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Effectiveness evaluation of MIMO in polarized OAM multiplexing

Mikito Ito1, Shuhei Saito1, Hirofumi Suganuma1, Kayo Ogawa2, and Fumiaki Maehara1, a)

Abstract Adopting polarization for orbital angular momentum (OAM)
multiplexing can suppress beam divergence because of using the lower
OAM modes, which leads to extending the link distance. In this study,
we investigate the effectiveness of multiple-input multiple-output (MIMO)
on the polarized OAM multiplexing under the restriction of the same total
transmit power and total number of antenna elements. To evaluate the com-
bined effects of polarization and MIMO on system capacity, we conducted
computer simulations. Moreover, we investigate the system capacity when
only lower OAM modes are available, and compare it with the case without
mode limitations. The results of our study provide valuable insights into the
potential benefits of using polarization and MIMO for OAM multiplexing.
Keywords: orbital angular momentum (OAM), uniform circular array
(UCA), mode multiplexing, polarization, multiple-input multiple-output
(MIMO), system capacity
Classification: Wireless communication technologies

1. Introduction

Mobile connectivity is expected to reach more than 70%
of the global population by 2023 [1]. Fifth-generation (5G)
mobile systems are designed to exceed the capacity of fourth-
generation (4G) systems to accommodate future services,
including the Internet of Things (IoT) and intelligent trans-
portation systems (ITS) [2]. Moreover, sixth-generation
(6G) mobile communication systems, which are to be re-
alized by 2030, will have peak data rates of up to 1 Tb/s,
100-times that of 5G networks, and are expected to provide
large-dimensional and autonomous networks that integrate
space, air, terrestrial, and underwater networks [3]. Hence,
small-cell backhaul and access link technologies must be
upgraded to develop advanced mobile systems that support
gigabit and terabit connections [4]. In particular, for small-
cell backhauls, line-of-sight (LoS) wireless communication
with fixed transmitter and receiver locations is more attrac-
tive than fiber solutions in terms of flexibility, scalability,
and capital expenditure [4]. In this context, orbital angular
momentum (OAM) multiplexing has gained increasing at-
tention owing to its potential to simultaneously transmit mul-
tiple data streams through a single aperture pair [5, 6, 7, 8, 9].

In OAM multiplexing, the phase front twists along the
propagation direction, resulting in a ring-shaped intensity
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profile. To date, several approaches, such as holographic [5]
and spiral phase plates [5, 6] have been proposed to generate
OAM signals. However, these approaches require antennas
and beam splitters at different locations for mode multiplex-
ing. In contrast, a uniform circular array (UCA) antenna
can be considered as a practical approach because using this
antenna, the simultaneous transmission of multiple modes
can be realized at the same location without beam split-
ters [7, 8, 9].

Additionally, OAM signals can leverage polarization mul-
tiplexing and mode multiplexing to further augment system
capacity [10, 11, 12]. Several notable studies have analyt-
ically [10, 11] and experimentally [12] examined polarized
OAM multiplexing. However, as a distinct multiplexing
method from polarization multiplexing, the application of
multiple-input multiple-output (MIMO) has proven effec-
tive in multiplexing streams within each mode by employing
multiple UCAs. Its effectiveness has been evaluated in both
experimental [13] and analytical [14] studies. Consequently,
it is crucial to elucidate the effects of implementing MIMO
and polarization multiplexing under identical hardware con-
ditions.

Hence, this study investigates the efficacy of MIMO in po-
larized OAM multiplexing while adhering to the constraints
of the same total transmit power and total number of antenna
elements. Notably, since polarization and MIMO reduce the
number of available OAM modes [11], we evaluate the com-
bined effects of polarization and MIMO on system capacity
through computer simulations. Furthermore, we assess the
impact of mode limitations on system capacity from a prac-
tical perspective.

2. Adoption of MIMO for polarized OAM multiplexing

The antenna configuration used in this study is illustrated
in Fig. 1. As shown in Fig. 1, the total number of an-
tenna elements was set to 2NAN , where NA and N represent
the numbers of UCAs and antenna elements in a UCA, re-
spectively. This configuration allows for a total of 2NAN
streams, irrespective of whether polarization or MIMO is
used. When polarization is applied, the number of antenna
elements assigned to each polarization plane is halved, re-
sulting in a decrease in received power. However, both the
vertical and horizontal planes can utilize lower modes that
exhibit strong robustness against beam divergence, thus mit-
igating the power loss. Furthermore, in the case of MIMO
with NA streams and polarization, the number of antenna
elements assigned in UCAs is divided by NA, which can
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Fig. 1 Antenna configurations for polarized OAM multiplexing with
MIMO.

further enhance robustness against beam divergence and de-
grade the received power of lower modes. However, under
realistic conditions where available modes are restricted to
lower modes, the number of transmitted streams decreases.
In such cases, the power resources allocated to each stream
increase, thereby enhancing the system capacity for polar-
ization and MIMO.

We then analyzed the system capacity of polarized OAM-
MIMO, as depicted in Fig. 2, where L is the number of
multiplexed OAM modes. In our analysis, we assumed
maximum likelihood detection (MLD) for MIMO detection,
which considers the maximum ratio combining (MRC) gain.
Moreover, we considered isotropic antennas as antenna el-
ements and ignored polarization interference. As shown in
Fig. 2, the transmit signal vector with polarization s ∈ C2NAL

is expressed as

s = FHx, (1)

where x ∈ C2NAL is the modulated signal vector. FH ∈
C2NAN×2NAL is the inverse discrete Fourier transform
(IDFT) matrix, which can be expressed as

FH = diag{FH
V ,F

H
H }, (2)

FH
V = diag{FH

V ,1, · · · ,FH
V ,NA

}, (3)

FH
H = diag{FH

H ,1, · · · ,FH
H ,NA

}, (4)

where FH
V ,i and FH

H ,i ∈ CN×L (i = 1, · · · ,NA) are the IDFT
matrices of the transmitting UCA #i considering the direc-
tion of polarization, where “V” and “H” represent the verti-
cal and horizontal polarization, respectively. In Eqs. (3) and
(4), the IDFT component of the m-th antenna element at the
l-th mode in each polarization is given by

Fig. 2 System configuration of polarized OAM multiplexing with MIMO.

f ∗m,l =
1
√

N
exp

(
j
2πlm

N

)
. (5)

At the receiver, the received signal vector y ∈ C2NAL is
represented by

y = F (Hs + n) = FHFHx + ñ, (6)

where n ∈ C2NAN and ñ ∈ C2NAL are the noise vec-
tors, and their elements follow the same distribution. F ∈
C2NAL×2NAN is the discrete Fourier transform (DFT) matrix,
which can be expressed as

F = diag{FV ,FH }, (7)
FV = diag{FV ,1, · · · ,FV ,NA}, (8)
FH = diag{FH ,1, · · · ,FH ,NA}, (9)

where FV , j and FH , j ∈ CL×N ( j = 1, · · · ,NA) are the DFT
matrices of the receiving UCA # j considering the direc-
tion of polarization, respectively. H ∈ C2NAN×2NAN is the
channel matrix, which can be represented by

H =
[
HV ,V HV ,H

HH ,V HH ,H

]
, (10)

HQ,P = [HQ,P, j ,i]Q,P∈{V ,H },i, j∈{1, · · · ,NA }, (11)

where HQ,P, j ,i ∈ CN×N is the channel matrix between
transmitting UCA #i and receiving UCA # j considering the
direction of the polarization, respectively. Assuming free-
space propagation, the channel condition between the m-th
antenna element in the transmitting UCA #i and the n-th
antenna element in the receiving UCA # j is expressed by

hj ,i,n,m =
λ

4πdj ,i,n,m
exp

(
− j

2πdj ,i,n,m

λ

)
·
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P(θ ′j ,i,n,m, ϕ′j ,i,n,m)T · P(θ j ,i,n,m, ϕ j ,i,n,m), (12)

where λ is wavelength and dj ,i,n,m is distance between the
transmitting and receiving antenna elements, respectively.
Moreover, θ j ,i,n,m, θ ′j ,i,n,m and ϕ j ,i,n,m, ϕ′j ,i,n,m are the el-
evation and the azimuth angles, and P(θ j ,i,n,m, ϕ j ,i,n,m) and
P(θ ′j ,i,n,m, ϕ′j ,i,n,m) are the radiation pattern vectors of the
transmitting and receiving antenna elements, respectively.
Assuming the isotropic antenna as an antenna element, the
radiation pattern vectors of these antennas are given by [10]

P(θ, ϕ) =
{
[1,0]T (V-polarization)
[0,1]T (H-polarization)

. (13)

It should be noted that the radiation pattern in Eq. (13)
indicates that the orthogonality among different polarization
planes is perfectly retained.

From Eq. (6), the received signal of the l-th OAM mode
at the UCA # j in each polarization plane is given by

yV ,l, j =

(
NA∑
i=1
σV ,l, j ,i xV ,l,i

)
+ ñV ,l, j, (14)

yH ,l, j =

(
NA∑
i=1
σH ,l, j ,i xH ,l,i

)
+ ñH ,l, j, (15)

where xV ,l,i , xH ,l,i and ñV ,l, j , ñH ,l, j are the modulated signal
and noise, respectively. Moreover, σV ,l, j ,i and σH ,l, j ,i are
(l, l) elements of FV , jHV ,V , j ,iFH

V ,i and FH , jHH ,H , j ,iFH
H ,i ,

respectively. From Eqs. (14) and (15), the signal-to-noise
ratio (SNR) of the i-th stream in the l-th OAM mode with
vertical and horizontal polarization can be expressed as

γV ,l,i =

NA∑
j=1

|σV ,l, j ,i |2PV ,l,i

Pn
, (16)

γH ,l,i =

NA∑
j=1

|σH ,l, j ,i |2PH ,l,i

Pn
, (17)

where PV ,l,i = E[|xV ,l,i |2], PH ,l,i = E[|xH ,l,i |2] and
Pn = E[|ñV ,l,i |2] = E[|ñH ,l,i |2] are the transmit power and
noise power, respectively. Consequently, the system capac-
ity of OAM-MIMO with polarization multiplexing can be
calculated as

Csum =
∑
l

NA∑
i=i

(
log2(1 + γV ,l,i) + log2(1 + γH ,l,i)

)
. (18)

However, the system capacity of OAM-MIMO without
polarization multiplexing can be calculated in a similar man-
ner to the polarized case by allocating all the antenna ele-
ments to either vertical or horizontal polarization. There-
fore, the system capacity of the OAM-MIMO without polar-
ization multiplexing can be calculated as

Csum =


∑
l

NA∑
i=1

log2
(
1 + γV ,l,i

)
(V-polarization)∑

l

NA∑
i=1

log2
(
1 + γH ,l,i

)
(H-polarization)

.

(19)

3. Numerical results

The system parameters used in this study are presented in
Table I. The total number of antenna elements in the UCAs
was set 64, and NA determines the number of antenna ele-
ments in each UCA; NA was set to 1, 2, or 4, meaning each
OAM mode has 1, 2, or 4 stream(s) in each polarization
plane, respectively, where the transmit power is the same
among all streams; NA = 1 indicates the OAM multiplexing
without MIMO. In the ideal case without mode limitation,
the number of multiplexed modes L was set to N (OAM

Table I System parameters

Carrier frequency fc 39 GHz
Total number of antenna elements 64
Radiation pattern Isotropic
Radii of UCAs 0.60 m (NA = 1)
(Number of UCAs NA) 0.24, 0.60 m (NA = 2)

0.24, 0.36, 0.48, 0.60 m (NA = 4)
Total transmit power 23 dBm
Noise power −80 dBm

Fig. 3 System capacity versus link distance D.
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modes l = −N/2+1, · · · ,N/2) with polarization multiplex-
ing, or 2N (l = −N + 1, · · · ,N) without it, respectively.
However, in a realistic case with mode limitation, L was set
to 8 (l = −3, · · · ,4) regardless of polarization and MIMO.

Fig. 3 illustrates the system capacity plotted against the
link distance, D. First, as shown in Fig. 3(a), in the absence
of mode limitations, increasing the number of UCAs NA

can obtain the space diversity benefit obtained from MLD,
which improves the system capacity. Moreover, at short
link distances, where the influence of beam divergence is
small, the system capacity without polarization multiplex-
ing is better than that with polarization multiplexing. This
is because the case without polarization multiplexing can
use all modes and many receiving elements. On the other
hand, for long link distances, the polarization multiplexing
case outperforms the case without multiplexing regardless
of the number of UCAs because only low OAM modes can
be utilized. Next, as shown in Fig. 3(b), it can be seen that,
in the presence of mode limitations, the system capacity im-
proves with an increase in the number of UCAs NA at short
link distances with high SNR. On the other hand, over long
link distances, the SNR decreases due to propagation atten-
uation, and the effect of stream power reduction due to the
use of MIMO becomes severe, which degrades the effective-
ness of MIMO. In particular, at short distances with high
SNR, polarization multiplexing can improve system capac-
ity. However, with the increase in the link distance, since
the effect of stream power reduction due to the use of polar-
ization multiplexing becomes severe, the system capacity of
polarization multiplexing gets worse than the case without
polarization multiplexing.

4. Conclusion

This study aimed to examine the effectiveness of MIMO
for polarized OAM multiplexing while considering the con-
straints of the same total transmit power and total number of
antenna elements. Considering that the number of MIMO
streams and polarization have a direct impact on the avail-
able modes and stream power, the combined effects of po-
larization and MIMO on system capacity were evaluated
by computer simulations. Numerical results showed the
effectiveness of applying MIMO to polarized OAM mul-
tiplexing, regardless of the presence or absence of mode
limitations. It was found that by increasing the number of
UCAs, the space diversity benefit of MLD can be enhanced,
and hence, the system capacity can be improved. Moreover,
it was observed that when there are no mode limitations, it is
beneficial to apply polarization multiplexing, which can ac-
tively utilize lower OAM modes, regardless of the number of
UCAs. On the other hand, in practical situations with mode
limitations, the application of polarization multiplexing is
effective over short link distances with high SNR, but over
long link distances with low SNR, polarization multiplexing
is not necessarily effective because the influence of stream
power reduction becomes severe in the limited number of
OAM modes. Therefore, in realistic scenarios with mode
limitations, it is crucial to adopt polarization multiplexing
and MIMO appropriately, depending on the link distance.
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