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Complete Complementary Coded Excitation
Scheme for SNR Improvement of 2D
Sparse Array Ultrasound Imaging

Mohamed Tamraoui

Abstract—Driving the numerous elements of 2D matrix
arrays for 3D ultrasound imaging is very challenging in
terms of cable size, wiring and data rate. The sparse ar-
ray approach tackles this problem by optimally distributing
a reduced number of elements over a 2D aperture while
preserving a decent image quality and beam steering ca-
pabilities. Unfortunately, reducing the number of elements
significantly reduces the active probe footprint reducing as
a consequence the sensitivity and at the end the signal-
to-noise ratio. Here we propose a new coded excitation
scheme based on complete complementary codes to in-
crease the signal-to-noise ratio in 3D ultrasound imaging
with sparse arrays. These codes are known for their ideal
auto-correlation and cross-correlation properties and have
been widely used in Code-Division Multiple Access sys-
tems (CDMA). An algorithm for generating such codes is
presented as well as the adopted imaging sequence. The
proposed method has been compared in simulations to
other coded excitation schemes and showed significant
increase in the signal-to-noise ratio of sparse arrays with
no correlation artifacts and no frame rate reduction. The
gain in signal-to-noise ratio compared to the case where
no coded excitation is used was around 41.28 dB and the
contrast was also improved by 29 dB while the resolution
was unchanged.

Index Terms—3D ultrasound, Complete complementary
codes, Signal-to-noise ratio, Sparse arrays.

I. INTRODUCTION

ITH three-dimensional ultrasound (3D US) imaging
W systems a full representation of the 3D anatomy is
obtained allowing the clinician to access volumetric information
in the observed scene (anatomy, flow,...). Conventionally, these
systems use 2D matrix arrays to acquire images of the whole
region of interest (ROI). With common sequences, scanning
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the ROI requires an individual control of each element of the
array to steer the ultrasound (US) beam in both the elevation and
lateral directions. Moreover, to produce images with good lateral
resolution and contrast, 2D matrix arrays should be large enough
while maintaining the pitch distance between array elements in
both directions to one half of the wavelength (1/2) [1], [2]. To
satisfy these conditions, several thousand small-sized elements
are required. For example, to have the same lateral resolution
as a 128-element linear array, a 2-D matrix array consisting
of 128 x 128 = 16, 384 elements is needed. Manufacturing an
array with several thousands of elements is very complex and
costly. As such arrays require as many channels as elements
to be driven, it increases the complexity of the electronics
controlling the array and the size of the connection cable. Several
solutions have been proposed in the literature to overcome these
limitations, including row-column addressing (RCA) [3], [4],
[5], [6], [7], micro-beamforming [8], [9], [10], [11], and channel
multiplexing [12], [13].

The RCA approach considers an N x N matrix array as an
orthogonal set of N rows and N columns. An entire row or
column is addressed instead of a single element and one is used
for transmit while the other is used for receive. The number
of channels required is then reduced to 2N instead of N2
However, due to element elongation, electronic apodization is
not possible as there is no electronic control along the length
of each element [14]. Another limitation of RCA is that the
array can only scan a ROI of the size of the aperture [15].
Microbeamforming is another solution that aims to reduce the
cables and the amount of transferred data from the array to the
scanner. Using application-specific integrated circuits (ASIC),
signals from a sub-aperture of elements are pre-beamformed
directly in the probe and the reduced number of signals are sent
through the cable to the scanner. Even though this can allow
the control of thousands of elements using a reduced number
of channels, the integration of such computational power in
the probe requires active cooling which make designing such
probes more complex and expensive [16], [17], [18]. Finally,
the channel multiplexing techniques, a subset of elements is
controlled by the same channel using a multiplexer. These arrays
require fewer channels but they suffer from a lack of flexibility to
address the elements of the full array, as only a subset of elements
can be connected during transmission and reception [19], [20].

0018-9294 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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In this work we will focus on another solution known as sparse
arrays originally described in [21] and recently reviewed in [17].

The sparse arrays approach tackles the limitations associated
with the large number of elements of 2D matrix arrays by
optimally distributing a reduced number of elements over the
aperture of the array, allowing the use of a reduced number
of channels. In order to have images with decent quality, the
number of elements and the way they are distributed over the
aperture must produce a beam pattern with a thin resolution and
a low grating-lobes level (GLL) and side-lobes level (SLL). To
reduce the GLL, random sparse arrays were introduced [17],
[21], [22], [23]. By randomly distributing the elements over the
aperture of the array, the constructive interference responsible
for the appearance of grating lobes due to periodicity are sup-
pressed, however, the level of secondary lobes is still high which
degrades the image quality [21]. Another approach consists in
using stochastic methods to optimize the parameters (positions,
apodization weights,...) of sparse arrays elements. An energy
function based on the beam pattern (limiting GLL and SLL)
is used to search for the best configuration among very large
number of candidate solutions using a simulated annealing [24],
[25], [26], [27], [28] or a genetic algorithm [29], [30], [31]. The
obtained arrays are referred to as optimized sparse arrays. Due to
the high computational cost required to design optimized sparse
arrays, aperiodic arrays have been proposed such as Fermat’s
spiral array [1], [32]. This array offers very good performances
in terms of GLL and inherits rotational symmetry which is ideal
for 3D US imaging [17]. After defining the aperture size, the
elements distribution of the Fermat’s spiral array is only defined
by the divergence angle and the total number of elements which
make the array ideal for rapid testing and simulations. To reduce
even further the GLL while increasing the array sensitivity,
a density tapered Fermat’s spiral array was proposed in [16]
following the works in [33] for antenna design.

The main issue of sparse arrays lies in the need for elements
to be small to have a wide directivity, especially when imaging
with sequences such as synthetic transmit aperture (STA). This
implies that the elements need to emit with low energy and
receive with poor sensitivity, which leads in the end to poor
signal-to-noise ratio (SNR) [25]. In contrast, large elements
produce more energy, but at the cost of a more directional
ultrasonic beam. Voxels of the 3D image are then insonified
by fewer elements, which reduces the imaging quality (i.e.,
reduced resolution, contrast). In [34], a sparse array having large
elements and large divergence of each element through the use
of a lens was introduced. Although, the use of a lens helps
improving the divergence of the large elements, it may reduce
the SNR as it spreads the acoustical energy over a broader region.
In this article, we propose the use of coded excitation in order
to increase even further the SNR of sparse arrays.

The SNR is proportional to the amount of transmitted energy.
In order to increase the SNR, longer excitation pulses may
be used, however, increasing the duration of the pulse affects
severely the axial resolution. Coded excitation is another tech-
nique usually used to increase the transmitted energy. It was first
introduced for radar systems [35] and then applied to ultrasound
imaging [36], [37], [38], [39], [40]. This technique consists of

transmitting a long coded pulses to the medium and using a
pulse compression step in receive to compress the energy which
increase the SNR without affecting resolution. In the literature,
various coded excitation schemes have been proposed in medical
ultrasound imaging and can be divided into two categories:
frequency modulated schemes and phase modulated schemes.

For frequency modulated schemes, the most popular tech-
nique is using linear frequency modulated chirps [37], [38],
[41], [42], [43], [44], [45]. In a linear chirp, the instantaneous
frequency is linearly changing over time allowing a linear sweep
of the whole bandwidth of the transducer. The two important
parameters of a chirp are its duration and the swept bandwidth.
Although chirps have been proved to increase the SNR in
ultrasound imaging, this technique suffers from compression
sidelobes that can be as high as —13 dB which severely affects
the contrast. Mismatched filtering can be used to reduce the
compression sidelobes level to around —40 dB at the expense
of degrading the axial resolution, but they can still be visible
in images because a dynamic range of 60 dB or more is typi-
cally used in ultrasound imaging [39]. Different from frequency
modulated schemes, phase modulation schemes use binary se-
quences that are modulated by a pulse at the central frequency
of the transducer where a +1 corresponds to 0° phase and —1
corresponds to a 180° phase. One of the most popular binary
sequences used in medical ultrasound are complementary Golay
codes [46], [47], [48], [49], [50], [51]. They consist of a pair of
binary sequences that have opposite sidelobes signs which are
suppressed by addition of the two compressed signals. However,
the pair of sequences are not orthogonal, hence two separate
successive transmissions are necessary which lowers the frame
rate by a factor of two. Alternatively, spatial coding methods
such as Hadamard encoding can be used to increase the SNR.
In Hadamard encoding, each element of the array will transmit
a pulse weighted by a coefficient from the Hadamard matrix
and the received signals are then decoded using the inverse
Hadamard matrix [52], [53], [54], [55]. Hadamard encoding
was also shown to improve SNR and penetration depth of plane
wave imaging without sacrificing the frame-rate [56], [57]. As
stated in [58], this type of encoding can also be combined with
modulated sequences to further increase the SNR.

Here, we propose a new coded excitation scheme based on
complete complementary codes (CCC) that increases the SNR
of sparse arrays while suppressing the axial sidelobes and main-
taining the frame rate unchanged. They were proposed for the
first time by Suehiro et al. [59] as an extension of the comple-
mentary sets proposed in [60] by reaching the upper bound limit
(i.e. M < N). As it will be further discussed, reaching this upper
bound is of particular interest for US imaging as it minimizes
the number of required firing. The CCC are often referred to
as (M, N, L)-CCC since they are composed of M sets of N
binary sequences of length L (i.e., the number of symbols in
each sequence is fixed to L). Indeed, these CCC evolved from
the Golay codes by, 1) extending the number of sequences in
each set (from two to V), and 2) extending the number of sets
(from one to M). Thus, they have the advantages that the sum of
the auto-correlations of sequences in each set is zero except for
zero shift (i.e., delta impulse) and the sum of cross-correlations
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of sequences at the same index between any two distinct sets
is zero for all shifts. However, the (N, N, N?)-CCC that they
proposed in [59] using N-Shift cross-orthogonal sequences were
relatively long (N2). Interestingly, this construction was later
improved by the authors of [61] to construct (M, N, MN)-CCC
and (N, N, MN)-CCC with (M,N € ZT; M<N). Hence, the
required number of symbols in the sequences decreased from
N2 to MN, and it was even further reduced to MN /P with a
method for generating (N, N, MN/P)-CCC with (M,N,P €
Z7; M,P<N) [62]. A review article analyzing the applica-
tions of CCC can be found in [63]. For ultrasound imaging,
having CCC with shorter sequences offers the possibility to
transmit shorter excitation signals. Because of their ideal cor-
relation properties, CCC codes have been extensively applied
in Code-Division Multiple Access (CDMA) [64], [65], [66]
and Multiple-input multiple-output (MIMO) [67], [68], [69]
systems.To the authors knowledge, this work is the first im-
plementation of CCC in medical ultrasound. The authors also
believe that they are well adapted for 3D ultrasound imaging with
sparse arrays, since they offer the possibility of transmitting with
all the elements while using STA beamforming. Although, using
conventional focused transmission with sparse arrays gives bet-
ter SNR than conventional STA, the number of transmissions
required to reconstruct the 3D volume is quite large since a
focused transmission event is required for each volume line.

Il. METHODS
A. Mathematical Framework

Letsy = (81(1), 81(2), AN Sl(L)) and s = (82(1), 82(2),...,
s2(L)) be two sequences of length L, where each symbol can
be +1 or —1. The aperiodic correlation function is defined as
followson7 € [l —L,L — 1] :

+o0

Roysn(T) = Y s1(t)salt +7)7, (1)

t=—o00

where s2(t + 7)* denotes the complex conjugate of so(t + 7). If
81 # 82, (1)iscalled the cross-correlation function of s1 and so
and, if s; = s = s, it is the auto-correlation function denoted
by Rs(7) and Es = R(0) is called the energy of s.

Letting Cl = [81’1, 81,254+, sl,N] and CQ = [8271,
S2.9,...,82N] be two indexed sets of N sequences of length
L. Each set is called an (N, L)-sequence set. The correlation
between the two (N, L)-sequence set is defined by the following
sum :

N

Rcl ,Ca (T) = Z Rsl,n132,n (T) (2)

n=1

If C; = Cs then (2) sums the N auto-correlations of sequences
of the same set; otherwise, if C; # Cs it sums the N cross-
correlations between sequences with the same index n in the
two sets.

An (N, L)-Complementary set C; is defined as an (N,L)-
sequence set whose auto-correlation sum R, (7), is zero except

for the zero shift :
RCi (T> = ECi(S(T) 3)

Where Eg, is the energy of C; and 0(7) is the Kronecker’s delta
function.

A collection of M (N, L)-sequence sets C = [Cy,Ca, . . .,Cy]
represent a (M, N, L)-sequence family with family size M sub-
jectto M < N. A (M, N, L)-sequence family C is called a Com-
plete Complementary Code (CCC) denoted by (M, N, L)-CCC
if the two following conditions are satisfied :

1) For every i € [1,M], we have :

Re, (7) = Ee,b(7) @
2) Forevery i, j € [1,M],i # j :
’Rci’cj (T) =0 (5)

The first condition implies that the sum of the auto-
correlations in each sequence set is zero except for the
zero shift where it equals Eg,. This means that each se-
quence set C; must be an (N, L)-Complementary set. The
second condition implies that, given any two different sets,
the sum of the cross-correlations between sequences at the
same index is zero at all shifts. In this case, the two sets
are then called, cross-complementary sets. Consequently, an
(M, N, L)-sequence family is called (M, N, L)-CCC, if all the
M sets are(N, L)-Complementary set and any distinct pair of
which are cross complementary sets.

For example, if M = 2, N =2 and L = 4 the correspond-
ing (2,2,4)—CCC C= (Cl,CQ) = ((8171781)2), (82)1, 8272>) is
given by :

s11=(+++-) s12=(+—++)
sg1=(++—+) s22=(+——)

Where + denotes +1 and — denotes —1. Then the auto-
correlation sum of C; and the auto-correlation sum of Cs
are :

RCl (T) = Rsl,l(T) + R81,2 (T)
= (—1,0, 1,4,1,0, —1) + (1, 0,—-1,4,-1,0, 1)
=(0,0,0,8,0,0,0)

Rcz (T) = R82,1 (T) + RSz,z (T)
=(1,0,-1,4,—1,0,1) + (—=1,0,1,4,1,0,-1)
=(0,0,0,8,0,0,0)

And the sum of cross-correlation between C; and Cs is given
by :

RCI7C2 (T) = R81,1,82,1 (T) =+ R81,2782,2 (T)
= (717 07 37 07 ]-a Oa 1) + (17 07 73a Oa 717 07 71)
= (0,0,0,0,0,0,0)
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B. Construction of Complete Complementary Codes

Because of their interesting correlation properties, many re-
searchers have tried to develop CCC construction algorithms.
Among those methods, we have decided to use the one proposed
in [62] to generate an (N, N, MN/P)-CCC because it allows
generating CCC with short sequences length.

As it was proposed in [62], unitary matrices are used in order
to generate a (N, N, MN/P)-CCC. An N x N matrix Uy is
called unitary if it satisfies UNUI'{I = UIQUN = Iy, where Iy
denotes the N x N identity matrix. A good candidate for the
unitary matrix is the Hadamard matrix which is the one used
in this article. Additionally, P and M values must be chosen so
that P divide into N, and M divide into N/P. After choosing
the M, N and P values for the desired (N, N, MN /P)-CCC, the
construction method is divided into four steps :

1) We split column-wise a Hadamard matrix of size N /P x
N/Pinto N/(MP) matrices Ay, As, ..., Ax/up) of size
N/P x M (4; is the i-th block of M columns of A).

2) Then, a matrix D of size N2/P2 x MN/P can be con-
structed as follows :

(B® C).Diag(Vec(Ar))

oo (B® C).Dic.tg(Vec(Ag)) v

(B® C).Diag(Vec(An/mp))

with, B and C' two Hadamard matrices of respective size
M x M and N/P x N/P and with, ® the Kronecker
product,. the matrix multiplication, Diag the diagonal
operator and Vec the vectorization operator.

3) We construct a new matrix H of size N/P x MN?/P?
by concatenating the rows of the -th block of N/P rows
of D to form a single row H; of H :

Hi

yo |

aHi = [d1+?"7‘,7d2+m» B dN/P+7',-]
Hn/p
)

where an indexed d is a single row of D and r; = (i —
1)N/P withi € [1, N/P].

4) The final (N,N,MN/P)-CCC matrix C of size N X
MNZ2/P is obtained with the Kronecker product of a
Hadamard matrix E of size P x P with matrix H :

C S1,1 S1,2 S1,N
Co S211 S22 S2. N
C=E@H= =™ ’ *
Cn SN, SN2 SN,N
3

Where each of the IV rows of the C matrix corresponds to
a set of N sequences and each entry s; ; is a sequence of
length MN/P. The code used to generate CCC, including test
functions was implemented in MATLAB and is provided pub-
licly through a github repository (https://github.com/Tamraoui/
CompleteComplementaryCodes).

C. Imaging Method

To increase the SNR of 3D sparse arrays, a CCC excita-
tion scheme is applied to the STA imaging sequence. Unlike
Conventional STA, all the elements transmit simultaneously NV
times. Instead of transmitting the same short pulse, each i-th
element transmits the sequence s;_; during the j-th transmission
event. So, in this coded excitation scheme, all the elements trans-
mit a different sequence picked from the (N, N, MN/P)-CCC
matrix C at each transmission event. After the N transmissions
and thanks to the ideal auto-correlation and cross-correlation
properties of CCC, the received signals are then decoded without
any mutual interference. Hence, we recover the full STA dataset
as would yield the standard STA approach under the assumption
of an ideal, linear, propagation medium, but with much higher
SNR.

More precisely, (8) shows that C is composed of N sequence
setsC; withi = (1,2, ..., N). And each set C; contains N binary
sequences s; ; with j = (1,2,...,N). Each binary sequence
has length MN /P. In the proposed coded excitation scheme each
of the N transducer elements will be assigned a sequence set C;,
thus element 1 is assigned the set Cq, element 2 is assigned the
set Co and so on. Since each set is composed of N sequences, to
make profit of the ideal auto-correlation and cross-correlation
properties of CCC, all the sequences need to be transmitted
requiring N transmit events to be made. In each transmit event,
all the elements are activated simultaneously and each one of
them will transmit the sequence s; ; from the assigned set C;.

As depicted in Fig. 1, the transmission scheme works as fol-
lows: in transmit event 1, element 1 transmits the sequence s 1,
element 2 transmits the sequence s5 ; and element N transmits
the sequence sy 1. In the second transmit event, element 1 trans-
mits the sequence s1 2, element 2 transmits the sequence s, » and
element N transmits the sequence sy ». And the transmit events
continue until the last transmit event during which element 1
transmits the sequence s; v, element 2 transmits the sequence
s2 N and element N transmits the sequence sy N.

In practice, the binary (N, N, MN /P)-CCC sequences can not
be used directly to drive the transducer because the spectrum of
a binary code is much wider than the transducer bandwidth. In-
stead of a direct sequence transmission, a modulation is applied
to make good use of the transducer bandwidth and maximize
the transmitted energy: before transmission, a binary phase shift
keying (BPSK) modulation is used to make each sequence
bandwidth match the bandwidth of the transducer. In (BPSK)
each code bit is modulated with a pulse at the central frequency
of the transducer with an integer number of cycles and a phase
of 0° for a +1 bit and a phase of 180° for a —1 bit. The
modulation and its effect on the spectrum of a 16-bit binary
(1,-1,1,1,1,-1,-1,-1,1,-1,1,1,—-1,1,1,1) sequence is
illustrated in Fig. 2. Each bit is modulated by a 1 cycle sine
wave at a frequency of 7 MHz.

In order to recover the STA dataset as if the elements had
transmitted one at a time, the received RF signals (recall that
all elements are receiving after each transmission events) need
to be decoded. In order to recover the data of the i-th element,
the RF signals received after each simultaneous transmit event
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Fig. 2. Modulation of a 16-bit binary code (top) and its corresponding For simulation, a 256 elements Fermat’s spiral array with a

frequency response plotted against the response of the transducer and
an unmodulated binary code (bottom).

are correlated with the sequence s; ; that was transmitted by the
i-th element in that specific event (the j-th) and then summed
together. Fig. 3 illustrates the decoding process for the i-th ele-
ment. In other words, the received RF signals after each transmit
event are correlated with the sequences of the set C; assigned to
the i-th element. And since the sum of the auto-correlations of
sequences in same set is a delta function (4) and the sum of the
cross-correlations between each two sets is zero (5), summing
the correlated RF signals will ensure that only the RF signals

golden divergence angle and a 50% Tukey window density ta-
pering was constructed following the methods proposed in [16].
It is illustrated in Fig. 4. We considered a central frequency of
7 MHz with a —6 dB fractional bandwidth of 96% for each
transducer element and an aperture of 15 mm diameter with
square elements of size 1.5 A, with A being the wavelength.
A summary of the parameters of the array are listed in Table
I. Simulations were carried out using the Field II ultrasound
simulation software [70], [71]. Frequency dependent attenuation
was not accounted for in the simulations in order to test the codes
in ideal propagations conditions and to verify the theoretically
expected SNR gains. As mentioned in [72], frequency dependent
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TABLE |
SPARSE ARRAY PARAMETERS
Parameter Value Unit
Central frequency 7 MHz
Aperture size 15 mm
Number of elements 256
Element shape square -
Element size 1.5 wavelength

attenuation affects the received signals and the output of the
matched filter does not correspond to the autocorrelation of the
coded sequence which in turns reduces the SNR gains. Even if
not tested in this study, many approaches have been considered in
order to reduce the effect of attenuation during decoding [44],
[73], [74], [75]. The performance of the proposed CCC STA
in increasing the SNR was compared with the Hadamard STA,
Chirp STA, Golay STA, combined Hadamard-Chirp STA and
combined Hadamard-Golay STA. An additive white Gaussian
noise was generated according to the bandwidth of the transducer
using a pass-band filter and added to Conventional STA RF data.
The same type and level of noise was also added to the RF data
simulated with the coded excitation techniques before decoding
and beamforming.

For a 256 elements spiral array, an (256, 256, 64)-CCC was
generated. The generated CCC contains 256 sets, each one is
composed of 256 binary sequences. Each element of the array
is assigned a set of 256 sequences. To make profit of the ideal
auto-correlation and cross-correlation properties of CCC during
decoding, all the sequences need to be transmitted, therefore,
256 transmissions are required. Binary sequences of lengths
64 bits were used during the simulations. The sequences were
modulated by a 1 cycle, Hanning weighted sine wave at 7 MHz

with a sampling frequency of 100 MHz giving excitation signals
of duration 9 ys.

Conventional STA was simulated using a short pulse of
0.14 ps. The pulse is a 1 cycle, Hanning weighted sine wave
at 7 MHz. For Hadamard STA a 256 order Hadamard matrix
is required. In each transmission, elements are excited with
the same short pulse used for Conventional STA but weighted
by a coefficient from the corresponding row of the Hadamard
matrix. The inverse of the Hadamard matrix is used for decod-
ing. For Chirp STA, a chirp with a duration of 9 us tapered
by a Tukey window was used. The swept bandwidth of the
chirp was chosen as 7 MHz which is slightly larger than the
transducer’s bandwidth (6.75 MHz) as suggested by [39], in
order to minimize the effect of the convolution between the
transducer impulse response and the excitation signal. The
compression was done using a mismatched filter with Hanning
window to reduce side-lobes level. For Golay STA, a comple-
mentary Golay pair of length 64 bits was generated which will
give two complementary excitation signals of same duration
(9 ps) after bandwidth matching. The same parameters of the
Hadamard STA, Chirp STA and Golay STA codes were used for
combined Hadamard-Chirp STA and Hadamard-Golay STA.

The performance of the coded excitation methods was quanti-
fied using the peak signal to noise ratio (PSNR) and the contrast
ratio (CR). To assess the PSNR, a point spread functions (PSFs)
phantom composed of 5 scatterers was simulated.The scatterers
have been axially placed in front of the transducer starting from
20 mm to 60 mm by a step of 10 mm between each two scatterers
Fig. 5(a). The PSNR was then calculated on the beamformed
images using the following formula [53]:

maz(Sscat) )

Onoise

(PSNR) ;5 = 20log1o ( ©)

Where max(Sseqt) is the peak signal of the scatterer and
Onoise 18 the root mean square of the noise at the same depth as
the scatterer.

To assess the CR, a 3D phantom of size 15 x 15 x 10 mm
(zyz) containing an anechoic spherical cyst placed at depth of
35 mm with a diameter of 8 mm was used. For computational
limitation, to imitate a real 3D phantom only XZ, YZ and XY
planes were generated with randomly distributed scatterers Fig.
8(a). In each plane, grating lobes coming from scatterers placed
in the other planes will be visible inside the anechoic inclusion.
In order to have a fully developed speckle 10 scatterers per
resolution cell was chosen with Gaussian distributed amplitudes.
The contrast was then calculated as follows :

(CR)dB = 2010910 </14cyst)
Hbck

(10)

Where ficys¢ and jipcr, are the mean image intensities respec-
tively inside the cyst and in the surrounding background.

B. PSFs Phantom Results

The simulated PSFs images obtained with Conventional STA
and the different coded excitation techniques are shown in
Fig. 5. The 5 scatterers have been axially placed in front of the
transducer starting from 20 mm to 60 mm by a step of 10 mm
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70

range of —60 dB and were simulated with an excitation signal
of 9us duration for the coded excitation schemes and a noise
condition of —45 dB SNR on the RF data. This noise condition
does not seem realistic, especially that only one element is used
during each transmit event in the case of Conventional STA,
but it was chosen to make sure that the noise will be vis-
ible in the images to demonstrate the ability of CCC STA
to increase the SNR compared to the other coded excitation
methods.

The image produced by the Conventional STA is very noisy
which makes it difficult to differentiate the scatterers from the
noise because of the low SNR of sparse arrays. Compared to the
Conventional STA image, it is visually clear that all the coded
excitation schemes lowered the noise in the images, confirming
the ability of coded excitation to improve the SNR. In spite
of a strong noise reduction, the background remains slightly
noisy in the cases of a first group made of those three methods:
Hadamard STA, Chirp STA and (to a lower extent) Golay STA.
On the contrary, a higher SNR improvement is achieved in the
case of this second group of methods (Hadamard-Chirp STA,
Hadamard-Golay STA, CCC STA): the noise seems to be com-
pletely removed from the images. As expected, in Fig. 5(f), axial
side lobes are visible especially around the scatterers close to
the transducer, however, they are less visible around scatterers
at greater distance due to depth-dependent attenuation, but they
are still around —40 dB compared to the amplitude of the main
lobe.

To further demonstrate the results, Fig. 6 shows an ax-
ial line plot over the scatterer placed at 30 mm. As previ-
ously, the compared coded excitation techniques cluster into
two groups: with the first group (Hadamard STA, Chirp STA,
Golay STA), the background noise level is about 20 dB below
to the one of Conventional STA. With the second group of meth-
ods (Hadamard-Chirp STA, Hadamard-Golay STA, CCC STA),
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~35.90 dB), (h) proposed CCC STA(CR = —35.88 dB).

TABLE Il
COMPARISON OF THE —6 dB AXIAL RESOLUTION COMPUTED ON THE
SCATTERER AT DEPTH 30 mm

—6dB Axial resolution

Conventional STA 0.16
Hadamard STA 0.16
Chirp STA 0.26
Golay STA 0.17
Hadamard-Chirp STA 0.26
Hadamard-Golay STA 0.17
CCC STA 0.17

Values are given in mm.

an improvement of about 40 dB was achieved. Table II pro-
vides a comparison of FWHM axial resolution calculated on
the 30 mm placed scatterer. In accordance with what can be
visually seen in Fig. 6, the table shows that compared to
Conventional STA where an axial resolution of 0.16 mm was
obtained, Hadamard STA, Golay STA, Hadamard-Golay STA
and CCC STA coded methods did not affect the axial resolution
while a degradation has been observed in the case of Chirp STA
and Hadamard-Chirp STA where a value of 0.26 mm was ob-
tained.

Furthermore, Fig. 7 shows a comparison of the PSNRs com-
puted on each of the 5 axially placed scatterers displayed in
the images of Fig. 5. When comparing to Conventional STA,
the gain in SNR is constant as a function of depth regard-
less of the method used since frequency dependent attenua-
tion was not considered. Again, we distinguish two groups of
performing methods. On the one hand, Hadamard STA shows
a gain of around 24 dB, and both Chirp STA and Golay STA
yield around 21dB of SNR gain. On the other hand, the
Hadamard-Chirp STA and Hadamard-Golay STA reaches an
SNR gain of 44.23dB and 43.71 dB respectively and our
proposed CCC STA achieves a slightly lower performance of
41.28 dB SNR gain. In addition, Table III provides a summary
of the SNR gains obtained by all the compared methods along

TABLE IlI
COMPARISON OF THE SNR GAINS OBTAINED (ON PSFs PHANTOM) WITH
VARIOUS DURATION OF THE EXCITATION SIGNALS

Duration 0.14pus  9us  Theoretical
gain(9us)

Bits - 64 -
Hadamard STA 23.73 24 -

Chirp STA - 20.83 17.39
Golay STA - 20.01 21.07
Hadamard-Chirp STA - 44.23 4191
Hadamard-Golay STA - 43.71 45.15
CCC STA - 41.28 42.14

Values are given in dB.

with the theoretical expected gains. We discuss these results in
Section IV.

C. Cyst Phantom Results

To assess the effect of coded excitation on the contrast,
B-mode images of 3D cyst phantom were simulated with
the different methods under a —25 dB SNR noise condition
on the RF data. We have chosen a different SNR condition
for the cyst phantom compared to the PSFs phantom in order
for the anechoic inclusion to be visible. The energy coming
from all the scatterers of the cysts is very large compared to
the PSFs phantom where we only have 5 scatterers and if the
same SNR condition was chosen the quantity of noise would
be important making the anechoic inclusion invisible. In Fig. 8,
since the spiral array inherits rotational symmetry, slices in the
XZ plane from the full 3D reconstructed volume are shown with
a dynamic range of —60 dB. It can be observed that the quality
of the reconstructed images improves by using coded excitation
compared to Conventional STA. The Conventional STA image
is highly degraded by noise making it hard to differentiate
the cyst from the background. In the case of Hadamard STA,
Chirp STA and Golay STA, the quality of the images has been
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improved but artifacts are still present inside the anechoic in-
clusion because the noise has not been completely removed.
However, the proposed CCC STA, Hadamard-Chirp STA and
Hadamard-Golay STA achieve better images quality and the
level of artifacts inside the anechoic inclusion has been highly
reduced.

These qualitative results are validated quantitatively by the
computed CR values reported in Fig. 8. Conventional STA have
the worst CR value compared to the other methods with a
value of —6 dB. Hadamard STA, Chirp STA and Golay STA
achieve CR values of —28.52 dB, —27.60 dB and —30.11 dB,
respectively. Thanks to the high SNR gains, the proposed
CCC STA, Hadamard-Chirp STA and Hadamard-Golay STA
present a similar CR with a value around —35 dB.

[V. DiSCUSSION

To our knowledge, this study is the first use of complete com-
plementary codes to increase SNR for sparse array 3D ultrasound
imaging. We compared with five well-known coded excitations
schemes (Hadamard STA, Chirp STA, Golay STA and a com-
bined Hadamard-Chirp STA and Hadamard-Golay STA).

Great care was taken to ensure a fair comparison between the
different techniques by, 1) using excitation signals with the same
duration and, 2) adding the same noise level to the received RF
signals before decoding. However, for Conventional STA and
Hadamard STA short pulses were used (Table II) since those
methods have no pulse compression step in reception. To assess
the SNR improvement using coded excitation, the noise was
generated within the array bandwidth using a pass-band filter to
obtain after filtering, a —45 dB SNR on the Conventional STA
RF signals, for PSFs phantom simulations and, —25 dB, for cyst
phantom simulations. Then, the same noise was added to the RF
signals of the other coded excitation techniques before decoding.

Theoretically, =~ when  comparing  Conventional STA
with Hadamard STA, an SNR gain of 10logo(N) =
10log,((256) = 24 dB is expected, where N is the number
of transmissions. The simulation results from Table III and
Fig. 7 shows a gain around 23.7 dB which is close to the
theoretical value. The same trend was also observed in the
case of Chirp STA, the expected SNR gain corresponds
to the difference between the Time-Bandwidth product of
the Chirp and the same computation for the short pulse :
10(log (9 * 6.5) — log;((0.14 % 7.7)) = 17.39 dB. However,
from Table III it can be observed that the SNR gain for
Chirp STA is around 20.8 dB which is 3 dB more than what
was expected. This is due to the use of a mismatched filter in
compression instead of a matched filter as was also observed
in [45]. When using Golay STA an SNR gain of 20 dB is
obtained that matches the theoretical expected value. In fact,
the expected theoretical gain in SNR when using Golay codes is
10log;((N.L) = 10log;((2 * 64) = 21.07 dB, where N =2
is the number of transmissions required to transmit the two
Golay complementary codes, and L. = 64 is the length of each
code. For the Hadamard-Chirp STA, Hadamard-Golay STA,
and our proposed CCC STA methods, instead of using only one
element in each transmission event, all the elements are used to

transmit a long duration waveform: this increases the acoustic
energy delivered to the medium which explains the high SNR
gains observed for this group of methods (Table III and Fig. 7).
Theoretically, using the (N,N,MN/P)-CCC sequences, an
SNR gain of 10log;((N.L) = 10log;((256 * 64) = 42.14 dB
is expected, where N = 256 is the number of transmission and
L = 64 is length of the binary sequences. This theoretical value
is close to the 41.28 dB gain reported in Table III. Combined
Hadamard-Golay STA gives a SNR gain of 43.7 dB which
is around 3 dB greater than the proposed CCC STA because
the transmission events are doubled: this comes at the cost
of frame rate divided by two. In a nutshell, the presented
results demonstrates the SNR improvement offered by the
simultaneous transmission of all the elements during each
transmission event.

Moreover, one of the limitations of using Chirps in coded
excitation is the degradation of the axial resolution and the
presence of axial side-lobes. Usually the compressed chirps have
axial side-lobes that severely affect the contrast, which can be
as high as —13 dB. The axial side-lobes level was reduced by
using a tapered chirp and a mismatched filter in compression at
the price of degrading the axial resolution as shown in Fig. 6
and Table II for Chirp STA and Hadamard-Chirp STA. The
axial side-lobes have been reduced to around —40dB but the
main-lobe is broader compared to the other techniques. Even if
the axial side-lobes are reduced their presence is still observed
in the B-mode cyst images as shown in Figs. 5(f) and 8(f).
The artifacts inside the anechoic inclusion are more important
in the case of Chirp STA and Combined Hadamard-Chirp STA
especially in the interface with background speckle. However,
in the proposed CCC STA, the axial resolution is not affected
since each bit of the sequences was modulated by a 1 cy-
cle sine pulse which matches with the short pulse used for
Conventional STA and Hadamard STA. The same thing can be
said for Golay STA and Hadamard-Golay STA. Thanks to to
the ideal auto-correlation and cross-correlation properties of
the binary (N, N, MN/P)-CCC sequences that we used and the
ideal, linear, propagation medium consideration, no axial side
lobes are present as can be seen in Figs. 5(h) and 8(h). Although
they are not visible in Fig. 5 especially in the images where the
noise has been reduced since they appear outside the beam-
formed region, lateral grating lobes were not affected by coded
excitation since they highly depend on the distribution of the
sparse array elements. This can be confirmed in Fig. 8(f), (g), and
(h), where grating lobes coming from scatterers in the planes YZ
and XY are visible in the middle of the anechoic inclusion. The
artifacts distribution shows no significant difference between
Hadamard-Chirp STA, Hadamard-Golay STA and CCC STA.

Furthermore, the disadvantage of using Golay codes is that
512 transmission events are required rather than 256. In fact,
Golay STA and combined Hadamard-Golay STA uses two com-
plementary codes that need to be transmitted one after another by
each element of the array. This is because the two codes are not
orthogonal, so in order to avoid cross-correlation interference
two separate transmissions are required. Transmitting the two
codes separately helps yielding a better SNR but the frame
rate is divided by two compared to Conventional STA. With
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the proposed CCC STA, each element of the array is assigned
a set of sequences from the (N, N, MN/P)-CCC used. Because
the sets are cross complementary, simultaneous transmissions
of the sequences are possible without cross-correlation inter-
ference during decoding. This requires only 256 transmissions
to be made to increase the SNR while keeping the frame rate
unchanged.

The main goal of this work was to introduce the theory
of the CCC STA and verify that the improvement of the
SNR with the 2D sparse arrays matches with the theoreti-
cal expected value and compare it with other coded excita-
tion schemes. The proposed method gives very similar SNR
gains compared to combined Hadamard-Chirp STA and com-
bined Hadamard-Golay STA with the advantages of a better
resolution as reported in Table II and the absence of corre-
lation artifacts over Hadamard-Chirp STA and the advantage
of maintaining the same frame rate as Conventional STA over
Hadamard-Golay STA.

When performing 3D US imaging with sparse arrays us-
ing conventional focused transmissions, multiple elements are
used to transmit and steer a focused beam at a certain depth.
Therefore, they provide a higher SNR than Conventional STA
where only one element is used during each transmission. This
explains the poor image quality in Figs. 5(b) and 8(b). However,
unlike Conventional STA, they require a very large number
of transmissions in order to reconstruct the full 3D volume
since a focused transmission is required for each scanline (e.g.
100 x 100 scanlines). Additionally, the 3D images produced
by conventional focused transmission methods have an optimal
quality only at the depth of the transmit focus and degrades out
of this depth. This highlights the advantages of using CCC with
sparse arrays as they allow simultaneous transmission with all
the elements which highly increases the SNR and produces 3D
images focused in every voxel, while keeping the number of
transmissions to be the same as in Conventional STA.

Additionally, we have compared these three methods in terms
of SNR gain relatively to the transmitted energy. The other
methods were excluded from this comparison since they offer
less SNR gains. The metric is simply the PSNR gain divided
by the integral of the squared excitation signal (energy). Fig. 9
shows the values of PSNR by transmitted signal energy (dB/J)
as a function of depth with a 9 us excitation duration. It can
be seen that compared to combined Hadamard-Chirp STA and
combined Hadamard-Golay STA the proposed CCC STA al-
lows more SNR gain with less transmitted signal power.

As with any coded excitation technique, one must take care
of the sequence length used in CCC STA. In fact, from one side
using long sequences increases the energy transmitted to the
medium which in turn increases the SNR gain. However, on the
other side, the problem of increasing the sequence length is that
during transmission the transducer cannot receive echoes until
all the bits of the sequence have been transmitted, increasing
the dead zone area. Thanks to the (N, N, MN/P)-CCC codes
one can construct sequences with a flexible length to adjust
the ideally short dead zone. In this article, CCC of length 64
bits with a dead zone area of 7mm were used, but shorter
lengths are possible as long as M and P values are chosen
correctly so that P divide into N, and M divide into N/P in
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Fig. 9. Comparison between the proposed CCC STA, Hadamard-
Chirp STA and Hadamard-Golay STA in terms of PSNR gain per trans-
mitted signal power.

order to obtain the desired MN/P length. Moreover, for a fixed
number of bits, the sequences can be made longer or shorter by
adjusting the number of cycles (e.g. half cycle, two cycles,...)
in the modulating pulse without affecting the ideal correlation
properties of the codes. Increasing the number of cycles will
produce more SNR gain since the code’s frequency response
will better fit in the transducer bandwidth allowing more energy
to be transferred, but at the expense of reducing a little bit the
axial resolution.

As commonly known, the transducer’s bandwidth plays a
significant role in the implementation and effectiveness of coded
excitation techniques in ultrasound imaging [76]. Sparse arrays
based on PZT have been developed in previous studies but they
suffer from a relatively low bandwidth. In [77], two prototype
2D spiral arrays were designed at center frequencies 2.5 MHz
(low-frequency) and 5 MHz (high-frequency) based piezoelec-
tric material built directly on printed circuit boards (PZT-on-
PCB). The measured —3 dB one-way bandwidth of the two
probes were 0.6 + 0.3 MHz (26% =+ 13%) and 1.6 & 0.6 MHz
(32% + 11%) respectively. While these bandwidths are suf-
ficient for fundamental mode imaging, they are too low for
contrast imaging at higher harmonics and are not optimal for
coded excitation. The poor impedance matching between the
PZT and the PCB resulted in significant reflections within the
PZT, thereby reducing the bandwidth of the probes. Currently,
we are collaborating with an ultrasound probe manufacturer for
the development of a PZT based spiral sparse array with a 60%
fractional bandwidth which allows more energy to be transmitted
when using CCC. Additionally, as proposed in [76], bit elon-
gation can be used to make the bandwidth of the CCC codes
narrower allowing it to be well contained within the transducer’s
bandwidth. As an alternative approach, CCC can be used with
Capacitive Micromachined Ultrasound Transducers (CMUT)
which are a promising alternative to PZT transducers as they
typically exhibit a large bandwidth with comparable and even
improved sensitivity, enabling the transmission and reception of
ultrasound waves over a broader range of frequencies [78], [79].
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Additionally, simultaneously transmitting long sequences
with all the elements of the probe may raise patient safety
issues. The Mechanical Index (MI) and the Thermal Index (TI)
are two metrics that regulate the safety limits of ultrasound
systems. The MI is used to estimate potential bioeffects such
as cavitation formation [80], and the TI is used as an indicator
for possible tissue or probe damage caused by overheating [80],
[81]. As stated in [82], the MI limit is often the dominating
constraint when scanning the tissue with conventional focused
beam. In our case, no focusing is performed which helps spread-
ing the acoustic energy over the whole scanned tissue avoiding
high peak pressures that can generate cavitation. The deriving
voltage should also be decreased adequately with the length
of the sequences to avoid temperature rise in both tissue and
piezoelectric elements while keeping the thermal index at safe
limits.This might of course reduce the theoretically achievable
SNR improvement. Moreover, using low frequency probes can
also help reducing the ultrasound absorption near the probe,
hence limiting the tissue overheat in those areas, as well as using
other probe technologies such as CMUTs which are less subject
to heating.

Another aspect that needs to be considered is the decoding step
of the RF signals. To obtain the full decoded STA dataset, the
RF signals need to be correlated with each transmitted sequence.
Because (N, N, MN/P)-CCC have N sets of N sequences, N>
correlations are required which can be time consuming for
practical applications. In order to lessen the processing load of
the decoding operation, instead of correlation in time domain,
matrix multiplication is used in frequency domain by trans-
forming the correlation operation into convolution operation,
which reduces substantially the processing load of decoding.
The optimization of the decoding process is considered in future
works. In fact, with the (N, N, MN/P)-CCC sequences used,
during different transmit events, some elements may transmit
the same sequence with only a sign change (41 become a —1
and vice versa). This can be taken into advantage in order to
reduce the number of correlations needed for the decoding by
using simple addition and subtraction operations.

Finally, thanks to their ideal correlation properties and flexible
code length, the use of CCC is not only restricted to sparse arrays,
it can be applied to 1D arrays for 2D ultrasound imaging and
also non-destructive testing application.

V. CONCLUSION

In this study, a CCC STA excitation scheme based on
(N, N, MN/P)-CCC has been proposed in order to increase the
SNR of 2D sparse arrays with synthetic transmit aperture. Sim-
ulations using the Field II software were conducted to validate
that CCC, usually used in a CDMA context, can be adapted to an
ultrasound imaging problem. Compared to Conventional STA,
the proposed CCC STA increases the SNR of spiral sparse array
of around 41 dB and enhances the image contrast by almost
29 dB while maintaining the axial resolution and number of
transmissions unchanged. Five other coded excitation schemes
were compared to our method, enhancing again its ability pre-
serve the axial resolution and frame rate. Future works will

include an experimental validation of the proposed CCC STA
[83], [84], [85].
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