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In recent years, acoustic logic gates has attracted growing interest in acoustics due to their promising applications in
acoustic communication and signal processing. For practical implementation, these logic gates must operate over a certain
bandwidth to ensure reliable performance. However, current experimental realizations have predominantly been confined
to single-frequency or narrowband operation, leaving their broadband capabilities largely unverified. To address this gap,
we present both numerical and experimental demonstrations of three basic acoustic logic gates (OR, NOT, and AND) us-
ing a phased unit cell composed of a central channel flanked by two arrays of semicircular cavities. By leveraging phase
modulation of the unit cells and linear interference of sound, we achieve these logic operations with a uniform threshold
of Iy = 0.25. Remarkably, the measured fractional bandwidths (bandwidth relative to center frequency) reach approxi-
mately 111.5% (OR), 37.2% (NOT), and 48.5% (AND), demonstrating ultra-broadband functionality. The proposed logic
gates combine exceptional bandwidth with structural simplicity, offering significant potential for applications in acoustic
computing, information processing, and integrated acoustic systems.

Keywords: acoustic logic gate, ultra-broad band, phased unit cell
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1. Introduction

As the cornerstone of digital circuit technology, logic
gate has attracted increasing attentions from researchers due
to its significant potential applications in various scenarios,
such as the chips for intelligent agricultural machinery,-?)
food treatment,®# information processing,[>®! and optical
communications./”8! Motivated by the possibilities of novel
advanced devices, this concept is introduced into the other
fields.[>>1%! Especially in the field of optics, various optical
logic gates with high-efficiency have been demonstrated both
theoretically and experimentally.[!1=17]

Inspired by the optical logic gate, an analogous concept
has also been proposed in acoustics. With the rapid develop-

[18-22] and acoustic metamaterials, 2333

ment of sonic crystals
the design of acoustic logic gates (ALGs) has become a re-
search hotspot due to its various important potential appli-
cations in computing, information processing, and integrated
acoustics. Based on the nonlinear dynamical effect, the logic
functions AND and OR have been experimentally realized in a
driven granular chain composed of spherical particles.**! By
introducing the linear interference mechanisms of sound, sev-
eral ALGs have been realized theoretically and experimentally

35,36

based on the sonic crystals.3>-3%] Furthermore, by employing

TThese authors contributed equally to this work.
fCorresponding author. E-mail: geyong @ujs.edu.cn
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density-near-zero metamaterials, a series of ALGs and cor-
responding logic operations have also been demonstrated!?”!
with the active manipulations of the phases of input and con-
trol signals. In addition, by attaching acoustic metasurfaces
to the inner walls of straight!*¥! or curved!®’! waveguides, ba-
sic logic gates have also been realized with the phases of the
input sounds modulated by passive structures. Recently, the

14081 with the backscattering

acoustic topological insulator
immunity characteristics have been introduced to design var-
ious robust acoustic devices with tunable or multiple logic
functionalities.**~#71 Although these previous works have re-
alized ALGs with high-efficiency, their working bandwidth is
limited due to the local resonance of acoustic metamaterials.
However, for practical implementation, the logic gate must op-
erate over a broad bandwidth to ensure reliable performance.
To overcome this problem, a multi-port -circular
waveguide-based ALG with a working bandwidth exceeding
5 kHz has been proposed, “®! in which the phases of input and
control signals are actively manipulated. However, the exper-
imental verification of logical functions with ultra-broad band
is seldom reported. Therefore, it is still a significant challenge
to experimentally realize ALGs with ultra-broad bandwidth

and passive structure simultaneously.
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In this work, we propose an ultra-broadband ALG uti-
lizing a type of phased unit cell, which consists of a central
channel and two arrays semicircular cavities on both sides.
Based on the phase manipulation of the phased unit cells and
the linear interference of sound, we both numerically and ex-
perimentally design and demonstrate the performance of three
basic ALGs (OR, NOT, and AND) with the uniform thresh-
old 0.25. In addition, we measure the working bandwidth of
the logic gates OR, NOT, and AND, and their fractional band-
widths (the ratio of the bandwidth to the center frequency)
are approximately 111.5%, 37.2%, and 48.5%, respectively.
Following the introduction, Section 2 delineates the charac-
teristics of the phased unit cells. Section 3 elaborates on the
theory of linear interference of sound. The designs and per-
formance evaluations of the ALGs OR, NOT, and AND are
detailed in Sections 4, 5, and 6, respectively. Section 7 investi-
gates the bandwidths of these three basic ALGs, encompassing
the measurement methods and models. Experimental valida-
tions are presented throughout Sections 3—7 to substantiate the
simulated findings. Finally, Section 8 concludes the study by

summarizing the key contributions and insights of this work.
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2. Design of phased unit cells

In this section, we present the design of the phased unit
cells, along with their transmission properties, phase delay
characteristics, and the phase-difference spectra. To realize
a broadband ALG, as schematically shown in Fig. 1(a), we
design a type of phased unit cell with the height of H com-
posed of a central channel and two arrays of five semicircular
cavities on both sides. Figure 1(b) shows the cross-section
of the phased unit cell. The width w and the length [ are se-
lected as 1 cm and 5 cm, respectively, the height of the central
channel % can be tailored to manipulate the transmitted phase
delay of sound, and the radius r of each semicircular cavity is
determined by r = (w — h)/2. The incident wavelength A is
selected as 5 cm (viz., the frequency f = 6.86 kHz in air). The
phased unit cell is fabricated with epoxy resin based on the
three-dimensional (3D) printing technology. Throughout this
work, we use the COMSOL Multiphysics software to simulate
the propagation characteristics of sound. In the models, the
boundaries of both input and output ports are selected as the
plane wave radiation, the other ones are set as the hard sound
boundary, and the material parameters of air are selected as
p = 1.21 kg/m> and ¢ = 343 m/s.
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Fig. 1. (a) Schematic diagram of a phased unit cell and (b) its cross-section. (c) Measured (ME) and simulated (SI) transmission coefficients
and phase delays caused by the phased unit cells with different values of / at 6.86 kHz. (d) Simulated phase-difference spectrum of phased

unit cells T and II.

To demonstrate the performance of the phased unit cells
with different values of 4, we conduct an experiment to mea-
sure the transmission coefficients and phase delays of sound.
The details of the experimental set-up are exhibited in note 1 of
the supplementary material. Figure 1(c) shows the measured
transmission coefficients (red open circles) and phase delays
(blue open squares) caused by the phased unit cells with dif-
ferent values of 4, and the corresponding simulated ones (red

dashed and blue solid lines) are also plotted for comparison.

We observe that, in the range 0.1 cm—0.9 cm, the phase delay
of sound can covers the whole range of 27, and most trans-
mission coefficients are larger than 0.7. The measured results
basically agree with the simulated ones. To design ALGs OR
and NOT, we here select two phased unit cells with #=0.2 cm
and 0.8 cm (denoted as I and II), which correspond to the sim-
ulated transmission coefficients of 0.95 and 0.98 and the dif-
ference of the phase delays ¢ — @y nearly equals 7. The sim-
ulated pressure distributions caused by the phased unit cells I

014301-2
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and II are shown in note 2 of the supplementary material, in
which the transmitted acoustic pressure profiles caused by the
the phased unit cells I and II are quite strong and obviously
exhibit opposite phase delays. In addition, we simulate the
phase-difference spectrum of the phased unit cells I and II, as
shown in Fig. 1(d). The phase-difference ranges from 0.767
to 1.24m, which approximately centered around 7 within the
frequency range of 5.62 kHz—7.87 kHz (indicated by the black
shaded region). Furthermore, the transmission spectra of the
phased unit cells I and II are provided in note 2 of the sup-
plementary material. The results show that the phased unit
cells I and II keep high transmission in the frequency ranges
4 kHz-9 kHz and 4 kHz-14 kHz, respectively. Leveraging
these broadband characteristics, we can design ALGs with

ultra-broadband performance.

3. Theory of linear interference of sound

In this section, we provide a concise introduction to the
theory of linear sound interference, which serves as one of the
fundamental principles underlying the designed ALGs. Typi-
cally, the pressures of two sound waves, A and B, can be ex-
pressed as

pa =Ajcos (27rft+(pA—27rfs), (D
C

pB = Ajcos (27rft + @ — 27'cfs) , 2)
c

where f is the frequency, ¢ represents the time, ¢ denotes the
sound speed, @a and ¢p are the initial phases, A; and A; are
amplitudes, and s is the propagation distance of the sound.
When these two sound waves converge at a specific point O,
their pressures superimpose according to the principle of lin-

ear superposition, described by

PO = pa+ PB- 3)

The resultant amplitude A is determined by

A= \/A% + A2 +2A,A;cos(Ag), 4)

and the phase difference A is given by

Aqv:%—%—@(m—m), (5
where s and sp represent the propagation distances of sound
waves A and B, respectively. When the phase difference is an
even multiple of 7, the resultant amplitude A reaches its maxi-
mum value (A = A; +A;), indicating constructive interference
between the two sound waves. Conversely, when the phase dif-
ference is an odd multiple of 7, A is minimum (A = |A] — A3|),

signifying the interference cancellation of two sounds.

4. Design and performances of ALG OR

Herein, we detail the design of ALG OR and demonstrate
its working principles along with performance. Figure 2(a)
schematically shows the designed ALG OR composed of a
circular waveguide with the inner radius of r| and the outer
radius of r, and three straight waveguides (A, B, and O) with
the width of w. Two phased unit cells II are attached on the in-
ner surface of the waveguides A and B. The waveguides A and
B are the two input ports, and the waveguide O is the output
port for the logic gate OR, and the incident sound signals from
the input ports A and B have the same initial phase and am-
plitude. Thus, when the sound signals are incident from both
input ports A and B simultaneously, the interference enhance-
ment exists at the port O owing to the same phased unit cells
in the input ports A and B, and the output pressure amplitude
is determined by Eqs. (4) and (5). Moreover, when the sound
signal is separately incident from the input ports A or B, the
sound energy at the output port O is still strong due to the high
transmission of the phased unit cell II, providing the feasibility
of realizing the logic function OR. The detail of the principle
of ALG OR is presented in note 3 of the supplementary mate-
rial. The sample photograph of the logic gate OR is shown in
Fig. 2(b).
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Fig. 2. (a) Schematic diagram of an ALG OR, and (b) its sample photo-
graph. (c) Simulated pressure amplitude distributions through the logic gate
OR with different input states at 6.86 kHz. (d) Measured (ME) and simu-
lated (SI) transmission coefficients for different input states. The red arrows
in panels (a) and (c) represent input sound signals and the black arrow in
panel (a) refers to output sound signals.

To exhibit the performances of the logic gate OR, we sim-
ulate the pressure amplitude distributions through the logic
gate for different input states at 6.86 kHz. Here, we define
the input state of the logic gate as (Q1, 0»), in which Q; repre-
sents whether there exist sound signals emitted from the input
ports A and B or not, denoting as Q; =“1" or “0”, respectively.
In addition, to evaluate the output states of the logic gate, we
select a uniform threshold /; = 0.25. When the transmission
coefficient is larger than i, the output state is (1), otherwise is
(0). As shown in Fig. 2(c), for the input states (1,1), (1,0), and
(0,1), the pressure amplitudes around the output port O are

very large, in which the output amplitude for the input state

014301-3
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(1,1) is about two times than those for the input states (1,0)
and (0,1). However, for the input state (0,0), the pressure am-
plitude at the output port O is zero. To experimentally demon-
strate it, we measure the transmission coefficients of the logic
gate OR for different input states at 6.86 kHz, and the simu-
lated results are also provided for comparison. As shown in
Fig. 2(d), based on the uniform threshold /; = 0.25, the output
states are (0), (1), (1), and (1) for the input states (0,0), (0,1),
(1,0), and (1,1), showing high performance of the logic gate
OR. The measured and simulated results are consistent with

each other.

5. Design and performances of ALG NOT

In this section, we present the design of ALG NOT, and
demonstrate its performance and working principle. By re-
placing the phased unit cell II in the waveguide A with the
phased unit cell I, we can design a type of ALG NOT, in which
the other structure parameters are the same as those of the
ALG OR in Fig. 2(a). As shown in Fig. 3(a), the waveguide
B is set as the control port with a constant input sound signal,
and the waveguides A and O are the input and output ports,
respectively. In addition, similar to the logic gate OR, the in-
put sound sources at the input and control ports are the same.
The sample photograph of the logic gate NOT is presented in
Fig. 3(b).
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Fig. 3. (a) Schematic diagram of an ALG NOT, and (b) its sample photo-
graph. (c) Simulated pressure amplitude distributions through the logic gate
NOT with different input states at 6.86 kHz. (d) Measured and simulated
transmission coefficients for different input states. The red and blue arrows in
panels (a) and (c) represent the input and control sound signals, respectively,
and the black arrow in panel (a) is the output sound signal.

As shown in Fig. 1(c), the phase difference between
phased unit cells I and II is 7, and thus the transmitted sound
signals through the phased unit cells at the ports A and B are
out of phase, leading to the interference cancellation of sound
at the output port O. However, when there is no input sound
signal from the port A, the sound energy from the control port
B can still reach the output port O with high transmission. The
detail of the principle of ALG NOT is presented in note 4 of
the supplementary material. To further demonstrate the perfor-
mance of the ALG NOT, we simulate the pressure amplitude

distributions through the logic gate NOT for different input

states at 6.86 kHz. As shown in Fig. 3(c), the pressure ampli-
tude at the output port O is almost zero for the input state (1),
which is attributed to the interference cancellation owing to the
phase manipulation of sound caused by the phased unit cells I
and II. However, for the input state (0), the output sound en-
ergy is clearly observed at the output port O. To experimentally
demonstrate the logic function NOT, we measure and simulate
the transmission through the logic gate NOT for different in-
put states at 6.86 kHz, and the simulated results are also pre-
sented for comparison in Fig. 3(d). We observe that both the
measured and simulated transmission coefficients for the input
state (0) are higher than I;, whereas those for the input state (1)
are lower than [, showing high performance of the designed
logic gate NOT.

6. Design and performance of ALG AND

In this section, we introduce the design of ALG AND, and
elucidate its principle and performance. Figure 4(a) schemat-
ically shows the designed ALG AND composed of a circu-
lar waveguide and four connected straight waveguides (A, B,
C, and O). The structural parameters are the same as those in
Fig. 2(a). The waveguides A and B are the two input ports,
and the waveguides C and O are the control port with a con-
stant sound signal and the output port for the ALG AND, re-
spectively. To realize the ALG AND, in addition to the phased
unit cells I attached to the inner surfaces of the input ports A
and B, we here introduce another type of phased unit cell into
the waveguide C as the control port, in which a rectangular
solid is added at its lower-left end to reduce the transmission
coefficient of the input sound signal. The phase delays and
transmission coefficients of the phased unit cells with different
values of & are presented in note 5 of the supplementary mate-
rials. Here, we select the phased unit cell III with the transmis-
sion coefficient of 0.7 and the same phase delay as that of the
phased unit cell I, which is used to realize the transmission of
the ALG AND less than 0.25 for the input state (0,0) and the
interference cancellation between the input and control signals
around the output port O. The sample photograph of the ALG
AND is shown in Fig. 4(b).

Figure 4(c) shows the simulated pressure amplitude dis-
tributions through the ALG AND for different input states
at 6.86 kHz. We can see that the output pressure amplitude
at the output port O is very large for the input state (1,1),
though slightly weaker than that of the ALG OR [Fig. 2(c)]
due to partial interference cancellation caused by the sound
signal from the control port C. In addition, for the input states
(1,0) and (0,1), the output pressure amplitudes are significantly
suppressed due to the interference cancellation caused by the

sound signals from the ports A and C and the ports B and C,
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respectively. Finally, for the input state (0,0), the pressure am-
plitude at the output port O is small, but is still observed. Such
a phenomenon arises from the relatively small transmission
coefficient of the phased unit cell III and the sound energy
transmitted through port C is dispersed into the three ports A,
B, and O. The details of the principles of the ALG AND for
different input states are presented in note 6 of the supplemen-

tary material.
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Fig. 4. (a) Schematic diagram of an ALG AND, and (b) its sample photo-
graph. (c) Simulated pressure amplitude distributions through the ALG AND
with different input states at 6.86 kHz. (d) Measured and simulated intensity
levels at the output port O for different input states. The red and blue arrows
in panels (a) and (c) represent the input and control sound signals, respec-
tively, and the black arrow in panel (a) refers to the output sound signal.

To demonstrate the performance of the ALG AND, we
experimentally measure the transmission through the ALG for
different input states at 6.86 kHz, with simulated results plot-
ted for comparison. As shown in Fig. 4(d), by using the uni-
form threshold I; = 0.25, the measured output states are (1),
(0), (0), and (0) for the input states (1,1), (1,0), (0,1), and (0,0),
respectively, showing typical characteristics of the logic func-
tion AND. The measured results are still consistent with the

simulations.

7. Bandwidth of ALGs OR, NOT and AND

In this section, we present both experimental and nu-
merical investigations of the broadband characteristics for the
acoustic logic gates (ALGs) OR, NOT, and AND, along with
the corresponding method for measuring their transmission
spectra under different input states. Figures 5(a)-5(c) illus-
trate the measurement setups for the transmission spectra of
the OR, NOT, and AND gates, respectively. For ALG OR, as
shown in Fig. 5(a), a pair of sound sources (red stars) with
identical initial phases are positioned at input ports A and B to
excite the input signals. A microphone (Mic.) placed at output
port O records the sound amplitude across frequencies. To ac-

count for the source characteristics, we measure the frequency

response of a single sound source in a straight waveguide of
the same length as port A, and the relative amplitude spectra of
the ALG OR are derived by normalizing the output amplitude
against the frequency response. For transmission spectra, the
maximum relative amplitude of the input state (1,0) serves as
the reference signal, and the final spectra are obtained by fur-
ther normalizing the relative amplitudes to this reference. The
same measurement method for the ALGs NOT and AND is
applied, in which the identical reference signal is adopted for
consistency. In addition, the simulation models for the OR,
NOT, and AND gates are the same as the configurations in
Figs. 2(a), 3(a), and 4(a), respectively. Plane wave radiation
conditions are applied at the boundaries between the ports (A,
B, C, and O) and the external domain. The simulated trans-
mission spectra are computed by normalizing the output am-
plitude spectra to the same reference signal as in experiments.

B
Cover—_ 0
Mic.
]
A B
(0)
Miec.
|

Fig. 5. Models for the measurement of the transmission spectra of the
ALGs (a) OR, (b) NOT, and (c) AND, respectively. Red stars in pan-
els (a) and (c) represent the sound sources with the same initial phases,
and a blue and red stars in panel (b) represent the ones with opposite
initial phases.

The designed ALGs exhibit broadband characteristics.
To experimentally validate this, we measure the transmission
spectra of the ALGs OR, NOT, and AND for different input
states, with the simulated results also presented for compari-
son. As shown in Fig. 6(a), for the ALG OR, the measured
transmission coefficients for the input states (1,1), (1,0), and
(0,1) are higher than I; = 0.25, while those for the input state
(0,0) are nearly zero within the frequency range 4.66 kHz—
12.31 kHz (the black shaded region). Consequently, the mea-
sured fractional bandwidth reaches approximately 111.5%,
demonstrating the ultra-broadband characteristic of the ALG
OR. However, a distinct transmission peak (exceeding 1.6) is
observed at 5.74 kHz in Fig. 6(a), likely attributed to unin-
tended reflections within the sample of ALG OR. As illus-
trated in Fig. 5(a), the cross-sectional area of port O in the
ALG OR is limited to 1 cmx1 cm. When sound waves prop-
agate from port O into the external free space, a significant
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impedance mismatch at the interface can induce strong re-
flections. Consequently, for the input state (1,1), the output
sound amplitude is markedly amplified due to the combined
effects of reflection and constructive interference, resulting in
a pronounced transmission peak within the working band of
the ALG OR. Figure 6(b) shows the simulated transmission
spectra of the ALG OR, with a working band ranging from
5.20 kHz to 12.70 kHz (black shaded region) and a fractional
bandwidth of approximately 109.3%, which closely matches
the measured results in Fig. 6(a). This ultra-broad bandwidth
arises from the interference enhancement of sound signals
through two phased unit cells II. For the ALG NOT, the mea-
sured working band [the black shaded regions in Fig. 6(c)] is in
the range 5.62 kHz—8.17 kHz, with a fractional bandwidth of
about 37.2%, roughly one-third that of ALG OR in Fig. 6(a).
This result is primarily attributed to the difference in initial
phases of sound signals passing through phased unit cells I and
II. The simulated working band of the ALG NOT [the black
shaded regions in Fig. 6(d)] is slightly narrower than the mea-
sured one in Fig. 6(c). Additionally, as depicted in Fig. 6(e),

the measured working band (black shaded region) of the ALG
AND ranges from 5.44 kHz to 8.77 kHz, with a fractional
bandwidth of approximately 48.5%. In contrast, the simulated
working band [black shaded region in Fig. 6(f)] of the ALG
AND extends from 5.44 kHz to 9.19 kHz, with a fractional
bandwidth of about 54.7%, which is slightly larger than the
measured value in Fig. 6(e). Overall, the measured and sim-
ulated working bands of these designed ALGs are basically
consistent with each other. Therefore, we have both numer-
ically and experimentally demonstrated the ultra-broad band-
widths of the designed ALGs OR, NOT, and AND, in which
the measured fractional bandwidths are 111.5%, 37.2%, and
48.5%, respectively.

The ultra-broad band of the designed ALGs arises from
the principle of linear superposition and ultra-broadband prop-
erties of the proposed phased unit cells, which are presented
in notes 2, 3, 4, and 6 of the supplementary materials. These
results highlight the potential of the designed ALGs for appli-

cations requiring broad frequency range operation.
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Fig. 6. Measured transmission spectra of the ALGs (a) OR, (c¢) NOT, and (e) AND, and the simulated ones of the ALGs (b) OR, (d) NOT, and

(f) AND for different input states, respectively.
8. Conclusion

In conclusion, we have both numerically and experimen-
tally demonstrated the ALGs with ultra-broad band perfor-
mance, based on the circular waveguide structure with multi-
ple ports and phased unit cells. The results show that the logic
function OR has been well realized in a circular waveguide
with an output port, two input ports and two phase unit cells
II. Based on the phase manipulation of the phased unit cells IT
and the linear interference of sound, the measured fractional
bandwidth of the ALG OR reaches about 111.5%, showing an

ultra-broadband characteristic. Furthermore, by replacing one
phased unit cell II in the ALG OR as the phased unit cell I,
we have also realized the ALG NOT, and its measured frac-
tional bandwidth reaches about 37.2%, which arises from the
interference cancellation of sound at the output port O. In ad-
dition, by introducing the phased unit cells II and III, we have
realized the logic function AND based on a circular waveg-
uide with four ports, and the measured fractional bandwidth
reaches about 48.5%. Meanwhile, the simulated transmission
spectra of the ALGs OR, NOT, and AND have also been pre-
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sented as comparison. The measured and simulated results are

basically consisted with each other. The designed ALGs are

characterized by ultra-broad band, simple structure and pas-

sive modulation, which have potential applications in the fields

of acoustic information processing and logic operation, under-

water communication, and so on.
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