
Archives of Acoustics Vol. 48, No. 4, pp. 465–473 (2023), doi: 10.24425/aoa.2023.146643

Research Paper

Modulation Mechanism of Acoustic Scattering
in Underwater Corner Reflectors with Acoustic Metasurfaces

Jiaman DU(1), Zilong PENG(1)∗, Lili GE(1), Shijin LYU(1), (2), Fulin ZHOU(3), Yan LIU(4)

(1)School of Energy and Power Engineering
Jiangsu University of Science and Technology

Zhenjiang, China

(2)National Key Laboratory on Ship Vibration and Noise
China Ship Science Research Center

Wuxi, China; e-mail: lsj5341@163.com

(3)School of Naval Architecture, Ocean and Civil Engineering
Shanghai Jiao Tong University

Shanghai, China; e-mail: zhoufulin@sjtu.edu.cn

(4)Shanghai Research Institute of Materials
Shanghai, China; e-mail: 13930661775@163.com
∗Corresponding Author e-mail: zlp_just@sina.com

(received November 30, 2022; accepted May 15, 2023 )

Using the tunderwater corner reflector (CR) to simulate the acoustic scattering characteristics of the
military target is a new technology to counter active sonar detection. Existing underwater CRs only have
the ability to interfere with the acoustic field, but have limitations in acoustic wave modulation. Therefore,
acoustic metasurfaces applied on CRs to enhance the ability of acoustic wave modulation has a great application
prospect. A fast prediction method based on the Kirchhoff approximation (KA) and the ray tracing theory
is proposed to calculate the acoustic scattering characteristics of CR with acoustic metasurfaces in grooves array
type. The accuracy of the method is verified by the finite element method (FEM) simulation. The modulation
effect of CR with grooves array in different gradient combinations on the structural scattering acoustic field
is analyzed. The research shows that the CR with different combinations of the acoustic metasurface has an
obvious modulation effect on the amplitude of the acoustic waves and the deflection of acoustic field. In par-
ticular, the grooves array in combination with positive and negative gradients has an obvious deflection impact
on the scattering acoustic field.
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1. Introduction

The radar corner reflector (CR) is an effective pas-
sive jamming device to counter radar detection, which
can be used to blanket the genuine target signal to pro-
tect valuable facilities. The radar CR generally consists
of three rigid plates, which are welded together verti-
cally. The CR with a special geometric structure can
cause an incident electromagnetic wave to be scattered
in it, multiplied and then reflected back to the original

direction. Therefore, CR has a strong backward radar
cross section (RCS), which can cause obvious jamming
and deception impacts on radar-guided weapon sys-
tems (Huang, 1993; Xiong, 2008); and CR has advan-
tages such as low cost, wide frequency bandwidth, long
operating time, and obvious interference that make it
widely used in protection of important facilities.

Considering excellent performance in countering
radar detection, CRs have shown promising prospects
in underwater applications. The detection and iden-
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tification of low noise level targets in water is based
on an active sonar, and the receive-respond approach
is used as the traditional method to counter the ac-
tive sonar by receiving, processing, and transmitting
back the active sonar detection signal (Chen, Zhao,
2014; Xu et al., 2017; Lu, 2009). The prospects for
engineering applications are limited by the complex-
ity of the method, and the difficulty in the simula-
tion of a real echo of the target. Therefore, the pas-
sive jamming devices, especially CRs, have recently
attracted a lot of attention from researchers. It was dis-
covered that elasticity or rigidity has no influence on
strong scattering capacity of underwater CRs (Chen
et al., 2018; Chen, Luo, 2019). Moreover, the struc-
tural characteristics indicate that multiple scattering
of acoustic waves must be taken into account in calcu-
lation. Therefore, the “shooting and bouncing acoustic
beams” method based on the planar element method
(PEM) is proposed to calculate the scattering sound
field of an underwater CR (Chen, 2012; Chen, Sun,
2013). However, this is only an approximate numerical
calculation, problems such as non-convergence of cal-
culation results and idealistic analysis conditions still
exist. Möller and Trumbore (1997) proposed a fast
algorithm to judge whether a ray passes through a par-
ticular triangle, which makes it possible to introduce
the virtual source method into PEM to calculate the
multiple scattering acoustic field.

The existing underwater CRs only have the ability
to interfere with the sound field, limitations still ex-
ist in modulation of sound waves, which can be com-
pensated by utilization of acoustic metasurfaces. Such
structures are theoretically based on the generalized
Snell law and acoustic wave modulation can be real-
ized through surface phase changes (Li et al., 2013;
Zhao et al., 2013; 2018; Tian et al., 2020). With ref-
erence to optical metasurfaces, acoustic metasurfaces
was first proposed in 2013, in which a structure with
a phase abrupt change was used to make incident waves
conform to the generalized Snell law, thus achieving an
anomalous refraction and reflection on the interface of
different mediums (Yang et al., 2022; Yuan et al.,
2020; Zhao et al., 2020). Christensen et al. (2007)
proposed a grooves array structure and used the cou-
pling of the surface acoustic wave (ASW) to achieve
the acoustic field control. Since then, the ability to
modulate acoustic waves of acoustic metasurface has
attracted widespread attention.

The dihedral CR is one of reflectors with strong
multiple scattering ability (Lu et al., 2020). In this
paper, a dihedral CR embedded with acoustic meta-
surface is designed based on the generalized Snell law,
and the metasurface itself is grooves array whose depth
varies in gradient. An improved PEM combining the
Kirchhoff approximation (KA) and ray tracing is pro-
posed to calculate the scattering acoustic field of CR
with acoustic metasurface. Furthermore, the influence

of different combination of an acoustic metasurface on
the dihedral CRs scattering acoustic field is discussed.

2. Relevant theories and models

2.1. Acoustic metasurface

Different from the traditional Snell law, the modu-
lation effect of phase variation on the acoustic wave was
first proposed in the generalized Snell law, the modu-
lating mechanism of which is expressed as:

sin θr − sin θi =
λ0

2π

dΦ(x)
dx

, (1)

where θr and θi are the reflection and incident angles,
dΦ(x)/dx is the surface phase gradient, and λ0 is the
wavelength.

The dihedral CR with an acoustic metasurface was
designed based on the generalized Snell law. In order to
realize the phase change of the surface acoustic wave,
a group of grooves whose depth varies in gradient are
constructed on the surface, as shown in Fig. 1. The sur-
face whose thickness usually less than the wavelength
is called acoustic metasurface (Yu et al., 2021). The
relationship between the reflection and incident angles
of an acoustic wave scattered by a metasurface can be
written as:

θr = arcsin (sin θi + 2g) , (2)

where θr is the reflection angle, g is the gradient of
grooves array (Zhu, 2018). The dihedral CR with an
acoustic metasurface was designed based on the gen-
eralized Snell law (Fig. 1). The gradient of grooves is
g = dhi/dx = 0.1. When the frequency of the incident
acoustic wave f0 is 10 kHz, the acoustic phase varia-
tion ranges of the grooves array according to Eq. (1)
is 0∼2π, and the step size is π/5.
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Fig. 1. Calculation model on scattering acoustic field of
acoustic metasurface unit.

In this paper, an improved PEM is proposed using
the Snell law combined with the virtual source method
and the ray tracing method to calculate the directional
modulation effect of CR with acoustic metasurfaces.
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2.2. Improved planar element method

PEM mainly uses the KA theory, which is called
the physical acoustic method (Fan et al., 2012). This
approximation method has two basic assumptions:
1) the scattering surface can be divided into illumi-

nated areas that has contribution to acoustic scat-
tering and shadow areas that has no contribution
to acoustic scattering;

2) each part of illuminated area can be treated as
a plane and the reflected wave conforms to reflec-
tion rule.

As shown in Fig. 2, S is the entire outer surface of
scattering object; r1 and r2 are the vectors from the
unit surface dS to the incident pointM1 and receiving
pointM2; θ1 and θ2 are the angles between the surface
normal vector n and r1, r2, respectively.
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Fig. 2. Kirchhoff approximation theoretical model.

Assuming that the incident acoustic potential is φS ,
the scattering acoustic potential satisfies the following
Helmholtz integral equation, which is expressed as:

φS(r2) =
1

4π
∫
S

[φi
∂

∂n
(e

jkr2

r2
) − ∂φi

∂n

ejkr2

r2
]dS. (3)

Considering the scattering object as a rigid surface,
the expression of scattering acoustic pressure is

φS(r2) = −
jk

4π
∬
S

ejk(r1+r2)

r1r2
(cos θ1 + cos θ2)dS. (4)

In the monostatic case, ∣r1∣ = ∣r2∣ = ∣r∣, ∣r10∣ = ∣r20∣ =
∣r0∣, ∆r1 = ∆r2 = ∆r, and θ1 = θ2. Equation (4) be-
comes

φS(r) = −
jk

2π

ejk2r0

r2
0
∬
S

ejk2∆r cos θ1 dS. (5)

The phase variation caused by the grooves array
can be expressed as:

ϕ = 2khi =
⎧⎪⎪⎨⎪⎪⎩

ϕi (i ∈ the grooved region),
0 (i ∈ the non-grooves region),

(6)

where hi is the depth of the i-th groove.

When calculating the scattering sound pressure
of the acoustic metasurface, the corresponding phase
variation should be considered. Therefore, the scat-
tering acoustic wave potential function at the i-th
groove is:

φ′S,i = φS,i ⋅ ejϕi . (7)

The target strength (TS) is calculated by summing
the scattered acoustic wave potential functions, which
is expressed as:

TS = 20 log10 (∣
M

∑
i=1

φ′S,i∣ r2), (8)

where r is the distance from the incidence point to the
center point of the plate.

2.3. Dihedral CR with acoustic metasurface

The double acoustic scattering phenomenon in the
dihedral CRs makes the solution of the scattering
acoustic field more complicated. It can be simplified
as the double scattering problem between two discrete
rigid plates, as shown in Fig. 3. In the monostatic case,
where T is the incidence and receiving point, T ′ is
the geometric symmetric point of T with respect to
plate 1, M and P are the centers of plates 1 and 2;
n1 and n2 are the outer normal vectors of plate 1 and
plate 2, respectively; r1 is the vector from the incident
point T toM , r2 is the vector from the incident point T
to any point Q on plate 2, and r12 is the vector from
the center of plate 1 to arbitrary point Q on plate 2.
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Fig. 3. Schematic of double scattering diagram
between discrete plates.

In the monostatic case, the acoustic wave from the
incidence point T is scattered by the plate 1 to plate 2,
then reflected by plate 2 and finally comes back to the
receiving point T . The process can be equivalent to
the situation that an acoustic wave comes from the
virtual source point T ′ to the plate 2, and then is scat-
tered to the receiving point T . Furthermore, the mul-
tiple scattering acoustic field between plates can be
calculated by combining PEM with the virtual source
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method, and the double scattering potential function
can be expressed as:

φS(r2) = −
jk

4π
∬
S

ejk(r
′
1+r12+r2)

(r′1 + r12)r2
(cos θ1 + cos θ2)dS.

(9)
The dihedral CR with an acoustic metasurface can

be achieved by the grooves array, and the single scat-
tering acoustic field is shown in Fig. 4a. Where θi1,
θi2, θr1, and θr2 are the incident angles and reflection
angles of the acoustic wave of face I and face II, respec-
tively. This paper only considers the monostatic case,
thus the incident angle of the single reflection and the
reflection angle are on the same side of the normal
vector. The single scattering acoustic field consists of
two parts, which is the acoustic pressure reflected by
grooves regions and non-grooves regions, respectively.

The double scattering acoustic field includes the
scattering acoustic wave from face I to II and face II
to I. As shown in Fig. 4b, for symmetry of geometry
and an angle of incidence, only the scattering acoustic
field from face I to II is described.
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Fig. 4. Reflection of a dihedral reflector:
a) single; b) double.

When the acoustic wave is incident on the surface I
and scattered on the surface II, the acoustic pressure
at the grooves is modified by multiplying phase fac-
tors according on Subsec. 2.2, and the double scatter-
ing acoustic field of the dihedral CR is acquired by
utilizing the improved PEM algorithm combined with

the virtual source method and the ray tracing method,
which can be expressed as:

φI−II
S = − jk

4π
(∑M

i=1
Pie

2jk(h1,i+h2,i)) (10)

where M is the number of planar elements in face I
from which an acoustic wave can be scattered to face II,
φI−II
S is the corresponding potential function. Assuming

that the acoustic wave incident to the planar 1 in the
face I and then is scattered to planar 2 in face II, h1

is the depth of the corresponding groove if planar 1
is in the grooves’ region, h1 = 0 if planar 1 is in the
non-grooves’ region. The determination of h2 follows
the similar process by considering situation in face II.
Pi can be expressed as:

Pi =
ejk(r

′
q,i+rm,i)

∣r′q,i∣ ∣rm,i∣
[n2 ⋅ (r′q,i + rm,i)] II−II

S,i , (11)

where r′q,i is the local coordinates of a virtual source
point of the incident point about planar 1, rm,i is the
local coordinates of receiving point, n2 is the normal
vector of planar 2, the scattering contribution II−II

S,i is
written as:

II−II
S,i = ∬

SI−II

e−jkR⋅[r′q0,i+rm0,i] dS, (12)

where r′q0,i and rm0,i are the unit vectors of r′q,i and
rm,i, respectively.

A similar process can be used to obtain φII−I
S . The

total scattering acoustic field is the summation of
the potential function of single reflection and double
reflection:

φ = φI
S + φII

S + φI−II
S + φII−I

S , (13)

where φI
S and φII

S are the potential function of single
reflection from face I and II, respectively; φI−II

S and
φII−I
S are the potential functions of double reflection

from face I to II and II to I, respectively.

3. Simulation

The acoustic scattering characteristics of the di-
hedral CR with an acoustic metasurface are studied
to verify the control effectiveness on the scattering
acoustic field of the structure, and the accuracy of
the improved PEM. The schematic of the dihedral
CR with and without acoustic metasurface is shown
in Figs. 5a and 5b. Calculation results of TS of the
dihedral CR with an acoustic metasurface and CR it-
self using the finite element method (FEM) is shown
in Fig. 5c. Comparison of dihedral CRs with acous-
tic metasurfaces calculated with FEM and improved
PEM proposed in Sec. 2 is shown in Fig. 5d. All the
calculation is under monostatic situation, as a result,
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Fig. 5. a) Model of dihedral CR; b) model of dihedral CR with acoustic metasurface; c) calculation results of TS of
dihedral CR with acoustic metasurface and CR itself using FEM; d) comparison of dihedral CRs with acoustic metasurfaces

calculated with FEM and improved PEM proposed in this article.

θ in Figs. 5c and 5d is both an incident angle and a re-
flection angle. The effect of different structural com-
binations and periodic arrangements on the scattering
acoustic field is studied in Subsecs. 3.1 and 3.2.

When frequency is 25 kHz and θ is 0○∼ 90○, the
scattering acoustic field of the dihedral CR (Fig. 5a)
and the dihedral CR with the acoustic metasurface
(Fig. 5b) were analyzed using FEM, respectively, as
shown in Fig. 5c. The TS of the dihedral CR reaches
the peaks values of 14.98, 17.33, and 14.98 dB at θ = 0○,
θ = 45○, and θ = 90○. The TS of the dihedral CR with an
acoustic metasurface reaches peak values of 13.86 dB
at θ = 6○ and θ = 84○. The dihedral CR with an acoustic
metasurface has significantly decreased the TS ampli-
tude θ ranges from 7.5○ to 83.5○. The results show that
the dihedral CR applying an acoustic metasurface can
significantly decrease their TS in most incident angle
ranges and change the directivity.

Figure 5d shows that the TS of the acoustic meta-
surface dihedral CR calculated by the improved PEM
and the FEM fits well, which verifies the accuracy of
the improved PEM, but there are still some errors.
The main reason is that the improved PEM calculation
merely considers the effects of acoustic metasurface
as phase changing, while the multiple reflections be-
tween the bottom and the side walls of the grooves are

not considered, which is taken into account by FEM.
Therefore, that is the reason why two methods have
errors under certain incident angles.

3.1. Grooves array in single-period gradient

Based on the generalized Snell law, the acoustic
reflection angle is not only related to the acoustic inci-
dent frequency, but also to the gradient of the metasur-
face groove array. When the frequency of the incident
acoustic wave is f = 10 kHz and the angle of incidence
ranges θi = 0○∼ 90○, the effect of the gradient magni-
tude and direction of the grooves array gradient on the
scattering acoustic field of the dihedral CR is discussed
and analyzed in this section.

3.1.1. Gradient magnitude

The reflection angle of acoustic waves can be ad-
justed by changing the magnitude of the grooves array
based on the generalized Snell law, thus the grooves
array gradient can be used to modulate the reflection
direction of an acoustic wave. The designed gradients
of the grooves array are g = 0.1, 0.2, 0.3, respectively.
Figures 6a–6c show the dihedral CR models and TS
results of the grooves array in different gradients. As
shown in Figs. 6d–6f, the dihedral CR with different
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Fig. 6. Models and TS calculation results of grooves array in different gradient magnitude: a) g = 0.1; b) g = 0.2; c) g = 0.3;
d)–f) are calculation results for model a)–c), respectively.

gradients of grooves array has different modulation ef-
fects on the scattering acoustic field of the target. The
TS amplitude is modulated at most incident angles,
and increases or decreases with an incident angle. By
comparing dihedral CR with acoustic metasurface and
dihedral CR itself, the results show that the corre-
sponding angles of peaks change significantly.

As shown in Figs. 6d–f, when g = 0.1, the TS of the
dihedral CR with acoustic metasurface is significantly
higher than CR itself at the angle range of 3○∼ 30○ and
60○∼ 87○, and has peak values near the incident angles
of 5○ and 85○. When g = 0.2, the TS of the dihedral CR
with acoustic metasurface is significantly higher than
CR itself at the angle range of 8○∼ 15○ and 75○∼ 82○,
and has peak values at 12○ and 78○. When g = 0.3,
the TS of the dihedral CR with acoustic metasurface
is significantly higher than CR itself at the angle range
of 14○∼ 20○ and 70○∼ 76○, and has peak values at 17.5○

and 72.5○.
Comparing the calculation results in Figs. 6d–6f,

the corresponding angle of the peak varies with the
magnitude of the gradient of the grooves array, which
indicates that magnitude of gradients can change the
main direction of an acoustic scattering field. It can
also be seen that the TS amplitude is reduced most ef-
fectively when g = 0.3. Therefore, it is possible to re-
alize enhancing or reducing the TS of the underwater
simulator within a large range of incident angles.

3.1.2. Gradient direction

Without changing the gradient magnitude of the
grooves array (gradient magnitudes are g = 0.1), the TS
of the dihedral CR of the grooves array with different
gradient direction combinations is calculated and ana-
lyzed. Figure 7 shows schematic of a calculation model
and comparison of calculation results between the di-
hedral CRs and dihedral CRs with an acoustic meta-
surface in different combinations of the gradient direc-
tion. It can be seen that TS of all the dihedral CRs with
an acoustic metasurface in different gradient combina-
tions have been significantly reduced in a certain range
of angles, which proves that all the three structures are
effective in modulation of the scattering acoustic field.

As shown in Fig. 7d, the whole TS curve of the
structure in a positive-negative gradient has a ten-
dency to approach to θ = 0○, which means that the
phase change has occurred in the process of wave prop-
agation of the structure, and the main reflection direc-
tion of acoustic scattering is significantly changed. Fig-
ure 7e shows that the TS amplitude of the structure in
the negative-negative gradient has decreased obviously
in most angles, with valley values of 35.4 dB at θ = 35○

and θ = 55○, respectively. Figure 7f shows the structure
of combination of positive-positive gradient has en-
hanced TS amplitudes at θ = 5○∼ 35○ and θ = 55○∼ 85○,
and the peak values appear at θ = 6○ and θ = 84○.
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From the above results, it is shown that all three
structures have different effects on modulation of
acoustic scattering. The structure in positive-negative
gradient has a more obvious modulation effect on the
directivity of an acoustic wave. And the model of
negative-negative gradient has a more apparent modu-
lation effect on the TS reduction of the target. There-
fore, the application of dihedral with an acoustic meta-
surface is of great value in modulation of the scattering
acoustic field.

3.2. Grooves array in double-period gradient

The dihedral CR with the double-period gradient
acoustic metasurface is composed of the acoustic meta-
surface whose gradient is g = 0.1 as the unit, as shown
in Figs. 8a–8c. The acoustic scattering characteristics
with different combinations are studied, and the results
are shown in Figs. 8d–8f.

As shown in Fig. 8d, the TS directivity curve has
a tendency to approach to θ = 0○, and the TS am-
plitude decreases significantly at θ = 9○∼ 81○, while
increases significantly at θ = 82○∼ 87○. The modula-
tion of the main reflection direction and the TS am-
plitude of an acoustic scattering wave is more obvious
compared with Fig. 7d. Figure 8e shows that the TS
amplitude of the dihedral CR with the double-period

negative-negative gradient is obviously decreased at all
incidence angles, and the decrease effect is more obvi-
ous comparing with Fig. 7e. The TS amplitude of the
double-period positive-positive gradient combination
of dihedral CR decreases between 8○ and 82○, while
increases significantly at the incidence angle of 3○∼ 7○
and 83○∼ 87○, as shown in Fig. 8f. Moreover, the range
of angles at which the TS decreases is larger compared
to the single-period (Fig. 7f).

The results show that the TS amplitude of these
three double-period combinations is significantly re-
duced in most of the incident angle ranges and in-
creases in a small angle range. Compared with the sin-
gle period, the dihedral CR with double-period com-
bination has more complex TS directivity curve and
more peaks, and the modulation effect of acoustic scat-
tering characteristic is more obvious. Therefore, in-
creasing of the periodicity of the grooves array has
a positive effect in reduction of the TS amplitude and
enhancing of the main direction of acoustic scattering.
The modulating effect of the grooves array on the di-
hedral CR acoustic field is the reason of the reduction
effect of TS amplitude. On the one hand, as the grooves
increase the propagation distance of acoustic wave
compared to the flat plate, which causes a decrease in
the sound pressure amplitude. On the other hand, the
phase change caused by the acoustic wave in the groove
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Fig. 8. Models of grooves array in different double-period gradient combinations and its calculation results: a) double-
period positive-negative gradient; b) double-period negative-negative gradient; c) double-period positive-positive gradient,

d)–f) are calculation results for model a)–c), respectively.

leads to an abnormal relationship between the incident
and reflected angles, creating a change in the acoustic
field.

4. Conclusion

A dihedral CR with an acoustic metasurface is de-
signed by the generalized Snell law, to realize modu-
lation of the underwater scattering acoustic field. An
improved PEM method, taking into account the phase
variation caused by grooves, is proposed to calculate
the TS of the structure. By comparing the simula-
tion results and PEM results, the effectiveness of the
calculation method is verified. The scattering acous-
tic field and the modulation effects of dihedral CR
with an acoustic metasurface in different combina-
tions of the gradient and period is calculated and dis-
cussed. The results show that single-period and double-
period grooves array can be applied to dihedral reflec-
tors to modulate the amplitude and the main direction
of acoustic scattering. In particular, the combination of
positive-negative gradient grooves array is more effec-
tive in modulating the main direction of acoustic scat-
tering, and the combination of negative-negative gradi-
ent grooves array is effective in reducing the TS ampli-
tude of the target. Increasing the periodicity can fur-
ther reduce the TS amplitude and enhance the modu-

lation effect of the main direction of an acoustic field.
As the dihedral CR is the structural basis of underwa-
ter CRs, it is important to study the modulation mech-
anism of the scattering acoustic field from the dihedral
CR, which establishes the foundation of the innovative
design of underwater passive acoustic decoys.
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