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Abstract: In conventional ultrasound imaging systems with phased arrays, the further
improvement of lateral resolution requires enlarging of the number of array elements that in
turn increases both, the complexity and the cost, of imaging systems. Multi-element synthetic
aperture focusing (MSAF) systems are a very good alternative to conventional systems with
phased arrays. The benefit of the synthetic aperture is in reduction of the system complexity,
cost and acquisition time. In a MSAF system considered in the paper, a group of elements
transmit and receive signals simultaneously, and the transmit beam is defocused to emulate a
single element response. The echo received at each element of a receive sub-aperture is
recorded in the computer memory. The process of transmission/reception is repeated for all
positions of a transmit sub-aperture. All the data recordings associated with each
corresponding pair “transmit-receive sub-aperture” are then focused synthetically
producing a low-resolution image. The final high-resolution image is formed by summing of
the all low-resolution images associated with transmit/receive sub-apertures. A problem of
parameter optimization of a MSAF system is considered in this paper. The quality of imaging
(lateral resolution and contrast) is expressed in terms of the beam characteristics — beam
width and side lobe level. The comparison between the MSAF system described in the paper
and an equivalent conventional phased array system shows that the MSAF system acquires
images of equivalent quality much faster using only a small part of the power per image.

Keywords: Ultrasound imaging, Synthetic aperture design, Parameter optimization,
Simulation analysis.

Introduction

Images produced by ultrasound imaging systems must be of sufficient quality in order to
provide accurate clinical interpretation. The image quality (lateral resolution and contrast) is
primarily determined by the beam characteristics of a transducer used in an imaging system.
In conventional ultrasound imaging systems with phased array (PA), all transducer elements
transmit signals and receive the echoes, reflected from the tissue. Thus the modern
conventional PA systems produce high-resolution images at high cost because the system
complexity and thus the system cost depend on the number of transducer elements. The
further improvement of lateral resolution in a conventional PA imaging system requires
enlarging of the number of transducer elements. It is often not possible because of physical
constrains or too high cost. The effect of high lateral resolution and contrast can be
accomplished by using various synthetic aperture techniques. The benefit of the synthetic
aperture is in reduction of the system complexity and cost. Moreover, in a synthetic aperture
imaging system, the acquisition time can be drastically reduced and the dynamical steering
and focusing can be applied in both transmit and receive. There are different methods for
synthetic aperture imaging — Synthetic Receive Aperture (SRA) technique, Synthetic Transmit
Aperture (STA) technique, Synthetic Aperture Focusing (SAF) technique, and Multi-Element
Synthetic Aperture Focusing (MSAF) technique.
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In the PA imaging, the image acquisition time is evaluated as 7}, = T, - N, , Where Ty, 1S

line °

the time needed to acquire RF-signals at a single scan direction, N, = is the number of all

line

scan directions (number of image lines).

In the SRA imaging, a larger number of transducer receive elements is addressed without the
same number of parallel receive channels [7, 8]. The SRA imaging technique involves
transmitting with a full transmit aperture and receiving with several receive sub-apertures. It
means that several pulse transmissions are needed to acquire a single RF line. The image
acquisition time is evaluated as T, =M T, - N where M is the number of

line >
transmissions. It is increased M times compared to the image acquisition time of a PA
imaging system.

In the STA imaging, at each time one array element transmits an ultrasound pulse and all
transducer elements receive the echoes [1, 9, 10]. The transducer clements are fired
consequently, one after the other, and the echo signals received at each transducer element are
stored in the computer memory. When the signals received from each pair “transmitter-
receiver” have been recorded, a STA image is reconstructed by the appropriate algorithm. The
time needed to acquire each STA image is evaluated asT,, = T, - N, where N is the number

of array elements. The image acquisition time is reduced (N, /N ) times compared to an

line

equivalent PA imaging system because as a rule N, > N . The disadvantage is a huge data

line

memory required to store N> RF-lines in order to produce a STA image.

In the SAF imaging, each transducer element acts as both transmitter and receiver [11, 12].
The full synthetic aperture is synthesized after all (N) array elements have transmitted and
received the signals. The image acquisition time is evaluated as7y,. =T, - N. The image

acquisition time is reduced (N, /N ) times compared to an equivalent PA imaging system.

line
The system complexity is drastically reduced because the circuitry for only one pair
“transmitter -receiver” is required. The Signal-to-Noise ratio (SNR), however, is reduced N*

times compared to an equivalent PA imaging system.

In the MSAF imaging, in the transmit mode, a group of N, elements transmit signals

simultaneously, and the transmit beam is defocused to emulate a single element response |2,
3, 4, 5]. In the receive mode, a group of N, elements receive the echo signals. The acoustic
power and therefore the SNR are increased compared to the SAF imaging where a single
transducer element is used in transmit. The image acquisition time is evaluated as
T\ur =M Ty, where M is the number of transmissions. The image acquisition time is

reduced (N line >

the reduction in acquisition time can be sufficiently large. A variant of the MSAF imaging,
where only one element (L = 1) is dropped at the next transmission, is considered in [5]. In
this system, a large number of pulse transmissions (M >> 1) must be employed in order to
obtain a high-resolution image because the number of elements used in a receive sub-aperture
is very small (N, = 5).

/ M) times compared to an equivalent PA imaging system. When M << N

line

In general, the image quality produced by a MSAF imaging system is primary determined by
the following system parameters — the number of transmissions (A/), the number of elements
in a transmit sub-aperture (&, ), the number of elements in a receive sub-aperture (N, ), and
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the number of elements (L) dropped at the next transmission. In most medical applications,
the image acquisition time is required to be minimized in order to avoid the phase errors
caused by tissue motion during the data acquisition. In order to satisfy this requirement, only
a few pulse transmissions should be used for MSAF image formation (M = 3, 5, 7). When the
number of transmissions is preset, it is very important to find the optimal combination of the
other synthetic aperture parameters (L, N, and N,) in order to guarantee the needed quality of
imaging.

In this paper, the parameter optimization of a MSAF system, in which the number of
transmissions per image formation is small, is described. The system parameters N,, M, N; and
L are optimized using the effective aperture concept for beam pattern analysis. The image
quality (lateral resolution and contrast) is expressed in terms of the two-way beam pattern
characteristics — beam width and side lobe level. The influence of sampling rate of RF signals
on the image quality is also investigated. The comparison analysis between a 79-element
MSAF system and an equivalent 79-element PA system shows that the MSAF system
acquires images of an equivalent quality 40 times faster using only 1/5 the power per image.

MSAF imaging

Consider a MSAF system with an N-element virtual linear array. At the first step, a linear sub-
array with N, elements transmits an ultrasound pulse, and a linear sub-array with N,
elements receives the echo signals. At the next step, the two sub-apertures (transmit and

receive) are moved by L elements and the process of transmission/reception is repeated. The
principle scheme of data acquisition is illustrated in Fig. 1.

TRANSDUCER ARRAY
Tr/Rec
L] B
1

Steps

N
0 jo i0 ko

M-1 !
Fig. 1 Data acquisition in a MSAF imaging system

The number of transmissions needed to create a synthetic aperture equivalent to a virtual
physical array with N elements is:

M=(N-N)/L+1 (1)

We assume that the signal processing is realized in the base band frequency domain, and
(M x N,) lines of the complex amplitude are stored in the computer memory after the
quadrature detection. The image formation is carried out in two stages (Fig. 2).
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Fig. 2 Image formation in a MSAF imaging system

Firstly, the complex amplitude of each low-resolution image associated with the
corresponding sub-aperture pair “transmitter-receiver” is obtained as a partial beamforming

sum:
N, -1

S,(r,0)=> wU, (-7, )exp(j®, ), m=1,., M 2)

n=0

where S, (r,0) is the complex amplitude focused at the point (r,60), U, ,

n

is the complex

amplitude received at the n™ element of the m™ receive sub-aperture, T,,and @  are the

time delay and phase applied to the n™ element of the m™ receive sub-aperture during
beamforming, w_ is the weighting coefficient applied to the n™ element of a receive sub-

n

aperture. The phases @, used in beamforming are evaluated as:

n

q)m,m = 279(‘0Tm,n (3)

The parameter f is the central frequency of a transducer. The complex amplitude of the final
high-resolution image is formed as a sum:

M-l
Sysar (1,0) = ZSm (r,0) 4)
m=0

The final B-images are obtained from (4) after the following signal processing — envelope
detection, logarithmic compression, and scan conversion.

Partial beamforming

In the partial beamforming, the data recordings associated with a sub-aperture pair
“transmitter-receiver” are focused at a point (», 8), where @ and r are the polar coordinates.
We assume that the polar coordinate system is originated from the synthetic aperture center as
is shown in Fig. 3.
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m-th transmit
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(r,9) Synthetic aperture center
Fig. 3 The geometry of steering to point (r®)

The two-way time delay that must be applied to the ™ element of the m™ receive sub-aperture
is:

tr rec
2 n = Tm + Z-m,n (5)

m,

where 77 is the one-way propagation time from the m™ transmit sub-aperture to the point (7,

m,n

6), and 7’ is the one-way propagation time from the point (r, ) to the n™ element of the m™

m,n

receive sub-aperture. These time delays are evaluated as:

2 2 :
B r—\/r +x,, —2rx, sin@

tr
=

c

(6)

2 2 :
e _ r —\/r +x,,, —2rx, ,sind

m,n

c

The position of a transmit sub-aperture (x, ) and the position of a receive sub-aperture

element (x,, , ) about the synthetic aperture center are evaluated as:

xm:(m_l_b)%, X n:xm+(n_l—Nr2_l

A
2 m, )5 (7

where A is the wave length corresponding to the central frequency f of a transducer.

Spatial Sampling
The spatial sampling of the beam space must be consistent with the spatial Nyquist sampling
criteria. According to [6], the spatial frequency bandwidth can be found using the effective
aperture function of an imaging system. The effective aperture function of a MSAF system
can be expressed as:

M
C=4 ®B , A4 =[00,.a(i )...00],B. =[0,.0,b « oh b . .0.0] (8)
m m m m m m—N, /2 m m+N, /2
m=1

where A, is the full transmit aperture during the m™ firing, B, 1s the full receive aperture

during the m™ firing, a(i, ) =1 is the weighting coefficient applied to the m™ transmit sub-
aperture and (b, y 2,0, n 255Dy 505 Bpin 12150,y 12) are weighting coefficients applied

to the elements of the m™ receive sub-aperture, and ® is the convolution operator. The
position of the m™ transmit/receive sub-aperture centers within a synthesized virtual array is
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i =N,/2+L(m-1)+1. The number of non-zero elements (N, of the effective aperture
function (8) can be valuated as:

N, =2[N, + L(M -1)]-2E(N, /2)-1 9)
where E(.) is the integer number value. In case of odd values of N, the expression (9) takes
the form:

(Neﬁ‘)MSAF =2L(M -1)+ N, (10)

It must be noted that the effective aperture extent of the m™ sub-aperture pair “transmitter-
receiver” is:

(Neﬁ’)LOW:Nr (11)

The Fourier transform of the effective aperture function gives the two-way radiation beam
pattern of a MSAF system:

Ne” -1
W)=Y Clkyexp(—j—km) 12
m=0 Neff

The spatial frequency index 4 in (12) maps into the beam angle 8 by:

N, -1
sinﬁzi,kzo,il,...,i% (13)

off

According to (13) the maximal sampling interval in 6 for both, the low-resolution image and
the high-resolution image, is defined by the following expressions:

(Asin@),,, =2/ N, ; (Asin),, =2/N, (14)

According to (14), the up sampling factor for a low-resolution image is:
K, =1+D,whereD=2L(M -1)/ N, (15)

The parameter D in (15) is the interpolation factor of low-resolution images.

Parameter optimization

In the MSAF imaging, the image quality depends on the size of a receive sub-aperture (N,),
the number of transmissions (M) and the sub-aperture spacing (L). The number of elements
(N) in a synthetic aperture is determined by these parameters:

N=(M-1)L+N, (16)

In most medical applications the image acquisition time is required to be extremely short to
avoid problems caused by the tissue movement during the data acquisition. To satisfy such a
requirement it is desirable to use only a few transmissions for image formation (M < 10). In
this section, we assume that M = 3, 5 and 7. The aim of parameter optimization is to find such
a combination of parameters M, N, and L that guarantees the same high quality of images as
an equivalent PA imaging system with N transducer elements. The image quality is expressed
in terms of the beam pattern parameters of a system - beam width (A®), the first side lobe
peak (SLB-near) and the far side lobe peak (SLB-far). Firstly, the image quality is analyzed
depending on the parameter sets (M, L, N,). Secondly, the influence of such factors as the time
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sampling rate and the signal-to-noise ratio (SNR) on the image quality is studied. In this
section for the sake of simplification we assume that a transmit sub-aperture of a MSAF
system consists of only one element, i.e. N, =1.

Beam pattern analysis. The effective aperture function and the corresponding two-way
radiation beam pattern of a MSAF system is evaluated for parameter sets (N,, M, L) that
satisfy the following requirement:

(M-1)L<N,/2 (17)

The requirement (17) is needed to produce the effective aperture function that is unimodal and
smoothly filled. Such an effective aperture function is formed by conventional PA systems
[6]. The effective aperture and the corresponding two-way radiation beam pattern can be
computed by the expressions (8) and (12), respectively.

In this study, four different receive sub-apertures with 15, 33, 63 and 129 elements are used
for beam pattern analysis of a MSAF system. For the case of Chebyshev weighting, the beam
parameters of these sub-apertures are presented in Table 1. This is a case of a single low-
resolution image created by a single sub-aperture pair “transmitter-receiver”, i.e. when M = 1.
It can be seen that the beam width (A®°) varies in range from 14.76° (for a 15-element receive
sub-aperture) to 1.7° (for a 129-element sub-aperture). For the case when M > 1, the beam
parameters evaluated for various combination of (M, L, N,) are presented in Tables 2-5.

Table 1. Beam parameters
of a single receive sub-aperture

Chebyshev window — (50dB)
Nr  A®° SLB-near [dB] SLB-far [dB]

15 14.76 -50 -50
33  6.66 -50 -50
63 342 -50 -50
129 1.71 -50 -50

The beam parameters of a MSAF system that employs a 15-element receive sub-aperture are
presented in Table 2. These results show that only a single set of system parameters (N, = 15,
M =3, L=1)enables to obtain a high-contrast MSAF image providing the side lobe level of -
60dB. The beam width is reduced from 14.76° — for a low-resolution image (M = 1) to 12.8° —
for a MSAF image, when three transmissions are used (M = 3) for synthetic aperture
formation. The synthetic aperture of such a MSAF system is equivalent to an array of 17
elements (N =17).

Table 2. Beam parameters of a MSAF system
(15-element sub-aperture)

Chebyshev window - (50dB)

Nt M L N A®° SLB-near[dB] SLB-far [dB]
15 3 1 17 1238 -60 -60
2 19 9.63 -30 -50
3 21 7.20 -20 -50
5 1 19 104 -41 -64
7 1 21 8.46 -27 -70
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The beam characteristics of a MSAF system that employs a 33-element receive sub-aperture
are shown in Table 3. Beam pattern analysis shows that there are three appropriate sets of
system parameters that make possible to obtain the high-contrast MSAF images. These
optimal sets, (N, =33, M =3, L =3),(N, =33, M=5L=2)and (N, =33, M=7,L=1),
provide the side lobe level of -60dB, -50dB and -70 dB, respectively. The second variant of
system parameters (N, = 33, M =5, L = 2), however, is more preferable providing the minimal
beam width (4.95°). This variant of a MSAF system creates a synthetic aperture equivalent to
a linear array with 41 elements (N =41).

Table 3. Beam parameters of a MSAF system
(33-element sub-aperture)

Chebyshev window — (50dB)

N. M L N A®° SLB-near[dB] SLB-far[dB]
33 3 1 35 648 -52 -60
2 37 594 -62 -60
3 39 531 -60 -50
4 41 459 -35 -50
5 43 4.05 -26 -50
7 47 3.15 -20 -50
5 1 37 6.12 -60 -60
2 41 495 -50 -50
3 45 3.96 -28 -50
4 49 324 21 -50
7 1 39 5.67 -70 -70
2 45 4.14 -30 -50

The beam characteristics of a MSAF system, which employs a 63-element receive sub-
aperture are shown in Table 4. These results show that there are three optimal parameter sets -
(N,=63,M=3,L=6),(N, =63, M=5,L=4)and (N, =63, M =7, L =2) that provide the
relatively low level of side lobes (-50dB and below). The second parameter set (N, = 63,
M =5, L = 4), however, is the most preferable providing the minimal beam width (2.52°).
This set of parameters creates a synthetic aperture equivalent to a linear array with 79
elements (N =79).

For that variant of a MSAF system, the two-way beam pattern and the corresponding effective
aperture function are plotted in Fig. 4 and Fig. 5, respectively. It can be seen that the side lobe
level of -50dB is maintained in the full 90° — scan sector, and the effective aperture function is
a limited convex function with only one maximum.

The beam characteristics of a MSAF system that employs a 129-element receive sub-aperture
are shown in Table 5.

These numerical results show that there are three optimal parameter sets — (N, = 129, M = 3,
L=13),(N,=129, M =5, L =28) and (N, =129, M =7, L = 6) that produce the relatively low
level of side lobes (-50dB and below). The second parameter set (N, = 129, M =5, L = 8),
however, is the most preferable providing the minimal beam width (1.26%). This variant of
parameters creates a synthetic aperture equivalent to a linear array with 161 elements
(N=161).
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Table 4. Beam parameters of a MSAF system
(63-element sub-aperture)

Chebyshev window — (50dB)

N, M L N A®° SLB-near [dB] SLB-far[dB
63 3 1 65 342 -50 -60
5 73 2.88 -50 -50
6 75 2.70 -50 -50
7 77 2.52 -40.5 -50
9 81 225 -28 -50
5 1 67 342 -50 -60
3 75 2.88 -50 -50
4 79 252 -50 -50
5 83 225 -33 -50
7 91 1.8 -23 -50
7 1 69 333 -60 =70
2 75 2.97 -50 -60
3 81 252 -42 -50
5 93 1.8 -23 -50

Fig. 4 Beam pattern of a MSAF system  Fig. 5 Effective aperture of a MSAF system
(N,=63; M=5;L=4) (N,=63; M=5;L=4)

Table 6 compares four optimal variants of a MSAF system with a corresponding equivalent
PA system with the same number of phased array elements (N). It may be seen that both
imaging systems, MSAF and PA, produce the nearly equivalent image quality but the MSAF
systems utilize the smaller number of active transducer elements for image formation than the
equivalent conventional PA systems (N, << N).
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Table 5. Beam parameters of a MSAF system
(129-element sub-aperture)

Chebyshev window — (50dB)

N, M L N A®° SLB-near [dB] SLB-far[dB]
129 3 1 131 1.71 -50 -70
9 147 1.53 -50 -50
13 155 1.35 -50 -50
17 163 1.17 -30 -50
25 179 0.90 -20 -50
31 191 0.72 -16 -50
5 1 133 1.71 -50 -70
5 149 153 -50 -50
8 161 1.26 -50 -50
12 177 0.99 -30 -50
16 193 0.81 -20 -50
7 1 135 1.71 -50 -70
3 147 153 -60 -50
6 165 1.26 -50 -50
10 189 0.90 -30 -50
Table 6. Parameters of MSAF and PA systems
MSAF imaging system PA imaging system
N M L N A®° SIB[dB] N A®° SLB[dB]
15 3 1 17 1287 -60 17  13.0 -50
33 5 2 41 495 -50 41 531 -50
63 5 4 79 252 -50 79  2.79 -50
129 5 8 161 1.26 -50 161 1.35 -50

Sampling rate. A 90° — sector scan of a point target is simulated in order to study the effect of
the sampling rate on the quality of MSAF images. In simulations, the scan angle is
incremented in steps of 0.45° from -45° to 45°. In case of a 33-element receive sub-aperture,
the point target was located at 70 mm from the center of a synthetic aperture. In case of a 63-
element receive sub-aperture, the distance to the point target was 200 mm. For each sub-
aperture pair “transmitter-receiver”, all stored A-scans were base-band RF signals sampled at
rate of 5 MHz, 10 MHz and 80 MHz. The beam width (A®°) and the side lobe peak (SLB) of
a MSAF system evaluated for three variants of sampling rate are presented in Table 7.

Table 7. Beam parameters for three variants of sampling rate

Parameter Fs=5 MHz Fs=10 MHz Fs =80 MHz
N, M L A®° SLB[dB] A®° SLB[dB] A®° SLB [dB]
33 3 3 534 -25 5.33 -35 5.31 -45

5 2 502 -25 5.0 -35 495 -45

7 1 571 -25 5.69 -35 5.62 -45
63 3 6 2.69 -28 2.63 -40 2.57 -47

5 4 252 -28 2.5 -40 24 -47

7 2 292 -28 2.89 -40 2.81 -47

The following parameters are used in simulations: center frequency — 3.5 MHz, pulse duration
— lus, SNR — 50dB, dynamic range — 50dB, weighting in receive — Chebyshev (-50dB). The
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numerical results show that the sampling frequency must be chosen very carefully in order to
guarantee the acceptable level of side lobes. In our case the sampling frequency higher than
80 MHz makes possible to ensure the near-optimum side lobe level of the MSAF beam
pattern.

Resolution of closely-spaced point targets. Lateral resolution of a MSAF system is defined as
a minimal distance (in scan angle) between two point targets at which separate registration is
just distinguished on the display. A capability of a MSAF system to resolve two closely-
spaced point targets with different reflectivity is studied by simulation. With this aim in mind,
a sector scan of two closely-spaced point targets located at a distance of 200 mm is simulated
in two stages. The first stage of simulation fits the case when both point targets have the
identical reflectivity. In this simulation the SNR is assumed to be 20dB. The next stage of
simulation fits the case when the point targets are not identical in reflectivity, and the
difference in contrast is 5dB. In both cases it is assumed that the first target is located at the
scan angle of 0°, the second target — at the scan angle of A®, where A® is the beam width of a
MSAF system. For a simulated system with parameters N, = 63, M = 5 and L = 4, the beam
width is A® = 2.4°. The intensity of signals reflected from the closely-spaced targets is plotted
in Fig. 6 — for identical targets in contrast and Fig. 7 — for different targets in contrast. It can
be seen that two closely-spaced point targets are distinguishable only if the difference in
intensity of their echo signals is insufficient.

Anpiitude (0B
o o o © o o o
6 2 3 o I ® o »
Amplitude [dB]
s o o o o o o
R - - S -

10 [ 1
Beam Angle [degrees]

Fig. 6 Echoes from closely-spaced point Fig. 7 Echoes from closely-spaced point
targets (SNR; = 20dB; SNR, =20dB) targets (SNR; = 20dB; SNR, = 15dB)

Comparison analysis

The effectiveness of a MSAF imaging system is compared with that of an equivalent phased
array imaging system. The comparison analysis is based on estimation of the following
quality parameters — signal-to-noise ratio, consumed power per image, maximal intensity of a
pulse, image acquisition time, beam width, and side lobe level. The system parameters used
for estimation of the quality parameters are shown in Table 8.

In the conventional PA imaging, the minimum time required to form a single high-resolution
image is proportional to the number of scan lines and the time needed to record the received
signals during the transmission, i.e. 7,, =2N, R . /c, and c is the velocity of sound. For

line ™ *max
N line

T,, =52 ms. It means that a 201-line scan sector can be acquired at a rate of approximately

=201 and R _, = 200 mm, the image acquisition time for a PA imaging system is

19 images per second. To increase the frame rate of a conventional PA scanner, the depth of
view must be sacrificed by decreasing the size of the image, or the lateral resolution must be
sacrificed by reducing the number of image lines. However, the same is not true for a MSAF
imaging system, in which the image acquisition time is determined by the number of transmit
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sub-apertures and equals 7, =2MR . /c. In that case, the process of image acquisition is

max

speeded up (7., /T, =N,,. / M ) times. For M = 5, the image acquisition time for a MSAF

line

system is T, = 1.3 ms. It means that a 201-line scan sector can be acquired at a rate of 770
images per second. It is 40 times faster than for a PA system.

Table 8. System parameters used for comparison analysis
PA System MSAF System

System parameters Symbol Value Symbol Value
# of array elements N 79 N 79
# of elements in a transmit sub-aperture N 79 N, 10
# of elements in a receive sub-aperture N 79 N, 63
# of transmissions - - M 5
Spacing between transmit/receive sub-apertures - - L 4
Excitation pulse amplitude 1 G 8
# of image lines N 201 N,. 201
Maximal depth of imaging, [mm] R._.. 200 R 200
Angular sector, [°] - 90 - 90
Weighting function Chebyshev Chebyshev

In a conventional PA system, the transmit power per image is proportional to the number of
array elements, the number of scan lines and the average power transmitted from each
element, i.e. P,,=N-N,. -p,. In a MSAF system, a transmit sub-aperture with N,

defocused elements simulates a single virtual transmit element in order to increase the
transmitted power. The amplitude of resulting transmission is increased in proportion to

\/Ft . To increase the transmit power the excitation amplitude is amplified G times (see
Table 8). Therefore, for a MSAF system, the transmit power per image is
Py =M-N,-G?p,. Compared to a PA system, the relative transmit power for a MSAF
system is:

PMSAF/PPA:(M'N,'Gz)/(N'Nlme) (18)

For the system parameters shown in Table 8, the ratio (18) is 1/5. It means that the transmit
energy per image is reduced 5 times compared to an equivalent PA system.

Similarly, the ratio of the maximum intensity in the transmit mode can be calculated for the
two imaging systems system:

IMSAF/IPA_(GzNz)/NZ (19)

For the system parameters shown in Table 8, the ratio (19) is 1/8. It means that in the transmit
mode, the signal intensity is reduced 8 times compared to an equivalent PA system.

According to [6], in a conventional PA system, the signal is proportional to the number of
array elements, i.e. Signal ~ N, while the noise is inversely proportional to the square root of
the number of array elements, i.e. Noise ~ 1/(N)"%. Therefore, for a PA system the signal — to-
noise ratio is SNRpr ~ N2 Similarly, for a MSAF system we have: Signal ~ G(N)"%
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Noise ~ 1/(Nr M)l/ 2. SNRyisar ~ G(N; M-N, )1/ 2. The relative SNR for a MSAF imaging system
is:

SNR, .- | SNR,, = G\/ N,N,M /\N°? (20)

For the system parameters shown in Table 8, the ratio (20) is 0.65. Therefore, for a MSAF
system, the losses in SNR are equal to — 3.81 dB, compared to a PA system. Nevertheless, the
signal-to-noise ratio in a MSAF system is within 6dB of an equivalent PA system.

Table 9 summarizes the comparison between the two imaging system. The comparison
analysis shows that the MSAF system acquires images of equivalent image quality 40 times

faster using only 1/5 the power per image.

Table 9. Quality parameters

System Parameters PAF system MSAF system
Relative SNR 0dB -3.8dB
Relative power/image 1 1/5
Relative maximum Intensity 1 1/8
Relative image acquisition Time 1 1/40
Beam width 2.79° 2.52°
Side lobe level -50dB -50dB

Finally, in the MSAF system, the common number of active elements used in each
transmission/reception is sufficiently less (N, +N, = 10 + 63 = 73) than in an equivalent PA
system (N + N =79 + 79 = 158). Therefore, the complexity of the MSAF imaging system is
reduced twice compared to an equivalent PA imaging system.

Conclusions

A technique for parameter analysis and optimization of a MSAF system is described. This
technique can be useful at the stage of design of MSAF systems that employ only a few
transmissions for image formation. The results obtained show that such system parameters as
the number of transmit/receive sub-apertures, the number elements in each transmit/receive
aperture, the spacing between sub-apertures, and the needed sampling rate can be optimized
using the effective aperture approach. The choice of the optimal parameter set reduces to a
trade-off of the narrowest beam against the lowest side lobe level. The comparison between
the two imaging systems demonstrates that the MSAF system employing only a few (M = 3,
5, 7) pulse transmissions per image can produce images of equivalent image quality extremely
faster than an equivalent conventional PA system. For most imaging applications, this
acquisition speed can be fast enough to avoid problems caused by tissue movement during the
image acquisition.
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