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Abstract

In 5G and beyond, Non-Orthogonal Multiple Access (NOMA) can provide a promising alternative for multiple

access. An arbitrary number of users on a single carrier multi-user NOMA DL system is analysed using closed-

form outage probabilities in this paper. User order has been obtained for statistical CSI assumed at the base

station and Instantaneous CSI assumed at both base station and receiver. Both user-ordering schemes are

examined extensively for different data rates targeted at a given fixed SNR for individual users' QoS

requirements. The system model is tested by simulations, which reveal that the Instantaneous CSl-based user

ordering scheme yields superior results over the Statistical CSl-based user ordering scheme.

Keywords: 5G, Instantaneous CSI, Multiple Access Technique, NOMA, Outage Analysis, Statistical CSI.

1. Introduction

A 5G network needs to be highly spectral efficient,
with low latency, as well as massively connected
[1]. There should be a robust network that can
support all four major applications, such as
enhanced mobile broadband (eMBB), massive
machine-type communications (mMTC), ultra
reliable and low latency communications (URLLC),
and enhanced vehicle-to-everything connectivity
(eV2X).

A NOMA system works as a combination of SC on
the transmitter side and SIC on the receiver
side. When signals are transmitted from the
transmitter side it uses the concept of power
allocation in  which users are scheduled/
multiplexed according to their channel condition
with a power allocation coefficient to maximize
system performance. The NOMA system's
performance was extensively assessed through the
analysis of outages.

In previous papers, it carries various problems such
as resource allocation, multicarrier NOMA
technology, user scheduling, and user selection/
grouping. This paper focuses on two CSI techniques
which are based on the ordering of users, statistical
and an instantaneous CSl-based user ordering
methods.

Apart from other papers, a more realistic model is
taken by including distance and path loss
components as a PDF variable and on which the
average channel gain is calculated and accordingly
the powers are assigned. Li et al. in [2] investigate
multi-carrier NOMA with closed outage analysis for
an arbitrary number of users. It is based on
statistical CSl at the transmitter.

According to Ding et al., "Joint user grouping and
decoding order uplink/downlink MISO/SIMO-
NOMA" can be achieved. In which outage depends
on the target rates and location of nodes, and the
results, it is possible to maximize outage by
adjusting power allocation factors. With Nakagami-
m fading channels and statistical CSI, the closed-
form expression of the outage has been carried out
in terms of systems sum throughput with power
allocation for the different users, in which pairing of
users is considered with Genetic Algorithm, the
author has addressed 2 user case with different
power allocation coefficients.

Another CDF-based scheduling over Nakagami-m
fading channel was carried out in [4], where users
are selected based on the CS algorithm, and an
outage has been carried out on that selected user's
targeted data rate which has been taken as 1.2 and
2 bps/Hz for the two-user scenario. In his study, the
author found that outage performance depended
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on the number of users and the Nakagami-m fading
parameter. In [5] the rate regions have been found
out for outage probability constraints, and a new
SIC ordering has been proposed. In his study, the
author found that outage performance depended
on the number of users and the Nakagami-m fading
parameter.

An analysis of outage performance in an i.nid
environment has been discussed in [6]. Dynamic SIC
ordering has been considered, and the outage is
expressed for an arbitrary number of
users. Conditional outage probability according to
decoding order is proposed as a joint probability
with linear constraints on decoding order and
required data rate.

Tweed et al. [7] have addressed resource allocation
for Uplink NOMA and carried out outage
constraints for critical applications with imperfect
SIC errors variance. The outage probabilities and
their asymptotic approximations at high SNR for a
two-user case using a dynamic power scheme
based on hybrid NOMA are given in [8] for fixed
NOMA, CR-NOMA, and DH-NOMA.

The key novelty in this work is to derive the closed-
form expression of individual outage analysis of
users in terms of their knowledge of the statistical
CSl. As a result, the most significant part of our work
has been devoted to the analysis and comparison of
the NOMA DL system both in statistical CSI-based
user ordering and in Instantaneous CSl-based user
ordering. The analysis and comparison are done
with individual QoS requirements for the users. A
threshold data requirement is set on the basis of
the number of users (i.e. 2, 3, or 4) and on the basis
of which an application can be determined.

2. System Model

A Single Carrier Non-Orthogonal Downlink system
with one base station and K number of users
equipped with one antenna is considered here. The
channel is assumed to be slow fading [9], and CSl is
perfectly available at the receiver. A PDF of a
Rayleigh fading channel contains the channel fading
coefficient h;, with the components of small-scale
fading and path loss based on the distance
between the base station and the user
k;, ie{1,2,...,K}, is given as [10],[11]
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Here §; is average channel gain which is modelled
as 6% = Xidmi_l, X; denotes the squared
magnitude of channel co-efficient which indicates
small scale fading giving, E[y;%] = 1, 1is a path
loss component, dm; is a distance of i-th users from
the base station. The users’ distances are dm,; >
dm, > -+ > dmyg in meters.

Receiver-side SIC detection is also performed on
the signals using channel gain information [2], and
interference cancellation are assumed to be
perfect. Initially, the strongest signal is decoded by
treating all other signals as interference, then the
second strongest signal is decoded from the
composite signal and cancelled out, and so on. The
process is repeated until the weakest signal is
detected. This SIC detection order is also influenced
by the ordered channel gain information [2].
Therefore, a separate analysis was conducted for
statistical CSI and instantaneous CSI for SC-NOMA
DL systems.

Within this system, the fixed power allocation (FPA)
scheme is examined with a fixed power allocation
co-efficient, where all the co-efficient add up to
one. Details on allocated power are given in the
following subsection.

A. Statistical CSI based Ordering for NOMA
DL

A channel gain average from the base station to the
end-user k; is ordered as §; < §, < -+ < 6. Base
station users have access only to statistical CSI
information, knowing the perfect CSI. §; is average
channel gain, which is given by §; = E(|h;|?).
Now, in DL NOMA the base station linearly
combines all users’ symbols as superposed signals
with differently allocated poweras a; = a, = -+ >
ag. Because the NOMA DL system assigns greater
power to the user farthest away from the base
station, this user experiences the worst channel
condition when compared to the user nearer the
base station. The summation of all power co-
efficient is always one i.e. YX ., a; =1. The
superposed signal is given as

Ss = Z?:l a;Fs S; (2)
It is transmitted by the base station to all users in
the DL NOMA system over the same radio resource
block, and is received by each individual i-th user as
a

yi=hSs+ny (3)
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S, is the superimposed signal which has S; symbols
of each user, h; follows Rayleigh faded distribution,
n; represents i.i.d additive white Gaussian noise
which belongs to CN'(0,02), where o2 denotes
noise power and P, is transmitted power.

The receiver performs SIC to extract the data signal
from the received signal y;, in our case, the signal
at U; has coherent detection of its own signal,
which is also the strongest signal. In this system U,
(stronger signal) is detected and subsequently
removed, while other signals are considered as
interference. This is followed by a re-modulation
and cancellation of the decoded signal y; to have
the signal at a particular user. Thus, the signal at the
receiving end U; removes all the signals related to
the other users which are U,, Us,..., U;_; from the
received signal, while other signals U; 4, Ujy2, -,
Uy are considered as noise. Here's the signal-to-
interference-plus-noise-noise ratio (SINR) for Uy as

follows:
|hi|2ajps . .
_— <K, j<K
SINRg = HuPossl e 10
|hy |2 axps i=j=K

(4)
Here,p; = Z—i is the total transmit SNR. ,a; and ay

are allocated fixed power co-efficient related to
user U; and Uy, respectively.

B. Instantaneous CSI based Ordering for
NOMA DL

Although CSIs at the base station and at the user are
identical, here, user channel statistics are not
identical. In order to determine which users are
ordered based on their instantaneous Rayleigh
channel fading power as|w;|? < |W;[? < <

|Wx|?, where,

w112 = min(lhy|?, |ho|?, ..., |hg|?) (5)
Wk |? = max(|hy|?, |ho|?, .., [hg|?) (6)
The signal received i-th ordered user U; can be

o =wSs + 7, (7)

Here, S, = Z{‘;lmi is a superposed signal
with S, symbols of each user. The power factor @,
follows the opposite order based on the NOMA
principle which is @; = a, = -+ = ai. The SIC is
performed with Instantaneous CSI ordering, now
the SINR and SNR for U; and U, are given
respectively as
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S L T <K, j<K
SINR; = 4 THWiPB: 21, @k =%
Wi | ps i=j=K

(8)

Here |W;|?

is instantaneous Rayleigh channel fading
~ _ Ps. . ~ —
power, pg = U—“: is total transmit SNR, and @, and @

are instantaneous fixed allocated powers to the
users U, and Uy respectively.

3. Outage Probability Analysis with Fixed
Power Allocation

The performance of the SC-NOMA DL system with
statistical and instantaneous CSI ordering is
discussed in this section. We have assumed perfect
interference cancellation at the receiver and the
user links are i.i.d Rayleigh faded, and the PDF of
which is given by Equation (1). A Fixed Power
Allocation Coefficient (FPA) has been used to
analyse outage probability. Let the two users
Uy1<i<K andU;,j <i, and their allocated
powers are a; , a; respectively, where a; + a; =1
and a; > a;. The analysis has been carried out for
both user ordering schemes.

The achievable data rates of each user are
expressed, based on equations (4) and (8) as for
statistical and instantaneous CSl is,

Ihil?a; . .
R; =lOg2(1+m),lSK,] <K
)
R; = log,(1+ IhyPagpy),i = j = K (10)
5 wil%a;ps . .
Rl=log2(1+@gﬁ),lSK,] <K
(11)
R, = log,(1 + |Wg|*agps ) i=j =K (12)

Where,R;, R;, are Statistical based CSl user ordering
scheme's achievable sum rate, andR, R, are
Instantaneous based CSI user ordering scheme's
achievable sum rate.

A. Outage Analysis for Statistical CSI based
Ordering for users U; and U;

Here, outage probability[5] is given as “ Given }?L
(Desired data Rate), h; (Rayleigh Fading channel co-
efficient), §; (channel gain), a; (power allocation
coefficient) and statistical CSI which is available at
base-station, the outage probability for the U,
denoted as PX,; is defined as “Probability of fail-to-
attain the desired data rate by user K under a given
decoding order §; < §, < --- < §g.”Based on the
derived closed-form formulation we analysed
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users' different QoS requirements and system
throughput.

Now, according to the definition, Ux’s outage
probability for Statistical CSI NOMA DL can be
represented as

Pyr =

o {(Cu1 <Ry u(Cy, <Ry)U } “
U (Cy, < Rx)

3)

Where, Cy, = log,(1 + SINR), Ri defines Uy’s
desired data rate.

If we consider two user scenario where R, and R,
denotes the desired data rates of U; and U; when i-
th and j-th user are chosen, then according to the
definition, the condition for the outage for user U;
is given as

2
R ajps —
log, 1+# <R,
A = 1|y PsXl=j+1%%k

| =
p{lhilz<+}
(ai_(zk:jﬂ“kxi)ps)

(14)
Here, X; = 2R —1  which  satisfies  the
- 2
constraint X; < KL, |h;|2and |hj| are channel
Zk=j+1ak

gains of U; and U;, with Rayleigh faded and
E{|h;|?} = 8;%2and PDF of which is given as in
equation no (1). A;is the condition of outage
probability of U;, pursuant to which an outage
occurs when the maximum transmission rate at
which the data U; can successively decode by U;
with interference from other signals i.e.

Ui+, -, Ug, which is more than or equal to the

desired QoS (ﬁl% :

Now, the condition for outage for j-th user will be

defined as
2
|ny|"aies =
log, 1+# <R; Jj<K
A; = el ps R4 ok
2 — .
log2(1+|h]-| pSZ§=j+1ak)<R] j=k
(15)

In the case of the j-th user, the outage probability is
defined as

‘ 2 Xi Xj
! {|h} | = max {(ai_xj E:Ik(=1'+1 ak)ps ’ ajps}}
(16)

Where, X; = 2R — 1. The expression for outage

for U; and U; can be given as
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Xi
. a;— ZKz- arXi)ps
pU, = Je s ) d (i)
1)
U.
POJT

X X;
max L 1

fo (ai-x; 2 j+1 )Ps f|Hj|2 (lhjlz) d(|H]-|2)
(18)

The Eq. (17) and (18) shows individual outage
probability analysis for statistical CSl-based

ordering.

C. Outage Analysis for Instantaneous CSI
based Ordering for users U; and l’]}

The outage probability is given as “Given
R, (desired data rate), h, (Rayleigh Channel fading
channel co-efficient), W, (instantaneous Rayleigh
channel fading power) and Instantaneous CSI which
is available at base-station as well at all users, the

outage probability for U,, denoted as ITOE’C is
defined as " Probability of fail-to-attain the desired
data rate by user K under a given decoding order

[Wil? < [W|* < - < |Wg |, where |w|* =
min(|hy|%, |k, |2, ..., [hgl?); [Wg]* =
max(|hy|?, |hy|?, ..., |hg|?). Based on the derived

closed-form formulation we analysed users'
different QoS requirements and system
throughput.
Now, similar to the equation of P, a CDF of
channel gain can be used to calculate the outage
probability of instantaneous CSI NOMA DL for user
171, where 1 <i < K, To do this, we calculate the
CDF of the weaker user's channel gain, which equals
w, i < j < K.The channel is Rayleigh faded and pdf
of which is given as equation no (1), the CDF of U, is
Fime (W12 = P (|W]* < Iw,1?)
=1—P(min{|h, |, |ha|% .., |hg|? > W;]%})
=1- §(=IZ§C=1P(|WKR|2 > |W\L|2)
(19)
PDF of which can be given as by incorporating
Equation no (1) as

—(1%12) -~
P (W) = Thea s Ty 0
(20)
Similarly, CDF of user Uj is

Fyoy (157) = () = 15)
=P (max{lhllz, |ho]?, .., Thil?

<[w['})
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i 22
=2 2 P (W < [w)%)

(21)

PDF of which can be given by incorporating Eq. (1)

as

. . ~(w1*)=2
FIVVJI2 (|WJ|2) = Q=1 (1 —e (1 )5k )
(22)

Condition of outage for user U,can be written like

wWia;ps =
logy| 1———f— |<R,
1+w1p52k=j+1ak

A = -
PIW(G—(ZE:,-Q m)ﬁs)}
(23)
Where X, = 28— 1,  which  satisfies  the
constraint X, <Z§=21@, w, and w, are channel

gains of U, andU, with Rayleigh faded and
E{|h;|?} = 8;%and CDF of which is given as in
Equation (21). A,is the condition of outage
probability of T,, which is as per definition the
outage occurs when the transmission rate exceeds
the maximum rate at which the signal l7]can
successively decoded by U, with interference from
other signals i.e. Uy, .., Uy, which should be
greater than or equal to the desired QoS

(R, ZLZS).SimiIarIy, the condition for the outage for

the j-th user will be defined as

W) @53 _ .
log, 1+% <R J<K
14+W)Ps Z=j+1 9k

(24)
loga (14,55 £K_ ;41 @ )<F; j=k

In the case of the j-th user, the outage probability is
defined as

Piw, < max # 7]
/ (@-%, 2K ;41 )ps” @Ps
(25)

Where,X\] =28 —1. The expression for the

outage for U, and U, can be given as

U _
Four =

X

ai-(2K_ 1 . %1)Ps - —
fo( ( k=j+1% )P )Flmlz(lwllz) d(l]/|/l|2)
(26)
U

ouT —

X X,
max L J }

(@-X;2K_ ;41 ak)ps TPs 2 2
j, ST () a(w))

(27)
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The Eq. (26) and (27) show individual outage
probability analysis for Instantaneous CSl-based
ordering.

4, Simulation Results And Discussion

The simulations are conducted to demonstrate the
superiority of Instantaneous CSl-based ordering of
users in NOMA DL over statistically-based ordering
in the form of outage analysis. We present several
simulation results for the outage probability
analysis of statistical CSI and Instantaneous CSlI,
along with different QoS requirements of individual
users. A Rayleigh faded channel with a path loss
component of 2.3 is described with the weakest
user at a distance from the base station with the
lowest channel gain and the strongest at a distance
from the base station with the highest channel gain.
The sensitivity factors which we have taken into
account are channel gain, power allocation co-
efficient, a desired data rate of users, and CSl-based
ordering. The other parameters have been
described in relevant subsections.

Fig. 1 presents a comparative outage analysis for
two users with a statistical and instantaneous CSI-
based scheme with fixed power allocation co-
efficient as a;, =4, =0.7 anda, =4, =0.3,
while the targeted data rate for both users is kept
asR, =R, =R, =R, = 1.6%. We can see that
Instantaneous CSI outperforms Statistical CSI based
on ordered users. There is an exact approximation
with the theoretical analysis and the simulated
results.

Fig. 2 and 3 represent the relationship between the
outage probability and Desired Data-rate. The value
of SNR has been kept constant at 18dB and 25dB
respectively. It can be observed that outage
performs well with higher SNR values same as also
instantaneous CSI gives better outage compared to

the statistical CSI. It is also observed that the data-

N bps

rate value is kept from O.Sbi to 5—, which
Hz Hz
performs till3.5 bps,
Hz
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> B Outage User 1 (Theory)
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g 107 = Fixed Outage User 1 (Sim.)
o Fixed Outage User 2 (Sim.)
o M Fixed Outage User 1 (Theory)
@®  Fixed Outage User 2 (Theory)
10%
10 . L . L .
0 5 10 15 20 25 30

SNR (dB)
Fig. 1 Statistical and Instantaneous CSI based
Outage Analysis for U;, U, and U;, U,

10°

10-1 L

107 L

====: Statistcal Outage User 1 (Sim.)
====: Statistcal Outage User 2 (Sim.)
== |nstantaneous Outage User 1 (Sim.)
Instantaneous Outage User 2 (Sim.)

Probability of Outage

10°

10 : ~ - g : : 3
0.5 1 1.5 2 25 3 35 4 4.5 )
Targated data rate
Fig. 2 Outage Analysis vs. Targeted Data-Rate
for U,, U, and U;, U, with Statistical and

Instantaneous CSI based Ordering (SNR-18dB).

10°

Probability of Outage
5

======: Statistcal Outage User 1 (Sim.)
====: Statistcal Outage User 2 (Sim.)
= |nstantaneous Outage User 1 (Sim.)
Instantaneous Outage User 2 (Sim.)

10

' L s L |

10 - - -
0.5 1 1.5 2 25 3 35 4 4.5 )
Targated data rate
Fig. 3 Outage Analysis vs. Targeted Data-Rate
for U,, U, and U;, U, with Statistical and

Instantaneous CSI based ordering (SNR-25dB).

Fig. 4 depicts the relationship between statistical
and instantaneous CSl-based outage performance
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for three users. The allocated fixed power is
calculatedasa; = 4, = 0.7,a, = 4, = 2(1 —ay),
andaz = @; = (1 —(a, + az)). The channel gains
are calculated according to Eq. (1) as E{|h,|?} =
&% =1,E{h,|?}=8"=3,  andE{|hs|*} =
8,% = 5. The targeted data rate is kept as R, =

~ b ~ ~ b ~ ~
R, = 15, R, =R, = 0.85, andR; = R,

bps
Hz
We can observe that multiuser interference can be

0.7 —for Uy, U,, and U; respectively.

reduced by changing the order and power levels of
the individual users and desired QoS can be
achieved.

SNR (48]

Fig. 4 Statistical and Instantaneous CSI Outage
Analysis for U,,U,,U; and U;,U,,U5.

In Fig. 5 and 6, the relations are shown with varied
data-rate requirements for individual users with
fixed SNR of 18dB and 25dB respectively. We can

see that the data rate is extending to 1.6 % and the

outage seems to be improved at a 25dB SNR value.

10°
107"
®
o
£
S 102
310
e
5}
2
= Outage User1 INST
2 10°® Outage User2
4 Uag INST
o Outage User3 INST
=== Outage User1 STAT
10 F === Outage User2 o,
=== Outage User3 STAT
10 :
0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Targated Data Rate
Fig. 5 Outage Analysis vs. Targeted Data-Rate
for Uy, U, , U3 and Uy, U, , U; with Statistical
and Instantaneous CSI based ordering (SNR-
18dB).
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Probability of Outage
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Outage User1 INST
10% Outage User2 | o k|
e Outage User3 INST
10% ==m=: Outage Usert g, | |
== Outage User2 STAT
==m==: Outage User3 STAT
10°® - ; ; : : :
0.4 0.6 0.8 1 1.2 14 1.6 18 2

Targated Data Rate
Fig. 6 Outage Analysis vs. Targeted Data-Rate
for U, U, , U3 and U;, U, , U; with Statistical
and Instantaneous CSI based Ordering (SNR-25dB)

Fig. 7 represents the outage performance over the
SNR range for four users, targeted data rates for
U;,U, ,U;,and U, are set as 0.7 bps/Hz. The
powers are allocated as fixed value asa; = 4, =

0.4’, a, = az = 0.3, as = d3 = 0.2 and a, =

4
0.1, with average channel gains as E{|h;|*}
612 =1, E{|h2|2} = 522 =3 ,E{|h3|2} = 532 =
and E{|h,|?} = 8,2 = 7.

ol

Outage User1 | o

Outage User2

INST

Outage User3 INST

Probability of Outage
3

Outage Userd INST

=== Outage Usert .+

=== Outage User2 ;.

[ |==—=:Outage User3 -

———=: Outage Userd STAT

SNR (dB)

Fig. 7 Statistical and Instantaneous CSI Outage
Analysis for U, U,, U3, Uy and Uy, U, , U; and
U,

Apparently, by increasing the number of users the
power is going to be split among users as well as the
data rate is affected. It simply depends on the
application whether data rate and the number of

users are trade-offs.

0 5 10 15 20 25 30 35 40
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5. Conclusion

Our study considers both statistical and
instantaneous CSl-based user ordering schemes in
a Rayleigh faded channel system model with
multiple users sharing a single base station to
derive an expression for outage probability. For an
arbitrary number of users, a single carrier, PDFs and
CDFs were formulated for the modelled
exponential random variable. Additionally, the
averaging of outage probability with the Monte
Carlo simulation confirms the accuracy of
theoretical expressions. It is clear from the
simulation results that an instantaneous CSl-based
user ordering scheme can provide better outage
performance with desired QoS than a statistical
one. Due to different fading distributions between
the individual user channels, the users' desired QoS
varies greatly based on the application.
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