
acoustic re°ector, reverberant cavity, and the rela-
tive rotation angle should be carefully taken into

account to ¯nd the optimal detection ¯eld of view,
where the full-view imaging quality and enhanced
image resolution could be achieved with the reduced
measurement.

In this work, the aperture orientation e®ect in
the synthetic aperture PAT was studied, which had
originated from the rectangular detection pattern of
the linear array and the photoacoustic (PA) imag-
ing reconstruction theory. Then this e®ect was
veri¯ed through both the numerical simulation and
phantom experiment. The most commonly used
reconstruction algorithm in photoacoustic imaging
is the universal back-projection method.20–23 It
assumes an enclosed detection surface, but this ideal
full-view condition cannot always be satis¯ed in the
single linear-array-based synthetic aperture PAT,
considering the rectangular detection pattern and
photon penetration depth.24–26 Therefore, the opti-
mal aperture orientation was enumerated based on
the numerical model, where a series of orientations
were set to ¯nd the optimal one that could produce
the preferable detection FOV. On the condition of
optimal aperture orientation, the corresponding
phantom experiment was conducted to verify the
above ¯ndings. In addition, the three-dimensional
photoacoustic imaging ability in this optimal aper-
ture orientation was also demonstrated in the
synthetic aperture PAT.

2. Methods

2.1. Theoretical model in the synthetic

aperture PAT reconstruction

The PA e®ect leads to the generation of acoustic
waves through the absorption of nanosecond-width
short-pulsed laser energy. On the condition of
thermal and stress con¯nements, part of the
absorbed energy would be converted into heat,
generating the wideband PA signal due to the
transient thermoelastic expansion.27–29 Via the
propagation in the biological tissue, the PA signal
would then be detected at the tissue boundary by
the transducer, either a single element or an array
ultrasound transducer. The mathematical model for
presenting the forward problem for an acoustically
homogeneous medium is

pdðrd; tÞ ¼
1

4�c

@

@t

Z
dA

p0ðrÞ
jrd � rj

����
ct¼jrd�rj

: ð1Þ
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Its physical meaning is that the pressure pd at the
spatial point rd and time t is proportional to the
time derivative of the integral of the absorbed
laser energy over a circle centered at rd with radius
ct in two-dimensional case. The most common in-
verse reconstruction model to restore the photo-
acoustic image is

p0ðrÞ ¼
1

4�c2

�
Z

dS
1

t

pdðrd; tÞ
t

� @pdðrd; tÞ
@t

� � ����
ct¼jrd�rj

:

ð2Þ
From the theoretical model of forward PA signal

propagation and backward PA image reconstruc-
tion, the ideal tomographic imaging con¯guration
assumes that the imaging objects are fully
surrounded by detectors on a closed surface. None-
theless, in the synthetic aperture PAT, the gener-
ated PA signals from the absorbers in the
overlapped region would be detected at only parts
of the omni-directional propagation due to the ap-
erture orientation e®ect. The visible structures are
perpendicular to each surface of the individual ap-
erture, and the imaging targets cannot always be
accessed from all directions and are fully enclosed
by the detectors, resulting in the loss of structure
information. In addition, the aperture size of the
probe and the penetrated depth of the photo-
acoustic signals are ¯nite and restricted,9 leading to
the limited-view artifacts and image resolution
degradation in the conventional rectangular
detection area of the single linear-array PAT. Thus
the aperture orientation is a key factor and it should
be carefully assigned in the synthetic aperture PAT.

The illustration of the aperture orientation e®ect
in the linear-array-transducer-based synthetic ap-
erture PAT is shown in Fig. 1. The optimal detec-
tion FOV of the linear-array transducer is
commonly rectangular (the green dashed line) to
avoid the grating lobes, where its width is the same
as array's width and the depth is determined by the
elevational focus properties of the transducer.30–32

Moreover, the analytic explanation of the limited-
view problem related to the detector aperture ge-
ometry has already been studied,10 putting forward
the concept of the visible detection regions (the blue
shaded area). In the synthetic aperture PAT,
the multi-view con¯guration determined by the

aperture orientation � would produce an over-
lapped detection region (the green shaded area).
The targets in the visible detection regions could
be free from the limited-view problem. However, the
targets located outside the blue shaded region but
still in green shaded area, especially the area sur-
rounded by the red dotted line, still su®er from the
limited-view problem or do not need further
investigation.

2.2. Numerical model of the aperture
orientation e®ect

To approximate the enclosed detection trajectory
with the synthetic aperture, numerical simulation
was carried out ¯rst to ¯nd the optimal aperture
orientation � and validate its feasibility. A k-Wave
MATLAB toolbox was chosen for the forward
PA wave propagation33 and the corresponding PA
images were restored via the universal back-pro-
jection reconstruction method. Two tilted arrays of
the three individual linear ones were placed at dif-
ferent angles � to form the synthetic aperture con-
¯guration. The conceptual simulation models of
the optimal detection FOV in the nearly full-view
observation and enhanced resolution are separately
shown in Fig. 2. The single aperture settings are
depicted in Figs. 2(a) and 2(c), while the synthetic
aperture con¯gurations are illustrated in Figs. 2(b)
and 2(d), respectively.

The °at single apertures with 128 and 128� 3
elements were assigned for comparison, while the

Fig. 1. Schematic of aperture orientation e®ect in the
synthetic aperture PAT.

Synthetic aperture-based linear-array PAT considering the aperture orientation e®ect
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synthetic aperture was formed by the multi-view
extended linear array with di®erent aperture
orientations �. The synthetic aperture was com-
posed of three individual linear-array transducers,
and it had 128� 3 elements in total, each of the
linear array consisting of 128 directional elements
with the pitch of 0.30mm and 5.0MHz center
frequency. These transducer parameters were the
same with those of ATL L7-4 transducer used in the
following experiment. The properties and locations
of the acoustic sources in the medium were de¯ned
as spatially smoothed initial pressure distribution,
assuming that the laser uniformly illuminated
the target. The distribution of the targets in the
limited-view reconstruction was three numerical
disks located in di®erent regions, whereas the point
targets in the enhanced resolution model were uni-
formly distributed in much wider regions. These
areas were respectively belonging to the visible
detection region, overlapped detection region, and

the other areas in addition to above regions (as
shown in Fig. 1).

2.3. PA experiment setup for the
phantom study

The feasibility of the proposed assumption was
subsequently veri¯ed through the phantom study.
The corresponding synthetic aperture with 60� ap-
erture orientation was calibrated ¯rst, and then the
phantom study was conducted by relatively rotat-
ing the imaging phantom to match the synthetic
aperture setup in the simulation, as shown in
Fig. 3. The synthetic aperture PA experiment setup
was initiated once the tunable pump laser-based
(Vibrant HE532I, OpoTek, CA, USA) optical
parametric oscillator (OPO) emits a 5-ns-width
laser pulse at 700 nm, where the laser pulse repeti-
tion rate is 10Hz. The output light was delivered by
the custom-made full-ring optical ¯ber to ensure

(a) (b)

(c) (d)

Fig. 2. Numerical model of aperture orientation e®ect in synthetic aperture PAT. Limited-view problem demonstrated respectively
in (a) single aperture and (b) synthetic aperture. Enhanced resolution model shown in (c) single aperture and (d) synthetic aperture,
respectively.
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that the light uniformly illuminated the target.
The external trigger signal from the laser system
was sent to synthesize the receive-only mode on
Verasonics photoacoustic imaging platform. The
generated PA signal would be captured by ATL L7-
4 linear-array transducer, and then reconstructed
by the back-projection algorithm in a personal
computer (PC) with post-processor.

3. Results

3.1. Limited-view simulation of

aperture orientation e®ect

Figures 4(a)–4(f) are the PA images of a series of
numerical disks, where the targets are located in

di®erent detection regions. Figures 4(a) and 4(b)
show the results from the °at single aperture, with
128 elements and 128� 3 elements, respectively.
From these two reference images, the single aper-
ture PAT obviously has the limited-view defects,
still existing in a larger aperture. Thus di®erent
tilted aperture orientations were designed to form
the synthetic aperture setup, as shown in Fig. 2(b).
Considering the target geometry, aperture width,
detection pattern, and photon penetration depth,
the tilted orientations � in the synthetic aperture
are enumerated as 45�, 60�, 75�, and 90�, respec-
tively. These increasing orientations are assigned to
¯nd the optimal angle to approximate the full-view
reconstruction theory in the synthetic aperture
PAT, where the tradeo® between the limited-view
problem and the adequate detection FOV is
achieved.

Figures 4(c)–4(f) are the corresponding PA
images restored from the related aperture orienta-
tions. Comparing single aperture recovered PA
images with others, the synthetic aperture PAT can
really improve the image quality and visualize the
target structure more completely. In the synthetic
aperture recovered PA images with di®erent aper-
ture orientations, the shape of recovered disks in the
¯rst row is similar, whereas Fig. 4(d) demonstrates

Fig. 4. Numerical simulation results of limited-view problem in synthetic aperture PAT. PA images recovered from single aperture
with (a) 128 and (b) 128� 3 elements. (c)–(f) PA images recovered from aperture orientations of 45�, 60�, 75�, and 90�, respectively.

Fig. 3. The experiment setup of synthetic aperture PAT.

Synthetic aperture-based linear-array PAT considering the aperture orientation e®ect
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a bit more structure information for the second disk
and much complete structure information for the
third disk than its counterparts. This happens be-
cause the aperture orientation of 60� matched with
the enclosed detection trajectory in the theoretical
model. As the aperture orientation increases, more
complete target structure in depth direction could
be observed with a limited imaging depth, such as
the third disk in Fig. 4(f) that has already been
located outside the visible detection regions
(the blue shaded area in Fig. 1). The detection FOV
at 45� is inappropriate due to elevational focus in
the real transducer. Moreover, the detection FOV
at 60� in the lateral direction is larger than the cases
of 75� and 90�, as the lateral detection FOV is
decreased with increase of the orientation.

3.2. Enhanced resolution simulation of
the optimal aperture orientation

To verify that the optimal detection FOV is really
achieved when the aperture orientation is 60�, the
point spread function is measured through a series
of point targets, which are distributed uniformly in

the whole area of individual rectangular detection
pattern of the three linear-array transducers, as
shown in Fig. 2(d). The corresponding recon-
structed PA images shown in Figs. 5(a) and 5(b) are
the results from the single aperture con¯guration,
while Figs. 5(c)–5(f) are recovered from the syn-
thetic aperture with the aperture orientations of
45�, 60�, 75�, and 90�, respectively. It could be
easily discerned that the image resolution from the
synthetic aperture is obviously improved. However,
as the aperture orientation increased, the synthetic
aperture con¯guration could cover less target
structure in depth and also the target in the lateral
direction could be missed. For example, the point
targets in the boundary cannot be detected at 90�,
as shown in Fig. 5(f). Also, the shape of the point
target becomes blurred if its location is too close
to the transducer [as indicated by the arrows in
Fig. 5(e)]. Moreover, the target shape is similar in
the whole region, and the overall imaging contrast
is much uniform in the synthetic aperture
con¯guration.

Figure 6 shows the normalized lateral intensity
pro¯les in PA images [see Figs. 5(c)–5(f)], which

Fig. 5. Numerical simulation results of enhanced resolution in synthetic aperture PAT. PA images recovered from single aperture
with (a) 128 and (b) 128� 3 elements. (c)–(f) PA images recovered from aperture orientations of 45�, 60�, 75�, and 90�,
respectively.
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could provide quantitative veri¯cation of the aper-
ture orientation e®ect on image resolution. The
targets in the ¯rst row were ignored due to the
fact that they were covered by the detectors in all
the synthetic apertures. Comparing the full-width
at half-maximum (FWHM) values of the targets in
each row, the size of the center point target (true
size of the point target is 0.10mm) recovered from
aperture orientation of 60� is entirely smaller than
other aperture orientations, especially the single
°at aperture case. For instance, the FWHM at the
center point target [indicated by arrows in Figs. 5
(a) and 5(d)] is calculated to be 0:20� 0:02mm and
0:64� 0:08mm for the synthetic aperture and the
single aperture, respectively. Therefore, the aper-
ture orientation of 60� in the synthetic aperture
con¯guration is optimal to obtain the preferable
image resolution with a relatively large detection
FOV. The above quantitative results indicate that
this aperture orientation can reconstruct the targets
with higher resolution and imaging accuracy in the
overall detection area, even the point targets
located outside the blue shaded region but still in
green shaded area can be recovered with an en-
hanced image resolution.

3.3. Phantom study of the aperture
orientation in the synthetic

aperture PAT

The phantom studies that could demonstrate the
enhanced resolution and limited-view compensation
problem were subsequently conducted. In the ¯rst
step, due to the practicability of only one linear-
array transducer, a small, point-like photoacoustic
calibration target was rotated to calibrate the
transducer position34 in the synthetic aperture
con¯guration. The synthetic aperture PAT was
established with the same con¯guration as in sim-
ulation by rotating the imaging phantom with a
¯xed single linear-array transducer. A black human
hair with a diameter of 80�m was vertically placed
at di®erent rotating orientations of �60�, 0�, and
60� to calibrate the relative positions of the indi-
vidual linear-array transducer. The corresponding
rotation radius was 32.98mm and the rotation
center was located at the center of the overlapped
detection region (the green shaded area in Fig. 1).
The calibration process and results are shown in
Fig. 7. Figures 7(a)–7(c) show the reconstructed PA
images of �60�, 0�, and 60�, respectively. From the

(a) (b)

(c) (d)

Fig. 6. (Color online) Quantitative analysis of enhanced resolution in synthetic aperture PAT. Lateral pro¯les of the normalized
PA intensity along the point targets in the (a) second, (b) third, (c) fourth, and (d) ¯fth rows from the indicated aperture
orientation. The box shown to the right of each plot is the zoom-in area corresponding to the dashed red box.

Synthetic aperture-based linear-array PAT considering the aperture orientation e®ect
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Fig. 7. Synthetic aperture PAT system calibration and enhanced resolution results. (a)–(c) PA images of the rotated phantom at
the orientations of �60�, 0�, and 60�, respectively. (d) PA image reconstructed by the synthetic aperture. (e) Lateral pro¯les of the
normalized PA intensity along the point target.

Fig. 8. Synthetic aperture PAT experiment results of limited-view compensation. (a)–(c) PA images of the rotated phantom at
orientations of �60�, 0�, and 60�, respectively. (d) PA image reconstructed by the synthetic aperture in the cross-section. (e) Three-
dimensional PA image of the target.
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measurement of the depth and lateral position of
this point target in PA images [see Figs. 7(a)–7(c)],
the calibration target is practically located in the
center of ¯eld of view. Thus the element positions in
the synthetic aperture at an aperture orientation of
60� could be obtained for the o®line PA image
reconstruction.

Moreover, this calibration process also serves
as the demonstration of enhanced resolution in
this synthetic aperture PAT. Figure 7(d) shows
the reconstructed PA image from the synthetic
aperture at an aperture orientation of 60�, and
Fig. 7(e) shows the corresponding quantitative
analysis of this point target observed from the
di®erent single apertures and the synthetic aper-
ture. The FWHMs for the synthetic aperture
and the single aperture were calculated to be
0:25� 0:04mm and 0:69� 0:11mm, respectively,
further demonstrating that the synthetic aperture
could enhance the image resolution with reduced
side lobe levels.

After the system calibration, a 3.0-mm-diame-
ter polyethylene tube injected with India ink was
designed as the imaging target to conduct the
phantom study. The structure of the tube phan-
tom could mimic the shape of blood vessel in real
case. The light was distributed uniformly around
the tube phantom. Figures 8(a)–8(c) respectively
show the single aperture recovered results, i.e., for
�60�, 0�, and 60�, where limited-view problem
exists. The synthetic aperture restored results
are shown in Figs. 8(d) and 8(e), respectively.
Figure 8(d) is the two-dimensional cross-sectional
PA image. Comparing Fig. 8(d) with the single
aperture recovered results, it can be seen that this
aperture orientation has the potential to overcome
the limited-view challenge and thus it can
provide nearly full-view imaging quality. The ca-
pability of the synthetic aperture PAT at this
aperture orientation for three-dimensional PA
imaging was also implemented based on the
translational motion of the tube phantom, as
shown in Fig. 8(e).

4. Discussion and Conclusion

As a consequence, the optimal ¯eld of view in the
synthetic aperture PAT mainly determined by
the aperture orientation e®ect can be veri¯ed and
the corresponding optimal aperture orientation is

60�, considering the limited-view compensation and
resolution enhancement. On the basis of conventional
visible detection regions, this study further veri¯ed
that the targets in the overlapped detection region
could also minimize the limited-view problem with
preferable resolution. Thus the optimal detection
FOV in the synthetic aperture PAT includes the
original visible detection region and the overlapped
detection region from each single aperture, while the
imaging quality in other regions is also improved.
These simulation and phantom results matched
well with the limited-view theory and the detection
pattern of the linear-array transducer, i.e., only
the boundaries of any objects inside the visible
detection region can be recovered stably, while
other sharp details may become blurred outside
this region.

However, due to the limitation of hardware, only
one linear-array ultrasound transducer was avail-
able in the phantom experiment. The synthetic
aperture was formed by the relative rotation be-
tween the targets and transducer, rather than three
individual linear-array transducers or a curved-
array transducers. This work is thus a proof of
concept study for the design of multi-segment
curved-array transducer in our next study, which
can compensate the limited-view artifact with en-
hanced resolution.

In summary, the aperture orientation e®ect in
the synthetic aperture-based linear-array PAT was
investigated. Through the placement of linear-array
transducer at di®erent aperture orientations, the
optimal detection coverage providing full-view im-
aging quality and enhanced image resolution is
achieved via the numerical simulation. The aperture
orientation of 60� could successfully recover the
originally invisible target structure and enhance the
image resolution additionally. The optimal detec-
tion ¯eld of view in the synthetic aperture includes
the original visible detection region and the over-
lapped detection region from each single aperture.
Both the simulation and phantom results veri¯ed
that the synthetic aperture could address the lim-
ited-view problem, and these results are well in
agreement with the theory. This research could
provide guidance for the fabrication of multi-seg-
ment curved-array transducer in our future study,
which would be applied to the super-resolution
whole-body photoacoustic tomography for small
animals.
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