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Abstract—Underwater acoustic systems employ bulky sonar
devices with inherently limited bandwidth. This work addresses
the fundamental sensitivity-bandwidth trade-off in piezoelectric
micromachined ultrasonic transducer (PMUT) through an inno-
vative analog-domain multi-band fusion technique. We present
a multi-channel fused transimpedance amplifier (TIA) imple-
mented in 180-nm CMOS for high-sensitivity, broadband hy-
drophones. The proposed architecture combines analog-domain
signal fusion with a capacitive-feedback TIA topology, achieving
simultaneous area and power efficiency. When integrated with a
compact 3 mm × 2 mm PMUT array, the system demonstrates
129% fractional bandwidth and 523 V/MPa sensitivity. The
single-channel configuration achieves an input-referred noise
(IRN) density of 10 pA/

√
Hz@1MHz with noise efficiency factor

(NEF) of 0.093 while the triple-channel design attains a NEF
of 0.156, representing an exceptional low-power solution that
enables high-resolution underwater sensing.

Index Terms—Hydrophone, Ultrasound, Low noise amplifier
(LNA), Bandwidth extension, Piezoelectric micromachined ultra-
sonic transducer (PMUT), fractional bandwidth, Noise efficiency
factor (NEF).

I. INTRODUCTION

Underwater acoustic systems have emerged as a critical
technology for applications such as marine exploration [1],
and acoustic communications [2], [3]. The hydrophone is the
sensing front-end of an acoustic system, converting acoustic
pressure waves into electrical signals. Recent advances in
piezoelectric micromachined ultrasonic transducer (PMUT),
benefiting from miniaturization and CMOS-compatible pro-
cesses, provide a promising alternative to traditional bulky
piezoelectric hydrophones with limited fractional bandwidth.

However, Fig. 1(a) shows the trade-off between bandwidth
and sensitivity in PMUTs, which hinders the further ap-
plication in the acoustic systems [4]. Since high-frequency
ultrasound has high precision but shallow penetration, while
low-frequency offers deep penetration but low precision, there
is a need for a broadband and high-sensitivity ultrasound
receiver [5].

To address this problem, Fig. 1(b) presents the proposed
bandwidth extension in PMUTs, which combines fundamen-
tal and higher-order modes across different channels while
maintaining high sensitivity to acoustic pressures. As shown
in Fig. 1(c), a multi-channel PMUT array with different center
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Fig. 1. (a) Trade-off between bandwidth and sensitivity in conventional
PMUT; (b) The proposed PMUT bandwidth extension by combining fun-
damental mode and higher modes of different channels; (c) Optical image of
broadband PMUT arrays with multi-channels to enhance the bandwidth of
PMUTs.

frequencies is designed for this method of bandwidth exten-
sion. Direct parallel connection of multiple PMUTs offers a
straightforward implementation, yet its sensitivity remains lim-
ited due to reactive energy coupling. Thus, a more promising
approach involves separating PMUT channels and performing
signal fusion at the ASIC level.

Single-band readout serves as the fundamental building
block for multi-band systems, with extensive literature re-
porting implementations of ultrasonic readout chains [6]–[9].
To address impedance matching and low-noise challenges,
the transimpedance amplifier is universally employed within
the analog front-end (AFE), with implementations including
resistive feedback (RF) [5], [10], [11] and capacitive feedback
(CF) [8], [12]. Notably, despite the demonstrated advantages
of multi-band architectures, existing solutions [6]–[9] predom-
inantly focus on single-band designs, leaving a critical gap in
multi-channel wide-bandwidth hydrophone readout AFEs.

To address this gap, this paper presents a triple-channel
transimpedance amplifier using the analog-domain addition
technique for the PMUT bandwidth extension and system-level
optimization. The analog-domain strategy and the capacitive
feedback TIA leads to a compact and power-efficient signal

979-8-3315-7769-8/26/$31.00 ©2026 IEEE 3988

20
26

 IE
EE

 In
te

rn
at

io
na

l S
ym

po
si

um
 o

n 
C

irc
ui

ts
 a

nd
 S

ys
te

m
s (

IS
C

A
S)

 | 
97

9-
8-

33
15

-7
76

9-
8/

26
/$

31
.0

0 
©

20
26

 IE
EE

 | 
D

O
I: 

10
.1

10
9/

IS
C

A
S6

62
17

.2
02

6.
11

56
29

31

Authorized licensed use limited to: Xi'an Jiaotong-Liverpool University. Downloaded on July 13,2026 at 13:27:52 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 2. Comparison between different structures of multi-channel addition for bandwidth extension.

chain with favorable noise performance, compared to its
resistive counterparts. Furthermore, the designed differential
circuit can ensure an inherent high power-supply rejection
ratio without low dropout regulator [9] and can be naturally
compatible to differential PMUT devices [13].

The organization of this paper is as follows: Section II
outlines the imaging system and analyzes different structures.
Section III describes the detailed circuit implementation of the
designed amplifier. Section IV provides measurement results.
And finally, Section V gives a conclusion for this work.

II. IMAGING SYSTEM AND STRUCTURE ANALYSIS

Fig. 2 shows the ultrasound receive (RX) signal chain of
different structures to achieve multi-band fusion in ASIC and
the electrical equivalent circuit model of the PMUT [14] is
shown in Fig. 3. The conventional RX chain includes low
noise amplifier (LNA), amplifier for time-gain compensation
(TGC) and analog-to-digital converter (ADC). The purpose of
TGC circuit is to compensate for signal attenuation with depth
by providing a gain that increases with time.

The straightforward approach to implement the summation
strategy is in the digital domain, as illustrated on the left
side of Fig. 2. This method enables independent control
over each channel. However, it requires additional TGC and
ADC circuits, leading to increased area and power overhead.
Moreover, this approach becomes incompatible with analog
micro-beamforming (µBF), as the RX array scales in size
and employs delay-and-sum operations [15]. Consequently, the
analog-domain addition proves to be more power-saving and
readily supports scaling to larger arrays.

The RF TIA structure is shown in the middle of Fig. 2.
This architecture offers reduced area and power consumption;
however, the inherent noise–bandwidth trade-off limits its ap-
plicability, especially for PMUTs with large CP [7]. The input-
referred current noise and bandwidth (BW) can be expressed

Fig. 3. Overall schematic of the proposed PMUT-ASIC system in the single-
channel design.

as

i2n,in ≈ 4kT

Rf
+ V 2

n,1

(
ωCp +

1

Rf

)2

(1)

BW =
1 +Av

RfCp
(2)

where Rf is the feedback resistor, Vn,1 and Av denote the
input-referred noise and voltage gain of the first amplifier,
respectively, Cp is the PMUT capacitance, k is Boltzmann’s
constant, and T is the absolute temperature. A larger Rf

reduces noise but narrows bandwidth, whereas a smaller Rf

increases bandwidth at the cost of higher noise, highlighting
a fundamental trade-off between these two parameters.

Consequently, this paper chooses the structure of CF TIA
to realize the multi-channel fusion technique, as shown on the
right of Fig. 2. The analog architecture offers reduced area and
power consumption relative to a digital solution. Furthermore,
the capacitive feedback facilitates simultaneous low-noise and
high-bandwidth performance. A detailed analysis of the pro-
posed multi-channel CF TIA is presented in Section III.
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Fig. 4. Simulation results of input-referred noise of TIA with different PMUT
capacitances.

III. CIRCUIT IMPLEMENTATION

The designed circuit includes both single- and triple-channel
ASIC implementations. A detailed circuit diagram of the
single-channel version is provided in Fig. 3. The design will be
comprehensively analyzed using the single-channel as a basis
and then extended to the triple-channel configuration.

A. Closed loop configuration

Fig. 3 shows the PMUT-ASIC system in the single-channel
configuration. At frequencies near the signal of interest, the
analysis can be simplified by reducing the electrical equivalent
circuit to a current source in parallel with a capacitor CP ,
while temporarily neglecting the inductive-capacitive resonant
branch. In the designed circuit, the transimpedance gain is
set by Rtotal = R0 × C2

C1
and remains constant across the

bandwidth.
In order to increase the bandwidth to satisfy the demand

of PMUT’s intrinsic center, the amplifier AMP1 adopts a
two-stage structure. The first stage employs a folded-cascode
topology to ensure high open-loop gain, while the second stage
is implemented with a basic fully differential common-source
amplifier. Both stages utilize local common-mode feedback
(CMFB) to stabilize their operating points. This structure gives
the bandwidth as follows:

BW =
C1

C1 + Cp
× gm1

Cc,eq
(3)

where gm1 is the transconductance of the first-stage amplifier,
Cc,eq is the equivalent compensating capacitor. Consequently,
the bandwidth can be widened by increasing Id without
degrading the noise performance, which is better than RF TIA.

B. Noise analysis

The noise is an important factor to be considered to optimize
the system-level performance while designing the CF TIA. The
input-referred noise of TIA can be calculated as

i2n,in,Single ≈ V 2
nω

2(Cp + C1)
2 (4)

where Vn is the input-referred noise (IRN) of the two-stage
amplifier. As shown in Fig. 4, the IRN has a peaking behaviour
because the amplifier’s voltage noise is converted to current
noise by capacitor Cp. Meanwhile, it can be observed that

Fig. 5. (a) Chip micrograph of the single- and triple-channel LNA; (b) Test
setup for the PMUT-ASIC system.

Fig. 6. (a) Measured transimpedance gain function of the proposed single-
channel TIA; (b) Measured input-referred noise of the designed TIA.

the equivalent input-referred current noise exhibits a positive
correlation with Cp. Consequently, in order to enable a more
comprehensive comparison of the overall performance, the
noise efficiency factor was introduced in [7]

NEF =
in,in ·

√
PowerLNA

CPMUT
(5)

where in,in is the IRN noise, CPMUT is the capacitance in
the equivalent model, PowerLNA is the power consumption
of LNA.

C. Extension to Triple Channels

The triple-channel circuit is built upon the previously men-
tioned single-channel design. As shown on the right side
of Fig. 2, the capacitor C2 in Fig. 3 is split into three
equal parts, while R0 and feedback capacitor C1 remains
constant. Current signals from different channels are summed
at the virtual ground of amplifier AMP2 and share the same
transimpedance gain, which is one-third that of the single-
channel design. Since the noise power from different channels
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR WORKS.

This work ISSCC’20 [8] TBCAS’17 [11] TBCAS’21 [5] ASSCC’23 [7]
Process [nm] 180 180 65 40 180
Transducer PMUT CMUT CMUT CMUT CMUT

Center Frequency [MHz] Multi-frequency Fusion 5 5 Tunablea 7.5
LNA Architecture CF TIA CF TIA RF TIA RF TIA Current Conveyor

Bandwidth Extension × ✓ N.A. N.A. N.A. N.A.
Max LNA Gain [dBΩ] 114 104 106 97 90 106
Rx Power/Ch. [mW] 1.94 1.8 4.9 0.18 1.45 1.21

LNA Area/Ch. [mm2] 0.057 0.041 0.12 0.0035 <0.025 0.045
Capacitance [pF] 150 150 15 5.5 25 25

IRN Density 10.0 17.5 2.0 4.8 3.1 2.0
@Fc&Cp [pA/

√
Hz] @1MHz&150pF @1MHz&150pF @5MHz&15pF @5MHz&5.5pF @3-18MHz&25pF @7.5MHz&25pF

NEFb [pA/pF
√

(mW/Hz)] 0.093 0.156 0.3 0.37 0.15 0.088
a The capacitive micromachined ultrasonic transducer (CMUT) center frequency is tunable by DC bias voltage.
b NEF is defined in (5), which was introduced by [7].

also adds up at the output node, the IRN deteriorates by a
factor of

√
3 compared to the single-channel design. In single-

channel RX ASIC, CF TIA usually requires more area than RF
TIA because of the capacitor, so the area-critical RX arrays
may choose the RF TIA architecture at the expense of noise
performance. However, the multi-channel application changes
this condition, because capacitors are hard to eliminate in the
precision adder design as shown in the middle of Fig. 2.

IV. MEASUREMENT RESULTS AND DISCUSSION

The amplifier is fabricated using a 180 nm CMOS process,
including two designs of single-channel and triple-channel
receivers. The chip micrograph and the test environment is
shown in Fig. 5. Buffers are needed for the measurement. The
section IV includes two parts, consisting of ASIC performance
and PMUT-ASIC system performance.

A. ASIC performance

The measured transimpedance gain function in the single
channel is shown in Fig. 6(a), achieving a gain of 114 dBΩ
within the 10 kHz to 2 MHz range. Fig. 6(b) shows the
input-referred noise results of simulation and measurement.
The single-channel design achieves an IRN density of 10
pA/

√
Hz@1MHz at 1.94 mW, yielding a capacitor-normalized

NEF of 0.093 according to (5). The triple-channel design
still maintains a competitive NEF of 0.156, and meets the
requirements for PMUT bandwidth extension.

B. PMUT-ASIC system performance

As presented in Fig. 7(a), the measured system sensitivity-
frequency results consist of different channels and the triple-
channel addition. While a single channel faces a sensitivity-
bandwidth trade-off, in contrast, the triple-channel design
achieves both a receiving sensitivity of 523 V/MPa and a 129%
bandwidth, thereby validating the analog-domain bandwidth
extension strategy. Fig. 7(b) plots the measured time-domain
waveforms of the received ultrasonic waves across different
frequencies, demonstrating the functionality of the PMUT-
ASIC system.

Fig. 7. (a) Measured sensitivity results of individual channels and the fused
triple-channel design in the PMUT-ASIC system; (b) Time-domain waveforms
at different signal frequencies.

Table I summarizes the performance comparison between
the proposed ultrasound amplifier and prior works. Even under
the largest capacitance CP of 150 pF, the proposed CF TIA
achieves competitive performance relative to existing designs,
along with a favorable NEF normalized to the PMUT’s CP .
Furthermore, the analog-domain fusion technique for PMUT
bandwidth extension enables area and power savings in the
RX signal chain.

V. CONCLUSION

In this paper, a multi-band fusion technique is proposed to
overcome the fundamental sensitivity-bandwidth trade-off in
PMUT-based underwater acoustic receivers. The multi-channel
TIA combines analog-domain signal fusion with a capacitive-
feedback topology. The integrated system with optimized
PMUT achieves 129% fractional bandwidth and 523 V/MPa
sensitivity. Meanwhile the receiver core in the single-channel
configuration attains a 10 pA/

√
Hz IRN density and a 0.093

NEF with the triple-channel design attaining an NEF of 0.156.
This circuit is a promising solution for broadband and high-
sensitivity hydrophones in acoustic applications.
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