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ABSTRACT

A linear ultrasound array system usually has a larger pitch and is less costly than a phased array system, but loses the
ability to fully steer the ultrasound beam. In this paper, we propose a system whose hardware is similar to a large-pitch
linear array system, but whose ability to steer the beam is similar to a phased array system. The motivation is to reduce
the total number of measurement channels M (the product of the number of transmissions, ny, and the number of the
receive channels in each transmission, ng), while maintaining reasonable image quality. We combined adjacent elements
(with proper delays introduced) into groups that would be used in both the transmit and receive processes of synthetic
transmit aperture imaging. After the M channels of RF data were acquired, a pseudo-inversion was applied to estimate
the equivalent signal in traditional STA to reconstruct a STA image. Even with the similar M, different choices of nr and
ng will produce different image quality. The images produced with M=N?%/15 in the selected regions of interest (ROI)
were demonstrated to be comparable with a full phased array, where N is the number of the array elements. The
disadvantage of the proposed system is that its field of view in one delay-configuration is smaller than a standard full
phased array. However, by adjusting the delay for each element within each group, the beam can be steered to cover the
same field of view as the standard fully-filled phased array. The LPSSTA system might be useful for 3D ultrasound
imaging.
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1. INTRODUCTION

To generate a 3D ultrasound image, a 2D transducer array is usually required. To avoid the grating lobe artifacts, the
inter-element pitch of the array has to be less than half a wavelength.! Even though a linear array system costs less
compared to a full phased array system, the steering and focusing of the linear array is usually limited to the direct
forward direction of the array.” When the number of active channels is large, the cost of the hardware system will be
prohibitively high due to the electronics associated with each element.® Therefore, many innovations in designing an
effective sparse array have been investigated.*'? However, the quality of images cannot be preserved due to the
reduction of the number of elements. There are grating lobes when using a periodic sparse array, while random sparse
arrays suffer from the significant side lobes.*®

Liu has proposed an idea to change the element spacing on both transmit and receive by tying the elements into groups
to reduce the negative effects of grating lobes.® Lockwood et al.® proposed a framework of designing sparse linear arrays.
For conventional B-mode ultrasound imaging system, they suggested that arranging the element spacing properly can
optimize the two-way radiation pattern to avoid the grating lobes. They also applied similar methods to achieve a desired
effective aperture by transmitting from five virtual elements and receiving signals with a properly apodized full aperture
in 3-D STA imaging.* In addition, the coherent array imaging method with the subarray techniques™ has been proposed
to reduce the number of coaxial cables in the probe cable while maintaining the image quality of a full phased array
imaging system.

In this paper, we propose a new approach, which is similar to a large-pitch linear array system but can steer the
ultrasound beam like a phased array system. When the adjacent elements of a phased array are combined as a group in
both transmit and receive, the inter-group pitch (the distance between the adjacent groups) will be larger than half a
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wavelength, which normally introduces grating lobes. However, the beam pattern or the directivity of a group will cancel
the grating lobes, thus maintaining an acceptable image quality. For the normal large-pitch linear array system, the beam
cannot be steered by the simple combination and the ROI is limited to the region right under the probe. To solve this
problem, we will add appropriate delays among the elements of each group to steer the beam.

In Section 2, the encoding process of the proposed method will be presented. In Section 3, the implementation of the
encoding will be described and simulation parameters stated. Image quality metrics will be shown and applied to the
reconstructed images. In Section 4, the image quality of the simulated images from our proposed method will be
assessed and compared to the standard STA. The discussion and conclusion will be presented in Section 5.

2.METHODS
2.1 Encoding operator

Assume the probe array has N elements, and there are L transmissions to acquire one frame. We can define an L-by-N
matrix T to descrlbe the transmission encoding in a format similar to the delay-encoded synthetic transmit aperture
imaging (DESTA) *. K receiving groups/channels are used in each transmission. Define R as an N by K matrix to
encode the receiving elements in a similar way. In each transmission, one group will transmit a wave, and all groups will
receive the signals. The encoding protocol changes a full phased array system into a large-pitch array system. The
encoding process in both transmit and receive can be described as

TS(R = M(t), )

where S(t) is the equivalent traditional STA signal matrix from a full phased array system, with a size N by N, and Sy;(t)
is the signal at t received by the j-th element when the i-th element transmits. M(t) is a measurement matrix or the
traditional STA signal matrix from the large-pitch array system, and M;;(t) is the signal at t received by the j- th group
when the i-th group transmits. T and R can be defined in the frequency domain if a delay is used in the encoding.”

The transmission and receiving encoding process could be represented in a Kronecker product using a mathematical
identity.™ Therefore, an encoding operator can be defined as
E=R'®T, (2

where the superscript T means the transpose of the matrix. Thus, this encoding operator can be applied to the traditional
STA signal. Note that to apply this operator properly, the traditional STA signals S(t) and M(t) have to be vectorized
into column vectors Syeqor(t) and Myecor(t) by stacking the columns of the corresponding matrix, respectively. We have

ESvector (t) = M vector (t) (3)

Equation (3) will form a linear equation set for all the L transmission events. To recover S from M, pseudo-inversion
with regularization can be used. When a delay was applied to the encoding, the above equation can be transformed into
the frequency domain and each frequency component can be decoded separately.™

2.2 Encoding schemes

To encode the receiving signals, k adjacent elements are combined together as one receiver (k can be an arbitrary integer)
by summing the signals from the k elements after applying proper delay to each element to steer the beam to a desired
angle. For example, k=5 represents five elements combined as one group to produce one signal channel. The first group
includes the elements from the 1% one to the 5" one. This will reduce the receiving channels from N to about N/k. Note
that, in this paper, if N/k is not an integer, there are (k+mod (N,k)) (mod is the modulo function) elements in the last
group of elements. We will first use the case without steering the beam to illustrate the construction of T and R. To
image a ROI directly under the array, the receiving encoding matrix R is defined as

R=1,, ®V,, (4)

where | is the identity matrix with the size of N/k, V, is a k-order column vector of all ones, and & represents the
Kronecker product.
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Similarly, in the transmission mode, | adjacent elements in one group can also be combined to be excited by one source
with applying proper delay to each element of the group to steer the beam to a desired angle. If N/l is not an integer,
(I+mod(N,I)) elements will be combined together in the last group. This transmission-encoding matrix T can be written
as,

T=1,,®V, ®)

where | is the identity matrix with the size of N/I. Therefore, the number of transmissions can be reduced to N/I. In this
paper k and | were chosen to be relatively prime to each other to achieve the optimized grating-lobe reduction.

The disadvantage of the proposed approach is that its field of view in one delay-configuration is smaller than a standard
fully sampled phased array. However, the delay applied to the element at x, D(x), can be adjusted to steer the probe array
to a certain angle ¢, . In this paper, the choices of steered angles were determined by the pitch of the groups, p, as

follows to reduce the grating lobes
6, =sin* (M) (n=0.1.2...), ©)
p

where n is an integer and A is the wavelength corresponding to the central frequency of the array. The delay will be
applied in both the transmission and the reception process. Generally, the steering angle of the transmit and receive can
be slightly different to achieve the optimized grating lobe suppression in the case that the group pitches in transmit and
receive are different. The center of each group was used as the reference point with the delay to be zero. Therefore, the
delay can be calculated as

D(x) =4,sind,/c, @)
where ¢ is the distance between the center of the element at x to the center of the group, and c is the speed of sound.
Equation (6) and (7) can be combined to obtain the D(x) as

D(x) = no,A

(n=0,1,2,...). ®)

Note that, D(x) can be used to construct the encoding operator E, which is similar to the delay matrix in DESTA."®

2.3 The number of measurement channels

Based on the transmission and receiving encoding schemes, the total number of measurement channels can be calculated
by the product of the number of receiving channels and the number of transmission events:

M =n.n., )
where M < N?. In this paper, several combinations in transmit elements and receive elements were tested. For each
scenario, M was similar, but N, and N varied. Note that we used M because when the number of transmissions is

increased, the active receiving channel can be reduced to have a similar M. In the decoding process, a pseudo-inversion
was used to estimate the equivalent signal in traditional STA from the acquired measurement data. In this paper, we used
the conjugate transpose of the encoding operator E to approximate the pseudo-inversion to simplify the decoding process.

3.SIMULATION METHODS
3.1 Simulation parameters

The FIELD 11 program was used to generate the standard STA RF data.'” The probe was a 128-element, 2-cm wide, 5-
MHz phased array with a 0.15-mm pitch, 0.01-mm kerf and 10-mm height. The sampling frequency was 40 MHz.
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3.2 Simulation phantoms

There were two simulated phantoms in our simulations. The first one is 2 cm =L cm % 2 cm (Azimuth > Elevational >
Axial), and contains five point targets placed at 4 mm apart from 7 mm to 23 mm depth. The second one is 6 cm <L cm
%6 cm (Azimuth x< Elevational < Axial), with thirty-five 5-mm-diameter hypo-echoic inclusions placed in five rows
from top to bottom, and the centers are 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. The simulated probe was placed 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.

3.3 Imaging quality metrics

Clutter-energy-to-total-energy ratio (CTR) was used to evaluate the ability of an imaging system to detect anechoic
objects in the presence of strongly scattering off-axis objects

[l 106 2%,26) 1)
[0 2,%,20) F

CTR =10log,,<1-

where (Xo, Zo) is the center of the point scatter, the radius R of the image region was chosen as 5 wavelengths.*®

4. RESULTS

Figure 1 exhibits the log-enveloped beamformed images with various pairs of (nt, ng) (the pairs are listed above each
image) and the line plots (the bottom row) through the center of the middle point target with a similar number of
measurement channels (M). Figure 1(a) is the standard STA image of a full phased array, shown as the reference. Figure
1 (b) and (c) are the images with (nr, ng) equal to (N/3, N/5) and (N/4, N/4), respectively. More artifacts can be found in
the image and the line plot of (N/4, N/4) configuration than those of (N/3, N/5) configuration. The CTR of the middle
point target in the image of (N/3, N/5) is -35.42 dB and comparable to that of the reference image, -39.14 dB, and is
significantly better than that of (N/4, N/4) configuration, -23.80 dB.
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Figure 1. Log-enveloped images obtained from various (N, Ng) configurations: (a) (N, N), (b) (N/3, N/5) and (c) (N/4, N/4). Top row:
point targets phantom images. Bottom row: lateral line plots at 1.5 cm depth (through the center of the middle point scatter).
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Figure 2 shows the beamformed images obtained from various steering angles with the same element combination
scheme. Four elements are combined as one group in both the transmission and the reception process. Figure 2 (a) is the

beamformed image without delay added to elements (g, = 0°). With the element combination in both transmission and
reception, the ROI was restricted to the region directly underneath of the probe. Figure 2 (b) and (c) show the results of

steering the probe array to the left and to the right, with a 30-degree angle, respectively. The dynamic apodization was
applied to all the three images. After adding the delay, the image quality is comparable with the case without steering.
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Figure 2. Images obtained with the (N/4, N/4) configuration for various steering angles of (a) 6, = 0° (No delay added), (b)
6, =30°to the left, and (c) &, =30° to the right.

5.SUMMARY AND CONCLUSION

When multiple adjacent elements are combined together as one group, 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. Our results show that the (N/3, N/5) configuration yields a better image than the (N/4, N/4) configuration. This
might be explained by the effective aperture theory.® Moreover, the reconstruction images in the specified ROI from the
(N/3, N/5) configuration, in which the total number of active RF channels is only one-fifteenth of that of the full phased
array, are comparable to those of the full phased array.

By adjusting the appropriate delay to each element in each group, the probe array can be steered to a certain angle to
achieve the similar ROI as that in a standard phased array system. The selection of the steered angles is determined by
the pitch of the group. Generally, the combinations of ny and ng can be selected following the design of effective
aperture.’® In the future, other possible selections of (nr, ng) with delays will be investigated to optimize the image quality.

Alternatively, to overcome the loss in SNR of the RF signals in STA, multiple group excitation in one transmission can
be encoded using spatial encoding methods, such as DE-STA to increase the transmit power in STA."® Furthermore, this
proposed approach can be applied in both the lateral and the elevational direction of the 2D array of a 3D ultrasound
imaging. This might not only achieve a high image quality for a specific field of view, but also significantly decrease the
cost of a 3D ultrasound imaging system.

In conclusion, a large-pitch array system with steerable field of view is presented. Even with a similar number of
measurement channels, different element combination schemes in the transmission and the reception process produced
different image qualities. By reducing the number of measurement channels and the transmission events, the cost and the
complexity of the imaging system can decrease due to the fewer electronics associated with each element. Although the
initial simulations were implemented in 2D STA, this method can be extended to 3D STA imaging system.
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