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Abstract—3D sonar imaging wsing a fully-populated rectangu-
lar 2D array has many promising applications for underwater
imaging. A primary limitation of such systems is the large
number of parallel front-end hardware channels needed to
process the signals in transmit and receive when using conven-
tional full phased array imaging. A subaperture beam acquisi-
tion and image formation process is presented that significantly
reduces the number of front-end hardware channels while
achieving image quality appreaching that of full phased array
imaging. Rather than transmitting and receiving on all AxV
transducer elements to form each beam, an MM subset of ele-
ments—cealled a subarray—is used for each firing. The limited
number of front-end processing channels are used te acquire
data from each subarray. Switching hardware allows the subar-
ray to be multiplexed across the full array. Due to the Nyguist
sampling criteria in beamspace, the number of beams acquired
by each subarray can be significantly reduced compared fo the
number required for the full array. The phased subarray proc-
essing includes beam upsampling, lateral interpolation with a
subarray-dependent filter, and coherent weighting and summa-
tion of all subarray images to form a high resolution image. The
phased array method achieves an image quality nearing that of
full phased array imaging with significantly fewer precessing
channels, slightly reduced SNR, and roughly three times the
number of firings for reasonable configurations.

I INTRODUCTION

High-performance 3D sonar imaging could be applied to
a number of underwater applications. Unmanned undersea
vehicles (UUVs) could use 3D imaging for improved obstacle
avoidance, mine detection and reconnaissance, and naviga-
tion. Divers could use a handheld 3D sonar nnaging systern
for navigation in low visibility conditions, such as in shallow
waters, rivers, or porits. Forward-looking 2D acoustic trans-
ducer arrays are a promising technology for 3D underwater
imaging.

One of the primary constraints of 2D array imaging sys-
tems is the overwhelming number of front-end hardware
channels that are necessary to process the transmitted and
received signals in real time [1]. Another difficulty has been
addressing all transducer channels individually. One active
research topic aiming to address these problems by using a
reduced number of transducers is the design of sparse ar-
rays [2-4]; current results show that these often suffer from
high side lobes. Recent work has been done to electrically
address a fully-populated 2D rectangular array [5]. The
method presented here uses such a fully-populated transducer
array, but still uses a reduced number of front-end hardware
channels.

In this paper we present a method of reconstructing 3D
acoustic images by acquiring signals from a smail subset of
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array elements at any given time. By reducing the number of
paralle] transmit and receive channels used during a single
beam formation, the number of front-end processing channels
can be significantly reduced. The purpose of this new imag-
ing method is to sufficiently reduce the front-end complex-
ity—and thus size, cost, and power consumption—such that
real-time 3D sonar imaging can become a reality.

In conventional full phased array (FPA) imaging, all
transducer elements simmltaneously transmit properiy-
defayed pulses fo steer and focus an acoustic beam toward a
desired iocation. Likewise, all transducer elements simuita-
neously receive the reflected acoustic signal to form a dy-
namically-focused receive beam. Each transmit/receive “fir-
ing event” is repeated. each time steering the beam to a new
location. The beams are then combined to form the resultant
image [6, T1.

The proposed phased subarray (PSA) imaging method
described in this paper is based on other studies using syn-
thetic subaperture imaging for 2D imaging [8, 9]. When ap-
plied to 3D imaging, a fully-populated rectangular array is
subdivided into a number of overlapping subarrays, each
composed of a group of adjacent transducer elements. For
each firing event, only a single subarray is used for transmit
and receive beamforming. Due to the reduced transmit and
receive aperture size, a smaller number of beams need be
acquired as determined by the Nyquist sampling criteria
without any loss of information. The unacquired bcams can
be reconstructed by upsampling and Interpolation using a
subarray-dependent set of filters. Each subarray acquires a
different range of spatial frequency components. The spatial
frequency range of the combined set of subarrays equals that
of the full array. Therefore, by combining the reconstructed
subarray images, the response of PSA imaging is equivalent
to that of FPA imaging.

The paper Is organized as follows. Phased subarray ac-
quisition is described in more detail in Section IT.A. Section
11.B discusses the 3D frequency response of 2D rectangular
arrays. The frequency response resulting from each stage of
PSA image formatien is presented in Section 11.C. The per-
formance of the method is compared to FPA imaging in Sec-
tion 111, and closing remarks are made in Section I'V.

II. METHODS

A. Subarray Beam Acquisition and Processing

An NxN fully-populated two-dimensional transducer ar-
ray with element pitch d is subdivided into KxK square subar-
rays, each with AM> M elements. The subarrays overlap by
half the subarray width (M/2) in both directions, and thus the
following equation relates N, K, and M:
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Figure 1. Beam processing for PSA image reconstruction. Each point represents a single beam that extends radially from

the center of the array.

M(K+1)=2N (2.1
The amay lies centered on the x-v plane, and faces the posi-
tive z axis.

Each subarray transmits and receives from all of its ele-
ments 1o form acoustic beams thal sweep out a sector of size
Ox0, The beams all begin at the array center and are directed
outward with steering angles 8, and 0, measured from the
array normal toward the x- and v-axes, respectively. The
steering angles are evenly spaced in sinB, and sing,. The re-
ceived signals are sampled in time such that beams can be
reconstructed to a depth of R. The tfransmit and receive
beamnforming delays for each element are identical to those
that would be used for FPA imaging. The received acoustic
signals from all subarray elements are appropriately delayed
and summed to form each beam. Prior to additional process-
ing, a Hilbert transform filter is applied to form an analytic
signal with only positive frequency components.

The Nyquist sampling criteria requires that the following
number of beams be acquired in cach dimension:

ANd
- —_—
A

s

e
YFPA 2.2)

sin(gw,
\2)

min

where Ay, is the acoustic wavelength corresponding to the
maximum frequency component, and Qp, 15 the number of
beams acquired for FPA imaging using an array with N ele-
ments in the beam sweep direction. For a single subarray
using PSA imaging, the number of beams required per di-
mension is reduced to
.(@j
sin| — |.
2

Each subarray first acquires QpsX(?pss beams, as illustrated
in Fig. 1(a). The object is (o upsample the subarray images
formed by these beams and reconstruct a fully-sampled 3D
image with (Jrp,xQOrp, beams using a specially-designed fil-
ter.

4Md
A

min

Opsq > (2.3

The most straightforward method of reconstruction
would be upsampling the subarray images in both the 6, and
0, dimensions and convolving with a 3D FIR filter. The 3D

filter is separable in §, and ©, such that the reconstruction
filtering can be performed by applying two different 2D fil-
ters along the fwo dimensions sequentially. This process
greatly reduces the number of computations required to apply
the filter.

Each subarray image is upsampled along 0, by a factor of
L by inserting L — | zero-valued beams between the acquired
beams (Fig. 1{b)}). The upsampling rate is determined by the
ratic of the number of beams required for the full array and

Drea

each subarray:
gz
QF‘SA M

where [f| is the ceiling function. The subarray-dependent

(2.4

2D FIR filter Iu{g.,] is applied to each O,-r plane in order to
interpolate the missing beams (Fig. 1(c)). Ideally, this recon-
structed image would be cqual to an image formed by directly
acquiring (rps<(psy beams.

The same upsampling/interpolation process is then ap-
plied in the 0, direction (Fig. 1(d-¢)). A second 2D FIR filter
f13[g,,] is applied in the B, direction to reconsiruct these miss-
ing beams. All subarray images are now equivalent to what
they would have been had each directly acquired the full set
of OrpsxQrpys beams. Given a sufficiently fast digital signal
processor (DSP), the beam upsampling and interpolation of a
single subarray image can be performed in less time than the
pulse-echo propagation time of OpgyxOpgy beams. As a re-
sult, the time required to form complete Qrp<Qrps-beam
images is significantly reduced, in tumn increasing the frame
rate.

The final step in forming the 3D image is to weight and
sum all KxK subarray images. The weights are given by

ﬁh}:{xw!

P €31 .

bt
)

where k, and k, are the subarray indices in the x and y direc-
tions, respectively, and range from 0 to X — 1. This choice of
weights is justified in Section I1.C.

w[k S
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The resultant image is equivalent to that formed by ac-
quiring QppaXQrpy beams from the full NxN-clement array
using FPA image formation. The advantage of using PSA
image formation is that fewer front-end processing channels
are required—only MxM instead of NxN—and with a toler-
able decrease in frame rate.

B, 3D Frequency Domain Array Response

The equivalence of PSA imaging to FPA imaging and
the PSA filter design is more clearly tllustrated in the 3D spa-
tial frequency domain. We first consider the 2D lateral fre-
queney response.  The far-field 2D two-way lateral point
spread function {PSF) is directly related to the transmit and
receive aperture functions via the Fourier transform:

U[qr,qr] =3,, {&T [n_‘_,)z}.]}»ﬁw{dﬂ [n_\_,ny :l} , (2.6}

where a7 | and dg] ] are the 2D aperture functions. Com-
pared to the array-sampled discrete aperture function, af ],
with a fixed sampling period d, the aperture function df }
samples the aperture with a frequency-dependent period A/2.
This difference will have the effect of scaling the width of all
derivative functions by 2d/A.

Consequently, the lateral frequency domain response—
or coarray [10, 111—is equal to the convolution of the aper-
ture functions:

2.7)

u[mr,mr] = SZD{U [q,\ 4, ]}

zt[m_‘,mr‘,:l =a, [n_“,n"‘ ] BQa, [nr,n}.]

The coarray corresponding to the full NxV array is therefore
equal the convolution of two squares, resulting in a pyramid-
like function with a square base of width 2(2N — 1)d/A. Sini-
larly, the center subarray will have a cosubarray equal to a
pyramid with base width 2(2M — 1)d/A. Since the other su-
barrays are shifted in either direction by multiples of M/2,
their cosubarrays are likewise shifted by multiples of 2Md/A,

All cosubarraye overlan

(2.8}

by half their width in both directions; in this arrangement, the
full coarray is a linear combination of all cosubarrays. In
other words, simply weighting and summing the subarray
response results in the full array response. So far, the discus-
sion has been limited to a single frequency.

In practice, the transmit pulse is a bandlimited signal
with cenier frequency fy and ranging from fi, 10 fu... The
wavelength varies with frequency,

h=cif, (2.9)

and thus the 2D coarray at each frequency will be scaled and
shifted hnearly with increasing frequency. In addition, the
coarrays at each frequency will be weighted by the relative
contribution of the corresponding frequency of the excitation
pulse. Let Ur] be the axial impulse response of the system
corresponding to the excitation pulse with sampling fre-
quency f;. The axial frequency response is then given by

u[m,_}=3{U[r]} (2.10)

U[r} is an anabytic signal, and thus u[m,] has only positive
frequency components. The overall 3D frequency response
of a single transmission from one aperture to another is

n[m‘ N ] = (t?.,. [n‘ ,n_‘,] R, [n_ ,n_\_:l}-u[m,] (200

Recalling that the width of the modified aperture functions
increases linearly with frequency, the expression in parenthe-
ses represents a 3D structure with a square lateral
cross-section boundary {examples are shown in the left col-
umn of Fig. 2). Due to the linearly increasing width, the
bounds of the structure define a square pyramid whose top is
positioned at the origin and whose base extends toward the
axial frequency axis, m,. A bandlimited axial frequency re-
sponse causes the top and the base of the pyramidal boundary
1o be clipped, reducing the bounds to a square pyramidal frus-
tum. Figure 2(e) shows the cross sections of the 3D response
for a full phased array system. For a subarray located at the
center of the array, this frustum is aligned with the radial fre-
quency axis. Shifting the subarray off axis has the effect of
slanting the frustum away from the m, axis. Figure 2{d) illus-
trates the effect of shifting the subarray towards the positive
¥ axis, resulting in a slant of the frustum towards the positive
m, axis. Figures. It is important to observe that because the
subarrays overlap by half their width, the corresponding frus-
tums in 3D frequency space will also overlap by half their
lateral width; as a result, the frustum corresponding to the
full-array (FPA) response is a linear combination of the su-
barray responses.

C. 3D Frequency Domain PSA Processing

The frustum-bounded frequency-domain responses dis-
cussed thus far represent the subarray response when acquir-
ing a full set of Qrp; beams in each angular dimension. Sam-
pling a reduced set of Qpgy beams results in lateral expansion
and circular wrapping of the response in the frequency do-
main. As a result, the lateral bounds of the frustum nearly
extend to fill all of the lateral frequency space. Figure 2
shows three orthogonal cross sections through the center of
3D frequency space for ecach stage of PSA processing. The
example shown gives the response of a single subarray lo-
cated at the center of the full array in the x axis and at the
edge of the array in the y axis (k, =3, £, =6). The response
of the system when acquiring only QpgaxQpss beams with this
subarray i1s shown tn Fig. 2(a). Since the subarray is not cen-
tered along the y axis, the frustum is slanted in the m-m,
plane. Properly choosing the beamsampling rate prevented
the boundary of response from overlapping onto itself.

Lateral upsampling by a factor of L along a single spatial
dimension, g, results in L periodic replicates of the frustum
to be formed in frequency space along the dimension 1, as
shown in Fig, 2(b). The frustum response whose vertex is
located at the origin is the desired response; all others are
unwanted aliases. The purpose of the frequency-domain re-
construction filter, H,{m,,m,], 1s to eliminate the aliases. The
frequency-domain response of the filter is therefore a rectan-
gle centered over the desired frustum as indicated in
Fig. 2(b). This process is repeated for all subarray images.
As shown in Fig. 2(¢), the aliases have been climinated.
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The process is repeated for the other lateral dimension,
.. Again. L periodic replicates are formed in the frequency
domain, this time along the m, axis. as shown in Fig. 2(c).
The reconstruction fitier, Hylm,.m,]. 1s apphied to climinate
the L — | aliases.

After upsampling and reconstruction filtering in both lat-
eral directions, the combined frequency response for each
subarray is equivalent to the response of a subarray that had
directly acquired OrpsxQrps beams directly. The frequency-
domain response of the example subarray is shown in
Fig. 2(d). That responscs of all KxK subarrays can be line-
arly combined to form the FPA-equivalent response is made
clear when considering a single lateral cross section through
the 3D frequency-domain response, As discussed in the pre-
vious subsection, the bounds of the lateral response define a
square, and the magnitude is pyramidal with a square base.
Because the subarrays are spaced apart by half the subamay
size, the square pyramids in the frequency domain corre-
sponding to adjacent subarrays also overlap by half the width
of the pyramid’s base; this is true in both dimensions. As a
result, the magnitude of the frequency domain at any point is
found via bilinear interpolation of the four nearest pyramidal
peaks. To achieve an FPA-equivalent frequency response—
yet another square pyramid whose base is equal to the com-
posite of bases of the subarray pyramids—the subarray re-
sponses must be weighted such that the magnitude of their
corresponding pyramids define the surface of the full FPA
pyramid. The proper subarray wcights that achieve the full
array response are given in (2.5).

Regardless of the frequency at which the cross section is
observed, the principles of the 2D lateral subarray response
still apply. Consequently. the linear combination of the su-
barray frustums using the specified weights will result in the
full array response frustum. In other words, the combined
PSA system frequency domain response is equivalent to that
of an FPA imaging system.

1H. RESULTS

The proposed phased subarray 3D imaging method has
been shown to have a theoretical response equivalent to that
of full phased array imaging. The PSA imaging method
achieves this result while significantly reducing the front-end
hardware complexity. The required number of front-end
hagdware channels is reduced from M2 for an FPA systcm to
M-

The total number of firings required for each imaging
method is equal to the total number of beams acquired:

2
4Nd . (©
Brp, = Q.iPA = (—;';S’U[EJ] 3.h
amd (o)
Bpsy = K" - Qpsy =[K s sin(;)} (3.2)

Although the subarray beam-sampling rate is significantly
less than the rate required for the full array, the total number

of subarray beams acquired is still higher than the number of
full array beams. This increase can be expressed as

B KM 2 2N ’ M 2
_¢=[ J= [—A,,—")M :(2_7]. (3.3)

B e N N

The number of PSA firings is thercfore always less than
4 times the number of FPA firings; for a reasonable configu-
ration with A = N/4, the increase 1s approximately 3 times.

For a general acoustic imaging system, the frame rate is
limited by the number beams acquired and the time required
for the acoustic signals to travel to the maximum imaging
depth, R, and back:

- s
B-2R’

(3.4)

where ¢ 15 the sound velocity in the medium. As an example,
consider a system employing a 32x32-element amray subdi-
vided inte 7x7 subarrays each with 8x8 elements. Further-
more, the elements are spaced at d = A,;/2; the imaging sec-
tor angle is 60°%60°; the velocity of sound is 1480 mv/s; and
the imaging depth is 1 m. Such a system would require 1,600
beams (40x40), resulting in one frame every two seconds.

Signal-to-noise (SNR) performance of an array imaging
system is dependent upon the number of active transmit and
receive channels. Assuming that the noise is additive and
statistically independent on the receive channels, the SNR of
an FPA systen is given by

SNRy,, = 20log,,[ N' |+ SNR, (dB), (3.5)

where SNR; 18 the pulse-echo SNR of a single channel, as-
suming that the SNR of the array channels are identical. For
a 32x32-element full phased array system, the SNR is
90.3 dB above SNRy. For the proposed PSA system, the rela-
tive SNR is given by

SNR,g, = 20tog,,[ (2N =M ) M* |+ SNR, (dB)

(3.6)

For the previous PSA example with a 32x32-element array,
the relative SNR is 88.0 dB above SNR;. Therefore, PSA
imaging has an SNR 2.3 dB below the equivalent FPA sys-
tem.

Numerical simulations were performed to evaluate the
point spread function. The array parameters were similar to
those given in the example (N =32, M =38, K=7). The ele-
ment spacing was o = Ay/2, where X, is the wavelength corre-
sponding to the center frequency. The excitation pulse used
was a modulated Gaussian with 50% bandwidth. A perfect
point reflector was positioned directly in front of the array at
a distance of 60.9 Ay, The fixed transmit focal point was
fixed at the position of the point refiector, and dynamic fo-
cusing was used on receive. Both FPA and PSA methods
were simulated using the same array for comparison.

For FPA imaging, 129x129 beams (QrpsXQrps) were
formed directly. For the PSA imaging simulations, only
33x33 beams (Dps < Orsa) were formed. These were upsam-
pled by 4 (L) in each lateral dimension prior to filtering such

2149



FPA

r(Ag)

-1 Sino,) 1

(b

8in(g,) 1
Figure 3. Cross sections of the 3D point spread function for
FPA and PSA imaging methods. lmages displayed with 50
dB of logarithmic compression.

-1 sin(e,) 1A

that the final number of beams was the same as for FPA. The
interpolation filters for each subarray were first cakculated
using the ideal filters as shown in Fig. 2. The inverse discrete
Fourier transform was used to determine the spatial domain
filters, which were subsequently truncated to 31 and 15 taps
in the lateral and axial dimensions, respectively. A hamming
window was also applied in both dimensions. Figure 3 shows
cross sections through the raw beams centered at the location
of the point reflector. The magnitude of the PSF has been
plotted along the axial and lateral dimensions in Fig. 4. The
axial response for the two methods is nearly identical, with
3-dB resclutions of 0.61 Ay and 0.63 Ay for FPA and PSA,
respectively. The lateral PSFs are also nearly identical within
the center 36° sector, with 3-dB resolutions of 2.22° and
2.48° for FPA and PSA, respectively. Beyond this range,
however, this example of PSA suffers from wide side lobes.

[V, DISCUSSION AND CONCLUSION

We have presented a phased array imaging method for
3D imaging that greatly reduces the front-end hardware while
achieving near-FPA resolutions. The SNR is slightly reduced,
and the frame rate is reduced by a factor of 3 for reasonable
configurations. The simulations show that the PSA method
suffers from high outer Jobes in the lateral response. These
may be due to the small number of elements used, as these

_{a) Lateral Point Spread fFunction

[~}
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_.{b) Axial Point Spread Function
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Radius (Wavelengths, Al

Figure 4. Lateral and axial peint spread functions for FPA

and PSA imaging.

are not present in 1D array simulations with 128 elements
using similar techniques [12].

The theory and examples provided in this paper all as-
sumed a square 2D array with the same number of elements
in both directions. Although this simplified discussions here,
the principies equaily apply to non-square rectanguiar arrays.
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