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Phased Array Ultrasound Transducers for Imaging
and Neuromodulation
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Abstract—Ultrasound (US) technology has emerged as a pow-
erful modality in both medical imaging and therapy, offering non-
invasive, real-time, and high-resolution capabilities. Conventional
dual-mode systems employ separate US transducers for imaging
and therapy, each mechanically configured during fabrication for
a fixed quality factor (Q-factor) through the presence of a backing
layer or air-based backing layer, respectively. This approach
increases system cost, physical footprint, power consumption,
and integration complexity while preventing seamless real-time
switching between modes. A novel electronically configurable
Q-factor control circuit architecture for a single set of 2D
phased-array piezoelectric transducers is proposed in this work.
The proposed method employs an active damping compensation
technique to electronically reduce the Q-factor during imaging
mode while preserving the high-Q state for the therapeutic mode,
eliminating the need for mechanical reconfiguration. System and
circuit-level simulations in TSMC 180 nm BCD technology using
a PZT-5A air-backed transducer BVD model demonstrate a
reduction in the Q-factor from 78.3 to 8.08 with fewer than
1% variation across PVT corners. These results place the Q-
factor achieved in the imaging mode within the optimal range
for high-resolution ultrasound imaging, while maintaining high-Q
performance for the therapeutic mode.

Index Terms—Ultrasound neuromodulation, Ultrasound Imag-
ing, Phased arrays, Quality Factor, Active Damping system

I. INTRODUCTION

In recent years, advancements in ultrasound technology
has established it as a versatile modality, enabling both non-
invasive monitoring and functional stimulation of the vagus
nerve, thereby improving the safety, repeatability, and acces-
sibility of vagus nerve stimulation (VNS) therapies [1],[2].
The use of a single set of ultrasound (US) transducer array for
both imaging and therapeutic applications remains challenging
due to conflicting fabrication requirements. Imaging arrays
employ damping backing layers to achieve low Q-factor [3]-
[6], enabling short pulses and a wide bandwidth. In contrast,
therapeutic arrays are typically air-backed [7], with a high
Q-factor to maximize acoustic energy transfer. To tackle this
issue, previous approaches frequently utilized distinct set of
arrays as shown in Fig. 1a, optimized individually for imaging
and therapy and operating at different frequencies and pulse
durations [8], [9]. This approach increases cost, footprint, and
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Fig. 1: Imaging and Therapeutic modalities in (a) Conventional
approach utilizing dedicated transducer array and custom
ASIC (b) Proposed approach with electronically tunable Q-
Factor with a single transducer array with custom ASIC

system complexity, motivating the need for integrated dual-
mode solutions.

Previous studies on electronic active damping of piezoelec-
tric transducers has been realized using waveform-based meth-
ods [10] or negative-feedback approaches [11]-[13]. In [10],
out-of-phase damping pulses effectively cancelled residual
oscillations, broadened the —3 dB bandwidth, and preserved
pulse amplitude; however, this required a bulky setup to gener-
ate the damping arbitrary waveform. Feedback-based damping
control was showcased in [13] to ultrasound transducers,
reducing the Q-factor from above 300 to below 80, thereby
enabling dual-mode imaging and therapy. However, these
studies rely on off-the-shelf components and single-element
devices, with no CMOS implementation, limiting scalability
to array-based systems where parallel Q-control is required
for beamforming and neuromodulation.

This work investigates electronic control of the Q-factor in
a 2-D phased-array piezoelectric transducer to enable dual-
mode operation within a single array while achieving transmit
beamforming. The proposed architecture, shown in Fig. 1b,
integrates an N x N phased array with a 180-nm BCD technol-
ogy application-specific integrated circuit (ASIC). The ASIC
dynamically reconfigures the array: in therapeutic mode, a
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Fig. 2: Q-factor response of resonant BVD model in (a)
Transient domain and (b) Frequency domain

high Q-factor maximizes acoustic efficiency, while in imaging
mode, the Q-factor is lowered electronically to broaden band-
width and improve resolution. Additionally, programmable
phase delays support beamforming for 2-D arrays. While
conceptually proposed for ultrasound vagus nerve image-
guided stimulation, the methodology is broadly applicable to
any resonant transducer requiring both high and low Q-factor.

This paper is organized as follows: Section II introduces the
proposed Q-factor control architecture and outlines the design
requirements for damping, while Section IIl presents the
circuit implementation and specifications. Section I'V discusses
the results, and Section V provides the conclusion and future
perspectives

II. PROPOSED Q-FACTOR CONTROL ARCHITECTURE

The Q-factor characterizes energy dissipation in US trans-
ducers, where part of the converted energy is irreversibly lost,
typically as heat, and cannot be recovered [6]. The general
equation for the Q-factor in resonators, such as US transducers,
is defined by their frequency behaviour as in (1)

fo
BW3gn

where fy is the resonance frequency of the US transducer
and the BW stands for the frequency bandwidth. The Q-factor
quantifies the damping of an US transducer and depicts the
number of oscillations sustained by an US wave before it
dissipates. As shown in Fig.2, high-Q transducers exhibit pro-
longed high amplitude oscillations and a narrowband response,
making them suitable for therapeutic applications requiring
focused energy transfer. In contrast, low-Q transducers damp
oscillations quickly and provide a broadband response, which
is essential for diagnostic imaging.

In this work, an 8x8 PZT-5A piezoelectric transducer array
with a center frequency of 4MHz and a mechanical Q-factor
of 80 is is consider to simulate our approach. For effective
Q-factor control, the array is assumed to have air-backed
backing layer to maintain its inherent high-Q characteristics.
The proposed Q-factor control circuit architecture is shown in
Fig. 3. In therapeutic mode, a conventional transmit circuit is
used, composed of a beamforming circuit and an HV pulser
driving each of the piezoelectric transducer [14], [15] is used.
However, for transmit operation during imaging mode, the
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Fig. 3: Transmitter Architecture for Therapeutic and Imaging
modalities

system switches to the proposed Q-factor control architecture,
which enables active damping along with beamforming to
achieve low-Q factor for the NxN array of transducers. The
proposed circuit architecture work as follows: the damped
compensation signal is obtained through the shunt-damping
method from a single reference transducer within the array.
The amplifier generates an inverse response of the transducer’s
narrowband behavior, resulting in an attenuated frequency
response. The damped compensation signal is extracted from
the amplifier output and digitized using an ADC. The digi-
tized response is stored once in a memory during calibration
and retrieved whenever the imaging mode is triggered. This
reduces power consumption while ensuring the availability of
the damped response for the remaining channels within the
2D array. The optimum ADC resolution is determined via a
Simulink simulation for the minimum Q-factor. The simulation
setup models electronic damping of a PZT-5A transducer
using a Butterworth-Van Dyke (BVD) model at 4 MHz. An
ideal ADC and DAC were used to quantize and reconstruct
the damped-compensation response, which was applied to
evaluate Q-factor dependence on resolution. Simulations were
performed for 4-11 bits, where the optimum low Q-factor
was achieved between 7-11 as shown in Fig. 4. An 8-bit
ADC is therefore selected, achieving a simulated Q-factor
of 14.67 while minimizing area, power, and complexity. For
consistency, the DAC resolution is also set to 8 bits.

60
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o o o
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N
o

4 6 8 10 12

Resolution
Fig. 4: Simulink simulation to determine the effect on Q-factor
for different ADC resolutions
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With the dampened signal stored in memory, it is used
to dampen the transducer in the 2D array when transmit
pulses for the imaging mode are required. In a 2D transducer
array with NV x N elements, mapping one beamforming/HV
driver channel per element would cause an increase in area
and power overhead. Instead, the channel count M is set by
the maximum number of elements sharing the same phase
delay, allowing one channel to drive multiple elements. In a
practical implementation, a single channel can be used to drive
multiple elements of the NV x N array, thereby reducing the
total number of required channels. As illustrated in Fig. 5a,
the damped compensation signal’s digital bits serve as the
DAC input, digitally shifted with different phase delays ¢;
and ¢-. These are subsequently amplified and distributed to
k elements through a 1:k connection scheme. In this way,
each of the M channels is responsible for exciting a subset
of array elements, such that the entire array of N x N
elements is driven with the appropriate delays to achieve
constructive interference at the focal point. Fig. 5b separately
shows the corresponding damped compensation signals as
transient responses, highlighting the relative delays ¢; and ¢s.
This approach ensures M N2, significantly reducing system
area and power consumption while maintaining beamforming
capability. Fig. 6 shows that the minimum number of DACs
and HV driver channels required by finding the maximum
number of array elements sharing the same phase delay. MAT-
LAB analysis of the 8x8 PZT-5A array across f-numbers and
steering angles indicates that up to 12 channels are required
at 0°. However, since 0° steering is uncommon in wearable
applications, this work adopts a 5° steering angle, reducing the
requirement to 6 channels. Hence in this work, 6 channels of
DAC and HV Amplifier is utilized to drive the 8x8 array. After
conversion, a high-voltage linear amplifier boosts the signal to
20 V. The linear amplifier preserves signal linearity, which is
critical for damping, since the waveform shape of the damped
compensation response is responsible for the damping in the
array.

III. ELECTRONIC CIRCUIT DESIGN

The proposed electronic design shown in Fig.7 integrates
four key circuit blocks to realize dual-mode Q-factor control.
Fig.7a shows the system level topology with different circuit
blocks mentioned earlier, such as the amplifier, ADC, DACs,
and HV Amplifier in order to achieve the Q-factor control of
the transducers. The analog front-end is implemented using a
two-stage amplifier with Miller compensation and common-
mode feedback, as shown in Fig. 7b. A two-stage topology
is selected to provide a wide output swing of approximately
1Vyyp, suitable as the input to the ADC for better linearity and
quantization. In addition, this topology suppresses even-order
distortion and enhances immunity to supply and substrate
noise. Miller compensation is applied to separate the two
poles into low- and high-frequency regions, ensuring amplifier
stability. The amplifier achieves a DC gain of 61 dB and a
unity-gain frequency of 127.1 MHz, as shown in Fig. 8a. A
fully differential SAR ADC with top-plate sampling, a double-
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Fig. 5: (a) Channel sharing scheme with one DAC/HV driver
feeding multiple PZT-5A elements. (b) Transient responses of
damped compensation signals with delays ¢; and ¢s.
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Fig. 6: Maximum number of transducers with the same phase

for varying steering angles from —30°-+30° and f-number

varying from 0.5 to 4

tail comparator, asynchronous SAR logic, and monotonic
capacitor switching is employed, as illustrated in Fig. 7c.
The resolution of the SAR ADC, as identified through the
Simulink simulation (Fig.4), has been set at 8 bits based on
these findings. Since the damped compensation signal operates
at 4 MHz, a sampling frequency of 32 MHz is chosen to
satisfy the Nyquist criterion and provide accurate waveform
reconstruction. The ADC achieves an SNDR of 48.57 dB
(ENOB = 7.7 bits) and an SFDR of 58.21 dB, as shown in
Fig. 8b. The DAC, shown in Fig. 7d, is implemented as a
CDAC based on MIM capacitors. MIM devices are selected
for their high capacitance density and small area, enabling
faster settling to target voltage levels. The DAC is precharged
to a common-mode voltage for robust operation and supports
programmable digital phase delays using shift-register logic,
enabling a proof-of-concept demonstration of beamforming.
Its output is filtered by a first-order RC low-pass filter to
suppress high-frequency artifacts. The final stage is a Class-A
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Fig. 7: Proposed Q-factor Control Architecture (a) Fully differential 2-stage Amplifier, (b) 8-bit SAR ADC, (c) 8-bit DAC

with VCM Reference, and (d) HV Class A Amplifier

common-source HV NMOS amplifier with resistive degener-
ation, powered from a 36 V supply, as shown in Fig. 7e. This
stage delivers the required 20 V,, output swing for direct
transducer excitation. Linearity is maintained by tuning the
resistive load components (R1 and R2). The amplifier achieves
a gain of approximately 21 dB, as presented in Fig. 8c.

IV. RESULTS

This section presents the measurement and simulation
results of the proposed system. First, the performance of
the individual circuit blocks is validated, including the two-
stage amplifier, SAR ADC, DAC, and HV linear amplifier
mentioned earlier and shown in Fig.8. These results con-
firm that each block meets the required specifications for
bandwidth, gain, resolution, and output swing. Building on
these validated components, the complete Q-factor control
architecture is then evaluated at the system level (Fig.7a). The
most promising system-level result is shown Fig.9c, which
presents the frequency-domain magnitude responses for both
the undamped and electronically damped configurations. In the
undamped case, the system exhibits a pronounced resonance
peak corresponding to a Q-factor of 78.3. By implementing
the proposed Q-factor control architecture, the Q-factor is
reduced to 8.08. Since imaging-mode piezoelectric transducers
typically employ a Q-factor in the range of 2 to 20, the
achieved value of approximately 8.08 confirms the suitability
of the proposed approach for imaging applications. This im-
provement is supported by transient response measurements,
wherein the damped current envelope demonstrates a signifi-
cantly faster decay, as illustrated in Fig.9b, compared to the

sustained oscillations observed in the undamped case shown
in Fig.9a. Prior to the application of the drive voltage, the
signal exhibits natural oscillation and decay; however, upon
applying the drive voltage after the delay, the oscillations are
immediately suppressed. These observations confirm effective
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Fig. 9: Simulation results: (a) Undamped Current Response,
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Frequency Response and Q-factor comparison.

energy dissipation and suppression of resonance.
Furthermore, Process, Voltage and Temperature (PVT) cor-
ner analysis was conducted to evaluate the robustness of the
proposed architecture, for power supply voltages of 1.8 V
nominal and temperatures of 20 °C, 27 °C, and 45 °C. Under
nominal conditions, the Q-factor was 8.077, while cross all
PVT corners, the Q-factor ranged from a minimum of 8.072
to a maximum of 8.129, corresponding to a total variation
of approximately 0.7%. This minimal deviation demonstrates
that the shunt-damping network maintains stable performance
despite variations in fabrication process, supply voltage, and
operating temperature. The complete system, including both
low-voltage and HV subsystems, consumes 191.3 mW, which
is relatively high for wearable ultrasound applications. This
power corresponds to one fully differential amplifier, one SAR
ADC, one DAC, and one HV amplifier. The amplifier and
ADC serve only as a calibration circuit and are used once
to store the damped compensation signal, thereby reducing
their impact on continuous power consumption. The dominant
contribution arises from the HV amplifier alone, consuming
182.3 mW from a 36 V supply. When this is coupled to 6
channels of DAC and HV Amplifier to drive the 8x8 array
elements, the total power consumption is estimated to be
much higher. Future work should focus on optimizing the
DAC and HV amplifier design to reduce overall system power.
Even though no circuit layout was yet implemented, the total
estimated area of the system, integrating the proposed Q-factor
architecture with an amplifier, 8-bit SAR ADC, six channels
of DAC and HV amplifiers, is approximately 0.77mm x 1mm.

V. CONCLUSION

This work presented a novel electronically configurable
Q-factor control architecture for 2D phased-array piezoelec-

tric ultrasound transducers, enabling dual-mode operation for
imaging and therapy within a single system. Simulated in
TSMC 180-nm BCD process, the design employs active
damping to reduce the transducer Q-factor from 78.3 to 8.08,
achieving the bandwidth required for imaging while preserv-
ing high-Q therapeutic capability. The architecture supports
phased-array beamforming and shows less than 1% variation
across PVT corners, confirming robust operation. However, the
total power consumption of 191.3 mW is high for wearable
applications, and calibration memory remains off-chip.

Future work will focus on lowering power consumption,
integrating on-chip memory, and embedding dedicated beam-
forming circuits for real-time imaging. Complete layout and
post-layout verification will be required to evaluate parasitic
effects, while hardware prototyping and in vitro/in vivo testing
will be essential to validate performance and demonstrate
clinical suitability.
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