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ABSTRACT

In photoacoustic (PA) imaging using commercial ultrasound transducers, two dimensional PA images are pro-
duced by commonly used delay-and-sum (DAS) as the reconstruction method. However, the reconstructed image
is affected by noise and artifacts. Here, we investigate the performance of a nonlinear (NL) beamforming method
for linear-array PA image formation. The proposed algorithm uses the pth root of the recorded signals and
imposes a computational complexity in the order of DAS (O(M)). We have evaluated the performance of the
proposed method numerically, having a signal-to-noise ratio of 30 dB and -10 dB. It is shown that at the depth
of 15 mm, the NL 3 (NL beamformer with a p=3) outperforms DAS, DMAS and NL 2 for about 26 dB, 11
dB and 11 dB, in terms of level of sidelobe, respectively. In addition, DAS, DMAS, NL 2 and NL 3 lead to a
full-width-half-maximum of about 1.4 mm, 1.04 mm, 1.04 mm and 0.86 mm, respectively. The proposed method
can be a great choice for sentinel lymph node imaging.

Keywords: Photoacoustic imaging, photoacoustic tomography, linear array transducer, beamforming, nonlinear
beamformer.

1. INTRODUCTION

Photoacoustic imaging (PAI) is based on the photoacoustic (PA) effect and provides structural, functional and
potentially the molecular information of tissue.1,2 In PAI, a laser pulse irradiates the sample/tissue, which re-
sults in a local temperature rise. Due to the thermoelastic expansion, broadband pressure waves (in the form of
ultrasound waves) are generated.3 The ultrasound waves (also known as photoacoustic wave) travels within the
medium. The waves are recorded using ultrasound(US) transducer. Finally, these PA waves are reconstructed
to obtain the optical absorption map of the tissue.4

In PAI, different types of array transducers can be used to detect the PA waves; linear, arc, circular and
spherical.5–10 One of the challenges in linear-array based PAT is the image reconstruction.11–13 Due to the
limited view of the linear-array transducer (in comparison with the ring-array transducer, which get a full 360
degree view) reconstructed image quality is poor.14–16 In other words, linear-array transducers have a view of
approximately only 60◦,17 and the image quality is lower compared to circular tomography.17–19

There are some studies conducted to use a single beamforming algorithm for the integrated US/PA imaging
systems.17,20,21 Delay-and-Sum (DAS) can be considered as the most common beamforming algorithm in US
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and PAT.22–24 Delay-Multiply-and-Sum (DMAS) suppresses the noise and sidelobes, and improves the image
quality.25 To address the low noise suppression of DMAS at the presence of high level of noise, Double-Stage
DMAS (DS-DMAS), in which two stages of DMAS is used, which is recently introduced for linear-array US and
PAT.26,27 It is shown that DS-DMAS is a reliable PA image formation algorithm for LED-based system as well.28

Considering all the achievement in DS-DMAS and DMAS, they have a low power in resolution improvement
compared to Minimum variance (MV). This problem is investigated and addressed using the MV-Based DMAS
(MVB-DMAS).7,29

In this work, a novel image formation algorithm for linear-array PAT is proposed. We have previously inves-
tigated the properties of this algorithm in reference30 and used it for sentinel lymph node (SLN) imaging.5,9, 30

The proposed algorithm is a Nonlinear (NL) beamformer, and it uses the pth root of the detected PA signals.
The main improvement gained by the proposed method is lower sidelobes and noise while the complexity of the
algorithm is in the order of DAS (O(M)). The results presented in this study show that the proposed algorithm
can be an appropriate choice for linear-array PA image formation, especially when a high level of noise affect
the image quality.

2. METHODS AND MATERIALS

2.1 Beamforming

The PA image (indicating the optical absorption distribution of the tissue) can be formed by DAS which can be
written as follows:

yDAS(k) =

M∑
i=1

xi(k −∆i), (1)

where yDAS(k), k, M are the output of the beamformer, the time index and the number of elements of the array,
respectively. In addition, xi(k) and ∆i are the detected signals and the corresponding time delay for the detector
i, respectively. DAS results in a low quality image and is commonly used due to its simple implementation. The
sidelobes and artifacts result from the non-adaptiveness of DAS. To put it more simply, DAS considers all the
samples the same as each other. To improve the contrast gained by DAS, DMAS is introduced:25

yDMAS(k) =

M−1∑
i=1

M∑
j=i+1

xi(k −∆i)xj(k −∆j). (2)

The dimensionally squared problem of (2) is addressed as follows:25

x′ij(k) = sign[xi(k −∆i)xj(k −∆j)]
√
|xi(k −∆i)xj(k −∆j)|. (3)

yDMAS(k) =

M−1∑
i=1

M∑
j=i+1

x′ij(k). (4)

The new components appear in the spectrum due to the similar ranges of frequency for xi(k−∆i) and xj(k−∆j),
and the multiplication procedure in the DMAS algorithm. A band-pass filter is applied on the beamformed
output signal to only pass the necessary frequency components, while keeping the one centered on 2f0 almost
unaltered. As a results of the used filter, it is named Filtered-DMAS (F-DMAS), extensively evaluated in the
reference.25,26,28

DMAS uses a correlation process to weight the calculated samples and improve the image quality in terms of
sidelobes. In the previous publications, the superiority of the DMAS has been proved in the terms of sidelobes,
resolution and contrast. However, all the advantages are achieved at the expense of a higher computational
burden. DMAS is a nonlinear beamformer as a results of its correlation procedure. In this paper, it is proposed
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Figure 1: Reconstructed numerical images using the point-target phantom. (a) DAS, (b) DMAS, (c) NL 2,
(d) NL 3. All the images are shown with a dynamic range of 60 dB. Noise was added to the detected signals
considering a SNR of 30 dB.

to use the pth root of the detected signals to improve the contrast of the PA images.31 The pth root of the signals
are used as the input of the DAS algorithms. The proposed method formula can be written as follows:

yNL p(k) =

(
1

M

M∑
i=1

sign
(
xi(k −∆i)

)
p
√
|xi(k −∆i)|

)p

(5)

As can be seen in the (5), the pth root of the detected signals are used in the summation procedure. The
same as DMAS algorithms, which changes the dimension to the order of V olt2, the dimension of the signals
would be changes to V olt1/p in the NL algorithm. This problem is addressed by the (pth) power finally used
(bringing back the dimension to the V olt). It should be noticed that for p = 2, the NL algorithm would be a
close approximation of the DMAS beamformer. The results in the next section show that (5) would be a close
approximation of DMAS. In fact, the performance of DMAS has been achieved at the expense of a computational
complexity close to DAS .

3. RESULTS

A numerical study has been conducted to evaluate the performance of the proposed method. We have used the
k-Wave Matlab toolbox.32 Six point targets with a radius of 0.1 mm are positioned at the depth of 15 mm
until 40 mm, separated 5 mm in axial axis. A linear-array having M=146 elements operating at 8 MHz central
frequency and 77% fractional bandwidth is used to detect the PA signals. The speed of sound is assumed to be
1540 m/s during simulations. The sampling frequency is 51.3 MHz. It should be noticed that this sampling
frequency was chosen by k-Wave.

The reconstructed images are shown in Figure 1 where artifacts caused by the off-axis signals and the imaging
noise affect the formed image by DAS. Results of DMAS (Figure 1(b)) and NL 2 (Figure 1(c) are similar. Both
of them provide a better quality compared to result of DAS (Figure 1(a)); lower sidelobes and better-detectable
point targets. However, the image is still affected by the sidelobes. As shown in 1(d), the sidelobes are better
degraded by the NL 3, compared to NL 2 and DMAS.

We have provided the lateral variations of the reconstructed images in Figure 2; at two depths of imaging.
As expected, the NL 3 provides a lower sidelobes compared to other methods. Consider the depth of 15 mm
where DAS, DMAS, NL 2 and NL 3 provide -36 dB, -51 dB, -51 dB and -62 dB, respectively. In addition, we
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Figure 2: Lateral variations of DAS, DMAS, NL 2 and NL 3 at the depths of (a) 15 mm and (b) 35 mm using
the images shown in Fig. 1.

have calculated the full-width-half-maximum (FWHM) of the images. DAS, DMAS, NL 2 and NL 3 lead to a
FWHM of about 1.4 mm, 1.04 mm, 1.04 mm and 0.86 mm, respectively. It is true that the proposed method
with a p=3 outperforms other methods in terms of FWHM, but the sidelobe reduction is the main improvement
obtained.

In order to show the performance of the proposed method at the presence of a high level of noise, we have
presented Figure 3. The effects of noise and artifacts are clearly seen in the images obtained by DAS, DMAS
and NL 2 while NL 3 highly suppressed these negative effects, as seen in Figure 3(d). As mentioned before,
the proposed method has already been investigated in30 with application in SLN imaging. In reference,30 it is
mentioned that the selection of parameter p is a key matter. It is hard to define this parameter since it directly
changes the dynamic range of the detected PA signals. Based on simulations, the higher the p, the better the
image quality. However, based on the experimental results presented in reference,30 p cannot be higher than a
threshold. Defining such a threshold can be a topic for future studies.

4. CONCLUSIONS

In this paper, we have introduced a NL beamformer for PAI. Using numerical evaluation, it is shown that the
proposed method with a p=2 provides a quality too close to DMAS while the computational complexity is close
to DAS. In addition, with a p=3, a higher quality PA image compared to other methods has been obtained. For
instance, at the depth of 15 mm, NL 3 outperforms DAS, DMAS and NL 2 for about 26 dB, 11 dB and 11 dB,
in terms of level of sidelobe, respectively. The proposed NL beamformer provided a great noise suppression at
the presence of high level of noise as well. The NL beamformer can be an appropriate choice for SLN imaging
as shown in reference.30
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