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Abstract—The 5th generation (5G) new radio (NR) access
technology and the beyond-5G future wireless communication
require extremely high data rate and spectrum efficiency. Energy-
efficient transmission/reception schemes are also regarded as an
important component. The polarization domain has attracted
substantial attention in this aspects. This paper is the first
to propose multi-polarization superposition beamforming (MPS-
Beamforming) with cross-polarization discrimination (XPD) and
cross-polarization ratio (XPR)-aware transmit power allocation
utilizing the 5G NR antenna panel structure. The appropriate
orthogonal frequency division multiplexing (OFDM) subcarrier
assignment algorithm is also proposed to verify the theoretical
schemes via simulations. The detailed theoretical derivation along
with comprehensive simulation results illustrate that the proposed
novel scheme of MPS-Beamforming is significantly beneficial to
the improvement of the performance in terms of the symbol
error rate (SER) and signal-to-noise ratio (SNR) gain at the
user equipment (UE). For instance, a provided practical wireless
channel environment in the simulations exhibits 8 dB SNR gain
for 10~* SER in a deterministic channel, and 4 dB SNR gain for
10~ SER in abundant statistical channel realizations.

Index Terms—Polarization, multi-polarization superposition
beamforoming (MPS-Beamforming), power allocation, subcarrier
assignment, 5G/beyond-5G wireless communication.

I. INTRODUCTION

The 5th generation (5G) wireless communication system
has been first commercialized in 2020, and it is expected
to be stabilized during the next decade. 5G new radio (NR)
access technology is a furnace of almost all the renowned
communication theories and technologies. On the other hand,
future wireless communication systems such as beyond-5G
and 6th generation (6G) will demand far higher channel
capacity and spectrum efficiency than 5G. For this reason,
the utilization of the polarization domain has recently attracted
substantial attention [[1]]-[8|]. The polarization diversity enables
the system performance to be substantially enhanced in a
variety of communication schemes such as beamforming [/1]],
[2]]; polarization shift keying [3]], [4]; spatial modulation (SM)
[4]-[6]]; non-orthogonal multiple access (NOMA) [7]; and
spatial multiplexing with antenna selection [].
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The current state-of-the-art and future key technologies
significantly take into account utilizing the polarization do-
main. Hybrid beamforming can adopt dual-polarization and
the associated codebook design to improve the system per-
formance [2], [9]. Modulation schemes can be also advanced
with the improved BER/SER focusing on different polarization
state of the wireless channel, for which the polarization
shift keying is introduced and described in a sophisticated
manner [3], [4]. Spatial modulation (SM) can also take
the benefit of polarization diversity via adopting fixed dual-
polarization antenna elements as in [5]] or flexible polarization-
agile/reconfigurable antenna elements as in [[6]. Further, it
is shown that deploying dual-polarized massive multi-input
multi-output (MIMO) systems improve the performance of
the conventional non-orthogonal multiple access (NOMA)
scheme [/]. Comprehensive analyses and simulations for the
outage probability and outage sum-rate of the dual-polarized
massive MIMO-NOMA networks are provided in [7]. The
significant improvement of channel capacity in the polariza-
tion reconfigurable MIMO (PR-MIMO) system with practical
polarization-reconfigurable/agile antenna elements and polar-
ization pre/post-coding, is theoretically derived and validated
in simulations [8]], [10].

Other aspects of interesting research on MIMO system with
the polarization diversity have been actively fulfilled [11]-
[17]. Utilizing the polarization domain has significant potential
to achieve the aforementioned mission for the future wireless
communication system, since even 5G NR is not fully utilizing
the polarization domain in a systematic manner, e.g., based on
full channel state information (CSI) of polarization. The po-
larization diversity improves bit/symbol error rate (BER/SER)
[11]-[14]. Further, it can also increase the channel capacity
[L5]-[17]. It is validated by the aforementioned research works
that the impact of polarization on the performance of MIMO
communication system is noticeable.

It is straightforward that the polarization domain can be
combined with other domains such as time and spatial domains
(81, [10], [12]-[14], although polarization multiplexing with-
out spatial diversity is also promising [[I1]. The improvement
of the SER is achieved via combining spatial and polarization
diversity along with maximum ratio combining (MRC) in
the scenarios of fast power control and no power control
on Nakagami-m fading channels [12]. The improvement of
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channel capacity in the MIMO system with polarization-
reconfigurable/agile antennas is also precisely described [8],
[10]. On the other hand, it is reported that space-time block
coding (STBC) with uni-polarization outperforms STBC with
dual-polarization in both uncorrrelated/correlated Rayleigh and
Ricean fading channels [14]. As demonstrated in the previ-
ously reported literature, the characteristics of the wireless
channel substantially affect the system performance in terms
of the symbol/bit error rate (SER/BER) [13], [[14]]. Deploying
dual-polarized antennas in the MIMO system exhibits lower
spatial diversity gain but higher spatial multiplexing gain
than the MIMO system with uni-polarized antennas [[13]]. In
particular, in the Ricean fading channel with the high K-
factor, the dual-polarized MIMO system is highly beneficial
for spatial multiplexing, compared to the uni-polarized MIMO
system. Resource allocation schemes also need to take the
impact of polarization into account.

It is no doubt that the polarization domain has its unique
characteristics distinct from the spatial domain in MIMO [10],
[17]-[19]. The wireless communication system with multi-
polarization needs to fully utilize the unique characteristics
of polarized channels, in the same fashion that conventional
MIMO system exploits spatial diversity of wireless channels.
In other words, the advantage of multi-polarization antenna
elements significantly depends on the condition of wireless
channels [12[]-[14]]. The reason is that different conditions
of wireless channels cause different degrees of channel de-
polarization. The electromagnetic plane waves transmitted
with a fixed polarization, e.g., —45° polarization at the gNB
have both the copolarization (—45°) and the cross-polarization
(+45°) components at the end of the UE; the ratio of those
two components is varying depending on the channel en-
vironment even for the static UE. This symptom is called
channel depolarization, and reported by the empirical and
theoretical research [[17], [18]], [20]], [21]]. The polarization mis-
alignment between the transmitter (Tx) and the receiver (Rx)
degrades the system performance in several aspects including
the received signal power. Comprehensive understanding of
polarization/depolarization in wireless communication systems
from the measurement and modeling to the theory and novel
schemes have been provided in aforementioned prior works.

One of the key features that 5G NR and beyond-5G com-
munication systems support, is the full utilization of MIMO
beamforming, where massive MIMO antenna panels will be
supported by the base station (BS) or equivalently, the next-
generation Node B (gNB) as illustrated in Fig. |I} Each an-
tenna panel has multiple collocated dual-polarization antenna
elements, where 8-by-8 dual-polarization antenna array or its
subarray has been regarded as one of the strong candidates in
5G NR [22]-[24]. Further, the implementation of polarization-
reconfigurable/agile antennas has been accomplished in a
variety of design approaches, and has shown the feasibility
of supporting multi-polarization in MIMO communication
systems [25]-[30].

In addition to the high channel capacity and spectrum
efficiency, beyond-5G and 6G communication systems will
demand high energy efficiency as considered in [1]], [4]]-[6].
Consequently, this is the time for leading researchers and

scholars to consider novel energy-efficient wireless commu-
nication schemes in addition to the current state-of-the-art
technology in 5G NR. Based on the agreements achieved so
far by the 5G standard society, 5G beamforming is supported
by antenna subarray that consists of several spatially separated
antenna elements in one column of the antenna panel with the
same polarization, whether it is +45° or —45° polarization
[22]-[24]. Although the gNB in 5G NR will support dual-
beamforming with both +45° and —45° polarization generated
by the aforementioned antenna subarray, the current 5G NR
design does not consider the impact of dual-beamforming
on the polarization of the superimposed received signal at
the end of user equipment (UE), which was previously or
conventionally called mobile station (MS). Based on this
motivation, this paper provides novel schemes along with the
comprehensive analysis and simulation results for the im-
pact of multi-polarization superposition beamforming (MPS-
Beamforming) on the symbol error rate (SER) and the energy
efficiency in terms of the signal-to-noise ratio (SNR) to meet
a certain SER at the UE based on the orthogonal frequency
division multiplexing (OFDM) system.

Compared with the prior works, this paper has unique con-
tributions. In particular, comparing to [1]], this paper provides
substantially additional contributions such as more theoretical
derivation and analysis to reach the closed form, new sub-
carrier assignment algorithm, and abundant simulation results
with both deterministic and statistical channels. Appreciable
contributions of this paper are summarized as follows:

o providing novel scheme of MPS-Beamforming based
on cross-polarization discrimination (XPD) and cross-
polarization ratio (XPR)-aware transmit power allocation
aligned with 5G antenna structure;

o illustrating the theoretical derivation of the XPD/XPR-
aware transmit power allocation ratio in MPS-
beamforming to yield the highest SER performance
for the given channel,

« theoretical analysis for the impact of combining transmit
beams with different polarization and transmit power ratio
on the polarization ellipse and its rotation;

e proposing a new subcarrier assignment algorithm to take
into account MPS-Beamforming scheme in the OFDM
system;

« comprehensive simulation results and analyses illustrat-
ing the remarkable benefit of adopting the novel MPS-
Beamforming scheme with XPD/XPR-aware transmit
power allocation and subcarrier assignment; and the im-
pact of XPD on the rotation angle of the polarization
ellipse for the received signal.

The remainder of this paper is as follows. Section [[I] presents
the system model for the energy-efficient MPS-Beamforming.
Theoretical description and mathematical derivation for
XPD/XPR-aware transmit power allocation, polarization el-
lipse, feedback-based fine adjustment of polarization are pro-
vided in the subsections in Section [Tl The appropriate
subcarrier assignment algorithm for the MPS-Beamforming
OFDM system is also presented in a subsection of Section
Further, Section E provides abundant simulations in both
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the deterministic and statistical channels. Finally, Section m

concludes the paper.

II. SYSTEM MODEL

We take into account the SG NR system, where the gNB de-
ploys multiple antenna panels to support transmit beamform-
ing as described in Fig. [I] Based on the current research trend
of assumptions and 5G NR standards, the antenna panel has
multiple antenna elements; each cross represents collocated
dual-polarization antenna elements with fixed polarization,
+45° [1]], [22]-[24]. Both the line-of-sight (LoS) and non-line-
of-sight (NLoS) components are considered as effective ones
on the received signal resulted in MPS-Beamforming [22]-
[24].

The gNB in Fig. [I] utilizes uniform linear phase antenna
subarrays, i.e., antenna elements in a column with single
polarization among +45°. Further, the gNB can transmit
a single data stream utilizing dual Tx beams, which have
+45° and —45° polarization at the side of the gNB. On
the other hand, the receive antenna polarization at the UE
can be changed owing to the movement of the user. Without
the loss of generality, the polarization vector of the received
signal supported by —45° polarization beamforming at the
gNB is set to be aligned with a vector ay, and a, is for
the received signal’s polarization caused by +45° polarization
beamforming at the gNB. The polarization of the received
signals generated by +45° polarization beamforming can be
regarded as orthogonal in particular, for the LoS path [18].
For the NLoS path, two transmit beams with orthogonal
polarization have changed polarization after being reflected;
however, the theoretical research on polarized channels in [|18]]
reports that changed polarization maintains the orthogonality,
based on the detailed mathematical analysis in the geometry
based channel model along with good agreement with other
empirical report. [18], [21]

The received signals at the UE, supported by —45° and
445° polarization transmit beamforming, r~*"(¢,7;) and
rt4°(1,12), respectively, can be expressed as [31]

(1) = ax Ex(r,71) A(6))
=a; E¥A(6)) cos2rfo(t—T1)+¢1) (1)
(1, 1) = @ Ey(t,12) A(6,)
=a, EMA(8:) cosnfo(t =)+ ), (2)
where for i € {1,2},

sin(Ny;/2) 2n
A= G V7
In - , E((t,71) and Ey(t,7») represent polarization
components of r~*°(z,7;) in and r+*°(t,1,) in ,
respectively [31]]. Further, 7;, ¢;, and 6; for i € {1,2} are the
path delay, random phase component, and the angle between
the line of the linear phase array and the direction of radio
propagation, respectively. Further, f, is a carrier frequency; ;
is the phase shift between progressive elements in the phase
antenna array; and A(6;) is called antenna array pattern or
array factor [31]. In , A and d are the wavelength and
the distance between the consecutive elements in the phase

dcosO;+ & . 3)
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Fig. 1. 5G beamforming supported by multiple antenna panels at the gNB
side agreed by the standard society.

antenna array. Lastly, £ —45° and E1*5° are the amplitudes of
the received signals excluding the antenna array factors in the
directions of @, and a, . Hence,

E(t,7) = E~*" cos2mfo(t — 1) + 01), 4)
Ey(t,12) = ET* cos(2nf.(t — 1) + ¢). (5)

The baseband signal representation is used for both theo-
retical analysis and simulation in this paper, while (I) — (3)
focus on the expression of polarization for radio propagation.
Aligned with 4G LTE and 5G NR standards, the OFDM sys-
tem is the fundamental scenario in this paper, and the baseband
signals are regarded as the result of LoS along with non-
line-of-sight (NLoS) components. After RF demodulation and
discrete Fourier transformation (DFT) at the Rx, the received
signals on the n-th OFDM subcarrier at the antennas of the Rx
with —45° and 45° polarization, ¥, *° and Y, respectively,
can be obtained. In the case that no cross-polarized signal
exists, Y, 45° and sto, are respectively,

—45° —45°,—45° —45°
Y, ¥ = \/ESH,S ’ )s(n) +w, P (6)
0 450 450 0
st = \/ESH,S ’ )s(n) + wﬁs , @)

where E; is the energy of the transmitted information symbol
s(n), and n is the OFDM subcarrier index. w;,** and w4’
are, respectively, the noise at the Rx antennas with —45°
o o . (—45°,—45°) (45°,45°)
and 45° polarization. Finally, Hy and H, are
frequency-domain channel coefficients between the Tx and Rx
antennas with —45° and 45° polarization, respectively. The
cross-polarized received signal components will be taken into

account in detail in Section [l
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ITI. ENERGY-EFFICIENT MULTI-POLARIZATION
SUPERPOSITION BEAMFORMING (MPS-BEAMFORMING)

The system model in Section [l implies that the polarization
of the superlmposed transmit beams is primarily dependent on
E~* and E**" in (1) — (). In this section, we propose the
novel scheme of determining transmit power allocation ratio
to match the polarization of the superimposed received signal
to the Rx antenna polarization in a statistical sense. It is also
verified in Section [[V]that the proposed scheme in this section
shows the best performance in terms of SER or SNR gain.

A. Novel Scheme of XPD/XPR-Aware Transmit Power Alloca-
tion for MPS-Beamforming

Superimposing two transmit beams with orthogonal po-
larization, +£45°, causes different polarization from +45° at
the Rx of the UE. Furthermore, tuning the transmit power
allocation ratio between two Tx beams with £45° polarization
must reconfigurate the polarization of the received signal, due
to the cross-polarization component of the received signal. The
superposition of two transmit beams with +45° polarization
causes the Rx to receive the signal with a variety of polar-
ization via changing the transmit power allocation ratio. For
this reason, the proposed scheme is called multi-polarization
superposition beamforming (MPS-beamforming) in this paper.
It is noteworthy that the proposed superposition beamforming
scheme with numerous transmit power ratios supports multiple
polarization of the signal at the Rx.

Based on this motivation, this section begins with the
mathematical representation of the received signal caused by
superimposing two transmit beams with +45° polarization and
the transmit power allocation ratio between those transmit
beams. The OFDM system is the fundamental scenario in
both the theoretical analysis and simulation in this paper to
be aligned with the present 4G LTE and 5G NR standards.

Based on the aforementioned rationale, the —45° and 45°
polarization components of the received signal on the n-th
OFDM subcarrier, ¥, *>° and Y*" are expressed as

\/aiESH,(f“SO‘ASO)s(n)
BEH, " s(n) + w4 (8)

ys° Z\/TE}H7(145077450)S(11)

BEH""*)s(n) +w 9)

—45° _
Y, =

where the transmit power allocation ratio, o and f satisfy
B =1—oa. In the scenario without the proposed MPS-
beamforming, @ = 1 or 0; whereas in the scenario of MPS-
Beamforming, 0 < o < 1; consequently, 0 < f=1—a < 1.
The XPD of the received signal is the power ratio between the
copolarization component to cross-polarization component of
the received signal, and the statistical XPD of the received
signal resulted by MPS-beamforming, xpD"®

. E] TEH —45° —45°) + BEH —45° 450 )| ]
(45°,— ©0.459)
E[|VaEH"" BEHY )]

where the operation E[-] is the expectation or equivalently,
mean over whole subcarriers.

is defined as

,(10)

For further analysis of (I0), the statistical Rx cross-
polarization discrimination (XPD) without MPS-Beamforming
over all subcarriers for the Tx antenna polarization, —45° and
45° is defined as

(—45°,-45°
BllHy P
[IH
Z \H
== ) (12)
(45°,-450) |2
n=1

(450 vy

XPD' = XPD

Y

(450, —45°) B

450 )|2

(—45°,45%) 2
wpr(45°) a E[|Hn ]
XPD' = XPD 2 s

E[|H,
]H,S“‘SOASO) |z

== (14)
’ g (45°:45°) |2
n

1

13)

M=

—_

M=

n

where the superscript N or P denotes —45° or +45° polariza-
tion at the Tx antenna; not at the Rx antenna. As described in
and (T3), we define the statistical Rx XPD as the ratio of
mean channel gain at the —45° polarized Rx antenna to the
mean channel gain at the 45° polarized Rx antenna for a given
Tx antenna whether it has —45° or +45° polarization. Since
the total number of subcarriers in the overall OFDM system
is the same regardless of the Rx antenna polarization, we can
reach and (T4) from and (13), respectively.

The received signal power ratio at the Rx antenna with
—45° polarization for the signals from Tx antennas with —45°
and 45° polarization is defined as Rx cross-polarization ratio
(XPR). In the similar manner with the statistical Rx XPD, we
define the statistical Rx XPR as

—450,-45°) »
(450 H
XPR" = XPR\ ") 2 [[| o ||2]] (15)
H bl
g ‘ —45° —45°) |2
== ) (16)
N (—450.450) 2
nzl |
(45°,-45°) 1»
°) E||H,
xPR" — xR 2 El oS 450)‘ } (17
E[|H," )
% ’Hr(l4507_450)|2
= (18)
Z | H54) |

In (T3) and (I7), the statistical Rx XPR can be interpreted
as the ratio between the mean channel gain from the —45°
polarized Tx antenna to the given Rx antenna; and the mean
channel gain from the 45° polarized Tx antenna to the same
Rx antenna. We directly use (12), , (I6) and (I8) to reach
from the definition of XPD" > in (10).

The following Lemma describes the relation between
XPD", XPD', XPR" and XPR', and is utilized to derive
XPD/XPR-aware transmission power ratio, Oxpp/xpr and

Bxpp/xpr in (26).
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Lemma 1. N N
XPD XPR
— = (19)
XPD XPR
Proof.
XPDY _ ElJH TR R R)
7XPDP E[|Hn(_450’450)‘2} /E[|H}’<l4507450)|2]
e 2/ Tl HO
Bl R ) Bl
5N
XPR
=— (22)
XPR
O

The numerator and denominator in are from the definition
of the statistical Tx XPD, XPD" and XPD  in and
(I3), respectively; four expectation components in (20) are
rearranged as described in (ZI). Finally, the numerator and
denominator of (21) are aligned with the definitions of XPR |
and XPR' in (15) and (17, respectively. The ratio of statistical
Rx XPD, (XPD '/ XPD' ) is the same as the ratio of statistical
Rx XPR, (WN / WP) as presented in .

Utilizing (11) - 2), XPD™® in (10) is derived as

7XPDMPS

AE“\/(X—ESMS—45°,—450)+ [3ESH,5_450’450)|2]
£ E[|\/a7ESHr§4SQ’74SO)+ ﬁEs-HrE“SOASO)H
B a+pB/ XPR
~ «/ XPD" +B/( XPD' XPR )
a(1-1/ XPR") +1/ XPR"
~ «(1/XPD" —1/(XPD'XPR ")) +1/(XPD XPR")
(24)

(23)

where once again, n is the subcarrier index. Substituting 1 — o
for B, we can derive from . It is noteworthy that
XPD™"® is the function of a, monotonically increasing or
decreasing as shown in (24).

Finally, the Tx allocates the transmission power to the Tx
antennas with —45° and 45° polarization in the conventional
scenario of the fixed total transmission power constraint. In
other words, the Tx determines transmit power allocation ratio,
o and consequently, B = 1 — «; and the objective is to align

—=—=MPS . .. ———Rx—Ant .
XPD S with the Rx antenna polarization, XPD x m, ie.,

MPS _ o=—=Rx—Ant

XPD XPD 25)

The Rx antenna polarization XPD ™™ can be changed by

the rotation of antenna origination at the UE, caused by the
movement of the UE. Nonetheless, it is worth of notice that the
polarization state information (PSI) estimation such as XPD
and XPR at the Rx can still be accomplished based on the ro-
.. . . . To~Rx—Ant

tated antenna origination. In this scenario, XPD = oo Or
o~ Rx—Ant . . .

XPD = 0 corresponding to the Rx antenna polarization
angle —45° or 45°, respectively. In other words, the Rx does
not need to maintain —45° and 45° Rx antenna polarization

angles in a physical sense; whereas, even the rotated antenna
origination can be regarded as the basis of PSI estimation such
as XPD and XPR. The change of the Rx antenna polarization
angle from the basis of PSI estimation can be also measured by
the gyroscope embedded in the current commercial UEs such
as smartphones. The estimated PSI is reported to gNB through
the feedback channel allocated for sharing the PSI in the
similar manner with the present conventional CSI feedback.

Based on (24) and (23), the theoretical XPD/XPR-aware
transmission power allocation ratio, Otxpp/xpr and Bxpp/xpr
can be derived to have the closed form expression as follow-
ing.

oo=Rx—Ant G==<P

Oxpp/XPR = P i(PD zfi)]im m—
XPD' (XPR" — 1)+ XPD"* “"(1 - XPR")
(26)
oxpp/xpr = min {1, max{0, Gxpp/xpr}} ; (27)
Bxpp/xpr = 1 — Oxpp/XPR - (28)

In the scenario that the theoretical XPD/XPR-aware transmit
power ratio Gxpp/xpr is not in the range of [0, 1], the closest
value to boundary values, zero or unity, is selected as ,
for the reason that XPD > is the function of &, and mono-
tonically increases or decreases with respect to & as shown in

).

B. Rotation and Eccentricity of the Polarization Ellipse in
MPS-Beamforming

The mathematical derivation in this section describes that
the polarization of MPS-Beamforming can be the elliptical
polarization as portrayed in Fig. [2| even for the line-of-sight
(LoS) scenario.

At the side of the UE, the superposition of the two sig-
nals, ¥~ (¢,71) and r™*°(r,7,) in and , respectively,
impinges on the Rx antenna. That is,

rt,m,m) = r () + () (29)
= a;E %" A(6)) cos(9) +@E+450A(92)c0s(¢+A)

where
¢ =2xnf(t—71)+ ¢, (30
A= 2nf(no—1)+(2—01) . (31

The phase difference between two received signals supported
by £45° polarization beamforming is A; even in the scenario
of the line-of-sight (LoS) link between the Tx and Rx, the
phase difference may not be zero due to the mismatching
between £45° polarization Tx antenna elements.

It is noteworthy that gNB can rotate the polarization el-
lipse, i.e., the major and minor axes of the polarization
ellipse at the UE side via utilizing the proposed scheme,
MPS-Beamforming. Furthermore, MPS-Beamforming can also
change the eccentricity of the polarization ellipse; as the
polarization ellipse becomes narrow and long, i.e., eccentricity
comes to be very high, more received signal power can be
concentrated on the direction of polarization ellipse’s major
axis.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, MONTH YEAR 6

y Rx antenna
Polarization vector

Fig. 2. Polarization ellipse and the rotation of the ellipse.

Based on (I) — () and (29) with the auxiliary variables,
¢ and A in — (31)), utilizing the trigonometric identity
for cos(¢ +A) in (29), the polarization of r(t,7,7,), the
superimposed signal at the UE, satisfies that

Ey(t,7
2&;53) = oS CcosA —sin@sinA, (32)
E(t,T
2(_4501) = cos . (33)
Further, (32) and (33) can be modified as
E.(t,;)  cos@cosA\? . )
- = 34
<E45° sinA sinA s (34)
Ei(t,T1) ) E(t,71) ?
cos Qp = o sin“¢p =1— = . (35)
We plug in (33)) to (34); then,
E.(t,7) \* E(1,1) \°
E~%°sinA E+4°sinA
E.(t,71)E\(t, T A
) x(7 1) }(az) COos _1’ (36)

E- 4R+ GnZA
which is in concord with the expression of the rotated ellipse.

Finally, rotating the coordinates verifies that the polarization
of the superimposed signal at the UE is elliptic as

/ 2 / 2
(E"(t’m> +<Ey(t’12)> ~1, (37
a b
where
E/(t,71)] | cos@ sin® |[E(t,71) 18
Ey(t,m2)| ~ |—sin® cos@ | |Ey(t,12)] (38)

In the comparison of with after plugging in
into (37), the rotation angle of the polarization ellipse, 6 and

the squared eccentricity of the polarization ellipse, €> are
described as

I 2CcosA
N e ) (39)
E+45° - E450
| 2cosA
=ptan : 40
2 (m 1 /\/m) (40)
2
e =1- bﬁ (41)
a
1 %(1 +sec260)+ %(1 —sec20) @)
%(1 —sec20) + %(1 +sec20)
. 1+4sec26+XPD(1 —sec26)
~ 1—sec20+XPD(I +sec26)
_ 2(XPD —1)sec26 )
~ 1—sec26 +XPD(1+sec20)
We define the instantaneous Rx XPD as
E745° 2
XPD = <E+45> , 4

and plug in the instantaneous Rx XPD to (39) and @2) so
that we can reach (40) and @3). The XPD is the power ratio
of two orthogonal polarization components, which are E~4°
and E*%° in this section. The fundamental definition of the
eccentricity in the ellipse is expressed with the squared format
in (@I). It is worth mentioning that both the rotation angle
and the squared eccentricity of the polarization ellipse, 6 and
€2, respectively, are the functions of (E~*° /E+45°); therefore,
the instantaneous Rx XPD. The eccentricity, denoted by &,
is the metric to estimate the deviation of the conic section
from the circle. The squared eccentricity, £ is utilized in this
paper for the simplicity of the expression rather than using the
eccentricity, &; it varies from zero to unity. As &> approaches
zero, the ellipse converges to a circle; while as €2 approaches
unity, the ellipse converges to a linear line.

Furthermore, the direct relation between the squared eccen-
tricity, €2 and the rotation angle of the polarization ellipse, 0
is derived as following via utilizing (#0) and (#3).

2 Vcos? A+ tan?26 — cos Asec20

e=1-
Vcos2 A+tan226 +cosAsec26
2cosAsec26

~ V/cos?A+tan220 + cosAsec20

The relation between €2 and 6 in @ for a variety of A defined
in is illustrated in Section

(45)

C. Fine Adjustment of the XPD in MPS-Beamforming

This section describes the manner of fine tuning for the XPD
in MPS-Beamforming to cope with practical situations such as
imperfect reconfiguration of antenna polarization and channel
coefficients of subcarriers varying faster than the update of
subcarrier assignment. The fine tuning based on the feedback
loop can compensate for the imperfect realization of XPD in
MPS-Beamforming.

The theoretical XPD/XPR-aware transmit power ratio,
Oxpp/xpR. 1s determined by the statistical XPD and XPR over
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the OFDM subcarriers as described in (26) — (28). Further,
the MPS-Beamforming OFDM system fulfills subcarrier as-
signment to be described in Section For the assigned
subcarriers, the channel impulse response per subcarrier can
be changed before fulfilling subcarrier re-assignment in the
practical system.

The gNB can adjust its transmit XPD, o/f3, or equiva-
lently, its transmit polarization angle, i.e., tan~' (\/a/B )
via assigning transmit power ratio, & and f, to —45° and
+45° polarization beamforming, such that the gNB controls
the rotation angle and eccentricity of the Rx polarization
ellipse caused by the MPS-Beamforming at the UE side.
The mechanism of adjusting the receive polarization ellipsis
is illustrated in Fig. [3| considering a scenario without the
loss of generality. Assuming the Rx antenna polarization

—=—Rx—A . .
angle, tan~! (VXPD X Ant ), is 75°, the best scenario of
polarization matching is that the mean receive polarization

angle in MPS-Beamforming, tan™ (\/ XPDMPS ) is 68° in
Fig. |3 3] XPDY " and XPD can have different values in

general, relying on the wireless channel environment and the
rotation of the Rx antenna caused by UE’s movement.

10 w — 100
1 1 i | —=—mean Rx polarization angle
--{ ——XPD

,,,,,,,,,,,,,,,

]

[dB]

XPD

,,,,,,,,,

mean Rx polarization angle [degree,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

i i - ; i i i i
o 20 40 60 80 100 120 140 160 18%
Tx polarization anlgle [degree, °]

Fig. 3. Adjustment of rotation angle and eccentricity of the Rx polarization
ellipse.

The UE Rx reports PSI in terms of the mean receive
XPD and XPR estimated at the UE along with the current
mean receive polarization angle to the gNB by the feedback
channel. The estimation of the mean Rx XPD and XPR can be
performed based on dual-polarized antenna elements at the Rx
with the support of reference signals. In turn, the gNB changes
its transmit polarization angle or transmit power ratio until

the condition, tan~! (W ) - tan— (W )
equivalent to 1i or until XPD" approaches XPD A g

closely as possible. The UE and gNB perform iterations of PSI
feedback followed by the associated fine tuning of the transmit
polarization angle or equivalently, transmit power ratio. The
bin of increasing/decreasing transmit polarization angle in Fig.
[3] can be dynamic depending on the difference between the
reported current and previous mean receive polarization angles
via the feedback channel. The sophisticated algorithm for the
adjustment of the bin of increasing/decreasing the transmit
polarization angle is outside of the scope and contribution of
this paper; it is our future work.

TABLE I
MPS-BEAMFORMING SUBCARRIER ASSIGNMENT ALGORITHM
Step | Execution
1 Among N total number of subcarriers, screen out 1-

percentile subcarriers that have the low channel gain. In the
simulation of this paper Ny = 2048, and 1 = 35; they can
be adapted to the channel condition.

2 For the selected (100 — n)-percentile subcarriers, estimate
XPD", XPD', XPR" and XPR'. Estimate the XPD/XPR
aware transmit power allocation ratio, Oxpp/xpr and

ﬁXPD/XPR based on ‘26'-@

3 Estimate XPDMPS in li based on Step-2.

Select N number of subcarriers that have the per-subcarrier
XPD in MPS-Beamforming, XPD)S in (46) closest to the
estimated XPD"° in Step-3. N is set to be 48 in the
simulation of this paper, which is in agreement with the
fundamental OFDM physical resource block (PRB) size in
the current standards.

D. Subcarrier Assignment for MPS-Beamforming

Subcarriers pertinent to the system/subsystem need to be
selected relying on the scheme that the system/subsystem
employs, and the gNB assigns subcarriers to each subsystem
in its service coverage, in an efficient manner considering
overall system performance and fairness. This paper proposes
a new scheme of MPS-Beamforming with the consideration
of the OFDM system; therefore, the corresponding algorithm
of subcarrier assignment needs to be provided. The proposed
subcarrier assignment algorithm first, exclude subcarriers that
have 10w Channel gains. Then the algorithm estimates XPD
XPD' XPR and XPR' of the screened subcarriers; and the
concomltant XPD in (10). Finally, the subcarriers closest
to XPD'"° are selected.

In the practical environment of the multipath fading or
frequency selective fading channel, each subcarrier has dif-
ferent characteristics in terms of the channel gain and thus,
Rx XPD and XPR. The subcarrier-dependent characteristics
of the XPD/XPR should be coped with in the proposed
MPS-Beamforming and transmit power allocation. Table [I|
provides novel heuristic algorithm of XPD/XPR-aware OFDM
subcarrier assignment to efficiently support the proposed MPS-
Beamforming. It is noteworthy that the heuristic methodology
has been regarded as an applaudable approach and frequently
utilized in OFDM subcarrier and other resource allocation.
[32]. A single user is considered in this paper; meanwhile,
multi-user (MU) OFDM will be considered for further elabo-
rated subcarrier assignment scheme in future works.

As an additional metric based on which the gNB assigns
subcarriers to the particular transmission, the per-subcarrier
XPD, XPDMPS for the subcarrier index, 7 is defined as

| \/OC*ESHYA‘SO'ASO) " [3ESH,§7450’450)|2
’\/a—Eer(lztso,7450)jL ﬁEerg450’450)|2
|\/aHr57450,745°)+\/BHF(;45°,450)|2

’\/EHYS45°,7450)+\/BH}§450,450) 2

The subcarrier assignment algorithm in Table |l|is applied in
the simulation in Section and contributes to the improve-

XPDMPS —

(40)
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ment of the system performance in terms of SER; equivalently,
in terms of energy efficiency or SNR gain for the target SER.
The proposed MPS-Beamforming with the novel XPD/XPR-
aware transmit power allocation ratio and XPD/XPR-aware
subcarrier assignment algorithm yields the best performance
in terms of the SER among any combination of two Tx
beams with +45° polarization including the scenario of single
Tx beam transmission with either —45° or 45° polarization
corresponding to Oxpp/xpr = 1 Or Oxpp/xpr = 0, respectively.
Further, the simulation results and analysis for the complexity
of the proposed subcarrier assignment algorithm is provided
with Fig. [6]in Section

IV. SIMULATION RESULTS

This section provides comprehensive simulation results
and the associated analyses for the novel scheme of MPS-
Beamforming with the XPD/XPR-aware transmit power al-
location scheme and the subcarrier assignment algorithm.
Theoretical analyses in Section [[II] are verified and strongly
supported by the simulation results, via showing that adopting
proposed schemes yields the best performance with the sig-
nificant improvement in SER among possible transmit power
allocation ratios. The abundant comparisons of the proposed
scheme with the conventional scheme are accomplished via
setting up the transmit power allocation ratio, ¢. The conven-
tional scheme of single beam transmission with either —45°
or 45° is included in the simulation results via realizing the
scenario with @ = 1 or a = 0, respectively. Furthermore,
MPS-Beamforming with random transmit power allocation
ratio is also considered to verify that the theoretically ob-
tained XPD/XPR-aware transmit power allocation ratio shows
the best performance in terms of SER. This paper is the
first to propose superposition of two transmit beams with
orthogonal polarization; therefore, the further comparison with
other scheme of superimposing multi-polarization Tx beams
is unfeasible.

Both the statistical and deterministic polarized wireless
channels are utilized for the simulations based on [11]] and
[18]], where the polarized channel model has been verified
with the remarkable agreement with the previously reported
empirical data from several channel sounding campaigns. The
considered scenario is the urban or metropolitan area with
the street canyon where the received signal’s angles of arrival
at the Rx follows verified distribution with the directivity,
and beamforming and its gain are regarded as included in
the channel realizations and the associated simulations based
on [11] and [[18]]. Each SER curve in the statistical polarized
wireless channels is the result of Monte Carlo simulation over
100 individual wireless channel realizations which have the
same PSI in terms of XPD and XPR. In turn, for one individual
channel realization, the simulation accomplishes 10* iterations
of estimating SER. This is the first paper to propose the novel
MPS-Beamforming scheme; therefore, the simulations focus
the primary consideration on the lowest modulation order, i.e.,
quadrature phase shift keying (QPSK) with the modulation
order 2, in the current 5G NR standards.

The significant improvement of the SER performance in the
OFDM system adopting MPS-Beamforming with XPD/XPR-

10°
107
T
m
L 452
e
©
i
o 1073 107 SER line
i
©
£ 3 3
—>Tx power allocation, P#% : P4 =1 :0 (a = 1)
> - )
@ 10 LI
—B-Tx power allocation, P'T“f : P}f =0.8:02(a=0.8)
o o
—-©-Tx power allocation, P'T“f : P}f =0.5:0.5 (a = 0.5)
-5 4
10 ) !
—A-Tx power allocation, PT4><5 : P;:f’ =0:1 (“xPD/xPR =0) | W
0 3 6 9 12 15 18 21 24
SNR [dB]

Fig. 4. Symbol error rate for different transmit power allocation in the
scenario of 45° Rx antenna polarization, XPD' = 5.48 dB, XPD' = —6.26
dB, XPR" = 5.90 dB.

o
=0.5:0.5(w=0.5)

Symbol Error Rate (SER)

3 3

[ | =>Tx power allocation, P'T"f :
o o

Tx power allocation, P : P*#% = 0.8:0.2 (a = 0.8) \

Tx T

3 o o

£ | =©-Tx power allocation, P> : =0.1:09 (a=0.

[ - llocation, Pi°: P+4° = 0.1:0.9 (a =0.1
o o

—A-Tx power allocation, P'T“f DprAS o

0:1¢ 0)

“XPD/XPR =
T T

I I Y
0 3 6 9 12 15 18 21 24 27 30
SNR [dB]

Fig. 5. Symbol error rate for different transmit power allocation in the
scenario of 45° Rx antenna polarization, XPDN =4.56 dB, XPDP =—4.15
dB, XPR" =4.34 dB.

aware transmit power allocation, is illustrated in Figs. F]
and [5] The Rx antenna polarization is 45° in both figures.
Following the 5G NR standard, the Rx antenna polariza-
tion angle can also be analyzed based on the axes of the
coordinates, —45° and 45°, and XpD AN tan”(45° —
Rx antenna polarization angle) in linear scale. The transmit
power allocation ratio, xpp/xpr @nd Bxpp/xpr. i determined
based on (26) — (28). The scenario of PSI in Fig. [ is
XPD' =5.48 dB, XPD' = —6.26 dB. XPR | = 5.90 dB. In
contrast, The scenario of PSI in Fig. [5| is XPD" = 5.48 dB,
XPD" =4.56 dB, XPD' = —4.15 dB, XPR " = 4.34 dB. All
those PSI parameters are practical and reasonable [ 18], [21].

The simulation results apparently show that MPS-
Beamforming with the XPD/XPR-aware transmit power al-
location, remarkably improves the conventional beamforming
based system performance in terms of SER. For instance,
in the scenario of Fig. A the novel proposed scheme with
XPD/XPR-aware transmit power allocation ratio, & = 0 and
B =1 has 9 dB gain of the SNR for 10~3 SER comparing
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Fig. 6. Complexity/computation time of the proposed subcarrier assignment
(SA) algorithm for varying number of OFDM subcarriers.

with the scenario of & =1 and 8 = 0. The different Rx antenna
polarization and polarization state of the given channel require
different transmit power allocation ratio as will be illustrated
in this section. It is noteworthy that the selection of a —45°
polarization transmit beam achieves substantial SNR gain by
9 dB and 3 dB, respectively, comparing with the selection of
a 45° polarization transmit beam or utilizing both —45° and
45° polarization transmit beams with equal power allocation,
in case of the channel state in Fig. ]

The theoretical XPD/XPR-aware transmit power allocation
ratio, dxpp,xpr and PBxpp,xpr in - , is obtained from
the estimation of PSI in the given channel of Fig. 5] How-
ever, we emphasize that the proposed subcarrier assignment
algorithm is not applied to the simulation in Fig. [5] N =48
different subcarriers that have the highest channel gains are
selected for MPS-Beamforming, i.e., PSI is not considered in
subcarrier assignment. Even in this case, the simulation results
show that MPS-Beamforming still remarkably improves the
system performance in terms of SER. In Fig. [5] the proposed
scheme of XPD/XPR-aware transmit power allocation with
aXPD/XPR =0 and ﬁXPD/XPR =1 has 7 dB gain of the SNR
for 1073 SER comparing to the case of arbitrarily combining
two transmit beams adopting —45° and 45° polarization with
a=0.5and B =0.5.

On the other hand, the disadvantage of excluding the pro-
posed subcarrier assignment algorithm is clearly described in
the simulation of Fig. 5. One of the important observations in
Fig. 5 is that oxpp /xpr and Bxrp /xpR obtained by the proposed
XPD/XPR-aware transmit power allocation scheme do not
exhibit the best SER curve, since the MPS-Beamforming in
the OFDM system does not apply the pertinent subcarrier
assignment algorithm proposed and described in Table [Il The
MPS-Beamforming with @ = 0.1 and § = 0.9 results in the
better SNR curve than the MPS-Beamforming with Oxpp /xpr
and Bxpp /xpr Tesulting from the proposed scheme, i.e., 0.7
dB SNR gain at 103 SER.

For the remaining simulation results with respect to the
SER in Figs. - we emphasize that the proposed
new subcarrier assignment algorithm in Table [I| is adopted

to pertinently support the XPD/XPR-aware transmit power
allocation scheme and to result in the best SER performance of
MPS-Beamforming in the OFDM system. The complexity of
the proposed subcarrier assignment algorithm in terms of the
computation time is illustrated in Fig.[6] The simulation results
are in great agreement with the analysis of the complexity. The
expected computation time for n OFDM subcarriers, T'(n) is
shown to be the Big-O function of nlnn, i.e., [33]

T(n) = O(nlnn). 47

The computation with the proposed XPD-aware OFDM sub-
carrier assignment algorithm shows good agreement with
Reference-1 in the legend of Fig. [6]

The simulation of the proposed subcarrier assignment al-
gorithm utilizes MATLAB’s sort function, which is based on
Quicksort with the expectation of the complexity, O(nlnn).
Considering the benefit of applying the proposed subcarrier
assignment algorithm to be shown in the remaining simulation
results, the cost in terms of the increased complexity is ac-
ceptable. The trade-off is the significant improvement in SNR,
e.g., 4 dB SNR gain in statistical channel realization as will be
presented in the remaining simulation results. The computation
time without the proposed subcarrier assignment algorithm
also follows Big-O function as described in Reference-2 in
the legend of Fig. [6] Further, although the total number of
subcarriers increases from 1K (1024) to 6K (6 x 1024), the
increase of the additional computation time is marginal.

The analytic results of MPS-Beamforming are provided in
Figs. (7) — (TI). It is shown that the instantaneous Rx XPD
affects the rotation angle of the Rx polarization ellipse at the
UE. A variety of phase difference, A in (29) — (3I) along
with varying XPD = (E~*° /E*45°)2 are taken into account.
Further, several Rx antenna polarization angles at the UE are
considered to reflect the movement of the UE on the rotation
of the Rx antenna orientation. Although some prior research
defines XPD in slightly different manners, we follow the
prevalent conventional definition of instantaneous or statistical
XPD, which is described in Section

The squared eccentricity is a function of XPD as described
in @ The curves of the squared eccentricity &2 for varying
XPD and a variety of phase difference A are illustrated in
Fig[l] Four scenarios with respect to A are considered to
analyze the behavior of squared eccentricity for varying XPD.
In the ideal scenario that A = 0, the squared eccentricity
is unity, i.e., ez =1; it corresponds to linear polarization
created by the superposition of two synchronized transmit
beams. This scenario is omitted in Fig. [7] since the behavior
is straightforward from . On the other hand, if the phase
difference is greater than 45°, squared eccentricity at XPD
= 1 is significantly less than unity. Even for the large phase
difference, the squared eccentricity can be greater than 0.9
yielding the narrow ellipse of polarization. As mentioned in
Section [III-B| as £ approaches unity, the polarization ellipse
converges to a linear line, which is the desired scenario.

The polarization angle of the superimposed received signal
at the UE, 0, is a function of XPD as demonstrated in .
The behavior of 0 is depicted for varying XPD and a variety
of phase difference in Fig. [§] When XPD is unity in linear
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scale, it yields 8 = 45° for all the scenarios with respect to
the phase difference. In the coordinates described in Figs. [I]
and , E~%° is the component for x-axis; therefore, as XPD
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increases, the polarization on x-axis increases, corresponding
to the scenario that 6 converges to zero.
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Fig. 11. Normalized received signal power for —22.5° Rx antenna polariza-

tion.

The direct relation between the squared eccentricity, €2 and
rotation angle of the polarization ellipse, 6 in {@3)) is portrayed
in Fig. 9] As the polarization ellipse rotates further up to 45°,
the squared eccentricity tends to decrease, i.e., the polarization
gets farther from the linear polarization, in particular, in the
scenario that the phase difference A is greater than 45 such
as A = 75°. However, for the phase difference less than 45°
(A < 45°), the rotation angle of the polarization ellipse do not
affect the squared eccentricity seriously as exhibited in Fig. [9}

The next set of simulation results provided in Figs. [10] - [TT]
depict the normalized received signal power for the limited
total transmit power. XPD is varied from 1 to 40 in linear
scale; further, different scenarios with diverse Rx antenna
polarization angles of 0° and —22.5° at the UE are taken into
account. It is noteworthy that the curves in Fig. [I0] exhibit a
different tendency from the curves in Fig.[T1] in terms of peak
points. The reason for the different tendency is that different
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scenario of 0° Rx antenna polarization.

Rx antenna polarization requires different XPD of the received
signal. Elaborate analyses are provided in the sequel.

The normalized received signal power at the Rx with 0° Rx
antenna polarization is illustrated in Fig. [T0] In the scenario
that A = 0° and XPD = 1; the polarization angle of the
received signal, 6 is 45°. That is, the polarization of the
received signal is exactly aligned with the Rx antenna polar-
ization; thus, the received signal power will be maximized. As
illustrated in Fig. [T0} comparing to the scenario of no MPS-
Beamforming, i.e., E 5% — 0 or equivalently, XPD = co, MPS-
Beamforming with XPD = 1 can save 35% of transmission
power in coherent MPS-Beamforming (A = 0°). Nonetheless,
when A < 45°, the UE can still expect approximately 85%
of the maximum received signal power. They are impressive
results describing that the proposed MPS-Beamforming is
significantly energy-efficient, i.e., we can minimize power loss
when the polarization ellipse is well aligned to the Rx antenna
polarization.

The curves of normalized received signal power for the Rx
antenna polarization angle, —22.5° is depicted in Fig. It is
noteworthy that the UE cannot have a peak for the normalized

received signal power at the point, XPD = 1. Eventually, it
will be matched when XPD = tan? (45° — (—22.5°)) = 5.83,
which is in good agreement with Fig. [TT] where the curve with
A =0° has a peak of the normalized received signal power at
XPD =5.8.

With the observation that different Rx antenna polarization
requires different XPD of the received signal in Figs. [10] —
[[1] the different XPD/XPR-aware transmit power allocation
ratios for different Rx antenna polarization are described
and verified in Figs. [I2] — [[3] The Rx antenna polarization
angles are —45°, and 0° in Figs. and respectively.
The corresponding XPD/XPR-aware transmit power allocation
ratios are, respectively, axpp/xpr = | and axpp/xpr = 0.5; it
is noteworthy that opp/xpr = | is the case of single transmit
beam with —45° polarization. In the scenario of 0° Rx antenna
polarization in Fig. [I3] the value of o which satisfies (23)
with @ - is 0.5; i.e., oxpp/xpr = 0.5 in @ - @
as described in the legend of Fig. In each scenario of Rx
antenna polarization, the proposed XPD/XPR-aware transmit
power allocation with (XXPD/XPR and ﬁXPD/XPR =1- aXPD/XPR
in (26) — (28), outperforms that of any other choice of a.

Finally, two sets of simulation results in both deterministic
and statistical channels are presented in Figs. [T4] — [I7} It is
noteworthy that the best SER curve in each figure is resulting
from the proposed subcarrier assignment algorithm along with
the XPR/XPR-aware transmit power allocation scheme. The
PSI of the channels are, XPD'\ = 4.56 dB, XPD' = —4.15 dB,
and XPR® = 4.34 dB, although the detailed channel impulse
response of one channel realization is different from others.
For the same PSI of the channel in a statistical sense, Figs. @
and [T3] are in the scenario that the Rx antenna polarization is
5°; whereas, the scenario of Figs. [I6] and [T7]is 0° Rx antenna
polarization.

The estimated axpp,xpr based on the proposed XPD/XPR-
aware transmit power allocation scheme, is 0.28 in the sce-
nario of Figs. [[4] and [T5] and it is verified that the MPS-
Beamforming with the XPD/XPR-aware transmit power allo-
cation ratio, Oixpp,xpr and the proposed subcarrier assignment
algorithm results in the best SER curve in Figs. [[4] and [T3] In
statistical channels of Fig. [I3] we can observe around 3 dB
and 2.5 db SNR gain for 10~ and 10~* SER, respectively, in
a statistical sense. That is, the proposed MPS-Beamforming
with the novel transmit power allocation scheme and the
new subcarrier assignment algorithm outperforms the single
transmit beamforming with —45° polarization with the highest
SNR gain among a variety of «’s. It is worth mentioning
that in a given particular channel environment such as the
deterministic channel in Fig. [[4] the SNR gain can be higher
than the statistical SNR gain. For instance, Fig. [T4] represents
6 dB and 5 dB SNR gain for 107> and 10~* SER, respectively.

The Rx antenna can be rotated owing to the movement of the
UE, and Figs. [16] and [17] are in the scenario of 0° Rx antenna
polarization. That is, the Rx antenna that has to receive the
signal from the Tx is rotated by 5° from the scenario of Figs.

and It is remarkable that the estimated axpp/xpr based
on the proposed XPD/XPR-aware transmit power allocation
scheme, is substantially changed for the change of Rx antenna
polarization by 5° at the aspect of the UE. The XPD/XPR-
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Fig. 15. Verification of the proposed XPD/XPR-aware transmit power

allocation and subcarrier assignment scheme showing the best symbol error
rate in statistical channels; Rx antenna polarization is 5°.

aware transmit power allocation ratio for the scenario of Figs.
and is axpp/xpr = 0.486; meanwhile, for Figs.
and [T3] oo = 0.28, which is regarded as significant change.
That is, as oxpp/xpr changes from 0.28 to 0.486, the MPS-
Beamforming OFDM system imposes 74 % more transmission
power on the transmit beamforming with —45° polarization.

In the similar fashion with Figs. [I4] and [I5] the SNR
gain of 4 dB and 2 db for 10 and 10~* SER, respec-
tively, are observed in a statistical sense, as illustrated by
the simulation with statistcal channels in Fig. The pro-
posed MPS-beamforming with the new subcarrier assignment
algorithm along with the novel transmit power allocation
scheme outperforms the single transmit beamforming with
—45° polarization, exhibiting the highest SNR gain among
a variety of a’s. It is noteworthy that a provided channel
environment can show the more significant SNR gain such
as around 8 dB for both 1073 and 10~* SER in Fig.

107
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o ]
¢ 107
S f
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Fig. 16. Verification of the proposed XPD/XPR-aware transmit power

allocation and subcarrier assignment scheme showing the best symbol error
rate in a deterministic channel; Rx antenna polarization is 0°.

Symbol Error Rate

3 B
—-A-Tx power allocation, P* : P;is =0.486:0.514 (o

iy =0.486)
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Fig. 17. \Verification of the proposed XPD/XPR-aware transmit power

allocation and subcarrier assignment scheme showing the best symbol error
rate in statistical channels; Rx antenna polarization is 0°.

V. CONCLUSION

This paper is the first to propose a novel scheme of MPS-
Beamforming with XPD/XPR-aware transmit power allocation
and the pertinent XPD/XPR-aware OFDM subcarrier assign-
ment. Based on the 5G antenna panel structure agreed by the
5G NR standard society, the proposed scheme can be utilized
to have the significant benefit of improving SER or SNR
gain to satisfy the required SER; therefore, energy efficiency.
The transmit power allocation ratio is theoretically obtained
based on the given PSI of the wireless channel such as XPD
and XPR. This theoretical scheme is verified by abundant
simulations with a variety of scenarios in terms of PSI and Rx
antenna polarization. Comprehensive simulation results show
the remarkable improvement of the system; the noteworthy
results include 8 dB SNR gain for 10~* SER in a given
realistic scenario, i.e., in a deterministic channel. Further, the
long-term simulations with abundant statistical channels also
exhibit the SNR gain of 4 dB for 1073 in a provided realistic
scenario of PSI and Rx antenna polarization in a statistical
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sense. The complexity of the proposed OFDM subcarrier
assignment algorithm is acceptable considering the aforemen-
tioned benefits. The proposed scheme of MPS-Beamforming
has the significant potential to be utilized in the advanced
revision of 5G NR, beyond-5G or 6G wireless communication
standards and systems in the future.
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