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Abstract—In this paper, we present a new demodulation
method to reduce hardware complexity in phase-rotation-
based beamforming. Due to its low sensitivity to phase de-
lay errors, quadrature demodulation, which consists of mix-
ing and lowpass filtering, is commonly used in ultrasound
machines. However, because it requires two lowpass filters
for each channel to remove harmonics after mixing, the di-
rect use of quadrature demodulation is computationally ex-
pensive. To alleviate the high computational requirement in
quadrature demodulation, we have developed a two-stage
demodulation technique in which dynamic receive focusing
is performed on the mixed signal instead of the complex
baseband signal. Harmonics then are suppressed by using
only two lowpass filters. When the number of channels is 32,
the proposed two-stage demodulation reduces the necessary
number of multiplications and additions for phase-rotation
beamforming by 82.7% and 88.2%, respectively, compared
to using quadrature demodulation. We have found from
simulation and phantom studies that the proposed method
does not incur any significant degradation in image qual-
ity in terms of axial and lateral resolution. These prelimi-
nary results indicate that the proposed two-stage demodu-
lation method could contribute to significantly reducing the
hardware complexity in phase-rotation-based beamforming
while providing comparable image quality.

I. INTRODUCTION

HE adoption of digital receive beamforming (DRBF)
Tin medical ultrasound imaging systems based on dy-
namic focusing has greatly improved the image quality
in the last few decades [1]. In the DRBF, the enhanced
time-delay accuracy in digital processing results in high
signal-to-noise ratio (SNR) and spatial resolution [2]. How-
ever, the DRBF significantly increases the computational
complexity because it requires fast analog-to-digital con-
verters (ADCs) and front-end digital circuitries running
at a high clock frequency. To alleviate the high-frequency
sampling requirement in ADCs, interpolation beamform-
ing (IBF) and phase-rotation-based beamforming (PRBF)
with quadrature demodulation (QD) have been developed
[2]-[4], and they are commonly used in ultrasound ma-
chines [5]. Although the developed IBF and PRBF re-
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duce the hardware complexity in high-speed ADCs, they
require multiple computationally-expensive finite-impulse
response (FIR) filters (i.e., interpolation and demodula-
tion filters for the IBF and QD-based PRBF, respectively).
Thus, this high computational requirement makes devel-
opment of ultrasound machines with large channel counts
[e.g., for three-dimensional (3-D) ultrasound systems [6]]
or very low-end machines (e.g., handheld [7]) challenging.

For further reduction in the hardware burden for the
DRBF, various beamforming methods, such as pipelined-
sampled-delay-focusing (PSDF) [8], sigma-delta oversam-
pled [5], and direct in-phase/quadrature (I/Q) [9], have
been developed. In the PSDF technique, nonuniform sam-
pling of the signals received from different channels is per-
formed to achieve dynamic focusing without the need of
the complicated digital delay circuitries (i.e., interpola-
tion or phase rotation). However, the control of ADCs
for nonuniform sampling is complicated [10]. The sigma-
delta oversampled beamforming techniques also eliminate
the need of interpolation or phase rotation by using one-
bit, sigma-delta modulators running at a high clock fre-
quency, but they suffer from artifacts caused by asynchro-
nism between the sigma-delta modulator at each chan-
nel and the post-beamforming demodulator [5], [11], [12].
Furthermore, developing sigma-delta modulators that can
provide the required sensitivity (in terms of signal-to-
quantization noise ratio) for supporting various medical
ultrasound applications remains challenging [5]. In the di-
rect I/Q method [9], the complex baseband signals used in
the PRBF are directly sampled from the receive signals,
but this method introduces image artifacts as it assumes
narrow-band signals and no frequency-dependent attenua-
tion, which are typically not satisfied in medical ultrasound
imaging.

In this paper, we propose a new demodulation method
(i.e., two-stage demodulation) for the efficient PRBF. In
the developed method, coherent summation for dynamic
receive focusing is performed on the mixed signal instead
of the complex baseband signal, then harmonics are sup-
pressed after dynamic receive focusing by using only two
lowpass filters.

II. THEORY

A. PRBF with Quadrature Demodulation

Fig. 1 shows the block diagram of the PRBF with
quadrature demodulation, which consists of mixing and
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Fig. 1. Block diagram of the QD-based PRBF when f.q. = 4fo.
F{e} represents the Fourier transform.

lowpass filtering. The received ultrasound signals coming
from transducer elements are centered around = f; where
fo is the transducer center frequency. These signals are am-
plified in proportion to depth in order to compensate for
signal attenuation [i.e., time-gain compensation (TGC)].
After TGC, the RF signals are digitized by ADCs, whose
sampling frequency (fadc) is typically 4fy. The digitized
RF signal for the k*" channel is represented by [13], [14]:

= A} [m] cosjwom] — Af[m] sinjwom],
Moand k= —K/2,... K/2—1,

il )

m=1,2,...
where wy = 27 fy, M is the number of samples per scanline,
K is the number of receive channels, and A} and Al are
the in-phase and quadrature baseband signal component,
respectively.

The baseband signals can be extracted by removing the
carrier frequency through QD. In QD, the digitized RF
signal (i.e., ux[m]), which is originally centered around
+fo, is first multiplied with cosine (cos[wym]) and sine
(sin[wom]) values. These multiplications generate not only
the signals centered at 0, but also signal harmonics cen-
tered at £2fy in the in-phase and quadrature components
of the mixed signal (i.e., Bj[m] and B}[m], respectively).
To remove these replicas and obtain the complex baseband
signal, lowpass filtering is performed after mixing. This de-
modulation filtering introduces a significant computational
burden on the PRBF [9]. Phase rotation and summation
(i.e., dynamic receive focusing) are performed on the de-
layed complex baseband signals. Because dynamic receive
focusing is performed on baseband signals, the beamform-
ing frequency (fuf) could be lower than the ADC sampling
frequency, i.e., fof = fade/n when n > 1, where 7 is the
ratio of the ADC sampling frequency to the beamforming
frequency. However, reducing fp¢ could introduce signal
aliasing when fir is lower than the bandwidth (BW) of the
complex baseband signal [15]. Thus, fps in the QD-based
PRBF must be greater than or equal to BW to avoid signal
aliasing.

B. PRBF with Two-Stage Demodulation

To reduce the complexity of demodulation filtering in
the PRBF, we developed a new demodulation method
called two-stage demodulation (TSD), in which QD is per-
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Fig. 2. Block diagram of the TSD-based PRBF.

formed in two stages. Although mixing is performed be-
fore dynamic receive focusing, the more computationally-
expensive demodulation filtering is performed after dy-
namic receive focusing. Fig. 2 shows the block diagram
of the TSD-based PRBF, which reduces the number of
lowpass filters by a factor equal to the number of receive
channels. Thus, the proposed demodulation method could
significantly reduce the computational requirement for the
DRBF. However, it could suffer from artifacts due to non-
linearity in dynamic receive focusing and signal aliasing
when fpr < faqc due to the presence of signal harmonics
at +2fy during dynamic receive focusing.

Dynamic focusing is effectively equivalent to nonuni-
form sampling along the scanline (i.e., different depths
are delayed by different amounts). Thus, the TSD-based
PRBF could introduce artifacts because demodulation fil-
tering is performed on nonuniformly sampled data. Simi-
lar errors were reported for the sigma-delta oversampled
beamforming methods [5] and the post-compression-based
coded excitation beamforming methods [16]. To analyze
the error in the TSD due to dynamic focusing, we have
derived the expression for the final beamformed signal in
the Appendix when the PRBF is performed with QD and
TSD. In the TSD-based PRBF, dynamic focusing intro-
duces an error in sample selection during demodulation
filtering, i.e., sample selection error (SSE). The expression
for the SSE has been derived in the Appendix [i.e., (A13)]
and is given by:

SSE(m, j, k,n) = Alm, k] — Alm +nj, k], (2)
where j varies from —J/2 to J/2 — 1, J is the filter tap
size, and A[m, k] is the dynamic focusing delay applied
to compensate for the delay difference between the k!
and center element in the ultrasound transducer. We have
studied the magnitude of SSE as a function of the axial
distance and evaluated the impact of SSE on image quality
via simulation and phantom studies.

In addition to the SSE, the TSD-based PRBF could
incur artifacts due to signal aliasing when fif < faqe be-
cause of the presence of signal harmonics at £2fy during
dynamic receive focusing. Using the bandpass sampling
principle [17], we can derive the beamforming frequency
ranges that can avoid signal aliasing in the TSD-based
PRBF as follows:

fot > 2 x (fo+ BW/2), (3)
fo+ BW/2 < for <2 x (fo — BW/2). (4)
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From (3) and (4), fur > 3fo is required to avoid signal
aliasing for BW > fy, which is typical in B-mode ultra-
sound imaging. For example, the TSD-based PRBF would
cause signal aliasing for n = 2, 3, and 4 when f,qc. = 4/
and BW = fy;. We have studied the effect of this sig-
nal aliasing on image quality via simulation and phantom
studies.

III. SIMULATION AND EXPERIMENTAL SETUP
A. SSE Analysis

A simulation model was developed in Matlab (The
MathWorks Inc., Natick, MA) to emulate the SSE in the
TSD-based PRBF. The magnitude of SSE was obtained as
a function of the axial distance for 32/48/64-clement lin-
ear array transducers with the transducer center frequency
(fo) varying from 3.5 MHz to 7.5 MHz. The pitch was set
to A mm, where A = ¢/ fp and ¢ is the speed of sound. All
the elements were used for dynamic receive focusing. An
ADC sampling frequency of 4fy and n = 1, 2, 3, and 4
were used. Impact of dynamic receive aperture [2] on the
magnitude of SSE also was evaluated by using f-number
of 1.5 during receive beamforming.

B. Simulation and Phantom Studies for Image Quality
Evaluation

1. Stmulation Study Setup: Simulation was performed
using the Field II [18] to compare the TSD-based PRBF
with the QD-based PRBF in terms of spatial (i.e., ax-
ial and lateral) resolution. The transducer model used in
simulation was an 82-element linear array transducer with
fo =3.5/5.5/7.5 MHz and the —45 dB bandwidth of 1.4 f.
The pitch was A mm, the element height was 14 mm, and
the elevational focal point was 40 mm. 32- and 64-element
apertures were used for transmission and reception of ul-
trasound signals with a transmit focus of 40 mm. Dynamic
focusing and dynamic aperture with f-number of 1.5 were
used during receive beamforming. An ADC sampling fre-
quency of 4 fy was used. To investigate the spatial resolu-
tion, a wire phantom was simulated with the wire locations
determined by the SSE analysis results.

2. Phantom Study Setup: For the phantom study, a
tissue mimicking phantom was used (Model 539 Multipur-
pose Phantom, ATS Laboratories Inc., Bridgeport, CT). A
commercial ultrasound machine (SA-9900, Medison Corp.,
Seoul, Korea) was modified to acquire the prebeamformed
data. A 192-element convex array transducer with a ra-
dius of 40 mm and a pitch of 0.31 mm was used. The
transducer center frequency was 3.5 MHz, and the —45 dB
bandwidth was 1.4fy. A 64-element aperture was used for
transmission and reception of the ultrasound signals, and
the receive signal was quantized using 8-bit ADCs running
at 15.4 MHz (4.4fy). Spatial resolution was evaluated us-
ing the wire targets, and the contrast resolution (CR) was
measured for the cyst regions by:
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TABLE 1
PARAMETERS USED IN SIMULATION AND PHANTOM STUDIES.

Parameter Simulation ~ Phantom
Speed of sound (m/s) 1540 1450
Transducer type linear convex
Transducer center frequency (MHz) 3.5/5.5/7.5 3.5
Receive signal bandwidth (—45 dB) 1.4fo 1.4f¢
Sampling frequency (MHz) 4fo 15.4
Transmit focus (mm) 40 50
Receive focus dynamic dynamic
Apodization uniform uniform
Number of scanlines 27 192
ADC quantization (bits) 8 8
CR=1- 5— (5)

S

where I. and I are the average intensity inside cyst and
speckle regions at the same depth, respectively [19]. Table I
summarizes the various parameters used during simulation
and phantom studies.

C. Computational Complezity Analysis

The computational complexity of each processing func-
tion in the QD- and TSD-based PRBF to generate one
scanline data with K receive channels, J-tap demodula-
tion filters, M ADC samples per scanline, and 7 (a ratio
of the ADC sampling frequency to the beamforming fre-
quency) was estimated in terms of 8-bit multiplications
and additions required. The total number of multiplica-
tions and additions needed to support the QD- and TSD-
based PRBF was derived for K = 32, J = 16, M = 4096,
and n =1, 2, 3, and 4.

IV. RESULTS AND DISCUSSION
A. SSE Analysis

Fig. 3 shows the maximum value of the SSE as a func-
tion of the axial distance. As shown in Fig. 3, the SSE
is large at depths closer to the transducer and decreases
exponentially as the imaging depth is increased. Similarly,
the impact of a nonunity 7 on the SSE decreases as the
axial distance increases. For example, as 7 increases from
1 to 4, the SSE at the imaging depth of 5 mm increases
from 0.242 us to 0.813 ws, and that at the imaging depth
of 20 mm increases from 0.063 us to 0.146 us.

Fig. 4 shows the maximum SSE as a function of the ax-
ial distance when the number of receive channels is varied.
As shown in Fig. 4, there is an increase in the SSE magni-
tude as the number of channels increases. Fig. 5 shows the
impact of increasing the transducer center frequency from
3.5 MHz to 7.5 MHz on the SSE in that increasing the
transducer center frequency results in the reduction of the
magnitude of SSE at all depths. This is because increasing
fo decreases the transducer pitch (i.e., ), which reduces
the SSE.
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Fig. 3. Error in sample selection (in us) during demodulation filtering
in the TSD-based PRBF.
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Fig. 4. Error in sample selection (in us) during demodulation filtering
in the TSD-based PRBF for different receive channels.

The magnitude of the SSE can be further reduced by
using a dynamic aperture technique during receive beam-
forming, which progressively increases the size of the re-
ceive aperture with increased imaging depth [2]. Fig. 6(a)
shows the maximum SSE as a function of the axial dis-
tance when a dynamic aperture with f-number of 1.5 is
used during receive beamforming for various values of 7.
Fig. 6(b) clearly shows the impact of dynamic aperture on
SSE for n = 1. As shown in Figs. 6(a) and (b), the dy-
namic receive aperture technique significantly reduces the
SSE at depths closer to the transducer (i.e., for the imag-
ing depth of 5 mm, the maximum SSE is reduced from
0.242 us to 0.025 ps and from 0.813 us to 0.088 us for n
of 1 and 4, respectively). The impact of dynamic aperture
on the maximum SSE diminishes with increasing depth.
Furthermore, due to the depth-dependent receive aperture
size and the f-number used, the maximum SSE value oc-
curs at the depth of 17.9 mm. Similar results also have
been obtained when the number of transducer channels is
increased to 64 and dynamic aperture with f-number of
1.5 is used. The maximum SSE now occurs at an axial dis-
tance of 41 mm for n of 1. The impact of the SSE on the
point spread function (i.e., axial and spatial resolution)
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0 5 10 15 20 25 30 35 40 45
Axial distance (mm)

Fig. 5. Error in sample selection (in ps) during demodulation filtering
in the TSD-based PRBF for different transducer center frequencies.

was evaluated close to these imaging depths for 32- and
64-channel transducers.

B. Image Quality Evaluation

1. PRBF With TSD when n = 1: Fig. 7 shows the
frequency spectrum, point spread function and the corre-
sponding lateral and axial resolution for the wire target
placed at the imaging depth of 18 mm when the PRBF is
performed with the QD and TSD using 32 receive channels
with a transducer center frequency of 3.5 MHz. As shown
in Fig. 7(a), the harmonics present near +2f; in the out-
put after summation in the TSD-based PRBF are removed
during demodulation filtering. Thus, a frequency spectrum
comparable to the QD-based PRBF is obtained after de-
modulation filtering in the TSD-based PRBF. As shown
in Figs. 7(b) and (c), no significant difference is found with
the T'SD compared to the QD for both the axial and lateral
resolution. No significant difference was found between the
two methods for other imaging depths either. The impact
of increasing the transducer center frequency on the spatial
resolution with the TSD-based PRBF was evaluated using
fo of 5.5 MHz and 7.5 MHz, respectively. Fig. 8 shows the
lateral and axial resolution using the QD- and TSD-based
PRBF for the wire target placed at the imaging depth
of 18 mm for these two transducer center frequencies. As
shown in Fig. 8, the TSD-based PRBF provides compa-
rable lateral and axial resolution to that of the QD-based
PRBF as the transducer center frequency increases. Simi-
lar results were obtained with other imaging depths. Fig. 9
shows the point spread function and the corresponding lat-
eral and axial resolution for the wire target placed at the
imaging depth of 41 mm when the number of channels
is 64. As shown in Figs. 9(b) and (c), there is no signifi-
cant difference between the TSD- and QD-based PRBF in
terms of axial and lateral resolution.

The images from the tissue mimicking phantom beam-
formed using the QD- and TSD-based PRBF with a dy-
namic range of 60 dB are shown in Fig. 10. The image
quality from both methods is comparable. For quantita-
tive comparison, while the frequency spectrum and point
spread function were evaluated at the imaging depths of
20 mm and 40 mm, the CR [based on (5)] was measured
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Fig. 7. Simulation results at the imaging depth of 18 mm for the 32-channel transducer. (a) Frequency spectrum. (b) Point spread function.
(c¢) Lateral and (d) axial resolution for the QD- and TSD-based PRBF.

for the cyst region located at the depth of 40 mm [out-
lined with the dotted circle in Fig. 10(a)]. Figs. 11(a) and
(d) show the frequency spectrum of the final output with
the TSD- and QD-based PRBF when the imaging depth
is 20 mm and 40 mm, respectively. As seen in Fig. 11,
demodulation filtering in the TSD-based PRBF removes
the harmonics near +2f; and there is no noticeable dif-
ference in the frequency spectrum between the TSD- and
QD-based PRBF. Fig. 11 also shows the lateral and axial
resolution using both methods. No perceptible difference
is observed between the two methods, which is consistent
with the simulation results. Table II shows the CR value
obtained with the two methods. No significant difference
(i.e., <0.3%) in the CR can be found. From the simula-
tion and phantom studies, the TSD method has a negligi-
ble impact on image quality when fi is equal to faqc (i-e.,
n = 1).

TABLE II
CONTRAST RESOLUTION WITH THE QD-BASED PRBF AND THE
TSD-BASED PRBF.

Method CR
QD-based PRBF 0.751
TSD-based PRBF  0.749

2. PRBF with TSD whenn > 1: For n > 1, the TSD-
based PRBF could introduce signal aliasing in addition
to SSE. Fig. 12 shows the lateral and axial resolution ob-
tained at the depth of 18 mm when the TSD-based PRBF
is performed. As shown in Fig. 12(a), the side-lobe ampli-
tude in the lateral direction is increased by about 10 dB
with the TSD-based PRBF for n of 2 and 4. However, no
significant degradation in the lateral resolution is observed
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Fig. 10. Phantom study results with 60 dB dynamic range. Ultrasound images using (a) the QD-based PRBF and (b) the TSD-based PRBF.
The cyst area at the depth of 40 mm is outlined with a dotted circle in (a).
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when 7 is 3. For the axial resolution, there seems to be a
small degradation with different values of 1 as shown in
Fig. 12(b).

The superior performance of the TSD-based PRBF at
n of 3 over i of 2 and 4 is due to signal aliasing. Fig. 13
shows, based on (3) and (4), the signal bandwidth that can
be supported without signal aliasing for different beam-
forming frequencies in the TSD-based PRBF. As shown
in Fig. 13, there is aliasing at the beamforming frequency
of 2fy (n = 2) and fo (n = 4) for any signal bandwidth,
resulting in an increase in side-lobe energy. This is due to
wrapping around of the signal harmonics originally cen-
tered at 2 fo and —2 f to the baseband (i.e., 0) due to these
beamforming frequencies. This is illustrated in Figs. 14(a)
and (b) that show the spectrum of the beamformed signal
when the beamforming frequency is 4o and 2fy (1 is 2),
respectively. However, for fir = 1.33fp (i.e., n is 3 when
fade 1s 4 o), the harmonics originally centered at 2fy and
—2fo wrap around to be centered at the frequencies of
—0.67fo and 0.67 fo, respectively, as shown in Fig. 14(c).
Thus, a receive signal with BW < .0.66 fy would not suffer
from signal aliasing. For BW > 0.66 fy, there will be some
aliasing when 7 is 3, but it would be less than when 7 is
2 or 4.

Fig. 15(a) shows the image of the tissue mimicking
phantom obtained with the TSD-based PRBF when 7
is 3 (i.e., for = 1.33fp). For quantitative comparison,
Figs. 15(b) and (c) show the lateral and axial resolution
when 7 is 1 and 3. We can observe a slight axial and lateral
resolution degradation when 7 is increased from 1 to 3. The
CR was computed for the cyst marked in Fig. 10(a). As
expected from Fig. 13, a reduced CR value of 0.737 with
1 of 3 was obtained compared to 0.749 with n of 1 due to
signal aliasing because the BW of the receive signal in the
phantom study was approximately 1.4fy. These prelimi-
nary results indicate that the proposed TSD-based PRBF
with a nonunity 1 could be useful for some ultrasound sys-
tems in which a small degradation in image quality is ac-
ceptable so that the computational load during the DRBF
can be significantly reduced [9], [20].
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Fig. 14. Frequency spectrum of the in-phase component of the beam-
formed signal in the TSD-based PRBF when the fu is (a) 4fo,
(b) 2fo, and (c) 1.33fo.

C. Computational Requirement of the QD- and TSD-Based
PRBF

Table IIT lists the computational requirement of each
processing function in the QD- and TSD-based PRBF in
terms of multiplications and additions. It is found that
the TSD significantly reduces the number of multiplica-
tions and additions needed for demodulation filtering in
the PRBF. For example, when 7 is 1, the number of multi-
plications needed to support demodulation filtering in the
PRBF with the TSD is 131,072 compared to 4,194,304 in
the PRBF with the QD. As listed in Table III, this savings
in demodulation filtering facilitates an overall reduction in
the number of multiplications and additions for the PRBF
by 84.9% and 88.2%, respectively. Fig. 16 shows the to-
tal number of multiplications and additions needed for the
QD- and TSD-based PRBF as a function of 77. As shown in
Fig. 16, the TSD-based PRBF operating at n of 1 requires
less number of operations than the QD-based PRBF oper-
ating at n = 4 (i.e., 42.1% less multiplications and 52.6%
less additions). Reducing the beamforming frequency in
the TSD-based PRBF (i.e., n > 1) further increases the
hardware savings with the proposed method. For exam-
ple, when 7 is 3 in the TSD-based PRBF, the number
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Fig. 15. Phantom study results with 60 dB dynamic range. (a) Ultrasound image with TSD-based PRBF at 7 of 3. (b) Lateral and (c) axial
resolution of the TSD-based PRBF at the imaging depth of 20 mm when 7 is 1 and 3.

TABLE III
MULTIPLICATIONS AND ADDITIONS REQUIREMENTS. !

QD-based PRBF

TSD-based PRBF

Function Multiplications ~ Additions = Multiplications  Additions
Mixing % - % -
Demodulation filter 2"{7“” Q(J_;)KM % w
Phase compensation % @ % %
Sum FEK-1)M _ (K—1)M
n 7
Total 4,784,128 4,321,280 720,896 512,000

1Required for various functions in the QD- and TSD-based PRBF to generate one scanline data based on
the number of channels (K), the filter tap size (J), the number of ADC samples per scanlines (M) and the
ratio of ADC sampling frequency to beamforming frequency (n). The total number of operations is listed

for K =32, J =16, M = 4096, and n = 1.

of multiplications and additions can be reduced by 82.7%
and 88.2%, respectively, compared to the QD-based PRBF
operating at n of 3.

The selection of 7 in the proposed TSD-based PRBF
determines both the computational requirement and the
image quality. The proposed method with 1 of 1 could be
used to facilitate the development of high-channel count
systems in which the reduction in the computational com-
plexity of receive beamforming without compromising the
image quality is critical (e.g., 3-D beamforming for a 2-D
array transducer with hundreds or thousands of elements).

However, the TSD-based PRBF with n > 1 (e.g., n of 3)
could be beneficial to the development of low-end ultra-
sound systems in which significant reduction in the cost,
size, and power requirements is needed, and a small degra-
dation in image quality would be tolerable. These low-cost
ultrasound systems have the potential to facilitate more
widespread use of ultrasound technology in local clinics
(e.g., used in screening the patients by the general prac-
titioners [21], [22]) and/or in remote patient management

in distributed diagnosis and home healthcare environments
[20], [23], [24].
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Fig. 16. Total number of multiplications and additions needed to
support the QD- and TSD-based PRBF.

V. CONCLUSIONS

In this paper, the new two-stage demodulation method
has been presented. Although significantly reducing the
hardware complexity compared to the commonly-used QD,
the developed method could suffer from image artifacts
due to nonlinearity in dynamic focusing leading to sam-
ple selection error during demodulation, and signal alias-
ing due to the presence of harmonics during beamforming.
From simulation and phantom studies, the SSE in the de-
veloped method has been found to have a negligible impact
on the image quality in terms of spatial and contrast res-
olution. Upon reducing the beamforming frequency, how-
ever, further hardware reduction is possible at the cost of
small degradation in image quality. Thus, the two-stage
demodulation method would be useful in supporting the
image quality requirement in large-channel count systems
(e.g., 3-D) as well as reduced complexity requirement in
low-end (e.g., portable) ultrasound systems by controlling
the beamforming frequency used during phase-rotation-
based-beamforming.

APPENDIX A
A. Output Expression with the QD-Based PRBF
Assuming the RF signal as given in (1), the in-phase and
quadrature components after mixing for the k" channel
are given by:

B} [m] = ug[m] cos|wom]

= %(Aﬁg [m] + Aj,[m] cos[2wom] — Af [m] sin[2wom]),

(A1)
Bl[m] = ug[m] sinjwom)
= %(—AZ [m] + Aj[m] sin[2wom]
+ A}l [m] cos[2wom]). (A2)

The mixed signal contains harmonics at £2f; in addi-
tion to the baseband component. These harmonics can be
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Fig. Al. A(m, k) as a function of the imaging distance for the out-
ermost channel of a 32 element linear array transducer.

removed by applying a lowpass filter. The outputs after
lowpass filtering are given by:

J/2—1 J/2—1 0, AL + ]
Cilml= Y @;Bim+j= Y “TL
j=—J/2 j=—J/2 (A3)
J/2—1 J/2—1 .
,Aq
Clml= > a;Bilm+jl=— > LT k[m—u],
j=—J/2 j=—J/2 (A4)

where J is the filter tap size and a; is the filter coefficient
for the j** filter tap. Dynamic focusing is performed for
coherent summation of signals from various channels. To
achieve focusing at the I*" sample, the [m+A[m, k]]*™* com-
plex baseband sample is selected, where m is nl, | varies
from 1 to L, L is the number of beamformed samples per
scanline, and A[m, k| is the dynamic focusing delay ap-
plied to account for the delay difference between the k"
receive channel element and the center element. The de-
layed complex baseband samples are phase rotated prior
to summation across the channels [13], [14]. The output
obtained after phase rotation and summation across the k
channels are given by:

%gﬂm[@m+Ammm%MAWMw

Z') = —Clm + Alm, k]] sin[woA[m, k]]

k=—K/2
1=1,2,...,L, (A5)

K/2—1

- 3w

Cilm + Alm, k] sinfwo Alm, k]
el |

+C}[m + Alm, k] cos|wo A[m, k]|
1=1,2,...

L, (A6)

where by, is the apodization coefficient for the k*" channel.
Eq. (A5) and (A6) can be rewritten as:

K2-1 g2t
J

Yoy Y

k=—K/2 j=-J/2

[ Ab[m + 7 + Alm, k] cos[woAm, k]] | (AT)

+ Al [m + j + Alm, k] sinfwoA[m, k]]
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Fig. A2. Frequency spectrum of the phase compensated signal for the outermost channel at the imaging depths of (a) 5 mm, (b) 10 mm,

and (¢) 15 mm.

K/2—1 J/2—1 a
_ J
- Sy Y
k=—K/2 j=—J/2

Xy%m+j+NmﬂhmwAm$ﬂ§M)

—Alm + j + Alm, k]] cos[woA[m, k]

Because A[m, k| is not restricted to integer values, the
samples required for receive focusing at various depths do
not fall exactly on the uniform sampled data ((A7) and
(A8)). Ideally, interpolation needs to be performed to ob-
tain the sample values, but it is typically not performed,
resulting in a time quantization error. This error is consid-
ered negligible because a slowly varying baseband signal is
sampled [13], [14].

B. Output Expression with the TSD-Based PRBF

Assuming the same quantized RF data as expressed in
(1), the output signals after phase rotation beamforming
(i.e., dynamic delay, phase rotation, and summation) with
the proposed two-stage demodulation are given by:

C'l =
K/2-1 Ajlm + Alm 7k]]COS[WOA[m,k]

]

+AW+N,MmM@WM]
Z i +AL[m + Alm, k]] cos[2wom + 3woA[m, k] |
[

—K2 |yl 4[m + Alm, k]] sin[2wom + 3woAlm, k]]
(A9)
il =
e A [m + Alm, K] sin[wo A[m, k]

Aq Lm + Alm, k] cos[woA[m, k]|
Z by x + AL [m + Alm, k]| sin[2wom + 3woA[m, k]]
—K/2 —|—Aq [m + Alm, k]] cos[2wom + 3woA[m, k]

(A10)

Thus, in addition to the baseband component, there
is a signal component at the frequency of [+2wom +
3woA[m, k]]. The impact of an additional frequency term
(i.e., 3wpA[m, k]) at £2fy depends on the magnitude and
rate of change of A[m,k] as a function of axial distance
(i.e., m). For example, if A[m, k] is constant with depth, it
only will introduce a phase shift in the harmonic centered
at +2fy. As shown in Fig. Al for the outermost channel
of a 32-channel linear array transducer, Alm, k] decreases

Imaging rangc is 5.06 mm to 9.73 mm Imaging range is 5.06 mm to 9.73 mm
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Fig. A3. Frequency spectrum of the summation signal in the TSD-
based PRBF at the imaging depth of 5 mm (a) without dynamic
aperture and (b) when dynamic aperture with f-number of 1.

exponentially with imaging distance. Thus, the effect of
the additional frequency component decreases as the imag-
ing distance increases. Fig. A2 shows the frequency spec-
trum of the phase-compensated signal in the TSD-based
PRBF for the outermost channel (i.e., complex signal be-
fore summation) as the imaging depth is increased from
5 mm to 15 mm when the received signal is modeled as
a sine-modulated Gaussian signal with BW = 1.4f; and
fot = 4fo. As shown in Fig. A2, the additional frequency
term causes a shift in the harmonics, and this shift is re-
duced as the imaging depth increases. Furthermore, the
baseband component still can be recovered from this sig-
nal at various imaging depths. Fig. A3(a) shows the sum-
mation signal (i.e., C*[l] +jC9[l]) for the imaging depth of
5 mm.

As shown in Fig. A3(a), the summation of the signals
from various channels reduces the frequency shift in the
signal harmonics. The frequency shift can be further re-
duced by using dynamic aperture during receive beam-
forming as shown in Fig. A3(b), which shows the result
with f-number = 1. Similar results also are obtained for
other transducer configurations. Thus, the signal compo-
nent at [£2wom + 3woA[m, k]| can be removed by lowpass
filtering, and the signal after lowpass filtering is given by:

K/2—-1 J/2-1
— aj
- Sy Y

k=—K/2 j=-J/2

Al [m + nj 4+ Alm + nj, k]] cos[woAlm + 07, k]|
+Al[m + nj + Alm + nj, k] sinwoAlm + nj, k]]

(A11)
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K/2—1 Jj2—1 a
70 =Y by, EJ
k=—K/2 j=—J/2

Al [m +nj + Alm + nj, k]| sin[woA[m + nj, k]
—Al[m+nj + Alm + nj, k] coswoAlm + nj, k]| | ©
(A12)

As seen by comparing (A7) and (All), incorrect sam-
ples are selected during demodulation filtering in the TSD
compared to the QD (i.e., samples based on (m + nj +
A[m + nj,k]) are selected in the TSD as opposed to
(m+j+ A[m, k]) in the QD). A potential TSD SSE com-
ponent, (n —1)j, is due to downsampling of the input sig-
nal during lowpass filtering in the TSD-based PRBF when
1 > 1. In the absence of aliasing in the downsampled sig-
nal, this will not introduce any signal degradation if the
lowpass filter coefficients (a;) are updated with changing
values of 7 [15]. However, the SSE component due to the
nonlinear nature of dynamic focusing can introduce signal
degradation and is given by:

(A13)
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