
J. Sens. Sens. Syst., 15, 89–97, 2026
https://doi.org/10.5194/jsss-15-89-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

  

Towards high-frame-rate data acquisition for ultrasound
and photoacoustic imaging with

high signal-to-noise ratio

Sebastian Kindorf1,2, Fabio Gutmann1,2, Christian Weber1,2, Benedikt Bierer1,2, Jürgen Wöllenstein1,2,
and Chris Stoeckel3

1Fraunhofer Institute for Physical Measurement Techniques IPM; Georges-Köhler-Allee 301,
79110 Freiburg, Germany

2University Freiburg – Department of Microsystems Engineering; Georges-Köhler-Allee 102,
79110 Freiburg, Germany

3Fraunhofer Institute for Electronic Nano Systems ENAS, Technologie-Campus 3, 09126 Chemnitz, Germany

Correspondence: Sebastian Kindorf (sebastian.kindorf@ipm.fraunhofer.de)

Received: 27 October 2025 – Revised: 20 April 2026 – Accepted: 10 May 2026 – Published: 28 May 2026

Abstract. We present an eight-channel evaluation board that enables fast data acquisition for ultrasound sonog-
raphy (USG) and photoacoustic imaging (PAI). High frame rates enable averaging, resulting in an improved
signal-to-noise ratio (SNR). A high SNR is becoming increasingly important in photoacoustic imaging, as the
trend in the development of new systems is shifting from powerful solid-state lasers (pulse repetition frequency
≈ 10–100 Hz, pulse energy ≈ 10–100 mJ) to integrated compact pulsed laser diodes (PLDs) offering higher
pulse repetition frequencies (≈ 1–10 kHz) at reduced pulse energies (≈ 1 µJ–2 mJ). The board is designed for
processing high data rates and a robust analog signal chain. It integrates a programmable preamplifier (preamp)
with adjustable gain followed by an integrated circuit comprising low-noise amplification, low-pass filtering,
and 12-bit analog-to-digital (ADC) conversion. An AMD Zynq system-on-chip (SoC) handles processing on the
board. The ADC is readout with low-voltage differential signal (LVDS) and the captured data are transmitted via
Ethernet. Evaluation and image processing is done on a PC. The scientific contribution is the quantitative char-
acterization of gain distribution and its effect on SNR in a multichannel photoacoustic receive chain. A sustained
acquisition rate of 540 frames per second is demonstrated, validating frame averaging as an effective method to
compensate for reduced pulse energy of compact pulsed laser diodes.

1 Introduction

Photoacoustic imaging (PAI) combines the advantages of op-
tical and ultrasound imaging, offering high spatial resolution
and specific tissue composition information through the de-
tection of ultrasound waves generated by absorbed optical
energy (Xu and Wang, 2006; Cao et al., 2022). The tech-
nique operates by illuminating tissue with short pulses of
light that are absorbed by chromophores, leading to transient
thermoelastic expansion and the generation of broadband ul-
trasound that is detected and reconstructed into images (Xu
and Wang, 2006). The optically generated ultrasound is typ-
ically in the megahertz range, with higher frequencies offer-

ing improved spatial resolution but greater acoustic attenu-
ation, which limits the achievable imaging depth. Photoa-
coustic imaging requires pulsed lasers that emit light in a
wavelength range of 400 to 1400 nm (Riksen et al., 2023).
High-energy solid-state lasers, such as Nd:YAG lasers, pro-
vide sufficient fluence with ≤ 20 mJ cm−2 for deep imaging
but are typically bulky, costly, and limited in pulse repeti-
tion frequency (PRF) of≈ 10–100 Hz, which constrains clin-
ical practicality (Xu and Wang, 2006; Wang and Hu, 2012;
Upputuri and Pramanik, 2015). Optical parametric oscilla-
tors (OPOs) are commonly coupled to such systems to en-
able tunable wavelength output, allowing advanced imaging
applications. Pulsed semiconductor emitters offer compact-
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ness, high PRF (≈ 1–10 kHz compared to ≈ 10–100 Hz for
solid-state systems), and lower cost, but their lower pulse
energy (≈ 1 µJ–2 mJ) reduces signal-to-noise ratio and of-
ten requires frame averaging (Upputuri and Pramanik, 2015;
Daoudi et al., 2014). Receiver-side strategies such as filters
and sliding averaging can improve sensitivity and contrast
without increasing pulse energy or changing wavelength but
requires a sufficient pulse repetition frequency, underscoring
the importance of high-throughput, low-noise broadband de-
tection electronics (Enz and Temes, 1996; Walden, 1999). To
address this need, a high-frame-rate ultrasound acquisition
system designed for high-SNR measurements is developed.

2 Working principle of photoacoustic imaging

Photoacoustic imaging maps optical absorption in tissue by
detecting ultrasound waves that arise from transient thermoe-
lastic expansion after pulsed optical excitation. The method
combines molecularly-specific optical contrast with ultra-
sonic spatial resolution for medical imaging (Xu and Wang,
2006). Figure 1 illustrates the PAI working principle in six
steps. Although ultrasound and photoacoustic imaging share
similar receive hardware and signal processing, they differ
fundamentally in their signal generation. In photoacoustic
imaging, pulsed optical excitation is used, where the wave-
length, pulse energy, and duration are chosen to maximize
photoacoustic efficiency while satisfying stress and thermal
confinement conditions at the absorber scale and remaining
within the maximum permissible exposure limits of the laser
safety standards (Riksen et al., 2023).

The emitted photons are scattered in the tissue and then ab-
sorbed by chromophores. These are primarily hemoglobin,
melanin, lipids, and water, which absorb the pulse energy
and relax non-radiatively, converting optical energy into heat.
The resulting initial pressure rise depends on the Grüneisen
parameter, local temperature, tissue composition, absorption
coefficient, and fluence (Riksen et al., 2023; Xu and Wang,
2006; Jacques, 2013). The Grüneisen parameter describes the
efficiency of heat-to-pressure conversion in the tissue (Xu
and Wang, 2006). Using specific wavelengths of the light
source that correspond to the absorption characteristics of
different biological chromophores enables the visualization
of anatomical structures and physiological processes, which
is shown in Fig. 2 (Manohar and Razansky, 2016).

The thermoelastic expansion causes a rapid local increase
in temperature due to thermal and stress-related limitations,
where absorbed energy cannot dissipate through heat con-
duction or lattice vibrations fast enough to prevent pressure
buildup. This effect occurs when the pulse duration is sig-
nificantly shorter than the thermal diffusion and stress prop-
agation time of the absorber. This leads to an instantaneous
increase in pressure, causing a broadband acoustic emission.
The emitted bandwidth depends on the pulse duration of the
light source (Riksen et al., 2023; Wang and Hu, 2012).

The thermoelastic generated ultrasound wave propagates
outward toward the skin. Its amplitude and frequency com-
position are influenced by the size of the absorber and the
absorption contrast. Image artifacts are primarily caused by
spatial heterogeneity of the sound velocity, boundary reflec-
tions and reverberation, as well as limited view, resulting in
blurring, geometric distortions, and spurious mirror images
(Riksen et al., 2023; Wang and Hu, 2012).

To record these ultrasonic waves, a broadband array with
typically 128 or 256 sensor elements captures the waveforms.
Its center frequency, fractional bandwidth, sensitivity, ele-
ment spacing, and aperture determines resolution and SNR
(Xu and Wang, 2006). In the receive electronics, the noise
standard deviation scales with the noise-equivalent band-
width (σnoise ∝

√
B). Widening the bandwidth improves ax-

ial resolution but reduces SNR for a fixed signal peak. Dom-
inant noise sources are the transducer’s Johnson–Nyquist
noise arising from its resistive elements, and the ampli-
fier’s intrinsic voltage and current noise due to device ther-
mal noise, shot noise, and low-frequency flicker (1/f ) noise
(Nyquist, 1928; Walden, 1999; Enz and Temes, 1996).

Imaging reconstruction re-creates the initial pressure dis-
tribution, most commonly with delay-and-sum beamform-
ing, although model-based approaches are also used (Wang
and Hu, 2012). This is where the main advantage of photoa-
coustics over ultrasound imaging comes into play. Not only
can different tissue types be distinguished but chromophores
like oxy- and deoxyhemoglobin, melanin, and lipids also
enable the label-free visualization of microvasculature, and
tissue composition and support functional readouts (Cox
et al., 2012). In signal-to-noise-limited operation, averag-
ing N independent frames improves sensitivity by

√
N (10

log10(N ) dB), and matched filtering provides energy-optimal
detection without degrading spatial resolution (Turin, 1960).
For a good SNR, transducers and amplifiers must be matched
to each other to discuss the transmission of as much power
as possible and to avoid reflections. This will be discussed in
the following chapter.

3 Electronic front-end design and simulation of the
photoacoustic receive path

Under clinically permissible optical fluence and typical tis-
sue properties, transducer photoacoustic receive signals are
in general several magnitudes weaker than conventional di-
agnostic ultrasound signals (Beard, 2011). The initial pres-
sure in photoacoustics scales with the absorbed optical en-
ergy and the Grüneisen parameter but decreases with depth
as a result of optical and acoustic attenuation, which limits
the receiver signal (Xu and Wang, 2006). Conventional diag-
nostic ultrasound uses transmit pressures in the megapascal
range, and the receive electronics are designed to accommo-
date large echo amplitudes and wide dynamic range, whereas
photoacoustic signals at comparable frequencies often origi-
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Figure 1. The schematic illustrates the PAI principle. Nanosecond light pulses enter tissue and are absorbed by chromophores, which convert
it into heat. The rapid thermal expansion generates an outward-propagating acoustic wave. An ultrasound array detects the waveforms.
Beamforming and signal processing are used to reconstruct an image of the absorbed optical energy.

Figure 2. Absorption coefficient vs. wavelength of different tissue-
typical chromophores with logarithmic axis (Yao and Wang, 2014).

nate from kilopascal-scale initial pressures and therefore re-
quire higher overall receive gain and lower input referred
noise at the first stage (Wells, 1999; Szabo, 2014; Beard,
2011). These differences make careful matching of the trans-
ducer and the preamplifier essential to maximize the signal-
to-noise ratio through appropriate input impedance, noise
figure, and gain distribution (Beard, 2011; Xu and Wang,
2006). In conventional medical ultrasound systems, the re-
ceive path begins with a low-noise preamplifier followed by
variable gain and filtering which sets the noise performance
and enables time gain compensation for depth-dependent at-
tenuation (Wells, 1999; Szabo, 2014). The transition from
high-pulse-power laboratory lasers to compact laser diodes
with lower pulse energy and a higher repetition rate further
reinforces the need for noise-efficient front-end design in
photoacoustic systems (Wang and Hu, 2012).

Figure 3. Internal setup of the AD8334 with low-noise amplifier
(LNA) and variable gain amplifier (VGA) (Analog Devices, Inc.,
2025).

The following simulation study presents a quantitative
analysis of receiver preamplifier and ultrasonic transducer ef-
fects in a controlled environment. An AD8334 is used as the
preamplifier, employing the SPICE macro model provided
by Analog Devices (Analog Devices, Inc., 2025). Figure 3
illustrates the internal architecture with a low-noise ampli-
fier (LNA) that provides fixed initial gain and a variable gain
amplifier (VGA) that enables programmable gain and time
gain compensation (TGC). The device produces a differential
output, which is converted to a single-ended signal by a unity
gain difference amplifier implemented with an OPA4354 and
four matched 1 k� resistors, ensuring compatibility with the
subsequent analog front-end. The block diagram shown is
taken from the single-channel AD8331 and is representative
of the four-channel AD8334 used in this study (Analog De-
vices, Inc., 2025).

The input signal models a piezoelectric micromechani-
cal ultrasonic transducer (PMUT) manufactured using the
technology developed by Stoeckel et al. (2024). The PMUT
is represented as a damped mass-spring resonator with a
seismic mass of 2.3× 10−11 kg, a mechanical stiffness of
3600 N m−1, and a quality factor of Q= 3, yielding a sim-
ulated resonance frequency of 2 MHz. The electromechan-
ical transduction is modeled with a charge-per-deflection
coefficient of 9.3× 10−7 C m−1 per membrane across 360
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membranes, resulting in a total transduction factor of
3.35× 10−4 C m−1.

When driven by a broadband photoacoustic pressure tran-
sient, which takes the form of a bipolar N-shaped wave at
the transducer surface, the PMUT responds according to its
resonant transfer function. Due to the narrowband mechan-
ical resonance of the PMUT (Q= 3), the broadband acous-
tic excitation produces a short exponentially damped sinu-
soid at the electrical output, whose frequency and decay
rate reflect the resonant frequency and quality factor of the
transducer. The incident pressure is set to 1 kPa. The re-
ceiver area consists of 360 membranes with a diameter of
100 µm, which leads to an overall active area of 8.88 mm2.
The PMUT presents a capacitive source impedance of ap-
proximately 227� at the 2 MHz resonance frequency, deter-
mined by the static parallel capacitance of 350 pF. As the
transducer operates on a charge generation principle, maxi-
mum signal transfer is achieved by a high-impedance ampli-
fier input rather than a conjugate impedance match. The LNA
is therefore configured with feedback resistance of 100 k�,
ensuring that signal charge is preserved at the amplifier input
and minimizing loading of the capacitive source. To maintain
a linear mapping from the incident acoustic pressure p(t) to
voltage, the PMUT output is AC-coupled into the AD8334-
based preamplifier chain.

The resulting time-domain waveforms are shown in Fig. 4
and illustrate signal propagation through the preamplifier
chain. The LNA provides a fixed gain of 19 dB, increas-
ing the peak signal from approximately 5 mV at the PMUT
node V(preamp_in) to approximately 50 mV at the differ-
ential LNA output V(LNA_OP, LNA_ON). The VGA gain
is set by a resistive voltage divider with R = 39 k� and
R = 10 k�, producing a control voltage of 1.02 V at the gain
pin and a resulting VGA gain of approximately 20.8 dB,
which brings the differential output V(VGA_OH, VGA_OL)
into the sub-volt range. The subsequent unity gain differ-
ence amplifier delivers a peak amplitude of approximately
0.8 V at the single-ended output V(preamp_out), which re-
mains within the supply voltage range and confirms the ab-
sence of clipping. The waveform shape is preserved through-
out the signal chain, and the absence of unwanted transients
or overshoots confirms adequate bandwidth and stable oper-
ation across all gain stages.

4 Realization of the platform

A custom-printed circuit board (PCB) was developed to ac-
quire and forward multichannel ultrasonic data from a PMUT
array. The platform implements eight receive channels at
50 MSPS and focuses on high frame rate, low-noise signal
conditioning, and deterministic streaming to a host system.
The architecture comprises three functional blocks, which
are shown in Fig. 5. An onboard power supply converts a
12 V input into regulated rails for the analog and digital do-

mains, with 3.3 and 5 V for analog sections and 3.3 V for
digital logic shown in red. The receive-path conditions the
weak transducer signals through a dedicated preamplifier
(AD8334) followed by the AFE5805, which provides low-
noise amplification, low-pass filtering, and 12-bit analog-to-
digital conversion, both marked in blue. A processing unit
based on an AMD Zynq™ 7020-1C FPGA from Trenz Elec-
tronic (TE0720-04-61C33MA) system-on-chip combines an
Artix-7 field-programmable gate array (FPGA) fabric for
high-speed capture and buffering with a dual-core ARM
Cortex-A9 that executes bare metal control firmware and
Ethernet transmission, which is displayed in orange. Bare
metal firmware development is a specialized approach in
which programming is done directly at the hardware level
without relying on an operating system or middleware.

Figure 6 illustrates the signal and data flow from the trans-
ducer to the host computer and shows how the preamp, the
analog front-end with the ADC, and the SoC interact to de-
liver a stream of time-aligned data. The signal path begins at
a PMUT array with a center frequency of 2 MHz. The plat-
form operates in receive-only mode, with no transmit path
and no transmit–receive protection. The ultrasound signal is
generated by a pulsed laser. Each channel first passes through
a dedicated preamplifier stage implemented with AD8334
devices. The internal LNA provides 19 dB of gain and the
variable gain amplifier supports up to 43.5 dB of gain. No
time gain compensation is applied, and no external low-pass
filter is placed before the preamplifier. In the configuration
shown in the figure, the effective preamplifier gain is set to
40 dB. The conditioned signals enter the AFE5805, which in-
tegrates a 12-bit analog-to-digital converter and configurable
analog blocks (Texas Instruments, 2025).

The AFE5805 contains a low-noise amplifier with 20 dB
fixed gain. A voltage-controlled attenuator with a 46 dB
range, precedes a programmable gain amplifier that provides
up to 30 dB of gain. Together these stages set the overall ana-
log chain gain, which at minimum attenuation reaches a typ-
ical maximum of 49.5 dB. This gain staging elevates the sig-
nal level while preserving headroom at the converter input.
The board interfaces to the transducer through SMA connec-
tors to maintain signal integrity and to simplify laboratory
integration. After conversion, the AFE outputs serial LVDS
data together with a data clock and a frame clock. FPGA re-
covers the clocks, deserializes the streams into a synchronous
parallel bus, and buffers the data first in first out (FIFO)
memories. These data are written via direct memory access
(DMA) into the microcontroller unit memory to decouple ac-
quisition from network transmission.

Acquisition is synchronized to the optical excitation by
a fast photodetector trigger. A silicon-biased photodetector
with a 35 ns rise time (Thorlabs DET100A2) provides a clean
input trigger that defines the start of a fixed 50 µs capture
window which yields 2500 samples per channel per measure-
ment at 50 MSPS. The 12-bit AFE data are converted into a
16-bit vector for internal processing. The resulting data vol-
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Figure 4. Simulated receive-path waveforms from sensor to preamp output: PMUT signal at V(preamp_in), followed by the LNA differential
output V(LNA_OP, LNA_OL) and VGA differential output V(VGA_OH, VGA_OL), ending with the preamplifier single-ended output
V(preamp_out).

Figure 5. Eight-channel PCB for fast ultrasound readout. The onboard power supply derives all regulated rails from a 12 V input (red).
The analog front-end section (blue) is subdivided into three stages: eight SMA input connectors for the transducer array, two AD8334 low-
noise preamplifiers that boost the raw transducer signals, and an AFE5805 from Texas Instruments that performs 12-bit analog-to-digital
conversion with an integrated programmable attenuator and low-pass filter. Data are transmitted via LVDS to the FPGA, deserialized, written
to memory by DMA, and forwarded over Ethernet UDP to a host PC for reconstruction and filtering. An AMD Zynq 7020 system-on-chip
combining FPGA fabric with dual ARM Cortex-A9 cores manages acquisition control and data transfer (orange).
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Figure 6. Block diagram of the eight-channel PAI acquisition platform illustrating the complete signal chain from transducer to image
reconstruction. The analog amplification chain comprises two cascaded stages. First, the preamplifier (AD8334) provides a fixed low-noise
amplifier (LNA) gain of 19 dB, followed by a variable gain amplifier (VGA) with a range of 0 to 43.5 dB, configured to a total preamplifier
gain of 40 dB. Second, the analog front-end (AFE5805) integrates a fixed LNA of 20 dB, a voltage-controlled attenuator (VCA, 0 to 46 dB),
and a programmable gain amplifier (PGA, 0 to 30 dB), yielding a maximum combined gain of 49.5 dB. No time gain compensation and no
external low-pass filter are applied prior to the preamplifier. The conditioned signals are digitized at 12-bit resolution with 50 MSPS. Within
the AMD Zynq 7020 system-on-chip, the FPGA fabric deserializes the LVDS data stream and transfers samples to on-chip memory via
DMA, while the ARM Cortex-A9 MCU transmits the buffered data over UDP/Ethernet to the host PC for image reconstruction.

ume per measurement consists of eight channels with 16 bits
each and 2500 samples, resulting in 40 000 bytes. The mi-
crocontroller unit reads the buffers, appends minimal frame
metadata if required, and streams the payload over Ethernet
using UDP to a host computer for storage and reconstruction.

5 Concept evaluation

This chapter contains the evaluation of the concept in a
controlled photoacoustic experiment and the verification of
whether the platform can detect and average weak acoustic
transients across eight channels. The choice of eight chan-
nels is based on the standard architecture of integrated cir-
cuits for analog front-ends with integrated analog-to-digital
converters. This study therefore serves as a preliminary in-
vestigation to validate the platform concept before the sys-
tem is scaled up to a higher number of channels, such as 32 or
128, in future work. A pulsed laser illuminates a spherical ab-
sorber that converts optical energy into an acoustic pressure
transient through thermoelastic expansion. The laser source
is a CryLaS DSS1064-Q3 that provides 1.5 ns optical pulses
with 50 µJ pulse energy at a wavelength of 1064 nm and a
pulse repetition frequency of 1 kHz. The absorber is a 3.4 mm
black cellulose acetate sphere placed with 34 mm distance to
the transducer. The acoustic wave is detected by an array of
eight 2 MHz PMUTs, each with an active membrane area
of 8.88 mm2 and a pitch of 0.8 mm× 10 mm from Fraun-
hofer ENAS (Stoeckel et al., 2024). A Thorlabs DET100A2
photodetector delivers an electrical trigger derived from the
optical pulse and defines the start of each acquisition win-
dow. Each trigger starts a fixed capture window of 50 µs at
50 MSPS, which yields 2500 samples per channel per mea-
surement at 12-bit resolution. With the configured buffering
and network pipeline, approximately 540 trigger events per

second are acquired and transmitted to the host computer.
The data acquisition electronics operate independently of the
laser source and are driven at their maximum sustainable
throughput, which in the current implementation limits the
effective trigger rate to 540 Hz despite the laser providing
a pulse repetition frequency of 1 kHz. This throughput ex-
ceeds the 10–50 Hz pulse repetition typical of high-energy
photoacoustic sources based on Nd:YAG or OPO lasers (as
reviewed by Beard, 2011) and surpasses the roughly 20 to 50
frames per second common in conventional B-mode ultra-
sound imaging (as described by Szabo, 2014). At the same
time, it remains below the kilohertz pulse repetition frequen-
cies characteristic of photoacoustic systems driven by diode
laser, where kilohertz operation is achieved only at reduced
pulse energy, as demonstrated by Upputuri and Pramanik
(2015; Orfanakis et al., 2021).

Figure 7 presents representative multichannel traces and
the averaged waveform in the interval from 20 to 24 µs with
a prominent bipolar arrival near 21.5 µs. Timing is consistent
across channels within the sampling interval of 20 ns, and
amplitudes remain stable without baseline drift. No satura-
tion is observed, which confirms adequate headroom with the
chosen gain distribution. Only two channels exhibit signals
with significant amplitude, consistent with the experimen-
tal geometry. The spherical absorber acts as a point source
emitting an omnidirectional pressure wave. Channels along
the direct acoustic path receive the maximum pressure am-
plitude, while laterally offset channels receive only a frac-
tion of the wavefront, resulting in lower amplitudes toward
the outer channels. The experiment records 300 acquisitions
and applies sliding window averaging. An arithmetic mean
is calculated based on the 300 measured values. During on-
going measurements, older measurements are replaced by
newer ones, a process known as sliding window averaging.
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Table 1. SNR of the receiver compared to the gain when the pream-
plifier is connected (300 averages and total gain fixed at 40 dB).

AFE and preamp gain settings Receive SNR

AFE-VGA: 40 dB Preamp: 0 dB 3.4
AFE-VGA: 20 dB Preamp: 20 dB 1.9
AFE-VGA: 0 dB Preamp: 40 dB 2.1

Table 2. SNR of the receiver compared to amplification without a
connected preamplifier (300 averages).

AFE (without preamp) Receive
gain settings SNR

AFE-VGA: 40 dB 6.5
AFE-VGA: 20 dB 5.7
AFE-VGA: 0 dB 0.5

For N independent and time-aligned acquisitions, the SNR
increases by

√
N . The signal-to-noise ratio is defined as the

ratio of the peak-to-peak amplitude of the bipolar photoa-
coustic signal to the standard deviation of the noise measured
in the interval from 5 to 20 µs. This window is free of both the
electromagnetic pulse and the acoustic signal, making it well
suited for noise estimation. For N equals 300, the theoreti-
cal improvement is 17.3. The averaged waveform exhibits a
clear pulse shape with reduced random noise compared with
single shot traces and, with that, provides a clean estimate of
the photoacoustic response of the spherical absorber.

In addition to the concept evaluation, a supplementary
measurement is presented that leverages the capability of dis-
connecting the preamplifier and enabling extended analysis
of gain distribution and its effect on SNR. Each condition
was averaged over 300 acquisitions, and the total variable
gain was kept at 40 dB, split between the preamplifier and the
AFE. Table 1 summarizes configurations with preamplifier,
and Table 2 summarizes configurations without preamplifier.
The highest SNR is a factor of 6.5 without the preamplifier
at 40 dB AFE, whereas the best result with the preampli-
fier is 3.4. Across all settings, the SNR with the preamplifier
was lower than without the preamplifier. This indicates that
the preamplifier is not optimally configured for this trans-
ducer and AFE. The obtained results demonstrate an SNR
comparable to that of Agano and Awazu (2020), indicating a
methodologically sound approach to circuit design. This en-
ables further optimization through targeted improvement of
the subcomponents.

6 Summary

An eight-channel evaluation platform for high-frame-rate
data acquisition in ultrasound and photoacoustic imaging is
presented. The system combines a programmable low-noise
variable gain preamplifier (AD8334), the AFE5805 provid-
ing low-noise amplification, low-pass filtering, and 12-bit
analog-to-digital conversion, and an AMD Zynq SoC that
captures up to 50 MSPS per channel. The ADC data are read
via LVDS by the FPGA fabric, buffered via DMA, and trans-
mitted as UDP packets over Ethernet to a host for off-board
processing and image reconstruction. The high throughput
enables extensive frame averaging to improve the signal-
to-noise ratio, which is crucial for photoacoustic imaging
based on pulsed laser diodes, with lower pulse energies. A
frame rate of 540 frames per second across eight channels is
reached, which exceeds the state of the art of normal USG
or PAI with solid-state laser. An SNR of 6.5 without the
preamplifier and 3.4 with the preamplifier were measured. A
2 MHz PMUT model coupled to the AD8334 quantifies the
receive-chain transfer characteristics and noise contributions
in a simulation. The platform is suitable for high-frame-rate
measurements in photoacoustics and sonography, and pro-
vides a robust basis for advanced filtering, beamforming, and
real-time reconstruction.

7 Outlook

In order to expand the capabilities of the current platform,
a modular circuit board is planned that will enable targeted
noise and performance analysis through the flexible substitu-
tion of preamplifiers and front-end integrated circuits. Stan-
dardized analog interfaces and mezzanine plug-in modules
will be employed to facilitate rapid comparison of gain, noise
figure, bandwidth, and linearity across device families. On
the software side, the adoption of PetaLinux and the pro-
posed software architecture is expected to improve reliabil-
ity and increase sustained data rates. To sustain gigabit-level
throughput to the host, an optimized high-speed interface
such as USB 3.x will be integrated together with DMA-based
streaming, ring buffers, and zero-copy transfer paths. In ad-
dition, a sliding window averaging algorithm will be imple-
mented in the FPGA to significantly reduce the data rate into
and out of the processor. To support diverse experimental
conditions, multiple programmable trigger inputs and out-
puts will be added for tight synchronization with a range
of light sources and external systems. A systematic evalua-
tion with different optical sources will be conducted to quan-
tify the effects on signal amplitude, spectral content, signal-
to-noise ratio, and averaging requirements. Based on these
results, the analog receive chain and FPGA processing will
be refined to support real-time photoacoustic and ultrasound
imaging.
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Figure 7. PAI measurement averaged over 300 acquisitions. A 2 MHz ultrasound transducer records multichannel signals after excitation by
a laser pulse with 50 µJ energy and 1.5 ns duration. Traces show AFE output for eight channels in the window 20 to 24 µs with a prominent
photoacoustic peak near 21.5 µs. The two central channels receive the highest acoustic pressure as they are positioned along the direct acoustic
path to the spherical point source, resulting in the largest signal amplitudes. The data indicate stable timing and amplitude across channels,
with no baseline drift.
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