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ABSTRACT

Orbital angular momentum is one of the best candidates for future 6G communication and in combination
with NOMA, enhanced data rates can be achieved by utilizing non-orthogonal resource allocation of NOMA
and orthogonal OAM modes. In this paper, at the transmitter side fixed power allocation and at the receiver
side, successive interference cancelation (SIC) for the removal of multiuser interference is considered. In
practical scenarios, in the SIC process, errors can occur leading to residual interference reducing the system
capacity. This paper analyzes the effect of imperfection in successive interference cancellation (SIC) for
non-coaxial orbital angular momentum based non-orthogonal multiple access (NOMA) communication for
multiple users. The simulation results show that although the capacity of OAM-NOMA reduces with the
imperfect SIC but it performs better than the conventional methods such as orthogonal multiple access
(OMA-OAM) and NOMA when the error in SIC process is not too large.
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I. Introduction

The data hungry applications such as virtual
reality (VR), augmented reality (AR) and massive
internet of things (mloT) will require a higher data
rate as well as reliability which has motivated
research towards the next generation of wireless
communication which is 6G. 6G is expected to solve
these problems as the expected data rate of 6G will
be ten times higher than that of 5G with a peak data
rate of up to 1THz/fsec and reliability of
99.99999%!.  Different technologies are being
explored for the future 6G wireless communication
and orbital angular momentum is one of the
technologies receiving attention in this regard'.

Orbital angular momentum (OAM) refers to the
wavefront propagating with the spiral phase front
and was proven to have applications in wireless
communication”’, OAM provides another degree of
freedom (DoF) for data transmission with the help
of OAM modes, unlike other conventional
technologies where a signal is transmitted using
amplitude, phase, time, frequency  and/or
polarization. These OAM modes are orthogonal to
each other when transmitter and receiver are coaxial,
hence, there is no inter-symbol interference (ISI) and
inter-mode interference (IMI) and multiple OAM
modes can be transmitted simultaneously, which
greatly improves capacity.

Different methods have been introduced for the
generation of OAM using different antenna types

] [51

such as spiral phase antenna™, resonant cavity®,

metamaterials'®

and phased antenna arrays'”’. The
most common type of antenna for the generation of
OAM is a uniform circular array (UCA), which is
also used in this paper. Several experiments have
been conducted to prove the effectiveness of OAM
in wireless communication. The first such
experiment was conducted by NTT and NTT
successfully transmitted data over 10 meters distance
with a data rate of 100 Gbps®™. OAM can be also
utilized for long-distance communication as the
validity of OAM for long-distance communication is
proved in [9]. OAM is combined with other
technologies such as MIMO"® and NOMA™! for

24

further enhancement of data rate.

Non-orthogonal multiple access (NOMA) is a
multiple access technique in which multiple users
are multiplexed together either in the power domain

or code domain!

. In the downlink power domain
NOMA, different power is allocated for different
users based on their channel conditions and due to
low complexity fixed power allocation (FPA) is
adopted. In the case of FPA, each user is assigned
with a fixed power based on the distance from the
base station so the user with the maximum distance
from the base station gets high power allocation by
the base station as compared to the near users. This
power allocation has a significant effect on the
overall performance of NOMA. By utilizing this
power difference, the users decode their signals. In
other words, different users’ data is transmitted
using a single superimposed signal with the
exploitation of the power domain in a single

resource block!™!

. This resource sharing among the
users leads to interference which can be mitigated
with the help of successive interference cancelation
(SIC) at the receiver side!?.

In the SIC process, the users receive a
superimposed signal, decode the information with
the higher power allocation and subtract it from the
total signal to extract the information with the low
power"™. Moreover, SIC is performed by the users
in the order of higher channel gains and the user
with the lowest channel gain does not perform SIC.
As the number of users increases, the decoding time
and the receiver complexity also increase as SIC has

to be done several times!™

. Moreover, in practical
scenarios errors can occur in the SIC process
resulting the deterioration of the capacity.
NOMA-OAM-MIMO is proposed in [16] for the
capacity enhancement with perfect SIC and two
users’ case with misalignments between the base
station and users. In [11], authors have explored
NOMA-OAM  system  and

OMA-OAM, also the transmitter and receivers are

compared  with

coaxial to each other and perfect SIC is assumed.
To the best of authors’ knowledge, there is no prior
work about the NOMA-OAM for multiple users
with imperfect SIC and misaligned case of
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transmitter and receiver. So, in this paper, the effect
of imperfection in SIC on the performance of
OAM-NOMA for multiple users is analyzed while
also considering the misalignment issues between
the transmitter and receivers. The effect of different
power allocation on the sum capacity is also
analyzed using simulation results. Moreover, the
simulation results show that with the imperfect SIC
the system capacity reduces but is still higher than
other schemes when the imperfection in SIC is
small.

The remaining of the paper is organized as:
section II explains the system model, and in section
IIT capacity analysis is discussed. Section IV
analyzes the results and finally, the paper is

concluded in section V.
II. System Model

In this paper, downlink OAM-NOMA with three
users is considered as shown in Fig. 1. There is a
base station (BS) having a uniform circular array
(UCA) with N antenna elements and three users
namely near user as U, middle user as U, and far
user as Us, each user is equipped with a single
uniform circular array (UCA) having M antenna
elements. These elements in the UCAs are uniformly
distributed around the circle. The distance between
the centers of UCA at the base station and the
center of UCA at U; is d; ie {1,2,3}. Also, the
distance between the n!" antenna element of the
base station UCA and the m!" antenna element of
receiver UCA at U; is digmn). Using this
configuration, the total available modes are T =
min(M, N). By utilizing I' (0 <1 <T —1) 0OAM
modes, BS transmits data towards the users with
different power allocation within each OAM mode
having perfect channel state information (CSI).

For N antenna elements, the transmit data vector

is:
Q = [0, Qy, e, Uy_4] 1

As per the NOMA principle,

I
7]

v i docoding |
", lu: decoding U

Uy decoding

Base Station

Power

— signal with OAM mode f,
E Sighal with OAM mode Iy

—
Time/ Frequency

OAM mode

Fig. 1. Non-Coaxial OAM-NOMA system model
Q= a;Px; +Ja,Px, + . /az;Px; 2)

where @1, @2 and @3 are the power allocation factors
for Uy, U, and Us, P is the total power, and X1, X2
and X3 are the data symbols intended for Uy, U, and
Us, respectively. The modulation of £ with the
OAM mode [ is:

j2m j2m j2m
——1x0 ——1l*1 Ix(N—-1
Elz Qle N * ,Qle N * , ...,Qle N *( )

3

As discussed earlier the total OAM modes are
[ (0 <1 <T—1) For the process of transmitting
multiple OAM modes simultaneously, modulation

vectors are multiplexed together:

r-1
s = $1

=0

— j2 j2 j2

Jem Jém Jim _

_ [Qle N0 0 N et NI

=0

“4)
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Fig. 2. U capacity vs SNR.

The channel matrix with misalignment of BS and
users U;, U, and Uz, between the nth antenna
element of the UCA at BS and the mth antenna

element of U; is!'®:

R 4o [Bnsin(F G vmein)]  5)
where,
A —j2m (dz( )+r,%+R,2n)
A= e 7

4”\/(di2(m,n) +n2+ R,Zn)

(6)
and

By =

sin? ¢; — 2Rpd? sin ; cos(hyn — 6)

Zm"nJR,Zn + dl-z(mn)

A (d2 +12 +R,2,l)

tmmn)

)

The basic angle of the m'™ antenna element at
user U; is Y, = 2m(m — 1)/M. The attenuation
and phase rotations caused by the antenna elements
in denoted by [ and has a constant value. Ry, and
Th denote the UCA radius at the users and base
station. A is the wavelength of the carrier frequency.
6 is the included angle between the x- axis and the
projection of the line from the center of the Tx
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UCAs to the center of receiving UCAs on the
transmit plane. @1, P, and P3 are the included
angles between the z-axis and the line connecting
the centers of base station UCA and receivers’ Uy,
U, and Uz UCAs. (i can be defined as:

Ry — di,,sin picos(P, — 0)

sin ¢,
$m \/R,Zn + all-z(mn)sinZ ®i — 2Rmd;,, , sin ¢;cosWy, — 6)

®

and
oS Gy =
iy SN ¢;cos(P,, — )
\/R,Zn + diz(mn)sin2 ®i — 2Rmd,, , sin p;cos (P, — 6)
C))

Where @; is the angle between the z-axis and the
central line from the UCA at the BS to the user Uj.
The OAM signal received by the users Uj, U, and

Us can be represented as

JZn:(n 1)

y; = Nz, (10)

M=
NgE

Shl(m.n)

3
il
e
3
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m=1 n=

[y
[y

6
—&— OAM-NOMA (perfect SIC)
5 | [ OAM-NOMA(imperfect SIC)
OMA-OAM
| [=—NoMA
N
T 4
&
=
a
E 3
[ %]
©
o
T 2
Q
1
0
0 5

SNR p [dB]

Fig. 3. Uh capacity vs SNR.



=/ B9 SICHA HE5 OAM-NOMA2| £ 34

u N 27r(n 1)ln

m=1 n=1

Where Zmy,, Zmy, and %my, are the random
AWGN with zero mean and variance §2 at mth
receive antenna element of the user Ui, U, and Us,

respectively.
. Capacity Analysis

The signal to noise ratio (SNR) for users Uj, U,
and Us, with imperfect SIC is

2
a

P |h1(mn)

’

p+Ka3|h1( )l p+1
13)

m=1 n=1 KX |h1(mn)

(14)
r3
2
M N
_ p |h3(m,n) as
- 2 2 ’
m=1 n=1 al |h3(m‘n) p + az |h3(m,n) p + 1
(15)
4.5
—&— OAM-NOMA(perfect SIC) ¥
41" |—— OAM-NOMA(imperfect SIC)
a5 OMA-OAM
| [ —NOMA

Capacity (bit/s/Hz)

0 5 D 15 20 25 " 30 35 40
SNR p [dB]

Fig. 4. U; capacity vs SNR.

P
57 is transmit SNR and k € [0,1] is

the SIC imperfection parameter which arises when

where p =

the receiver is unable to remove the interference
caused by other users’ signals'®!.

The capacity equations for Ui, U, Uz and sum
capacity denoted as Cul, Cuz, Cu3 and Cg,

respectively, can be expressed as

n
Z i_,log; (1 +—= N qu), (16)
Y,
- ZS§=1 log, (1 + Ngé), a7
Y3
Cu, = ZS§=1 log, (1 +Ng§3), (18)
Cs = G, +Cy, +Cy (19)

2 2 2 .
where Qg,, @g, and Qg, are the channel eigenvalues

for U;, U; and Us, respectively. Furthermore,
Q; < R;=min(M, N) and full rank matrices

which are Q; = R; are considered in this paper.

For OMA-OAM, the rate equations for U;, U,

and Uz and sum capacity denoted as CﬁlM“‘, ngMA,

oMA .
Cu,” and coma respectively, can be expressed as

coMA = qu_l 3 log2(1+ Y,oM42),  (0)
COM =303 Clog(1+KMe2), @D
C‘L(L)3MA — 203_1 3 10g2(1+ Yy gMAQgB)’ 22)

Calt= COMAr C C )

where

M N
yoMA — Z Z P|h1<mn) , 24)

m=1 n=1
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1
The factor 3 is the eq. (20-22) indicate that there

1
is a multiplexing loss of = due to the division in a

resource block that is time in this case because time
division multiple access (TDMA) is utilized to serve
the users.

In case of NOMA, the capacity equations can be

given as:
hil?a
CNOMA:l 1+ plhq|?ay
T8 ey I P+ kaslha P + 1)
27
hy|%a
CNOMA=1 14 plh|*a,
e T T T, P + kaglhyPp + 1)
(28)
hs|?a
cNoMA _ | 14 plhs|?as
1 %62 a,|h3)?p + az|hsl?p + 1)
29

NOMA_ ~NOMA NOMA
C‘sum - Cu1 + Cuz +

30
CIILVSOMA (30)
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Fig. 5. Sum capacity vs SNR.
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IV. Result Analysis

In this section, the simulation results which show
the effect of imperfect SIC on the capacity of
OAM-NOMA are presented for three user case. The
simulation parameters are M= N=4, *1=0.05,
a2 =0.15, @3 =0.8 fixed power allocation is
adopted™, B = 4m 1 =00lm, Ry=r,=A di =10
A, =204 =301 ¢ =¢,=¢3=0=0, k =
001 and P=1. As you can see in Fig. 2-5,
OAM-NOMA provides better results than the other
schemes that are OMA-OAM and NOMA and it is
because of the OAM, multiple orthogonal beams
serve the users in the same resource
block(time/frequency) which is only used to serve a
single user in case of OMA-OAM resulting in low
capacity for OMA-OAM. The capacity values for
NOMA are the lowest as in one resource block one
beam is serving both users. In the case of perfect
SIC, the capacity increases linearly but when there
is an imperfection in the SIC process, the near user
U,, and middle user Uy, capacity increases up to a
certain point and then approaches a constant value
capacity increases up to a certain point and then
approaches a constant value and is always less than
the perfect SIC case as in Fig. 1. In Fig. 4, it can
be seen that the capacity for both perfect SIC and
imperfect SIC cases remains the same which is due
to the fact that in NOMA, far user do not perform
SIC.

In Fig. 6, sum capacity of the system is analyzed
by allocating different powers to different users. It is
clear from Fig. 6 that this system is more robust to
the changes in the power allocations. As by
increasing or decreasing power allocation of a user,
its capacity increased or decreased, respectively, but
the overall, system performance nearly remains the
same.

In Fig. 7, sum capacity is analyzed for different
values of imperfect SIC parameter (x = 0.01, Kk =
0.05 and k¥ = 0.1) and perfect SIC (k = 0) and it
is obvious that if the imperfection in SIC is
increased significantly, OAM-NOMA performance
deteriorates in such a way that its capacity reduces
significantly which shows that the large errors in
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SIC can significantly reduce the OAM-NOMA

system capacity.

V. Conclusion

In this paper, the capacity of OAM-NOMA is
analyzed with imperfect SIC for three users. It has
been proved using simulation results that the
OAM-NOMA system with imperfect SIC provides
better capacity as compared with other conventional
schemes when the error in SIC is not too large. In
future, this system can be analyzed with imperfect
channel state information as well as OAM
inter-mode interference and OAM mode divergence

issues. Furthermore, this system can be analyzed

with deep learning and for uplink transmission [20,
21].
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