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Abstract— Uniformed circular array antenna (UCA) based orbital
angular momentum (OAM) communication system has some
disadvantages, such as not being suitable for long-distance
multiplexing and requiring a high degree of synchronization
between the transmitting and receiving antennas. To achieve non-
line-of-sight (NLoS) communication using OAM radio waves, we
propose an inter-mode interference (IMI) cancellation method for
intelligent reflecting surface (IRS)-Assisted OAM multiplexing to
eliminate the IMI from all OAM modes. We also propose a L2-ball
projection method to optimize the transmit power allocation for
OAM modes to increase the system capacity of IRS-assisted OAM
communication systems. The IMI cancellation method and the L2-
ball projection method are shown to achieve increasing the
maximum system capacity as compared to the L1-ball projection
method when the IRS is located closer to the middle between the
transmitter UCA and receiver UCA.

Keywords—orbital angular momentum (OAM), spatial
multiplexing, unified circular array antenna (UCA), intelligent
reflecting surface (IRS), inter-mode interference (IMI)
cancellation

I. INTRODUCTION

In a wireless communication system, it is important to make
effective use of the bandwidth available because of the
restricted frequency resource [1]. With the rapid spread of
mobile phones since the 1990s, the idea of multiplexing has
been developed to enable more people to send and receive data
more efficiently at the same time in order to cope with the ever-
increasing communication traffic. A recent spread of
smartphones and other wireless devices has further increased
data traffic in communication networks. In order to respond to
the demand for high-speed, large-capacity, and multi-device
connections, the orbital angular momentum (OAM) mode
multiplexing in a line-of-sight (LoS) environment is attracting
attention [2] since it can generate an unlimited number of
orthogonal beams not only in circularly symmetric waveguides
but also in free space.

Several approaches have been proposed to generate OAM
radio waves in real space, using spiral phase plates [3] and
UCAs [4]. Uniformed circular array antenna (UCA) is a group
of antennas in which the antenna elements are arranged in a
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circular pattern, and it is possible to generate radio waves with
OAM characteristics by shifting the timing of the radiation
from the antenna elements. However, the UCA-based OAM
communication system has some disadvantages, such as not
being suitable for long-distance multiplexing and requiring a
high degree of synchronization between the transmitting and
receiving antennas. First, the receiving antenna needs to be
placed in the same plane as the transmitting antenna. The beam
axis misalignment between the transmitter and receiver
antennas causes inter-mode interference (IMI), which results in
a loss of orthogonality between modes. These physical
limitations make long-range multiplexing and reception of
OAM radio waves difficult. Secondly, OAM radio waves tend
to diverge in the air as the flight distance increases [5].

Several IMI suppression methods in OAM multiplexing
have been proposed [6], and [7]. In [6], the IMI is directly
eliminated after the discrete Fourier transform (DFT)
processing. Conversely, in [7], IMI is suppressed before the
DFT processing using the misalignment detection obtained
from the angle of arrival estimation.

Current OAM-related works focus on the LoS scenarios, but
there are always exist fading or blockages in many practical
scenarios. To break the bottleneck of the non-LoS (NLoS)
communication, NLoS OAM-MIMO communication systems
are analyzed in [8], [9].

Intelligent reflecting surface (IRS) is proposed to achieve
NLoS OAM communication [10]. IRS is a reflector that can
reflect a signal by adjusting its amplitude and phase by utilizing
many low-cost reflecting passive elements [11]. By densely
deploying IRSs in a wireless network and smartly coordinating
their reflections, it is possible to deliver radio waves to NLoS
users and to improve the power strength of edge users by
relaying them [12].

In this paper, we propose an IMI cancellation method for
IRS-assisted OAM multiplexing to eliminate the IMI from all
OAM modes, which can reduce the computational load of
equalization. We also propose a £,-ball (L2-ball) projection
method to optimize the transmit power allocation for OAM
modes to increase the capacity of IRS-assisted OAM
communication systems. The IMI cancellation method and the
£,-ball projection method are shown to achieve increasing the
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maximum system capacity as compared to the #; -ball
projection method when the IRS is located closer to the middle
between the transmitter UCA and receiver UCA.

II. WIRELESS OAM-BASED COMMUNICATION MODEL

A. System model of an IRS-assisted OAM communication
system.

In this section, we introduce an IRS-assisted OAM
communication system. We denote the transmitter UCA and
receiver UCA by Uy and Uy, respectively, in this paper. Fig. 1
assumes that the center of U and the center of Uy are on the z-
axis, and the IRS is located in the yz plane, where Ny and
Ny denote the number of elements of Uy and Uy, respectively.
The radii of Uy and U, are Ry and Ry, respectively. The
number of elements of Uy and Uy are N and N, respectively.
D, x; 0, and z; o denote the distance between Ur and Uy, the
distance between Uy and the IRS along the x-axis, and the
distance between Uy and the IRS along the z-axis, respectively.
Every antenna element of U and Uy is arranged equidistantly
around a ring, so the phase difference of adjacent elements is
2rl/N; , where i€ {T,R}, —-min{NT ,NR}/2 <1<
min{NT ,NR}/2 denotes mode index [13][14]. The OAM
mode group can be denoted as £ = {0,---,L — 1}, where L
denotes the number of multiplexed OAM modes. In this system,
we assume that there is no direct link between Uy and Ui due
to some obstacles’ blocking, so an IRS is applied to establish
an alternative LoS route between them.
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(b) Projection on the xz plane

Figure 1. The geometrical model of the IRS assisted UCA-based OAM
system.
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We consider the coordinates of Uy, Uy, and each element of
the IRS in three-dimensional space [10]. The center points of
Uz, Ug, and the IRS is expressed by wro = [0,0,0]", wgo =

[0,0,D]" , and @;o = [x10, O,ZI_O]T , respectively. The
coordinate of the np-th (ny = 1,2, -+, N;) antenna element on
Uris
, T
W7, = Qy(ﬁT)RT[COS((pT,nT) ) Sln((pT,nT) ) 0]

2nn
where @7, = N—TT

phase of the ny-th elements and the angle of U; ’s rotation
around the y-axis. Similarly, the coordinate of the ng -th
(ng = 1,2,::-, Np) antenna element on Uy can be given by
WRpnp = Qy(ﬁR)RR[COS(¢R,nR) , Sin(‘PR,nR) ’ O]T

_ 2nng X1,0
- W D-zj0
phase of the ng-th elements and the angle of Uy’s rotation
around the y-axis. The rotation matrix @, (d7) around the y-
axis in (1) and (2) can be given by

€y

+ @, and 97 = arctan (JZ('—O) denote the
1,0

(2)

) denotes the

where @gn, + @y , 9z = arctan(

cosv 0 sind
Q,) = [ 0 1 0 l 3)

—sind 0 cosd
where U represents the rotation angle. The coordinates of all the
antenna elements on Uy and Uy are 27 = [wr,,..., @7y, ] €

R¥NT and 2y = [wg 1,..., Wp . ] € R¥NE | respectively.
c
2

1-M, 1-My 1"
2 )dy'(myle+ 2 )dz]

= (I)I'o 1’11\:1 + [OM' (myle +

Zp g Zip
0 0 0-- 0 0 0

+ o 0 dy- dy (My _ 1)dy"'(My - 1)dy (4)
0...(MZ_1)dZ0...(Mz_l)dz... 0 "'(Mz—l)dz

where d,, and d, denote the element separation distances along
the y-axis and z-axis of the IRS, respectively. m, =

[0,...,My - 1]T and m, = [0,...,M, —1]T . ® denotes
tensor product.

We assume that a signal with the OAM mode [ is
transmitting from the ny-th antenna of Uy to the m-th (m =
1,2,--+,M) passive reflecting element and from the m-th
passive reflecting element to the ny-th antenna of Ug. The free-
space LoS channels from the ny-th antenna of Uy to the m-th

passive reflecting element is as follows [15][16][17]:
_ BA , 2Ttdprm
b= e (225)
where 8,4, and d,,,. ,,, are the antenna gain, wavelength of the
carrier signal, and the distance between the ny-th antenna of Uy
and the m-th passive reflecting element.

dn—p,‘m = ”wl.m - wT,‘nT”

(6)

where w; ,, denotes the m-th column of £2;. Hy; € CM*NTis the
LOS channel matrix between U; and the passive reflecting
element of the IRS. Similarly, the free-space LoS channels from
the np-th antenna of Uy to the m-th passive reflecting element
is as follows:
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—

MNR 4mdmng

A Zﬂdm,nR>

exp (—j ™)
where 8, 4, d,,. , are the antenna gain, wavelength of the carrier
signal, the distance between the m-th passive reflecting element
and the np-th antenna of Up.

dm,nR = ||wR,nR - wl,m” (8)

H;p € CVR*Mig the LOS channel matrix between Uy and the
passive reflecting element of the IRS.

At Ur, the transmit signal vector s € CV is expressed as [16]

s = Fipx (9a)

(9b)

H

1
Fn—r,l = \/T—Texp(jl(pT,n—p)

where x € C* is the modulated signal vector, F# € CN7*Lis the
inverse discrete Fourier transform (IDFT) matrix of Uy, and

P = diag(\/po,...,/p.-1) € C***  denotes the power
allocation matrix.

At the IRS, the received signal vector 7 € CM is represented

by
r= HT‘IFHPX (10)
At Uy, the received signal vector y € C is represented by
y = F(H;zOr + n) = FH;g0H;F'Px + Fn  (11a)
1 .
Finp = ——exp(jl Orng) (11b)
JN:

where F € CL*NRis the discrete Fourier transform (DFT) matrix
of Ug. m € CVR is the Gaussian noise vector with variance 2.
For simplicity, we assume that there is no signal coupling in the
reflection by neighboring IRS elements, i.e., all IRS elements
reflect the incident signals independently. Moreover, @ =
diag (') € C"*M denotes the diagonal phase shift vector of
the IRS with @ = [0, -+, 0, -+, Oy 17, 10| = 1.

B. System Capacity Analysis

IMI cancellation method, equalization is conducted to
eliminate IMI from all OAM modes [6], [7], [19]. Using linear
filtering as an equalization technique, the received signal vector
after equalization X € C’ is given by

Xx=Wy=W(Zx+ Fn)

Z = FHI’RQHT’IFHP

(12a)
(12b)

where X are the equalization filter coefficient. Using the linear
filtering based on minimum mean square error (MMSE) as the
equalization criterion [20], the weighting matrix of MMSE
W e CL*L is given as
B, !
W = (Z'HE +P—IL) zH
X

where P, P,, I are the transmit power, noise power, and the
identity matrix, respectively.

(13)

The received signal of the [-th OAM mode after equalization X;
is calculated as the desired signal component, IMI component,
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and noise component, respectively [21][22]. The powers of
these components are calculated as follows:

2
Uil Pr
Yl = 2 | | 2 (14a)
Zk¢l|uz,k| Pk +ZlEL|Wl,iFl,nR| o?
U = WFHI’R@HT‘IFH (14b)

where u; . is the element of the [-th row and the k-th column of
Ue Y™l y, ecClis SINR of the [-th OAM mode when
considering noise and interference from other OAM modes, and
wy; is the i-th row vector of W. The system capacity € of UCA-
based OAM communication is calculated as

C= Z log,(1+ 7))

leL

(15)

III. COMMUNICATION MODEL

To maximize the system capacity of all OAM modes by
optimizing the transmission power allocation [23] and the
IRS’s phase shift under the max transmission power budget of
Ur and unit-modulus constraints of the IRS’s reflecting phase
shifts.

A. Optimizing the Transmit Power Allocation Algorithm

To maximize the system of all OAM modes, the problem of
optimizing p can be formulated as

maxz log(1 +v;)
p20

leL
With fixed 6, the optimization problem (16) can be
reformulated as

(16)

rggoxz log(1 + ulp) —log(1 + u”;p) (17a)
T ler
s.t.pT1, < Ppox (17b)
where u; = [luz,olz""' |ul‘L_1|2],
u_ ;= [|u1_0|2,“', |ul,l—1|2'0r |ul,l+1|2:"'r |ul,L—1|2]-

In [8], the majorization-minimization (MM)-based approach
is proposed to solve the surrogate function for non-convex
function (17a). The surrogate function for (17a) can be
expressed as the following lemma:

Lemma 1: In the (t + 1)-th iteration, a valid surrogate
function for f;(p) = log(1 + ulp) —log(1 + ul,p)is

filp;p®) 2 =&p"p + bl p + ¢, (18)
where
1 _ -

§ = Elmax(uluf)' by=b, —b,c=¢-7¢ (19a)
b :L_Fzgp(t)[} ZL (19b)

P4 alp® T T T T p®

— 2 —_

¢ =log(1 + uip) +&|lp®|" — b/ p® (19¢)
& =log(1 + u”,p) — b/ p® (19d)

Amax (A) denotes the maximum eigenvalue of A.

Here, we propose the £,-ball projection method [24] instead
of the #,-ball projection method to drive a closed-form solution.
The £,-ball projection method tend to be more accurate in the
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prediction accuracy than the £, -ball projection method [25]
because the transmission power can be assigned to all OAM
modes.

In[10], inthe (t + 1)-th iteration, the interior point method
is proposed to re-express the optimization problem to the
following convex projection problem.

rzrg(glllp —qll (20a)
pTlL < Pmax (ZOb)
where
— Ziech _ T
q= 2%t (90, ") qr-1] (21)

The closed-form solution based on £, -ball projection
method can be obtained as

q if lEqu < Pmax
Pi=1 q (22)
1 +B if ler q > Pmax
f= L(Z[w]* : Pmax> 23)
)/—i-liz0

y = max{i|lo]" - 14% (Bhmol @il = Puax) > 0} (24)
where [a]* denotes max{a,0} , and @ = [@g,...,01_1]"
denotes the vector obtained via sorting q in a descending order.

The whole algorithm for solving (14) is summarized in
Algorithm 1.

Algorithm 2: Optimizing the IRS’s reflecting phase shift
Algorithm.

1: Initialize: t := 0, 0©;

2: Repeat: Update A+ according to (27) with 8 ;

Update u®*9 according to (28) with 8 ;

Update 8¢V according to (31) and (32) with A¢+) and pt+1;
t:i=t+1

3: Until: |9¢+D — 90| < €

Algorithm 1: Optimizing the transmission power allocation
algorithm.

1: Initialize: t := 0, p(®;

2: Repeat: Calculate {b;} and {&;} in q with p® according to
(19a) and (19b);

Sort q in a descending order; Update p*) according to (22);
t:=1t+ 1,

3: Until: [p*D —p®| <€,

B. Optimizing the IRS’s Reflecting Phase Shift

To maximize the system capacity of all OAM modes, the
problem of optimizing 6 can be formulated as

ot
maxz:log2 <1 + | ”| ) (25)
TeL Zk:tlpkle Wlk|
where
j— 1 . H
Wy = diag(F,H,g)Hy, Fi k1 € L (26a)

Fi' = [exp(jloro), - exp(jlgrn,)] € CVT (26b)

I
HE
~

[exp(jloro) .-, exp(jlor )] € CVR  (260)

5

In [10], a iterative weighted MMSE approach is proposed to
find the optimal 0 in (23). The whole algorithm for solving (25)
is expressed in Algorithm 2.
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where
p 0" Wy,
ll = \/_ — 2 (27)
Yker PleHWz,k| + 02
with fixed 0 and p,
2
pi |07 Wy,
w=1+ |H_ |2 n (28)
Zkeljpkle Wl,k| +o
with fixed 0 and A,
[Mzuz Z ple,szI,ikl (29)
IeL ker
with fixed p and A,
r= —ZZM o wlh e cM (30)
leL
1
_ | R 3
R = 1 € (C(M+1)><(M+1) (31)
H
- 0
> r

R=—R+dpax(R)I
The optimal solution of @ can be obtained via the fixed-point
iteration, then in the t-th iteration, @ can be updated as

0® = exp(jarg(R8¢V)) (32)
Finally, after convergence, the solution to problem (32) can
be recovered by

69, ..

5®
eM+1

ao1”
.0
0" = ] (33)

C. Optimizing the system capacity of all OAM modes

The whole alternating algorithm for optimizing p and @ in
(16) and (25) can be expressed in Algorithm 3.

Algorithm 3: Optimizing the transmit power allocation and the
IRS’s reflecting phase shift algorithm.

1: Initialize: t :== 0, p(®, 8(;

2: Repeat: Update p{t*V) via Algorithm 1 with p® and 8©;
Update @0V via Algorithm 2 with p®*Y and ® ;
t:=t+ 1,

3: Until: [p®+) — p®| < e and |0+ — 90| < ¢
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TABLE 1. SYSTEM PARAMETERS
Carrier frequency f, 10 GHz
The number of antenna elements N 8
The number of multiplexed OAM 5(0,+1,4+2)
modes L
Radius of Uy, Uy 0.6 m
Antenna gain 52 15dB
X0 I m
Prgyx/0? 50 dB
The max transmission power 5W
budget Pqx
The number of passive reflecting 256
elements at the IRS M
Absolute tolerance €, 5x 1073
Absolute tolerance €, 256 x 1073
The distance between Ur and Uy 40 m
dy,d, 0.06 m
IV.SIMULATION RESULTS

In this section, we present the effectiveness of the IMI
cancellation method by comparing it with the IMI cancellation
method from all OAM modes in terms of the SINR and system
capacity. We also present the £, -ball projection method by
comparing it with the £;-ball projection method. Table 1 shows
the system parameters of the system model.

In Fig. 2, the legend is as follows. “IMI cancellation + L2-
ball” denotes applying the ¢, -ball projection method to
optimizing power allocation and applying IMI cancellation.
“IMI cancellation + L1-ball” denotes applying the £, -ball
projection method and applying IMI cancellation. “L2-ball”
denotes applying the £,-ball projection method with no IMI
cancellation. “L1-ball” denotes applying the £;-ball projection
method with no IMI cancellation.

From Fig. 2, it is observed that system capacity increase
applying IMI cancellation effectively both of the ¢, -ball
projection method and the £,-ball projection method. It is also
observed that the maximum system capacity can be achieved
effectively by applying the £,-ball projection method than the
£1-ball projection method when the IRS is placed in the middle.

6
s
Sy
=
54
Z
@ .3
Q.
©
Q
£ 2
@ . .
‘i ——|MI cancellation + L2-ball ——IMI cancellation + L1-ball
< ——L2-ball ——L1-ball

0

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Z,5[m]

Figure 2. The system capacity of some different schemes versus the distance
between Ur and the IRS along the z-axis, z;o
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This is because the longer distance between U; and the IRS or
the IRS and Uy constrain the system capacity owing to the
deteriorated divergence effect as (7) shows. Those results
indicate that system capacity increase applying the IMI
cancellation method. Those result also indicate that system
capacity increase applying the £,-ball projection method when
the IRS is located closer to the middle.

V. CONCLUSIONS

In this paper, the IMI cancellation method and the £,-ball
projection method optimize the transmit power allocation for
OAM modes in IRS-assisted OAM communication systems.
The IMI cancellation method is shown to achieve increasing the
maximum system capacity. The €,-ball projection method is
shown to achieve increasing the maximum system capacity as
compared to the £;-ball projection method, but it is limited to
when the IRS is placed near the middle. Simulation results
indicate that the IMI cancellation method and the ¢, -ball
projection method can be applied to IRS-assisted OAM-based
communication systems and increase the system capacity of the
NLoS OAM-MIMO communication system. In the future, we
are going to discuss the switching between the £, -ball projection
method and the #,-ball projection method depending on the
transmission system. We are also going to discuss the optimal
placement of IRS according to the surrounding multipath
environment using the ray tracing method.
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