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Abstract— Power Doppler imaging is a commonly used
technique for visualizing blood flow in ultrasound imag-
ing. This technique measures flow amplitude rather than
velocity, and it relies on detecting the power of Doppler
signals, making it particularly useful for detecting weak
blood flow. The emergence of coherent plane wave com-
pounding has enabled significant progress in ultrafast
power Doppler imaging. However, the lack of transmit
focusing leads to low Signal-to-Noise Ratio (SNR) and
contrast, thereby reducing the sensitivity to blood flow,
particularly in deep tissue regions. We propose to in-
crease the SNR and contrast of ultrafast power Doppler
imaging by leveraging the ideal correlation properties of
Complete Complementary Codes (CCC) for Multi-Plane
Wave Imaging (MPWI). The MPWI-CCC method consists
of transmitting quasi-simultaneously N tilted plane waves
coded with a binary sequence of length L. Subsequently,
the backscattered signals from each plane wave are indi-
vidually recovered with high amplitude through decoding.
We compared MPWI-CCC and Multi-plane Wave Imaging
with Hadamard encoding (MPWI-HD) against Coherent
Plane Wave Compounding (CPWC) in both simulations
and experiments. When transmitting four plane waves on a commercial blood flow phantom, MPWI-CCC
exhibited SNR and contrast gains of 13.02dB and 10.08dB, respectively, compared to CPWC. MPWI-HD, on the
other hand, achieved gains of only 6.99dB and 4.29dB, respectively.

Index Terms— Plane wave compounding, Complete Complementary Codes, Hadamard, Multi-Plane Wave, Power
Doppler, signal-to-noise ratio.

I. INTRODUCTION

POWER Doppler ultrasound imaging involves the repeated
insonification of blood vessels using ultrasonic waves.

When these waves interact with a blood vessel, a portion
of their energy is reflected back by red blood cells and
subsequently detected by the probe in the form of radiofre-
quency (RF) signals. Following the necessary processing and
beamforming steps, the RF signals are used to extract the
mean intensity of the Doppler signal at each pixel, ultimately
producing a power Doppler image. While power Doppler does
not provide information about blood velocity, it is a valuable
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tool thanks to its association with the volume of blood within a
given pixel [1], [2]. This characteristic makes it a useful tool in
various applications including micro-vascularization imaging
[3], [4] and mapping of brain activity in functional ultrasound
imaging [5]–[7].

Conventional ultrasound imaging relies on the transmission
of focused ultrasound beams. During each transmission, the
recorded RF signals are beamformed to reconstruct a single
image line. The entire image is generated by scanning the
imaging area sequentially, line by line. This sequential ap-
proach can limit the frame rate, potentially leading to aliasing
in Doppler images [6]. To mitigate aliasing in conventional
Doppler imaging, the image is divided into blocks with a
limited number of lines, and each block is scanned only a few
times at a high frame rate [8]. However, this strategy imposes
restrictions on the number of acquired spatial and temporal
samples, which, in turn, reduces the Doppler sensitivity, par-
ticularly for small vessels with low blood flow [6], [9].
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Highlights

• This study introduces MPWI-CCC, a new multi-plane wave imaging technique based on complete complementary codes to
increase the SNR and sensitivity of ultrafast power Doppler Imaging.

• MPWI-CCC was experimentally validated, yielding power Doppler images with strong blood flow signals and achieving SNR and
contrast gains of 13.02dB and 10.08dB, respectively compared to CPWC, when transmitting with 4 plane waves.

• MPWI-CCC will improve the detection of small blood vessels with weak blood flow, particularly in deep regions or in patients with
thick abdominal walls or tissue where bones might be present.

The emergence of high frame rate ultrasound has enabled
significant progress in blood flow quantification. Instead of the
traditional line-by-line transmission method, ultrafast imaging
relies on the use of spherical waves in synthetic transmit
aperture imaging [10], [11] or plane waves in plane wave
imaging [12], [13]. This approach enables the simultaneous
acquisition of data of the entire image, effectively decou-
pling the number of transmissions from the image size and
resulting in high imaging frame rates. Although both synthetic
aperture imaging and plane wave imaging have demonstrated
significant improvements in blood flow imaging, plane wave
imaging is the most widely used technique for blood flow
applications in the literature. When the technique was first
introduced in [12], a single Plane Wave (PW) transmission
was used to insonify the entire field of view, and the resulting
backscattered echoes were reconstructed into an image. With
only one transmission required, ultrafast imaging achieves
frame rates of several thousand frames per second, depending
on the imaging depth. However, because no transmit focus-
ing occurs, the image quality is considerably compromised,
particularly in terms of spatial resolution and contrast, when
compared to conventional focused imaging. Coherent Plane
Wave Compounding (CPWC) was introduced to enhance the
image quality of ultrafast plane wave imaging [14], [15].
Instead of transmitting a single plane wave, this technique
involves sequentially transmitting several titled plane waves
at varying angles. The resulting beamformed images for each
angle are then coherently compounded to reconstruct high-
quality images.

It has been reported that, thanks to its high frame rate, ultra-
fast Doppler imaging using CPWC, has significantly enhanced
power Doppler sensitivity, with an increase by a factor of up to
30 when compared to conventional Doppler imaging [6]. This
improvement is primarily due to the fact that all the image
pixels are acquired simultaneously within a short period of
time with a large temporal ensemble [9]. This has ensured
very high temporal correlation between frames which allows
the use of a singular value decomposition (SVD) clutter filter
which has proven to be very effective in discerning relatively
slow blood flow in small vessels from tissue motion [16], [17].
Nevertheless, CPWC introduces a trade-off between frame
rate and image quality [14], [18]. Essentially, as the number
of transmitted angles increases, the image quality improves.
However, concurrently, this increase in image quality comes
at the cost of a reduction in frame rate and the effective pulse
repetition frequency (PRF) in flow imaging application which
reduces the maximum flow velocity that can be estimated [19].

To maintain a high frame rate, it is preferable to transmit

a small number of plane waves, an approach that, however,
comes at the cost of reducing the signal-to-noise ratio (SNR)
[14], [20], [21]. Moreover, patients with thick abdominal
walls or the presence of bone in the tissue, such as the
skull, results in significant attenuation of acoustic waves,
further diminishing the SNR [20], [22], [23]. This reduction
in SNR decreases the sensitivity to the blood flow in small
and deep vessels. The injection of contrast agent can enhance
the backscattering signals thus improving the SNR [24], [25].
However, this procedure is invasive and complex. Additionally,
when contrast agents are used, the transmit pressure needs to
be kept at a low level to avoid destroying the microbubbles
and thus increasing their life time [26]. This is often achieved
by reducing the transmit voltage (typically to around 5 to 10
volts), which in turn reduces the overall SNR. An alternative
approach that can increase the SNR without using contrast
agent is coded excitation [27].

The SNR is directly proportional to the transmitted energy.
Coded excitation consists in increasing the transmitted energy
without compromising axial resolution nor the FDA safety
limits [28]. This technique has been proven to substantially
enhance ultrasound imaging capabilities by spatially encoding
the transmitted plane waves or using long modulated signals.

In the spatial encoding category, a Multiplane Wave Imaging
method using Hadamard encoding (MPWI-HD) has been
proposed to enhance the SNR of ultrafast images without
reducing the frame rate [20]. In this technique, multiple tilted
plane waves are quasi-simultaneously transmitted using short
pulses encoded by a Hadamard matrix. In reception, decoding
is carried out using the inverse of the Hadamard matrix. The
signals from each tilted PW are decoded through simple addi-
tion and subtraction operations, resulting in an SNR increase
of 10 log10(N) compared to CPWC, where N represents the
number of PW. MPWI-HD has been applied to ultrafast power
Doppler imaging of the rat brain through the skull [29]. It
has demonstrated enhanced sensitivity in Doppler imaging,
enabling the detection of deeper blood vessels within the brain.
Nevertheless, it is worth to note that improving the SNR with
MPWI-HD remains tied to the number of transmitted plane
waves. Moreover, due to the properties of Hadamard matrices,
the number of transmitted plane waves is even and confined to
a power of 2. Similarly, to MPWI-HD, Cascaded Dual-polarity
Waves Imaging (CDWI) was introduced by designing a novel
encoding matrix [30], [31]. In contrast to the square Hadamard
matrix, this encoding matrix have a size of M ×N , where M
is an even number (number of transmissions), and N equals
2k (number of tilted plane waves), with k being an integer. In
each of the M transmissions, N cascaded dual-polarity waves
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are transmitted. The decoding process involves applying delays
to realign the waves and performing addition and subtraction
operations, similarly to MPWI, resulting in an SNR gain of
10 log10(N). However, since decoding is done after several
emissions, tissue motion and the nonlinear propagation of
ultrasonic waves in the tissue result in imperfect cancellation
of negative and positive pulses after decoding, leading to the
appearance of range side-lobes artifacts [30], [32].

Coded excitation techniques involving long modulated ex-
citation signals have also been investigated to increase the
transmitted energy while respecting the FDA safety limits
[33]. These methods involve a decoding step using pulse
compression to restore axial resolution while increasing the
SNR. In [4], a linear frequency modulated chirp was used to
enhance the sensitivity of an ultrasound arthroscopic probe
used for imaging meniscus vascularization during surgery.
In this approach, a chirp was used as an excitation signal
for CPWC combined with a mismatched filter for pulse
compression to reduce axial side-lobes. Although high SNR
gains in power Doppler images were achieved compared
to conventional CPWC and MPWI, the mismatch filtering
operation does not completely suppress axial side-lobes and
comes at the cost of reducing axial resolution. In [23], a
phase modulation sequence based on a compound Barker
code was introduced to enhance sensitivity in Transcranial
power Doppler imaging. Barker codes are known for their low
axial side-lobes. To suppress axial side lobes, decoding was
performed using an inverse filtering approach [34]. However,
while axial side lobes can be suppressed, this approach reduces
SNR gains. Moreover, only 7 barker codes exist with lengths
ranging from 2 to 13 bits which can restrict their use in
applications requiring diverse sequences. While compound
Barker codes extend the code length while maintaining their
frequency domain properties, they increase sidelobe levels,
leading to potential artifacts if only matched filtering is used
instead of inverse filtering.

Although the previous cited methods have shown promise
in enhancing ultrasound imaging capabilities, they also exhibit
notable limitations. One of these limitations is the challenge to
increase the SNR and sensitivity of ultrasound power Doppler
imaging without increasing the number of transmissions or
introducing sidelobe artifacts in the images. In this context,
our study introduces a novel approach designed to address
these shortcomings. In this work, we propose a new coded
excitation scheme for ultrafast plane wave imaging to increase
the sensitivity of power Doppler imaging. This approach is
based on the Multi-Plane Wave Imaging method (MPWI) [20],
but instead of spatial encoding using a Hadamard matrix, a
phase modulated sequence will be used. Here we propose the
use of Complete Complementary Codes (CCC) [35] that we
have recently introduced to increase the SNR in 3D synthetic
transmit aperture with a sparse 2D array [36]. These codes,
often denoted as (M, N, L)-CCC, consist of M sets, each
having N binary sequences of length L bits. CCC are known
for their ideal auto-correlation (i.e., delta impulse) and ideal
cross-correlation function (i.e., zero at all shifts) which makes
them ideal for simultaneous sequence transmission. Conse-
quently, during decoding, no axial sidelobes are introduced,

eliminating the need for mismatch filtering or inverse filtering.
Thus, ultrafast power Doppler imaging using Multi-Plane
Wave Imaging with Complete Complementary Codes (MPWI-
CCC) benefits from the quasi-simultaneous transmission of
plane waves of MPWI and from the ideal correlation properties
of CCC to decode the received signals. Unlike the methods
suggested in [4], [23], which involves transmitting a single
plane wave using a modulated signal during each transmission,
MPWI-CCC allows for the quasi-simultaneous transmission
of multiple tilted plane waves, each transmitting a different
phase modulated signal. By transmitting CCC sequences, the
proposed method offers the possibility to increase the SNR
by increasing the length of the sequence without increasing
the number of transmissions. An SNR gain of 10 log10(NL)
compared to CPWC is obtained. This results in increased
sensitivity to blood vessels, especially small ones with weak
blood flow, particularly in deep regions or tissues where bones
might be present, such as the skull.

II. MATERIAL AND METHODS
A. Complete Complementary Codes (CCC)

The CCC are composed of M sets of N binary sequences.
Consider the following M ×N matrix of binary sequences:

C =


S1

S2

.
SM

 =


s1,1 s1,2 ... s1,N
s2,1 s2,2 ... s2,N
. . ... .

sM,1 sM,2 ... sM,N

 (1)

Each row corresponds to the mth set of N
binary sequences (±1) sm,n of length L. We
call C an (M,N,L)-Sequence Family. The
(M,N,L)-Sequence Family becomes a (M,N,L)-CCC if
the sum of the auto-correlation functions (ACF) in each set
Sm is zero except for the zero shift (i.e., delta impulse), and if
for any pair of different sets, the sum of the cross-correlation
functions (CCF) between sequences at the same index is zero
at all shifts. In other words, a (M,N,L)−CCC verifies the
following :

N∑
j=1

Rsm,j
(τ) = MLδ(τ) (2)

N∑
j=1

Rsm,j ,sn,j (τ) = 0 (3)

where m ̸= n ∈ (1, 2, ...,M). Rsm,j (τ) is the ACF of
sequence sm,j and Rsm,j ,sn,j (τ) is the CCF between the
sequences sm,j and sn,j . ML corresponds to the energy of
the delta function.

Various methods to create CCC sets employing different set
sizes (N ) and sequence lengths (L), have been proposed in the
literature. In this context, we adopt the method introduced in
[35] to generate an (N,N,MN/P )-CCC with (M,N,P ∈
Z+;M,P ≤ N) and the condition that P should divide
into N , and M divide into N/P . This approach enables
the generation of N sets, containing each N sequences. The
interesting feature of this method lies in the capability of
controlling the length L = MN/P (power of 2) of the
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Input :
M, N and P

Create 3 Hadamard matrices :
A(N/P,N/P ), B(M,M) and C(N/P,N/P )

Split matrix A into N/(MP )

matrices Ai(N/P,M)

D =


(B ⊗ C).Diag(V ec(A1))
(B ⊗ C).Diag(V ec(A2))

...
(B ⊗ C).Diag(V ec(AN/MP ))



Create H by concatenating each block
N/P rows of D into a single row Hi

H =

 H1

H2

.
HN/P

 ,Hi = [d1+ri , d2+ri , ..., dN/P+ri
]

with ri=(i − 1)N/P

Create a Hadamard matrix
E(P, P ) and output C:

C = E ⊗ H

Fig. 1: Flowchart of the (N,N,MN/P )-CCC generation process.

binary sequences with the maximum length possible being
(L = N2). By selecting different values for M and P , the
method allows the generation of either short or long sequences,
depending on the user’s needs. Fig. 1 shows a flowchart of the
(N,N,MN/P )-CCC generation process. For more details on
the construction method, refer to [35], [36].

An example of (N,N,MN/P )-CCC is given bellow, with
M = 2, N = 4, P = 2 which corresponds to (4, 4, 4)-CCC :

s1,1 = (+ +−+) s1,2 = (+−−−) s1,3 = (+ +−+) s1,4 = (+−−−)

s2,1 = (+ ++−) s2,2 = (+−++) s2,3 = (+ ++−) s2,4 = (+−++)

s3,1 = (+ +−+) s3,2 = (+−−−) s3,3 = (−−+−) s3,4 = (−+++)

s4,1 = (+ ++−) s4,2 = (+−++) s4,3 = (−−−+) s4,4 = (−+−−)

Where + denotes +1 and − denotes −1.
The MATLAB code used to generate the binary
sequences and reproduce the experiments in this
paper is publicly available in a GitHub repository:
https://github.com/Tamraoui/CompleteComplementaryCodes.

B. Multiplane Wave Imaging using Hadamard Encoding
(MPWI-HD)

MPWI-HD [20] enables an increase of the transmitted signal
amplitude without the necessity of increasing the number of
transmissions. It involves the quasi-simultaneous transmission
of multiple tilted plane waves, with an encoding from the
Hadamard matrix. Consider the case of two transmissions of
two plane waves with tilted angles α1 and α2:

x1 = a1,1.eα1(t) + a1,2.eα2(t) ∗ δ(t− τ)

x2 = a2,1.eα2(t) + a2,2.eα2(t) ∗ δ(t− τ)
(4)

During the first transmission event, two plane waves with
tilted angles α1 and α2 are quasi-simultaneously transmitted
by the probe excited by a short pulse e(t) for each plane wave,
separated by a very small time delay represented by τ . Each
of these plane waves is multiplied by a coefficient, denoted
as a1,1 and a1,2 respectively. During the second transmission
event, the same plane waves are transmitted, but with different
coefficients a2,1 and a2,2. These multiplicative coefficients are
derived from a Hadamard matrix of order N , where N is the
number of plane waves (equivalently, transmissions). In the
specific case of two plane waves, a Hadamard matrix of order
two is used, and it is given by:

H =

[
a1,1 a1,2
a2,1 a2,2

]
=

[
+1 +1
+1 −1

]
(5)

The received backscattered signals after each transmission
event are expressed as:

y1 = eα1(t) ∗ h(t) + eα2(t) ∗ δ(t− τ) ∗ h(t)
y2 = eα2(t) ∗ h(t)− eα2(t) ∗ δ(t− τ) ∗ h(t)

(6)

Where h(t) represents the impulse response of the probe
and the medium. To separate the contribution of each plane
wave and retrieve the echoes with higher SNR, a decoding
step is necessary. This is accomplished through the following
addition and subtraction operations :

yα1
= y1 + y2 = 2.eα1

(t) ∗ h(t)
yα2

= y1 − y2 = 2.eα2
(t) ∗ δ(t− τ) ∗ h(t)

(7)

The addition operation allows the signal suppression of the
plane wave with angle α2, leaving only signals from the plane
wave with angle α1 with an amplitude twice higher than
simple transmission of one plane wave at a time (CPWC).
Conversely, the subtraction operation suppresses the contribu-
tion of the plane wave with angle α1 and doubles the amplitude
of the signals of the plane wave with angle α2. In this case, a
gain in SNR of 10 log10(2) = 3.01dB is achieved compared
to CPWC. When generalizing MPWI-HD to N plane waves
with N transmissions, the method yields a theoretical gain of
10 log10(N). However, N is restricted to a power of 2 as the
coding is directly linked to the size of the Hadamard matrix.

C. Multi-Plane Wave Imaging with Complete
Complementary Codes (MPWI-CCC)

While MPWI-HD can enhance the SNR of the recovered
RF signals, it is important to note that the improvement is
constrained by the order of the matrix. With MPWI-CCC, we
free this constraint by replacing the Hadamard matrix by the
CCC to create the binary sequences that will be transmitted.
For MPWI-CCC, (N,N,MN/P )-CCC binary sequences are
used for quasi-simultaneous plane waves transmission, where
N corresponds to the number of angles (equivalently, transmis-
sions). Each set of the (N,N,MN/P )-CCC is then assigned
to a tilted plane wave. During each transmission, N tilted
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Fig. 2: Overview of MPWI-CCC imaging transmission and decoding scheme using (N,N,MN/P)-CCC.

angles are quasi-simultaneously transmitted with a short time
delay τ . Each tilted angle transmits a different sequence from
the corresponding (N,N,MN/P )-CCC set assigned to it.

In practice, the binary (N,N,MN/P )-CCC sequences are
not transmitted directly by the transducer because the spectrum
of a binary code contains high harmonics that cannot be easily
transmitted and received by the transducer. Instead of directly
transmitting the binary sequences, they are used to modulate a
base pulse e(t) by oversampling the sequence and convolving
it with the base pulse. e(t) is usually a sinewave at the central
frequency of the transducer with a phase of 0° for a +1 bit and
a phase of 180° for a -1 bit. This modulation makes good use
of the transducer bandwidth and maximizes the transmitted
energy [27], [37].

Following N transmissions, and leveraging the ideal auto-
correlation and cross-correlation properties CCC, the received
signals are decoded without any interference between plane
waves assuming a linear propagating medium without con-
sidering motion. This decoding process allows the separation
of the contribution of each plane wave. Consequently, the
ultrafast plane wave data set is recovered as if a single plane
wave was transmitted during each transmission event, but
with a significantly higher SNR. Under the assumption of an
ideal linear propagating medium, the gain in SNR would be
10 log10(NL), where L is the number of bits in the sequences
(equal to MN/P in the case of (N,N,MN/P )-CCC).

To illustrate the principal of MPWI-CCC, we detail the
example of two transmissions (N=2) with two tilted plane
waves α1 and α2 represented in Fig. 2. In this case

(2, 2,MN/P )-CCC are generated using the algorithm de-
scribed in Fig. 1 :

C =

[
s1,1 s1,2
s2,1 s2,2

]
(8)

Sequences s1,1 and s1,2 are assigned to the plane wave
tilted with angles α1 while sequences s2,1 and s2,2 are
assigned to the plane wave tilted with angles α2. During
the first transmission event, the two plane waves are quasi-
simultaneously transmitted by the probe, separated by a very
small time delay τ that corresponds to the time required to
transmit one bit to avoid overlap. The plane wave α1 transmits
the sequence s1,1 convoluted with the base pulse e(t) and
the plane wave α2 transmit the sequence s2,1 convoluted with
the base pulse e(t). During the second transmission event, the
plane wave α1 transmits the sequence s1,2 convoluted with the
base pulse e(t) and the plane wave α2 transmit the sequence
s2,2 convoluted with the base pulse e(t). This can be expressed
as follows :

x1 = s1,1 ∗ eα1
(t) + s2,1 ∗ eα2

(t) ∗ δ(t− τ)

x2 = s1,2 ∗ eα1
(t) + s2,2 ∗ eα2

(t) ∗ δ(t− τ)
(9)

The received backscattered signals after each transmission
event are expressed as:

y1 = s1,1 ∗ eα1(t) ∗ h(t) + s2,1 ∗ eα2(t) ∗ δ(t− τ) ∗ h(t)
y2 = s1,2 ∗ eα1(t) ∗ h(t) + s2,2 ∗ eα2(t) ∗ δ(t− τ) ∗ h(t)

(10)
Where h(t) still represents the impulse response of the

probe and the medium.
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To separate the contribution of each tilted plane wave, the
decoding operation leverages the ideal correlation properties
of CCC. Following each transmission, the received signals are
correlated with the sequences transmitted by each plane wave
during that event. In this case, after the first transmission event,
the received signals y1 are correlated with the sequences s1,1
and s2,1, and after the second transmission event, the recieved
signals y2 correlated with sequences s1,2 and s2,2 :

yα1
1 = s1,1 ⋆ s1,1 ∗ eα1 (t) ∗ h(t) + s1,1 ⋆ s2,1 ∗ eα2 (t) ∗ δ(t− τ) ∗ h(t)

yα2
1 = s2,1 ⋆ s1,1 ∗ eα2 (t) ∗ h(t) + s2,1 ⋆ s2,1 ∗ eα2 (t) ∗ δ(t− τ) ∗ h(t)

yα1
2 = s1,2 ⋆ s1,2 ∗ eα1 (t) ∗ h(t) + s1,2 ⋆ s2,2 ∗ eα2 (t) ∗ δ(t− τ) ∗ h(t)

yα2
2 = s2,2 ⋆ s1,2 ∗ eα2 (t) ∗ h(t) + s2,2 ⋆ s2,2 ∗ eα2 (t) ∗ δ(t− τ) ∗ h(t)

(11)

Given that the sum of ACF of each CCC set is a delta
function, and the sum of CCF between sequences at the same
index in each different set is zero, summing yα1

1 and yα1
2

suppresses the contribution of α2 angle, keeping only signals
from α1 plane wave with a higher amplitude. Similarly, the
addition of yα2

1 and yα2
2 suppresses the contribution of the α1

plane wave, preserving only the contribution of α2 plane wave
with a higher amplitude. The gain in amplitude in this case
is equal to 2.L with L being the length if the sequences. By
setting M = 2 and P = 1 sequence of 4 bits can be generated
leading to an SNR gain of 10 log10(N.L) = 10 log10(8) =
9dB which is higher than the gain that can be obtained with
MPWI-HD.

D. Simulation Study

In order to evaluate the performance of the proposed
MPWC-CCC compared to CPWC and MPWI-HD in an ideal
and fully controlled setup, Field II [38], [39] simulations
have been performed including a tissue-mimicking phantom
and a flow phantom. The compared imaging sequences were
simulated using a 128-element linear array (pitch 0.3 mm)
with a central frequency of 5 MHz, a sampling frequency
of 100 MHz and a -6dB fractional bandwidth of 60% for
each transducer element. Plane wave imaging was conducted
using 2 plane waves (-1°, 1°), 4 plane waves (-3°, -1°, 1°,
3°), and 8 plane waves (-7°, -5°, -3°, -1°, 1°, 3°, 5°, 7°).
Both CPWC and MPWI-HD were simulated using a 1-cycle
Hanning-weighted sine wave at the central frequency of the
transducer. For MPWI-CCC, by setting M=2, (2, 2, 4)-CCC
with P=1 was used for 2 angles transmission, (4, 4, 4)-CCC
with P=2 was used for 4 angles transmission, and (8, 8, 4)-
CCC with P=4 was used for 8 angles transmission. All the
CCC sequences were used to modulate the same short pulse
used for CPWI and MPWI-HD. To simulate noisy conditions,
additive white gaussian noise was generated with respect to the
bandwidth of the transducer using a pass-band filter. The noise
was first generated for CPWI and the same noise energy was
added to the RF data of MPWI-HD and MPWI-CCC before
decoding. Frequency-dependent attenuation was excluded in
simulations to assess the imaging schemes in ideal propagation
conditions and verify theoretically expected SNR gains.

1) Tissue Phantom simulation: To evaluate the performance
of the three imaging schemes in B-mode imaging and as-
sess the sidelobe levels introduced by the encoding methods

(MPWI-HD and MPWI-CCC), isolated Point Spread Func-
tions (PSFs) were simulated. Both stationary PSFs and axially
moving PSFs, using the same speed and PRF as in the flow
experiments, were simulated to assess the effect of motion on
the decoding performance of MPWI-HD and MPWI-CCC. Ad-
ditionally, a tissue-mimicking phantom was simulated under
5dB SNR conditions. The phantom, measuring 40× 40mm2,
consists of randomly distributed scatterers with a reflection
coefficient following a normal Gaussian distribution and a den-
sity of 10 scatterers per resolution cell. Within the phantom,
an anechoic inclusion (Cyst) with a diameter of 8 mm was
positioned at a depth of 60 mm. Additionally, the phantom
included 5 wires with a diameter equal to 1 wavelength by
clustering several point scatterers within a circular region
corresponding to the desired diameter. All scatterers were
assigned the same amplitude to mimic a uniform scattering
response across the wire.

2) Flow Phantom simulation: To assess the performance of
the three imaging schemes in blood flow imaging a tissue
phantom containing a small blood vessel was simulated. The
blood vessel, with a radius of 2 mm, was positioned at 40 mm
depth from the center of the probe, and it had a beam-to-flow
angle of 18°. The number of tissue and blood scatterers was
10 per resolution cell with tissue scatterers having a reflection
coefficients amplitude 30dB higher than blood scatterers. The
scatterers in the blood vessel were moved between emissions
with a maximum flow rate of 2ml/s. To achieve an imaging
frame rate of 800 Hz The pulse repetition frequency (PRF)
of plane wave imaging was adjusted based on the number of
plane waves. For each imaging scheme, an ensemble of 200
frames was simulated under -10dB SNR conditions relative to
the blood signal.

E. Experimental Study

The performance of MPWC-CCC was also experimentally
evaluated using an ultrasound imaging research platform (Ve-
rasonics Inc., Redmond, WA) equipped with the Philips ATL
L7-4 linear array transducer (128 elements, pitch 0.3 mm).
The transducer had a central frequency of 5 MHz, a fractional
bandwidth of 60%, and operated at a sampling frequency of
20 MHz. The same plane wave imaging setup that was used
for simulation, for the three imaging schemes, was also used
during the experimental acquisition for 2, 4 and 8 plane waves.
For MPWI-CCC, the Arbitrary Waveform Generation Toolbox
(ArbWave Toolbox in Verasonics), provided by the Vantage
scanner, was employed to convert the (N,N,MN/P )-CCC
signals generated following the procedure described in Fig. 1
into tristate signals that can be transmitted by the scanner.

Measurements were conducted on a wire phantom in water
to mimic a PSF in order to assess if the encoding methods
give rise to axial sidelobes and show the actual influence of
the imaging system. Then, flow experiments were performed
using a commercial Doppler flow phantom setup, comprising a
Doppler flow pump (Model: 769, CIRS) and the Doppler flow
phantom (Model: ATS 523A, CIRS). This configuration em-
ulated blood flow in a tissue-mimicking phantom. A Doppler
fluid, with a continuous slow rate of 0.2 ml/sec, was pumped
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Fig. 3: The simulated B-mode images of isolated PSFs for CPWC, MPWI-HD and MPWI-CCC for 4 plane waves transmissions in the
absence and the presence of motion. (B) Axial line plot highlighting the level sidelobes introduced by MPWI-HD and MPWI-CCC.

through a 2 mm flow channel angled at 18°. The PRFs used in
the experiments where adjusted to achieve an imaging frame
rate of 800 Hz based on the number of transmitted plane
waves. PRFs of 1600 Hz, 3200 Hz, and 6400 Hz were used
for 2, 4, and 8 plane wave transmissions, respectively.

F. Image Quality Metrics

The performance of the emission schemes was evaluated for
B-mode imaging and power Doppler imaging. For B-mode
imaging, the Peak Signal-to-Noise Ratio (PSNR), Contrast
Ratio (CR) and the axial resolution were computed. The PSNR
was calculated on the 5 scatterers positioned to the right of
the tissue-mimicking phantom using the following formula:

(PSNR)dB = 20log10(
max(Sscat)

σnoise
) (12)

Where max(Sscat) is the peak signal of the scatterer and
σnoise is the root mean square of the noise inside the anechoic
inclusion. Additionally, the CR was computed on the same
images as follows :

(CR)dB = 20log10(
µcyst

µbck
) (13)

Where µcyst and µbck are the mean image intensities respec-
tively inside the anechoic inclusion and in the surrounding
background. The axial and lateral resolutions at −6dB was
computed on the single scatterer on the left of the phantom.
Additionally, the sidelobes level was assessed by calculating
the mean sidelobes level for values above -60 dB in the region
surrounding the main lobe.

For power Doppler imaging, to assess the strength of
the blood flow signal, the Signal-to-Noise Ratio (SNR) was
computed as a measure of the blood flow signal power relative
to the power of noise, as follows:

(SNR)dB = 20log10(

√
1
N

∑N
i=1 Ib(i)

2√
1
N

∑N
i=1 In(i)

2

) (14)

Where Ib and In represent the intensities of pixels of blood
and noise, respectively, inside and outside blood flow (with the
same number of pixels N ) as illustrated on Fig 6. To measure
the detectability of blood flow the CR has been computed on
power Doppler images using the formula in (13) where µcyst

and µbck represent in this case the mean image intensities
respectively inside and outside blood flow and in the same
regions used to compute the SNR.

III. RESULTS

A. Simulation Results
The simulated B-mode images of the PSFs obtained with

four plane wave transmissions are shown in Fig. 3(a) for
CPWC, MPWI-HD, and MPWI-CCC. A visual inspection in-
dicates that, in the absence of motion, both encoding methods
do not introduce additional axial sidelobes after decoding,
and the resulting images are similar to those obtained with
CPWC. No noise was added during the simulation to avoid
masking potential sidelobes. This observation was confirmed
by plotting an axial line across the scatterer at a depth of 20
mm for the three methods, as shown in Fig. 3(b). The only
sidelobes present are those induced by ghost sidelobes in front
of the scatterers in plane wave imaging, as explained in [40].

In the presence of motion, both MPWI-HD and MPWI-
CCC generate axial sidelobes with different spatial extents
and magnitudes. From both Fig. 3(a) and Fig. 3(c), it can be
seen that MPWI-HD exhibits higher sidelobe peaks around the
scatterer mainlobe, while their magnitude gradually decreases
away from it, resulting in a mean sidelobes level of -45.64
dB. On the other hand, the sidelobes obtained with MPWI-
CCC have lower peaks around the main lobe and lower
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overall magnitude compared to MPWI-HD, but they do not
decrease in magnitude away from the scatterer, yielding a
mean sidelobes level of -48.51 dB. Although both methods
introduce sidelobes in the presence of motion, they remain
within an acceptable level and can be further reduced using
motion compensation techniques or by increasing the PRF, as
discussed in section IV. Aditionally, these motion artifacts did
not affect the lateral resolution as reported in Fig. 3.

The simulated B-mode images of the tissue-mimicking
phantom obtained with 2 and 4 plane waves are depicted
in Fig. 4. In all imaging schemes (CPWC, MPWI-HD and
MPWI-CCC), the images were simulated under a +5dB noise
condition and beamformed using the Delay-and-Sum (DAS)
[41]–[43]. The images obtained with 2 plane waves and 4
plane waves are presented with a dynamic range of -60dB. A
qualitative visual comparison of the presented results show that
both MPWI-HD and MPWI-CCC enhance the SNR whatever
the number of PWs that were transmitted (2 or 4 plane waves).
In fact, the anechoic inclusion in the images produced by
CPWC is challenging to distinguish from the surrounding
tissue due to the presence of noise. On the contrary, it
becomes more visible in the images produced by the two coded
excitation schemes. Although both MPWI-HD and MPWI-
CCC improve image quality, the visual assessment indicates
that the proposed MPWI-CCC scheme produces images of
superior quality compared to MPWI-HD. The next paragraph
will explore quantitative analysis to confirm this observation.

The visual assessment is corroborated by computing the
PSNR for the 5 scatterers at azimuth 10 mm (green box in
Fig. 4) for each imaging scheme as depicted in Fig. 6(a)
for the 4 plane waves transmissions case. In comparison to
CPWC, MPWI-HD exhibits an average SNR gain of 6.51dB,
while the proposed MPWI-CCC achieves a average SNR
gain of 12.98dB. In Fig. 6(b), the SNR gains obtained with
MPWI-HD and MPWI-CCC compared to CPWC are shown.
These values are computed by the difference in the SNR, as
calculated using Equation 12 for Fig. 6(a), for MPWI-HD and
CPWC, as well as MPWI-CCC and CPWC. The values are
then averaged over the 5 scatterers in the case of 2, 4, and
8 plane waves to determine the SNR gain obtained with each
method. Conversely, MPWI-CCC demonstrates superior SNR
gains with 8.42dB and 15.2dB, respectively. Considering an
ideal, linear propagation medium in the simulations, a constant
SNR gain is obtained as a function of depth. In an additional
experiment, MPWI-CCC simulations were conducted using
different (N, N, MN/P)-CCC sequence lengths to assess the
impact of increasing the number of bits on the SNR gains.
The results are presented in TABLE I.

Fig. 7(a) illustrates that the proposed MPWI-CCC outper-
forms CPWC and MPWI-HD in terms of contrast. CR was
computed on the anechoic inclusion located at a depth of
40mm from the indicated ROIs in red and blue colors for
2, 4, and 8 plane waves transmission (Fig. 4). In compari-
son to CPWC, CR gains of 5.80dB, 10.70dB, and 13.50dB
were achieved, while only 0.91dB, 4.54dB, and 7.87dB were
obtained with MPWI-HD. Fig. 7(b) compares the -6dB axial
resolution calculated on scatterer at a depth 35mm and azimuth
-10mm. All the imaging schemes exhibit nearly identical

TABLE I: SNR gains obtained with MPWI-CCC with diffrent setups
and the gains obtained with MPWI-HD with the same number of
transmissions compared to the CPWC reference method.

PWs Number of bits MPWI-CCC (dB) MPWI-HD (dB)

2 4 8.60 2.18

4
4 12.66

8 15.43 6.20

16 17.73

8
4 15.06

8 18.01 9.72

16 21.39

axial resolution for the different numbers of plane wave
transmissions with a small degradation of 0.02mm for MPWI-
CCC. This highlights that the proposed MPWI-CCC does not
severely deteriorate the axial resolution which is attributed to
the ideal correlation properties of (N, N, NM/P)-CCC.

The simulated power Doppler images are depicted in Fig.
5 for a blood flow in a 2 mm blood vessel with a flow
rate of 2 ml/s. The images are presented for three imaging
schemes with 2 and 4 angle transmissions. The number of
bits in (N, N, MN/P)-CCC sequences was set to 4 bits, and
the simulations were conducted under -5dB noise conditions
relative to the blood signal. A visual inspection shows that
flow perceptibility was enhanced using the proposed MPWI-
CCC for both 2 and 4 angle transmissions compared to CPWC
and MPWI-HD. The noise level around the vessel decreased
for the case of 2 angle transmissions, and it was completely
suppressed (w.r.t the dynamic range) in the case of 4 angle
transmissions, enabling better power Doppler assessment.

Fig. 8(a) validates these visual assessments by depicting the
SNR measurements in the simulated power Doppler images.
As expected, CPWC yields the lowest SNR values whatever
the number of plane wave, which aligns with the results of
Fig. 5. Although both MPWI-HD and MPWI-CCC provide
better SNR values, in the case of 2 plane wave transmission,
MPWI-HD provides an SNR value of 9.93dB, which is still
close to that of CPWC (7.27dB), while MPWI-CCC yields a
much higher value of 16.48dB. Fig 8(b) provides a quantitative
comparison of the SNR gains achieved by MPWI-HD and
MPWI-CCC on the simulated flow phantom. MPWI-HD yields
power Doppler SNR gains of 2.65dB, 5.64dB, and 8.81dB
while MPWI-CCC yields higher SNR gains with values of
9.20dB, 12.40dB, and 15.50dB for 2, 4, and 8 plane wave
transmissions respectively.

Fig. 9(a) shows the normalized axial profiles at azimuth
0mm of the three imaging schemes for 4 plane waves trans-
mission. Compared to the blood signal, the noise level of
CPWC is almost at -20dB which reduces the detectability of
blood signal. The noise was decreased to around -31 dB for
MWPI-HD and an even further decrease to around -45dB was
obtained with the proposed MPWI-CCC. These observations
were validated by CR values calculated on power Doppler
images and depicted in Fig. 9(b). Compared to CPWC, MPWI-
HD yields CR gains of 5.27dB, 11.30dB and 17.54dB for 2,4
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Fig. 4: The simulated B-mode images of the tissue-mimicking phantom for CPWC, MPWI-HD and MPWI-CCC for 2 and 4 plane waves
transmissions. Dynamic range is set to -60dB for all images.

Fig. 5: The simulated power Doppler images for CPWC, MPWI-HD and MPWI-CCC for 2 and 4 plane waves transmissions.

and 8 plane waves transmission while values of 18.04 dB,
24.35dB and 30.16dB are obtained with the proposed MPWI-
CCC.

B. Experimental Results

Similar to the simulated PSFs, a wire phantom experiment
was conducted in water to mimic a PSF with 4 plane waves
transmission. In Fig. 10, a lateral line plot over the wire placed
at a depth of approximately 33 mm is shown to evaluate the
effect of the encoding methods on the lateral response. The
Verasonics transmit voltage was set to 15 V for all three meth-
ods to ensure high SNR conditions, which explains the similar
noise floor observed across the methods. The results show that

at the -6 dB level, the lateral resolution is slightly affected
by MPWI-HD and MPWI-CCC, with measured resolutions of
0.46 mm and 0.49 mm, respectively, compared to 0.42 mm for
CPWC. However, at lower intensity levels, such as -20 dB, the
lateral response degrades more noticeably for MPWI-HD and
MPWI-CCC, which yield resolutions of 1.20 mm and 1.30
mm, respectively, while CPWC maintains a finer resolution of
0.70 mm.

The results of the flow experiment conducted using the
commercial flow phantom setup are depicted in Fig. 11 for
the three imaging schemes (CPWC, MPWI-HD and MPWI-
CCC) with 2 and 4 plane wave transmissions. Power Doppler
maps are overlayed on B-mode images of the tissue mimicking
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Fig. 6: (a) PSNR values measured on the 5 scatterers indicated in the
green box of Fig. 4 using equation 12. (b) SNR gains obtained with
MPWI-HD and MPWI-CCC compared to CPWC for 2, 4 and 8 plane
waves transmissions for the simulated tissue mimicking phantom.

Fig. 7: (a) CR and (b) Axial resolution values for the simulated
tissue mimicking phantom.

phantom, shown with a dynamic range of -20dB, to visually
compare the Doppler signal and noise levels of CPWC,
MPWI-HD, and the proposed MPWI-CCC. To generate the
power Doppler maps, 200 frames were acquired and beam-
formed using DAS, then clutter filtered through an SVD filter.
The SVD filter was applied to remove tissue signals, retaining
only blood and noise signals in the dataset, which were then
summed to form the power Doppler images. It is important
to note that the noise was not filtered with SVD to better
highlight the effects of MPWI-HD and MPWI-CCC on the
noise level of the images.

By qualitatively analysing Fig. 11, we see that MPWI-
CCC generates power Doppler images of enhanced quality
compared to CPWC and MPWC-HD. In the case of CPWC,
the blood signal is barely visible due to the high noise
level surrounding the vessel for both 2 and 4 plane waves
transmissions. With MPWI-HD, the visibility of the blood
flow remains poor when transmitting with 2 plane waves but
improves with 4 plane waves. However, the noise level around
the vessel remains high. In contrast, power Doppler images
obtained with MPWI-CCC exhibit strong blood flow signals
with reduced noise levels around the vessel for both 2 and 4
plane wave transmissions.

These visual observations were qualitatively validated by
calculating the SNR on the Doppler images using the ROIs in
Fig. 11, and the results are depicted in Fig. 12(a). It shows
that for 2, 4, and 8 plane waves transmissions, CPWC fails
to provide positive SNR, with values of -2.33dB, -2.06dB and
-1.86dB respectively. On the other hand, MPWI-HD yields an
SNR close to 0dB for 2 plane waves transmission, which aligns

Fig. 8: (a) SNR and (b) SNR Gains computed for the simulated
power Doppler images for 2, 4 and 8 plane waves transmissions.

Fig. 9: (a) The normalized axial profiles on the simulated power
Doppler images at azimuth 0mm for 4 plane waves transmissions.
(b) CR values computed on the simulated power Doppler images in
Fig. 6

with the poor Doppler flow visibility in Fig. 11. However,
the SNR values increase to 5dB and 7dB with an increasing
number of plane waves to 4 and 8. The proposed MPWI-
CCC shows higher SNR values than CPWC and MPWI-
HD for all plane wave transmission cases, yielding values of
5.48dB, 10.95dB, and 12.27dB for 2, 4, and 8 plane wave
transmissions, respectively. Additionally, Fig. 12(b) illustrates
the experimental power Doppler SNR gains obtained with
MPWI-HD and MPWI-CCC for 2, 4, and 8 plane wave
transmissions. Compared to CPWC, MPWI-HD achieves SNR
gains of 3.47dB, 6.99dB, and 8.80dB, respectively. However,
MPWI-CCC demonstrates superior SNR gains with 7.82dB,
13.02dB, and 14.15dB, highlighting the superior performance
of MPWI-CCC in enhancing the power Doppler signal and
overall image quality.

In Fig. 13(a), the normalized axial profile at azimuth 0mm
for the three imaging schemes, in the case of 4 plane waves
transmission, is depicted. For CPWC, the blood signal level
is well below the noise level, especially in deeper regions,
making it hard to detect the blood flow. The blood signal
is enhanced by MPWI-HD and MPWI-CCC; however, the
noise level remains higher with MPWI-HD compared to
the proposed MPWI-CCC. As a consequence of the SNR
enhancement, the CR was also improved by the proposed
MPWI-CCC, as depicted in Fig. 13(b). The CR was calculated
on power Doppler images using the ROIs indicated in Fig. 11.
MPWI-HD achieved CR gains of 0.83dB, 4.29dB, and 4.91dB
with respect to CPWC, while values of 4.97dB, 10.08dB, and
11.07dB were achieved with the proposed MPWI-CCC.



TAMRAOUI et al.: COMPLEMENTARY CODED MULTIPLANE WAVE SEQUENCE FOR SNR INCREASE IN ULTRAFAST POWER DOPPLER ULTRASOUND IMAGING
11

Fig. 10: Lateral line plot over a wire phantom at 33 mm depth
providing a sidelobes level comparaison between CPWC, MPWI-HD
and MPWI-CCC.

IV. DISCUSSION

In this study, we investigated the performance of a novel
coded excitation scheme called Multi-Plane Wave Imaging
with Complete Complementary Codes (MPWI-CCC), de-
signed to enhance the SNR in Ultrafast power Doppler
imaging. This sequence allows for an increase in SNR by
10 log10(NL) compared to CPWC and has been tested in
simulation and experimental studies for 2, 4, and 8 plane waves
transmissions, along with CPWC and MPWI-HD. This SNR
increase translates into better image quality, especially in deep
tissue regions where electronic noise is dominant.

To validate the theoretical SNR gains expected with MPWI-
HD and MPWI-CCC compared to CPWC, a simulation study
was conducted assuming an ideal, linear propagating medium
with no frequency-dependent attenuation. Theoretically, an
SNR gain of 10 log10(N) is expected with MPWI-HD, where
N is the number of transmitted plane waves (i.e., transmis-
sions). The simulation results obtained on a tissue-mimicking
phantom confirmed this expectation. The measured SNR gains
(Fig. 6 (b)) for 2, 4, and 8 plane waves were 2.26dB,
6.51dB, and 9.8dB, respectively, which closely align with the
theoretical values of 3.01dB, 6.02dB, and 9.03dB, respectively.
The same principle applies to MPWI-CCC, where a theoret-
ical expected gain of 10 log10(NL) is anticipated, with N
representing the number of plane waves (i.e., transmissions)
and L denoting the sequences length. With (N,N,MN/P)-CCC
sequences of length 4 bits, the simulation results depicted
in Fig. 6(b) illustrate SNR gains of 8.42dB, 12.98dB, and
15.20dB for 2, 4, and 8 plane waves, respectively. These
results closely correspond to the theoretical expected gains of
9.03dB, 12.04dB, and 15.05dB, respectively. The same SNR
gains observed in the tissue mimicking phantom images are
obtained in the simulated power Doppler phantom for both
MPWI-HD and MPWI-CCC. This highlights the advantage
of MPWI-CCC in providing greater SNR gains compared
CPWC than those obtained with MPWI-HD for the same

number of transmissions. Furthermore, the results from TA-
BLE I illustrate that MPWI-CCC achieves comparable or even
higher SNR with fewer transmissions, resulting in images
with high SNR while maintaining a high frame rate compared
to MPWI-HD. Additionally, SNR gains can be increased by
employing longer sequences while using the same (or fewer)
number of transmissions compared to MPWI-HD, leading to
a significant enhancement in image quality without sacrificing
the frame rate. However, increasing the length of sequences
also increases the dead zone area, a point we will discuss later.

For the simulated tissue mimicking phantom and blood flow
phantom, noise levels of 5dB and -5dB, were respectively
chosen, to mimic real scenarios where the SNR is low, as
can occur in deep regions and small vessels with weak
blood flow. MPWI-CCC transmits long sequences during each
transmission, resulting in more energy delivered to the medium
and consequently increasing the SNR of the reconstructed
images. The SNR gains obtained with MPWI-CCC allow for
an increase in penetration depth compared to CPWC and
MPWI-HD. This increase in penetration depth leads to better
image contrast, especially in deep regions, enabling better
visibility of either the anechoic inclusion or the simulated
blood flow (Fig. 7(a) and Fig. 9(b)). Additionally, power
Doppler images obtained with MPWI-CCC exhibit stronger
blood flow signals and a reduced noise level, enhancing the
detectability of blood vessels even with a small number of
plane waves (improved frame rate) compared to CPWC and
MPWI-HD (Fig. 5). Furthermore, increased penetration depth
opens up the possibility of using ultrasound probes with higher
central frequencies for improved resolution.

For experimental Doppler imaging on the commercial flow
phantom, the system voltage was set to 3 Volts for all three
imaging schemes and across all the number of plane wave
transmission cases. This low voltage value was chosen to
compare the imaging schemes under severe noise conditions
and validate the ability of the proposed MPWI-CCC to en-
hance the Doppler signal in such noisy environments and in
low power ultrasound devices such as portable and wearable
ultrasound devices. CPWC produced power Doppler images
with very poor blood flow signals, even with an increased
number of transmitted plane waves, as depicted in Fig. 11. This
is attributed to the low transmitted energy and the absence of
transmit focusing. The transmitted energy was increased by the
quasi-simultaneous transmission of plane waves using either
a Hadamard encoding, as in the case of MPWI-HD, or long
modulated sequence, as in the case of MPWI-CCC. Even with
the low voltage applied to the probe, the images obtained with
MPWI-CCC exhibit stronger blood flow signals with reduced
noise levels compared to the images obtained with MPWI-
HD. This makes MPWI-CCC a valuable tool in applications
where low power ultrasound devices are used, such as portable
devices.

As discussed earlier, increasing the length of the transmit-
ted sequences increases the SNR gain for the same num-
ber of transmitted plane waves. Transmitting long sequences
increases the energy transmitted to the medium, improving
sensitivity in power Doppler images. However, one of the
possible drawbacks of MPWI-CCC is that long sequences may
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Fig. 11: The experimental power Doppler images on the commercial flow phantom for CPWC, MPWI-HD and MPWI-CCC for 2 and 4
plane waves transmissions.

Fig. 12: (a) SNR and (b) SNR gains compared to CPWC computed
for the experimental power Doppler images for 2, 4 and 8 plane
waves transmissions.

Fig. 13: (a) The normalized axial profiles on the experimental power
Doppler images at azimuth 0mm for 4 plane waves transmissions. (b)
CR values computed on the images in Fig. 9

expand the dead zone area in the near field since the transducer
cannot receive echoes while transmitting. (N,N,NM/P)-CCC
sequences, by their nature, enable the reconstruction of short
sequences. The size of the dead zone area is proportional to
the half of the duration when the transducer is transmitting.
In the context of MPWI-CCC, multiple tilted plane waves are
transmitted quasi-simultaneously, each separated by a short
time delay τ to avoid overlap. Consequently, the dead zone
depends on several factors: the number of bits in the sequence
transmitted by each plane wave, the duration of the modulated

pulse e(t) (in this case, a 1-cycle pulse), the delay τ (equal to
the duration of a 1-cycle pulse), and the number of transmitted
angles. Another important factor is the delay range across the
elements of the array due to the tilt angle of each transmitted
wave as illustrated in Fig. 14. Transmitting plane waves at
extreme steering angles leads to a broader delay range across
the aperture, further extending the overall transmit duration.
Taking all these parameters into account and based on the
setup used in this study, the total transmit durations for 2,
4, and 8 plane wave transmissions are approximately 2.8µs,
7.5µs, and 22.3µs, respectively. These three cases will give
rise to blind zone areas of 2.10mm 5.80mm and 17.2mm
respectively. In the cases of 2 and 4 plane waves transmissions,
these blind zones remain reasonable especially that it is the
deep tissue regions that typically experience low SNR and
these regions are in most cases well beyond these blind
zone area. However, when sequences with more bits are used
alongside a high number of plane waves such as the case
of 8 plane waves, consideration should be given to the blind
zone area. An approach that will be investigated in the future
is the method proposed by [44], [45], where simultaneous
plane wave transmission can be employed instead of quasi-
simultaneous plane wave transmission. This approach can sig-
nificantly shorten the transmitted waveform duration, thereby
reducing the dead zone area in the near field.

Another possible limitation concerns safety issues associ-
ated with the transmission of long sequences. In pulse-echo
ultrasound imaging, the Mechanical Index (MI) often serves
as a primary constraint, reflecting potential bioeffects such as
cavitation due to mechanical disruption, which is proportional
to the transmitted waveform voltage [30], [46]. Additionally,
the Thermal Index (TI) provides information on potential
probe or tissue damage resulting from overheating due to
ultrasound absorption [46]. With coded excitation, the SNR
gains come from injecting more energy into the medium by
increasing the duration of the transmitted waveform. This may
raise patient safety concerns and might also cause damage to
the probe itself, especially in high-frame-rate scenarios. Care
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Fig. 14: Schematic representation of the transmit waveforms during
a transmission event in MPWI-CCC (4 plane waves). The diagram
illustrates the parameters influencing the size of the dead zone area,
including the modulated pulse, the number of code bits per plane
wave, the delay τ , the number of transmitted angles, and the delay
range across the aperture due to steering.

must be taken to ensure that this remains within FDA limits
in terms of Ispta, MI, and probe temperature. However, in
this study, MPWI-CCC is based on the transmission of plane
waves, and no focusing is performed. This spreads the energy
in the medium, and as a result, the primary constraint to
consider is not Ispta or MI but the probe temperature. Using
plane waves at a high PRF inevitably heats the probe, and the
solution is always to reduce the transmit voltage. In this study
however, the voltage of the Verasonics was already set to a
low value of 3 volts.

Fig. 15: Temperature curves obtained with MPWI-CCC during 30
minutes measure on (a) Free air (b) On a Tissue-mimicking phantom.

The IEC 60601-2-37 standard specifies safety and perfor-
mance requirements for ultrasound medical devices, partic-
ularly regarding the maximum allowed temperature of the
transducer surface [47]. Following this standard, two tem-
perature tests were conducted for the proposed MPWI-CCC
using the same experimental setup parameters used for the
power Doppler experiments (PRFs, voltage) : testing in a
tissue-mimicking phantom and testing in free air. The tissue
tests were performed under external-use conditions using the
National Physical Laboratory (NPL) temperature test phantom,
which is based on agar to mimic the acoustic and thermal
properties of human soft tissue. This phantom was designed
in accordance with the IEC 60601-2-37 standard. Temperature
measurements were conducted using the OpSens AccuSens
fiber optic temperature sensor. For the free-air test, the tem-

perature sensor was attached to the surface of the probe.
According to the IEC 60601-2-37 standard, for free-air

tests, the initial probe temperature should be 23◦C ± 3◦C
at equilibrium, and the temperature rise should not exceed
27◦C over a 30 minutes test, with the maximum obtained
temperature being 50◦C. For the tissue tests, the temperature
of the phantom surface, in contact with the transducer, should
not be lower than 33◦C and must be in thermal equilibrium
at the beginning of the test. After 30 minutes of contact,
the maximum temperature should not exceed 43◦C, and the
temperature rise should not exceed 10◦C.

The temperature test curves obtained with the proposed
MPWI-CCC with the transmission of 2, 4, and 8 plane waves
in both free-air and tissue tests are shown in Fig. 15. For both
tests, the proposed method resulted in maximum temperatures
and temperature rises well below the IEC 60601-2-37 standard
limits, particularly for 2 and 4 plane waves transmissions.
When transmitting 8 plane waves, the test showed a higher
temperature rise and maximum temperature, but both remained
well below the standard limits, as summarized in Table II.

TABLE II: Comparison the maximum temperature and the tem-
perature rise on free air and on a tissue-mimicking phantom
(external use) for MPWI-CCC with 2, 4 and 8 plane waves
transmission against the IEC 60601 standards.

Temperature 2 PW 4 PW 8 PW IEC 60601

Max Free Air 24.43 25.47 28.02 50
On Tissue 34.22 34.56 37.27 43

Rise Free Air 0.39 0.86 4.70 27
On tissue 0.92 1.45 3.83 10

It is worth noting that the temperature measurements pre-
sented in Fig. 15 were conducted using a low transmit voltage
of 3 V, as part of the Doppler experiments performed under
severe noise conditions. This setup was designed to emulate
challenging clinical scenarios such as imaging deep vessels
or patients with thick abdominal walls, significant fat layers
where high acoustic attenuation leads to reduced sensitivity
to blood flow. Since we did not have access to a physical
phantom reproducing these characteristics, the low transmit
voltage was used to mimic low-SNR conditions and evaluate
the performance of the encoding methods accordingly. In prac-
tical scenarios where such attenuation is present, the MPWI-
CCC encoding method could indeed be used to increase the
transmitted energy beyond the limit of what the scanner can
do at peak voltage to further improve the SNR. However,
operating at peak voltage with MPWI-CCC would significantly
impact the temperature measurements in Fig. 15. In such cases,
the experimental parameters must be carefully considered, and
the transducer temperature should be closely monitored to
avoid excessive heating.

MPWI-CCC leverages the complementary properties of
CCC sequences to cancel out correlation sidelobes. However,
these approaches require multiple transmissions, making the
decoding of plane waves susceptible to motion artifacts. When
tissue or blood flow moves between successive transmissions,
the correlation sidelobes may not perfectly align in phase. This
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Fig. 16: Simulation of motion related artifacts with two velocities
0.64cm/s and 1cm/s at two PRFs 800Hz and 10KHz

misalignment introduces correlation sidelobes that manifest
as artifacts in the image, reducing contrast. For example,
in abdominal ultrasound applications, tissue motion due to
breathing and cardiac activity can vary from 1 to 5 cm/s.
Normal breathing can cause abdominal organs to move at
velocities of 1 to 3 cm/s, with heavy breathing reaching up
to 5 cm/s. Cardiac motion can induce tissue velocities of up
to 1 cm/s. These motion velocities can compromise the ef-
fectiveness of the decoding process, especially at lower frame
rates. At higher frame rates, motion-induced artifacts remain at
an acceptable level, as shown in Fig. 16. Moreover, since only
power Doppler imaging is considered, which is not sensitive
to flow direction and does not require velocity estimation. This
makes it less affected by sidelobe artifacts, as their magnitude
is reduced through the clutter filtering step. However, in flow
imaging applications where velocity estimation is required,
particularly using the phase shift estimator, motion artifacts
can lead to incorrect velocity estimations and the appearance
of artificial flow regions at very high velocities [48]. In these
situation motion artifacts must be addressed. In the literature
motion correction has been extensively studied, and some
methods have been proposed in order to compensate for this
decoding error introduced by motion when complementary
binary sequences are used [48], [49]. These techniques can
potentially be extended to correct motion artifacts introduced
by the MPWI-CCC method. Additionally, various motion
correction approaches have been proposed in scenarios where
coded excitation is not used, such as in high-frame-rate imag-
ing sequences requiring coherent compounding [50]–[52], syn-
thetic transmit aperture imaging [53]–[57], blood flow imaging
[51], [58]–[60], and ultrasound localization microscopy [61],
[62]. However, the adaptability of these techniques to coded
excitation still needs to be investigated.

Additionally, nonlinearities in acoustic propagation can dis-

tort transmitted waveforms, causing deviations from their ideal
shapes and spectra. This distortion can compromise the perfor-
mance of pulse compression techniques by reducing their abil-
ity to effectively cancel sidelobes [63]. For instance, harmonic
distortions in nonlinear media can degrade peak sidelobe level
performance, particularly for binary phase-modulated coded
excitation methods [64]. In the case of MPWI-CCC, nonlinear
propagation primarily affects the waveform compression and
rarefaction phases, altering their velocities and amplitudes.
These distortions impact the performance of matched filter
decoding, as it relies on a linear model of received signals,
leading to suboptimal decoding. However, MPWI-CCC can
mitigates some of these effects by taking benefits of frequency-
dependent attenuation, as described in [27] for pulse com-
pression methods. Higher-frequency harmonic components
are reduced due to frequency-dependent attenuation, thereby
preserving the complementary summation to some extent. Ad-
ditionally, safety limits in medical ultrasound imaging reduces
the occurrence of such nonlinear effects [64], and the reduced
transmit voltage used in our setup further minimizes nonlin-
earities in the medium. Thus, while nonlinear propagation
imposes certain limitations, our approach remains effective
within its intended application scope.

In this study, MPWI-CCC has primarily been applied to
ultrafast power Doppler imaging. Other ultrafast plane wave
imaging applications suffering from low SNR may also benefit
from MPWI-CCC, such as shear wave elastography will be
considered in future works.

V. CONCLUSION

To address the problem of the low SNR of CPWC ,
which limits the sensitivity of ultrafast power Doppler imag-
ing, we proposed a new imaging sequence named Multi-
Plane Wave Imaging with Complete Complementary Codes
(MPWI-CCC). Leveraging the ideal correlation properties
of (N,N,MN/P)-CCC binary sequences, our method involves
quasi-simultaneously transmitting tilted plane waves, each
carrying a distinct sequence during every transmission event.
The received echoes are decoded as if the plane waves were
transmitted individually, but with higher SNR. Furthermore,
the nature of (N,N,MN/P)-CCC allows for the generation of
shorter sequences, thus preventing the occurrence of large
dead zone areas. Through a combination of experimental
and simulation studies, we demonstrated that MPWI-CCC
outperforms CPWC and MPWI-HD in terms of both SNR and
contrast, with a negligible decrease of the axial resolution.
The enhanced SNR offered by MPWI-CCC enables more
accurate detection of blood flow signals and increased pen-
etration depth, offering potential benefits for various clinical
applications. However, it is important to acknowledge potential
limitations of this approach, such as the impact of attenuation
and motion on decoding accuracy, as well as the potential
expansion of the blind zone area when transmitting a large
number of plane waves, which will be subject to future
investigation.
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