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ABSTRACT

Non-orthogonal Multiple Access (NOMA) is a new generation multiple access technique in which
multiple users simultaneously share the same frequency band. In the implementation of NOMA, the
choice of user pairs that will use the same frequency is a determining factor for the NOMA superiority
condition due to Successive Interference Cancellation (SIC) mechanism on the receiver. However,
performance of NOMA depends on SIC mechanism which relies on the order of the user in a NOMA
cluster. In the literature, it has been shown that utilizing distance based order of the users for user pairing
outperforms over the random pairing and an analytical boundary distance is derived for NOMA
superiority condition for a path loss based channel model. In this study, the path loss based NOMA
superiority condition respect to the Orthogonal Multiple Access (OMA) was investigated in terms of the
spectral efficiencies for Rayleigh channel model in a cellular uplink and the results were compared with
an analytical boundary value derived for a path loss based channel model in the literature. In addition, the
effect of power ratio of the users on the NOMA superiority condition is investigated and accuracy of the
derived analytical model is validated with numerical results for both channel models. The results reveal
that the NOMA superiority condition based on distance changes depend on the assumed channel model,
but assuming the channel as Rayleigh fading or path loss based channel does not make a significant
difference. In addition, it is observed that the accuracy of the derived NOMA superiority condition
changes with the power ratios for both channel models and the gap between numerical and analytical
results is larger in Rayleigh channel compared to path loss based channel model.
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Rayleigh Soniimlemeli Kanalda NOMA Ustiinliik Kosulunun Belirlenmesi

(0V4

Dikgen olmayan coklu erisim (NOMA) birden fazla kullanicinin ayni frekans bandimi ayni anda
kullanmasi ilkesine dayanan yeni nesil ¢coklu erisim teknigidir. NOMA uygulamasinda alici tizerindeki
Ardisik Girisim Iptali (SIC) mekanizmasi nedeniyle ayn1 frekans1 kullanacak kullanici giftlerinin se¢imi
NOMA istiinliik durumu igin belirleyici bir faktérdiir. Ancak NOMA'nin performansi, bir NOMA
kiimesindeki kullanicinin sirasina dayanan SIC mekanizmasima baghdir. Literatiirde, kullanici
eslestirmesi i¢in kullanicilarin mesafe tabanli siralamasinin kullanilmasinin rastgele eslestirmeden daha
iyi performans gosterdigi ve yol kaybi tabanli bir kanal modeli varsayimiyla NOMA {istiinliik kosulu i¢in
analitik bir sinir mesafesinin tiiretildigi gosterilmistir. Bu ¢aligmada, NOMA ’nin dikgen ¢oklu erigime
(OMA) gore iistiinliik kogsulu hiicresel yukart yonlii baglantidaki Rayleigh kanal modeli i¢in spektrum
verimliligi agisindan incelenmis ve yol kayb1 temelli kanal modeliyle karsilagtirilmigtir. Bu ¢alismada,
Dikey Coklu Erisim'e (OMA) gore yol kaybina dayali NOMA distiinliik kosulu, bir hiicresel yukari
baglantida Rayleigh kanal modeli i¢in spektral verimlilikler agisindan arastirilmigs ve sonuglar,
literatiirdeki yol kayb1 tabanli kanal modeli i¢in tiiretilen bir analitik sinir degeri ile karsilastirilmistir.
Ayrica, kullanicilarin gli¢ oraninin NOMA istiinliik kosuluna etkisi arastirilmis ve tiiretilen analitik
modelin dogrulugu, her iki kanal modeli i¢in sayisal sonuglarla dogrulanmistir. Sonuglar, mesafe
degisikliklerine dayali NOMA iistlinliik kosulunun varsayilan kanal modeline bagli oldugunu, ancak
kanali Rayleigh soniimleme veya yol kaybi tabanli kanal olarak kabul etmenin 6nemli bir fark
yaratmadigini ortaya koymaktadir. Ayrica, her iki kanal modeli i¢in de elde edilen NOMA istiinlik
kosulunun dogrulugunun gii¢ oranlar1 ile degistigi ve Rayleigh kanalinda sayisal ve analitik sonuglar
arasindaki farkin yol kaybi tabanli kanal modeline gore daha biiyiik oldugu goriilmiistir.

Anahtar Kelimeler: Hiicresel yukar1 yonlii baglanti, dikgen olmayan ¢oklu erisim, NOMA {istiinliik
kosulu
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INTRODUCTION

In the past few decades of the -cellular
communication development, Frequency division
multiple access (FDMA), time division multiple
access (TDMA) and code division multiple
access (CDMA) were utilized as the orthogonal
channel access techniques in 1G, 2G and 3G,
respectively. In Long-Term Evolution (LTE)
(4G) and LTE-Advanced (4.5G), orthogonal
frequency division multiple access (OFDMA) is
adopted as the Orthogonal Multiple Access
(OMA) method [1]. In OMA, orthogonal
frequencies are assigned to cellular users,
therefore there is no mutual interference between
users and this enables to use simplified receivers.
OMA schemes are sufficient for system-level
throughput, but high traffic demands of future 5G
network have led to search alternative channel
access mechanisms for improved spectral
efficiency [2, 3] NOMA is seen as a promising
candidate as a multiple access technique for the
spectral performance improvement in
next-generation cellular communications. In
NOMA, multiple users simultaneously share the
same frequency band [3, 4]. In [5], the results
show that NOMA provides 30% more throughput
than OMA counterpart. In addition, NOMA
provides an efficient way to increase the user
fairness [6].

The operating principle of NOMA has a
mechanism called SIC at the receiver where
decoding is done successively. In SIC, the
weakest signal can be extracted by subtracting
stronger inter-user interferences with
superposition coding [7]. NOMA increases
spectral efficiency using SIC mechanism [8]. The
SIC technique is applied differently in uplink and
downlink;

In uplink (at top in Figure 1), the base station
(BS) first decodes the signal of the cell center
user (U,) with a large channel gain (|h.|*).

Because, for the cell center user the received
signal power at BS is likely to be the stronger at
the BS as it has the stronger channel gain
compared to the cell edge user. In this step, the
signal of the cell edge user (U,) with weak

channel gain (Jh. |7) is considered as interference.

In the second step, the BS decodes the signal of
the cell edge user with a weak channel gain
(|- |*) after subtracting the signal of the strong

user from the received superimposed signal.

In downlink (at bottom in Figure 1), the base
station allocates more power to the weak user
(U,) than the strong user (U,). The strong user

implements SIC and decodes its own signal.
According to the power allocation at the base
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station, this signal is much weakened to the user
(U,) having a weak channel gain (|h: |*) because

the signal of the strong user (U,) is sent at low
power. In this way, the weak user (U,) could

decode the signal at the interference of the strong
user (,).
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Figure 1. Implementation of SIC in NOMA in uplink
and downlink

NOMA superiority condition is one of the
popular research topics. The conditions that
NOMA ensures better spectral efficiency than
OMA is called NOMA superiority condition. In
NOMA, the selection of user pairs that is going to
share the channel is a crucial factor for NOMA
superiority condition due to the SIC mechanism
applied at the receiver. In addition, interferences
values depend on the power allocation and it is
done based on user order inside a NOMA cluster
but follows an opposite principle of water-filling
mechanism. The most of the literature utilize a
distance based ordering of the users due to its less
complexity and analytical tractability [9-15]. In
[9], NOMA and OMA spectrum efficiencies were
compared according to their distance from the
base station (BS) and the NOMA superiority
condition was derived for both users assuming
only a basic channel model where the channel
gain depends a distance based channel model
(path loss model). In [13], the mean rate coverage
probability per cluster was calculated for NOMA
and OMA respect to the radius of a cluster and
NOMA superiority condition was obtained in
terms of the average rate coverage.

In this paper, different than the study in [9], we
investigate the spectral efficiency for Rayleigh
fading channels and compare it with the basic



channel model to determine whether it affects
NOMA superiority conditions. Accuracy of the
user ranking based on distance is investigated in
[16] and it is concluded that for two user NOMA
clusters it is reasonable to use distance based
ordering of the user for Rayleigh channels.
Specifically, the role of the user distances from
base station for NOMA superiority condition for
Rayleigh channels is investigated for the
selection of user pairs that share the same channel
in the cellular uplink. (Preliminary results of this
study have been presented in [17]). In fact, the
NOMA is always superior to OMA in terms of
the sum spectral efficiency. However, each
individual user’s spectral efficiency needs to be
investigated in terms of NOMA superiority
conditions as well as the sum spectral efficiency.
The Main contribution of this work is two folds;

i) It has been shown in [9] that the distance based
user pair selection conditions for two user
NOMA cluster is significance compared to the
random user pairing. We investigates whether
distance based conditions for NOMA superiority
derived for the basic channel model in [9] is valid
for Rayleigh fading channels and if so how much
the results differ from the conditions derived for
the basic channel model.

ii) As the power allocation is crucial for the
performance of NOMA, we investigate the effect
of power ratios on NOMA superiority conditions.
To the best of our knowledge, in the current
literature [9, 13-18] about the NOMA superiority,
where a distance based ranking of the users are
utilized as a link quality metrics, neither the
power control nor the effect of power ratios has
not been considered. We also evaluate the
accuracy of the derived boundary distance for
NOMA superiority for different power ratios.

It has been shown that for both channels, the
selection of user pairs is important for the NOMA
superiority condition to be valid for both users.

METHODOLOGY and SYSTEM MODEL

We consider a scenario where uplink channel is
shared by two user with NOMA principle. We
implemented the scenario in MATLAB. We
assume that a base station runs SIC mechanism
to decode the superimposed signal of two users.
It is assumed that the first user has always
stronger channel. Therefore, the base station
decodes the first user's signal by treating the
second user’s interference as noise. However,
the base station decodes the second user’s signal
after subtracting the first user’s decoded signal
from the superimposed signal. Hence, the second
user’s signal is decoded without any interference
caused by the first user. The spectral efficiencies
for NOMA and OMA users (CHOMA andc®M#)
are calculated using Shannon formula in
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Equation 1, 2 and 3. The channel gains (Ji;]")
for two channel models are calculated through
Equations 4 and 5.

P, * |h,|° (1)
(NOMA, 1 1
C =log.(l1+ ———F—
t °82( +P: * [z |* + Ny
B o« |h.|* 2
CNOMA) _ o0 _|__—|-| @
i -\I‘]D
B = k| 3
COM* = 0.5+ log,(1 +u] @)
e ND
|hi|:bns1'|:|:ha.|:||:|:—'l = {di]_a (4)
|hi|:Rnyh:—ighfadiug = exp (di)7° ®)

where F, and F. are transmission powers and
Mg is the power spectral density of the Gaussian

noise at the BS. The distance between the BS and
i™ user is represented as d; and a is the

common path loss component. In Equation 3,
similar to [9], we consider a TDMA based OMA
where the uplink channel is allocated to each user
half of the duration at which the BS serves the
users, the multiplier 0.5 is used to represent this
behavior. Equation 4, for the basic channel model
the channel gain (|k;|*) is described as a

simplified distance dependent path loss model.
Equation 5 describes an exponential distributed
channel coefficient when the channel is assumed
as Rayleigh fading. The limit distances at which
NOMA superior to OMA is calculated by
applying the following condition [9]:

;NDB‘L’U - CFUB‘L’L |J

C V=12 (6)

Utilizing Equation 6, the necessary condition that
guaranties the superiority of NOMA over OMA
is determined asd, = d, and d; = dj;,, Where
user 1 (having good channel) located at d,, while
the user 2 (having poor channel) is located at d.

Then the value of d;,. is derived as follows [9],

=
\; 1+P W1 Iil
Pz

B l=

d

U]

lim



where By, and Fy. denote the transmit power
of strong and weak user normalized by the M.

This result is derived by substituting Equation 4
into Equation 1,2 and 3.

RESULTS and DISCUSSION

Results are obtained for spectral efficiencies
averaging over 1000 random networks. The
cell-center user and the cell-edge user were
referred to as strong user and weak user,
respectively, and their distances to the base
station were expressed as d; and d..
respectively. Numerical values are presented in
Table 1. Note that in NOMA power allocation to
the user does not follow the water-filling
principle because of the SIC mechanism at the
receiver. Instead, the user with poor channel is
allocated more power while the user having
strong channel transmit with less power. For the
numerical analysis we choose an arbitrary ratio
0f 0.8 and set the users’ transmission (Tx) power
accordingly, later we investigate the NOMA
superiority condition for different power ratios
as well.

Tablo 1. The numerical values

Parameters Value
Noise power (No) 10 W/Hz
Total tx power (Py) 02W
Path loss exponent (a) 4

Tx power of the user 1 (P,) 0.089 W
Tx power of the user 2 (Py) 0.111 W
Tx Power ratio of the users (P1/P,) 0.8

We investigated NOMA superiority conditions
for a scenario where the strong user is located at a
reference distance (d;) from the BS while the
weak user is located at a distance of d,. We
calculated the spectral efficiency value as a
function of the weak user’s distance from the
base station (d,). The illustration of the scenario
is shown in Figure 2.

. dyim Rayleigh

User 2™

Figure 2. NOMA dominant condition (d,>djy,) for
user 1 for the Path Loss based Channel model [9] and
Rayleigh Channel model (d;=30m)
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OMA and NOMA uplink spectral efficiencies
were calculated for the distance values of
cell-edge user (weak user, (d.)) which follows
the condition of d, = d.. By selecting a strong
user with d;= 30 m at a fixed reference point,
the limit value (dyj ) of the weak user’s distance
is determined for the NOMA superiority
condition. The results are shown in Figure 3 and
Figure 4.

In Figure 3, it can be seen that for a strong user
at a distance of d, =30 m, d. = dyz, = 77m
is NOMA superiority condition for the first user.
Note that dj,, value that is found by Equation
8 is 76 m, there is a 1m gap between numerical
results and the derived analytical limit distance
(Equation 8). Therefore, the second user sharing
the channel with NOMA principle should be
chosen as farther distance of 77 m from the base
station. As the distance d- is increased, SINR
(signal-to-interference-plus-noise ratio) of the
weak user decreases and its interference to the
strong user decreases, so SINR and spectral
efficiency of the strong user increase. However,
as can be seen from the Figure 3 NOMA is
always superior to OMA for the weak user.
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In Figure 4, it can be seen that NOMA
superiority condition slightly changes when
Rayleigh fading channel is used. The limit value
decreases (thim=71m) and NOMA superiority
condition becomes d. = 71 m. We conclude
that for the Rayleigh channel, the gap between
numerical results and the derived analytical limit
distance (Equation 8) has increased. Thus, the
strong user in NOMA begins to be superior to
OMA at the smaller value of distance d..
However, this difference between the distances
for the superiority condition is very limited.

In OMA, there is no interference between the
first user and the second user. Since SINR of the
first user only depends on the distance d, ,
increasing the distance d. does not affect its
SINR and hence its spectral efficiency stays
unchanged. For the second user, when distance
d. increases, SINR and spectral efficiency
decreases as seen in Figure 3 and Figure 4.

Basic Channel Model(NOMA)
#— Basic Channel Model(OMA)

————— Rayleigh Fading Channel(NOMA)

—<— Rayleigh Fading Chamnel(OMA)

©

Uplink Total Spectral Efficiency [bps/Hz]

L
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4 i i
20 60 8 100 120 140
)

Distance of User 2 from BS{d2){m]

160

Figure 5. Sum spectral efficiencies for Rayleigh
Fading Channel and Path Loss based Model in [9]

Sum spectral efficiencies for NOMA and OMA
were calculated for two channel models and the
results have shown in Figure 5. It can be seen that
the basic channel model assumption results in
higher spectral efficiency values for both NOMA
and OMA channel access schemes compared to
the Rayleigh fading channel model assumption.
As can be seen form the Figure.5, the sum
spectral efficiency of NOMA does not change for
both channel models at the farther distances than
NOMA superiority value (dy;y,). It is because of
that when the second user (the weak user) went
farther from the base station, its spectral
efficiency decreases, and its interference to the
first user (the strong user) decreases as well.
Therefore, the spectral efficiency for the first user
increases while the spectral efficiency of the
second user decreases as it is seen in Figure 3 and
Figure 4. This opposite effect results a constant
sum spectral efficiency for the distances farther
than NOMA superiority distance. However, the
sum spectral efficiency of NOMA is greater than
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the sum spectral efficiency of OMA as NOMA
always outperforms OMA for the second user.

In order to see the effect of power ratio on
accuracy of the distance based analytical NOMA
superiority condition, we obtained the dyy,
distances as a function of power ratios as shown
in Figure 6 and Figure 7 for both channel models.
In Figure 5, it is seen that derived analytical
superiority distance is very accurate but the gap
between the numerical and analytical dj,, values
is larger for the Rayleigh channel as seen in
Figure 6. For both channel models, when the
transmission power ratio of the users (B F)
gets closer to 1, the limit value (dyj,,) decreases;
this means that NOMA becomes superior to
OMA for smaller distances of user 2
(ds = dyjm}. This is inherent results of the
difference between channel gains of the users.
User 1 is assumed having good channel gains
while user 2 has poor channel due to its farther
location. Hence, while transmission powers are
getting closer to each other (F,/ B. = 1), user 2
needs to be located in closer location to the BS
to compansate its poor channel gain.

10!

—©— Numerical
== Analytical

100

[meter]

95
920
85 ~1 meter (~1.3 %)

80

7B

d};, Values for the Basic Channel Model

0.9 1

70

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Power Ratios of the Users (P1/P2)
Figure 6. Boundary distance as a function of Tx power
ratios for NOMA superiority condition for Path Loss
based Channel model (d;=30m)

0.8

10! T T

ioo —— Analytical | |
q

95

90
~7.5 meter (9.7 %)

yleigh Channel Model [meter]

85

80

75

70 b

d,, values for the Ra

im

65

01 04 0.5 0.6 0.7

Power Ratios of the Users (P1/P2)

0.2 0.3 0.8 0.9 1

Figure 7. Boundary distance dj,, as a function of Tx
power ratios for NOMA superiority condition for
Rayleigh channel model (d;=30m).



CONCLUSION

In this study, NOMA superiority condition is
determined for the Rayleigh Channel Model and
compared with the basic channel model
counterpart studied in [9]. As presented in [9],
the choice of the user pair that will share the
same frequency is important due to the channel
gain values in order to choose NOMA over
OMA in terms of the spectral efficiency. In this
study, we concluded that these conditions
derived for NOMA superiority are also valid for
the Rayleigh fading channels, but NOMA
superiority condition changes according to the
channel model and this change is not significant.
As expected, because of neglecting the multipath
fading, the basic channel model assumption
studied in [9] results ~1 bps/Hz higher individual
and sum spectral efficiencies for both NOMA
and OMA compared to the Rayleigh fading
channel. NOMA provides higher spectral
efficiency for the cell-edge user in both cases,
because it is not affected by the cell-center
user’s interference due to the SIC mechanism.
Regarding the transmission power ratios of the
users and the accuracy of the derived boundary
distance (dj,) obtained from Equation 7; it is
observed that accuracy of the analytical model is
slightly changing for the basic channel model the
gap between numerical values is at maximum of
~1.3%. However, for Rayleigh channel model
the gap between analytical and numerical results
has larger value at a maximum of 9.7%.

Note that utilized analysis methodology consider
only two user NOMA clusters, practical figure
for many user NOMA clusters might be different
as importance of user ranking would be come up
more. As a future work, the analytical
methodology for the NOMA superiority
condition can be extended for more practical
channel models and considering more users in
the NOMA clusters.
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