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Abstract— This paper presents an approach to steer the
receiving field of view (FOV) of ultrasound imaging by linearly
combining the RF signals from adjacent elements of a phased
array without applying delay to the elements. The motivation is
to reduce the number of measurement channels M (the product
of number of transmissions, ny;, and the number of receiving
channels in each transmission, nz) while retaining the steering
ability of a phased array. To reduce M, adjacent transducer
elements were combined into groups by applying proper delays
in transmission and weighting function in receiving to steer the
FOV. After the M channels of RF data were acquired, a
conjugate transpose was applied to estimate the equivalent signal
in the traditional synthetic transmit aperture imaging (STA) to
reconstruct a STA image. We reported the results in the case
with M=N’/66, where N is the number of the array elements. The
proposed system has potential applications in 3D ultrasound
imaging.
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steering

I. INTRODUCTION

To avoid the grating lobe artifacts, the inter-element
spacing of the array has to be less than half a wavelength [1].
When using the fully-addressed 2D array in transmit and
receive for 3D ultrasound imaging, the number of active
channels is large and therefore the cost of the hardware system
will be prohibitively high due to the digital electronics
associated with each element [2]. Many innovations in
designing sparse arrays have been investigated [3]-[11].
Lockwood et al. [5] proposed a framework of designing sparse
arrays by using the effective aperture concept. The two-way
radiation pattern of a sparse array can be optimized to reduce
the grating lobe artifacts by arranging the element spacing
properly. However, grating lobes still affect the image quality
when using a periodic sparse array. Random sparse arrays can
also suffer from the significant side lobes [12]. Furthermore,
the coherent array imaging method [13] with the subarray
techniques was proposed to reduce the number of coaxial
cables in an array probe. In this design, the subarray aperture
moved across the entire array to achieve an improved lateral
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resolution at the cost of a decreased frame rate and a worse
SNR.

In addition to sparse arrays, Liu proposed a solution by
changing the element spacing of transmit and receive by
joining the elements into groups to reduce the negative effects
of grating lobes [4]. Even though such a system costs less than
a fully-sampled phased array system, the steering and focusing
of the linear array is usually restricted along the forward
direction (perpendicular to the transducer array) [14]. An
earlier publication [15] by the authors investigated whether
specific combination schemes can be selected following the
effective aperture concept [S] to suppress the grating lobe
level of the two-way radiation pattern. As shown in [15],
adjusting the delay for both transmit and receive can steer the
limited FOV in the large-pitch linear array system. In the
receiving process of the real-time system, it is possible to
combine the signals from adjacent elements after applying
proper delays as shown in the micro-beamforming technique
[16]. However, the fabrication process of such design is still
complex. In this paper, we propose to apply receiving
encoding patterns (REP) to the receive elements to steer the
FOV without adjusting the delay for the receive elements.

In Section II, the theory of the proposed method will be
presented. The implementation of the method will be
described and the simulation parameters stated. Image quality
metrics will be applied to the reconstructed images. In Section
III, the image quality of the simulated images from the
proposed method will be assessed and compared to the
standard STA. The discussion and conclusion will be
presented in Section IV.

II. METHODS

A. Encoding and decoding processes

Generally, we assume there are N elements in the
transducer array, and L transmissions to acquire one frame. A
transmission encoding matrix T with the size of L-by-N is
defined in a similar format as in [15]. We can define R as an N
by K matrix to encode the receiving elements in a similar way,
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where K is the number of receiving groups/channels. In each
transmission, one group of transmitters will transmit a wave,
and all the receiving groups will be used to receive the signals.
The encoding processes in both transmit and receive can be
described as

TS(H)R = M(¢), (1

where S(?) is the equivalent traditional STA signal matrix with
a size N by N from a fully-sampled phased array system, and
S;(¢) is the signal for time ¢ transmits at i-th element and
received by the j-th element. M(f) is a measurement matrix
from the large-pitch array system, and M(?) is the signal at
time ¢ when the i-th group transmits and the j-th group
receives.

The transmission and receiving encoding processes could
be combined by using a mathematical identity of the
Kronecker product [18] to generate the encoding operator as,

E=R’'®T, 2

where the superscript 7 means the transpose of the matrix. By
combining the Eq. (1) and (2), the encoding operator E can be
applied to the traditional STA signal. Note that to apply this
operator properly, the traditional STA signals S(f) and M(?)
have to be vectorized into column vectors S,...{(f) and
M, ...o,(f) by stacking the columns of the corresponding matrix,
respectively. We have

ES vector(t) = Mvector(t) ’ (3)

In the decoding process, to recover S from M, pseudo-
inversion with regularization can be used. When a delay was
applied to the encoding process, the above equation can be
transformed into the frequency domain, in which each
frequency component can be decoded separately [17].
However, the frequency-domain pseudo-inversion was time-
consuming due to the large size of the RF signals. Therefore,
we used the conjugate transpose of the encoding operator E to
approximate the pseudo-inversion to simplify and accelerate
the decoding process. After acquiring the traditional STA RF
signal, the standard delay-and-sum (DAS) algorithm was used
to obtain the reconstructed images.

B. Encoding schemes without steering FOV

In this section, we will use the case without steering FOV,
in which FOV is right underneath the probe, to demonstrate
the construction of R and T. In the transmission mode, /
adjacent elements in one group are combined to be excited by
one source with applying proper delay to each element within
each group to steer the FOV to any desired angle. For example,
=6 represents six elements combined as one group to produce
one transmission. The first group includes the elements from
the first one to the sixth one. If N// is not an integer, in the last
group there are (/+mod(N, /)) (mod represents the modulo
function) elements combined together. The transmission-
encoding matrix T can be written as,

T=1,,®V/, “4)

where I is the identity matrix with the size of N/I. Therefore,
the number of transmissions can be reduced to N/I. Generally,
V, is an [-order column vector. In the case with no steering, V,
is an /-order column vector with all ones. ® represents the
Kronecker product.

In our receiving encoding design, k£ adjacent elements are
combined together as one receiver (k can be an arbitrary
integer). The signal from this group receiver is the summation
of the signals from the k elements by applying proper
weighting function (receiving encoding pattern, REP, which
will be explained later) to each element to steer the beam to
any desired angle. This will reduce the number of receiving
channels from N to about N/k. Similarly, if N/k is not an
integer, there are (k+mod (&, k)) elements in the last group.
Therefore, the receiving encoding matrix R can be defined as

R=1,,®V,, (5)

where I is the identity matrix with the size of Nk V,is a k-
order column vector. In the case with no steering, V; is a k-
order column vector of all ones. In this paper & and / were
chosen to be relatively prime to achieve the optimized grating-
lobe reduction.

C. Encoding schemes when steering FOV

In this section, we will explain how to construct R and T
in the case of steering FOV. As mentioned in [15], the
disadvantage of the above proposed approach is that its FOV
in one delay-configuration is smaller than a standard fully-
sampled phased array. Normally in transmission, the time
delay, d(x), for the element at x can be adjusted to steer the
FOV to a certain steering angle & . In this paper, the d(x) can

be represented as,

d(x) = M , (6)

where §_ is the distance between the center of the element at x

to the center of that group, and c is the speed of sound. Note
that the delay in Eq. 6 is similar to that in micro-beamforming
[16]. The delay is applied to elements in one group and it is
the same for the different groups of elements. d(x) can be used
to construct the transmission encoding matrix T in the
temporal frequency domain by replacing the ones in the V; in
Eq. 4 with the corresponding phase factor.

A receiving encoding pattern (REP) can be treated as a
weighting function to be applied to the receiving elements in
each receive group. REP will replace V, in Eq. 5 to construct
R. Similar to the apodization theory on an ultrasound probe,
the Fourier transform of REP is related to the beam pattern of
the probe in the far field of the probe. To steer the FOV to 4,

the REP can be expressed as



REP(n) = sin(”% +o)n=12,.k » (7)
m

where m = 1/sin(6;), A is the wavelength at the central
frequency of the probe, p denotes the pitch of the probe, and n
represents n-th element in a group. We also introduced a
shifting factor ¢ to ensure that the summation of each REP
equals to zero, which is not always true when £ is small.
Because the summation of REP is the DC component of REP,
which represents the beam strength along the forward
direction. If the summation of the pattern equals to zero, the
strength of the beam along the forward direction is zero, which
is desirable if we want to steer the FOV. Since the Fourier
transform of the above REP has a significant value at both a
positive frequency and a negative frequency, one REP can
generate two steering angles, which are placed symmetric
about the axial direction of the probe. This is different from
steering by applying delays, in which the beam is steered to
only one angle.

D. Simulation methods

1) Simulation parameters

The FIELD II program [19] was used to generate the
standard STA RF data. The probe was simulated as a 128-
element, 2-cm wide, 5-MHz central frequency phased array
with a 0.15-mm pitch, 0.01-mm kerf and 10-mm height. The
sampling frequency was 40 MHz.

2) Simulation phantoms

There were two simulated phantoms in our simulations
with the size of is 6 cm x1 cm x 6 cm (Azimuth x Elevational
x Axial). The first simulation phantom contains twenty-five
point targets placed in five rows from top to bottom at 1.5 cm,
2.5cm, 3.5 cm, 4.5 cm, and 5.5 cm in depth, and apart by 1 cm
laterally for each row. The second simulated medium is a
medium with background scattering, which includes thirty-
five 5-mm-diameter hypo-echoic inclusions placed in five
rows from top to bottom, with the rows placed at 1.5 cm, 2.5
cm, 3.5 cm, 4.5 cm, and 5.5 cm depth. For each row, the
centers of the middle three hypo-echoic lesions are separate by
6 mm apart horizontally, and the other lesions are placed at 0.5
cm, 1.5 cm, 4.5 ¢cm, and 5.5 cm in the horizontal direction.
The simulated probe was located from 2 ¢cm to 4 cm laterally,
and 0.5 cm away from the top of the simulated medium. The
log-enveloped beamformed images were displayed after
applying the Hilbert transform and logarithm compression to
the reconstructed images.

E. Imaging quality metrics
The contrast to noise ratio (CNR) of inclusions was
calculated as:

:u]esion _Hbackground s (8)

CNR = = =
\/Glcsion +o—background

where g . and g oo are the mean value of log-

enveloped region of lesion and background, respectively, and

o . and & are the standard deviation of the lesion and
lesion background

background, respectively.

III. RESULTS

Fig. 1 shows the log-enveloped beamformed images
obtained from (a) the standard STA, and (b) the configuration
with reduced M, (nr ng) = (N/6, N/11). The bottom row of the
figure shows a lateral line plot through the centers of point
targets at the depth of 5.5 cm (the central three point targets
are plotted for comparison). More artifacts and blurring can be
found in the image of (N/6, N/11) configuration when the
target is placed close to the tranducer array. However, the
artifacts and blurring are reduced with increasing depth, also
confirmed by central point target in the lateral line plot.
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Fig.1. Log-enveloped images obtained from various (nr, ng) configurations: (a)
(N, N), (b) (N/6, N/11). Bottom row: lateral line plot at 5.5 cm depth (through
the center of the point targets).

Fig. 2 shows the beamformed images of the phantom of a
scattering medium with the same element combination scheme
(ny ng) = (N/6, N/11). Fig. 2 (a) is the beamformed image
without steering the FOV (0 degree), and (b) and (c) show the
results of using REP to steer the probe array 30 degrees to the
left and right, respectively. Dynamic apodization was used in
all the three images when reconstructing images from the STA
data. After applying the delay-REP configuration, the FOV
can be steered to the symmetric positions with a comparable
image quality in terms of CNR. TABLE I. shows the CNRs of
the hypo-echoic inclusions at 1.5 c¢cm, 2.5 cm and 3.5 cm,
respectively along the corresponding steering angles (showing
in the red circles in Fig. 2.)
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Fig. 2. Images obtained with the (N/6, N/11) configuration for various steering
angles of (a) 0, =0° (b) 6, =30°to the left, and (c) 6. =30°to the right.
Red circles indicate the locations of the hypo-inclusions along the steering
angle, used for the calculation of CNR in TABLE L.



TABLE L. CNR measurements of the hypo-inclusions indicated by the red
circles at various depths of three images in Fig. 2.

CNR 1.5cm 2.5¢cm 3.5cm
(a) -3.96 -3.80 -3.84
(b) -3.07 -3.44 -3.70
(c) -3.10 -3.74 -3.81

IV. SUMMARY AND CONCLUSION

When multiple adjacent elements are combined together as
one group in both transmit and receive processes, the high
frame rate can be achieved due to the reduced number of
transmissions. Moreover, the number of receiving channels
was reduced because of combination schemes applied in the
receive process as well. However, the array pitch will be
increased to more than half a wavelength, which will result in
the appearance of grating lobes even after the suppression due
to the directivity of the group. Generally, the lateral resolution
is degraded more in the region closer to the probe due to
combining the probe elements, compared to the STA image
from a full array.

The proposed approach can be applied in both the lateral
and the elevational direction of a 2D array in the 3D ultrasound
imaging. Due to the focusing in both the lateral and the
elevational direction, it is expected that the image quality
should be improved over the 2D imaging. Combining the
adjacent elements has the potential to significantly decrease the
cost of a 3D ultrasound imaging system. Alternatively, to
overcome the problem of the loss in SNR of the RF signals in
STA system, multiple-group excitation in one transmission can
be encoded using spatial encoding methods, such as DE-STA
to increase the transmit power in STA [17].

In conclusion, a high-frame rate, steerable STA system with
a reduced number of receiving channels is presented. With the
proposed REP configuration, the FOV can be steered. By
reducing the number of measurement channels, the cost and the
complexity of the imaging system can decrease due to fewer
electronics associated with the array. Although the initial
simulations were implemented in a 2D STA, this method can
be extended to a 3D STA imaging system.
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