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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 

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 ℓଶ -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 
ℓଶ-ball projection method are shown to achieve increasing the 
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maximum system capacity as compared to the ℓଵ -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 𝑈் and 𝑈ோ, respectively, in this paper. Fig. 1 
assumes that the center of 𝑈் and the center of 𝑈ோ are on the z-
axis, and the IRS is located in the yz plane, where 𝑁்  and  
𝑁ோ  denote the number of elements of 𝑈் and 𝑈ோ, respectively. 
The radii of 𝑈்  and 𝑈ோ  are 𝑅்  and 𝑅ோ , respectively. The 
number of elements of  𝑈் and 𝑈ோ are 𝑁் and 𝑁ோ, respectively. 
D, 𝑥ூ,ை , and 𝑧ூ,ை  denote the distance between 𝑈்  and 𝑈ோ , the 
distance between 𝑈்  and the IRS along the x-axis, and the 
distance between 𝑈் and the IRS along the z-axis, respectively. 
Every antenna element of  𝑈் and 𝑈ோ is arranged equidistantly 
around a ring, so the phase difference of adjacent elements is 
2𝜋𝑙/ 𝑁௜ , where 𝑖 ∈ {𝑇, 𝑅}, −𝑚𝑖𝑛{𝑁𝑇 , 𝑁𝑅}/2 < 𝑙 <
𝑚𝑖𝑛{𝑁𝑇 , 𝑁𝑅}/2  denotes mode index [13][14]. The OAM 
mode group can be denoted as ℒ = {0, ⋯ , 𝐿 − 1} , where L 
denotes the number of multiplexed OAM modes. In this system, 
we assume that there is no direct link between 𝑈் and 𝑈ோ due 
to some obstacles’ blocking, so an IRS is applied to establish 
an alternative LoS route between them. 

 
(a) Three-dimensional model. 

 
(b) Projection on the xz plane 

Figure 1.  The geometrical model of the IRS assisted UCA-based OAM 
system.  

We consider the coordinates of 𝑈், 𝑈ோ, and each element of 
the IRS in three-dimensional space [10]. The center points of 
𝑈் , 𝑈ோ, and the IRS is expressed by 𝝎்,ை = [0, 0, 0]், 𝝎ோ,ை =

[0, 0, 𝐷]் , and 𝝎ூ,ை = ൣ𝑥ூ,ை, 0, 𝑧ூ,ை൧
்

, respectively. The 
coordinate of the 𝑛்-th (𝑛் = 1, 2, ⋯ , 𝑁்) antenna element on 
𝑈் is  

𝝎்,௡೅
= 𝑸௬(𝜗்)𝑅்ൣcos൫𝜑்,௡೅

൯ , sin൫𝜑்,௡೅
൯ , 0൧

்
(1) 

where 𝜑்,௡೅
=

ଶగ௡೅

ே೅
+  𝜑଴  and 𝜗் = arctan ൬

௫಺,ೀ

௭಺,ೀ
൰  denote the 

phase of the 𝑛் -th elements and the angle of 𝑈்  ’s rotation 
around the y-axis. Similarly, the coordinate of the 𝑛ோ -th 
(𝑛ோ = 1, 2, ⋯ , 𝑁ோ) antenna element on 𝑈ோ can be given by 

𝝎ோ,௡ೃ
= 𝑸௬(𝜗ோ)𝑅ோൣcos൫𝜑ோ,௡ೃ

൯ , sin൫𝜑ோ,௡ೃ
൯ , 0൧

்
(2) 

where 𝜑ோ,௡ೃ
=

ଶగ௡ೃ

ேೃ
+  𝜑଴  ,𝜗ோ = arctan ൬

௫಺,ೀ

஽ି௭಺,ೀ
൰  denotes the 

phase of the 𝑛ோ -th elements and the angle of 𝑈ோ ’s rotation 
around the y-axis. The rotation matrix 𝑸௬(𝜗்) around the y-
axis in (1) and (2) can be given by 

𝑸௬(𝜗) = ൥
cos𝜗 0 sin𝜗

0 1 0
−sin𝜗 0 cos𝜗

൩ (3) 

where 𝜗 represents the rotation angle. The coordinates of all the 
antenna elements on 𝑈்  and 𝑈ோ  are 𝜴்  = [𝝎்,ଵ, . . . , 𝝎்,ே೅

] ∈

ℝଷ×ே೅  and 𝜴ோ = [𝝎ோ,ଵ, . . . , 𝝎ோ,ே೅
] ∈ ℝଷ×ேೃ , respectively. 

c 
𝛺ூ

= 𝝎ூ,ை 𝟏ெ
் + ൤𝟎ெ, ൬𝒎௬𝟏ெ೥

+
1 − 𝑀௬

2
൰ 𝑑௬ , ൬𝒎௬𝟏ெ೥

+
1 − 𝑀௬

2
൰ 𝑑௭൨

்

= ൥

𝑥ூ,ை

 0
𝑧ூ,ை

⋯
⋯
⋯

⋯
⋯
⋯

𝑥ூ,ை

 0
𝑧ூ,ை

൩

+ ቎
0
0
0

⋯
⋯
⋯

0
0

(𝑀௭ − 1)𝑑௭

0
𝑑௬

0

⋯
⋯
⋯

0
𝑑௬

(𝑀௭ − 1)𝑑௭

⋯
⋯
⋯

0
൫𝑀௬ − 1൯𝑑௬

0

⋯
⋯
⋯

0
൫𝑀௬ − 1൯𝑑௬

(𝑀௭ − 1)𝑑௭

቏ (4) 

where 𝑑௬ and 𝑑௭ denote the element separation distances along 
the y-axis and z-axis of the IRS, respectively. 𝒎௬  =

 ൣ0, . . . , 𝑀௬ − 1൧
்

 and 𝒎௭  =  [0, . . . , 𝑀௭ − 1]்  . ⨂  denotes 
tensor product. 

We assume that a signal with the OAM mode 𝑙  is 
transmitting from the 𝑛் -th antenna of 𝑈்  to the 𝑚-th (𝑚 =
1, 2, ⋯ , 𝑀)  passive reflecting element and from the 𝑚 - th 
passive reflecting element to the 𝑛ோ-th antenna of 𝑈ோ. The free-
space LoS channels from the 𝑛்-th antenna of 𝑈் to the 𝑚-th 
passive reflecting element is as follows [15][16][17]: 

ℎ௡೅,௠ =
ఉఒ

ସగௗ೙೅,೘
𝑒𝑥𝑝 ቀ−𝑗

ଶగௗ೙೅,೘

ఒ
ቁ (5)

where 𝛽, 𝜆, and 𝑑௡೅,௠ are the antenna gain, wavelength of the 
carrier signal, and the distance between the 𝑛்-th antenna of 𝑈் 
and the 𝑚-th passive reflecting element. 

𝑑௡೅,௠ = ฮ𝝎ூ,௠ − 𝝎்,௡೅
ฮ (6) 

where 𝜔ூ,௠ denotes the 𝑚-th column of 𝛺ூ. 𝑯𝑻,𝑰 ∈ ℂெ×ே೅is the 
LOS channel matrix between 𝑈்  and the passive reflecting 
element of the IRS. Similarly, the free-space LoS channels from 
the 𝑛்-th antenna of 𝑈் to the 𝑚-th passive reflecting element 
is as follows: 
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ℎ௠,௡ೃ
=

ఉఒ

ସగௗ೘,೙ೃ

𝑒𝑥𝑝 ቀ−𝑗
ଶగௗ೘,೙ೃ

ఒ
ቁ (7)

where 𝛽, 𝜆, 𝑑௡೅,௠ are the antenna gain, wavelength of the carrier 
signal, the distance between the 𝑚-th passive reflecting element 
and the 𝑛ோ-th antenna of 𝑈ோ. 

𝑑௠,௡ೃ = ฮ𝝎ோ,௡ೃ
− 𝝎ூ,௠ฮ (8) 

𝑯𝑰,𝑹 ∈ ℂேೃ×ெ is the LOS channel matrix between 𝑈ோ  and the 
passive reflecting element of the IRS. 

At 𝑈், the transmit signal vector 𝒔 ∈ ℂே is expressed as [16] 

𝒔 =  𝑭ு𝑷𝒙 (9𝑎) 

𝑭௡೅,௟
ு =

1

ඥ𝑁்

exp൫𝑗𝑙𝜑்,௡೅
൯ (9𝑏) 

where 𝒙 ∈ ℂ௅  is the modulated signal vector, 𝑭𝑯 ∈ ℂே೅×௅is the 
inverse discrete Fourier transform (IDFT) matrix of 𝑈் , and 

𝑷 =  𝑑𝑖𝑎𝑔൫ඥ𝑝଴, . . . , ඥ𝑝௅ିଵ൯ ∈ ℂ௅×௅  denotes the power 
allocation matrix. 

At the IRS, the received signal vector 𝒓 ∈ ℂெ is represented 
by 

𝒓 = 𝑯𝑻,𝑰𝑭𝑯𝑷𝒙 (10) 

At 𝑈ோ, the received signal vector 𝒚 ∈ ℂ௅ is represented by 
𝒚ෝ  = 𝑭൫𝑯𝑰,𝑹𝜣𝒓 + 𝒏൯ = 𝑭𝑯𝑰,𝑹𝜣𝑯𝑻,𝑰𝑭𝑯𝑷𝒙 + 𝑭𝒏 (11𝑎)

𝑭௟,௡ೃ
=

1

ඥ𝑁்

exp൫𝑗𝑙 𝜑ோ,௡ೃ
൯ (11𝑏)

 

where 𝑭 ∈ ℂ௅×ேೃis the discrete Fourier transform (DFT) matrix 
of 𝑈ோ . 𝒏 ∈ ℂேೃ is the Gaussian noise vector with variance 𝜎ଶ. 
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, 𝜣 =
𝑑𝑖𝑎𝑔(𝜽ு) ∈ ℂெ×ெ denotes the diagonal phase shift vector of 
the IRS with 𝜽 = [𝜃ଵ, ⋯ , 𝜃௠, ⋯ , 𝜃ெ]் , |𝜃௠| = 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 𝒙ෝ ∈ ℂ௅ is given by 

𝒙ෝ = 𝑾𝒚ෝ = 𝑾(𝜮𝒙 + 𝑭𝒏) (12𝑎) 

𝜮 = 𝑭𝑯𝑰,𝑹𝛩𝑯𝑻,𝑰𝑭𝑯𝑷 (12𝑏) 

where 𝜮 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 ∈ ℂ௅×௅ is given as 

𝑾 = ൬𝜮𝑯𝜮 +
𝑃௡

𝑃௫

𝑰𝑳൰
ି𝟏

𝜮𝑯 (13) 

where 𝑃௫ , 𝑃௡ , 𝑰𝑳 are the transmit power, noise power, and the 
identity matrix, respectively. 

The received signal of the 𝑙-th OAM mode after equalization 𝒙ෝ𝒍 
is calculated as the desired signal component, IMI component, 

and noise component, respectively [21][22]. The powers of 
these components are calculated as follows: 

𝜸௟ =
ห𝑢௟,௟ห

ଶ
𝑝௟

∑ ห𝑢௟,௞ห
ଶ

𝑝௞௞ஷ௟ + ∑ ห𝒘𝒍,𝒊𝑭௟,௡ೃ
ห

𝟐
𝜎ଶ

௟∈ℒ

(14𝑎) 

𝑼 = 𝑾𝑭𝑯ூ,ோ𝜣𝑯்,ூ𝑭𝑯 (14𝑏) 

where 𝑢௟,௞ is the element of the 𝑙-th row and the 𝑘-th column of  
𝑼 ∈ ℂ୐×୐ , 𝜸௟ ∈ ℂ୐ is SINR of the 𝑙 -th OAM mode when 
considering noise and interference from other OAM modes, and 
𝒘𝒍,𝒊 is the 𝑖-th row vector of 𝑾. The system capacity 𝑪 of UCA-
based OAM communication is calculated as 

𝑪 =  ෍ logଶ(1 + 𝜸௟)

௟∈ℒ

(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 
𝑈் 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 

max
𝒑ஹ𝟎

෍ log(1 + 𝜸௟)

௟∈ℒ

(16) 

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

𝑚𝑎𝑥
𝒑ஹ𝟎

෍  log(1 +  𝒖௟
்𝒑) − log(1 +  𝒖ି௟

் 𝒑)

௟∈ℒ

(17𝑎)

𝑠. 𝑡. 𝒑𝑻𝟏𝑳 ≤ 𝑃௠௔௫ (17𝑏)

 

where 𝒖௟ = ቂห𝑢௟,଴ห
ଶ

, ⋯ , ห𝑢௟,௅ିଵห
ଶ

ቃ, 

 𝒖ି௟ = ቂห𝑢௟,଴ห
ଶ

, ⋯ , ห𝑢௟,௟ିଵห
ଶ

, 0, ห𝑢௟,௟ାଵห
ଶ

, ⋯ , ห𝑢௟,௅ିଵห
ଶ

ቃ. 

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 +  𝒖௟

்𝒑) − log(1 +  𝒖ି௟
் 𝒑) is 

 𝑓௟̅൫𝒑; 𝒑(𝒕)൯ ≜ −𝜉௟𝑝்𝑝 + 𝑏௟
்𝑝 + 𝑐௟ (18) 

where 

𝜉௟ =
1

2
𝜆௠௔௫(𝒖௟𝒖௟

்), 𝑏௟ = 𝑏ത௟ − 𝑏෨௟ , 𝑐௟ = 𝑐௟̅ − 𝑐̃௟ (19𝑎) 

𝑏ത௟ =
𝒖௟

1 + 𝒖௟
்𝑝(௧)

+ 2𝜉௟𝑝
(௧), 𝑏෨௟ =

𝒖ି௟

1 + 𝒖ି௟
் 𝑝(௧)

(19𝑏) 

𝑐௟̅ = log(1 +  𝒖௟
்𝒑) + 𝜉௟ฮ𝑝(௧)ฮ

ଶ
− 𝑏ത௟

்𝑝(௧) (19𝑐) 

𝑐̃௟ = log(1 +  𝒖ି௟
் 𝒑) − 𝑏෨௟

்𝑝(௧) (19𝑑) 
𝜆௠௔௫(𝑨) denotes the maximum eigenvalue of 𝑨. 

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

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

𝑚𝑖𝑛
𝒑ஹ𝟎

‖𝒑 − 𝒒‖ (20𝑎) 

𝒑𝑻𝟏௅ ≤ 𝑃௠௔௫ (20𝑏) 
where 

𝒒 =
∑ ௕೗೗∈ℒ

ଶ ∑ క೗೗∈ℒ
= [𝑞଴, ⋯ , 𝑞௅ିଵ]் (21) 

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

𝑝௟
∗ = ൞

    𝑞௟       if ෍ 𝑞௟ ≤ 𝑃௠௔௫
௟∈ℒ

𝑞௟

1 + 𝛽
  if ෍ 𝑞௟ > 𝑃௠௔௫

௟∈ℒ

(22) 

𝛽 =
1

𝛾 + 1
൭෍[𝜑]ା

ఊ

௜ୀ଴

− 𝑃௠௔௫൱ (23) 

𝛾 = max
௟∈ℒ

ቄ𝑙ቚ[𝜑]ା −
1

𝑙 + 1
൫∑ [𝜑௞]ା௟

௞ୀ଴ − 𝑃௠௔௫൯ > 0ቅ (24) 

where [𝑎]ା denotes 𝑚𝑎𝑥{𝑎, 0} , and 𝝋 = [𝜑଴, . . . , 𝜑୐ିଵ]୘ 
denotes the vector obtained via sorting 𝒒 in a descending order. 

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

 
Algorithm 1: Optimizing the transmission power allocation 
algorithm.  

1: Initialize: 𝑡 ∶=  0, 𝒑(଴);  
2: Repeat: Calculate {𝑏௟} and {𝜉௟} in q with 𝒑(௧) according to 
(19a) and (19b);  
Sort q in a descending order; Update 𝒑(௧ାଵ) according to (22); 
 𝑡 ∶=  𝑡 +  1;  
3: Until: ห𝒑(௧ାଵ) − 𝒑(௧)ห < 𝜖௣ 

 

B. Optimizing the IRS’s Reflecting Phase Shift 

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

max
ఏ

෍ logଶ ൭1 +
𝑝௟ห𝜽ு𝑤ഥ௟,௟ห

ଶ

∑ 𝑝௞ห𝜽ு𝑤ഥ௟,௞ห
ଶ

௞ஷ௟

൱

௟∈ℒ

(25) 

where 

𝒘ഥ ௟,௞ =
1

ඥ𝑁ோ𝑁்

𝑑𝑖𝑎𝑔൫𝑭௟𝑯ூ,ோ൯𝑯்,ூ𝑭௟
ு , 𝑘, 𝑙 ∈ ℒ (26𝑎) 

𝑭௟
ு =

1

ඥ𝑁்

ൣexp൫𝑗𝑙𝜑்,଴൯ , ⋯ , exp൫𝑗𝑙𝜑ோ,ே೅
൯൧

்
∈ ℂே೅ (26𝑏) 

𝑭௟ =
1

ඥ𝑁ோ

ൣexp൫𝑗𝑙𝜑ோ,଴൯ , ⋯ , exp൫𝑗𝑙𝜑ோ,ேೃ
൯൧ ∈ ℂேೃ (26𝑐) 

In [10], a iterative weighted MMSE approach is proposed to 
find the optimal 𝜽 in (23). The whole algorithm for solving (25) 
is expressed in Algorithm 2. 

 

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

1: Initialize: 𝑡 ∶=  0, 𝜽(଴);  
2: Repeat: Update 𝜆(௧ାଵ) according to (27) with 𝜽(௧) ;  
Update μ(௧ାଵ) according to (28) with 𝜽(௧) ;   
Update 𝜽(௧ାଵ) according to (31) and (32) with 𝜆(௧ାଵ) and μ(௧ାଵ); 
𝑡 ∶=  𝑡 +  1   
3: Until: ห𝜽(௧ାଵ) − 𝜽(௧)ห < 𝜖 

 
where  

𝜆௟ =
ඥ𝑝௟𝜽

ு𝑤ഥ௟,௟

∑ 𝑝௞ห𝜽ு𝑤ഥ௟,௞ห
ଶ

௞∈ℒ + 𝜎ଶ
(27) 

with fixed θ and μ, 

𝜇௟ = 1 +
𝑝௟ห𝜽

ு𝑤ഥ௟,௟ห
ଶ

∑ 𝑝௞ห𝜽ு𝑤ഥ௟,௞ห
ଶ

௞∈ℒ + 𝜎ଶ
(28) 

with fixed θ and λ, 

𝑹 = ෍ ൥𝜇௟|𝜆௟|
𝟐 ෍ 𝑝௞𝑤ഥ௟,௞𝑤ഥ௟,௞

ு

𝒌∈ℒ

൩

𝒍∈ℒ

(29) 

with fixed μ and λ, 

𝒓 = −𝟐 ෍ 𝜇௟

௟∈𝓛

ඥ𝑝௟𝜆௟
ு𝑤ഥ௟,௞

ு ∈ ℂெ (30) 

𝑹෡ = ൦
𝑹

1

2
𝒓

1

2
𝒓𝑯 0

൪ ∈ ℂ(ெାଵ)×(ெାଵ) (31) 

 
𝑹෩ = −𝑹෡ + 𝝀𝒎𝒂𝒙൫𝑹෡൯𝑰 

The optimal solution of 𝛉෡ can be obtained via the fixed-point 
iteration, then in the t-th iteration, 𝛉෡ can be updated as 

 
𝛉෡(௧) = exp൫𝑗 arg൫𝑹෩𝛉෡(௧ିଵ)൯൯ (32) 

 
Finally, after convergence, the solution to problem (32) can 

be recovered by 

𝜽∗ =
ൣθ෠𝟏

(௧)
, ⋯ , θ෠𝑴

(௧)
൧

𝑻

θ෠𝑴ା𝟏
(௧)

(33) 

 

C. Optimizing the system capacity of all OAM modes 

The whole alternating algorithm for optimizing 𝒑 and 𝜽 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(଴), 𝜽(଴);  
2: Repeat: Update 𝒑(௧ାଵ) via Algorithm 1 with 𝒑(௧)  and 𝜽(௧); 
Update 𝜽(௧ାଵ)  via Algorithm 2 with 𝒑(௧ାଵ)  and 𝜽(௧) ; 
𝑡 ∶=  𝑡 +  1;   
3: Until: ห𝒑(௧ାଵ) − 𝒑(௧)ห < 𝜖 and ห𝜽(௧ାଵ) − 𝜽(௧)ห < 𝜖ఏ 
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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 

modes L 
 5 (0, ±1, ±2) 

Radius of 𝑈், 𝑈ோ 0.6 m 
Antenna gain 𝛽ଶ 15 dB 

𝑥ூ,ை 1 m 
𝑃௠௔௫/σଶ 50 dB 

The max transmission power 
budget 𝑃௠௔௫  

5 W 

The number of passive reflecting 
elements at the IRS M 

256 

Absolute tolerance 𝜖௣ 5 × 10ିଷ 
Absolute tolerance 𝜖ఏ 256 × 10ିଷ 

The distance between 𝑈் and 𝑈ோ 40 m 
𝑑௬ , 𝑑௭ 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 ℓଶ -ball projection method by 
comparing it with the ℓଵ-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 ℓଶ -ball projection method to 
optimizing power allocation and applying IMI cancellation. 
“IMI cancellation + L1-ball” denotes applying the ℓଵ -ball 
projection method and applying IMI cancellation. “L2-ball” 
denotes applying the ℓଶ-ball projection method with no IMI 
cancellation. “L1-ball” denotes applying the ℓଵ-ball projection 
method with no IMI cancellation.  

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

 
Figure 2.  The system capacity of some different schemes versus the distance 

between UT and the IRS along the z-axis, zI,O 

This is because the longer distance between 𝑈் and the IRS or 
the IRS and 𝑈ோ  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 ℓଶ-ball projection method when 
the IRS is located closer to the middle. 

 

V. CONCLUSIONS 

In this paper, the IMI cancellation method and the ℓଶ-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 ℓଶ -ball projection method is 
shown to achieve increasing the maximum system capacity as 
compared to the ℓଵ-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 ℓଶ -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 ℓଵ-ball projection 
method and the ℓଶ -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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