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Abstract—The 5th generation (5G) new radio (NR) access
technology and the future wireless communication require ex-
tremely high data rate and spectrum efficiency. Energy-efficient
transmission/reception schemes are also regarded as an important
component in 5G and beyond-5G communication systems. Based
on this motivation, the polarization domain has attracted sub-
stantial attention; however, is not as fully utilized in a systematic
manner as conventional time, frequency, and spatial domains.
This paper is the first to propose multi-polarization superpo-
sition beamforming (MPS-Beamforming) with cross-polarization
discrimination (XPD)-aware transmit power allocation utilizing
the 5G antenna panel structure. The detailed mathematical
derivation along with comprehensive simulation results are pro-
vided. Both the theoretical analysis and simulation results exhibit
that the proposed 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) at the
user equipment (UE). For instance, one of the simulation results
in a practical scenario exhibits 7.5 dB SNR gain for 7 x 1073
SER.

I. INTRODUCTION

The 5th generation (5G) wireless communication system is
to be first commercialized in 2020, and it is expected to be
stabilized during several following years. 5G new radio (NR)
access technology is a furnace of almost all the renowned
communication theories and technologies. One of the key
features that 5G NR supports is the full utilization of multiple-
input multiple-output (MIMO) beamforming, so called, hybrid
beamforming. Multiple antenna panels will be supported by
the base station (BS) or equivalently, the next-generation Node
B (gNB) following the agreement on the new name of the BS
in 5G NR as illustrated in Fig. 1. Each antenna panel has
multiple collocated dual-polarization antenna elements, where
8-by-8 dual-polarization antenna array has been regarded as
one of the strongest candidates in 5G NR.

On the other hand, future wireless communication systems,
including advanced revision of 5G similar to Long Term
Evolution (LTE)-Advanced in 4G, will demand energy effi-
ciency for, so called, green communications along with far
higher channel capacity and spectrum efficiency than 5G.
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 in
5G NR. Based on the agreements achieved so far by the 5G
standard society, 5SG beamforming is supported by antenna
subarray that consists of several spatially separated antenna

elements in one column of the antenna panel with the same po-
larization, whether it is +45° or —45° polarization. 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 impact of multi-polarization superpo-
sition 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 SER at the UE based on the
orthogonal frequency division multiplexing (OFDM) system.

The polarization domain has been attracting substantial
attention, and interesting research is being vigorously fulfilled
in several aspects of utilizing polarization domain in these
days. It includes, but is not limited to the recent achievements
[1]-[14]. Utilizing the polarization domain has significant
potential to achieve the aforementioned mission for the fu-
ture 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. Utilizing polarization domain has shown large
potential to increase channel capacity and spectral efficiency;
and to reduce reduce bit/symbol error rate (BER/SER) [12],
[15]-[19]. For this reason, impact of polarization on the
performance of the wireless communication systems has been
attracted substantial attention [12], [20]-[24]. It has been re-
ported that the improvement of system performance via using
multi-polarization antenna elements significantly depends on
the condition of wireless channels [15]-[17]. The reason is
that different conditions of wireless channels cause different
degrees of channel depolarization. That is, the electromagnetic
plane waves transmitted with a fixed polarization, e.g., —45°
polarization at the the gNB have both the copolarization
(—45°) and the cross-polarization (+45°) components at the
end of the UE. This symptom is called depolarization, and
reported by the empirical and theoretical research [22]-[25].
The polarization misalignment between the transmitter (Tx)
and the receiver (Rx) degrades the system performance in
several aspects including the received signal power.

It is no doubt that the polarization domain has its unique
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characteristics distinct from the spatial domain in MIMO [12],
[22], [24], [26]. The wireless communication system with
multi-polarization needs to fully utilize the unique charac-
teristics of polarized channels, in the same fashion that con-
ventional MIMO system exploits spatial diversity of wireless
channels. Furthermore, combining the utilization of polariza-
tion and spatial diversity in MIMO communication system can
provide the improvement of the system performance in terms
of channel capacity and BER [12], [15]-[17]. In particular,
the improvement of channel capacity in the MIMO system
with polarization-agile antennas is precisely described in [12].
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.

Compared with the aforementioned prior literature, this
paper has unique contributions. Appreciable contributions of
this paper are summarized as follows:

e providing novel scheme of energy-efficient MPS-
Beamforming based on cross-polarization discrimination
(XPD)-aware transmit power allocation aligned with 5G
antenna structure,

« theoretical analysis for the impact of combining transmit
beams with different polarization and transmit power ratio
on the polarization and power of the received signal, and
SER;

« comprehensive simulation results and analysis illustrating
the performance of the OFDM based MPS-Beamforming
in terms of SER; and the relation of XPD with angle of
rotation of the polarization ellipse for the received signal.

The remainder of this paper is as follows. Section II presents

the system model for the energy-efficient MPS-Beamforming
to be applied to. The system model is aligned with the 5G
NR design agreed so far by the international standard society.
Mathematical derivation and the corresponding theoretical in-
terpretation are provided in Section III. Further, in Section IV,
comprehensive analyses of the proposed scheme is provided
via simulations. Finally, Section V concludes the paper.

II. SYSTEM MODEL

We take into account the 5G NR system, where the gNB
deploys multiple antenna panels to support Tx beamforming
as described in Fig. 1. Based on the current agreements of
the international standard society, each antenna panel has
multiple antenna elements; each cross represents collocated
dual-polarization antenna elements with fixed polarization,
+45°. Notice that 8 x 8 antenna array with dual-polarization
in the antenna panel has been regarded as one of the strongest
candidates in 5G NR to be commercialized in 2020. An
antenna subarray consists of one column or half column of
the antenna panel.

The gNB in Fig. 1 utilizes uniform linear phase antenna sub-
arrays, i.e., antenna elements in a column with one 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 @;; and @, 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. For the NLoS path, it can be
also orthogonal in case of 5G beamforming from the channel
modeling perspective in [24], as far as the beam is efficiently
narrow, and single-bounced waves are the only component.

5G Standard
Antenna Panel

+45° Polarization

\ - 45° Polarization
0

Rx Antenna
Polarization

=~

Fig. 1. 5G beamforming supported by multiple antenna panels at the gNB
side agreed by the standard society.

The received signals at the UE, supported by —45°
and +45° polarization Tx beamforming, r~%°(¢,7;) and
r+45(t,13), respectively, can be expressed as following [27].

r= % (t, 1) =@y Eu(t,m) A(6:)
=a; FE,A(01) cos(2mf.(t — 1) + é1)
=ag; E=%" cos(2nf.(t — 1)+ ¢1), (1)
5% (t, ) = @y B, (t, ) A(62)
=ay, E A(02) cos(2mfe(t — 2) + ¢2)
=a; BT cos2nfe(t — ) + ¢2),  (2)
where for ¢ € {1,2},

N sin(N;/2)
A(0;) = “sin(u,/2) 3)
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In (1) — (4), 73, ¢4, and 0; 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, (; is the phase shift between progressive
elements in the phase antenna array, and A(6;) is called
antenna array pattern or array factor [27]. Lastly, A and d
are the wavelength and the distance between the consecutive
elements in the phase antenna array.

While we focus on the expression of polarization for radio
propagation in Mathematical representation in (1) — (4), the
representation of the baseband signals are also utilized for
both theoretical analysis and simulation in this paper. Aligned
with 4G LTE and 5G NR standard, the OFDM system is the
fundamental scenario in this paper; 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, Y, %" and Y;**", respectively,
can be obtained. In the case that no cross-polarized signal
exists, Y,7%5" and Y%, are respectively,

Y, = EHTP T s(n) + w0, )
VP = JEHE ) s(n) + wi® 6)

where E is the energy of the transmitted information symbol,
and n is the OFDM subcarrier index. w;, %" and w?®" are,
respectively, the noise at the Rx antennas with —45° and

o A . (—45°,-45°) (45°,45°)
45° polarization. Finally, Hj, 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 III.

III. ENERGY-EFFICIENT MULTI-POLARIZATION
SUPERPOSITION BEAMFORMING (MPS-BEAMFORMING)

The system model described in Fig. 1 and the associated
theoretical representation in Section II imply that the polar-
ization of the superimposed beams at the Rx of the UE must
be affected by the transmit power and the phase shift in the
array factors in (1) — (4). That is, the polarization for the
superposition of transmit beams is primarily dependent on
E~%" = E,A(6)) and E*%" = E,A(6) in (1) — (4).
Further, consideration of the cross-polarized received signals
can make it feasible that transmit power allocation between
—45° and 45° Tx beam can adjust the polarization of the
received signals.

A. Novel Scheme of XPD-Aware Transmit Power Allocation
for MPS-Beamforming

The OFDM system is the fundamental scenario in both the
theoretical analysis and simulation in this paper to be aligned
with the 4G LTE and 5G NR standards. Taking the impact
of cross-polarized received signals at the Rx into account, the
received signals on the n-th OFDM subchannel at the antennas

of the Rx with —45° and 45° polarization, Y, 4%" and Y%,
respectively, can be express as follows.

}/,;45O = aESHT(f‘LSO’*‘LSO)s(n)
)

+/BE H 44 5(n) 4+ w45 (7)
Y1 = \JaEH" 15 5(n)
+V/BEH ) s(n) + wit (8)

where the transmit power allocation ratio, o and S has the
relation of 5 = 1—a, and in the scenario without the proposed
MPS-beamforming, « = 1 or 0. In the scenario of MPS-
Beamforming, 0 < a < 1; consequently, 0 < f=1—a < 1.
The statistical Rx cross-polarization discrimination (XPD)
over all the subcarriers for the Tx antennas with —45° and

45° is defined with the double signs in same order as
g: |H7(L—45°,¢45°) 2

Xpp ) 2

Il
—

; )
’H(45°,i45°) 2

n

M=

n=1

where once again, n is the subchannel index. Based on (7) —
(8), the XPD of the received signal in the scenario of MPS-
beamforming can be estimated is as following.

MPS A E[\\/TESHT(L_%U’_%O) + \/EHV(L_%O’%O)\Q]
E U /aESH’EL45°,745°) + /7/3E5H£l450,450) |2]
a+ p/XPR*

= 50 s i (10)
o/ XPD ) 4 g/ (XPDIXPRTY)

XPD

where once again, n is the subcarrier index; and the received
signal power ratio at the Rx antenna with —45° from Tx
antennas with —45° and 45° polarization is called Rx cross-
polarization ratio (XPR). In the similar manner with the
statistical Rx XPD, the statistical Rx XPR is defined as

e, E[HSP TP
XPR & —

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,
« and consequently, 5 = 1 — «; and the objective is to align

———MPS . . .. —=——Rx—Ant .
XPD with the Rx antenna polarization, XPD oA , 1.e.,

(1)

Rx—Ant

XpPD ' — XPD (12)

It is worth of notice that XPD =~ " can be changed by

the rotation of antenna origination at the UE, caused by the
movement of the UE.

B. Rotation Angle 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
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(LoS) scenario. It is noteworthy that the LoS scenario is
practical and essential one in 5G beamforming.

At the side of the UE, the superposition of the two signals,
r=4%(t,71) and 7T%°(¢, ), impinges on the Rx antenna.
That is,

r(t,m,m2) =1 () + Tt T) (13)
=@ E~%" cos(yp) + ay ET4 cos(p + A),

where

o=2nf(t—71)+¢1,
A==2rf(ra—11)+ (2 — ¢1) .

It is worth mentioning that A is the phase difference be-
tween (1) and (2), and in the scenario of line-of-sight (LoS)
beamforming, A = 0. Notice that it is prevalent view
that LoS beamforming will be a dominant component; on
the other hand, in the scenario of non line-of-sight (NLoS)
beamforming, single-bounced beamforming may be feasible,
even though some groups in international standard society and
academia disagree with the bounced beamforming.

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.

(14)
(15)

y Rx antenna
Polarization vector

Objective

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

Based on the trigonometric identity for (1) — (2), the
polarization of the superimposed signal at the UE, r(t, 71, 72)
in (13) can be derived as

Ey(t772>

T = cos pcos A — sin psin A, (16)
Ex(t,Tl)
W = COS SO7 (17)
E,(t, T E.(t,T . .
ég-zxsf) = E(_4501) cos A —sinpsin A (18)
L (Etm) N (Bt )
E-4gsin A E+45%sin A
o Balb By () cosB )

E-45°F+45°  GnZ A

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

/ 2 / 2
(B (B2
a b
where
EL(t,71)] [ cos@ sin® |[E.(t, 1) o
Ey(t,m2)|  |—sin® cost ||E,(t,m2)]| 2D

Comparing (19) and (20) after plugging in (21) — (21) into
(20), the angle of rotation 6 is described as

p 1. 2cos A
=3 tan oy
ETe T poase

2cos A ) 22)

1 -1
= —tan
2 <\/XPD—1/\/XPD

It is worth emphasizing that the rotation angle of the polar-
ization ellipse, 6, is the functions of E~%5°/E+%" where
instantaneous Rx XPD can be defined as (E~*"/E+457)2
following the convention in the research area of the polariza-
tion in wireless communications. The XPD is usually defined
as the power ratio of two orthogonal polarization components,
in this section, E~%5" and E+**° components.

IV. SIMULATION RESULTS

This section provides comprehensive simulation results and
the associated analysis for MPS-Beamforming with XPD-
aware transmit power allocation. The SER performance of the
MPS-Beamforming in the OFDM system with the fundamental
modulation of quadrature phase shift keying (QPSK) shows
7.5 dB SNR gain in a realistic scenario. 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 (13) - (15) along with varying XPD = (E~45" /p+457)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
1.

The polarization angle of the superimposed received signal
at the UE, 0, is a function of XPD as demonstrated in (22).
The behavior of # is depicted for varying XPD and a variety
of phase difference in Fig. 3. When XPD is unity in linear
scale, it yields § = 45° for all the scenarios with respect to
the phase difference. In the coordinates described in Figs. 1
and 2, E~%" is the component for z-axis; therefore, as XPD
increases, the polarization on x-axis increases, corresponding
to the scenario that # converges to zero.

Fig. 4 represents the received signal power when Rx antenna
polarization is 0°. In the scenario that A = 0°, and XPD = 1;
6 = 45°. That is, the polarization of the received signal is
exactly aligned with the Rx antenna polarization; thus, the
received signal power will be maximized. As illustrated in
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Fig. 4, comparing to the scenario of no MPS-Beamforming,
i.e., ET%" = 0 or equivalently, XPD = oo, 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.

45

—p— A=15
——A=45 .

W
o

n
o

Angle of rotation
n
o

-
o

0 7N N L L
0 20 40 60 80 100 120
o o
(E45°/E+45°)2

Fig. 3. Angle of Rotation, 6 vs. XPD.

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.
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Fig. 4. Received signal power when Rx antenna polarization is 0°

The SER performance of the OFDM system with MPS-
Beamforming and XPD-aware transmit power allocation is
illustrated in Figs. 5-7. They are the simulation results for the
same channel with 12 dB XPD' ", but with different Rx
antenna polarization, XPD ™ 1n other words, the statisti-
cal XPD f(())r the transmit beamforming with —45° polarization,
XPD" ") = 94 in linear scale. Following the 5G NR stan-
dard, the Rx antenna polarization angle varies between —45°

and 45°; and tan(45° — Rx antenna polarization angle) =
XPD ™ in linear scale. The simulation results apparently
show that MPS-Beamforming with the XPD-aware transmit
power allocation significantly improves the OFDM based
system performance in terms of SER. For instance, in the
scenario of Fig. 7, the MPS-Beamforming with XPD-aware
transmit power allocation ratio, & = 0.5 has 7.5 dB gain
of the SNR for 7 x 1073 SER comparing with the case of
no MPS-Beamforming, i.e., « = 0. The different Rx antenna
polarization requires different transmit power allocation ratios
as illustrated in the legend associated with the lowest curve at
each figure.

o o
—©-Tx power allocation, P;t(s : P.T.:s =1:0

Symbol Error Rate (SER)
<)
N

Tx ) -45°, 5+45° _ o
—B—Tx power allocation, PTX H PTX =0.8:0.2

o o
—%Tx power allocation, P;’s (P52 0
x X

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

Fig. 5. Symbol error rate for different transmit power allocatign in the scenario
of Rx antenna polarization of —45° with 12 dB XF’D(745 )

10°

Symbol Error Rate (SER)

_e- ; -45°, 5+45° _ 0 o
Tx power allocation, PTX : PTX =0.8:02

o o 3
-A Ty power allocation, PIF;S : P;:S =0.5:05 7 %10

SER line
o o
—©—Tx power allocation, P’T“f : P;:s =0.2:0.8
o o
—>—Tx power allocation, P?‘r’ PHS _q.0
X X
108 I i i ‘ ‘ ; ‘
0 3 6 9 12 15 18 21

SNR [dB]

Fig. 6. Symbol error rate for different transmit power allocation in the scenario
of Rx antenna polarization of —30° with 12 dB XPD(745

The Rx antenna polarization is varying among the three
different values, —45°, —30° and 0° in Figs. 5, 6 and 7,
respectively. The corresponding values of o« are a = 1,
a = 0.8 and o = 0.5; it is noteworthy that o = 1 is the case of
single transmit beam with —45° polarization. In the scenario
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Fig. 7. Symbol error rate for different transmit power allocoation in the scenario
of Rx antenna polarization of 0° with 12 dB XPD(74‘)

of —30° or 0° Rx antenna polarization in Fig. 6 or 7, the
value of o which satisfies (12) with (10) — (10), are o = 0.8
or o = 0.5, respectively as described in the legend of Fig. 6 or
7. In each scenario of Rx antenna polarization, the proposed
XPD-aware transmit power allocation with the theoretically
obtained « based on (12) with (10) — (10), outperforms that
of any other choice of a.

V. CONCLUSION

This paper is the first to propose a novel scheme of
MPS-Beamforming along with XPD-aware transmit power
allocation. 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 and
thus, energy efficiency. The comprehensive simulation results
show remarkable improvement including 7.5 dB SNR gain
for 7 x 1073 SER in a realistic scenario. The scheme of
MPS-Beamforming has the significant potential to be utilized
in the advanced revision of 5G NR and beyond-5G wireless
communication standard and systems in the future.
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