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Given the enhanced channel capacity of wave chirality, acoustic communications based on the orbital angular mo-
mentum (OAM) of acoustic-vortex (AV) beams are of significant interest for underwater data transmissions. However, the
stringent beam alignment is required for the coaxial arrangement of transceiver arrays to ensure the accuracy and relia-
bility of OAM decoding. To avoid the required multiple measurements of the traditional orthogonality based algorithm,
the beam alignment algorithm based on the OAM spectrum decomposition is proposed for AV communications by using
simplified ring-arrays. Numerical studies of the single-OAM and OAM-multiplexed AV beams show that the error of the
OAM spectrum increases with the translation distance and the deflection angle of the transceiver arrays. To achieve an ideal
arrangement, two methods of the single-array translation alignment and the dual-array deflection alignment are developed
based on the least standard deviation of the OAM spectrum (SD-OAM). By decreasing the SD-OAM towards zero using
transceiver arrays of 16 transmitters and 16 receivers, accurate beam alignments are accomplished by multiple adjustments
in three dimensions. The proposed method is also demonstrated by experimental measurements of the OAM dispersion and
the SD-OAM for misaligned beams. The results demonstrate the feasibility of the rapid beam alignment based on the OAM
spectrum decomposition by using simplified transceiver ring-arrays, and suggest more application potentials for acoustic
communications.
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1. Introduction

Like the optic vortex beam, the acoustic-vortex (AV)
beam has spiral wavefronts!!! with a pressure null at the cen-
tral axis. As a type of contactless acoustic tweezer,>%! the
orbital angular momentum (OAM)!-%! carried by AV beams
can be transferred to objects to rotationally manipulate parti-
cles, which is of significant interest for applications in biomed-

10.11] Ty addition to the acoustic radiation

12]

ical engineering.!
force or torque, the topological property of AV beams!
based on their orthogonal characteristics!'?! can be used to
transmit data with an improved spectral efficiency in acous-
tic communications. The quality of acoustic communications
can be improved by the OAM transmission of AV beams!!#!
with an enhanced channel capacity. With a transducer array,
the phase-control technique was designed to construct OAM-
multiplexed AV beams with an improved controllability of

data transmission, and accurate OAM decoding!!>!6]

was ac-
complished based on the orthogonality of OAM modes for
fields detected in the transverse plane.

With a 20-channel circular source array and a square
receiver array, images were transmitted underwater by us-

ing OAM-multiplexed beams.!!”! In addition, eight fan-like
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sections of resonators composed of four Helmholtz cavities
placed in series!'® were assembled around the central axis to
convert plane waves into AV beams. The structure was also
used to decode OAM by adding or subtracting!!'”! the topo-
logical charge of the OAM-multiplexed beams. For traditional
orthogonality based decoding, the accuracy and efficiency of
OAM decoding are affected by the multiple pre-measurements
of single-OAM beams and the long time required for data pro-
cessing. To accelerate OAM decoding, investigations have fo-
cused on OAM communication with AV beams by using a sim-
plified structure of single-ring transceiver arrays,?”! and the
OAM spectrum decomposition has been optimized by using
rotational measurements of OAM-multiplexed beams without
premeasuring of single-OAM beams.?!!

Although the advantages of the OAM-based acoustic
communication have been demonstrated in previous studies,
accurate data decoding can only be accomplished under the
ideal reception conditions of strictly aligned beams for coax-
ial transceiver arrays or structures placed in parallel. For a
misaligned system of non-coaxial or non-parallel transceiver
arrays, erroneous OAM decoding is introduced by an inac-
curate circular pressure distribution with imperfect phase spi-
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rals. Therefore, misaligned beams have been investigated to
develop new alignment methods in optics and acoustics.
Based on the Fraunhofer diffraction of a Gaussian beam

through a spiral phase plate,!??!

asymmetric diffraction pat-
terns were produced by displacing the optical axis of inci-
dent beams. The intensity distribution along the maximum
asymmetric direction had two separate peaks with the inten-
sity ratio decreasing exponentially with off-axis displacement.
The OAM spectrum!?3 was used to analyze the angular incli-
nation of the optical axis for a vortex beam based on varia-
tions between the tilt angle and the beam axis with different
topological charges, and the phase delay caused by the axial
tilt was obtained by angular inclination. The OAM spectrum
corrected by the calculation is applicable to single-OAM and
OAM-multiplexed beams. Shin!>*l analyzed how a uniform
circular array affected the channel capacity under non-ideal re-
ception, and the results showed that the off-axis or non-parallel
placement of transceiver arrays could lead to a reduced chan-
nel capacity.

Based on the relationship among the angular deflection,
the off-axis translation distance and the arrival time of the re-
ceived signal, a time-to-arrival (ToA) method was proposed
to compensate for non-ideal reception conditions. A receiv-
ing scheme involving improved partial aperture sampling!>!
was proposed based on the characteristics of the zero-intensity
center of an electromagnetic vortex field. The bit error rate
(BER) of data transmission was increased with increasing ra-
dial deviation and angular deflection of the receiver array. A
scheme!?°! for exponential OAM modulation was then devel-
oped involving an electromagnetic vortex emitted by a uni-
formly distributed ring-array of antennas. The BER increased
with the deflection angle of the transceiver arrays with aligned
centers. To avoid the decreased channel capacity of uniform
circular arrays in non-parallel cases produced by the deflection
of the receiver array, a beam-guided method!?”! was proposed
to avoid array misalignment. Thus, unlike traditional commu-
nication systems, the OAM-based AV communication can be
accomplished by transceiver arrays with a perfect alignment
of the coaxial placement in parallel, otherwise, the quality of
data transmission decreases significantly due to the introduced
crosstalk and errors.

Previous studies show that, data communication via AV
beams depends mainly on the structure of source arrays and
the orthogonal characteristics of OAM modes. Accurate OAM
decoding can only be implemented under ideal reception con-
ditions without considering the influence of array translation
or deflection. In practical applications, transceiver arrays with
a simplified circular structure and convenient control should
be developed to transmit data in real time. The possible im-
pact of non-ideal reception due to array displacement or de-
flection should be considered. Thereby, the beam should be

aligned to improve the accuracy and stability of OAM-based
acoustic communication. Assuming ideal reception, the spec-
trum decomposition method may be used to accurately de-
code OAM modes without requiring multiple measurements
of single-OAM beams in advance. However, the OAM spec-
trum is also affected by the non-ideal reception of misaligned
acoustic beams. Therefore, the OAM spectrum can serve as a
sensitive indicator of beam alignments.

To overcome the shortcoming of the orthogonality-based
OAM decoding algorithm and improve the efficiency for AV
communications, beam alignments of transceiver arrays based
on the OAM spectrum decomposition is proposed in the cur-
rent study. For single-ring transceiver arrays of N transmitters
and M receivers, a theoretical model of OAM spectrum de-
composition is constructed for OAM-multiplexed beams. Nu-
merical simulations of the single-OAM and OAM-multiplexed
beams indicate that, due to the OAM dispersion, the error of
the OAM spectrum increases with the translation distance and
the deflection angle of transceiver arrays. Ideal reception con-
ditions of coaxially placed transceiver arrays in parallel, two
methods of the sing-array translation alignment and the dual-
array deflection alignment are developed based on the criterion
of the least standard deviation of OAM spectrum (SD-OAM).
With transceiver arrays consisting of 16 transmitters and 16
receivers, the effects of beam alignment are verified by the
multiple adjustments of the translation and deflection in three
dimensions with a decreasing SD-OAM towards zero. The
simulation results of the OAM dispersion and the SD-OAM
are consistent with experimental measurements for misaligned
beams. These results demonstrate the feasibility of the rapid
beam alignment based on the OAM spectrum for AV beams
by using a simplified structure of single-ring transceiver ar-
rays, which opens the door to more applications in acoustic
communications.

2. Principle of OAM spectrum decomposition

As shown in Fig. 1, an OAM-multiplexed beam is con-
structed by a ring-array of N transducers with the spatial angle
of Agp =27 /N between adjacent sources, where the source ra-
dius a is much smaller than the wavelength. To build a single-
OAM beam with the topological charge [/, the initial phase
Q= [2n(n—1)I] /N of the n-th source is applied based on
the phase-coded approach, where n = 1 to N. Thus, the acous-
tic pressure in free space can be described by

N
1 (r,9,2) Z (Ao/Ry)exp (ikR,)
x exp (£i(27(n—1)I)/N), (1

where Ag is the source pressure, R, is the distance between
the observation position (7, ¢,z) and the n-th source (a, ¢,,0),
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and k = ®/c is the wave number with ¢ and ® being the
speed of sound and the angular frequency, respectively. For
a ring-array with a finite source number N, the maximum
OAM of the AV beam is lyax = [(N—1)/2],8 where |x]
rounds x to the nearby integer towards zero. Meanwhile,
the cross-sectional distribution of a single-OAM beam at
the transmission distance z can be optimized to p;(r,@,z) =

A(l,r)exp(iy(l, r))exp(il(p) where A(/,r) is the radial pres-
I'and y(l,r) +1¢ denotes the phase spi-
ral around the vortex center.

sure distribution!”
Therefore, by superimposing
the S coaxial single-OAM beams, the acoustic pressure of the
OAM-multiplexed beam!?! can be written as

S
)= p,(ro.2)

s=1

S N
2(2 (Ao/Ra)exp (ikR >exp<i1¢zn>> @)

p(ro,

where s represents the number of single-OAM beams with the
topological charge I; in [—Imax, /max]- Thus, the acoustic pres-
sure can also be expressed as the summation of S single-OAM
Yot Alls,r)exp(iy(ls,r)) exp(ilsp). A

center-AV with the center located at » = 0 can thus be gener-

beams as p(r,¢,z) =

ated by S single-OAM beams except for [, = 0,039 and sev-
eral off-axis AVs with |p(r,@,z,7)| = 0 positioned around the
beam axis with r # 0 can also be created. Therefore, a compli-
cated acoustic field can be generated by the OAM-multiplexed
beam, as shown in Fig. 1. The beam is determined by the
topological charges of the single-OAM beams with the corre-

sponding initial phases.

OAM mu].i;}-p-}eXed' AV beam

-

x T

Receiver array Transmitter array

Fig. 1. Schematic diagram of constructing OAM-multiplexed AV beams
and acoustic measurements based on single-ring transceiver arrays.

The spectrum decomposition method?¥! can be used to
analyze the OAM dispersion for AV beams. The complicated
AV beam can be expanded into a linear superposition of spi-
ral harmonic functions exp(im@),?!3?! where m is the integer
OAM order. For a single-OAM beam of order /, the acoustic
pressure can be described by

P p2) = Y, an(n2)exp(im)/V2r.

m=—oo

The coefficient of the m-th OAM component can be calculated
by

am(rz \/7/ pl o,z eXp(flm(p)d(p

around a circumference of radius . Thus, the orthogonal

strength of the m-th OAM component can be obtained by

‘am(”az)|2
1 2 p2m
- E/ 0 pl(r,(PlaZ)
x exp(—im@y)p; (1, @2,z) exp(im@,)d @1 d @y

’ 2% 21
:—A lr/ / expli(l —m)(@1 — @)]deidey, (3)

where A(l,r) is the radial pressure distribution of the single-
OAM beam of order /, and p;(r,@1,z) and pj(r, ¢2,z) are the
pressures at different azimuthal angles around the circumfer-
ence. Thus, the spiral harmonic power of the m-th OAM can
be calculated by C,, = [ |a(r,2)|*rdr. For the ring-array of
M receivers used in this study, the spiral harmonic power can
be discretized to

rA2 N N
- Z Z — 0],

where ¢@; =27(j — 1)/Mf0rj: 1,2,...,M and ¢ =27 (k —
1)/M for k=1,2,...,M. Therefore, the relative power[*! of
the m-th OAM can be computed by

Cn
Py = —52—
L Cn
M M .
Y Y exp(itl—m)(g;— )
= I . @
lmux M M .
Y {_Z Zexp(l(l—m)(fpj—fpk))}
m=—Imax | j=1k=1

where m = 0,41,£2,43,... £l represents the possible
OAM orders included. For an OAM-multiplexed beam of or-
der /, the case of P,, = 1 occurs only for m = [ with a non-zero
C,,,*¥ indicating that the included OAMs can be decoded by
OAM spectrum decomposition.

3. OAM spectrum dispersion in beam misalign-
ment

The accuracy of OAM decoding of AV beams is affected
not only by the signal-to-noise ratio (SNR) of the acoustic
transmission, but also by the relative position and attitude of
the transceiver arrays. OAM communication based on the or-
thogonality depends on the cross-sectional distributions of AV
beams, which are sensitive!®! to the circular distribution of
pressure and phase. With respect to the ideal reception condi-
tion of coaxial transceiver arrays placed in parallel, variations
of pressure and phase are produced by the translation or deflec-
tion of the receiver array, resulting in a decreasing accuracy of
OAM decoding. Therefore, beam alignments by adjusting the
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transceiver arrays is crucial for OAM communication via AV
beams.

Given ideal reception and perfect beam alignment with
parallel, coaxially arranged transceiver arrays, OAM spectra
of the single-OAM and OAM-multiplexed beams in the trans-
verse plane at z = 25 cm are simulated for N = 16, M = 16
and r = 5 cm with the OAM varying from —7 to 7. The OAM
spectrum plotted in Fig. 2(a) for the single-OAM beam with
! =1 has a clear OAM bar of P, = 1 only for m = 1. While

two OAM bars with the same P, of 0.5 are clearly observed
in Fig. 2(b) for the OAM-multiplexed beam with / = 1 and
2. Moreover, three OAM bars with the same P, of 0.33 can
also be identified in Fig. 2(c) for the OAM-multiplexed beam
with [ =1, 2, and 3. The OAM spectra of OAM-multiplexed
beams in Fig. 2 demonstrate that, the same power P, = 1/§
can be created for all included OAMs under ideal reception

conditions without OAM dispersion.
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Fig. 2. OAM spectra of (a) the single-OAM beam with / =1, and the OAM-multiplexed AV beams with (b) / = 1 and 2, and (c) / =1, 2, and 3,

under the ideal reception condition of perfectly aligned acoustic beams.

For the OAM-based communication via AV beams, two
types of misalignments(3®! are possible in practical applica-
tions. The first type consists of the center translation in the xy
plane for transceiver arrays placed in parallel, and the second
type is the angular deflection around the center of the receiver
array. In the previous studies of optic-vortex communications,
the combined effects of the lateral (shift or translation) and
tilt (angular deflection) displacements of a misaligned laser
beam on the OAM spectrum were analyzed theoretically and
experimentally.(>337-38] Experienced a misalignment simulta-

neously by shift and tilt, the transformation of a Gaussian

beam is in the form of

E(r,e;ro, 9(),06,1’])

B Eiex _r2+r(2) ox 2rgrcos (0 — 6p)
V2w P } P o}

0
x exp (ikrsinacos (8 —1)), )

where ry and 6y are used to describe the lateral displacement
in polar coordinates, and o and 7 are the tilt parameters of the
angular deflection. k is the wave number and @y is the waist of
the Gaussian beam. Based on the principle of OAM spectrum
decomposition, the weight of the m-th OAM becomes

Cn (”anoaavn) =

By further defining up = 2ry/@p, vo = kapsino and f =
6p — 1, an analytical expression of the weight can be achieved

Cn (MO?VO?B)

|m]
o 7u(2)+v(% \/ué+v3+2u%v%cos(2ﬁ)
- 4 u? +v3 £ 2ugvysin ()
44 4 2.2
\/u0+v0+2u0vocos(2ﬁ)
Xl‘m| (7)

4 ’

where I, (x) is the m-th modified Bessel function of the first
kind.

It is clear that, great changes of intensity and phase can
be produced by the misaligned Gaussian beam that has expe-

2
I ST E(r,8;70,80,0,m) exp (—im8) dB| rdr
21 J J IE(r, 80, 60, ct,m) Prd6dr

(6)

rienced shift and tilt. Varied with the three misalignment pa-
rameters ug, vo and 3, the weight allocated to the OAM state
increases from zero to a maximum value, and then declines
as the misalignment increases, which provides the theoretical
evidence for the OAM dispersion of optical beams. Similar to
optic-vortex beams, obvious misalignments of AV beams can
be produced by the lateral and tilt displacements of the receiver
array. Whereas, for AV beams generated by the acoustic super-
position of a ring-array in diffraction mode, the acoustic field
is different from the ideal Bessel or Gaussian beam and can-
not be described accurately by a mathematical formula. The
OAM dispersion can be demonstrated by numerical simula-

tions, although the accurate derivation and analysis in theory
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is difficult to achieve.

Keeping the same simulation parameters as above, we
simulate OAM spectra of the single-OAM beam with [ = 1 for
the transceiver arrays with the translation distances of d =1
and 3 mm [see Figs. 3(a) and 3(b)]. Compared with the OAM
spectrum in Fig. 2(a), P; decreases with the increase of the
translation distance, and obvious dispersion appears around
OAMs with m = —1, 0, 2, and 3. The OAM spectrum of P,
is symmetric about m = 1, with the sum of the OAMs giv-
ing unity (1). Meanwhile, a similar symmetric distribution of
the OAM spectrum for the array deflection of y = 2° is also
displayed in Fig. 3(c). In addition, for the transceiver arrays
with the translation distance d = 5 mm and the deflection angle
Y =2°, the OAM spectrum of the single-OAM beam with [ =1
shown in Fig. 3(d) reveals serious OAM dispersion with an
asymmetric distribution of surrounding OAMs.**! The OAM
spectrum of B, for m = 1 is reduced to 0.4 and the OAM dis-
persion appears clearly for m = —1, 0, 2, and 3. The clear
OAM dispersion for acoustic beams misaligned by array trans-
lation and deflection is consistent with the results from optics,
lending further support to the theory of OAM spectrum de-
composition. Therefore, the accuracy of OAM-based acoustic
communication depends strongly on the beam alignment with
respect to transceiver arrays. ]
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Fig. 3. OAM spectra of the single-OAM AV beam of [ = 1 with the
translation and deflection of the transceiver arrays of (a) d = 1 mm and
Y=0° (b)d =3 mm and y=0° (c) d =0 mm and y = 2°, and (d)
d=5mmand y=2°.

4. Beam alignments based on SD-OAM

The OAM spectra presented above under non-ideal recep-
tion indicate that the OAM dispersion of AV beams increases
with the translation distance and deflection angle of transceiver
arrays. Thus, the SD-OAM can be used to measure the degree
of beam misalignments. The SD-OAM is given by

L (B, —Pn)?

o = f’ (8)

where P, and P, are relative powers of the OAM of order m
under ideal and non-ideal receptions, respectively, and K is
the total number of OAMs included in the OAM-multiplexed
beam.

To evaluate the sensitivity of the SD-OAM, a single-OAM
beam with [ = 1 is selected to simulate array misalignment.
Firstly, by fixing transceiver arrays in parallel and moving the
receiver array in the x direction, acoustic pressures detected
by the receiver array are used to analyze how the translation
distance affects the OAM dispersion. The SD-OAM distribu-
tion in Fig. 4(a) shows a monotonic increase with respect to
the translation distance. Then, by rotating the receiver array
around its center, the SD-OAM distribution in Fig. 4(b) shows
a monotonous rise with the increasing deflection angle. These
results indicate that the SD-OAM can serve as a sensitive in-
dicator to evaluate the effect of beam alignment, with the min-
imum of zero achieved only when the transceiver arrays are

coaxial and parallel.

£ 0301 (a) Z a0}

g [ e -

e 0.20F _l% 0.30:

L ; 0.20f

= 0.10 .

é 8 0.10}

A 0 a o i

a 0 2 4 6 8 10 @ 0 1.0 20 30 4.0

Translation distance d (mm) Deflection angle v (%)

Fig. 4. Distributions of the SD-OAM with respect to (a) the transla-
tion distance and (b) the deflection angle of transceiver arrays for the
single-OAM beam with / = 1.

To combine the translation and deflection of transceiver
arrays, two beam alignment methods are developed, and the
corresponding schematic maps of the single-array translation
alignment and the dual-array deflection alignment are pre-
sented in Figs. 5(a) and 5(b), with d being the translation dis-
tance, and Y and 0 being the deflection angles of the receiver
and transmitter arrays in the xz plane, respectively. As shown
in Fig. 5(a), the single-array translation alignment can be re-
alized by the two-dimensional (2D) movements in the x and y
directions and adjustments of the deflection angle in the ¥ di-
rection of the receiver array without adjusting the source array.
This strategy can be applied to passive cases in which only the
receiver array can be adjusted. For the dual-array deflection
alignment shown in Fig. 5(b), the beam axes of the transceiver
arrays are angularly separated by an angle 8. The transmitter
array may firstly be rotated to diminish the deflection angle un-
til it is perpendicular to oz’. Next, the deflection alignment can
be further tuned by rotating the receiver array to Y = 0°. The
dual-array deflection alignment implemented by adjusting the
angles can be applied in most practical applications in which
transceiver arrays can be adjusted, and is especially suitable
for active cases of wide-range beam alignments.
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Fig. 5. Schematic maps of (a) the single-array translation alignment and

(b) the dual-array deflection alignment, and (c) the corresponding flow

chart of beam alignments along each adjustment direction based on the
least SD-OAM.

To attain perfect beam alignment, a general flow chart of
the two methods based on minimizing the SD-OAM is pre-
sented in Fig. 5(c). Initially, the SD-OAM at the initial posi-
tion is set as the minimum value (SD-OAM,;,). Next, con-
tinuous adjustments along each direction (DT = x, y, v or 0)
can be conducted to decrease the SD-OAM (SD-OAM_ yrrent),
otherwise, a new round of adjustments starts along the next
direction. After several rounds of adjustments along the (x, y
and ) or (8 and y) directions, perfect beam alignment can be
realized with SD-OAMi, = 0. By applying the ring-arrays of
16 sources and 16 receivers, the OAM spectrum and the cor-
responding SD-OAM are calculated for a single-OAM beam
with /[ = 1. Corresponding to the coaxial transceiver arrays
placed in parallel, the center of the receiver array is initially
supposed to be at (8§ mm, 8§ mm) with a deflection angle of
6 = 3°. The detailed adjustments with the corresponding SD-
OAMs at all steps are then obtained for the two alignment
methods.

Figure 6(a) shows the SD-OAM as a function of the trans-
lation of the receiver array along the x and y directions and

the rotation by 7y based on the single-array alignment strategy.
The acoustic pressures of the ring-array were recorded to cal-
culate the SD-OAM for each adjustment. As shown in part I of
Fig. 6(a), the receiver array is adjusted along the +x direction
at the step of 1 mm. If a step in the +x direction decreases the
SD-OAM, the next step continues in the +x direction. Other-
wise, if the result is an increase in the SD-OAM (i.e., at point
A), the receiver array must be stepped back to the previous
position and then stepped in the —x direction. After the ten
steps in the —x direction, the SD-OAM increases at point B, so
the receiver array should be stepped back in the +x direction.
Given that the SD-OAM does not reach zero, the adjustment
in the x direction is terminated and the next adjustment starts
in the y direction. As shown in part II of Fig. 6(a), the receiver
array is stepped at increments of 1 mm in the 4y direction
until the SD-OAM increases again (at point C). The receiver
array steps along the —y direction to decrease the SD-OAM.
After five steps, the adjustment in the y direction stops because
the SD-OAM increases (at point D). In part III, the angle ad-
justment in the +7 direction is done at the step of 0.5° until
the SD-OAM increases (at point E) and then the opposite rota-
tion is done in the —7 direction. After seven angular steps, the
SD-OAM increases at point F, meaning that a new alignment
direction should be adopted.
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Fig. 6. Adjustment processes based on (a) the single-array translation
alignment and (b) the dual-array deflection alignment.

Because the SD-OAM does not reach zero after the first
round of adjustments in the x, y, and 7y directions, a second
round of adjustments starts. Parts IV and V of Fig. 6(a) plots
the adjustments of the receiver array in the x and y directions
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with the SD-OAM increasing at points G, H, and 1. After 41
steps, the minimal SD-OAM of zero is attained. An increase in
the SD-OAM upon further adjustment in an arbitrary direction
means that the beam is perfectly aligned with the transceiver
arrays. For the single-array translation alignment, only the re-
ceiver array is adjusted, whereas the transmitter array is fixed.
The alignment process is intuitive and accurate, and involves
multiple rounds of adjustments in three directions.

According to the basic idea of the dual-array deflection
alignment, the line between the centers of the transceiver ar-
rays can be treated as the beam axis, and the beam align-
ment can be done by only adjusting the deflection angle of the
transceiver arrays. According to the initial position of the ar-
rays, the total angle adjustments of 6 = atan(d/z) = 2.6° and
v— 6 = 0.4° for the transceiver arrays should be done in angu-
lar steps of 0.1°. With the center of the transmitter array fixed,
the deflection angle of the transmitter array is adjusted. Part
I of Fig. 6(b) plots the SD-OAM as a function of the number
of steps in deflection angle. The SD-OAM increases at point
A after stepping in the +6 direction, so the opposite adjust-
ment is adopted after stepping back in the previous position.
Continuous steps in the —0 direction cause the SD-OAM to
decrease monotonically until point B, at which point the trans-
ducer array has been over adjusted. We therefore take one step
back. In part II of Fig. 6(b), we fix the center of the receiver
array and adjust the deflection angle in the +7y direction. The
increase in the SD-OAM at point C means that we should step
in the opposite direction (—7%). Upon further adjusting the de-
flection angle of the receiver array, the SD-OAM decreases
until reaching zero at point D, whereupon the beam alignment
is complete. Given that translation adjustments of the receiver
array can be converted to adjustments of the deflection angle of
the transmitter array, the dual-array deflection alignment can
be applied to rapidly adjust transceiver arrays in a wide range
of applications.

5. Experimental measurements

To verify the validity of the proposed beam alignment
methods based on the SD-OAM, an experimental system!2’]
consisting of a single-ring transmitter array was constructed
to generate an AV beam. The source array was composed
of 16 transducers with the radius of 2 mm at the center fre-
quency of 40 kHz, and were fixed around a circumference (ra-
dius 5 cm) on an acrylic plate. Driving the transducers with
16 phased sinusoidal signals with a phase difference of 7/8
between each transducer, the AV beam with [ = 1 was gener-
ated in air. An ultrasonic transducer was used as receiver to
detect the acoustic pressure at each position. Controlled by a
motion controller, 2D scanning measurements of the acoustic
fields were conducted by using two stepper motors. The wave-
form of the acoustic pressure at each position was collected by

a digital oscilloscope for further calculation of the OAM spec-
trum.

The cross sectional distributions of pressure and phase for
the AV beam with / = 1 at z =25 cm are measured as plotted
in Figs. 7(al) and 7(bl), and the corresponding numerical re-
sults are also presented in Figs. 7(a2) and 7(b2) for compari-
son. The experimental maps consist well with the simulations
in terms of the pressure ring and phase spiral, demonstrating
the OAM of the AV beam. By sampling 16 acoustic pressures
evenly on the circumference with r =5 cm and d = 0, the
experimental OAM spectrum of the single-OAM beam with
[ =1 is calculated as shown in Fig. 7(c). A clear OAM bar
of 0.8 appears for m = 1, and the asymmetric distribution of
the OAM dispersion for m = —1, 0, 2 and 3 remains, leading
to an increased SD-OAM. Then, by translating the circumfer-
ence away from the beam axis at the step of 2 mm, 16 acoustic
pressures on the ring are sampled at each step to calculate the
SD-OAM. The experimental distribution of the SD-OAM as
a function of the translation distance is plotted in Fig. 7(d)
(dashed line), and the corresponding numerical curve (solid
line) is also provided for comparison. Both numerical and
experimental results show that the SD-OAM increases with
increasing misalignment of the transceiver arrays. Note that,
the experimental SD-OAM is greater than the numerical one,
which might be due to the more serious OAM dispersion in-

troduced by possible measurement errors or by the noise level.
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Fig. 7. (a) Experimental and (b) numerical cross sections of pressure and
phase for the single-OAM AV beam with [ = 1 at z = 25 cm, (c) the OAM
spectrum of the experimental acoustic field with r =5 cm and d = 0, and
(d) the corresponding translation distance dependence of the SD-OAM.
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6. Discussion

It was proved by Anzolin et al. that, with the off-axis
displacement of the input light beam, an asymmetry inten-
sity pattern could be produced in the far-field with two dif-
ferent peaks along the direction of the maximum asymmetry.
The relationship between their ratio and the off-axis displace-
ment might be used to align the beam.!*! With the variation
of the topological charge for different reference axes, the axis
tilt of a light beam could be identified by using a charge cou-
pled device (CCD) camera. >3] To ensure the precise alignment
of transceiver arrays in high-speed visible light communica-
tions, an effective scheme of auto-alignment and tracking of
transceivers was proposed with a high-speed camera serving to
locate of the target light source and a two-axis gimbal serving
for the initial alignments between transceivers. Good flexibil-
ity and effectiveness of the proposed scheme provided a high
spatial efficiency and a low cabling complexity in data cen-
ters by image processing./*!! However, beam alignment based
on image processing is not easy to implement for underwater
acoustic communications because of the large amount of time
required to acquire the complex data. In the current study,
only a small number (16) of detectors are required to precisely
align the beam based on the least SD-OAM, which makes this
strategy use a simplified structure applicable in practical ap-
plications.

0.08

0.06

0.04

SD-OAM (arb. units)

0.02

0 5 10 15 20 25 30

SNR (dB)

Fig. 8. SNR dependence of the SD-OAM for the perfectly aligned AV
beam with / = 1.

To investigate how the noise level affects the SD-OAM
for AV beams, Gaussian white noise at different SNRs was in-
troduced to the acoustic field to simulate the cross-sectional
distributions of pressure and phase at z = 25 cm for the per-
fectly aligned AV beam with [ = 1. Figure 8 shows that the
SD-OAM as a function of the intensity of the noise level de-
creases with the increase of SNR. For example, the SD-OAM
decreases from 0.116 to 0.016 as the SNR increases from 0
to 20 dB. Thus, the accurate zero of the minimal SD-OAM is
difficult to obtain in the presence of noise. Moreover, the ac-
curacy of beam alignment is also influenced by stepping along
the (x, y, ) or (0, ) directions because of the nonzero value
of the minimal SD-OAM. For an initial position of the receiver

array at (8, 8) mm in the current study, precise movements to
(0, 0) can be realized by making fixed steps of 1 mm in the x
and y directions. However, for an actual offset of a noninteger
multiple of the step, the alignment process cannot stop with-
out reaching a minimal SD-OAM of zero. Therefore, for high-
precision applications of beam alignments, the step-variant ad-
justment should be applied to further reduce the minimal SD-
OAM, and a stable approximation of the minimal SD-OAM
should be used to optimize the beam alignment.

In addition, the accuracy and reliability of OAM decod-
ing is very sensitive to the radial deviation and the angular
deflection of transceiver arrays, and the quality of data trans-
mission is significantly reduced by small misalignments.[26-27]
The perfect alignment of transceiver arrays is the most direct
and effective method to guarantee the channel capacity and the
accuracy of AV communications. To circumvent the large per-
formance degradation, a transmit-receive beam-steering ap-
proach was proposed in the case of misalignment?”! that in-
volves calculating the phase difference between a reference
element and the m-th element of the uniform circular receiver
array, and this phase difference can be used to adjust the orig-
inal phases at the phase shifters of the receiver array. The
mathematical analysis strongly reduces but does not elimi-
nates the effect of the radial deviation and angular deflection.
Therefore, compared with previous approaches, the proposed
method based on the minimal SD-OAM is simple and direct
and does not require multiple pre-measurements of single-
OAM AV beams, making it a feasible method for applications
in acoustic communications.

7. Conclusion

The conditions for ideal reception of data communicated
by AV beams were constructed by aligning transceiver ar-
rays with respect to the AV beam and using OAM spectral
decomposition to guide the alignment. A theoretical model
of OAM spectrum decomposition is proposed for single-ring
transceiver arrays. Based on numerical simulations and ex-
perimental measurements, the SD-OAM is shown to increase
with the translation distance or angular deflection of beam
misalignments due to the increased OAM dispersion. Further-
more, two alignment methods are developed based on the least
SD-OAM, with each certified by multiple array translations
and deflections in three dimensions by using single-ring ar-
rays of 16 transmitters and 16 receivers. The results provide
theoretical and technical support to the rapid beam alignment
for underwater acoustic communications.
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