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New Optimal and Suboptimal Resource Allocation
Techniques for Downlink Non-orthogonal Multiple
Access

Marie-Rita Hojeij - Joumana
Farah - Charbel Abdel Nour -
Catherine Douillard

Abstract This paper investigates several new strategies for the allocation of
radio resources (bandwidth and transmission power) using a non-orthogonal
multiple access (NOMA) scheme with successive interference cancellation (SIC)
in a cellular downlink system. In non-orthogonal access with SIC, the same sub-
band is allocated to multiple users, which requires elaborate multiuser schedul-
ing and subband assignment techniques, compared to orthogonal multiplexing.
While taking into account various design issues, we propose and compare sev-
eral optimum and suboptimum power allocation schemes. These are jointly
implemented with multiple user scheduling strategies. Besides, a minimization
of the total amount of used bandwidth is targeted. Also, to increase the to-
tal achieved system throughput, a hybrid Orthogonal-Non orthogonal scheme
is introduced. This hybrid scheme enables a dynamic switching to orthogo-
nal signaling whenever the non-orthogonal cohabitation in the power domain
does not improve the achieved data rate per subband. Extensive simulation
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results show that the proposed strategies for resource allocation can improve
both the spectral efficiency and the cell-edge user throughput, especially when
compared to previous schemes employing either orthogonal signaling or NOMA
with static inter-subband power allocation. They also prove to be robust in
the context of crowded areas.

Keywords non-orthogonal multiple access - user pairing - power allocation -
waterfilling

1 Introduction

With the proliferation of Internet usages, future communication networks
will have to face by 2020 a mobile traffic volume 500 times larger than to-
day’s [1], while supporting a multitude of services with a more efficient uti-
lization of the spectrum. These challenges are pushing the limits of the actual
generation, and pointing toward a need for a 5th generation of cellular tech-
nology. In this sense, new designs of radio access technology (RAT) in terms
of spectrum management and multiple access techniques become essential to
accommodate such requirements [2, 3].

In the 3.9 and 4th Generation (4G) of mobile communication systems, such
as Long-Term Evolution (LTE) [4] and LTE-Advanced [5,6], Orthogonal Mul-
tiple Access (OMA) based on OFDM (Orthogonal Frequency Division Mul-
tiplexing) or Single Carrier Frequency Division Multiple Access (SC-FDMA)
has been adopted, respectively for the downlink and uplink transmissions. Or-
thogonal multiple access techniques have proven their ability to achieve good
system-level throughput performance in packet-domain services, as well as
their viability in practical implementations, thanks to a simplified receiver de-
sign.

Beside the mobile traffic increase, allowing an efficient cohabitation of very
different classes of traffic/service has been lately of a great concern. To ad-
dress this challenge, a flexible air interface, together with efficient resource
allocation techniques, is needed in order to satisfy the various requirements
of those different traffic classes. To this end, spectrum optimization and dy-
namic resource allocation have been the core of a large number of studies in
the context of multiuser OFDM signaling [7-9]. For instance, in [10], an it-
erative algorithm for subband allocation in OFDM was proposed in such a
way to maximize the smallest user capacity, where subbands are allocated an
equal amount of power. In [11], an iterative subband assignment followed by
waterfilling for power allocation has been applied in order to maximize the
sum-rate capacity. In [7], several allocation techniques are proposed for op-
timizing spectrum allocation in such a way to minimize the total amount of
allocated bandwidth, under the constraints of requested services by multiple
users and total transmission power.

In the aim of further leveraging the spectral efficiency of orthogonal mul-
tiplexing techniques, Non-Orthogonal Multiple Access (NOMA) has recently



emerged as a promising candidate solution for systems beyond 4G, within the
Future Radio Access (FRA). In this technique, multiple users are multiplexed
in the power-domain, at the transmitter side, on top of the OFDM layer, and
multi-user signal separation is conducted at the receiver side, based on Suc-
cessive Interference Cancellation (SIC) [12-19].

Since dynamic resource allocation techniques have shown their efficiency in
spectrum and power optimization within OFDM systems, and since a flexible
radio interface is required in future 5G systems, we aim throughout this work
to propose new strategies for the optimization of resource allocation based on
NOMA. By combining the potential gain achieved by NOMA through power
multiplexing, with a proper optimization of the amount of used bandwidth, we
seek to boost the spectral efficiency, while respecting a set of traffic require-
ments. However, using NOMA within such strategies for resource optimization
is not straightforward. This is mainly due to the fact that, in order to respect
the resource requirements of a set of users, each one of the latter needs to
be multiplexed on several subcarriers, with different cohabiting users and in
various multiplexing orders within each subband. For this purpose, several
design aspects will be taken into consideration throughout this study, such
as multi-user frequency scheduling, power allocation among subbands, power
repartition between scheduled users within a subband, concentration and pri-
oritization of users, etc., as well as the interaction of these different design
issues.

So far, the majority of existing works dealing with NOMA have investi-
gated the system-level performance in terms of system capacity and cell-edge
user throughput, compared to previous systems adopting orthogonal signaling
as a multiple access scheme.

In [17], the NOMA concept using a SIC decoder as a baseline receiver
scheme is presented and assessed. System-level evaluation is done with respect
to OMA (i.e. when a subband is orthogonally divided, in bandwidth and in
power, among scheduled users). Results show that the use of NOMA improves
both the system capacity and the cell-edge user throughput. Furthermore, a
possible extension of NOMA including a MIMO scheme is investigated in or-
der to achieve further capacity gain.

In [20], the benefits of NOMA over OMA are discussed under practical
considerations. In this sense, the impact of error propagation within the SIC
receiver is studied and is shown to be negligibly small, even in high mobility
conditions. Furthermore, the cell throughput achieved by NOMA is shown to
be higher by more than 30% compared to OMA, under multiple configurations
and setups.

In [21], the performance of NOMA is evaluated in a downlink system with
randomly deployed mobile users, where two different situations are considered.
In the first situation, each user has a targeted data rate based on its quality
of service, and outage probability is considered as the metric for performance
evaluation. In the second situation, user resources are allocated opportunis-
tically according to encountered channel conditions (i.e. without specifying
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target data rates), and the ergodic sum rate achieved by NOMA is assessed.
It is shown that, in both situations, NOMA can achieve better performance
compared to orthogonal multiple access, under the condition that the users
targeted data rates and the total allocated power are carefully chosen.

In [22], the performance of downlink NOMA with wideband and subband
frequency scheduling is evaluated under wide-area cellular system configura-
tions. Power allocation is done such that the total transmit power per subband
is common to all subbands, and intra-subband power repartition between each
pair of scheduled users is done as a subsequent stage using fractional transmit
power allocation (FTPA) [12].

In [23], the throughput improvement using non-orthogonal superposition
of users on top of an uplink OFDMA-based system is studied. All mobile
users are considered to be transmitting signals at the same power level. Opti-
mized scheduling techniques are proposed in such a way to maximize system
throughput. In this sense, a cost function is assigned to each possible pair of
users and the Hungarian method is used to solve the problem of user pair-
ing. Cost functions are chosen such as to optimize either the sum-rate or the
weighted sum-rate. These two scheduling techniques are shown to provide sig-
nificant improvements in sum-rates and cell-edge rates compared to orthogonal
signaling.

In [24], a non-orthogonal multiuser beamforming system is proposed for
improving the system capacity. Degradation in the sum capacity due to inter-
cluster interference and inter-user interference is assessed, leading to a clus-
tering and power allocation algorithm that aims at reducing interference and
improving capacity. Clustering is done by selecting two users to be paired
together, in the same beamforming vector, as having a large gain difference
and a high correlation. In addition, power is equally divided between clusters,
and then allocated among scheduled users in each cluster, in such a way to
maximize the sum capacity, while guaranteeing a minimum capacity for the
weakest user.

In [16], the system-level throughput performance of non-orthogonal access
with a SIC in downlink is investigated, using a scheduling algorithm based on
the proportional fair scheduler. Power is equally partitioned among subbands,
and an optimal power allocation strategy is proposed in order to allocate power
iteratively among scheduled users within the same subband. The proposed
scheduling algorithm followed by intra-subband optimal power allocation has
shown to achieve a good tradeoff between total and cell-edge user through-
puts. In addition, it allows enhancing system-level throughput compared to
orthogonal access. However, although the optimal power allocation strategy
shows good performance, it is computationally complex. For this purpose, two
simplified suboptimal intra-subband power allocation techniques are also pro-
posed to reduce the complexity of the optimal scheme.

Altogether, as far as power allocation is concerned, the majority of the
listed works have considered an equal repartition of power between subbands,
followed by an intra-subband power allocation scheme [16,20,22,24]. The aim



of applying equal power allocation was to circumvent the problem of opti-
mally distributing the power between subbands supporting two or more users
with different channel amplitudes on the same subbands. In this context, the
present work aims at proposing several promising solutions that significantly
enhance the power allocation by a proper unequal inter-subband allocation.

On the other hand, in [17,20], it is assumed that all participating users have
access to the whole spectrum (i.e. to all frequency subbands), which avoids the
need for complicated scheduling algorithms, but restricts the study to very low
numbers of simultaneous users.

As in the previous works dealing with NOMA , we aim throughout this work
to improve the spectral efficiency and the cell-edge user throughput. Addition-
ally, our proposed algorithm for the dynamic assignment of available subbands
seeks to achieve two goals. The first one is to reduce the amount of used band-
width. In fact, the optimization of the amount of occupied bandwidth is of
a great interest for the upcoming generations of mobile communications, in
order to cope with the increasing scarcity in spectrum and, at the same time,
meet the exploding demands of higher data rates. One application of partic-
ular interest in this context is cognitive radio [7-9], since the adaptivity in
assigning spectral bands to users in a non-selfish way will allow freeing an
optimized amount of bandwidth that may be used by other cognitive systems
or other mobile operators. The second goal of our work is to improve system
capacity in such a way to provide each user with a requested service data rate.
Our proposed allocation technique also takes into consideration the fact that,
in certain situations and on specific subbands, NOMA may not constitute the
appropriate solution. Therefore, a dynamic switching between NOMA and a
classical OFDMA (i.e. OFDMA without the additional non-orthogonal signal-
ing layer) is allowed under certain conditions. Note that, in [20], a dynamic
switching from NOMA to OMA is mentioned, such that the proposed algo-
rithm for resource allocation can be either entirely based on NOMA or entirely
on OMA, for the sake of performance comparison. In other words, all subbands
bear the same signaling scheme, either OMA or NOMA, and simulation results
are separately presented for the two cases. Moreover, no criterion is proposed
to enable this switching in a dynamic way or to vary the signaling scheme
within subbands between NOMA and OMA.

Finally, the proposed framework supports a large number of users and
therefore shows a great robustness in the context of crowded areas, in terms
of the occupied bandwidth and the probability of success (i.e. the probability
of succeeding to respect required data rates by all users).

This paper is organized as follows: Section 2 gives a general description of
NOMA with SIC. Then, Section 3 details the proposed iterative methods for
spectrum optimization. Section 4 gives a brief comparison with the allocation
system based on OMA. Simulation results are given in Section 5, as well as
the computational load of the different proposed allocation techniques, while
Section 6 concludes the paper.
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2 BASIC DESCRIPTION OF NOMA WITH SIC

In this section, we describe the general concept of NOMA including user
multiplexing at the base station (BS) transmitter and signal separation at the
user terminal.

We assume throughout this paper a downlink system with a single trans-
mitter and single antenna receiver. We consider K users per cell, and a frequency-
selective scheduling, where system bandwidth B is divided into S subbands.
We assume that the multiuser scheduler selects, among the K users, a set of
users Ns = {k1, ko, ..., kn, ..., kn(s)}, to be scheduled at a frequency subband
s, (1 < s < S). Term k, indicates the n-th (1 < n < n(s)) user scheduled
at subband s, and n(s) denotes the number of scheduled users at frequency
subband s. At the BS transmitter side, the information sequence of each sched-
uled user at subband s is independently coded and modulated. The coded and
modulated symbol of the n-th scheduled user at subband s is x, , . Thus, the
transmitted signal, x5, by the BS, at a certain subband s, is a simple power
multiplexing of the symbols generated by the n(s) scheduled users:

n(s)
20 =Y ey with E[fees, '] = Pus, @

n=1

where P; 1, is the power allocated to user &, at subband s. The received signal
vector of user k,, at subband s, ¥y ., is represented by:

Ys by = Nk Ts b, + Ws k,, (2)

where hg i, is the channel coefficient between the n-th user, k,, at subband
s and the BS. w,, represents the received Gaussian noise plus inter-cell
interference by user k, on subband s. Let P, be the maximum allowable
transmit power by the BS. The sum power constraint is therefore written as
follows:

5 n(s)

Z Z Ps,kn = Phax (3)

s=1n=1

Multi-user signal separation is conducted at the receiver side using the SIC
process [25]. The optimal order for user decoding is in the increasing order
of the users’ channel gains normalized by the noise and inter-cell interference
h2 i, /s k,, Where hjkn is the equivalent channel gain and n,j, the aver-
age power of ws j, . Therefore, any user can correctly decode signals of other
users whose decoding order comes before that user. In other words, user k,
at subband s can remove the inter-user interference from the j-th user, k;, at
subband s, whose hz,kj /ns’kj is lower than h?,kn /Ms k,,, and treats the received
signals from other users whose h k;/Ts,k; is higher as noise [13,26].

Assuming successful decoding and no error propagation, and supposing that
inter-cell interference is randomized such that it can be considered as white



noise [16,23], the throughput of user k,,, at subband s, R, , is given by:
R Blog, | 14 e P (4)
)k’ﬂ =3 Og
s G082 D ] hikn’PS,k]. + ng g,
j €N, Moka oy
Ms,kn "s‘k]‘

For the sake of simplicity, we assume throughout this paper that only two users
are selected from K to be scheduled at each subband s (1 < s < 5). In this
case, considering user 2 having a lower channel gain than user 1 (h2,, < h2, ),
user 2 does not perform SIC since it comes first in the decoding order, but
rather considers the signal designated to user 1 as noise. On the contrary, user 1
first decodes the signal = i, designated to user 2 and subtracts its component
from the received signal 5. Then, it decodes its own signal without interference
from z; k,. Based on Eq. (4), the throughput of user k, at subband s, Rk,
(1 <n <2), can be written as:

B h2.k1 PSJﬁ
R57k1 = §10g2 (1 + s]\f? (5)
R B logy (14 —takaler (6)
s = 0, -
ko S 129 hi]%Ps,kl + NO%

where Ny is the power spectral density of the additive white Gaussian noise,
including inter-cell interference, and assumed to be constant over all subbands.
Note that, in most papers dealing with resource allocation in downlink NOMA
[17,20,24,26], the number of users per subband was set to two in order to limit
the SIC complexity in the mobile receiver, except for [16] and [27] where this
number can respectively reach 3 and 4. However, in the last two cases, static
power allocation is assumed, which simplifies the power allocation step but
degrades throughput performance.

It can be seen from (5) and (6) that the choice of the multiplexed users over
subband s, as well as the amount of power allocated to each user, significantly
affects user throughput performance. Therefore, a flexible radio interface al-
lowing an optimized resource allocation, depending on transmission conditions
and user pairing strategies, is needed to explore the gain experienced with
NOMA towards orthogonal-based multi-user allocation schemes, like OMA or
OFDMA.
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3 DESCRIPTION OF THE PROPOSED ITERATIVE METHOD
FOR RESOURCE ALLOCATION

3.1 Formulation of the resource allocation problem

In addition to maximizing system throughput, as performed in the majority
of existing literature on NOMA, this work targets minimizing the amount of
used bandwidth. In other words, the proposed allocation technique tends to
provide each user with its requested data rate with the minimum number of
subbands, under the constraint of a maximum allowed transmit power.

Let S4 be the actual number of available subbands (1 <S4< 5),i.e. S — Sy
subbands are supposed to be occupied by another system. Ry requested 1 the
data rate requested by user £ from the BS, 1 < k < K, P;; the transmit
power of user k over subband s (Psj # 0 if k is scheduled on s), Ry the
achieved data rate by user k over subband s, and Sy the set of all subbands
allocated to user k. The optimization problem can be formulated as follows:

K
minimize anrd(Sk) (7)
’ k=1
Subject to
Z Rs,k = Rk,requestedv v k7 1< k < K (8)
SESK
K
Z <Z Ps,k) < Pmax (9)
k=1 \s€Sk
Pop>0,Vs€ Sy, 1<k<K (10)

Where card(Sj;) represents the cardinality of the set of subbands allocated to
user k. If user k£ has a channel gain over s that allows him to perform SIC, his
data rate R j is computed based on Eq. (5). Otherwise, it is computed based
on Eq. (6).

Eq. (7) represents the main design function. It aims at minimizing the num-
ber of allocated subbands under the rate and power constraints expressed by
Eq. (8), (9), and (10). This optimization problem is combinatorial and cannot
be resolved to yield closed-form solutions. Besides, an exhaustive search for the
values of P j, and S}, is impractical, because of the large number of parameters
and constraints involved. Moreover, compared to previous orthogonal-based
allocation techniques [7-9], resource allocation for the non-orthogonal system
must also consider the following additional design constraints: the choice of
user pairing scheme, the power distribution between allocated subbands, and
the power division between paired users within a subband. Therefore, the al-
location technique proposed in fig. 1 aims to efficiently take all of these design
constraints into consideration, by dividing the overall optimization problem
into several steps that will be detailed in the sequel.
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Fig. 1 Proposed allocation algorithm

3.2 Description of the proposed algorithm for resource allocation
3.2.1 Initialization and priority assignment

In order to properly set user priorities, the BS relies on the actual transmis-

sion rates of all considered users, as well as on their Channel State Information
(CSI), i.e. the channel gains between mobile terminals and the BS. Therefore,
it is assumed, in this work, that CSI information is periodically transmitted
from mobile users to the BS on dedicated control channels. The channel gains
are grouped in a matrix H with dimensions S4 x K, where h_ ; is the channel
gain experienced by user k£ on subband s.
At the beginning of the allocation process, transmit powers P , and user rates
R are all set to zero. Therefore, at this point, priorities for channel alloca-
tion are defined at the BS based on the channel gain matrix H represented in
fig. 2:
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[ Ay P e hx |
H-= hs:I hszk hs:K
=
f
L hs_4=1 hs_4:k hs_4=1< |

Fig. 2 Channel gain matrix H

— For each user k, select the highest channel gain Ay, , , among the elements
in the £*" column of matrix H (denoted by a circle in fig. 2).

— The user with highest (resp. lowest) priority is the one having the lowest
(resp. highest) best channel gain among circled elements.

3.2.2 Subband assignment and user pairing

During the iterative process depicted in fig. 1, users to be paired together
over an assigned subband sy are identified by applying the following steps:

Step 1: User selection

Select user k; among the set of users that need to communicate, and that have
not reached their target rate yet. Selection is based on one of the following
criteria:

— While there exists at least 2 users whose data rates are zero, select user ki
based on the priority constraints defined in section 3.2.1.

— Once the above criteria is no longer verified, i.e. data rates of all users are
non-zero (each user has at least one attributed subband, with a non-zero
transmission power on this subband), or it still exists only one user whose
data rate is equal to zero, select user k; as the one showing the largest rate
distance (or gap) towards its requested service data rate.

Step 2: Subband assignment

Attribute the most favorable subband (the one with the highest channel gain),
denoted by sf, to user ki. sy is then removed from the set of available sub-
bands.

Step 8: User pairing
Select user ks to be multiplexed in the power domain with user k; on the
current subband s¢. User pairing can be done in different ways. In this work,
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we have evaluated two options:

Pairing 1:

User ky is chosen as the user having the next lowest channel gain over sy,
when compared to the one of k;.

Pairing 2:

User ky is chosen as the user having the worst channel gain over s¢.

In both pairing options, the channel gain of user ks, is lower than that of k.
Therefore, user ky does not perform SIC. Instead, his corresponding receiver
considers the signal of user k; as interfering noise with as the interfering term.
In the case where we extend the number of scheduled users per subband to be
more than two, steps 1 and 2 are kept the same, and step 3 is modified such as
n(sy) — 1 users are chosen to be multiplexed with k1 on the current subband
sy, with n(sy) the number of scheduled users on sy. User scheduling can still
be performed in two ways:

— The n(sy) — 1 other users are chosen as those having channel gains strictly
less than that of k.

— Users having channel gains lower than that of k; are divided into n(sy) —1
groups, and users to be scheduled on s; are chosen as those having the
worst channel gain in each group.

Step 4: Inverting roles

If, during the allocation process, it happens that user k; has the lowest chan-
nel gain on its attributed subband sy (i.e. all other users have higher gains on
this subband, compared to k1), user ko is then chosen as the user having the
highest gain on this subband, if pairing 2 is adopted in step 3. Otherwise, i.e.
if pairing 1 is used, ko is chosen as the user having the next highest channel
gain over sy, when compared to the one of k;.

3.2.8 Multi-user power allocation

In order to distribute power among users, several power allocation tech-
niques are proposed in this section:

A. Optimum waterfilling-based power allocation

In [22,26], static power allocation is used for NOMA, where the total trans-
mit power is identically divided between subbands. However, it is stated that
the resulting achievable throughput is penalized since the waterfilling princi-
ple [28,29] is not applied. For this reason, we propose to apply a waterfilling-
based optimal subband power allocation that takes into consideration the
channel gains of the two paired users within each subband. It is described
by the following optimization problem:
At each stage of the allocation process, maximize the total achieved through-
put for users that have not yet reached their requested data rate, under the
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constraint of the total remaining power:

maximize Ry, +Rs 11
{Ps,kl, P57k2, Vs € Su} SEZS ( s,k ,k2) ( )

Subject to
Z <P57k1 + P87k2) = Prem (12)

SESy

Sy is the set of subbands attributed to users whose target data rates have not
been reached so far (those users constitute a set U), and Py, denotes the
remaining transmit power to be distributed between subbands, at the current
stage of the allocation technique.

Solving this optimization problem using Lagrange multipliers leads to the
following formulation of the objective function, where X is the Lagrange mul-
tiplier:

B Psk1h2k B P8k2h2k
= —1 1 o s —1 1 . 2,72 A Prem -
J Z 5 08y ( + No% +Z 5 08y + Ps,klhikg T No% +

SES, sESy

(13)

Generally, power multiplexing in NOMA is done such that the highest
power is given to the user with the weakest channel (user ks in our case)
[4,12,16]. Therefore, we adjust the power allocation ratio between Py, and
P ., by setting a parameter 3, such that:

17ﬂs
Bs

By substituting (14) in (13), then differentiating J with respect to and A, and
by setting the resulting expressions to zero, we obtain a non-linear system
described in (15) by equations with N,, + 1 unknowns, Psy, and A, N, being
the current number of elements in S,,.

Ps,k‘g =

]Ds,km with < Bs < 1 (14)

Do =

(15)
Note that, in the particular case where P, x, = 0 (8s = 1), we get a linear
system:

logy(e) %

Ps,kl + "2 <
s,kq

=\, 8€ES, (16)

hi,kl 1-5; h:kg
NoZ . NoZ 18
hzos + - B 03 - = Alnzﬂ—ﬁ
sk ok 1 hs
L N2 Pon (1+Nok?2 5”“1) <1+ﬁsN0k§PS’kl> ) , S €Sy
1
Z Bips,kl = Prem
SESu s

Z (Ps,kl + PS,kQ)

SES,

)
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This linear system corresponds to the solution of the optimization problem
using the classical OFDM with orthogonal signaling as a multiple access tech-
nique (i.e. with no user cohabitation).

In order to solve the above non-linear system of equations described in (15),
we use a numerical solver, the trust-region method based on the Dogleg algo-
rithm [30,31]. This algorithm determines the values of the N, + 1 unknowns
Ps i, and A. However, it does not always guarantee non-negative solutions.
To overcome this problem, we propose two alternatives that can be applied
when at least one negative power is found at a certain stage of the iterative
allocation process:

Alternative 1: switch, at this stage of the iterative process, to a sub-optimum
solution for power allocation such as the one subsequently described in sec-
tion 3.2.3.B

Alternative 2: substitute the negative powers by zeros, and re-distribute the
remaining power Py, to the set of subbands where power was found to be
positive. This redistribution is done using the same trust-region method, and
the process is iterated until only positive solutions are found.

This optimum power allocation strategy, including both alternatives, is de-
picted in fig. 3.

To extend the number of scheduled users per subband to more than two, Eq.
(11) and (12) are to be respectively replaced by Eq. (17) and (18), with the
appropriate rate expressions expressed using Eq. (4):

maximize Z Z R 1., (17)
{Ps,kn7 v knENS7O SSS Su}

seS, n=1

Subject to

n(s)

Z Z Ps,kn = FPrem (18)

s€Sy, n=1

B. Sub-optimum waterfilling-based power allocation

The optimum solution, described in the preceding section, performs a
waterfilling-based allocation that takes into consideration the channel gains
of all paired users. This solution reveals to be rather complex to implement.
Therefore, we also propose a sub-optimum solution, where the power is allo-
cated among users in two consecutive stages, inter-subband and intra-subband
allocation, as shown in fig. 4.

Stage 1: Inter-subband power allocation
In this first step, we propose to consider only the highest channel gain (i.e.
for user k1) within each subband. In other words, the channel gain of k1 on
subband s determines the total amount of power, Py, that will be attributed
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Fig. 3 Optimum waterfilling-based power allocation

to s, using a waterfilling process, and that will be subsequently partitioned
between the two paired users on s. The waterfilling process is performed in
an iterative way as in [9]. Even though this allocation technique represents
a sub-optimum solution, it is expected to perform better than static power
allocation that equally partitions power between subbands.

Stage 2: Intra-subband power allocation

Power is now to be partitioned between paired users within each subband.
Intra-subband repartition can be done in a static way, according to a fixed
threshold, or in a dynamic way, based on paired users channel gains.

— Static intra-subband power allocation: Fized Power Allocation (FPA)
The repartition is done in a static way over all subbands, where the total
transmit power Pj, allocated in stage 1 to subband s, is divided between
paired users according to (8Fs, (1 — 8)Ps), with 8 (0 < 8 < 0.5) being a
constant parameter over all subbands. The user with the highest channel
gain will be given P, and the paired user will be given the rest.
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Fig. 4 Sub-optimum waterfilling-based power allocation

— Dynamic intra-subband power allocation: Fractional Transmit Power Allo-

cation (FTPA)

The repartition is done in a dynamic way, similarly to the algorithm in [22]
which is based on the channel gains of the two multiplexed users, such that
Bs in (14) is given by:

h72a

Bs = % 19
b )

where a(0 < a < 1) is a decay factor that accounts for the amount of power
attributed to user ko (this amount is increased with «). « is kept constant
over the subbands and is determined a priori via computer simulations,
such that the achieved spectral efficiency is maximized.

If the number of multiplexed users is to be extended to more than 2, inter-
subband power allocation can be performed similarly to the case of two
multiplexed users. In other words, the highest channel gain among the
n(s) (s € Sy,) scheduled users is considered in the waterfilling process. As
for the intra-subband power allocation, power is allocated to each sched-
uled user k,(n € Ny), within each subband s, based on FTPA, such that:
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Py, = PSW, s €S, (20)
> (1)

JEN;

C. Optimum weighted waterfilling-based power allocation

Similarly to the optimum solution proposed in section 3.2.3.A, we also pro-
pose to apply a weighted waterfilling-based power allocation. The weighted
version still takes into consideration the channel gains of the two paired users
within each subband, but it also adds a proper weight to each user. It is de-
scribed by the following optimization problem:

maximize Qs ey R oy + Qs oy Bs ko 21
{Peky Poky} S; (Boio Bojs + BB 2y
Subject to
Z (Ps,kl + Ps,kg) - Prem (22)
sES,

Where a; 1, and a, y, are positive weights that can be chosen using differing
criteria, and that verify:

Z (a87k1 + a87k2) =1 (23)

sESy,

Solving this optimization problem using Lagrange multipliers leads to the for-
mulation of the corresponding objective function J such as:

S

B Ps.kthk B Pskzhzk
r_ 2 ’ s,k1 2 ) L)
I= Z o ks SIOg2 (1 * NoZ " Z farha Slog2 b Py 12, + Nog

sESy, sESy,

(24)
As in (13), after differentiating J with respect to P x, and A, and setting the
results to zero, we obtain a non-linear system of NV, + 1 equations with N, + 1
unknowns and A\. We also solve this non-linear system using the trust-region
Dogleg algorithm, in the same way as was done in section 3.2.3.A. The prob-
lem of negative solutions is resolved using the second alterative (substituting
the negative powers by zero and re-distributing the remaining power). This
choice will be justified by the simulation results.

As for the choice of the weight attributed to every user, two possible schemes
are proposed in the sequel.

Weights based on the actual rates of considered users
In order to give importance to users who are far from reaching their requested
data rates, a weight is assigned to each user based on the quadratic distance

)"')\ (Prem -

Z (Ps,kl + PS,ICQ)

sESy,

)
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between its actual achieved throughput and its requested data rate, such as:

(|Rk1 ,requested — Rkl ,tot | )277

Qs key = 5, 0 < asg, <1 (25)
Z (|Rk¢i(s),requested - Rki(s),totD !

SE€S8,,i=1,2

(|Rk2 ,requested — ng Jtot | )277

0<asp, <1  (26)

a = b
e (|Rki(s),requested - ]%ki(s),tot’)277
$€8,,i=1,2
where n(n < 0) is a control parameter to be determined a priori via simu-
lations such that the achieved spectral efficiency is maximized. Ry, o (resp.
Ry, 10t) is the actual total data rate of user ki (resp. k2), and Ri, requested
(resp. R, requested) 1S the requested data rate by user ki (resp. k2). Results
in Section 5 will provide insight on the sensitivity of the system performance
to the value of 7. In general, increasing 7 will increase the power difference
between users being far and users being near to reach their requested data
rates.

Weights based on the position of users within the cell
In this option, weights are based on the geographical distance between each
mobile user and the base station:

Gty = —B 0 <y, <1 (27)

As ko = Z—’IM’7 0 § As ko S 1 (28)
$E€S,,i=1,2
where 74 1, (resp. 7sk,) is the Euclidean distance between user ki (resp. k2)
and the base station. ¢(¢ > 0) is a parameter to be determined offline via sim-
ulations such that the cell-edge user throughput and/or the spectral efficiency
is maximized.

D. Power allocation according to the actual achieved throughput
In this technique, power is allocated to users in two successive steps. First,

it is partitioned among subbands in a proportional way to the distance be-

tween the actual achieved throughput and the requested data rate, using:

2 2
ds,ktl + dS,k}Q

Yoo+ Y A2y,
s € Sy s € Sy

P, =

X Prem » 8 € Sy (29)

where ds i, (resp. ds i,) is the distance between the actual throughput of user
k1 (resp. k2) over subband s and its requested data rate.

Then, power is divided within each subband based on the FTPA algorithm
used in section 3.2.3.B.
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Without
NOMA

Subband s Subband s

Fig. 5 Adaptive switching from NOMA to OS

E. Static power allocation

In the majority of existing works related to NOMA, static power alloca-
tion is used, where the total transmit power is identically divided between
subbands. In order to test a static power allocation scheme within the pro-
posed resource allocation framework, we propose to equally distribute, at each
stage of the iterative process, the remaining power P,.,, among subbands con-
taining users that have not reached yet their requested data rates. The power
allocated to subband s is computed as:

Prem
Ps = y u
N, seS (30)

Then, P; is distributed between paired users on subband s using FTPA.

3.2.4 Adaptive switching to orthogonal signaling

Improvement in spectral efficiency thanks to NOMA is not systematic. In-
deed, sometimes the loss in data rate experienced by user kj, when sharing
its subband with user ko, is greater than the data rate gain achieved by ko
on this subband. In this case, NOMA is not the appropriate solution; in such
case, we propose to allocate this subband to user k; alone.

The decision to switch to orthogonal signaling (OS) can be made by testing
the following condition:

Y (Rs - Rs,kl ) > Rs,kg (31)
with
B Pyh3 ),
s = —1 1 2L 2
R S 08y ( + No% (32)

Rs is the data rate achieved on subband s without NOMA. When condition
(31) is satisfied, the resource allocation technique automatically switches to
orthogonal signaling, for the current subband s. v(0 < v < 1) is a control
parameter to be determined a priori via simulations such as to maximize
the achieved spectral efficiency. In the simulation results, we will study the
influence of v on the system performance. In general, with increasing values
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of v, the allocation process tends to switch more often to orthogonal signaling.

3.2.5 Data rate estimation and control mechanism

At the end of each subband assignment stage, with its power allocation to
users k1 and ko (as well as the other users from the set S, ), the algorithm
re-estimates the data rates for users in the set S, (fig. 1). Then, it verifies
if user k1 (who has been attributed a subband during the latest stage of the
algorithm) has reached its requested data rate, that is if the actual total data
rate of k1, Ry, tot, is equal to Ry, requested- In such a case, user k; is removed
from the set 5, and the amounts of allocated power on subbands assigned to
user ki (for k1 and for the paired users on those subbands) are kept unvaried
for the rest of the allocation process. In other words, such subbands will no
longer participate in the power distribution step within the allocation process.
Such subbands are then removed from the set S, and their allocated powers
are subtracted from the remaining power Pje,.

If it happens that the actual data rate is higher than the requested data rate
(R, tot > R, requested), the total amount of power allocated to user k; should
be reduced in such a way to reach the exact requested rate. Among the sub-
bands allocated to user k; that remain modifiable (i.e. on which k; is not
paired with a user that has reached its requested rate), we adjust the power
on subband s, having the least channel amplitude. A similar procedure is also
applied on user ks if it reaches its requested data rate.

When adjusting the transmit power of user k; on subband s,, we encounter
two cases:

The first case occurs when user k1 exhibits the highest channel gain over s,.
The adjustment is then done as follows:

First, the transmission rate of k; over s, is estimated using:

B Psa,k: hf 0
R, 1, = §10g2 (1 + Tﬂ (33)
05

Then, this rate is subtracted from the actual total rate of user k1, yielding:

Rrem = Rkl,tot - Rsa,kl (34)

Now, the necessary data rate on s, is estimated as:

Rk1 ,requested — Rrem (35)

The power of user k; over s, is modified in such a way to yield the above
estimated data rate:

2(Rk1,requested*Rrem)% _ 1 B
Pre = 2 Nog (36)

Sask1
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Since the power of user ky over s, has been modified, the power of the collo-
cating user should also be reduced according to Eq. (14) in order to maintain
the same power ratio (1 — fs,) /s, -

For the second case, when user k; exhibits the lowest channel gain over s,,
i.e. not performing SIC over s,, power adjustment is done by modifying Eq.
(33) using eq. (6), and keeping Eq. (34) and (35) unchanged. Eq. (36) is then
replaced by Eq. (37) using Eq. (14) and (6).

(Q(Rkl,requestedchm)g _ 1) NO%

(oo 7o) 3 5.
<1<(2 o o) ) ) Mk

Sometimes, when trying to adjust the power of user k; over s,, it can happen
that Ryen, is still greater than Ry, requested- In this case, another subband,
having a channel gain higher than that of s,, is chosen for power adjustment.
The same kind of power adjustment is performed for user ko in case its total
actual power is higher than its target data rate: R, tor > R, requested-

PSa,kl = (37)

4 COMPARISON WITH OMA

In the majority of existing works dealing with NOMA, the system level-
performance is mostly evaluated with respect to OMA [17,20,22], i.e. when a
subband is orthogonally divided in bandwidth and in power between scheduled
users. When we assume that OMA signaling is used instead of NOMA within
our framework, the bandwidth of subband s is partitioned between users ki
and k2 using two factors 6 and 1 — & respectively, where (0 < § < 1). In
addition, power allocation is performed in two stages: inter-subband power al-
location based on the waterfilling principle (sub-optimum technique), followed
by intra-subband power allocation based on an equal division of the power
between collocating users (i.e. Psj, = Ps,). Since no interference between
collocating users occurs in this case, the throughput of user k;, (i = 1,2) is
computed by:

B Ps.k1 hik
Rep, =0 logy [ 1 + —F— (38)
] 2( 5Ny 2
R B(l 6) logy [ 1 + Pt B, (39)
s,ky = o (1-0) log e B
: 8 2 (1-8)N, B

In the sequel, OMA signaling will be tested when substituting it to NOMA
within our allocation technique and comparison towards NOMA will be done
for the two pairing cases described in Step 3 within Section 3.2.2.
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5 NUMERICAL RESULTS

5.1 Performance evaluation

In this paper, we mainly consider four system-level performance indicators:

the achieved system capacity, the amount of used bandwidth, the probability
of success, and the cell-edge user throughput. The first two indicators can be
merged into a single metric, the spectral efficiency, calculated as:

Achieved system capacity
Amount of used bandwidth

Spectral _E f ficiency = (40)

Several techniques with different combinations of user pairing and multi-

user power allocation schemes are evaluated and compared. The following
acronyms will be used to refer to the main studied methods:

NO_O_Opt_Alternativel: Combination of NOMA and OS, with the pairing
2 scheme and optimum waterfilling-based power allocation using alterna-
tive 1.

NO_O_Opt_Alternative2: Combination of NOMA and OS, with the pairing
2 scheme and optimum waterfilling-based power allocation using alterna-
tive 2.

NO_O_Weighted_Opt_rate_distance: Combination of NOMA and OS, with
the pairing 2 scheme and optimum weighted waterfilling-based power allo-
cation, where weights are based on distances to target rates of considered
users.

NO_O_Weighted_Opt_position: Combination of NOMA and OS, with the
pairing 2 scheme and optimum weighted waterfilling-based power alloca-
tion, where weights are based on the geographical position of users in the
cell.

NO_O_WF': Combination of NOMA and OS with pairing 2 and sub-optimum
waterfilling.

NO_O_EP: Combination of NOMA and OS with pairing 2 and a static inter-
subband power allocation scheme where power is equally divided among
subbands (followed by FTPA for intra-subband power distribution).

NO_O_rate_distance: Combination of NOMA and OS with pairing 2, the
power being allocated based on the actual achieved throughput, as was
described in Section 3.2.3.D.

NO_WF: This technique refers to the case when switching to OS (as de-
scribed in Section 3.2.4) is not allowed (i.e. ¥ = 0 in eq. (31)). In this
case, the allocation process is purely based on NOMA. Pairing 2 and sub-
optimum waterfilling are used.
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— O_WF: Only OS (classical OFDM) is applied and non-orthogonal cohabi-
tation is not allowed; sub-optimum waterfilling is used.

— Oc_rate_distance: Classical OFDM is applied, the power being allocated
based on the actual achieved throughput in the same way as it is done
in NO_O_rate_distance, except that cohabitation is not allowed (ks is not
present).

— OMA_WF: This technique corresponds to the case when OMA is used
instead of NOMA. Bandwidth is equally divided between paired users (y =
0.5). Waterfilling is applied as an inter-subband power allocation technique,
followed by an equal repartition of power between paired users within each
subband (as described in section 4).

In our simulation setup, K users are randomly positioned following a uni-
form distribution in a 10 km radius cell, with a maximum path loss difference
of 20 dB between users. K varies between 5 and 20. The system bandwidth
B is 100 MHz and the maximum number of available subbands S is 128. The
total transmit power of the BS is 1000 mW, and the requested data rate is set
to 5 Mbps for each user. The noise power spectral density is 4.10718 W /Hz.
The transmission medium is modeled by a frequency-selective Rayleigh fading
channel with a root mean square delay spread of 500 ns. Perfect knowledge of
the channel gains of all users (i.e. perfect CSI) by the BS is assumed in this
study.

5.2 Simulation results

Simulations were first performed to validate the choices of different design
parameters within our framework, in terms of user pairing, multi-user power
allocation, and adaptive switching to OS. Then, robustness of the proposed
system is evaluated in the context of communication in crowded areas.

First, we start by identifying the optimal values of the FTPA decay factor
« and of the adaptive switching to OS parameter +. Fig. 6 shows the obtained
spectral efficiency when NO_O_WF is evaluated for different « and ~ values
with K = 10 and the actual number of available subbands S4 is equal to 128
(S4=29).
Spectral efficiency is maximized for a = 0.5 and v = 0.5. Similar optimal
values were observed for different values of K and S4. Therefore, these values
of a and ~ are adopted in the remainder of the study.

Now, the impact of user pairing and intra-subband power allocation strate-
gies on system performance is evaluated, for S4 = 128. Fig. 7 shows the spec-
tral efficiency of NO_O_WF when FTPA and FPA are used. The effect of the
two pairing techniques presented in section 3.2.2 is also shown on the same
graph. We notice that the combination between FTPA and pairing 2 outper-
forms FPA for different values of 3, with a gain ranging from 16% when the
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Fig. 6 Spectral efficiency of NO_O_WF for different values of a and ~.

number of users is high, up to 40% when the number of users per cell is equal
to 5.This is due to the fact that FTPA allocates powers dynamically, by tak-
ing into account the encountered channel states by all users, whereas static
repartition within a subband may be inconvenient for some paired users. In
addition, the use of pairing 2, as implemented within the proposed allocation
technique, is a reasonable choice since the performance gain of NOMA com-
pared to orthogonal signaling increases with the difference in channel gains
between scheduled users [16]. Therefore, using pairing 2, together with FTPA,
shows the best performance.

In fact, when users having the largest possible gain difference within each
subband are paired together (pairing 2), the power difference between their
received signals should be large too thanks to the application of FTPA (see
eq. (19)). Therefore, the amount of inter-user interference experienced by user
ko (i.e. Psyklhi,€2 the term in the denominator of Ry 1,) is reduced, not only
due to the choice of user kg (by reducing h2, ) but also because the signal
power P, 1, of user k; is lowered.

Next, in order to identify the optimal value of 1 that should be used as a de-
sign parameter, we evaluate the spectral efficiency of NO_O_Weighted_Opt_rate_distance
for different values of 1, when the number of users per cell varies between 5
and 20, and for an actual number of available subbands equal to 128. In fact,
increasing 7 increases the amount of power attributed to the users that are far
from reaching their target, at the expense of decreasing the amount of power
allocated to the users whose data rates are close to the target.
Fig. 8 shows that the incidence of 7 on system performance is especially
significant when the number of users per cell is small, and that the spectral


cabdelno
Typewriter

cabdelno
Typewriter

cabdelno
Typewriter

cabdelno
Oval


24 Marie-Rita Hojeij et al.

3 T T
X ---2F-- FTPA (ce=0.5) with Pairing 2
FPA (B=0.3) with Pairing 2
2 54 —+— FPA (B=0.4) with Pairing 2
—H—FPA (B=0.5) with Pairing 2
: -+~ FTPA (2.=0.5) with Pairing 1

Spectral efficiency ( bps/Hz)

0_5 1 1
5 10 15 20
Number of users per cell

Fig. 7 Spectral efficiency of NO_O_WF for dynamic and fixed intra-subband power alloca-
tion schemes, and for different channel gain differences between paired users.
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Fig. 8 Spectral efficiency of NO_O_Weighted_Opt_rate_distance for different values of n
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efficiency is maximized when 1 = 1; therefore, this value is adopted in the
remainder of the study.

Now that the main system parameters have been chosen, the performance
gain of the different proposed techniques is investigated in the context of a
congested area for two different setups:

Case 1: The number of users per cell is equal to 10 and the actual number of
available subbands ranges from 16 to 128, with a fixed subband bandwidth at
100/128 MHz.

Case 2: The actual number of available subbands is 128 (S4 = S) and the
number of users per cell is varied between 5 and 20.

Fig. 9 compares the spectral efficiency of the simulated methods, for the two
simulation setups 1 (left) and 2 (right).

Let us first compare the four proposed allocation schemes NO_O_WF, NO_WF,
NO_O_EP, and O_WF. In both setup cases, NO_O_WF outperforms the other
3 simulated methods. This gain in spectral efficiency is due to several reasons:

— The reduction in the amount of used bandwidth due to non-orthogonal
cohabitation in the power domain makes NO_WF and NO_O_WF clearly
outperform O_WF; i.e., a smaller total number of subbands is needed to
achieve the data rate targets.

— The improvement in system capacity due to the waterfilling process helps
NO_WF and NO_O_WF outperform NO_EP. This capacity is expressed by

K
the total achieved throughput )~ > R, at the end of the allocation
k=1 seSy
process, which is also the sum of target data rates by all users in case of

success.

— The use of a dynamic adaptive switching to orthogonal-based system im-
proves NO_O_WF performance with respect to NO_WF.

For instance, with 32 available subbands, and for a number of users per cell
equal to 10, NO_O_WF has a spectral efficiency of 2.2 bps/Hz compared to
2.02, 1.85, and 1.5 bps/Hz with NO_WF, NO_EP, and O_WF, respectively.
When the number of available subbands decays, the advantages of NO_O_WF,
in terms of the achieved total data rate and the reduced amount of necessary
bandwidth, are maintained. For example, when this number drops to 16, the
observed spectral efficiency remains in favor of NO_O_WF and is respectively
2.9, 2.8, 2.7, and 2.4 bps/Hz for NO_O_WF, NO_WF, NO_EP, and O_WF.
This shows the efficiency of non-orthogonal signaling in congested areas.

The two proposed optimal techniques, NO_O_Opt_Alternativel and NO_O_Opt_Alternative2
show a significant improvement in the system performance with respect to the
sub-optimum technique NO_O_WF, especially when the second alternative is
applied, i.e., when negative values are replaced by zero followed by a power
re-distribution. This result is due to the fact that these two techniques allow



26

Marie-Rita Hojeij et al.

35

%
m

NC-O-Weighted-Optrate-distance
—+— NO-O-opt-Altermative?
—E— NO-O-opt-Alternative
- - & - - NO-O-WF
NO-WF
--E- NO-O-EP
—HB— NO-O-Weighted-Opt-pas ition
Cwrate-dis tance.
O-WF
—#— NC-Curate-distance

251

NC-O-W eighted-Opt-rate-distance

—+— NO-C-opt-Alternative2

—B8— NO-O-opt-Alternative

-- B - NO-O-WF
MOWE

--EF - NO-O-EP

—B— NC-C-W eighted-Opt-positicn
Orste-distance
OWF

—#— NC-C-rate-dis tance.

2]

o
Spectral Efficiency ( bps/Hz)

Spectral Eficiency ( bps/Hz)

05

=]

L L L L L L L 0

. . . .
20 W 4 N 60 70 0 0 100 110 120 5 10 15
Number of available subbands

Fig. 9 Spectral efficiency of the proposed methods in terms of number of available subbands
(left), and number of users per cell (right).

a joint inter and intra power distribution by resolving the optimization prob-
lem formulated in (11), rather than dividing the allocation process into two
separate inter and intra stages, as in NO_O_WF and NO_WF. By doing so,
the channel gains of all paired users are jointly taken into consideration when
distributing power between subbands, instead of considering only the channel
gain of the user with the highest gain in each subband.

When weights are introduced, the performance in the spectral efficiency of

Number of users per cell

NO_O_Weighted_Opt_rate_distance is improved with respect to NO_O_Opt_Alternativel

and NO_O_Opt_Alternative2. Taking into account the distance between the
actual throughput and the requested data rate for each user, in the power dis-
tribution, reveals to be more efficient that the non-weighted solutions, since
it allows giving more priority and thus more power to users that are far from
their requested data rates. At the same time, users weighted throughputs
are being maximized using the waterfilling process. The gain obtained with
NO_O_Weighted_Opt_rate_distance with respect to NO_O_Opt_Alternative2 is
observed for a low number of users and a high number of available subbands.
As for NO_O_Weighted _Opt_position, this method presents an important
loss in the average spectral efficiency, compared to NO_O_WF, due to the use
of geographical position as weight. This weighted version tends to give more
priority in the power allocation to cell-edge users. In fact, users being far from
the BS require a high level of power in order to reach their requested data
rates, since their channel gains on their allocated subbands generally tend to
be low.
In this case, increasing their priority will cause the remaining users to be given
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low levels of power; therefore, those users will need more subbands in order
to reach their requested data rates. At the same time, the amount of power
taken from the close users does not significantly increase the data rate of far
users (because of their low channel gains), leading to a decrease in the over-
all spectral efficiency. However, as will be shown later, the advantage of this
technique resides in a slightly increased cell-edge user throughput, compared
to the other allocation techniques.

On the other hand, when the power is directly distributed according to actual
rates of users, without maximizing the total achieved throughput as done in
NO_O_rate_distance, we fail to outperform O_WF. In NOMA, allocating power
to a user in a proportional way to the distance between its actual throughput
and its target data rate, without using the waterfilling principle, does not di-
rectly guarantee a maximization of the worst user throughput neither the total
user throughput. This is mainly due to the collocation principle: Suppose ki
is the least privileged user (the farthest from his target), at a certain stage of
the algorithm. Since its distance df,kl in eq. (29) is high, this user should get
a higher amount of power on its allocated subbands, compared to other users.
However, since the weight on any of its subbands also takes into consideration
the distance of the collocating user di,kz’ the amount of power attributed to
a certain subband of k1 will be lower than necessary if d2 ;. is low. This leads
to a power allocation far from being optimal. However, when applying this
allocation technique to OS (O_rate_distance), i.e. without user cohabitation,
this strategy shows to be of a great interest for classical OFDM, since it out-
performs the widely used waterfilling technique (O-WF). This is explained by
the fact that our target in this work is to allow users reach their requested
data rates, and not only to maximize the average throughput, which is com-
monly achieved by the waterfilling process. For classical OFDM, this target is
reached much more quickly (i.e. with a lower number of subcarriers) with a
power allocation proportional to rate distances, than with waterfilling.

Since our goal throughout this study is to allow users reach their requested

data rates, while maximizing the total achieved throughput, the proposed
techniques should also be compared based on their abilities to reach this goal.
When users reach their requested data rates, the success flag of the proposed
allocation technique is set to 1, otherwise, it is set to zero (fig. 1). For a high
number of conducted simulations, fig. 10 shows the average success probabil-
ity of the proposed techniques for different numbers of users per cell, and an
actual number of available subbands equal to 128.
Although the success rate decreases when the number of users per cell in-
creases, the proposed techniques based on NOMA greatly outperform O_WF
for a large numbers of users. For instance, starting from a number of users of
15, O_WF fails to provide a solution for the allocation problem, whereas the
other proposed techniques based on NOMA still succeed with a probability
between 23% (for K = 20) and 50% (for K = 15).

The cell-edge user throughput is an important fairness evaluator for the
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Fig. 10 Probability of success of the proposed methods in terms of the number of users per
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Fig. 11 Cell-edge user throughput as a function of the number of users per cell.

allocation process. Fig. 11 shows this metric as a function of the number of

users per cell, where the number of available subbands is fixed to 128.

The cell-edge user throughput when using NOMA is always higher than that of

orthogonal signaling. The gain can reach 21% approximately with NO_O_Weighted _Opt_position,
with respect to O_WEF. The proposed technique for power allocation based on

user position NO_O_Weighted _Opt_position shows the best performance. This

is due to the fact that the rates in the optimized sum-rate function are weighted

proportionally to the distance of users towards the BS. In this case, cell-edge

users are given a high level of power, in order to increase their chance to reach
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Fig. 12 Comparison of the spectral efficiency of NOMA and OMA for different channel
gain differences between paired users.

the requested data rates.

It should also be noted that, when the number of users per cell is limited,
waterfilling-based power allocation (especially NO_O_Weighted_Opt_position)
shows a slightly higher cell-edge user throughput compared to equal power
allocation. However, when the number of users per cell becomes large, the
success rate of all allocation strategies generally decreases (fig. 10). In such
conditions, adopting a uniform power allocation or allocating powers while
taking into consideration the geographical distribution of users yields simi-
lar cell-edge user throughput, which is higher than that of other allocation
techniques. This is due to the fact that non-weighted waterfilling-based algo-
rithms generally optimize the average throughput and may not give the best
fairness to the cell-edge user, especially for large values of K. Therefore, we
can conclude that when it comes to optimizing the cell-edge user throughput
in crowded areas, equal power repartition may perform as good as a weighted
optimized repartition, and better than a repartition that does not consider
geographical positions. Nevertheless, the proposed non-weighted approaches
still present important gains when compared to orthogonal signaling, not only
in terms of spectral efficiency, but also in the degree of fairness.

In order to compare the proposed allocation techniques based on NOMA
to the case where OMA is used within our allocation framework (Section 4),
fig. 12 shows the comparative results between NO_O_WF, O_-WF, and OMA_WF,
with the two pairing options described in Step 3 within Section 3.2.2.
NO_O_WF, with the two pairing options, shows significantly better perfor-
mance than both O_WF and OMA_WF. On the other hand, as opposed to
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NOMA, OMA_WF based on pairing 1 gives better performance than pair-
ing 2, because in OMA, there is no interference between users scheduled on
the same subband, since the collocation is done by dividing both power and
bandwidth. Therefore, the channel gain of the second collocating user does
not need to be minimized, with respect to the first user, as is done in NOMA.
Furthermore, it is shown that O_WF gives better performance that OMA_WF.
This is due to the fact that the total throughput achieved per subband, when
using OMA is often lower than when assigning the subband to the user with
the best channel gain on that subband. For instance, consider the practical
example given in [16], where two users were assumed per subband with user 1
a cell-interior user, and user 2 a cell-edge user, such that h? = 10h3. If power
and bandwidth are equally allocated among the two users using OMA, the
user rates are found in [16] as 3.33 bps and 0.50 bps, respectively for user 1
and user 2. On the other hand, using NOMA, when the power is allocated
as P, = P,/4, user rates are found to be 4.39 bps and 0.74 bps, for user 1
and user 2 respectively. In this case, NOMA provides higher sum rate than
OMA. However, what the authors did not consider in this example is the case
where the subband is allocated to only 1 user, for instance the user with the
highest channel gain on this subband. In such case, its achieved rate would be
equal to 6.66 bps, which is higher than 5.13 bps, the total rate achieved by the
two users when NOMA is used, and also higher than 3.83 bps, the total rate
achieved by the two users when OMA is used. In this case, orthogonal signal-
ing without subband division is the most appropriate solution. This explains
the superiority of O_WF on OMA_WF in our work, and also the importance
of integrating an adaptive switching from NOMA to orthogonal signaling in
the allocation technique, in order to account for such situations.

The power delivered by the base station is as critical to system perfor-
mance as system bandwidth. For this sake, we propose to study the influence
of increasing the total transmit power P, and decreasing system bandwidth
B. As an example, we take B = 50 MHz and P4, = 40 W ( 46 dBm). Fig. 13
shows the spectral efficiency for different numbers of users per cell and an
actual number of available subbands equal to 128. The proposed optimal al-
gorithms NO_O_Opt_Alternative2 and NO_O_Weighted _Opt_rate_distance still
show significantly better performance than sub-optimum techniques. Besides,
a higher gain in performance is noticed when compared to NO_O_EP and
O_WF, with respect to the case where B = 100 MHz and Py, = 1 W, espe-
cially for a high number of users.

In the aim of assessing the implementation feasibility of the different pro-
posed allocation techniques, we measured the computational load of the main
resource allocation methods to be integrated at the Base Station. At the down-
link receiver side, we estimated the average number of SIC procedures that
are needed for a user to recover its useful information. The second measure-
ment allows us to gain insight into the complexity increase, in mobile receivers,
with respect to a resource allocation based on classical orthogonal signaling.
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Fig. 13 Spectral Efficiency of the proposed methods in terms of the number of users per
cell for a higher amount of transmit power and a lower amount of bandwidth.

Measurements, reported in Table 1, were conducted using Matlab, run under
windows 8, on an intel core i3 CPU, for the case where K = 10 users and
S4 = 128 available subbands. The results in the second row correspond to the
average execution time of one simulation of the whole allocation process.

We can see that the additional complexity driven by NOMA, when applied
with a suboptimum waterfilling process, is affordable in comparison to NO_EP
and O_WF. However, when optimum power allocation is used, the computa-
tional load increases significantly, due to the use of the numerical solver. There-
fore, a compromise has to be made between the complexity and the accuracy
of the proposed techniques. Such a choice would depend on the requirements
of the application in use. However, it should be noted that the allocation algo-
rithms only need to be applied at the BS side, where sufficient hardware and
memory resources are supposed to be available to allow efficient and real-time
implementations.

When observing the results in the third row of Table 1, together with the
comparative results of fig. 9, we can say that the increase in complexity at the
base station allows a better allocation of spectral resources, and therefore a
reduction in the average number of subbands allocated to each user. This, in
turn, yields a significant decrease in complexity at the user terminal due to the
reduced number of executed SIC per user. For instance, the optimum weighted
waterfilling-based power allocation requires an average of 0.57 SIC per user,
compared to 0.62 or 0.65 SIC with the non-weighted optimum approaches, to
0.68 SIC when suboptimum waterfilling is applied, to 4.54 SIC when an equal
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Table 1 COMPLEXITY ANALYSIS OF THE SIMULATED METHODS

Simulated NO-O- NO-O- NO-O- NO-O- NO-O-WF NO-WF NO-O-EP O-WF
methods Weighted- Weighted- Opt- Opt-
Opt-rate- Opt- Alternativel | Alternative2
distance position
Execution 3858 3857 3570 3850 150 100 50 36
time  [ms]
at the base
station
Average 0.57 5.38 0.65 0.62 0.68 10.80 4.54 0
number of
SIC per
user at the
terminal
user

power inter-subband allocation is used, and to 10.80 SIC when suboptimum
waterfilling is applied without the dynamic switching to orthogonal signaling.

6 CONCLUSION

This paper introduces a new strategy for channel and power allocation un-
der a non-orthogonal multiple access scenario. It targets minimizing spectrum
usage while satisfying requested data rates by a set of users. Several design
issues are thoroughly investigated within the proposed approaches: the choice
of user pairing, optimal or suboptimum power allocation, fixed and adaptive
intra-subband power allocation, dynamic switching from NOMA to orthogonal
signaling, weighting strategies for the optimized sum-rate function, etc. Simu-
lation results show that the proposed framework allows a significant increase
in spectral efficiency and in the probability of success, especially when com-
pared to a system purely based on either orthogonal or non-orthogonal signal-
ing. Furthermore, a joint inter and intra subband power allocation obtained
by numerically solving an optimized allocation problem yields a substantial
gain in performance compared to the suboptimum solutions. In addition, sev-
eral previously published methods are compared with the proposed techniques
within our allocation framework, which proves the relevance of our approach.
Moreover, the adoption of appropriate weights in the optimized sum-rate met-
ric shows promising enhancements to either spectral efficiency, cell-edge user
throughput, or the necessary number of SIC per user. Such weighting strate-
gies can be used in several practical applications to allow different types of user
prioritization. The study conducted here with two users per subband can be
adapted to take into account a larger number of cohabiting users in each sub-
band. However, this would incur an important increase in complexity of mobile
receivers in downlink transmission because of the necessity to implement a re-
cursive SIC to cancel multiple user interference on allocated subbands [26].
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We are currently undergoing further research to include the case of imperfect
SIC within our framework and also to study the applicability of the proposed
approaches to the context of uplink transmission. Reducing the complexity of
the proposed optimal solutions for power allocation is also of a great interest,
in order to allow for viable real-time implementations.
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