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Abstract—Some adaptive beamformers struggle with high
dynamic range scenarios, as notably demonstrated by the dark
region artifact (DRA), which can appear when these beamformers
are applied in the proximity of strong acoustic sources. The DRA
is detrimental because it may mask important features that are
weaker acoustically. In a previous study, we used our aperture
domain model image reconstruction algorithm (ADMIRE) that
was able to partially mitigate the DRA and had improved
dynamic range compared to other common beamformers. Here,
we introduce an iterative variant of ADMIRE (IADMIRE) that is
more fully able to remove the DRA and preserve speckle texture,
while also having increased dynamic range. We compared iAD-
MIRE to traditional DAS, DMAS, GCF, and normal ADMIRE.
iADMIRE demonstrated the highest dynamic range of 69.6 dB,
an increase of 19.2 dB compared to DAS and 20.3 dB compared
to ADMIRE, and fully restored speckle texture in regions near
bright targets up to 100 dB.

Index Terms—ADMIRE, iterative, dynamic range, dark region
artifact

I. INTRODUCTION

We previously introduced contrast ratio dynamic range as a
new beamformer performance metric, where several adaptive
beamformers were compared [1]. As was shown, several of
these beamformers struggle to achieve a high dynamic range
compared to delay-and-sum (DAS). For scenarios with multi-
ple high dynamic range features, this can result in saturation,
where different targets may incorrectly appear to be at the
same acoustic strength.

At the same time, another group published a report on
the dark region artifact (DRA), which is characterized as a
dark region near a bright, or strong, acoustic target [2]. This
artifact is suggested to arise from a failure to differentiate
mainlobe versus sidelobe signals, and may as a results mask
important features that are weaker acoustically. We expect
that this artifact could appear in vivo in proximity to strong
acoustic targets such as kidney stones or near the lungs, though
this has yet to be tested.

In a previous paper, our aperture domain model image
reconstruction (ADMIRE) [3], [4], [5] was able to reduce the
severity of the DRA, but not remove it completely [6]. Here,
we introduce an iterative version of this method (iIADMIRE),
that is able to achieve higher dynamic range and remove the
artifact more effectively. We compare these two methods to
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DAS, delay multiply and sum (DMAS) [7], and generalized
coherence factor (GCF) [8].

II. BEAMFORMING ALGORITHMS
A. Delay-and-Sum (DAS)

Conventional delay-and-sum (DAS) involves dynamically
delaying the received channel data such that focusing is
achieved at all depths and all lateral locations. The data
for each line is then summed along the channel dimension,
producing a complete image.

B. Delay Multiply and Sum (DMAS)

Delay multiply and sum (DMAS) is an extension of DAS
where the delayed channel data is combinatorically coupled
and multiplied prior to summation [7]. The DMAS signal at
depth £ is calculated as

M-1 M
shaas = 2, > Si(k), (1)
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where M is the number of channels, and §;;(k) is further defined
as

85 (k) = sign(si(k)s;(k))\/|si(k)s;(k)], (2)

where s;(k) is the signal for channel i. The DC and high
frequency components are then removed from the DMAS
signal with a band-pass filter around 2f..

C. Generalized Coherence Factor (GCF)

Generalized coherence factor (GCF) is an extension of
coherence factor (CF), where the DAS image is weighted by
the ratio of energy in some low-frequency region across the
aperture to the total energy [8]. This ratio for a depth k is

defined as u
0 k 2
GCF(k) = w’
Zk:o Ip(k)[?
where p(k) is the M-point discrete Fourier transform across
the aperture, and M, is the chosen cutoff frequency index
for the low-frequency region. In this paper, we choose M)
= 5. The GCF image is then obtained by simply element-wise

multiplying the GCF and the DAS image.
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D. Aperture Domain Model Image Reconstruction (ADMIRE)

The aperture domain model image reconstruction (AD-
MIRE) algorithm was developed primarily to detect and re-
move reverberation, off-axis clutter, and wavefront aberration,
and is explained elsewhere in detail [3], [4], [5]. The founda-
tion of ADMIRE is the well-defined physics of linear wave
propagation, from which a model of the effects of scatterers
and reverberant sources can be created. Concisely, this model
allows us to breakdown a given wavefront into its sources
of origin, whereby we can reject any signal originating from
outside our region of interest. Here, we will detail only the
specifics of ADMIRE relevant to the iterative variant.

The physical model is denoted by X, and is comprised of
model predictors for the region of interest Xgor and model
predictors for other sources X¢jyer- Using this model, we have

y=Xp, 4

where y is the post-short-time Fourier Transform (STFT)
aperture signal for a single frequency at a given depth, and
£ is the set of model coefficients for the model predictors.
Since the size of the model is vastly larger than the aperture
signal making (4) inherently ill-posed, we must solve for the
model coefficients using elastic-net regularization [9], by the
equation

B= argmin([y — XBI1 + MBIl + (1= )lIBIE). )

where ||3]|; is the L1 norm, ||§||, is the L2 norm, « is
a weighting between the L1 and L2 norms, and A is a
regularization parameter that corresponds to the degrees of
freedom [10]. For this study, we set o = 0.9, and chose A for
a high degree of freedom.

Once the model coefficients have been estimated from the
elastic-net regularization, we can estimate the decluttered,
frequency-domain aperture signal by selecting exclusively the
model predictors sampled from the region of interest as

Ydecluttered = XROI/BROIa (6)

and further we can take the inverse short-time Fourier Trans-
form to get the time-domain signal.

E. Iterative ADMIRE (iADMIRE)

Iterative ADMIRE (iADMIRE) extends ADMIRE to it-
eratively solve for the model predictors in the elastic-net
regularization step, theoretically producing a more accurate
estimation of the region of interest signal. Algorithm 1 details
the steps for iteratively calculating and removing clutter.

For every iteration, we start by calculating the model
coefficients S using (5). Since the physical model is split into
region of interest and clutter predictors, we can estimate the
clutter-only signal using (7). We can then update the aperture
signal by subtracting the clutter-only signal, until eventually
the difference between signal iterations is smaller than some
predetermined threshold. At this point, the decluttered signal
is calculated with (6) using the most recent set of model
coefficients. This overall process helps to eliminate strong

sidelobe clutter, producing a more accurate region of interest
signal.

III. METHODS
A. Contrast Target Phantom

For measuring the dynamic range, we used Field II [11],
[12], where we simulated 5 mm diameter cysts of known
contrast from -50 dB to 70 dB relative to the background,
plus a 90 dB and anechoic case. For each level of contrast, 12
realizations of speckle were created. Reference [1] includes
more details about the simulation parameters. We prefer this
method of measuring dynamic range as it allows us to evaluate
the methods at sharp changes in contrast.

B. Bright Scatterer Phantom

For measuring the effect on the DRA, we again used Field
II to simulate single point targets with contrasts from 40 dB to
120 dB relative to the background. For each level of contrast,
6 realizations of speckle were created. The same Field II
parameters were used as for the contrast target phantoms.

C. Contrast and Dynamic Range
For both simulation cases, the contrast ratio was defined as

HROIT

CR = 20log,,(— R,
ﬂbackground

)
where o is the mean value of the enveloped, pre-compression
data. The background corresponds to a region of pure back-
ground speckle for both simulation cases. For the contrast
target phantoms, the ROI corresponds to the 5 mm cyst, but
for the bright scatterer phantoms it corresponds to an area
where the dark region artifact is present. Finally, a two-tailed
t-test (o = 0.05) was used to statistically determine the point
at which each method deviated from the true contrast, which
is the dynamic range.

Algorithm 1: Iterative clutter removal in ADMIRE

1 Given model predictors X = [Xror Xcluterl, aperture signal
y1, parameters « and A, and §>0

for k=1 do

Solve (5) for model coefficients Bk, given yi, X
Compute clutter-only signal

(5]

= W

Yk clutter = Xetutter Bk clutter @)

wn

Compute new aperture signal
Ye+1 = Yk — Yk clutter (8)

Stop when ||yx+1 — ykl|3 <6
end for

Calculate Ydecluttered = XROI/Bk,ROI
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IV. RESULTS

Fig. 1 (top) reports the estimated contrast ratio dynamic
range for each beamformer, while (bottom) shows the mea-
sured contrast for each contrast phantom compared to the
true contrast from anechoic to 90 dB. In this study, DAS has
an impressive range of 50.4 dB, which is just slightly better
than ADMIRE at 49.3 dB. iADMIRE manages a significant
improvement over both methods with range of 69.6 dB. DMAS
and GCF both have greatly reduced range compared to DAS.
It is important to note here that the parameters for the physical
model creation in ADMIRE can be tuned to significantly
different results. In particular, in our previous study ADMIRE
performed slightly better than DAS [6], but for this study the
parameters were tuned more for DRA removal.

An example set of bright scatterer phantom images is shown
in Fig. 2. The contrast of the dark artifact region is calculated
from the solid and dashed red lines for all cases. The contrast
in DAS of 3.23 dB is slightly greater than 0 due to focusing
and the difference in depths of the regions. The DRA is
the most prevalent in GCF and ADMIRE, with the severity
increasing as the contrast of the target increases. DMAS also
experiences the DRA at higher levels, though it is very slight
comparatively. In comparison, DAS and iADMIRE have no
DRA present, though DAS instead exhibits strong distortion
of the background speckle in those areas at 100 dB and
above. iADMIRE is able to reduce the DRA and additionally
suppress sidelobes and fully preserve the speckle texture in
cases up to 100 dB, though in acoustically stronger cases the
speckle began to distort as well. In the 100 dB case where
the improvement was the most significant, the contrast of the
DRA was 4.56+0.61 dB for DAS, -5.024+1.26 dB for DMAS,
-20.67+0.72 dB for GCF, -24.431+0.62 dB for ADMIRE, and
-0.584+0.84 dB for iADMIRE.

V. DISCUSSION AND CONCLUSIONS

In this study we introduced iterative ADMIRE, an extension
of ADMIRE specifically aimed at increasing its dynamic
range and mitigating dark region artifacts. We showed that
iADMIRE is able to attain a dynamic range of 69.6 dB,
an improvement of 19.2 dB compared to DAS and 20.3
dB compared to ADMIRE. Additionally, we showed that
1ADMIRE was able to mitigate the DRA and fully preserve the
speckle texture in bright scatterer cases up to 100 dB, while
also suppressing sidelobes compared to DAS.
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Fig. 2. Bright scatterer phantom images for tested beamformers presented with a dynamic range of 60 dB. The dark region artifact (DRA) appears most
significantly in GCF and ADMIRE, and appears slightly in DMAS. iADMIRE greatly reduces the DRA compared to normal ADMIRE, preserving underlying
speckle texture in cases up to 100 dB. DAS does not experience a DRA, but the speckle is still distorted in cases at or above 100 dB. In the bottom left
image, the solid red line indicates the DRA and the dashed red line indicates the background used for contrast measurements. The contrast listed is the average
contrast of the DRA relative to the background across all six realizations.
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