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Abstract—Power efficiency is critical for enabling the long-term
use of implantable and wearable ultrasound (US) neuromodula-
tion systems, where excessive power consumption leads to ther-
mal dissipation and frequent battery replacement. Conventional
therapeutic phased arrays typically generate equal pressures
from all elements, not taking into account the directivity of
each element, and thus the different source contributions to the
focal spot, leading to power inefficiency. Although prior methods
allow control of source pressure at the element level, such as
driver supply control, duty cycle adjustment, or deterministic
pulse skipping, they either require complex circuitry, introduce
dynamic switching losses, or cause undesirable temporal fluctua-
tions in focal pressure, respectively. To address these limitations,
we introduce a novel driving scheme that explores pseud-random
pulse skipping to control element-level source pressure and thus
optimize power consumption in 2D phased array ultrasound
transmitters. The pseudo-random pulse skipping approach al-
lows for regulating the source pressure in each element while
preserving a stable pressure at the focal spot, which is required
for therapeutic applications. The driving scheme for a single
element was implemented in an ASIC, and the result shows that
by having different percentages of pulse skipping, we can also
modulate the power consumption of the driving channel.

Index Terms—ultrasound neuromodulation, phased arrays,
power optimization, beamforming, pulse skipping

I. INTRODUCTION

Decades of technological advances in medical ultrasound
imaging have led to new biomedical ultrasound applications
such as neuromodulation[1], power delivery[2], and com-
munication[3] in biomedical implants. Microscopic focused
ultrasound stimulation[4] pFUS is one of such promising
new neuromodulation approaches. In this method, miniatur-
ized ultrasound transmitters deployed under the skull allow
higher frequency ultrasound waves to perform neuromodula-
tion, compared to neuromodulation by transcranial focused
ultrasound (tFUS)[1]. This leads to high spatial resolution
while maintaining high depth of penetration. Although to
utilize the full capability of pFUS, the design of a power-
efficient system is essential to minimize thermal dissipation
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Fig. 1: The comparison of (a) the conventional approach of
driving all the elements in a phased array with the same
amplitude regardless of the location of the focal point. (b) The
driving amplitude of elements is adjusted based on the location
of the focal point. (c) time diagram of different approaches
to modulate the power delivered to the elements in a phased
array.

and allow the use of battery-powered wearable and implantable
form factors. Prior work has been done to improve efficiency
using transducer fabrication[5] and circuit design optimiza-
tions[6][7]. Conventionally, controlling the power delivered
to a load is done by controlling the power supply of the
driver circuit[7], the duty cycle of the driving signal[8], or
pulse skipping. However, while the first requires extensive
and complex switching circuits, the second still imposes
dynamic power consumption due to switching; the latter leads
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to variable pressure over time (Fig. 2b), which may change
the resulting bioeffects. Furthermore, conventional therapeutic
pulsers typically drive the elements with equal amplitude as in
Fig. 1a, not taking into account the directivity of each element,
and thus the different source contributions to the focal spot,
leading to power inefficiency. In our previous study [9], it
was shown that optimizing individual source pressures based
on their contribution to the focal point (Fig. 1b) can reduce
power consumption by up to 25% to improve power efficiency.
This work proposes a pseudo-random pulse-skipping scheme
as an alternative to conventional power control methods. In
contrast with traditional methods, the proposed scheme allows
pulse skipping to be randomly distributed over time for each
element Fig. lc, showing that it can maintain the desired
pressure waveform at the focal spot over time (Fig. 2c).
Furthermore, we compare this approach with duty cycle (DC)
modulation. Even though pressure can be controlled using
duty cycle modulation (Fig. 2d), since most of the power
consumption is due to switching, the power consumption does
not change in this method (Fig. 2e). On the other hand, pulse
skipping can modulate both pressure and power consumption
(Fig. 2d and Fig. 2e), showing that the proposed approach is
beneficial for both pressure and power consumption control.
This work is organized as follows: Section II discusses the
proposed beamforming channel. Section III explores the elec-
tronic circuit design aspect of the work. Section IV presents
the measurement results. Section V concludes the paper.

II. PROPOSED BEAMFORMING CHANNEL ARCHITECTURE

As shown in Fig. 3, the block diagram of a beamforming
channel in a 2D phased array consists of shift registers to
store the correct data for the phase information, a digital to
time converter(DTC) to generate the desired phase shifts of the
beamforming channel in a 2D phased array, a 1.8V to 5V level
shifter and a high voltage pulser. In this work, we propose a
beamforming channel as shown in Fig. 3. The proposed beam-
forming channel has an extra sub-block of pseudo-random
pulse skipping to modulate the power delivered to the load
and the pressure field, allowing control of the power delivered
to each element individually. Pulse skipping is traditionally
used in DC-DC converters to reduce switching loss at low
load conditions, and is implemented using analog comparators,
leading to high power consumption [10]. In this work, to
minimize area and power consumption, pulse skipping is done
utilizing digital circuitry. Random pulse skipping is essential
in our application to maintain the uniform pressure field in the
focal spot. To this end, a pseudo-random pulse skipping circuit
is implemented. Additionally, a full-bridge class D power
amplifier has been used to increase the peak-to-peak voltage
delivered to the load to twice the high-voltage power supply in
comparison to the conventional half-bridge class D amplifiers,
where the peak-to-peak voltage delivered to the load is equal to
the power supply. The following sections discuss the circuit-
level design of each block. This work is designed to drive
PZT-5A transducers with a resonance frequency(F;.) of 4MHz.
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Fig. 2: The comparison of different approaches to modulate the
pressure in the focal spot (b) random pulse skipping(RPS) and
(c) deterministic pulse skipping (DPS) in terms of pressure at
the focal spot in the time domain, also duty cycle modulation
and random pulse skipping in terms of (d) normalized pressure
in the focal spot and (e) normalized power consumption, for
different percentages of pulse skipping/duty cycle modulation.
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Fig. 3: Block diagram of the proposed beamforming channel
with added pulse skipping and using a full-bridge class D
power amplifier (pulser).

III. ELECTRONIC CIRCUIT DESIGN
A. 3-Bit Digital to Time Converter (DTC)

Beamforming in a 2D phased array transmitter is achieved
by introducing precise phase delays to each element so that all
ultrasound waves interfere constructively at the desired focal
point in a 3D space. This allows the beam to be steered and
focused electronically, without mechanical movement. To gen-
erate these phase delays, different approaches are mentioned in
the literature, such as using a delay locked loop (DLL) [11], a
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Fig. 4: The circuit diagram of the 3-bit digital to time
converter.

finite-state machine(FSM) and N-bit counters [12], and digital-
to-time converters (DTC) [13]. In this work, a 3-bit DTC-based
phase delay generation system has been designed, as shown in
Fig. 4. This architecture has been chosen based on the fact that
for 3-bit phase delays, this architecture consumes much less
power and area compared to a DLL and FSM approach. This
allows a separate DTC for each channel, simplifying routing
and minimizing channel mismatches.

B. 3-Bit Pseudo Random Pulse Skipping (PRPS)

To implement the proposed pulse-skipping scheme, we
designed a 3-bit pseudo-random pulse skipping circuitry that
enables eight discrete skipping levels corresponding to dif-
ferent probabilities of transmitting or suppressing a pulse. To
this end, a 4-bit linear feedback shift register (LFSR) as in
Fig. 5a generates a pseudo-random bit sequence to decode the
skipping pattern and avoid deterministic artifacts. In addition,
the fourth bit is used to increase the randomness of the bit
sequence. Then, by feeding the bit sequences from the LFSR
to a digital circuit, we implement the eight various levels of
pulse skipping shown in Fig. 5b.

C. 1.8V to 5V Level Shifter (LS)

All phase control and pulse skipping circuitry operates on
a 1.8V power supply. A driver circuit inside each channel is
needed to shift the level of signals from 1.8V to 5V, utilizing
5V transistors. Fig. 6 depicts the level shifter and the buffer
chain needed to drive the high-voltage NMOS and PMOS
transistors in the high-voltage class D power amplifier. To
drive a full-bridge class D power amplifier, realized in this
work, four non-overlapping pulses are needed to eliminate the
risk of having a low resistance path from the power supply
to ground when both the PMOS and NMOS on one side of
the full-bridge are on, leading to high power consumption. To
generate these non-overlapping clock signals, an asymmetric
buffer chain has been used in this work, in a way that by
making one path of the signal slower, we ensure that we have
a dead-time between the signals.

D. High-Voltage Full-Bridge(H-Bridge) Pulser

In a beamforming channel for ultrasound applications, we
commonly need to drive transducers with high-voltage pulses
to acquire sufficient pressure using a high-voltage class D

CLKoO:
RSTo

(b)

Fig. 5: 3-bit pulse skipping circuit (a) 4-bit linear feedback
shift register to produce a pseudo random bit stream (b) the
digital circuitry to generate the 3-bit(eighth levels) of discrete
pulse skipping.
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Fig. 6: 1.8V to 5V Level Shifter circuit diagram consisting
of a single input level shifter architecture and an asymmetric
buffer chain to generate non-overlapping clock signals.

power amplifier (pulser). To implement such circuits in this
work, TSMC 180nm BCD technology is used. Fig. 7 depicts
two types of high-voltage pulser, including the high-voltage
level shifter. Fig. 7a shows one of the most common pulsers
in the literature, consisting of one NMOS and PMOS as a
half-bridge pulser, which can drive the load with a peak-
to-peak amplitude of zero to the high-voltage power supply.
Fig. 7b shows the high-voltage pulser implemented in this
work, known as a full-bridge (H-bridge) pulser. The advantage
of having an H-bridge pulser is that you can deliver twice the
amplitude in a half-bridge to the load while maintaining the
same power supply. The timing diagram of such a circuit is
shown in Fig. 7b.

IV. MEASUREMENTS AND RESULTS

The proposed beamforming channel has been taped out in
TSMC 0.18-um HV BVD technology. The chip micrograph is
shown in Fig. 8a and the layout of the beamforming channel
that occupies a silicon area of only 100 x 100um? is shown
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Fig. 8: (a) The chip monograph and (b) layout of a single
beamforming channel.

in Fig. 8b. An external 32MHz clock and the data for the
phase delays and pulse skipping are provided using an FPGA
to analyze the performance of the proposed beamformer. Also,
the measurements were done without a load. Fig. 9a shows the
output signal of the beamforming channel for eight different
configurations of the phased delays, and Fig. 9b shows the
output for various levels of the high-voltage power supply.
However, since the maximum limit for the available high-
voltage probe is 20V, the maximum voltage is limited, even
though the beamforming channel can drive the load up to
36V. In the next step, the functionality of the pseudo-random
pulse skipping is evaluated by configuring the beamforming
channel for eight different levels of pulse skipping. The output
waveform for the eight different levels in Fig. 10a shows that
the channel can generate these eight levels of pulse skipping.
Furthermore, Fig. 10b demonstrates that by modulating the
percentage of pulse skipping, the power consumption of the
beamforming channel is also modulated with a linear trans-
fer function. Fig. 10c shows the power consumption of the
beamforming channel for the eight different levels of pulse
skipping, indicating that by increasing the percentage of pulse
skipping, the power consumption of the beamforming channel
decreases.
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Fig. 9: Measured output waveforms of the beamforming chan-
nel for (a) various phase delays and (b) different power supply
levels.
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Fig. 10: Measured (a) output waveforms of the beamforming
channel, (b) normalized power consumption transfer function,
and (c) power consumption of a single beamforming channel,
for eight different percentages of pseudo-random pulse skip-

ping.
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V. CONCLUSION

This paper presented a power-optimized beamforming chan-
nel architecture for 2D phased-array ultrasound neuromod-
ulation. By introducing a random pulse-skipping scheme,
Simulations demonstrated that source pressure at each element
can be controlled while preserving a stable focal spot pressure,
thereby overcoming the limitations of deterministic pulse
skipping and duty-cycle modulation. A compact 3-bit digital-
to-time converter, a 1.8V to 5V level shifter, and an 8-level
pseudo-random pulse skipping circuit were implemented in
0.18-um HV BCD technology, enabling adaptive pressure and
power modulation with minimal area and power overhead.
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Measurement results confirmed that the proposed scheme pro-
vides control of the power consumption in eight discrete levels
with a nearly linear transfer characteristic. Furthermore, the
integration of a full-bridge Class-D power amplifier doubled
the peak-to-peak output voltage compared to conventional
half-bridge drivers without requiring a higher supply voltage,
enhancing pressure generation efficiency. Overall, the pro-
posed architecture achieves both flexible beamforming and
adaptive power optimization, paving the way for scalable,
energy-efficient phased-array transmitters for implantable and
wearable ultrasound neuromodulation systems.
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