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Abstract—Many photoacoustic tomography (PAT) systems
have been developed using conventional linear ultrasound probes
with reduced angular spectra, which limits the resolution of tomo-
graphic reconstructions. These limitations are partially compen-
sated by employing advanced reconstruction algorithms that take
advantage of the intrinsic characteristics of the photoacoustic
signals. The aim of this work is to theoretically, numerically and
empirically characterise the lateral and axial resolution using
two nearby point objects that are separated until they can be
distinguished as two independent sources in the reconstructed
image. It is also intended to study the effect of the main
limitations of linear probes (geometry, frequency response and
angular spectrum) on the spatial resolution. The results of this
study shed light on the suitability of using each type of algorithm
depending on the limiting conditions of the probe used and the
imaging objective.

Index Terms—photoacoustics, tomography, resolution, ad-
vanced algorithms

I. INTRODUCTION

Photoacoustic (PA) imaging techniques use the ability of
some materials (chromophores) to emit sound after being
excited by pulsed light [1]. After laser excitation, the tis-
sues undergo thermoelastic expansion and convert the optical
energy into acoustic energy by emitting an ultrasonic wave.
It propagates omnidirectionally and can be recorded with a
typical ultrasonic (US) acquisition system to conform med-
ical images [2]. This technique allows to differentiate the
chromophores of the tissue, since each chromophore has a
characteristic absorption spectrum, which makes it a promising
medical imaging technique, with molecular contrast, better
resolution than pure ultrasound imaging, and greater tissue
penetration than optical techniques [3].

The three main photoacoustic imaging modalities are optical
(OrPAM) and acoustic (ArPAM) resolution microscopy and
tomography (PAT) [3]. This work focuses on photoacoustic
tomography, which consists of pulsed illumination of the entire
tissue to be imaged and the reception of the acoustic waves
generated after excitation in the tissue. Both PAT and ArPAM
are acoustic resolution techniques [3].

Spatial resolution is one of the most important parameters
in photoacoustic reconstruction. Since biological tissues are

not acoustically homogeneous, medical images obtained using
this technique are usually foggy, although in some cases
the blurring can be corrected [4]. Furthermore, since the
photoacoustic pulse is omnidirectional and has fast rise times,
it has content at very high frequencies and is detectable in
all directions, so that the frequency response and aperture
of the piezoelectric will also limit the resolution of future
reconstructions [5]. The theoretical lateral and axial resolution
of an acoustic resolution photoacoustic imaging system are
defined by

RL = 0.71 · c

NA · fc
(1)

RA = 0.88 · c

∆f
(2)

where RL and RA are the lateral and axial resolution re-
spectively, c is the speed of sound in the medium, NA is the
numerical aperture, fc is the centre frequency and ∆f is the
bandwidth of the probe [5].

Conventional ultrasonic linear phased arrays can be used in
PAT, however, their limited angular spectra reduces the quality
of the obtained images since some of the diverging laser-
generated acoustic waves cannot be captured [6], therefore,
reconstruction artefacts occur. To mitigate them, advanced
time-based, frequency-based or pixel-based algorithms can be
used [7].

The resolution of such systems has traditionally been de-
fined by using point sources and measuring the full width at
half maximum (FWHM) on their point spread function (PSF)
[4]. Some studies have defined the resolution of their system
as the difference between the FWHM and the actual object
size based on the Rayleigh criterion [8].

However, a more practical definition of spatial resolution,
commonly used in imaging systems, is the ability to differen-
tiate between two objects in close proximity. Therefore, the
resolution of a photoacoustic imaging system can be also
defined as the minimum separation distance of two point
sources at which it is possible to identify each source as an
independent emitter. Following this idea, in [9] the resolution
of microscopy systems is measured using two absorbers at
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different distances and determining at what point they are
visually differentiated [9].

In this work, the PAT resolution has been evaluated with
a quantitative criterion using images of very small objects of
known size, on which the PSF can be applied. The main objec-
tive of this study is to determine numerically and empirically
the lateral and axial resolution applying this practical criterion,
as compared to their theoretical value, on PAT systems based
on linear probes. The effect on the spatial resolution is then
gauged, regarding geometry, frequency response and angular
spectrum, for different advanced pixel-based beamformers.

II. METHODS

To determine the resolution of the system, two point-like
absorbers initially overlapped, are separated, on the horizontal
and on the vertical axis relative to the probe, until it is
possible to identify them as two independent sources in the
reconstructed image. This study has been carried out both
numerically and experimentally.

A. Numerical simulations

A set of 3D numerical simulations has been done with the
k-Wave MATLAB toolbox. Two 0.1 mm diameter cylindrical
sources and a linear probe have been simulated with the
geometry and number of elements of the Verasonics L11-5v
probe. In order to study the effect of the probe aperture and
its frequency response, these parameters have been introduced
into simulations.

The next simulated conditions, 2 and 3, correspond to the
characteristics of condition 1 but adding limitations with a
frequency response centred at 7.6 MHz with a 77 % bandwidth
and the array element directivity limited to 0.5 rad respectively.

Finally, in simulation condition 4, it has been sought the
most realistic scenario for the L11-5v probe in order to be
able to compare the simulated data with the experiments and to
validate the numerical results. In consequence, the geometric
limitations (Sim. Cond. 1), the frequency response (Sim. Cond.
2) and the directivity (Sim. Cond. 3) have been considered in
this case.

B. Experiments

Black nylon wires of 0.1 mm diameter fixed at the desired
distances using a 3D-printed wire holder were excited with
an Optical Parametric Oscillator (OPO) laser tuned at 532
nm, with beam cross-section diameter of 15 mm, 10 Hz pulse
repetition rate and a pulse energy of 30 mJ. The PA signals
were recorded by the Verasonics Vantage 256TM ultrasound
system with the L11-5v linear phased-array.

C. Image reconstruction

Four pixel-based beamforming algorithms have been imple-
mented: Delay And Sum (DAS) [10], Delay Multiply and Sum
(DMAS) [11], [12], Minimum-Variance (MV) [13] and MV-
DMAS [14]; and, then, have been evaluated experimentally
and numerically. DAS is the basic ultrasonic beamformer
algorithm although some improvements have emerged seeking

Fig. 1. Experimental set-up.

to take advantage of the spatial coherence of photoacoustic
signals, which led to more complex algorithms such as the
DMAS, or even to adaptive algorithms such as MV.

D. Data post-processing
In order to establish the empirical resolution of the system,

a parameter called the Peak-to-Valley difference has been
defined, which consists of calculating the difference between
the signal level of the sources and the valley between them
in the reconstructed image. The following criterion has been
applied: when the difference is less than 3 dB, it is considered
that the two sources cannot be resolved as independent entities;
if it is between 3 and 6 dB, it is determined that both sources
can be distinguished, although they are not yet resolved; and,
if the distance between the sources and the valley is greater
than 6 dB, it is considered that both sources have been fully
resolved.

III. RESULTS

The main results of this study are presented below. They
can be classified into four blocks or stages: image reconstruc-
tion, profiles, evolution of the Peak-to-Valley parameter as a
function of the separation between sources and, finally, the
characterisation of the system resolution. To illustrate the first
two blocks, the particular case where the sources are 0.5 mm
apart has been selected.

A. Image reconstructions
Fig. 2 shows the reconstructed images using the simulation

data of condition 4 (labeled as Sim.) and the experimental
data (labeled as Exp.). From the reconstructed images, it
can be seen that the simulations of the more realistic con-
dition are apparently in good agreement with the experiments.
Furthermore, it is observed that, as the complexity of the
algorithms increases, the Signal-to-Noise ratio (SNR) of the
image improves since, with the same dynamic range, the
secondary lobes are much more prominent in DAS than in
MV-DMAS. Besides, for the source separation distance shown
in this figure, it can be seen that the algorithm used is critical
in order to be able to resolve the sources. Indeed, for the
specific case of the figure, both sources can be resolved by
reconstructing with MV-DMAS but not with DAS.
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Fig. 2. Reconstruction of simulated and experimental images using the four
pixel-based algorithms displayed with a dynamic range of 60 dB. The actual
size of the sources, which have a cross-section of 0.1 mm, is shown in red.

B. Lateral and axial profiles

In order to quantitatively assess the above-mentioned as-
pects of the reconstructions, the lateral and axial profiles have
been used to obtain their corresponding resolution values.
Fig. 3 shows the profiles of the simulation under realistic
conditions (continuous black line) and the experimental pro-
files (dashed blue line). The agreement between simulation
and experiments is thus used to validate the numerical study.

Moreover, it can be seen how, for the same data set,
empirical or simulated, when the DAS still not distinguish
the two emitters as independent entities, some algorithms
allow the sources to be resolved as independent emitters.
For example, in MV-DMAS it is evident that the difference
between the peaks, corresponding to adjacent sources, and the
valley between them is greater than 6 dB.

a) b)

c) d)

Fig. 3. Reconstruction profiles of simulated and experimental images using
the four pixel-based algorithms. The grey columns represent the actual
sources.

C. Peak-to-Valley parameter (PV)

If the difference between the peaks and the valley (PV)
for each of the distances studied is calculated, the resolution
for each of the simulated conditions and for the experiments
carried out can be determined based on the resolution criterion

of a PV distance greater than 6 dB. The evolution of this
parameter as the distance between sources in the lateral and
axial axis increases is shown in Fig. 4 and Fig. 5 respectively.

In these graphs, three situations can be differentiated: green
area shows where the sources are resolved as independent
entities for PV difference of more than 6 dB, yellow area
shows the distances where they cannot be resolved but can
be distinguished, between 3 and 6 dB PV, and red area
shows the distances where they could neither be resolved nor
distinguished, below 3 dB PV.

Fig. 4. Evolution of peak-to-valley distance parameter as the distance between
sources on the lateral axis increases.

Fig. 5. Evolution of peak-to-valley distance parameter as the distance between
sources on the axial axis increases.

From this results it is observed that MV beamforming allows
to stay close to the theoretical axial resolution, even if the
frequency response is limited (Sim. Cond. 2). DMAS stands
out for its ability facing aperture limitations (Sim. Cond. 3),
which mainly affect lateral resolution. Eventually, MV-DMAS
is the one that offers the best resolution in all the conditions
studied, both numerical and experimental. Note that the results
of the simulations are experimentally validated by the visible
agreement between the results of simulated Cond. 4 and the
experiments.

D. System resolution

The lateral and axial resolutions are respectively obtained
experimentaly and numerically under realistic simulation con-
ditions (Sim. Cond. 4), so that the resolution of the system
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with the L11-5v linear probe is determined for the proposed
beamformers. The resolution of the system calculated numer-
ically and empirically are shown in Tables I and II.

TABLE I
LATERAL RESOLUTION

RL DAS DMAS MV MV-DMAS
Experiments (mm) 0.473 0.406 0.474 0.369

Numerics (mm) 0.451 0.379 0.448 0.362
∗ Numerical results on Sim. Cond. 4.

TABLE II
AXIAL RESOLUTION

RA DAS DMAS MV MV-DMAS
Experiments (mm) 0.303 0.284 0.302 0.275

Numerics (mm) 0.395 0.380 0.396 0.322
∗ Numerical results on Sim. Cond. 4.

On the other hand, using equations (1) and (2), the theoreti-
cal lateral and axial resolutions have been calculated, being RL

= 0.21 mm and RA = 0.23 mm, respectively. The theoretical
results are lower than the numerical and experimental ones,
which may indicate that the theory is not taking into account
neither the spacing between probe piezoelectric elements nor
the width of each element.

IV. CONCLUSIONS

These results show that the applied beamformers become
especially relevant when chromophore separation is near to
the resolution limit. MV is in good agreement with the
theoretical axial resolution even if the frequency response is
limited, while DMAS stands out for its ability facing aperture
limitations, which mainly affects lateral resolution. Finally, it
has been shown that MV-DMAS is the one that offers the
best resolution for all the conditions studied, both numerical
and experimental. The results of the simulations has been
experimentally validated, obtaining an excellent agreement
between experiments and the most realistic simulation of the
probe. The obtained results helps in the choice of the most
suitable beamformer when limitations of geometry, frequency
response and directivity are considered for linear probe based
tomography systems.
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