IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 49, NO, 9, SEPTEMBER 2002

1191
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Abstract—Dynamic receive focusing in ultrasonic array
imaging involves extensive real-time computations and data
communication. Particularly for three-dimensional imaging,
using fully sampled, two-dimensional arrays, implementa-
tion of dynamic focusing can be extremely complicated be-
cause of the large channel count. In this paper, an efficient
dynamic focus control scheme for a delay-and-sum-based
beamformer is proposed. The scheme simplifies dynamic
focus control by exploiting the range-dependent character-
istics of the focusing delay. Specifically, the overall delay
is divided into a range-independent steering term and a
range-dependent focusing term. Because the focusing term
is inversely proportional to range, approximation can be
made to simplify dynamic focus control significantly at the
price of minimal degradation in focusing quality at shal-
low depths. In addition, the aperture growth controlled by
a constant f/.,umbe, can also be utilized to devise a non-
imiform quantization scheme for the focusing delay values.
Efficacy of the proposed scheme is demonstrated using sim-
ulated beam plots of a fully sampled, two-dimensional array.
Design procedures are also described in detail in this pa-
per. One design example shows that, with the proposed dy-
namic focus control scheme, a 4096-element array only re-
quires 227 independent controllers for the range-dependent
focusing term. Moreover, only 28 non-uniform quantization
levels are required to achieve the same focusing quality as
that of a conventional scheme with 784 uniform quantiza-
tion levels. The beam plots of a fully sampled array show
that sidelobes are slightly increased below the —30 dB level
. for imaging depths less than 3 crm. At greater depths, there
is no observable degradation.

[. INTRODUCTION

YNAMIC focusing provides high focusing quality over
D the entire depth of interest [1]-[11]. In an array imag-
ing system, focusing is typically done by first delaying
the backscattered signals based on the propagation path
length difference. The delayed signals are then coherently
summed across the array. This is also known as the delay-
and-sum approach. Because medical ultrasound imaging
primarily works in the near field region, the focusing delay
for a particular channel changes as a function of range.
Also, real-time interpolation is required to increase the ef-
fective data sampling rate for higher focusing accuracy.
Considering the large number of system channels, imple-
mentation of dynamic focus control is complicated. The
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complexity becomes more significant when a fully sampled,
two-dimensional array is used. In this case, the number of
channels can be as large as several thousand. Thus, effi-
cient dynamic focus control schemes must be developed to
reduce the system complexity.

Imaging with two-dimensional arrays has gained broad
interest in the past few years [12]-[19]. Potential advan-
tages of such a system include reduced slice thickness, im-
proved correction of sound velocity inhomogeneities, and
real-time three-dimensional imaging. Despite the potential
benefits, two-dimensional arrays have not been widely used
in medical ultrasound. Particularly for three-dimensional
imaging with two-dimensional (1.e., lateral and elevational)
electronic steering, fully sampled arrays are required. The
implementation is not possible with current electronic
technologies unless major simplification can be achieved
without significant image quality degradation.

In the field of digital beamformation using one-
dimensional arrays, major research and development ef-
forts have been spent on real-time interpolation and delay
data generation [2]-[11]. Delay interpolation is required
such that delay accuracy less than a sampling period can
be achieved to improve focusing quality. Interpolation of
the received RF signal can be implemented by using a finite
impulse response (FIR} digital filter with the filter cocffi-
cients supplied by a delay control unit [3]. Alternatively,
the RF signal can be demodulated to baseband to obtain a
pair of quadrature-phased data [4], [5]. In this case, the fine
time delay adjustment of the RF signal is implemented by
rotating the phase of the complex baseband data. These
methods are based on a uniformly sampling A-T} converter
{ADC). It was also shown that a variable sampling clock
can be generated with sufficiently high accéuracy for digi-
tal focusing without the need for a large amount of lock-
up memory and complex real-time delay computations [6].
Finally, an oversampled ADC using the delta-sigma mod-
ulator was proposed for digital beamformation that can
significantly reduce the size, cost, and power consumption
of the ultrasound beamformer [7]. Because it is possible
to achicve a sampling frequency at least 32 times of the
typical carrier frequency for diagnostic ultrasound, the de-
lay accuracy is already sufficient, and interpolation is ne
longer required.

Another important area in digital beamformation is
gencration of the delay data. In [8], the dclay profiles
are generated on a dynamic- and distributed basis with
sparsely sampled reference delay data sets. The reference
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data sets are then expanded to the final delay values for
each channel by a primary central delay controller and a
secondary local delay controller. Dynamic delay data can
. also be generated using a simple state machine given the
initial steering angle and the range clock [9]. Alternatively,
a midpoint algorithm was also employed to generate delay
values below a decimal point based on a focusing reference
distance and integer focusing delay distances [10]. Another
delay generator produces an exact solution of the delay
equation within the quantization error of the delay unit
for a given steering angle, focal depth, and transducer el-
ement [11]. The delay generator is also capable of steering
the receive beam to a dynamically variable steering angle.

For three-dimensional imaging using two-dimensional
arrays, major efforts have been spent in the areas of
transducer technologies, performance analysis, and imag-
ing techniques using sparse arrays [12]-[18]. However,
beamformers specifically designed for reducing the com-
plexity associated with fully sampled two-dimensional ar-
rays have been lacking. It was mentioned in [7] that the
delta-sigma-based beamformer may also be beneficial for
two-dimensional arrays becaunse of its reduced cost, size,
and power consumption. Nonetheless, further simplifica-
tion may still be required to reduce the complexity be-
cause of the large channel count of a fully sampled two-
dimensional array. In [19], the system complexity is re-
duced by utilizing subarray processors. In this case, the
steering component of the entire delay is implemented
"in the analog domain using a phase shift network. The
phase-shifted analog signals for all of the channels within
a subarray are summed together and sampled by an ADC.
The focusing component of the entire delay is then ap-
plied to the sampled signal before the final beam sum is
obtained. Although it is suggested that such a scheme can
be implemented efficiently, a more systematic approach for
determining the sub-array geometry for optimal focusing
quality is still absent. Therefore, it is a primary purpose
of this paper to provide such a systematic approach and
_t6 demonstrate its efficacy. Moreover, another purpose of
this paper is to develop an approach for delay data ap-
proximation. With these, focusing quality of fully sampled
two-dimensional arrays can be maintained while the sys-
tem complexity can be greatly simplified.

The focus control scheme proposed in this paper breaks
down the total delay into two terms. The first term is inde-
pendent of range and is generally referred to as the beam
steering term. The second term is inversely proportional to
range and is referred to as the range focusing term. Note
that the steering term only needs to be specified at the be-
ginning of a beam, and, hence, it is relatively straightfor-
ward to implement. The range focusing term, on the other
hand, needs to be dynamically updated and requires a
complex focus control scheme. The proposed simplification
scheme concentrates on the range focusing term, and the
beam steering term is unaffected. It can be easily shown
that any fixed error associated with the focusing term de-
creases as the range increases. Hence, approximation can
be made by sacrificing focusing quality at shallow depths
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while maintaining the focusing quality at greater depths.
The primary purpose of this paper is to describe details of
the focus control scheme and to demonstrate its efficacy
for three-dimensional imaging using two-dimensional ar-
rays. By exploiting characteristics of the range-dependent
focusing term, complexity is significantly reduced, and im-
plementation of dynamic receive focusing becomes much
more feasible. Performance of the proposed technique will
be evaluated using simulated beam plots. A system archi-
tecture will also be described and compared with conven-
tional architectures. Note that although the algorithms are
developed for two-dimensional arrays, the same principles
can be easily adopted to systems using one-dimensional
arrays.

The paper is organized as follows. Focusing delays for
both one-dimensional and two-dimensional arrays are de-
rived in Section II. Design procedures of the proposed
simplification scheme are described in Section III. In Sec-
tion IV, simulations of focused beams at various angles and
ranges are presented. The paper concludes in Section V
with a comparison between the proposed approach and
conventional approaches.

II. FUNDAMENTALS

For sector imaging using a one-dimensional array, the
delay value of a particular channel can be represented as

b = (((Rsinf) — 2+ (Rc030)2)1/2 - R) Je

: 2 o2
zsingd 1 N x° cos* @ (1)

c R 2c

where z is the distance between.the channel and the array
center, ¢ is the sound velocity, f is the steering angle, and R,
is range of the focal point [9]. In (1), the Taylor’s expansion
is used, and the terms with an order higher than 2 are
omitted for the approximation in the Fresnel region. Note
that the first term in the approximation is independent of
the range R and is also known as the beam steering term.
The second term is known as the range focusing term and
is proportional to 1/R. For fixed focusing at (R, #), the
delays remain constant at all ranges along the same beam
line. In this case, delays can be pre-computed and loaded
into the beamformer at the beginning of each beam. For
dynamic focusing, on the other hand, the system focuses at
every range along the beam. Therefore, the range focusing
term needs to be constantly updated. The beam steering
term, on the other hand, is a fixed value, given the steering
angle, and does not need to be dynamically updated.

Delay updates can be done by either utilizing a central
controller to compute the delays and communicate with
each channel or by having each channel autonomously de-
termine the delay values based on some initial parameters
set up at the beginning of each beam. In either case, a
parameter ® can be defined as

~

® = 2% cos? . (2)
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Fig. 1. Coordinates of the three-dimensional imaging space. The ar-
ray is in the z-y plane, z is the depth directicn, and « and 3 are the
lateral and elevational steering angles, respectively.

By specifying the beam steering term (i.e., —xsin #/c) and
& at the beginning of an ultrasound beam, the overall de-
lay tr can be found at every range R. Because the focusing
term is an even function of x with the Fresnel approxima-
tion (i.e., ® at z is the same as ® at —z), the number
of delay controllers for the range-dependent term can be
reduced by 50% becanse of the symmetry.

For three-dimensional imaging using a two-dimensional
array, the delay can be derived in a similar fashion. As
shown in Appendix A, approximation of the total delay in
this case becomes

(ztanao + ytan f§) 1

brg &2 — =

e[l +tan?a +tan? B)1/2 R
(2% + y*) + (ztan B — ytana)?
2¢(1 + tan® a + tan? 3)

(3)

where (z, y) represents a channel in the two-dimensional
array with the array center being the origin; o and 3 are
the steering angles along the lateral direction and the ele-
vational direction, respectively. Again, the first term only
depends on steering angles and is referred to as the beam
steering term. The second term is inversely proportional
to range and is referred to as the range focusing term.
Coordinates used in (3) are also shown in Fig. 1. In this
case, the parameter @ for a two-dimensional array can be
defined as

_ (#*+ %) + (ztan 8 ~ ytana)?

i
1+ tan® o + tan? 3

(4)

Note that the symmetry for the second term is still valid
that of the channel at {—z, —y). Therefdre, for an N-by-N
two-dimensional array, the number of delay controllers for
the range-dependent term can be reduced to N?/2. Appar-
ently, further simplification is required for two-dimensional
arrays even if the symmetric property is used.

Fig. 2 shows the block diagram of a dynamic focus con-
trol scheme. In this case, the steering term and ® are sent
to the delay controller for channels at (z, y) and (—z, —y)
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Fig. 2. A block diagram of the beamformer.

at the beginning of each beam. Based on the two param-
eters, the controller then calculates the overall delay at
each range. Such a delay control scheme is very general
and can be extended to a broad range of beamformer ar--
chitectures. For example, if real-time baseband interpola-
tion is used, the overall delay can be further converted into
a course time delay and a fine phase delay without chang-
ing the basic structure of the proposed scheme. Based on
the basic control structure shown in Fig. 2, the goal of the
proposed method is to simplify the delay controller by ap-
proximating the term ®. The steering term is unaffected
in the proposed method.

Another important feature of dynamic focusing in array
imaging is the use of a constant f/qumper t0 control aper-
ture growth as the range increases. At small ranges, only
channels close to the beam origin are used. As the range
increases, more channels become active until the array is
fully open. Therefore, the @ value related to the outside
channels (i.e., large (z, y)’s) may tolerate bigger errors as
they are associated with a larger E. As will be shown later,
this characteristic is also critical in developing the dynamic
focus control scheme described in the next section.

IT1. THE DyNAMIC Focus CONTROL SCHEME

There are three main components of the proposed dy-
namic focus control scheme.

A. Grouping of Adjacent Channels

The first component, is grouping of adjacent channels.
In other words, the array is divided into segments (i.e.,
sub-arrays), and the same ® value is used by all of the
channels in the same segment. Thus, the true value of ®
is approximated by another value ® and

P =F+45 {5)

where § is the approximation error. Consequently, the total
delay hecomes

8

4 = RS
tr:c - tTT + 2Re (6)

where t, is the original delay and ¢/, is the approximated
delay. The second term in (6) is viewed as a range focusing
error, which may cause image quality degradation. Fig. 3



1194

3.7

—

-——t
\ o

Focusing Delay( & s)
[ @
B a

w
w
T

3.1 i A i - A J
10 15 20 25 30 35 40
Range(mm)

Fig. 3. Quantization error of the range focusing term decreascs as a
function of range. .

shows a typical example of £/ and t,,, where the delay er-
ror & corresponds to one of the typical imaging conditions,
and the delay curves are shown for the range from 10 to
40 mm. As expected, the delay error decrcases as the range
R increases. Consequently, the image quality degradation
occurs only at smaller ranges, and the error is negligible
when the range is sufficiently large.

Determination of the sub-array geometry is critical in
minimizing the focusing error. The proposed scheme devel-
ops the geometry at zero steering angles (ie., o = 8 = 0°)
and then applies the result to all beams. According to (4),
® = 22 + 3% when a = 3 = 0°. Thus, a constant & cor-
responds to a circle on the aperture with the array center
being the origin. It becomes obvious to divide the array
into concentric rings, and channels on the same ring can
share the same @. To reduce potential approximation er-
rors for off-center beams, each ring is further divided into
smaller segments. Following this approach and derivation
outlined in Appendix B, the length An of a particular ring
along the radial direction is determined by

An = \/(TL o 05)2 + 16(” - 05)510 x f/'number

—(n—-05 (T

where n is the inner radius of the ring, £1 is a pre-

determined maximum delay error normalized to the wave-
lenigth, and G is a correction factor defined as

G =exp [n/ (% _ 1)] (8)

where ng is the radius of the first {smallest) ring and ~ is
an adjustable parameter. In general, 7 can be any mono-
tonically increasing function of n/ng. The purpose of G is
to increase the length of outer rings further, as they are
active only at larger ranges. Note that both n and An are
defined in terms of number of array clements assuming
half-wavelength pitch is used.
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In addition to the correction factor &, each ring is also
partitioned into smaller segments to further reduce the er-
rors af off-center beams. The radial length of each scgment
is determined based on (7). The angle £ of cach segment,
on the other hand, can be determined by

|
_ M x An (9)
n

where M is a pre-specified aspect ratio. Through this pro-
cedure, array partition can be implemented. Channels in-
side the same segment use the same @ value and, thus,
share the same delay controller. ' can be defined as the
mean of all ¢ valucs within the same scgment. The various
parameters used in this discussion are graphically defined
in Fig. 4{a), and a typical segmentation pattern is shown
in Fig. 4(b). Let £1 = 0.05 (i.e., the maximum delay error
i5 1/20 of the wavelength}, ng = 4, v = 0.15, M = 3, and
frnumber = 2, the 64-by-64 array (totally 4096 channels)
can be controlled by using only 227 controllers. Note that
the total number of segments is 454, and the 50% reduc-
tion is due to the even symmetry of . These parameters
will be used in subsequent simulations.

B. Quantization of @

For an N-channel array with a half wavelength pitch
and +45° maximum steering angles in azimuth, the num-
ber of beams is vZN, assuming Nyquist beam spacing
(ie., V2N = (sin (45°) — sin (—45°)) /bs, where bs is the
Nyquist beam spacing defined as bs = (wavelength/2 -
aperturesize) = 1/N), For an N-by-N array with +£45°
maximum steering angles in both a and 4, the number of
beams becomes 2N2. Consequently, ® needs to be speci-
fied for 2N* (i.e., N2 channels times 2N? beams) different
combinations. The purpose here is to develop a quantiza-
tion scheme for ® such that optimal focusing performance
is maintained while minimizing the total number of quan-
tization levels. Note that such a scheme can reduce the
memory requirement of the controller. However, the over-
all control bandwidth is still not affected.

One example is shown in Fig. 5(a), where the horizontal
axis shows extent of &, and the vertical axis is the range.
Because of the f/numbec aperture growth control, extent of
® changes with range, as the outside channels do not be-
come active until a larger range is reached. Thus, a smaller
quantization step is required when @ is small, and larger
quantization errors may be accepted when @ is large. In
other words, non-uniform quantization of ¢ can be imple-
mented.

Following the details described in Appendix C, the num-
ber of quantization levels L can be obtained as

N

_ : (10)
8\/§ X egg X f/mmlber

where £z defines the maximum quantization error, and the
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Fig., 4. a} Definition of parameters; b) a segmentation pattern of a
two-dimensional array. '

quantized value of @ at level i is

¢, =8x (52 KA X f/number)2 .
x (2% —2i+1),i€1, L] (11)

where A is the wavelength at the carrier frequency. If a
uniform quantizer is used in the same situation, approxi-
mately L? levels need to be used to obtain the same level
of accuracy.

An example of the non-uniform quantization is shown.
0.1, carrier fre-

in, Fig. 5(b). Let N = 64, g5 =
quency = 4 MHz, and f/qumper = 2, there are only 28 quan-
tization levels. Among these, the 28th quantization-level
is never used if the grouping scheme shown in Fig, 4(b) is
used. Therefore, only 27 levels are required in this case.

C. Range Offset

Given a @', a fixed error is present at all ranges. The er-
ror can be redistributed by adding a fixed correction term.
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Define t!’ as the following

&
" gyt _
tm:(R) - trm (R) 2R00
5 5 (12)
= trm(R) + 2—}% - m

where Ry is the depth with no focusing error. Compared
with the uncompensated approximation, the focusing error
becomes ¢ times the original error at range R, where ¢q is
defined as

7 s § s
Q(R?“(TRC‘QROC) / Fe

By properly selecting Ry, ¢ can be less than 1 at all ranges.
The effect of range offset on the range-dependent focusing
term is illustrated in Fig. 6 with Ry = 60 mm.

_ R — R
==

(13)

IV. SiMuLATION RESULTS

Simulations based on the angular spectrum method
were performed to investigate the efficacy of the proposed
approach. The angular spectrum method simulates wave
propagation in the spatial frequency domain [20]. First,
the initial sound field is transformed to the spatial fre-
quency domain via two-dimensional Fourier transform.
Wave propagation is simulated by multiplying spatial spec-
trum of the sound field with the following transfer function

H (fo fy Az) = 2F25V 1= (240 (14)
where f, and f, are the spatial frequencies correspond-
ing to z and y, respectively; Az is the propagation dis-
tance; and k is the wave number. After propagation, two-
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Fig. 6. The offset compensation technique; 60 mm is the range with
no focusing error.

dimensional inverse Fourier transform is then taken to ob-
tain the sound field at the new depth. Such a process can
be repeated over all frequency components for pulse wave
propagation. The pulse wave sound field can be obtained
by summing results at all frequencies of interest.

Simulated beam patterns at several steering angles and
ranges are demonstrated from Fig. 7 to 10. Only one-way
receive beam patterns are shown. The corresponding two-
way response can be obtained by multiplying the fixed
focus transmit beam with the dynamic focus receive beam.
A 4-MHz, 64-by-64 two-dimensional array was assumed.
Each figure shows the projection of the beam plots along
the = (upper) and the y (lower) directions. In each figure,
the solid line represents beamforming results using ideal
delay values (i.e., no Fresnel approximation). The dashed
line shows the results based on the approximated delay
values described in (6). The results of the proposed method
_are shown by the dot-dashed line. A depth of 60 mm was
used to offset the focusing error (ie., Ry = 60 mm).

Fig. 7 demonstrates the beam plots for & = 0°, 3 = 0°,
and R = 15 mm. It is shown that at 15 mm, sidelobes are

slightly elevated from the ideal case because of delay ap- .

proximation. Nonetheless, the sidelobes are mainly under
the —30 dB level, and the mainlobe width is unchanged.
Such errors decreased as the range increased to 30 mm.
The three beam patterns for o = 0°, 8 = 0°, R = 30 mm
are shown in Fig. & In this case, the three beam pat-
terns are almost identical. Simulated sound fields at non-
zero steering angles are demonstrated in Figs. 9 and 10.
Fig. 9 shows the beam patterns for « = 20°, § = 40°,
R = 15 mm, and Fig. 10 shows the beam patterns for
o =20° 5 =40° R = 30 mm. In this case, slight steering
errors are present.

Mean and standard deviation of delay errors as a fune-
tion of steering angles are shown in Fig. 11 (R = 15 mm)
and Fig. 12 (R = 45 mm), respectively. The delay er-
rors are normalized to the wavelength at the center fre-
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Fig. 7. Simulation results at 4 MHz. o = 0°, # = 0°, A = 15 mm.
Projections of the three methods in = (upper) and y (lower),
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Fig. 8. Simulation results at 4 MHz. & = 0°, 8 = 0°, R = 30 mm.
The format is the same as that in Fig. 7.

quency. At each range, the statistics are calculated from
all channels given an {(a, 5) combination. In each panel,
the horizontal axis indicates sin(«), and the vertical axis
indicates sin{f). The mean values are shown in Fig. 11{a),
and the standard deviation values are shown in Fig. 11(b).
In each figure, the four images are for the Fresnel approx-
imation (upper left), grouping of adjacent channels (up-
per right), non-uniform quantization (lower left), and the
combination of both approaches (lower right). The results
for R = 45 mm are shown in Fig. 12. As expected, both
the mean and standard deviation of the focusing errors
decrease when the range moves from 15 to 45 mm. At
60 mm, the errors are at the smallest because of the range
offset. The mean and standard deviation then gradually
increase after 60 mm. Note that at 15 mm, the aperture
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Fig. 9. Simulation results at 4 MHz. o = 20°, 8 = 40°, R = 15 mm.
The format is the same as that in Fig. 7.
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Fig. 10. Stmulation results at 4 MHz. & = 20°, 8 = 40°, R = 30 mm.
The format is the same as that in Fig. 7.

is not fully open, thus making the errors resulting from
Fresnel approximation relatively small. Also note that a
mean error of 0.02 wavelength is equivalent to uniform de-
lay quantization with a step size of 0.04 wavelength (i.e.,
mean phase error is 27/25). The errors can be reduced by
employing smaller quantization steps.

V. DISCUSSION AND CONCLUDING REMARKS

The proposed control scheme only requires two parame-
ters (i.e., the steering term and @) at the beginning of each
beam. The 1/R term can be implemented by using a single
bit control signal. Such a control signal is generally 0 unless
an additional delay is required. The memory requirement
of such a single-bit control scheme is around 34 Kbits as-
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suming 128-MHz delay resolution and a 20-cm imaging
depth. Thus, the 27 single-bit contro! signals used in the
simulations can be stored in less than a 1-Mbit memory
(27 x 34 Kbits). Note that the 128-MHz clock rate is used
as an example. In practice, the delay update rate does not
need to be as high as the sampling frequency. In this case,
the complexity can be further reduced. Fig. 13 shows a
possible architecture to take advantage of the given control
scheme, where focusing patterns are stored in the control
signal table, and multiplexers are used to replace complex
delay controllers. It must be noted that the reduced mem-
ory requirement caused by non-uniform quantization does
not reduce the overall control bandwidsh, In addition, the
scheme shown in Fig. 13 may be implemented as a central-
ized controller (i.e., a single multiplexer) or a distributed
controller (i.e., multiple muléiplexers), depending on the
control bandwidth requirement of the imaging system.

Comparisons of the conventional architecture and the
proposed architecture are listed in Table 1. For a 64-by-
64 two-dimensional array, there are 4096 channels. The
conventional architecture may exploit the delay symme-
try and uses 2048 controllers. In addition, each delay con-
troller may or may not require a complex algorithm to
compute the delay changes in real time. Through group-
ing of adjacent channels, the number of controllers is re-
duced to 227. Also, each controller requires only a small
table and a multiplexer. The size of the multiplexer can be
further reduced. As shown in Fig. 14, not all of the con-
nections between selection signals and delay control signals
are needed. As shown in Fig, 14, only 20% of the total pos-
sible connections are required. Thus, further reduction of
the multiplexer size is possible. Because of the significant
reduction in the number of focus controllers and the num-
ber of quantization steps, the multiplexer architecture in
combination with the single-bit control scheme becomes a
realistic and effective focus control scheme. Again, such a
scheme may be used as a centralized controller or a dis-
tributed controller, depending on the control bandwidth
requirement.

The method simplifies control of the focusing delay, but
the steering term in (3) is still needed. For 4096 channels
and 8192 beams, there are totally 32 M words of initial
delays. The word length in this case is determined by the
extent of the steering term and the desired focusing accu-
racy. The 227 segments for the range focusing term require
a memory space of 1.8 M words. Because the two param-
eters are only needed at the beginning of a beam, and
dynamic range update is not required, data communica-
tion requirements are manageable with current technolo-
gies. Alternatively, the approach proposed in [19] for the
steering component can be used.

The methods can also be applied to one-dimensional
arrays. Because the total number of channels for a one-
dimensional array is not as large, grouping of the adjacent
channels may not be necessary. Nonetheless, non-uniform
quantization can still be employed. To avoid image qual-
ity degradation in the near field, more quantization levels
can be used. In other words, the delay error can be easily
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Fig. 11. Mean (a) and standard deviation {b) of focusing errors as a function of steering angles at 15 mm. Results from the Fresnel
approximation (upper left), grouping of adjacent channels (upper right), non-uniform quantization (lower left), and combination of both
approaches (lower right) are shown.
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Fig. 12. Mean (a) and standard deviation (b) of focusing errors as a function of steering angles at 45 min. Results from the Fresnel
approximation (upper left), grouping of adjacent channels (upper right}, non-uniform quantization {lower left), and combination of both

approaches (lower right) are shown.
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Fig. 13. A possible implementation of the proposed delay control
scheme.

TABLE I
COMPARISON OF DIFFERENT APPROACHES.

Original Proposed
Number of controllers 2048 227
Image quality Excellent Slight degradation
at shallow depths
Steering table 32 M words 32 M words
® Table 16 M words 1.8 M words
Control signal table None <1 Mb

reduced to be less than that generated by a sampler work-
ing at 32 times of the carrier frequency. In this case, the
overall architecture is still simpler than the conventional
approaches.

APPENDIX A

Define the plane z = 0 as the aperture plane. Assume
that the distance between the channel (z, ) (i.e., with
three-dimensional Cartesian coordinate {z, ¥, 0)) and the
focal point (fps, fry, fp.) is I, and the distance between
the array center (i.e., (0, 0, 0)) and the focal point is R; the
following equations can be derived based on the notations
defined in Fig. 1. '

D% = (fps ~x)* + (fpy, —v)* + fp?
R? = fp} + fp? + fr?

Jpe = fp- xtana (A1)

Spy = fpx x tan 3
R*=fp2x(1+ tan® o -+ tan? B). {A2)

Define P as

P= \/1+tan2a+tan2ﬁ, (A3)

then fp, can be rewritten as

R

== Ad
fo- P ( )
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Connections in the Multiplexer
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Fig. 14. Connections in the multiplexer. The array segment index is

arranged from the array center to outer segments. It is shown that
not all possible connections are needed.

and
D? = (fpl — 2fpox + 2%) + (fP2 — 2fpyy + ¥°) + Fp?

2R
=R?+ +y2 v (m_tana+ytanﬁ).

(A5)
If R satisfies the following condition
R*>» (2* +47%). (A6)
then the distance D can be represented as
(@ +y?) 2 e
D=R [l+ —RT - ﬁ(mtanaﬁ-ytanﬁ)
(=2 4+y%) 1
R+
R|1+ Nz P (ztana + ytan3) (AT)
_1 % A (z® tan® o + y* tan® B + 2zy tan artan B)
8 Rip?
_ p_ mtana+ytanf N (22 +42)+(x tan B —y tan a)?
- P 2RP? '

The receive delay of channel (x, y) relative to array cen-
ter is
D-R
¢
ztana +ytanf

_c\/l + tan® o + tan? 3
(#2 +9?) + (ztan 8 — ytan a)?
2Re(1 4 tan? o + tan? 3)

trx =

(AB)
+

Thus, the range dependent focusing parameter & can be
defined as

(2% 4 y?) + (ztan B — ytana)?
(1 + tan® o + tan? 3)

o= (A9)
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APPENDIX B

Letting r represent the distance between channel {z, y)
and the array center (ie., r? = z% + %), we have the
following equation for the center beam (i.e., a = 8 = 0°):

O(r) | =2

a=F=0°

(B1)

The parameter r can also be viewed as the radius of a
ring on the aperture with the array center being the ori-
gin. Grouping of adjacent channels is done by dividing the
aperture into several concentric rings, and then each ring
is further partitioned into smaller segments. ‘

The radius r of each ring is determined based on uni-
form sampling of the term ®/2Rc. Hence, the difference
dg between the & values at r + Ar and at r becomes

ds = [®(r + Ar) — &(7)]

= {r+ Ar)? —r?
= 2r(Ar) — (Ar)?,

a=/3=0°

(B2)

Let £1 be the desired maximum quantization error normal-
ized to the wavelength A, the following inequality can be
obtained:

dg

== < 221 AG
2R =
where the factor of 2 converts the maximum focusing error
to an equivalent quantization interval. G is a correction
term that will be defined later. Since frqumber = R/2r, we
have

(B3)

&5 < 8re1AG X finumber- (B4)

After some arrangements, the following equations can be
obtained

(Ar)2 + 2r(Ar) — 8re1AG X fimumber S0

(B5)

and

Ar < /12 4+ 8re1AG X [ rnumber — T (B6)
Given the pitch of the array, (B6) can also be repre-
sented in terms of the number of channels. For one-half

wavelength, fully sampled arrays, we have
r = (i — 0.5) x pitch (BT}
and

Ar = An x pitch. (B8)

Hence, the radial length of each ring in terms of the num-
ber of channels becomes

An < (n i 05)2 + 16(7’1 - 05)610 X f/numbel‘

~(n—05). (B9)
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Fig. 15. Non-uniform quantization of .

The function G is used to increase the length of outer
rings further, as they are active only at larger ranges. It can
be any function that monotonically increases with n/ng.
In this paper, it is defined as

oo (3)

where ~ is an adjustable parameter, and ng is the radius
of the smallest ring.

Finally, each ring is further partitioned into smaller seg-
ments. The angular span of each segment can be defined as

(B10)

M xAn
- n

¢ (B11)
where M is an aspect ratio of the segment. Definitions of
the parameters used in this appendix are also illustrated
in Fig. 4(a).

APPENDIX C

At zero steering angles, the maximum value of ® is

Drnax = T?ﬂax (C1)
where 7% i the largest radius on the array. For an N-

by-N array,

N .
Tmax = % x pitch.
The purpose of non-uniform quantization is to determine
the number of quantization levels L and the quantization
interval for each level between 0 and ®p,, given a pre-
specified maximum quantization error. The design strategy
can be illustrated using the one-dimensional plot shown in
Fig. 15. Let the quantization interval at a radius r be 25(r},
we have

(C2)

(G3)

where A is the wavelength at the carrier frequency, and eg
is the pre-specified maximum focusing error normalized to
the wavelength. Because f/numper = B/2r, we have

5(7') = depAr X f/number- (C4)
If r is divided into L levels as the following
2i—1 ,
i = £—2L—)Tmax IS [1, L], (05)
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then
5 .
i=1
Thus
L
Tl?na.x = 8eaA % f/numher X ZT‘i
i=1
I (C7)
= 852/\ X f/number X ﬁ%—"r—[’) :
= 452/\[’ X f/nurnber X Tmax-
The number of levels becones
N Tmax
452/\ X f/number
y (C8)
B 8\/2_) X g3 X f/number.
Each entry in the @ table can then be expressed as
i—1 i—1
q)l = Z 251 + 61' = 452)\ 2 ZTJ +7r X f/number-
i=1 =1 (C9)

After some arrangements, the following representation can
be obtained:

B; = 8 (22X X f/number) X (26% 20+ 1)
_ (C10)
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