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Abstract— We present an area- and power-efficient application-
specific integrated circuit (ASIC) for a miniaturized 3-D ultra-
sound system. The ASIC is designed to transmit pulse and receive
echo through a 36-channel 2-D piezoelectric Micromachined
Ultrasound Transducer (pMUT) array. The 36-channel ASIC
integrates a transmitter (TX), a receiver (RX), and an analog-to-
digital converter (ADC) within the 250-um pitch channel while
consuming low-power and supporting calibration to compensate
for the process variation of the pMUT. The charge-recycling
high-voltage TX (CRHV-TX) in standard CMOS generates up
to 13.2-Vpp pulse while reducing 42.2% peak TX power con-
sumption. Also, each CRHV-TX automatically calibrates exci-
tation voltage according to acoustic pressure of pMUT. The
dynamic-bit-shared ADC (DBS-ADC) shares the most significant
bits (MSBs) among four channels based on the signal similarity
between adjacent channels. The analog front end (AFE) with
a received signal sensitivity indicator (RSSI) changes its gain
adaptively in real time depending on input signal strength. The
ASIC consumes 1.14-mW/channel average power with 1-kHz
pulse repetition frequency (PRF) and three TX pulses per cycle.
The ASIC in 0.18-um 1P6M Standard CMOS has been verified
with both electrical and acoustic experiments with a 6 x 6 pMUT
array.
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I. INTRODUCTION

ECENTLY, demands on miniaturized 3-D ultrasound

systems, such as transesophageal echocardiography
(TEE) [1], intracardiac echocardiography (ICE) [2], and
intravascular ultrasound (IVUS) [3], are increasing due to
their real-time imaging with relatively low cost and decent
resolution (see Fig. 1). Imaging resolution and its field-of-
view (FoV) can be improved by integrating more transducer
channels; however, as the channel number increases, the power
consumption becomes an issue. For an implantable/in-body
ultrasound system, overall power consumption (both peak and
average), which contributes to the overall self-heating of the
system, should be kept below 0.5 W, which is the power
requirement of the TEE [4], to avoid excessive tissue tem-
perature elevation [5]. Therefore, a 36-channel system should
consume less than 13.9 mW/channel. Especially, localized hot
spots should be avoided to prevent cell damages [6], [7].
Previous works that integrate a power-consuming transmit-
ter (TX) and centralized analog-to-digital converter (ADC) [8]
can cause localized hotspots; therefore, it is more suitable
to have each transceiver (TRX) integrated in-pixel to min-
imize such hot spots. Moreover, the in-pixel TRX design
also supports the vertical connection between transducers and
the CMOS [9]-[11], which relieves bulky, cumbersome wire
connection and parasitic resistance/capacitance. Also, the inte-
gration of the in-pixel ADC does not limit the beamforming
(BF) algorithms. To achieve the in-pixel TRX design, a major
challenge is the integration of a TX, a receiver (RX), and an
ADC within the tight area budget.

Unlike previous works that adopt lead zirconate
titanate (PZT) or a capacitive Micromachined Ultrasound
Transducer (cMUT) as a transducer, we utilize the bimorph
piezoelectric Micromachined Ultrasound Transducer (pMUT).
The bimorph pMUT requires a lower driving voltage to
generate the acoustic pressure as its driving sensitivity is better
than other transducers [12]. Therefore, the power consumption
of the TX, which is the most peak-power-consuming block,
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can be reduced. Moreover, unlike the cMUT that requires a
high dc biasing (30-200 V) [13] that results in a complicated
power management unit (PMU) and leakage issue, the pMUT
does not need dc biasing.

However, the pMUT suffers from large process variations
in physical dimensions and film thickness, which significantly
impacts their acoustic pressures, especially in the multi-
channel array [14]. To avoid degradation of image resolution,
the application-specific integrated circuit (ASIC) must com-
pensate for the variation by calibrating its excitation voltage.

To resolve the aforementioned issues, we present an ultra-
sound TRX ASIC for the bimorph pMUT array. The ASIC
is optimized in both system and circuit levels [15]. As a
proof of concept, 36 channels are integrated as a prototype,
while the design is scalable to a larger aperture. The dedicated
ASIC is composed of 36-channel ultrasound transceivers that
are designed to match 250-um pMUT pitch while includ-
ing all a TX, an RX, and an ADC within each channel.
To reduce the average power consumption of each channel,
the dynamic-bit-shared ADC (DBS-ADC) shares the most-
significant bits (MSBs) among four adjacent channels. More-
over, the charge-recycling high-voltage TX (CRHV-TX) reuses
the charge, which is used to deflect the pMUT membrane to
reduce peak power consumption. The CRHV-TX is compatible
with standard CMOS that is free from the bulky diffusion
area. To compensate for the process variation of the pMUT,
each CRHV-TX calibrates its excitation voltage corresponding
to the measured acoustic pressure. Using higher frequency
provides better resolution but at the cost of fewer penetration
depths. To handle this tradeoff, the ASIC has a programmable
TX frequency of 1, 2, 5, and 10 MHz that translates to
the theoretical penetration depth of 25, 12.5, 5, and 2.5 cm,
respectively. To generate acoustic pressure for such a target,
we drive the bimorph pMUT with a unipolar 5-MHz 13.2-Vpp
TX pulse, and 36 pMUT channels were focused to increase
acoustic pressure. As a result, 0.2-MPa sound pressure was
generated for a 5-cm penetration depth (a 10-cm propagation)
at a 5-MHz center frequency.

The functionality of the ASIC, as well as the effectiveness of
the proposed techniques, has been successfully demonstrated
by both electrical tests and an ultrasonic imaging experiment.

The rest of this article is organized as follows. In Section II,
the proposed 3-D ultrasound systems will be introduced. Sec-
tion III discusses the key building blocks of the proposed ultra-
sound ASIC: 1) a CRHV-TX; 2) four-channel DBS-ADC; and
3) a received-signal sensitivity-indicator adaptive gain control
front end (RSSI-AGC). Section IV shows the implementation
and measurement results, and finally, Section V concludes this
article.

II. MINIATURIZED 3-D ULTRASOUND SYSTEM OVERVIEW
A. System Architecture

Fig. 2 shows the overall block diagram of the proposed
miniaturized 3-D ultrasound ASIC. It consists of 36-channel
ultrasound TRXs to control the pMUT array, an RSSI to
measure the input signal strength in real time, a PMU,
a phase-locked loop (PLL), and a digital controller. Each
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Overall block diagram of proposed miniaturized 3-D ultrasound

ultrasound TRX is composed of a CRHV-TX, an HV TX/RX
switch, an low noise amplifier (LNA), a programmable gain
amplifier (PGA), an analog delay cell, and a 10-bit successive-
approximation-register (SAR) ADC; the TRX has three key
features: 1) a CRHV-TX to reduce power consumption and
calibrate process variation of the pMUT, 2) an SAR-based
DBS-ADC to reduce power consumption, and 3) an RSSI-
AGC to calibrate the gain based on the input signal magnitude
in real time. A PMU generates high supply voltages (2 Vppm,
3 Vppu, and 4 Vppy), which is used for the CRHV-TX and the
TX/RX switch. The topology of the PMU is a cross-coupled
switched capacitor [16], and the PMU can be turned off if
the user wants to use an external supply. A PLL generates
a 200-MHz internal system clock by a 20-MHz external
clock. The 200-MHz internal system clock is used to control
the analog delay cell and the digital controller, and the 20-
MHz external clock is used to control the digital controller.
The digital controller communicates with an external imaging
device, correct pMUT aberration, and control TRX BF and
system. As the speed variation of each pMUT channel can
cause phase aberration that results in imaging degradation, the
aberration correction calibrates the time-of-flight variance of
each channel [17].
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Fig. 4. (a) Measured and fitted impedance characteristics of the pMUT (solid
line: measured; dotted line: fitted). (b) BVD equivalent electrical modeling.

B. pMUT Analysis

The pMUT matrix is fabricated in the silicon wafer and
consists of aluminum nitride (AIN) bimorph membranes that
formed the active transducer layers [12], [18]. The cross
section micro-scope image of the transducer and its cross-
sectional diagram are shown in Fig. 3(a) and (b), respectively.
The AIN/Mo/AIN layers are stacked with a thickness of 805,
130, and 855 nm. A top electrode and a bottom electrode
are grounded, and two middle inner and outer electrodes are
connected to the ASIC to control active piezoelectric layers.
The size of the pMUT matrix is 1.5 mm x 1.5 mm, and its
channel pitch is 250 gm. Four (2 x 2) pMUT elements are
connected in parallel in a channel to increase acoustic pressure,
and each element has a circular shape whose diameter is
120 um. As the current channel pitch of 250-xm is larger than
the optimal transducer pitch of 150-xm, it can cause a grating-
lobe issue. However, the transducer matrix pitch of 250-um
was the smallest pitch of the pMUT with the 5-MHz frequency
that we had at the time of development. The transducer pitch
is expected to decrease further as the transducer develops, and
the ASIC channel pitch would also need to shrink accordingly.

Fig. 4(a) and (b) shows the impedance characteristic
of a pMUT channel and its equivalent electrical model.
The pMUT device is designed for a center frequency
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of 5 MHz, and its resonance frequency is measured to
be 4.81 MHz. A Butterworth-Van Dyke (BVD) model [19]
with two additional parasitic capacitors is used for a sim-
plified model of pMUT, and it consists of six components:
shunt capacitor Cp (15.4 pF), Cs (1.93 pF), Ls (0.68 mH),
Rs (3.87 kQ), Cpar,out (17.3 pF), and Cparin (22.7 pF). The
curve fitting is drawn above the measured impedance charac-
teristics above Fig. 4(a).

The excitation voltage for the pMUT is decided by the
required acoustic pressure for target penetration. The 13.2-Vpp
excitation pulse is used to drive the pMUT, which generates
0.2 MPa for 5-cm penetration depth. All 36 pMUT elements
are excited, and another pMUT matrix is placed at the focal
point in vegetable oil. The pMUT receives 0.63-kPa acoustic
pressure after 10-cm propagation. The receive sensitivity of
the pMUT is measured into 82 mV/kPa, and its corresponding
input signal is 52 mV. As the pMUT operates under 13.2 Vpp,
which is less than a well breakdown voltage of the standard
CMOS, the ASIC for the pMUT can be integrated into stan-
dard CMOS. The standard CMOS offers more design feasibil-
ity, and the ASIC can use a more advanced process node if the
required excitation voltage is below breakdown voltage [20].

C. Design Parameters

The signal attenuation of ultrasound (A,) can be expressed
as follows:

Ay =0 xX2xdx f (1)

where a is the acoustic attenuation coefficient, d is the imaging
depth, and f is the frequency of the ultrasound. As the absorp-
tion is proportional to ultrasound frequency, a higher frequency
ultrasound has a limited depth of penetration while showing
high spatial resolution. In this work, the system is optimized
for a 5-MHz ultrasound operation to provide enough resolution
with decent penetration depth (5 cm). However, this ASIC
also supports programmable frequency (1, 2, and 10 MHz) for
other applications. As the acoustic signal penetrates through
the body with an attenuation rate of 1 dB/MHz/cm [21], the
signal attenuation is 50 dB for a 5-MHz center frequency and a
5-cm penetration depth. Also, the minimum display resolution
of 50 dB is required to distinguish the characteristics of the
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human organ [22]. On the other hand, an additional dynamic
range (DR) can be achieved through BF since it combines and
averages the signals. A total of 36 channels increase the DR
by 15.6 dB (2010g«/% dB). Therefore, a total target DR of
90.4 dB can be obtained by calculating the signal attenuation
of 50 dB, the minimum display resolution of 50 dB, imaging
saturation allowance of 3 dB, the noise threshold of 3 dB, and
BF of 15.6 dB (see Fig. 5) [23].

The gain of an LNA should be determined by the ratio of
the ADC input and the maximum amplitude of the LNA as
follows:

Max. ADC Input
Max. LNA Input

In this work, the maximum input of the LNA is assumed
to be 300 mV, and the maximum ADC input is set to its
supply voltage, 1.5 V. Thus, the required gain of the LNA is
14 dB + Margin, and the gain of LNA is determined to 20 dB
with a 6-dB margin [24]. The maximum gain of the PGA
is limited by 50 dB since the PGA compensates for signal

Gainpna = 20 - loglo( ) + Margin. (2)
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attenuation along with the depth of the target penetration
depth. Therefore, the required DR of the ADC is 40.4 dB.

III. HARDWARE IMPLEMENTATION
A. Charge-Recycling High-Voltage TX

The CRHV-TX drives the transducer to generate an ultra-
sound wave while showing higher power and area efficiency.
The frequency of the CRHV-TX is programmable among 1,
2, 5, and 10 MHz to control the penetration depth and spatial
resolution. Figs. 6 and 7 show the schematic of CRHV-TX
with its cross-sectional view and the schematic of the HV
TX/RX switch. The proposed miniaturized 3-D ultrasound
system requires a power-efficient TX, which is compatible
with standard CMOS. The previous works utilized large-size
high voltage double-diffused MOS (DMOS) with bipolar-
CMOS-DMOS (BCD) process to facilitate high voltage oper-
ation [25]. However, large-size DMOSs are hard to integrate
into area-hungry ASIC channels. Moreover, the TX cannot
be integrated into the most advanced process node and suffers
from process cost and parasitic components from the diffusion
area [26]. In contrast, the proposed CRHV-TX and the HV
TX/RX switch are fully compatible with standard CMOS,
where the stacked I/O transistors always operate within their
normal operating voltage range. By adapting the pMUT whose
required excitation voltage is 13.2 Vpp, the maximum voltage
difference between p-well and n-sub is less than well break-
down voltage with approximately 30% margin. In the CRHV-
TX, M,—M5 thick-oxide transistors are stacked with staggered
well potential, and the stress of each transistor is dispersed,
thereby compatible with the standard CMOS process. To con-
trol M,—M5 transistors, the level shifters LS'-LS* generate
clock signals in the proper voltage domain, and an internal
PMU supplies 2Vppu, 3Vppu, and 4Vppy to the level shifters.
Similar to CRHV-TX, the main path of the HV TX/RX switch
is also composed of stacked I/O transistors Mnj—Myg to
reduce the burden of each transistor under the well breakdown
voltage. The Mp;—Mpy transistors are used to control the
voltages of the stacked transistors correctly. The measured
ON-resistance of the HV TX/RX switch is 64-Q, which is
slightly larger than the ON-resistance of the conventional HV
TX/RX switch [27].
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Noting that the majority (83.5%) of the peak power dissipa-
tion in the ultrasound system comes from TX [28], a power-
efficient TX is crucial for safety [8]. The recurring large power
consumption of the TX can cause localized hotspots, which
leads to tissue temperature elevation. The proposed CRHV-
TX is configured with HV switches, operating in two separate
phases: In the charging phase, the outer electrode and the
inner electrode of the pMUT are connected to Vyigy and
ground, respectively. In the redistribution phase, the outer
electrode and the inner electrode are shorted together [17].
The piezoelectric membrane returns to its initial position due
to resilience and does not generate the acoustic wave. In the
next charging phase, the outer electrode charges from the
intermediate voltage

Cpar,out
Cpar,out + Cpar,in

instead of full Vg swing. For the conventional unipolar HV
pulser, the required power Pcony to drive the transducer is as
follows:

Vy = ViGH (3)

P CONV = f Cp VI—%IGH + f Cpar,out V]_%IGH. (4)

On the other hand, the power consumption of the proposed
charge-recycling pulser Pprop can be described follows:

Prrop
1 T
= fCpVition + ?/ i (t) Vigndt
0

VHiGH
T [Tf Cpar,out VHIGH - Tf Cpar,out VX ]

Cpar,oul c

= f Cp VéIGH +

— VHZIGH (5)

= fCoViign+ f
P HIGH Cpar,oul + Cpar,in

where T is the period and i(¢) is the current flows to charge
Cparout- As the voltage to charge the parasitic capacitors to
the ground on both electrodes is halved, the total power
consumption of the HV pulser can be decreased. In the
measurement, the total power consumption of the CRHV-TX
is reduced by 42.6% compared to conventional TX with a
1-cm external wire connection. As the proposed CRHV-TX
reduces power wasted in charging parasitic capacitors, the
further parasitic reduction from vertical integration can reduce
the percentage of the TX power consumption.

As the pMUT suffers from the process variation in physical
dimension and thickness, its acoustic pressure varies even with
identical excitation voltage. Fig. 8 shows the histogram of
the pulse-to-echo (P2E) maximum amplitudes of 36 pMUT
channels under the same excitation voltage, 13.2 Vpp. The
mean P2E maximum amplitude is 157.5 mV, and its standard
deviation is 19.64 mV, corresponding to a relative standard
deviation of 12.47%. As the non-uniformity of the acoustic
pressure degrades the efficiency of BF and causes an increased
level of side-lobes and image blurring [29], it is important to
equalize the acoustic pressure of each pMUT. In the CRHV-
TX, the calibration transistors M; and Mg are used to control
the pMUT excitation voltage at the channel level (see Fig. 9).
The gate voltages of M; and Mg are decided by the 3-bit
DACs, and the DACs are controlled by SAR digital logic
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automatically. If the calibration flag is transferred from an
external controller, each CRHV-TX is ready to control the gate
voltages of calibration transistors one by one. After placing
a metal plate right above the pMUT matrix, the generated
acoustic wave from the pMUT is directly reflected from the
surface of the metal plate, and the RX receives the reflected
echo. The received echo is digitized by an ADC and stored
in the digital controller. This process is repeated 36 times
for whole pMUT channels, and the controller calculates the
minimum P2E amplitude among the 36 results. Then, for
the pMUT channel whose P2E amplitude is larger than the
minimum amplitude, the gate voltages are controlled by SAR
logic until it reaches the nearest P2E amplitude. The change
of gate voltages of M; and Mg increases the drain voltages
of M; and Mg, resulting in decreased TX excitation voltage.
To control the current by the DAC, the calibration transistors
are operating in the linear region. As a result, the maximum
P2E amplitude of each pMUT channel, corresponding to the
round-trip signal amplitude, is equalized.

To provide the scalability of the TX calibration, it is
crucial to select the outliers among whole channels. As the
TX acoustic pressure is equalized to the lowest element,
the outliers whose generated TX pressure is too small can
degrade the whole TX efficiency during the TX calibration.
The controller decides whether the channel is dead or not
based on the RX output signal. If the digitized RX output
signal is too small, the algorithm regards the channel as dead.
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calibration.

Fig. 10 shows the measured CRHV-TX output while trans-
mitting 5-MHz, 13.2-Vpp excitation voltage, which results
in the generation of 0.2-MPa acoustic waves from the pMUT.
The solid line and dashed line in the second sub-graph depict
the output waveforms of the middle outer and inner electrodes
of pMUT, respectively. The solid line in the third sub-graph
represents the subtraction of the outer electrode from the inner
electrode, corresponding to the transferred pulse in the aspect
of the pMUT. In the charging phase, the output voltages of
the outer electrode and the inner electrode are 13.2 and 0 V,
resulting in the membrane deflection of the pMUT. In the
charge redistribution phase, on the other hand, the inner
electrode and the outer electrode are shorted together while
relaxing the pMUT membrane. Fig. 11 shows the acoustic
pressure calibration of the pMUT. In Fig. 11(a), the acoustic
pressures of four-channel pMUTs vary under the same excita-
tion voltage, 13.2 Vpp. The mean of P2E maximum amplitude
is 154 mV, and its standard deviation is 30.4 mV. After
calibration, the four-channel pMUTs are driven by 11.6-, 13.2-,
10.1-, and 12.8-V excitation voltages, respectively. As shown
in Fig. 11(b), the standard variation is reduced to 3.7 mV,
and the acoustic pressure of the pMUT matrix is equalized.
In Fig. 11, channel 3 shows the drifting because of the leakage
current. A resistor in parallel with the pMUT shunt capacitor is
measured in the damaged pMUT channel. The resistor causes
leakage current, resulting in loss of charge stored in the pMUT
and parasitic capacitors Cpron. The intermediate voltage at
the charge redistribution phase decreases, and the efficiency of
the charge redistribution reduces when leakage current occurs.
Fig. 8 shows the P2E maximum amplitude change of the
36 pMUT channels before and after the calibration. Before
the acoustic pressure calibration, the mean of P2E maximum
amplitude is 154.5 mV, and its standard variation is 19.64 mV.
After the calibration, the mean and standard variation is 111.9
and 6.10 mV, respectively. The generated acoustic pressure is
decreased but equalized.

B. Dynamic Bit-Shared-ADC

The implementation of the ADC inside tight pixel is
required to provide per-channel raw data accessibility without
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Fig. 12. Received signal similarity between the two adjacent channels.

limiting the BF algorithm and be robust to analog noise
corruption. The previous analog subarray BF or analog time-
division multiplexing limits the applicable BF algorithms or
reduces the imaging frame rate [10], [25]. However, the ADC
is the most energy-hungry block among the transceiver blocks
as the RX operating time in cardiac is 10-20 times longer than
the TX excitation time [9]. To reduce the power consumption
of the ADC, the adjacent channels can share the MSBs. When
the transmitted beam is focused, the echo signals are received
from one direction, and the received echoes have a high
correlation as they penetrate similar medium circumstances.
Fig. 12 shows the received signal similarity between two
adjacent channels when the BF is adapted with focal point
P. The fractional distance Al between two adjacent channels
can be expressed as follows:

Al(t) = \/r(t)z +2.r(t) - x-sin@) +x2—r(t)  (6)

where r, is a distance of the channel n to the focal point P, 0
is the angle of focusing, and x is a distance of the channel to
the reference point. The fractional delay Az of the channel can
be obtained from the fractional distance Al and the acoustic
speed ¢

Az (t) = %(t). (7)

Therefore, the phase difference of the received echoes between
two adjacent channels is Az, = 2Ar, where the prefac-
tor 2 accounts for the return path. The amplitude difference
is calculated by the fractional distance Al and the signal
attenuation based on (1). As two received echoes from adjacent
channels have similar amplitudes with deterministic delay, the
signal difference can be reduced after an analog delay that
operates under a 200-MHz clock frequency. The analog-delay
A7, can be expressed as follows:

Azy(r) = mod(Az, (1), ta) @)

where 7; is an analog delay resolution, 5 ns, in the 200-MHz
operating clock. The remaining delay after the analog-delay
At,; and the amplitude ratio of two inputs determines the
signal similarity between two adjacent channels. The signal
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difference between two adjacent channels AVy.x can be
described as follows:

AVmaX
. 2 A
_ maX(Vl . AAFE(sin(ant) _ aSlil(z?:(ffA;;t) )T(d)f)) )

where V; is an input signal voltage and Aapg is the gain of
the LNA and the PGA. Therefore, the sharable-bit between
adjacent channels can be calculated by the ratio P of the
voltage difference AV, to the amplified signal voltage Vapg
as follows:

. A Vmax
Sharable bit = 2 x QUOTIENT A

,2) (10)
LSB
where Ay gp is the step size of the LSB. For example, the phase
difference between two adjacent channels is 90.9 ns, the
amplitude ratio of two received signal is 0.984 when the trans-
ducer pitch x is 250 um, the BF angle 6 is 15°, the
penetration depth is 50 mm, and its medium is biomed-
ical soft tissue. The remaining delay Az; is 0.91 ns, and
the maximum voltage difference AV, is 49.1 mV with
a full-swing input range. The ratio P is 0.016, and the
sharable-bit between two adjacent channels is up to 4.9 bit
among 10 bit.

Figs. 13 and 14 show the proposed DBS-ADC schematic
and its timing diagram, respectively. The ADC is implemented
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Fig. 15. (a) Measured output spectrum of the DBS-ADC with a 0.97-MHz
input frequency. (b) Measured SNDR of the DBS-ADC regarding remaining
delay Atg4. (c) Percentage of the number of shared MSB in FoV 60°. (d) State-
of-the-art comparison (area versus power) for ADC (bandwidth: 10-30 MHz;
SNDR: 40~70 dB).

TABLE I
SNDR MEASUREMENT ENVIRONMENT EXAMPLE [SEE FIG. 15(B)]
Beamforming Ratio P | Delay Aty Shared Bit SNDR
9; = 25°%9, =0° | 0.0252 1.74 ns 2 40.57 dB
9, =14°9, =0° | 0.0151 0.54 ns 4 48.49 dB
9, =3%9,=0° 0.0044 0.1 ns 6 55.86 dB
0 (Ref) 56.93 dB

with the differential structure to reduce the common-mode
noise. A buffer is located between the analog delay cell and
the coarse/fine ADC to drive the ADC. The coarse ADC is
shared between four (2 x 2) adjacent channels to reduce
power consumption. The fine ADC is implemented inside
each channel to provide a per-channel digitized signal. The
resolutions of the coarse ADC and the fine ADC can be
selected among 0/2/4/6 and 10/8/6/4 bit, respectively. The
number of sharable bits and the required delay time of the
analog delay cells are determined by the look-up table (LUT)
which stores pre-determined 49 BF points. When the input
is received and amplified by the analog front-end (AFE),
the signal is sampled and held by the analog delay cells
with eight memory capacitors. The sampling switch Sk (1-8)
samples and holds the data with a 50-ns resolution. After the
predetermined delay, the readout switch Rk (1-8) of the analog
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TABLE 11
COMPARISON OF ULTRASOUND ADC

1917

[31] [32] 3] This Paper :
JSSC ‘17 JSSC ‘18 VLSI ‘19 0-bit shared 6-bit shared,
0.1ns delay
ENOB 9.66 bit 8.31 bit 7.98 bit 9.57 bit 9.06 bit
FOM, 7.77 x 10" 9.52 x 10° 3.79 X 10° 1.52X 10" 1.07 X 10"
FOM, 8.60 X 10" 1.63 x 10 3.01 X 107" 8.09 X 10 7.78 X 10
* AFE included

area while consuming a minimum of 0.83 mW/channel. The
HY SW(P) v Core Amplifier \)—‘ v ADC without bit-sharing consumes 1.23 mW. On the other
1 bl b hand, the ADC with 2-, 4-, and 6-bit sharings consumes 1.12,
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Fig. 16. Block diagram of the ultrasound receiver chain.

delay cells transfers the data to the coarse ADC with a 5-ns
delay resolution. Since the readout switch operates with a 5-ns
delay, the remaining delay At, is less than 5-ns, increasing
the sharable bits between adjacent channels. The coarse ADC
input is connected to the upper-left channel, and the digitized
MSBs are used to determine the switch polarity of the four
fine ADCs. The offset variation of the comparator degrades the
ADC performance. As four channels share one coarse ADC,
the offset difference in fine ADCs can degrade the SNDR of
each channel and cause the nonuniformity of the SNDR.

Fig. 15(a) shows the measured output spectrum of the
DBS-ADC when 0-bit MSB is shared and 6-bit MSBs are
shared with 0.1-ns remaining delay Az, (lateral BF angle: 3°
and elevation BF angle: 0°). The input signal is a 0.97-MHz
sinusoidal test input. The DBS-ADC achieves the peak SNDR
of 59.4 dB and the SFDR. Fig. 15(b) illustrates the SNDR
degradation with MSB sharing. The SNDR of DBS-ADC
under the same shared bit can differ according to the remaining
delay Az;. As remaining delay increases, the signal similarity
between channels decreases; the sharable bit of DBS-ADC
decreases. The remaining delay between adjacent channels
can cause signal clipping, resulting in the SNDR degrada-
tion of the ADC. As the focal point approaches the edge
of the FoV, the sharable bit of the DBS-ADC decreases.
Consequently, the SNDR of the DBS-ADC decreases. The
detailed examples of measurement environments of Fig. 15(b)
are described in Table I. Fig. 15(c) shows the percentage of
shared MSBs of the proposed DBS-ADC. The 61.22% of the
precalculated BF points share 4-bit MSBs, and the sharing
of the 2- and 6-bit MSBs occupies 26.53% and 12.24%,
respectively. The comparison with similar BW and SNDR [30]
is shown in Fig. 15(d), where the dashed line depicts a target
pixel area of 250 x 250 um?. The SAR-based DBS-ADC
occupies 0.026 mm?, which is smaller than the target pixel

0.98, and 0.83 mW, respectively. With a 60° FoV, the average
power consumption of the DBS-ADC is 1 mW; therefore,
an average 18.7% of the ADC power consumption is reduced
with a 60° FoV. Table II illustrates the comparison between
the DBS-ADC and the state-of-the-art ultrasound ADC. This
work shows similar ENOB and FOM compared to previous
works.

C. RSSI Adaptive Gain Control Front End

Fig. 16 shows the block diagram of the receiver chain. The
main path of the ultrasound receiver consists of an LNA and
a PGA, with the PGA transferring its output to the analog
delay cell through the buffer. To provide a large DR, the
LNA and the PGA can be bypassed by the switches that are
controlled by a digital controller. Conventionally, the gain of
the PGA is controlled by time, as the signal attenuation can be
calculated by received time and the acoustic attenuation ratio
in the deterministic medium. However, the medium of surgical
ultrasound imaging is heterogeneous, which is hard to assume
the acoustic property. The acoustic attenuation varies greatly
depending on the tissue, where the attenuation rate of blood,
bone, cardiac, connective tissue, and muscle is 0.20, 9.94,
0.52, 1.57, and 1.09 dB/cm/MHz, respectively [34]. Instead of
using pre-determined time-based gain control, an RSSI-AGC
changes its gain adaptively based on input signal strength in
real time. The output of the RSSI compares with threshold
voltages and generates digital codes to control the gain of
the PGA. A certain change of echogenicity can change the
PGA gain control, resulting in brightness change in ultrasound
imaging, which is undesirable. To prevent the brightness
change, the gain code of the PGA updates only one step at
a time. Also, the gain control code of each channel is stored
and transmitted to the external imaging device to avoid loss
of amplitude information.

The schematic diagrams of the LNA and the PGA are shown
in Fig. 17(a) and (b), respectively. As the area is constrained,
the open-loop topology has been used to reduce the occupying
area. The gain of the PGA is controlled by four steps, and a
2-bit digital code generated by the RSSI changes the switching
polarity of the G,-cell. As the pMUT process variation
also affects its receiving sensitivity, the currents of the LNA
and the PGA are programmable to compensate manually.
The measured input-referred voltage noise density at the
highest AFE gain setting is 19.3 nV/,/Hz, which is less than
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TABLE IIT
COMPARISON OF THE STATE-OF-THE-ART ULTRASOUND ASIC

[10] [25] [17] [31] [32] [36] [33] This Work
JSSC“18 | ISSCC*‘18 | ASSCC ‘16 | JSSC*17 | JSSC‘I8 | TBCAS‘l14 | VLSI‘19 1s Wor
Process 180 nm 180 nm HV 65 nm 28 nm 180 nm 130 nm 180 nm 180 nm
Transducer 2D PZT PZT / cMUT pMUT 2D cMUT 2D PZT 2D cMUT 2D PZT 2D pMUT
Center Frequency 5 MHz 7 MHz 0.1-5 MHz 5 MHz 5 MHz 3 MHz 5 MHz 5 MHz
In-Pixel Yes No No Yes Yes No Yes Yes *
Design (150-pum) (250-pum) (150-pm) (150-pm) (250-pm)
TX/RX per Ch. RX TX /RX TX /RX RX RX RX RX TX/RX
X
ADC per Ch. (IADC/ACh) X X (6] o X (¢} (0]
ADC
Architecture SAR - - AZ AT - SAR+SSS SAR
Area / ch. 0.025 mm’ | 0.45 mm’ 0.13mm* | 0.0625mm’ | 0.025 mm’ | 0.303 mm’> | 0.023 mm’ 0.0625 mm’
On-Chip Calib. No No Yes No No No No Yes
Max. TX Voltage - 60 V 6V - - - - 132V
57.9 dB (0-bit shared) ™"
SNR/channel 51.8dB N/A N/A 58.9dB 47 dB N/A 49.8 dB 54.6 dB (6-bit shared) e
2.02 mW (5 Vpp)
TX Power/ch. N/A N/A 12.8 mW (132 Vep)
RX Power/ch. 0.91 mW ' N/A N/A 17.5 mW 0.80 mW 17.81 mW 1.54 mW 0.95 mWw "2
TRX BF RX X X RX - RX RX TX/RX

" Out-of-pixel connection.

™ ADC only, excluding the analog front-end.

""" Sharing 6-bit MSBs between adjacent channels.
! 6.3 nV/VHz input-referred noise density @ 5-MHz
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Fig. 17. Schematic of (a) LNA, (b) PGA, and (c) RSSIL

the target DR of 91 dB. Due to power and area restrictions, the
noise of the RX path was not optimized. The main contribution
of the noise is the LNA as the size of the input transistors and
the current of the LNA are insufficient; On the other hand,
the size of the HV TX/RX switch is large to reduce the ON-
resistance of the switch, and the gain of the PGA is large.
Fig. 17(c) shows the schematic of the RSSI [35]. The RSSI
is composed of ten amplifier-rectifier (AR) cells that utilize
charge-reusing techniques to reduce power consumption, nine
bias filters, a current summer, and a ripple reduction filter.
The corner frequency of the ripple reduction filter decides the
ripple amplitude and the delay. The delay time of the RSSI is

™ On-chip calibration is necessary because of pMUT usage
52-dB PGA gain setting, 5-MHz signal, 0.1ns residual delay Az,

219.3 nV/NHz input-referred noise density @ 5-MHz
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Fig. 18. Measured receiver transfer function at four gain settings.

set to 0.7 us, and the hysteresis is adapted in the design of the
comparator to avoid a frequent change in gain due to the ripple.
Because of the delay time of the RSSI-AGC, the RSSI-AGC
cannot change its gain within one echo but changes between
the echoes. The gain of the further echoes is determined by
the previous echo. Therefore, if the reflector distance is too
long, the gain of the RSSI-AGC can be insufficient to amplify
the next echoes. The input of the RSSI is connected to the
closest lower-right pMUT electrodes, and the output of RSSI
is quantized by four comparators. The gain of the closest pixel
is controlled by the output of the RSSI directly. On the other
hand, the gain of other pixels is decided by the delayed RSSI
output, and the delay is pre-determined according to the pixel
location.

Fig. 18 shows the measured receiver transfer function at
four gain settings (19/30/52/73 dB), with an overall mid-
band gain range of 54 dB that satisfies the design parameter
explained in Section II-D. Because of the power and area
restriction, the worst AFE bandwidth with 73 dB gain is up
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Fig. 21. Peak power breakdown of one channel.

to 13 MHz, which results in noise folding. The RSSI output is
plotted (see Fig. 19) where the RSSI output range is set from
0.70 to 1.12 V. The received signal sensitivity was measured
from —110 to —25 dBm. Its linearized input DR is —105
to —35 dBm. As the RSSI measures the input signal on a
logarithmic scale, its DR is enough to measure the input signal
of the ultrasound.

D. Measurement and Implementation Results

The 6 x 6 ultrasound transceiver ASIC is integrated into
0.18-um 1P6M standard CMOS process while occupying an
area of 2.35 x 5 mm?>. Fig. 20 shows the ASIC micrograph,
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Fig. 23. (a) B-mode imaging P2E measurement setup. (b) Photograph of the
B-mode imaging measurement setup. (c) Received echo signal with a different
angle in the lateral direction.

including the detailed photo of the 2 x 2 subarray transceivers
and the microphotograph of the pMUT matrix. The area of
each channel is 0.0625 mm?. The CRHV-TX and the TX/RX
switch are occupying 0.02 mm?, 32% of a channel area. Also,
the area of the ADC and the AFE is 0.026 mm? (41%) and
0.017 mm? (27%), respectively. Each channel is connected to
the pMUT with two terminals. One terminal was integrated
above the channel. The other terminal is routed to a separate
pad located in the ASIC pad ring because the required bonding
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(a)

Fig. 24.
(c) with TX calibration and DBS-ADC.

distance for the vertical integration restricts the number of
pads in the channel. In case of a unimorph pMUT, a pad
inside the channel can be connected to the pMUT with vertical
integration, and the routed pads are connected altogether.
On the other hand, a die-to-die connection between ASIC-
pMUT through routed pads can be utilized for bimorph pMUT.
As a bimorph connection requires outer routing pads, the
ASIC array is hard to provide further scalability. However,
this article aims to open the door for further development and
the development of the vertical implementation can solve the
limitation of the outer bonding.

Table III illustrates the comparison of this article with the
state-of-the-art ultrasound ASIC for 3-D ultrasound imaging
systems. Based on Table III, this is the first work to propose an
in-pixel channel that integrates all TX, RX, and ADC. While
driving, the CRHV-TX consumes 2.02 and 12.8 mW when its
excitation voltage is 5 and 13.2 Vpp, respectively. The power
consumption of the CRHV-TX is less than 13.9 mW to satisfy
the peak power consumption restriction. Also, the CRHV-TX
supports per-channel calibration, and it is compatible with the
180-nm standard CMOS process. While receiving, the RX
with an in-pixel ADC consumes 0.93 mW, which is similar
power with the previous four-channel shared ADC [10]. The
obtained RX SNR is 57.9 and 54.6 dB when the DBS-ADC
shares 0- and 6-bit MSBs, respectively.

Figs. 21 and 22 show the peak power breakdown and the
average power breakdown of a channel, respectively. The peak
power breakdown is measured when a CRHV-TX insonifies
13.2-Vpp pulse and an RX sleeps; 98.4% of the peak power
consumption is dissipated by CRHV-TX. Due to CRHV-TX,
42.2% of the peak power consumption is reduced. The average
power breakdown is measured when TX insonifies 13.2-Vpp
pulse and DBS-ADC shares 6-bit MSBs between four adjacent
channels. The pulse repetition frequency (PRF) is 1 kHz, and
the number of TX cycles per pulse is 3. Unlike the peak power
consumption (dominated by TX), the RX including the AFE
and the ADC consumes 81.3% of the total average power
as the RX operating time is much longer than the TX; due
to DBS-ADC, 24.9% of the average power consumption is
reduced. As the TX operating duration is much shorter, the
power reduction of the TX is not the dominant factor for
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(b) (c)

Reconstructed B-mode images that measured (a) without TX calibration and DBS-ADC, (b) with TX calibration and without DBS-ADC, and

TABLE IV
MEASURED IMAGE PERFORMANCE OF FIG. 24
Fig. 24 (a) Fig. 24 (b) Fig. 24 (c)
i 8.73 dB 133dB 122 dB
Dynamic Range
Angular resolution 16.3° 13.7° 14.8°
Lateral resolution 1.27 mm 0.57 mm 0.83 mm

the overall power consumption; nevertheless, the TX power
reduction increases as the PRF, and the number of TX cycle
pulses increases.

The functionality of the full chip has been evaluated with
b-mode imaging of the three-wire phantom [see Fig. 23(a)
and (b)]. The phantom is constructed with polydimethylsilox-
ane (PDMS) that is an elastomeric polymer widely used for
biomedical sciences. Three wires with a diameter of 500 gm
are inserted inside PDMS, and the wires are located 25, 28,
and 35 mm above the bottom, respectively. The pMUT matrix
is placed below the PDMS, and the pMUT matrix is connected
to the ASIC board by the 74 external wires (72 wires for
the bimorph pMUTs, two wires for the ground). The acoustic
waves are transmitted from the 36-channel 5-MHz pMUTs
using 5-Vpp excitation voltage. The PRF is 1 kHz, and
the number of TX cycles per pulse is 3. The P2E signals
are recorded at —30° to +30° BF steering angle with 1°
spacing. The RSSI-AGC is enabled, and the sharable bit of the
DBS-ADC is determined according to the LUT. The digitized
signals are transferred to the field-programmable gate array
(FPGA) by 72 wires. The FPGA data are transferred to the
external imaging device. The standard delay-and-sum (DAS)
algorithm is used to perform BF in this measurement.

Fig. 23(c) shows the received digital outputs of the channel
with different angles in the lateral direction. The recorded
data show clear echo signals when the beam is steered toward
the wire, whereas no echo signal appears when the beam is
steered out of the wire. Even though the worst AFE bandwidth
is less than the Nyquist frequency, the third wire, which is
measured with a 73-dB gain, is still clearly distinguishable.
Finally, Fig. 24 illustrates three reconstructed B-mode images
in the lateral direction with different conditions, and Table IV
describes the measured performance of Fig. 24. As shown in
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Fig. 24(a), the reconstructed image without TX calibration
is less focused and more blurred compared to Fig. 24(b).
By utilizing the TX calibration, the image resolution and DR
are significantly improved. Fig. 24(c) shows the effectiveness
of the DBS-ADC. The number of shared bits in Fig. 24(c)
is angle-dependent and predetermined by LUT. The measured
DR and the resolution are comparable with Fig. 24(b) while
reducing power consumption.

IV. CONCLUSION

In this article, an ultrasound ASIC with a 6 x 6 pMUT
matrices has been designed and implemented for a miniatur-
ized 3-D ultrasound system. The proposed ASIC successfully
demonstrates the proof-of-concept, an in-pixel TRX channel
with the ADC. The proposed CRHV-TX recycles the charge to
improve the power efficiency while supporting the calibration
of TX acoustic variation in standard CMOS. The DBS-ADC
shares coarse ADC with adjacent four channels, in which
the number of MSB varies based on BF angle. The gain
of the RSSI-AGC is adaptively controlled by input signal
strength in real time. The peak power consumption of the
TX is 12.8 mW/channel while exciting 13.2-Vpp TX pulse,
which is reduced by 42.2%. The average power consumption
of the ASIC is 1.14 mW with 1-kHz PRF and three pulses
per cycle. Both peak and average power consumptions satisfy
the power regulation of the 3-D ultrasound system of 13.9
mW/channel. The proposed ASIC occupies 11.75 mm? in 180-
nm standard CMOS technology and is incorporated with 6 x 6
pMUT arrays. The ASIC demonstrates state-of-the-art power
efficiency and integration level and has been successfully
applied in an imaging experiment.
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