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Abstract—New non-imaging ultrasound applications, such as
ultrasound stimulation and ultrasonic power transfer, need sub-
millimeter volumetric spatial resolution, electronically control of
the focal spot location, high ultrasound intensity, and a tiny form
factor. Satisfying these requirements demands a high-frequency
phased array ultrasound transducer. On the other hand, the pitch
size in a phased array must be half of the sound wavelength
to avoid grating lobes in the ultrasound beam profile. In other
words, higher frequency results in a smaller available area to im-
plement a high-voltage electronics beamforming channel. While
prior efforts have reached a maximum frequency of 8.3 MHz, this
work utilizes a low area high-voltage level shifter coupled with
optimum phase wrapping to present two 15 MHz and 12 MHz
pixel-level pitch-matched beamforming channels that deliver 20
V and 36 V to the ultrasound transducer load, respectively.
Furthermore, the phase of the output is programmable with 3-
bits resolution that allows fine control of focal spot location. The
proposed beamforming channels have been implemented in 0.18-
pm BCD technology and consume 960 A and 1.23 mA from 20
V and 36 V power supplies, respectively.

Index Terms—ultrasound phased array, ultrasound transduc-
ers, ultrasound stimulation, ultrasonically powered, ultrasound
neuromodulation, phased array beamformer, high-voltage beam-
forming channel.

I. INTRODUCTION

Emerging sub-mm scale ultrasound (US) biomedical ap-
plications, such as ultrasound neuromodulation [1], [2] and
ultrasonic power transfer for medical implants [3], [4], de-
mands new US transmitters, Fig. 1. Opposing to the traditional
ultrasound imaging systems [5], these applications require the
development of 2D ultrasound phased array transmitters that
can focus continuous ultrasound waves with peak acoustic in-
tensities above 1 W/cm? and pulse duration in the millisecond
range [6]. In addition, improvements in the volumetric spatial
resolution of the produced focal spot should accompany the
ever-shrinking size of ultrasonically powered implants, which
can be as low as 0.065 mm? [7] for shallow implants, and
match the micrometer scale of neurons in both deep and
cortical circuits. These specifications, in turn, demand the
ultrasound frequencies above the typical 3-5 MHz used in
ultrasound imaging [8], [9]. These requirements impose severe
constraints on the design of 2D phased array electronics,
both in the reduced pixel available area imposed by the
half-wavelength two-dimensional pitch and in delivering high
voltages to the transducer elements.

In order to overcome these limitations, two 2D phased
array ultrasound transducers have been introduced in [10],
[11]. However, despite achieving high ultrasound intensity
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Fig. 1: A conceptual ultrasound transmitter performing both ultrasound
neuromodulation and powering implanted devices in the human brain.

and deep penetration depth, the relatively low ultrasound
frequencies of 1 and 3.4 MHz limit the volumetric focal spot
resolution to cubic-mm range. The generated focal spot’s size
is far from the desired resolution for precise neuromodulation
or powering micro-scale medical implants. [12] has tried to
improve the focal spot resolution by pushing the frequency to
8.3 MHz. However, the ultrasound intensity at the focal spot
is less than 100 KPa, while both US neuromodulation and
US power transfer require an ultrasound pressure in the range
of MPa. This paper proposes two pixel-level pitch-matched
high voltage beamforming channels that pave the way for
implementing a high-frequency 2D phased array ultrasound
transducer. While the proposed beamforming circuits can drive
the ultrasound transducer elements with continuous pulses of
20 V and 36 V, respecting the half-wavelength 2D pixel area
avoids the generation of grating lobes in the US beam profile.
Moreover, controlling the phase of the output signal with 3-
bits resolution enables fine control of the focal spot location.

The organization of the rest of the work is as follows:
Section II discusses the system design of the corresponding
2D phased array US transducer. Then, Section III describes the
circuit design of the proposed beamforming channel. Section
IV presents the experimental electrical characterization of the
CMOS chip, and Section V concludes the paper.

II. SYSTEM DESIGN

In a 2D phased array US transducer, as depicted in Fig. 2,
a CMOS chip drives the transducer elements with a given
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Fig. 2: Principal properties of a 2D phased array ultrasound transducer.

frequency of fyg, representing the resonance frequency of
the US transducers, and the specific phase of ®. On the
transducer array side, an array of N x N US transducer with
the inter-element pitch of d generates ultrasound waves to form
a steerable focal spot.

Designing a phased array for non-imaging applications
demands a comprehensive investigation of the relationship
between the aforementioned characteristics. The most impor-
tant variable affecting focal pressure and volumetric resolution
is the frequency, fys. [12] has shown that increasing the
frequency leads to finer focal spot dimensions as well as
higher phased array gain. In addition, expanding the number
of elements, N, has a direct influence on improving focal spot
resolution and gain [13]. In order to avoid grating lobes in the
beam profile and achieve maximum steering capability, d must
equal sound half-wavelength, \/2. In this regard, increasing the
frequency, in other words, decreasing A, results in a smaller
pitch size. Therefore, the available area for implementing a
pixel-level pitch-matched circuit decreases with frequency.

In order to change the focal spot location electronically,
phasing of the US transducers is required. However, wrapped
phased can be used instead of absolute phase in non-imaging
applications, as shown in Fig. 3(a) [12]. Furthermore, phase
quantization prevents complex circuits in the beamformer
while allowing precise steering. Fig. 3(b) depicts the influ-
ence of phase quantization on the normalized output pressure
through k-Wave simulations [14]. It is clear that normalized
focal pressure and volumetric spatial resolution do not signif-
icantly improve for phase resolution above three bits. In this
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Fig. 3: (a) Phase of transducer’s elements in a row or column. (b) Influence
of phase quantization on focal spot properties of a 20x20 US array at depth
of 2 mm and steering angle of 15°.
regard, this work implemented 3-bits beamforming channels
to avoid over designing as same the prior works [11], [12].

According to the discussion in this section, increasing N
and frequency improve volumetric resolution and phased array
gain. However, increasing N leads to higher occupied area,
which complicates implementing a wearable device further. In
this regard, this work aims to design a high-frequency beam-
forming channel that fulfills the high-frequency requirements
of the target applications. Moreover, generated US pressure
is proportional to the driving voltage; thus, achieving the
necessary focal spot pressure requires high driving voltages
[11]. Therefore, a 36 V beamforming channel is designed that
occupies only 60x60 um?. Utilizing this beamformer, a 12.5
MHz pixel-level pitch-matched 2D phased array US transducer
can be implemented. To push the frequency higher, another
50x50 pm? beamforming circuit channel is implemented that
can drive the transducer elements up to 20 V and 3-bits
phasing.

III. ELECTRONIC CIRCUIT DESIGN

The electronics circuit of a 2D phased array transmitter, as
illustrated in Fig. 4, consists of course digital-to-time converter
(DTC), clock buffer tree, and beamforming channels. Course
DTC transforms an external clock into delayed clocks with
specific timing resolution [15]. Then, a clock buffer tree
distributes these clock among beamforming channels. This
paper presents two beamforming channels that deliver 36 V
and 20 V to the transducer elements. As depicted in Fig. 5,
the 36 V beamforming channel includes a multiplexer, 3-bits
shift register, 1-bit DTC, a 1.8-5 V level shifter, a high-voltage
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Fig. 4: System architecture of the electronics circuit of a 2D phased array US
transducer.
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Fig. 5: The schematic of proposed 36 V beamforming channel in 6060 pm?.

level shifter, and an HV driver. The shift register stores the data
corresponding to the phase of the beamformer. Based on this
data, multiplexer passes one of the course DTC’s clocks to
1-bit DTC. The fine DTC is implemented utilizing a simple
inverter and a 2-1 multiplexer that selects either the input clock
or the inverted of input clock. In the next step, the level of
the clock shifts to 5 V, using a level shifter, to drive HV
transistors. While the clock is directly connected to the gate of
HV NMOS transistor, a high voltage level shifter is required
to change the level of the voltage to 36 V, allowing to turn
on and off the HV PMOS transistor. The last block is the HV
driver that is implemented using a simple HV inverter to drive
the transducer element.

Several architectures have been presented in the literature
to implement an HV level shifter. However, either they have
utilized HV transistors [16] that occupy a large area or used
low voltage transistors in deep-NW layer [17] that require
large separation distance. [11] has utilized an high-pass RC
filter parallel with a diode to implement an HV level shifter.
To save area, we have used this architecture without the diode,
while C; and R; are implemented using metal-oxide-metal
(MOM) capacitor on top of the active circuit and poly resistor,
respectively. The value of C; and R, are selected enough large
(i.e., 400 fF and 800 K2) to push the corner frequency of the
high-pass filter close to DC frequency. This may increase the
power dissipation from 5 V power supply that is ignorable
in compression with the power consumption from HV power

CLK_IN 1.8-5V

Level shifter

3-bits DTC

D, D, Dy
3-bits shift register

Fig. 6: The schematic of proposed 20 V beamforming channel in 50 x50 pum?.
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Fig. 7: The micrograph of the pixel-level pitch-matched beamforming chan-
nels.

supply. Furthermore, Connecting the top connection of R; to
36 V results in a pulse that changes between 33.5-38.5 V. The
overshoot voltage may damage the HV PMOS transistor. To
overcome this problem, we connected the resistor to 34 V,
leading to a shifted pulse of 31.5-36.5 V. The external power
management block generates 34 V power supply from the 36
V power supply in such a way that the source-gate voltage of
the HV PMOS transistors never exceeds 5 V.

As discussed in the previous section, higher frequency and
driving voltage leads to higher US pressure in the focal
spot. However, employing large HV transistors increases the
beamforming channel area, which limits the frequency to avoid
the appearance of grating lobe in the US beam profile. To push
the frequency higher, a 15 MHz 20 V beamforming channel is
designed by utilizing 20 V HV transistors that occupy smaller
area compared with 36 V HV transistors. As shown in Fig. 6,
this circuit uses a 3-bits DTC to generate a delayed clock from
an external clock (i.e., CLK_IN) inside the channel. Then,
the level of the delayed clock is shifted to 5 and 20 V to drive
the HV transistors.

IV. MEASUREMENTS RESULTS

The proposed beamforming channels have been realized in
TSMC 0.18-um HV BCD technology. The chip micrograph
is shown in Fig. 7. While the 36 V beamforming channel
is implemented in an area of 60x60 ,umz, the total area,
including pad and pad drivers, occupies 850x1200 pm?.
While HV transistors are responsible for 70% of the occupied
area, LV circuits and HV level shifter occupy 23% and 7%
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Fig. 8: Measured output waveform of 36 V beamforming channel for two
delay settings of ”000” and "100”.
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Fig. 9: Measured output waveform of 20 V beamformer for different phase
configurations.

of the pixel area. The 20 V beamforming channel occupies
950x950 pm?2, although the beamformer is implemented in a
square of 50x50 pm?.

To analyze the performance of the 36 V beamformer,
four external 12.5 MHz delayed clocks were applied to the
beamformer. The beamformer selects one of the delayed clocks
according to the two least significant bits (LSBs) stored
in the shift registers. Then, the most significant bit (MSB)
determines whether the clock or inverted clock can pass to the
level shifter. Different configuration was applied to evaluate
the circuit’s functionality. The measurement results showed
that the maximum differential non-linearity (DNL) is 3 ns
which is less than half of the timing resolution (i.e., 5 ns).
Fig. 8 depicts the output of 36 V beamformer when two
different configurations of ”000” and 100 were applied to
the shift registers. However, the voltage limit of available high-
voltage probes limited the applied voltage to 20 V during the
measurements. The beamforming channel consumes 1.23 mA
from 36 V power supply, while the power consumption from
low-voltage supplies is negligible.

In the next step, the functionality of the 20 V beamformer
was evaluated by applying a 60 MHz external clock to the
circuit. Then, the beamformer delivers a 15 MHz 20 V pulse to
the load with a 3-bits programable phase. The output signal for
different delay settings is shown in Fig. 9. Since linearity is the
most important characteristic of time-based circuits [18], the
delay transfer function of the proposed circuit was measured,
Fig. 10. The maximum DNL of the transfer curve is 2 ns
that is less than half of timing resolution (i.e., 4.2 ns). The
proposed beamforming channel consumes 960 yA from 20 V

[
>

010 011 100 101 110 111
Digital input

000 001

Fig. 10: Delay transfer function of 20 V beamforming channel.

TABLE I. COMPARISON OF THIS WORK WITH STATE-OF-THE-ART BEAM-
FORMING CHANNELS

[9] [11] [12] This work
Application Imagin Neuromod- Neuromod- Neuromod-
pp ging ulation ulation ulation
0.25-pm  0.18-pm  0.18-pm
Technology HV HV LV 0.18-um HV
12 @ 36 V
Frequency (MHz) 5 34 8.4 15@ 20 V
60 @ 36 V
. 250 250 135
Pitch («m) 50 @ 20 V
(1.67)) (0.57)) (0.91)) 0.5))
Out Vpp (V) 50 60 5 20 and 36
Phase quantization 10-bits 4-bits 6-bits 3-bits

power supply.

Table I shows this work against state-of-the-art beamform-
ing circuits for non-imaging US applications. The proposed
beamformer delivers up to 36 V to the US transducer while
occupying only 60x60 pm?. In this regard, the proposed
beamformer can be utilized in a high-frequency 2D phased
array transducer, capable of generating programable high-
voltage pulses. In terms of phase quantization, this work has
shown that 3-bits phase quantization, either at the pixel or at
the periphery level, can maximize focal pressure and spatial
resolution, thus avoiding more area and power consuming
circuits as in [11] and [12].

V. CONCLUSIONS

This paper presents two beamforming channels that pave
the way for implementing a high-frequency phased array US
transducer. At first, a system design analysis was established to
investigate the relationship between frequency, driving voltage,
and US parameters. K-Wave simulations showed that 3-bits
phase quantization can steer the ultrasound beam without
affecting volumetric spatial resolution and US intensity in the
focal spot. In this regard, this work designed and realized
two 36 V and 20 V beamformer channels in 60x60 pm?
and 50x50 pm?, respectively. The 36 V beamforming channel
achieves 3-bits quantization through 1-bit in-channel phasing
and receiving four delayed clocks from course DTC. On the
other hand, 20 V beamforming channel does 3-bit quantiza-
tion inside the channel. The measurement results proved the
performance of the proposed beamforming channels in terms
of driving capability up to 20 V and 3-bits phasing with a
maximum DNL of half of the timing resolution.
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