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As a kind of special acoustic field, the helical wavefront of an acoustic vortex (AV) beam is demonstrated to have a
pressure zero with phase singularity at the center in the transverse plane. The orbital angular momentum of AVs can be
applied to the field of particle manipulation, which attracts more and more attention in acoustic researches. In this paper,
by using the simplified circular array of point sources, dual coaxial AV beams are excited by the even- and odd-numbered
sources with the topological charges of lE and lO based on the phase-coded approach, and the composite acoustic field
with an on-axis center-AV and multiple off-axis sub-AVs can be generated by the superimposition of the AV beams for
|lE| 6= |lO|. The generation of edge phase dislocation is theoretically derived and numerically analyzed for lE = −lO. The
numbers and the topological charges as well as the locations of the center-AV and sub-AVs are demonstrated, which are
proved to be determined by the topological charges of the coaxial AV beams. The proposed approach breaks through the
limit of only one on-axis AV with a single topological charge along the beam axis, and also provides the feasibility of
off-axis particle trapping with multiple AVs in object manipulation.

Keywords: dual coaxial acoustic vortex (AV) beams, multiple off-axis AVs, on-axis center-AV, topological
charge, phase-coded approach
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1. Introduction
As is well known, the acoustic vortex (AV)[1–5] is a spe-

cial sound beam with cross-sectional distributions of circular
pressure and helical phase. Along the central axis, the acous-
tic pressure of the wave front is zero, exhibiting a typical hol-
low structure. A phase factor exp(ilθ) is often used to de-
scribe the speed of phase rotation around the azimuth angle
θ , where l is the topological charge,[6] denoting the phase
change of 2πl around the vortex core with the polarity[7] in-
dicating the clockwise or anti-clockwise phase spiral of the
helical wavefront. Due to the capability of the orbital an-
gular momentum (OAM)[8] transfer to matter, the topologi-
cal structure of AVs exhibits great significance in the appli-
cations of particle trapping and object rotation.[9–14] In the
past few decades, several designs, such as the acoustic span-
ner and acoustic tweezers,[15–19] have been developed to re-
alize particle manipulation by utilizing the AV propagating
along the center axis. To enlarge the trapping area with im-
proved accuracy, new investigations on the generation of com-
posite AV fields have been carried out. In optics, by employ-
ing the techniques of helical phase spatial filtering,[20] super-
position of two coherent beams,[21] motion control of multi-
vortex beams,[22] coaxial superimposition of two Laguerre–

Gauss beams[23–25] based on the Gouy phase, several methods
have been used to form composite optical vortex (OV) fields
and realize synchronized multi-region particle manipulation in
the transverse plane. Compared with an OV beam, besides the
continuous phase spiral, an AV beam[26,27] has a long wave-
length with a deep penetration depth[28] and a little biolog-
ical loss[29] in biomedical tissues. A higher acoustic radia-
tion force of AVs with stronger moments[30] can improve the
ability[31] to manipulate an object for non-magnetic or non-
conducting material,[32] resulting in particle capture and trans-
port inside the body.

In order to form a multi-region composite AV field to
break through the limit of there being only one on-axis AV
with a single topological charge[33] along the beam axis, a
superimposition algorithm for multiple off-axis AVs using
dual coaxial AV beams is proposed in this paper. Based on
the configuration of a circular array of sparse point sources,
two coaxial AV beams along the same propagation direc-
tion at an identical frequency are produced first by the even-
and odd-numbered sources through using the phase-coded
approach.[34–37] With the superimposition effect of the two
AV beams, a composite acoustic field with an on-axis center-
AV and multiple off-axis sub-AVs is generated, realizing the
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topological energy transfer from the center to the surrounding
area. The generation of edge phase dislocation[38,39] is also
theoretically derived and numerically analyzed. With theoret-
ical simulations, the generation rule of multiple off-axis AVs
is summarized, and the numbers and the topological charges
as well as the positions of the center-AV and sub-AVs are
demonstrated to be determined by the topological charges of
the coaxial AV beams. The favorable results provide the the-
oretical basis for the formation of multiple off-axis AVs, and
suggest the potential applications in object manipulation, es-
pecially for the radiation force based particle trapping and
three-dimensional (3D) object driving using AVs in biomed-
ical engineering.

2. Principle and method
The schematic diagram of the generation system of mul-

tiple off-axis AVs using dual coaxial AV beams is illustrated
in Fig. 1. The 2N acoustic sources are distributed uniformly
on a circumference with a radius a. Supposing the radius of
the sources is far less than the wave length, each source can
be considered as a point source to produce a typical spherical
radiation in free space. The 2N sources can be divided into
the even- and odd-numbered groups. By applying the phase-
coded approach to the N even-numbered sources, an AV beam
with an obvious pressure zero along the center axis can be
generated and the topological charge lE is determined by the
initial phase difference between adjacent sources. With a sim-
ilar excitation sequence for the N odd-numbered sources at an
identical frequency, a similar AV beam propagating along the
beam axis with the topological charge lO can also be produced.
And then, a composite acoustic field with multiple off-axis
AVs can be formed by the superimposition of the two coax-
ial AV beams.

source plane

sound absorbing fiber
x

z

yaO

r

Rn R0

Dϕ

↼r↪ϕ↪z↽

↼a↪ϕEn↪↽

Fig. 1. (color online) Schematic diagram of the generation system of multiple
off-axis AVs by using dual coaxial AV beams.

As is well known, under the excitation of an electrical
signal at the frequency f , the acoustic pressure produced by a
point source at (a,ϕ,0) can be calculated by p(a,ϕ,0, t) =

Aexp(−iωt)exp(±iφ), where A is the pressure amplitude,
ω = 2π f is the angular frequency, and φ is the initial phase of
the acoustic wave. Therefore, the acoustic pressure at (r,ϕ,z)
generated by the source can be described by

p(r,ϕ,z, t) =
A
R

exp(−iωt)exp(ikR)exp(±iφ), (1)

where k = ω/c is the wave number for the sound speed c, and
R is the transmission distance between (a,ϕ,0) and (r,ϕ,z).

In order to generate an AV beam with a controllable topo-
logical charge, the accurate coordinates and the correspond-
ing initial phases of the sources should be taken into account.
For the 2N sources in the system, the spatial angle differ-
ence between adjacent sources is ∆ϕ = π/N. By setting the
pressure amplitude and the phase difference of the N even-
numbered sources to be AE and ∆φE = lE2∆ϕ , the spatial an-
gle and the initial phase of the nth even-numbered source are
ϕEn = 2π(n− 1)/N and φEn = 2lEπ(n− 1)/N, and the total
phase shift of the N sources is 2πlE. Then, the pressure at
(r,ϕ,z) generated by the N even-numbered sources can be cal-
culated from

pE (r,ϕ,z, t) = exp(−iωt)
N

∑
n=1

AE

Rn
exp(ikRn)exp(±iφEn). (2)

For an even-numbered source, the transmission distance
can be calculated from

Rn =

√
{r cosϕ−acosϕEn}2 +{r sinϕ−asinϕEn}2 + z2,

which can be rewritten as

Rn ≈
√

a2 + z2 +
r2−2racos(ϕ−ϕEn)

2
√

a2 + z2

for paraxial simplification, where R0 =
√

a2 + z2 is the dis-
tance between the n-th even-numbered source and (0,0,z). By
taking the approximation of Rn ≈ R0 only for acoustic pres-
sure, equation (2) can be rewritten as

pE (r,ϕ,z, t) =
AE

R0
exp(−iωt)

N

∑
n=1

exp

×
[

ikR0 +
ikr2

2R0
− ikra

R0
cos(ϕ−ϕEn)

]
×exp(±iφEn). (3)

After further formula transformation, the acoustic pres-
sure of the AV beam generated by the even-numbered sources
can be simplified into

pE (r,ϕ,z, t) =
AE

R0
exp
[

i
(

kR0 +
kr2

2R0
−ωt

)]
×

N

∑
n=1

exp
[
−ikra

R0
cos(ϕ−ϕEn)

]
×exp(±iϕEn). (4)

As reported in our previous studies,[34–37] by applying
the phase-coded approach to the circular source array, the AV
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beam can be generated along the center axis with a control-
lable topological charge. In a transverse plane, there is an ob-
vious pressure null at the center to form the vortex core of
the AV. With the increase of the radial distance, the acoustic
pressure increases accordingly until it reaches the first peak,
and then goes down gradually. Around the vortex core, cir-
cular pressure distributions with perfect phase spirals can be
produced. The maximal topological charge of the AV beam
generated by the N even-numbered sources is proved to be
fix[(N−1)/2], where fix(x) rounds the element x toward zero.

Similarly, by repeating the phase-coded approach for the
N odd-numbered sources, the coaxial AV beam with the topo-
logical charge lO at the same frequency f can also be gener-
ated. For the odd-numbered sources, the pressure amplitude
and the initial phase are set to be AO and φOn, respectively, and
the phase difference between adjacent odd-numbered sources
set to be ∆φO = 2lO∆ϕ with a total phase shift of 2πlO. By
considering the spatial angle difference π/N between the ad-
jacent sources, the spatial angle and the initial phase of the n-th
odd-numbered source are obtained to be ϕOn = ϕEn+π/N and
φOn = 2lOπ(n−1)/N. Hence, by considering the initial phase
difference ∆φ , the acoustic pressure of the AV beam generated
by the odd-numbered sources can be expressed as

pO (r,ϕ,z, t) =
AO

R0
exp
[

i
(

kR0 +
kr2

2R0
−ωt

)]
×

N

∑
n=1

exp
[
−ikra

R0
cos(ϕ−ϕOn)

]
×exp(±iφOn + i∆φ). (5)

Then, by applying the phase-coded approach to the even-
and odd-numbered sources simultaneously, the pressure of the
composite acoustic field can be calculated by the superimpo-
sition of the coaxial AV beams as

p(r,ϕ,z, t) = pE (r,ϕ,z, t)+ pO (r,ϕ,z, t) . (6)

Therefore, the distribution of the multiple off-axis AVs
can be calculated based on Eq. (6) for the coaxial AV beams
with various topological charges. The cross-sectional pressure
distribution of the composite acoustic field generated by the
two coaxial AV beams with lE = 1 and lO = −3 presented in
Fig. 1 shows a center-AV at the center axis and 4 sub-AVs
around, demonstrating the feasibility of generating an on-axis
center-AV and multiple off-axis AVs using the dual coaxial AV
beams.

3. Numerical studies
To analyze the characteristics of the multiple off-axis AVs

generated by dual coaxial AV beams quantitatively, numerical
studies were performed in free space at f = 1.15 kHz. The cir-
cumference radius of the source array was set to be a = 30 cm,
which corresponds to the wave length for c = 344 m/s in air,

and the observation height was set to be z = 20 cm to study
the transverse distributions of pressure and phase. The source
number was set to be 2N = 32 and the pressure amplitudes
were set to be AE = AO to simplify the parameter control of the
system. As is well known, when topological charges of the two
AV beams generated by the even- and odd-numbered sources
are the same as lE = lO, no off-axis AVs can be formed by the
fixed phase difference. Meanwhile, obvious phase dislocations
can also be produced by the AVs with lE =−lO. Therefore, the
even- and odd-numbered sources placed around the circumfer-
ence are used to generate the coaxial AV beams with different
topological charges for |lE| 6= |lO|.

The cross-sectional distributions of pressure and phase of
the AV beam with lE = 1 generated by the even-numbered
sources were simulated as plotted in Figs. 2(a) and 2(b). Circu-
lar pressure distributions are clearly displayed in Fig. 2(a) with
a clear pressure null at the origin to form the vortex core. With
the increase of the radius r, the acoustic pressure increases
accordingly to its maximum at r ≈ 10 cm. Meanwhile, due
to the superimposition effect of the 16 phase-coded acoustic
waves, an obvious phase singularity is visualized at the origin
in Fig. 2(b), and an anti-clockwise phase spiral from 0 to 2π in
one circle around the vortex core is clearly displayed, demon-
strating the existence of the AV with lE = 1. Then, by chang-
ing the initial phase difference for the odd-numbered sources,
the corresponding distributions of the AV beam with lO =−3
were also simulated as shown in Figs. 2(c) and 2(d). For the
higher topological charge, an enlarged AV is clearly shown
in the center region with a bigger radius of circular pressure
peak in Fig. 2(c). Around the vortex core, a clockwise phase
spiral is also observed in Fig. 2(d) with three times phase vari-
ation from 0 to 2π , proving the formation of the AV beam
with lO =−3. Thus, the topological polarity of the AVs in the
transverse plane can be identified by the direction of the phase
spiral from 0 to 2π around the vortex core, where the positive
and negative polarities are defined as the anti-clockwise and
clockwise direction of phase spirals, respectively.

Based on Eq. (6), the cross-sectional distributions of pres-
sure and phase of the composite acoustic field were simulated
as plotted in Figs. 2(e) and 2(f). Besides the center-AV with
lc = 1 (anti-clockwise phase spiral) centered at the origin, four
sub-AVs with ls =−1 (clockwise phase spiral) are located uni-
formly around the origin with the radius RV (distance from the
origin to the center of a sub-AV) of 18.25 cm. Around the
vortex core of each sub-AV, a phase spiral with a clockwise
phase variation from 0 to 2π is clearly displayed, which is op-
posite to the spiral direction of the center-AV. It is worth not-
ing that the obvious distributions of non-circular pressure and
bended radial phase[23–25] can be observed in sub-AVs, which
are produced by the different radial pressure distributions of
the coaxial AV beams with different topological charges.
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Fig. 2. (color online) Cross-sectional distributions of pressure and phase at z = 20 cm generated by the coaxial AV beams with ((a) and (b))
lE = 1, ((c) and (d)) lO =−3, and ((e) and (f)) superimposed multiple off-axis AVs.
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Fig. 3. (color online) Axial profiles of (a) pressure and (b) phase of the acoustic field with multiple off-axis AVs.

In order to summarize the generation rule of multiple off-
axis AVs, the axial profiles of pressure and phase of the com-
posite acoustic field were simulated as plotted in Figs. 3(a) and
3(b), which exhibit good symmetry around the center axis. In
the source plane (z = 0), two divergent acoustic beams radi-
ated from the two sources are clearly displayed with an iden-
tical pressure and opposite phases, and the acoustic pressure
decreases with the increase of the transmission distance. Be-
sides the gradually increased radius of the central-AV along
the center axis, two sub-AVs with expanded vortex radius are
also displayed with a gradually increased RV. Corresponding
to Figs. 3(a) and 3(b), the acoustic pressure along the center
axis is 0 with an obvious phase shift π to form the center-
AV. Meanwhile, along the trajectory of vortex cores of sub-
AVs, significant tangential phase shifts can also be identified,

demonstrating an expanded RV of off-axis sub-AVs.
In addition, further studies on the characteristics of the

multiple off-axis AVs generated by two coaxial AV beams
with different topological charges were conducted. For the
cross-sectional distributions of pressure and phase generated
by the coaxial AV beams with lE =−1 and lO =−3 as shown
in Figs. 4(a) and 4(b), beside the center-AV with lc = −1 lo-
cated at the origin, two sub-AVs with ls = −1 are also dis-
played with RV = 18 cm (indicated by the dashed circle). By
changing the topological charges of the coaxial AV beams to
lE = 2 and lO = −4, the cross-sectional distributions of the
composite acoustic field are illustrated in Figs. 4(c) and 4(d).
An expanded center-AV with lc = 2 can be observed in the
center region with 6 detached sub-AVs located around with
ls =−1 and RV = 27 cm.
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Fig. 4. (color online) Cross-sectional distributions of pressure and phase of off-axis AVs at z = 20 cm for the coaxial AV beams with ((a) and (b)) lE =−1
and lO =−3, ((c) and (d)) lE = 2 and lO =−4, and ((e) and (f)) lE = 3 and lO =−5.

Based on the simulation results of the coaxial AV beams
with different topological charges for |lE| 6= |lO| as presented
above, it can be concluded that a center-AV can be gen-
erated along the center axis with the topological charge of
min(|lE| , |lO|) and the topological polarity of sign(lE + lO).
The number of the superimposed multiple off-axis sub-AVs
is proved to be |lE−lO| and the topological charge of sub-
AVs is 1 with the topological polarity of sign(1/lE + 1/lO).
Corresponding to the origin in the transverse plane, the az-
imuth angle between the vortex cores of adjacent sub-AVs is
2π/ |lE−lO|. The detailed relationship between the topolog-
ical charges of the coaxial AV beams and the characteristics
of the multiple off-axis AVs is listed in Table 1. Therefore,
with the known parameters lE and lO of the coaxial AV beams,

the number of sub-AVs, the topological charges lc and ls of
the center-AV and sub-AVs can be predicted accurately. The
formation rule of multiple off-axis AVs is further verified by
the superimposition results generated by the AV beams with
bigger topological charges of lE = 3 and lO =−5 as shown in
Figs. 4(e) and 4(f). Eight (|lE−lO|) sub-AVs are clearly dis-
played around the origin, and the topological charges of the
center-AV and sub-AVs are lc = 3, which is the same as the
topological charge of lE, and ls = −1, which is the same as
the topological polarity of lO, respectively. However, since
RV (about 40 cm) of sub-AVs is bigger than a (30 cm), the
pressure distribution of each sub-AV exhibits an unclosed em-
anating state along the corresponding radial direction.

Table 1. Relationship between the topological charges of the dual coaxial AV beams and the properties of the multiple
off-axis AVs of the composite acoustic field.
hhhhhhhhhhhhhh

AV type
Properties Number of AV Topological charge Topological polarity

sub-AV |lE−lO| 1 sign(lE + lO)

center-AV 1 min(|lE| , |lO|) sign(1/lE +1/lO)

With the simulation results as presented above, one can

obtain that the composite acoustic field of multiple off-axis

AVs is the superimposition of dual coaxial AV beams with

the topological charges of lE and lO. To analyze RV of sub-

AVs, the radial pressure distributions for the even- or odd-

numbered AV beam with l = 1 to 7 are calculated as plot-

ted in Fig. 5. It is obvious that a bigger radius of the first

pressure peak of the AV with lower acoustic pressure can be

generated for high l: the radius increases from 10.75 cm to

48.0 cm with l increasing from 1 to 7. Therefore, in the

paraxial region, the AV beams can be generated by the even-

and odd-numbered sources, and the transverse pressure dis-
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tributions of AVs can be described by pE(lE,r)exp(ilEϕ) and
pO(lO,r)exp(ilOϕ + i∆ϕ), where pE(lE,r) and pO(lO,r) can
be obtained from Fig. 5(a). By adjusting the angle difference
∆ϕ between the AV beams generated by the even- and odd-
numbered sources, there must be positions with |p(r,ϕ)| =
|pE(lE,r)exp(ilEϕ)+ pO(lO,r)exp(ilOϕ + i∆ϕ)| = 0, indi-
cating the formation of the vortex cores of sub-AVs. To make
|p(r,ϕ)| = 0, the acoustic pressures of pE(lE,r) and pO(lO,r)
should be at the same amplitude with a phase difference of π ,
which might be realized by the intersection of two curves in
Fig. 5(a). Hence, for the coaxial AVs with higher topologi-
cal charges, a bigger RV from the beam center to the vortex
core of the sub-AV can be produced. For example, the ra-
dial pressure distributions generated by the coaxial AV beams
with lE = 1 and lO = 5 at different values of ∆ϕ are illustrated
in Fig. 5(b). For different values of ∆ϕ , a similar center-AV
(lc = 1) is shown in the center region with a similar radius
(r < 11 cm) of the first pressure peak. By adjusting ∆ϕ from
0 to π/2, a minimum pressure of almost zero is visualized at
RV = 22.8 cm when ∆ϕ = π/4, indicating the accurate loca-
tion of the vortex core of sub-AVs. By increasing the topolog-
ical charges to lE = 2 and lO = 5, the variations of radial pres-
sure with ∆ϕ are illustrated in Fig. 5(c). A bigger center-AV
located at the origin with lc = 2 is displayed with the pressure
peak at r = 16.8 cm, and several sub-AVs can be generated at
RV = 30.2 cm when ∆ϕ = π . In addition, with the simulation
results for the dual coaxial AV beams with different topologi-
cal charges, it can also be observed that the accurate locations
of the vortex cores of sub-AVs are determined by the compre-
hensive parameters of the system, including the array radius,
working frequency, topological charges, spatial angle differ-
ence, initial phase difference, etc. In a word, the radius of RV

is proved to be located between the maximum radius and min-
imum radius of the pressure peaks of each of the two coaxial
AV beams, i.e., min(RlE ,RlO)<RV <max(RlE ,RlO). In practi-
cal applications, the radius RV of sub-AVs is more meaningful
and valuable than the azimuth angle, because the azimuth an-
gle can be positioned precisely by adjusting the initial phase
difference between the even- and odd-numbered sources.

In addition, a special case for the coaxial AV beams
with lE = −lO is noticeable. The pressure of the compos-
ite acoustic field in the observation plane can be expressed
as p(r,ϕ)= pE(lE,r)exp(ilEϕ)+ pE(lE,r)exp(−ilEϕ+ i∆ϕ),
and it can be simplified into

p(r,ϕ) = pE(lE,r)[exp(ilEϕ)+ exp(−ilEϕ + i∆ϕ)]. (7)

By defining |exp(ilEϕ)+ exp(−ilEϕ + i∆ϕ)| = 0 for
an arbitrary pressure pE(lE,r), the specific angles at
(2m+1)π/(2lE) +∆ϕ/(2lE) for m = 0,1,2,3, . . . ,2 |lE| − 1
around the origin can be achieved to form pressure-zero lines
of edge phase dislocation along the radial direction. There-
fore, for the AV beams with topological charges of lE and

−lE, 2 |lE| lines with zero pressure and edge phase dislocation
can be produced from the origin. Based on Eq. (7), circular
pressure distributions generated by the two coaxial AV beams
of lE = 3 and lO = −3 with the initial spatial angles of 0◦,
−30◦, and −60◦ are plotted in Fig. 6(a). For ∆ϕ = 0, six
pressure-zero lines at ϕ = 30◦, 90◦, and 150◦ are clearly dis-
played. By increasing ∆ϕ , obvious angle shift of ∆ϕ/6 can
also be identified. In addition, for the simulations with lE = 5
and lO =−5 as shown in Fig. 6(b), the generation rule of edge
phase dislocation is further demonstrated by ten pressure-zero
lines of edge phase dislocation with the corresponding angle
shift of ∆ϕ/10. Whereas for the helical spirals of the coaxial
AV beams along the propagation axis, the specific angles of
edge phase dislocations are different at different transmission
distances with an angle shift of π/(|lE|) between the adjacent
edge phase dislocations.

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
li
ze

d
 p

re
ss

u
re

Radius/cm

l/
l/
l/
l/
l/
l/
l/

R1
R2

R3

R4

R5

R6

R7

(a)

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1.0

sub AV

N
o
rm

a
li
ze

d
 p

re
ss

u
re

Radius/cm

(b)
center AV

min↼RlE↪ RlO↽

min↼RlE↪ RlO↽

max↼RlE↪ RlO↽

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1.0

0π/4

0π/4

0π/8

1π/4
2π/4
3π/4
4π/4

lc=2

sub AV

4π/4

3π/4

2π/4

1π/4

4π/8

3π/8

2π/8

1π/8

N
o
rm

a
li
ze

d
 p

re
ss

u
re

Radius/cm

(c)

center AV

lc=1

max↼RlE↪ RlO↽

RV

RV

0π/8
1π/8
2π/8
3π/8
4π/8

Fig. 5. (color online) (a) Radial pressure distributions at z = 20 cm
generated by the even- and odd-numbered AV with l = 1 to 7, and the
corresponding radial pressure distributions generated by the coaxial AV
beams with (b) lE = 1 and lO = 5, and (c) lE = 2 and lO = 5 for different
values of ∆ϕ .
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Fig. 6. (color online) Circular pressure distributions at z = 20 cm generated by the coaxial AV beams with (a) lE = 3 and lO = −3, and (b)
lE = 5 and lO =−5 for the initial spatial angles of 0◦, −30◦, and −60◦.

By setting lE = 3 and lO = −3 to the coaxial AV beam
with ∆ϕ = π/16, the cross-sectional distributions of pressure
and phase are simulated as illustrated in Figs. 7(a) and 7(b).
Six sectors are clearly displayed in Fig. 7(a), which are di-
vided by six pressure-zero lines along the radial direction from
the origin. A pressure peak can also be identified in each sec-
tor without the generation of an AV inside. Corresponding to
Fig. 7(a), six phase sectors divided by six edge phase disloca-
tions with a phase shift of π can also be observed in Fig. 7(b).
Then, the generation of edge phase dislocations is also proved

by the ten-sector distributions in Figs. 7(c) and 7(d) for the

coaxial AV beams with lE = 5 and lO = −5. In addition, by

adjusting the initial angle difference ∆ϕ between the even-

and odd-numbered sources, except for a certain angle of im-

age rotation around the origin, similar distributions of pressure

and phase with obvious edge phase dislocations are achieved,

demonstrating that 2 |lE| edge phase dislocations with pressure

zero can be generated by the AV beams for lE =−lO with less

influence of the initial angle difference.
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4. Conclusions
In this paper, in order to break through the limit of only

one on-axis AV beam with a single topological charge along
the center axis, a superimposition algorithm for the genera-
tion of multiple off-axis AVs is proposed by using dual coax-
ial AV beams. By applying the phase-coded approach to the
circular array of sparse point sources, two coaxial AV beams
are generated simultaneously through using the even- and odd-
numbered sources, and a composite acoustic field with an on-
axis center-AV and multiple off-axis sub-AVs can be generated
for |lE| 6= |lO|. The generation of edge phase dislocation is the-
oretically derived and numerically analyzed for lE =−lO. The
numbers and the topological charges as well as the positions of
the center-AV and sub-AVs are demonstrated to be determined
by the topological charges of the coaxial AV beams. A center-
AV with the topological charge of min(|lE| , |lO|) and the topo-
logical polarity of sign(1/lE+1/lO) is formed along the center
axis. The |lE−lO| off-axis sub-AVs with the topological charge
of 1 and the topological polarity of sign(lE + lO) can also be
produced around the center-AV. The favorable results provide
the feasibility of generating multiple off-axis AVs, and suggest
the potential applications in multi-region particle trapping[40]

and object manipulation in biomedical engineering.
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