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Abstract—In the quest for faster ultrasound image acquisition
rate, low echo signal to noise ratio is often an issue. Binary
Phase Shift Keyed (BPSK) Golay codes have been implemented
in a large number of imaging methods, and their ability to
increase the image quality is already proven. In this paper
we propose an improvement of the BPSK modulation, where
the effect of the narrow-band ultrasound probe, used for ac-
quisition, is compensated. The optimized excitation signals are
implemented in a Plane Wave Compounding (PWC) imaging
approach. Simulation and experimental results are presented.
Numerical studies show 41% improvement of axial resolution
and bandwidth, over the classical BPSK modulated Golay codes.
Experimental acquisitions on cyst phantom show an improvement
of image resolution of 32%. The method is also compared to
classical pulse (small wave packets) emission and 25% boost
of resolution is achieved for a 6dB higher echo signal to
noise ratio. The experimental results obtained using UlaOp 256
prove the feasibility of the method on a research scanner while
the theoretical formulation shows that the optimization of the
excitation signals can be applied to any binary sequence and
does not depend on the emission/reception beamforming.

Index Terms—Golay sequences, BPSK, Resolution enhance-
ment compression, plane wave imaging

I. INTRODUCTION

Perhaps one of the most challenging tasks in present-
day ultrasound image reconstruction research is to find a
way of increasing the frame acquisition rate without loss of
image quality. Since the introduction of ultrasound scanners,
numerous emission/reception beamforming schemes that in-
crease the frame rate (comparing to focused beam ultrasound)
have been proposed such as: synthetic aperture imaging [1],
diverging wave [2] and plane wave imaging [3]. Since all
of these techniques employ wide beam insonifications of the
imaged medium, the signal to noise ratio of the backscattered
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echoes is decreased compared to focused ultrasound thus a
lower image quality is obtained. To overcome this issue,
one can increase the number of active elements in emission
(for synthetic aperture) or the number of diverging/plane
wave insonifications. Another solution for this issue is to use
excitation signals that carry more energy such as: pseudo-
orthogonal codes [4]-[6], chirps [7], [8] or a mix between
codes and chirps [9]. Complementary Golay sequences have
been already implemented in ultrasound imaging [9]-[12] and
their ability to increase the echo signal to noise ratio after the
pulse compression step was proven. However as it was shown
in [10] the maximum axial resolution achievable is reached
when the Golay sequences modulation assigns a sequence
bit to a single cycle of a sinusoid (centered at the middle
frequency of the probe), regardless of the bandwidth of the
employed ultrasound probe.

In this work, we propose an Optimized Golay Coded (OGC)
approach that allows to increase the image resolution achiev-
able by the ultrasound imaging methods employing Golay cod-
ing. The main idea behind our approach is to combine Binary
Phased Shift Keyed (BPSK) excitations with a technique that
boosts the bandwidth of the employed ultrasound probe [7]
called “Resolution enhancement compression”. The designed
excitation signals are emitted using a plane wave beamforming
approach. Furthermore, we discuss the generalization of the
approach on any family of binary sequences (m-sequences,
Gold, Kasami).

II. METHODS
A. Plane Wave Compounding (PWC)

Since, as we will show further in this paper, the ability of
our approach to boost the resolution does not depend on the
emission/reception beamforming technique the choice of the
emission scheme is trivial. For this work, we combined OGC
with coherent Plane Wave Compounding (PWC), an imaging
technique that only needs few insonifications to reconstruct a
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Fig. 1. Low resolution radiofrequency image reconstruction using: Classical
Pulse Plane Wave Compounding (CP-PWC) (dashed box) and Golay Coded
Plane Wave Compounding (GC-PWC) (dotted box). The DAS beamforming
delays, 7;(x, z) are given by (1) in [3]

full image of the medium [3]. In PWC, each plane wave k is
emitted with a steering angle equal to:

ok = arcsin(f—/\),k €{-Npw/2, -, Npw/2 -1} (1)
1

at
where IV, is the total number of waves to be emitted. From
(1), the emission delays of the plane wave k for each element
i of the transducer can be deduced, t¥ = (i — 1)pitch x
tan(ay)/c, where pitch represents the distance between the
center of two elements of the probe and c is the propagation
speed of the ultrasound wave in soft tissues.

The reconstruction pipeline for a single low resolution
CP-PWC image (I*) is represented in the Figl, where s(t)
is the excitation signal (1-3 sinusoid cycles) and y;(t) are
the backscattered echoes received by the i'" element of the
probe. The final CP-PWC image (I) is obtained by coherently
adding all the N, low resolution images I*. Lastly, envelope
extraction and log compression is applied to I.

B. Golay encoded scheme (GC-PWC)

What makes Golay sequences suitable for ultrasound appli-
cation is their complementarity property, which allows pulse
compression with limited side lobe levels. Let us suppose a
and b to be a pair of Golay binary sequences of length n
bits: a = ag,a1, - ,a,_1 and b = by, by, - ,b,_1 with
aj,bj € {—1,1}. Since a and b are complementary then:

Raa (]) + Rbb (.7) = 277’5(]) (2)

where R, (j) and Ry (j) represent the autocorrelation prod-
ucts of the sequence a and b respectively. §(j) is the Kronecker
delta function. In order to be able to emit a plane wave k
that carries a corresponding sequence a or b, these binary
codes need to be modulated at a central frequency inside
the bandwidth of the ultrasound probe. Usually [9], [10] a
Binary Phase Shift Keying (BPSK) modulation technique is
employed. BPSK consists in shifting the phase of a sinusoid
(called carrier) between two possible values 0 and 7 corre-
sponding to the code bit to be sent 1 or —1. In [10] it was
suggested that the best compromise between the echo to noise
ratio and temporal resolution of the compressed waveforms is
achieved when the carrier phase is updated every cycle (one
sequence bit corresponds to one period of carrier sinusoid).
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Let us suppose a band-limited ultrasound probe with a
central frequency of fo = 1/Ty. The BPSK modulated Golay

sequences a,,(t) and b,,(t) can be written as:
n—1

am(t) = 2) a¢5<t - iTO) * [cos(%)rect(%o)]
= )
b (t) = ;) bié(t — iT()) * [cos(FL)rect ()]

where rect(t) is the rectangular function. An example of a
BPSK modulated Golay sequence is presented in Fig.2b. As
showed in [9], from (2) and (3) the pulse compression of the
signals a,,(t) and b,,(t) can be reduced to:

Ra, o, (t)+ Rp,b,, (1) (”TT“ — n\t|)cos(
—"2—77;0 m(%—“l) rect(ﬁ)

To
In (4), one can recognize that the compressed signal represents
the autocorrelation product of one carrier period, and that no
side-lobes are generated thanks to the rect (f-) term.

A graphical representation of the Golay Coded Plane Wave
Compounding (GC-PWC) image reconstruction pipeline is
shown in Fig.1. One can observe that the data acquisition is
performed in two steps for each of the plane wave k. First
the signal a,,(t) is emitted by the probe, with the delays
t¥, and the backscattered echoes y,;(t) are recorded. Second
the signal b,,(t) is emitted with the same delays t¥, and
the new backscattered echoes yy;(t) are recorded. In order to
perform the next step which is pulse compression, one needs to
make the hypothesis that the medium does not move between
the two acquisitions, so the echoes of a,,(t) and b,,(t)
are in-phase. The pulse compression is then performed by
applying the corresponding matched filters 5,(t) = an,(—t)
and By (t) = by, (—t) to the recorded signals yq;(t) and yp;(¢)
respectively. The compressed signals can be written as:

Gi(t) = Gai(t) + gvi(t) = Yai(t) * Ba(t) + ypi(t) * Bo(t) (5)

As showed in [5], the signals y,;(t) can be defined as yq; () =
am (t) * g;(t) were g;(t) is the pulsed plane wave response of
the medium seen by the i*" element of the probe. Using (4)
and the expression y,;(t), (5) becomes:

9i(t) = [Ra,,a,, (t) + Ro,b,, ()] * gi(t) (6)

From (6) and since 7 (t) = s(t) * g;(t) (y;(t) are the signals
received in CP-PWC, cf. Fig.1), the "difference” between the
echoes received in CP-PWC and the waveform of the GC-
PWC compressed echoes is simply the “difference” between
the signal s(t) and [Ra,,q,, (t) + Rb,.b,. (t)].

The signals §;(t) are then first beamformed using Delay
And Sum (DAS) algorithm and then compounded using in
order to obtain the final image.

27t

To

) “4)

C. Optimized Golay encoded scheme (OGC-PWC)

Since each backscattered echo, after the compression using
(5), yields a waveform as defined in (4), normally we should
expect an image resolution equal to the width at half height
of [Ra,.a,, (t) + Rb,.b,, (t)] envelope. However, this is not the

mOm

case, since during the emission and reception the signals are
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Fig. 2. a&d) - Pulse echo acousto-electrical impulse response of the
ultrasound probe, b) - First 25 BPSK modulated bits of am(t), ¢) -
Convolution product of a BPSK modulated Golay sequence and the pulse
echo acousto-electrical impulse response of the ultrasound probe (am (t) *
her(t)), e) - First 25 BPSK modulated bits of a2,(t), f) - Convolution
product of a optimal modulated Golay sequence and the ulse echo acousto-
electrical impulse response of the ultrasound probe (a$, (t) * her(t)). In this
work n = 128, (Hexz)a=EDE2EDIDEDE212E2EDE2ED1D121DED1D and
(Hex)b=EDE2EDI1DEDE212E2121D12E2EDE212E2.
convolved with the acousto-electrical impulse response (h(t))
of the ultrasound probe. h(t) is usually band-limited thus the
resolution of the image will be decreased. For the rest of this
work, we will call the pulse-echo acousto-electrical impulse
response of the probe the signal h.,.(t) = h(t) « h(t) (Fig.2a).
Let us suppose a scatterer at the medium position (z, z)
defined by its reflectivity coefficient y(x, z). The echo that
this scatterer generates (at the i*" element of the probe) when
insonified with a plane wave that carries the signal a,,(t) (or
by, (t)) can be defined as:
eai(t) y(®:2)

\(z—x;)2+22 am
ebi(t) =

0

Time [ps] Time [ps]

(t) *
(t) * her(t) x 0(t — 73(2, 2)

her(t) * 6(t — 73 (2, 2))

(7
)

v(x,2)

v (z—x;)2+22 bm

where 7;(z, z) is the forward/backward propagation time of the
wave, between the probe, scatterer and it element position. In
Fig.2¢c is shown the waveform e,;(t) (cropped to correspond
to the first 25 modulated bits of a,,(t)). After compressing
eqi(t) and ep;(t) using (5) we obtain:
(t) = €qi(t) * Ba(t) + evi(t) * By(t)
(8) + Ropnbn (1) * her (8)] 5 0(t = 7l 2))
®)
(@)

In Fig.3, we show the results of (8) and the expected result

of pulse compression obtained using (4). As one can observe,

the results of compression after the convolution with h.,.(t)
yield a lower resolution (width at half height 46% larger) with

&
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Fig. 3. Envelops of the expected, GC and OGC waveforms of the signal
obtained after echo compression using (4), (8) and (11) respectively.
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significant higher side-lobes (around —11dB). To overcome
this drawback, in this work we propose to change the excita-
tion signals a,,(t) and b,,(¢) in such way so the pulse-echo
acousto-electrical impulse response of the probe is compen-
sated in the frequency bands where it is inefficient. This is
the principle of Resolution enhancement compression which
was successfully applied on chirp coded excitation in mono-
element ultrasound imaging [7] and plane wave imaging [8].
To boost the bandiwdth of the ultrasound probe, we propose to
deconvolve from the GC-PWC excitation signals, a,,(t) and
b (t), the pulse-echo acousto-electrical impulse response of
the elements h.,(t). Thus, the excitation signals for OGC-OPT
become:

o — her (f)
ap (f) = am(f)W ©)
by, (f) = bm (N i tiers

where a,,(f), b (f) and he,.(f) are the Fourier transforms of
the temporal signals a,, (t), b,,(t) and h...(t) respectively. (.)*
represents the complex conjugate. In (9), the deconvolution is
performed using a Wiener filter tunned with a parameter .
Indeed, ideally one would prefer to perform the deconvolution
in (9) using an inverse filter 1/h.,(f), however since he,(f)
is band-limited and the GC-excitation signals are broadband,
the parameter 1y allows to bypass zero division and noise
amplification. The trade-off of using 1) is that (9) will not yield
the same resolution as an ideal inverse filter deconvolution.
OGC-PWC image reconstruction scheme follows exactly
the same pipline as GC-PWC (Fig.1), the only difference being
the excitation signals, switched to a9, (¢) and b2, (¢). In this
case, the echoes eg,(t) and ep;(¢) generated at the medium
point (z,y) can be written as:
(1) = nal, (t) * her(t) * 6(t — 13 (x, 2))

eO

1) = i (t) * heg(0) % 6(t — 7i(2,2)) 1
From (9) and (10) it can we obtain:
e7(t) = eg;(t) = Ba(t) + €f;(t) * Bu(t) an

% 1 Rayan () + Ro, (0)] 5 6(t = 73(2, 2))

For explicit values of ¢: ¢ << |her(f)|, Vf € [fo—B/2, fo+
BJ2) and ¥ >> |he () VF & (fo — BJ2.fo + B/2)
where B is the ultrasound probe bandwidth. The result of
echo compression using (11) is presented in Fig.3, where it
can be distinctly seen that OGC compression improves the
width at half height by 43% compared to GC compression
and its only 3% short from reaching the expected theoretical
value. Moreover, OGC improves also the compression side-
lobes, higher side-lobe being only around —40dB.

III. SIMULATION RESULTS

In order to assess the ability of the proposed method to
increase the ultrasound image quality, a numerical study was
performed using FieldlIl [13] on two types of phantoms from
the Plane-wave Imaging Challenge in Medical UltraSound
(PICMUS) dataset [14] . A numerical model of the ultrasound
LAS523E (Esaote, Florence, Italy) was used. The probe’s pa-
rameters were: pitch = 0.245mm, fo = 8.5MHz, Ng = 192
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active elements and a pulse-echo acousto-electrical impulse

response h,(t) (Fig.2a). Np, = 9 plane waves (equally

spaced between (—7°,7°)), each steered following (1) were

used to insonify the medium. 20dB additive white Gaussian

noise (n(t)) was added to the received backscattered echoes

in order to reproduce at best the experimental conditions.
The following image quality metrics were studied:

(a) Axial resolution—width at half height of the point spread
function generated by a single scatterer

(b) Bandwidth—the frequency span of the y;(¢) signals for
CP-PWC and of the g;(t) signals for GC-PWC and OGC-
PWC. Larger bandwidths corresponding to better axial
resolution and thinner speckle in the ultrasound image

(c) eSNR—echo signal to noise ratio, measured on the
yi(t) signals for CP-PWC and on the §;(t) signals for
GC-PWC and OGC-PWC

E{lg:i(®) }>
Elni(t)]?}

(d) CNR—Contrast to noise ratio that quantifies the per-
ceived difference between a target ROI of the image and
its background

CNR =

eSNR = 10log ( (12)

|MROI - Mbackl
2 2

VOoror t Tpack

where pror (Uback) and ocror (Opack) are the average

and the variance of the intensity inside (outside) the target
ROLI.

13)

(e) Auto-correlation length in the axial direction
(ACL)—measure obtained using'
ACL[m,j] = Z I[j,i 4+ m]I[j,1] (14)

i=—00

where [ is the beamformed image (after compounding
and before envelope extraction). m and j are the indexes
of the vertical and horizontal lines respectively. Smaller
width at half height of ACL implies samaller speckle in
the axial direction of the image.

A. Resolution phantom results

In Fig.4 are presented the B-mode images obtained using
CP, GC and OGC -PWC respectively. In Fig.4a and b one can
observe that the overall image quality provided by GC-PWC
and CP-PWC are very similar. This result is also proved by
the envelope of Point Spread Function (PSF) of the scatterer
placed at the medium position (x, z) = (0, 30)mm represented

10

N
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w
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40 0 10 - -10
Width [mm] Width [mm] Width [mm]

Fig. 4. B-mode images of the PICMUS resolution phantom, obtained using 9
plane wave compounding for: a) - CP-PWC, b) - GC-PWC, c¢) - OGC-PWC
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in Fig.5. OGC-PWC image (Fig.4c) and scatterer PSF (Fig.5),
shows however improved image resolution, while no com-
pression side-lobes are being generated in the image. The
image resolution, bandwidths and eSN R measures for the
three methods are summed up in the Table L.

Bandwidth of the scatterer placed

Axial Res. | Bandwidth eSNR
CP-PWC 128.9um | 5.13MHz 21dB
GC-PWC 143.3um | 4.59MHz 38dB
OGC-PWC 101.6pum 6.49M H =z 33dB
OGC vs CP +27% 27% +12dB
OGC vs GC +41% 41% —5dB
TABLE 1

The results in Table I show improvements for OGC-PWC
for all metrics except eSN R. However, these eSN R results
are coherent with the expected values since, a Golay excitation
scheme yields an eSN R boost of 10log(n) = 10log(128) =
21dB [11] as compared to CP-PWC. The eSN R decrease of
5dB between GC-PWC and OGC-PWC is also expected since,
as one can see in Fig.1b and Fig.le the excitation signal is
more energetic for GC-PWC than for OGC-PWC (by 4.77dB).

The bandwidth measurements (Fig.5b) on the com-
pressed signals also show an improvement of OGC-PWC
(6.49M H z) compared to GC-PWC (4.59M H z) and CP-PWC
(5.13M H~z). Finally, the measurements of the eSNR show
that the best value is achieved by GC-PWC (38dB), followed
by OGC-PWC (33dB) and CP-PWC (21dB).

B. Cyst phantom results

In Fig.6 are showed the simulation B-mode images of the
PICMUS cyst phantom. As it can be seen on these images,
the three studied methods provide similar cyst qualities. Slight
improvement (0.2dB) provided by OGC-PWC compared to
GC-PWC and CP-PWC can be observed on the second hor-
izontal line of cysts. However, by looking at the speckle
autocorrelation length (Fig.7), it can be seen that OGC-PWC
yields 150pm (width at half height i.e. —6dB on log scale)
which is 16% better than CP-PWC (175um) and 50% better
than GC (225um)

E
E
s
o
@
a

-10 0 10 -10 0 10 -10 0 10
Width [mm] Width [mm] Width [mm]

Fig. 6. B-mode images of the PICMUS cyst phantom, obtained using 9 plane
wave coherent compounding for: a) - CP-PWC, b) - GC-PWC, d) - OGC-PWC
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Fig. 7. Envelope of the speckle autocorrelation length computed on the

cyst images obtained with the three methods studied. The measurements was
performed on the vertical line at x = —7mm

IV. EXPERIMENTAL RESULTS

The experimental study was performed on a Gammex
phantom (model 410SCG HE 0.5 Gammex Sun nuclear, Neu-
Isenburg, Germany) using the open ultrasound platform UlaOp
256 (Microelectronics System Design Lab, Florence, Italy)
[15]. A LAS23E (Esaote, Genova, Italy) linear array probe,
with 192 active elements of impulse response h,(t) illustrated
in Fig.2d, was employed for plane wave emission/reception.

The obtained B-mode images are shown in Fig.8, where
it can be visually assessed that the overall image quality of
the OGC-PWC is better than the GC-PWC and CP-PWC
image. The envelopes of the scatterer placed at (z,z) =
(—10,19.6mm) (100um diameter) is presented in Fig.9a. A
resolution of 201.1um for OGC-PWC, 264.6um for GC-PWC
and 251.6pm. These values correspond to a 25.1% boost of
OGC-PWC compared to CP-PWC and a 32% boost of OGC-
PWC compared to GC-PWC. The somehow diminished boost
in resolution, compared to the expected theoretical/simulation
values, can be explained by the fact that the OGC-PWC
excitation signals are designed using a certain pulse-echo
impulse response h.,.(t) supposed to be the same for all the
elements, variations in h.,(t) generating mismatches between
the designed signal and the corresponding filter (in (11)) that
result in resolution loss. The CNR measured from the anechoic
cyst gives 2.4dB, 6.1dB and 6.7dB for CP-PWC, GC-PWC
and OGC-PWC respectively. The eSN R, measured on the
received signals for CP-PWC and on the received signals after
compression for GC-PWC and OGC-PWC, equals 15dB (CP-
PWC), 35dB (GC-PWC) and 21dB (OGC-PWC).

V. CONCLUSION

In this paper, we propose a method that allows to adapt
binary shift keyed Golay codes to the employed transducer,
in order to increase the ultrasound image resolution. The new
designed excitations are implemented in a coherent plane wave

Depth [mm]

-40

-60

-10

10 -10 10 -10 10

0 0 0
Width [mm] Width [mm] Width [mm]
Fig. 8. B-mode images for: a) - CP-PWC, b) - GC-PWC, ¢) - OGC-PWC
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Fig. 9. a) - Envelope magnitude of the scatterer placed at (x,z) =

(—10,19.6mm), b) - Envelope of the B-mode image speckle autocorrelation
length obtained with the three methods studied. The measurements was
performed on the vertical line at x = Tmm

compounding imaging method and their performance is stud-
ied in simulation and experimental setups. Clear improvements
of the resolution, that follow the expected theoretical values,
are obtained whilst echo to noise ratio and contrast to noise
ratio are comparable to the classical coding scheme. As we
showed in our theoretical study, the signal optimization does
not depend on the emission beamforming scheme or binary
code used, which proves its feasibility in various imaging
approaches.
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