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ABSTRACT Non-Orthogonal Multiple Access (NOMA) has emerged as a promising strategy for increasing
spectral efficiency in wireless multiuser communications. The performance of NOMA highly depends on
the users’ channel conditions, being enhanced when these are significantly different, i.e., one strong user and
one weak user. On the contrary, rate fairness is compromised when users present similar channel conditions
since the maximization of the sum capacity may result in the allocation of most resources to one user. In
general, this problem can be avoided with correct user grouping. However, there are scenarios, e.g., picocells
or femtocells, where finding users with distinctive channel conditions is not always possible. In this paper,
we study the application of beamforming in a two-user Multiple-Input-Single-Output (MISO) downlink
NOMA system to achieve rate fairness through channel shaping even when the conditions of both users
are similar. The proposed formulation includes the effect of Near-Field (NF) radiation, which yields an
accurate modeling of the problem at hand in a small-cell scenario. We use an optimization algorithm to
jointly calculate both the power allocation and the complex weights to be applied to the elements of a given
array. Numerical simulations across scenarios with distinctive or similar channel conditions show that the
proposed approach outperforms alternative NOMAmethods in ensuring rate fairness. Additionally, it yields
improved overall rates compared to Far-Field (FF) formulation-based modelling and beamforming Time
Division Multiple Access (TDMA) solutions.

INDEX TERMS Beamforming, multiple-input-single-output (MISO), near-field (NF), non-orthogonal
multiple access (NOMA), power allocation, rate fairness.

I. INTRODUCTION
Non-Orthogonal Multiple Access (NOMA) has emerged as a
crucial component for the present and future of fifth genera-
tion (5G) wireless mobile communications [1], mainly due
to its spectral efficiency [2] and performance in terms of
outage [3]. The key features of 5G are reduced latency, high
connectivity, and ultra-fast speed. However, as the number
of devices connected to the network grows exponentially,
simultaneous access and aggregate capacity become critical
challenges. To address these issues, Multiple Access (MA)
division strategies in time, Time Division Multiple Access
(TDMA), frequency (FDMA) and code (CDMA) can be
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supplemented with the NOMA power/code division. NOMA
combines Superposition Coding (SC) with Successive Inter-
ference Cancellation (SIC) to offer additional multiplexing in
an already occupied slot.

The performance of NOMA can be enhanced by incor-
porating spatial diversity in Multiple-Input Multiple-Output
(MIMO) systems [4]. Joint optimization of user power allo-
cation and beamforming is a challenging task that has been
studied recently [5], [6], [7], [8], [9], [10], [11], [12], [13].
Other challenges related to NOMA include imperfect SIC and
user grouping. Imperfect SIC degrades the system by caus-
ing error propagation and negatively affecting the obtained
rates [14]. User grouping (or pairing, for two users) studies
how to choose the users that apply NOMA in a network,
which significantly impacts its performance [12], [15], [16],
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[17], [18]. It has been shown that, in general, selected users
should have significantly different channel conditions [17].
This allows different levels of allocated power for each user,
which improves SIC without an impact on rate fairness
[19]. However, in scenarios with only two users and sim-
ilar channel conditions, such as in a picocell or femtocell,
optimizing the system sum rate can result in allocating most
resources to one user at the expense of the other [18]. In
such conditions, if all users are in the same Quality of Ser-
vice (QoS) category and rate fairness is essential, NOMA’s
performance may be inferior to that of other MA techniques.
Another challenge that arises in small-cell scenarios is that,
depending on the distances involved and the operating fre-
quency, the antenna might radiate in the Near-Field (NF)
[20], [21]. Consequently, incorporating this effect into the
problem formulation enhances the accuracy of the model and
the reliability of the solutions.

In this paper, we investigate the application of beam-
forming in a two-user Multiple-Input-Single-Output (MISO)
downlink NOMA system across various scenarios, showing
its ability to overcome the limitations of Single-Input Single-
Output (SISO) NOMA when both users have similar channel
conditions. We consider the typical NOMA case where the
user performing SIC has a significantly stronger channel,
as well as cases where both users have comparable channel
conditions, which may occur in 5G indoor settings. Our
formulation includes the effect of imperfect SIC, as proposed
in [14], and NF radiation.

The design of MIMO and MISO NOMA systems when
users have similar channel conditions has been considered
in the literature before. In [22], the authors investigate the
MIMO case in the context of small-packet transmission for
the Internet of Things (IoT). However, it is assumed that one
user has priority, and as a result, enjoys a higher Quality
of Service (QoS) compared to the other user. This leads
to solving the problem by selecting maximum beamform-
ing for the main user, while power allocation is left as a
degree of freedom to adjust the system. The same beam-
forming strategy is proposed in [23], where multicast-unicast
streaming is considered, i.e., the primary user is inter-
ested in both its private message and the multicast message
received by the secondary user. In contrast, a different sce-
nario is considered in this paper, where both users belong
to the same QoS category, i.e, their final rates are equally
important, and each user is only interested in its intended
message.

The main contributions of this paper can be summarized as
follows:

• We show that MISO beamforming adds an extra degree
of freedom through channel shaping and thus can solve
the problem of single-antenna NOMA where two users
have similar channel conditions. We include in our for-
mulation the effect of imperfect SIC and NF conditions.
To the best of our knowledge, there is no previous work
that considers the specific case of NF beamforming for
NOMA.

• In contrast to prior studies investigating NOMA under
similar channel conditions [22], [23], our research exam-
ines a different scenario in which both users fall under
the same QoS category and are solely focused on receiv-
ing their intended messages.

• In order to prove the value of our model, we con-
ducted performance evaluations where we show that
our approach outperforms other alternatives in the given
context.

• Additionally, to demonstrate the performance of MISO
NOMA in seemingly unfavorable scenarios and the
presence of non-idealities, we present a representative
comparison with beamforming TDMA. The numerical
experiments carried out in this work show that NOMA
outperforms TDMA when the interference cancellation
level is sufficiently high.

• Finally, our formulation of the problem considers spe-
cific antenna array features, defined by its geometry
and the radiation patterns of its elements, thereby
increasing its practical applicability in real-world situ-
ations. Besides, the proposed algorithm incorporates a
power allocation constraint as input that would ensure
correct SIC performance given a particular system
configuration.

While our formulation outlines the joint power allocation
and beamforming optimization problem, our research does
not primarily focus on identifying the best strategies to tackle
it. A representative example of this effort for a downlink
two-user scenario can be found in [6], where a non-convex
problem with non-linear constraints, similar to the one we
face, is transformed into a convex one under certain assump-
tions. However, our formulation exhibits notable differences,
as we incorporate imperfect SIC and NF conditions and
strive to ensure rate fairness in every scenario. We leave it
to future work to explore various optimization strategies that
could enhance the robustness and efficiency of the proposed
algorithm.

The rest of the paper is organized as follows. The system
model and problem formulation are described in Section II.
Section III describes the optimization problem and its upper
bounds. The performance evaluation through simulations of
the proposed method is presented in Section IV. Finally,
conclusions are drawn in Section V.
Notation: h, h and H denote a scalar, column vector and

matrix, respectively. (·)T and (·)H denote transpose and con-
jugate transpose (or hermitian), respectively. |·| denotes the
absolute value, ∥ · ∥ refers to the ℓ2-norm and E{·} to the
expected value. The real and imaginary parts of a com-
plex number, x, are denoted by ℜ(x) and ℑ(x), respectively.
A three-dimensional position vector in cartesian coordinates
is represented as r⃗ . In addition, dot product between two
arbitrary position vectors, r⃗1 and r⃗2, is noted as r⃗1 · r⃗2.

II. SYSTEM MODEL
A. SINGLE-INPUT-SINGLE-OUTPUT NOMA
Let us consider a basic downlink NOMA scenario with one
Base Station (BS), where only two users are assigned to a
group or cluster to perform NOMA [15], [16], [17], [18].
The scenario is represented in Fig. 1. Typically, the user
with a weaker channel is allocated a higher transmission
power [3], whereas the user with the stronger channel imple-
ments a SIC scheme at the receiver in order to recover its
data from the superimposed signal. We initially consider the
SISO case, denoting hi as the complex channel coefficient
between the BS and the i-th user, i = 1, 2; ni as the addi-
tive white Gaussian noise with zero mean and variance σ 2

ni ,
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FIGURE 1. Illustration of a NOMA downlink scenario with one Base
Station and two users.

ni ∼ CN
(
0, σ 2

ni

)
; and pi as the allocated power. We initially

assume |h1| > |h2| and consequently p2 > p1. The received
signal at each user yi after SIC is performed by user 1 can be
expressed as{

y1 =
√
p1h1x1 + β

√
p2h1x2 + n1

y2 =
√
p2h2x2 +

√
p1h2x1 + n2

(1)

where xi is the transmitted symbol to the i-th user, E{|x1|2} =

E{|x2|2} = 1; and β, 0 ≤ β ≤ 1, is the interference can-
cellation factor, accounting for a potentially imperfect SIC,
β = 0 corresponding to perfect cancellation and β = 1 to
fully incorrect cancellation [14]. Considering the transmis-
sion of Proper Gaussian Signals (PGS) [24], we have the
well-known expression of the capacity for each user, adding
the imperfect SIC term for user 1 [14]:

R1 = log2

(
1 +

p1 |h1|2

σ 2
n1 + β2p2 |h1|2

)

R2 = log2

(
1 +

p2 |h2|2

σ 2
n2 + p1 |h2|2

)
.

(2)

Note that (2) refers to the channel capacity for users 1 and
2 that, under the considered scenario, equals the rate achieved
by each one, which explains the notation Ri.
Since user 1 performs SIC, it has to first decode the mes-

sage intended for user 2, x2. As stated in [3], there is an
implicit condition of R(2)1 > R2, where R

(2)
1 denotes the rate

of user 1 to decode the message intended for user 2 and can
be expressed as [5]

R(2)1 = log2

(
1 +

p2 |h1|2

σ 2
n1 + p1 |h1|2

)
. (3)

Nonetheless, the condition of R(2)1 > R2 does not guarantee
perfect SIC; it merely indicates that it must occur at user 1.
While it is true that SIC performance, measured in terms
of β, is generally improved with the increase of R(2)1 , it is also
influenced by the system setting and realization [25].

Additionally, when considering SIC there are some bound-
aries for the power allocation depending on the modulation
used by both users as studied in [26] and [27], which imposes

a minimum ratio of p2
p1
. Considering p2 = ap1, where we

denote a as the power allocation factor, this constraint can be
expressed as p2

p1
≥ amin ≥ 1.

A higher value of p2
p1

has three impacts: firstly, it ensures
the constraint of p2

p1
≥ amin is met; secondly, it augments

R(2)1 , thereby improving SIC performance; and finally, it also
enhances R2, which can be inferred from equation (2). In
the interference-limited case, these rates that we denote as
Ri.l.2 and R(2)i.l.1, where p1 |h2|2 ≫ σ 2

n2 and p1 |h1|2 ≫ σ 2
n1

respectively, are given by

Ri.l.2 ≈ R(2)i.l.1 ≈ log2

(
1 +

p2
p1

)
= log2 (1 + a) (4)

where the Signal-to-Interference plus Noise Ratio (SINR) in
both terms is approximated by p2

p1
= a.

Although power allocation is controlled, its conditions are
preceded by the assumption of |h1| > |h2|, which is often
considered without loss of generality [6], as long as user
allocation for NOMA is performed properly [12], [15], [16],
[17], [18]. Nevertheless, there are some scenarios where it can
be compromised, e.g., cells with few users and time-variant
channels where it is not trivial to order them according to
their channel conditions. A more specific example is a cluster
with only two users where |h1| ≈ |h2|. In that scenario, and
continuing with the assumption that SIC is implemented at
user 1, it remains essential to uphold the condition p2

p1
≥

amin ≥ 1 to ensure effective SIC performance. However,
a high ratio of p2

p1
translates into an uneven rate split in

favor of user 2 since it is allocated higher power even under
similar channel conditions. Consequently, rate fairness is not
achieved. For example, let us set p1 = 1 mW, p2 = 10 mW,
h1 = h2 = 1, σ 2

n1,2 = 1 mW, and β = 0. According
to (2) the resulting capacities would be R1 = 1 bps/Hz
and R2 = 2.58 bps/Hz being R2 much greater even when
assuming perfect SIC. From now on, we will continue to
denote user 1 as the one that is performing SIC as expressed
in (1) and (2) while considering the scenario where |h1| ≈

|h2| (Section IV).

B. NOMA WITH BEAMFORMING IN NEAR-FIELD
The combination of NOMA and beamforming provides an
extra degree of freedom to deal with channel constraints.
Let us now consider the MISO case when the BS has an
array of N different antennas that are used for controlling
its radiation pattern through beamforming. This means that
the same signal is transmitted by the N antennas except for a
complex weight factor. The rate expressions after SIC can be
now written as

R1 = log2

(
1 +

p1g1
σ 2
n1 + β2p2g1

)

R2 = log2

(
1 +

p2g2
σ 2
n2 + p1g2

) (5)

where gi the effective gain of the array, which includes chan-
nel propagation losses and beamforming gain at the position
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of the i-th user,

gi =

∣∣∣∣∣
N∑
n=1

wnhi,n

∣∣∣∣∣
2

=

∣∣∣wThi
∣∣∣2 (6)

where the vector w contains the weights, wn ∈ C, each
applied to the n-th element of the array, and hi is the vector
containing the complex channel coefficients between each
element of the array and the i-th user, hi,n. Assuming free
space conditions, NF formulation for the array, but a dis-
tance far enough between the BS and the users to consider
each individual element of the array in the Far-Field (FF)
region [28], we have [29]:

hi,n =
λ
√
fi,n(r⃗i, r⃗ ′

n)e
−jk∥r⃗i−r⃗ ′

n∥

4π∥r⃗i − r⃗ ′
n∥

(7)

where r⃗i is the position vector of the i-th user, and r⃗ ′
n is the

position vector of the n-th element of the array. The wave
number is denoted as k = 2π/λ, being λ the wavelength.
Finally, fi,n(r⃗i, r⃗ ′

n) is the product of the transmit and receive
antenna field radiation patterns between the n-th element of
the array and the i-th user. More complex models of the
antenna array radiation can be included in this formulation
by modifying (7), e.g., coupling effects between the elements
in the antenna array as long as the coupling matrix, M [30],
is well-characterized, substituting hi by si = Mhi.
Note that the general NOMA condition of |h1| > |h2| is

transformed into g1 > g2, and all the expressions derived
in Section II-A remain valid substituting |hi|2 by gi. The
approach presented in this section gives an extra degree of
freedom compared to SISO NOMA since in the MISO case
it is possible to modify g1 and g2 through the array weight
vector w.
Let us now compare NF versus FF formulation. Denoting

D as the largest dimension of the array, and d as the distance
between its center and a given point in the space, the reactive
NF region outer boundary is commonly taken as dRNF <

0.62
√
(D3/λ) [31] and the outer boundary for the NF region

is dNF < 2D2/λ. The FF region is found for d > dNF,
where it is considered that the angular field distribution is not
dependent upon the distance from the antenna, approximating
the distance terms in (7) by ∥r⃗i− r⃗ ′

n∥ ≈ ∥r⃗i∥ in the amplitude,
and ∥r⃗i − r⃗ ′

n∥ ≈ ∥r⃗i∥ − r⃗ ′
n · r̂i in the phase, being r̂i =

r⃗i
∥r⃗i∥

,
which yields

hi,n,FF ≈
λ
√
fi,n(r⃗i, r⃗ ′

n)e
−jk(∥r⃗i∥−r⃗ ′

n·r̂i)

4π∥r⃗i∥
. (8)

In Section IV, we show how the proposed NF formulation
improves the resulting rates compared with the FF approx-
imation when d < dNF. Lastly, the effective gain can be
expressed as the product of two terms:

gi = gi,BF gi,NB (9)

where gi,BF is the beamforming gain and gi,NB is the effective
gain in the non-beamforming (or SISO) case, in which a
single antenna at the center of the array transmits all the
power. The effective gain at the position of i-th user for the
single antenna case, gi,BF = 1, may be just expressed as:
gi = gi,NB = |hi|2. In that case, the term |hi|2 incorporates

the antenna gain in the direction of the i-th user as a part of the
channel propagation losses. This aspect is similarly included
for each element of the array in hi,n in equation (7) by the term
fi,n(r⃗i, r⃗ ′

n). In this manner, by examining gi,BF, we can assess
the impact of beamforming on channel capacity and more
effectively demonstrate the proposed technique’s capability
to concentrate the radiated power from the BS at the users’
locations compared with the SISO case (Section IV).

III. OPTIMIZATION PROBLEM
A. PROBLEM DESCRIPTION
Given a scenario characterized by N , h1, h2, σ 2

n1 , σ 2
n2 and

β, it is possible to find the optimum set of weights, wopt,
and power allocation factor, aopt, which jointly maximize a
goal function of R1 and R2, which, from now on, we will
denote as R. Power allocation by itself introduces a degree
of freedom, but it is subject to certain limitations. Firstly,
as explained in Section II-A, the condition p2

p1
≥ amin ≥

1 must be met to ensure SIC performance, with amin depend-
ing on the system realization and chosenmodulation. Second,
the power budget imposes that p1+p2 = pmax. For the beam-
forming scenario this constraint translates to (p1+p2)∥w∥

2
=

pmax. For the sake of simplicity, we adopt the assumption of
∥w∥

2
= 1, which yields:

p1 =
pmax

1 + a
=
p2
a

. (10)

An upper bound for a, amax, can be defined as the power
allocation factor that yields the minimum power for user 1.
We propose an expression for its calculation in Section III-B.
In addition, there is a constraint related to the maximum
input power for each element of the array, that is (p1 + p2)
|wn|2 ≤ pn,max.
To achieve rate fairness, we adopt the strategy of maxi-

mizing the geometric mean of the capacities, R =
√
R1R2,

which is equivalent to maximizing the product of both rates
as proposed in [5]. Consequently, the joint power allocation
and beamforming optimization problem can be described as:

max
a,w

R =

√
R1R2

s.t. amin ≤ a ≤ amax

∥w∥
2

≤ 1

pmax |wn|2 ≤ pn,max (11)

which yields a non-convex optimization problem with non-
linear constraints, where each constraint can be expressed
as an inequality. Defining a vector x of 2N + 1 real vari-
ables that contain both real and imaginary parts of w,
as well as the power allocation factor a, x = [ℜ(w), ℑ(w), a ],
the optimization problem can be rewritten using Lagrange
multipliers [32] as:

L(x, λ) = R(x) −

N+3∑
i=1

λici(x) = R(x) − λc(x) (12)

where λ is the vector containing the λi Lagrange multipliers
corresponding to the N + 3 inequality constraints expressed
in c(x), each ci(x) ≤ 0. Noting that information about w
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corresponds to the first 2N elements of x, while a is at the
(2N + 1)-th position, each constraint can be defined as:

cn(xn, xn+N ) = pmax |wn|2 − pn,max

n = 1, 2, · · ·N

cN+1(x1, x2, · · · x2N ) = ∥w∥
2
− 1

cN+2(x2N+1) = amin−a
cN+3(x2N+1) = a− amax. (13)

where |wn|2 = x2n + x2n+N , ∥w∥
2

=
∑2N

n=1 x
2
n and

a = x2N+1.
The restructured optimization problem can be tack-

led using the Sequential Quadratic Programming (SQP)
algorithm [33], which seeks to fulfill the Karush-Kuhn-
Tucker (KKT) conditions at every step of the process. We
leave as future work a more in-depth study of the optimiza-
tion problem that increases its robustness and efficiency,
e.g., by discomposing it in smaller problems that can be con-
verted to convex. Examples of similar studies can be found in
[5], [6], [7], [8], [9], [10], [11], [12], and [13].

B. UPPER BOUNDS
A more careful analysis of the problem conditions allows us
to define some upper bounds for the maximum capacities. It
should be noted that the highest possible value of gi for the
i-th user is given by the solution of the MISO beamforming
problem [34]. Consequently, the upper bound for gi, gimax,

is obtained when wT
=

hHi
∥hi∥

, yielding gimax = ∥hi∥2

which maintains the constraint of ∥w∥
2

= 1. It is clear that
simultaneously obtaining g1max and g2max is only possible
in very specific scenarios. For any given power allocation
factor, these values define an upper bound for both effective
gains. Since both capacity expressions, R1(g1) and R2(g2)
are strictly increasing, this analysis also yields the values
of R1max and R2max, which represent the upper bound for
R1 and R2.
Having established the upper bound for g1, it is possible to

select criteria for defining the maximum value of the power
allocation factor, amax. This value results in the minimum
power for user 1 as stated in (10), which we denote as p1min.
We establish this bound for the scenario in which, even
with perfect cancellation (β = 0) and g1max, the SINR for
R1 equals 1. That is, according to (5) and (10),

p1ming1max
σ 2
n1

= 1,

which yields amax =
pmaxg1max

σ 2
n1

− 1. Other criteria could also

be considered for this purpose.

IV. PERFORMANCE EVALUATION
In this section, we present simulated results for a square pla-
nar antenna array that consists of 12× 12 isotropic elements,
N = 144. The array is arranged on the XY plane, with
its center located at the origin r⃗ = (0, 0, 0). The distance
between the centers of the elements is set to 0.63λ. Two
different scenarios are considered: one in which the channel
for user 1 is significantly stronger than for user 2, as it is typ-
ical for NOMA, and another in which both users experience
similar channel conditions. Although most results depend on
λ and can be applied to any frequency, we provide a specific
example using the 2.4 GHz band, where λ = 0.125 m.

Considering the distances defined in Section II-B (D, dRNF
and dNF ) and 2.4 GHz as working frequency, we get that the
largest dimension of the antenna array, D, is approximated
by D ≈ 0.63 × 11λ ≈ 0.87 m; the reactive NF region is
dRNF < 0.62

√
(D3/λ) ≈ 11.31λ ≈ 1.41 m; and dNF <

2D2/λ ≈ 96.05λ ≈ 12 m at the chosen frequency.
We assume default power levels suitable for the selected

use case: pmax = 0 dBm, pn,max = 3 pmax
N =

pmax
48 ≈

−16.81 dBm, σ 2
1 = σ 2

2 = −70 dBm. The term pn,max =

3 pmax
N implies that each array element can receive three

times more power than if the power was equally distributed.
Regarding SIC, we set amin = 100, which ensures that p2p1 ≥

20 dB. By default, we consider β = 10−2
= 0.01, but we also

examine other values for the interference cancellation factor
(Section IV-C).

We use (7) to calculate the channel vector components
of h1 and h2, where fi,n = 1 since we consider isotropic
elements. For the joint optimization of the weights, wopt,
and the power allocation factor, aopt, we employ the SQP
[33] algorithm implemented in Matlab Optimization Tool-
box.1 We set as initial values a0 = amin = 100 and
wT
0 =

hH1
∥h1∥

, which yields the upper bound of g1max

(Section III-B). All simulations converged in fewer than
100 iterations.

A. DIFFERENT CHANNEL CONDITIONS
In the first case, scenario #1, the locations of user 1 and user 2,
r⃗i = (xi, yi, zi)λ, have been considered to be r⃗1 = (8, 0, 16)λ
and r⃗2 = (−40, 0, 72)λ, respectively. For the presented use
case at 2.4 GHz, these positions translate into r⃗1 = (1, 0, 2)
m and r⃗2 = (−5, 0, 9) m. Note that both users are in the
antenna array NF region since their distance to the BS is less
than 12 m. The norms of the corresponding channel vectors
are ∥h1∥ = 5.29e−2 and ∥h2∥ = 1.16e−2. The beamforming
gain, denoted as gi,BF, is depicted in Fig. 2. This gain value is
derived from equation (9) and represents the result after opti-
mization in both XZ and YZ planes. Upon examining Fig. 2,
it becomes clear that the optimization process enhances the
beamforming gain specifically around both users. Table 1
presents the obtained values, where R =

√
R1R2 is the

geometric mean of both rates.
The proposed method is evaluated against two alterna-

tive approaches: maximizing the sum (or arithmetic mean)
of the rates, by also optimizing both power allocation and
beamforming (denoted as S. Max. in Table 1); and selecting
maximum beamforming on user 1 while only optimizing
power allocation as suggested in [22] and [23], (denoted as
BF 1). In the latter case, the goal function also consists of
the geometric mean of rates. Note that in this scenario where
channel conditions are significantly different, maximizing
the sum rate yields similar results to the product rate. How-
ever, when beamforming is focused on user 1, it marginally
enhances its rate but significantly impairs user 2’s rate, con-
sequently diminishing the product rate. In every case, the
power allocation factor converged to its lowest allowed value;
aopt = amin = 100. Although decreasing the value of a could
potentially improve the objective function, it is assumed that

1https://www.mathworks.com/products/optimization.html (accessed
Jan. 31, 2023)
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a = 100 represents the minimum value that ensures SIC
performance. As discussed in Section II-A, this threshold
is dependent on the specific system realization and selected
modulation, and it is an input parameter for the optimization
process.

FIGURE 2. Beamforming gain (dB) for scenario #1. (a) XZ plane, (b) YZ
plane. User 1 and user 2 are represented by green and red diamonds,
respectively.

TABLE 1. User rates, Ri (bps/Hz); goal rate, R (bps/Hz); effective gains,
gi ; and optimized power allocation factor, aopt, in scenario #1. Three
approaches are presented: the proposed method (Prop.), the
maximization of the sum rate (S. Max.), and maximum beamforming
on user 1 (BF 1).

Let us now evaluate the impact of the effective gain on
the resulting capacity. Fig. 3 shows the obtained rate as a
function of the effective gain for the chosen power allocation

FIGURE 3. Rate as a function of the effective gain in scenario #1.
(a) user 1, (b) user 2. Four points are highlighted: non-beamforming,
where a single isotropic element at the origin, r⃗ = (0, 0, 0), transmits all
the power, (giNB, RiNB); the obtained effective gain using the proposed
method, (gi , Ri ); the effective gain obtained not considering NF
conditions in the formulation, (giFF, RiFF); and the upper bound case,
(gimax, Rimax).

factor aopt = 100, according to (5) and (10). Four points
are highlighted: non-beamforming, where a single isotropic
element at the origin, r⃗ = (0, 0, 0), transmits all the power,
(giNB,RiNB); the obtained effective gain using the proposed
method, (gi,Ri); the effective gain obtained not considering
NF conditions in the formulation, (giFF,RiFF); and the upper
bound case, (gimax,Rimax). Since we are maximizing the
product of both rates, the capacity for user 2, R2, is similar to
R1, despite having a considerably weaker channel. Moreover,
the NF model improves the goal capacity, R, achieved by a
formulation based on the FF approximation, R

RFF
= 1.114,

primarily due to the increase in the rate of user 1, with R1
R1FF

=

1.112, and R2
R2FF

= 1.001.
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FIGURE 4. Beamforming gain (dB) for scenario #2. (a) XZ plane, (b) YZ
plane. User 1 and user 2 are represented by green and red diamonds,
respectively.

TABLE 2. User rates, Ri (bps/Hz); goal rate, R (bps/Hz); effective gains,
gi ; and optimized power allocation factor, aopt, in scenario #2. Three
approaches are presented: the proposed method (Prop.), the
maximization of the sum rate (S. Max.), and maximum beamforming on
user 1 (BF 1).

B. SIMILAR CHANNEL CONDITIONS
We now consider a case (scenario #2) where ∥h1∥ ≈ ∥h2∥,
illustrating how applying beamforming the performance of
NOMA is not affected despite keeping the amin constraint.
The assigned locations are now r⃗1 = (16, 0, 32)λ and r⃗2 =

(−12, 0, 40)λ, or r⃗1 = (2, 0, 4) m and r⃗2 = (−1.5, 0, 5) m at
2.4 GHz, which yields ∥h1∥ = 2.66e−3 and ∥h2∥ = 2.28e−3.
As in scenario #1, both users are in the antenna array NF
region.

FIGURE 5. Rate as a function of the effective gain in scenario #2.
(a) user 1, (b) user 2. Four points are highlighted: non-beamforming,
where a single isotropic element at the origin, r⃗ = (0, 0, 0), transmits all
the power, (giNB, RiNB); the obtained effective gain using the proposed
method, (gi , Ri ); the effective gain obtained not considering NF
conditions in the formulation, (giFF, RiFF); and the upper bound case,
(gimax, Rimax).

Table 2 summarizes the obtained results for the differ-
ent approaches. When compared to scenario #1 (Table 1),
interesting effects can be observed. Firstly, note that for the
proposed method, the power allocation factor converges to
aopt = amin, which implies that the power allocated to
user 2 is 100 times higher, with p2 = 100 p1. However,
the beamforming optimization results in g1 = 7.7g2, which
limits the difference betweenR1 andR2, maintaining rate fair-
ness. When compared to the alternative approaches already
presented for scenario #1, maximum beamforming on user 1
yields a much better result in terms of rate fairness in this
case, but the slight improvement in terms of R1 compared
to the proposed solution does not compensate for the degra-
dation in R2. Regarding the strategy of maximizing the sum
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FIGURE 6. Beamforming gain (dB) for scenario #2 and TDMA. (a) XZ
plane, (b) YZ plane. User 1 and user 2 are represented by green and red
diamonds, respectively.

rate, most resources in terms of power and beamforming are
allocated to one user at the expense of the other, as anticipated
in Section II-A, and power allocation converges to amax.
Fig. 4 shows the resulting beamforming gain. Compared

with scenario #1 (Fig. 2), the optimization focuses more on
user 1 to compensate for the power allocation disparity under
similar channel conditions. Fig. 5 represents the obtained
rate as a function of effective gain for both users. It can be
appreciated that because of the power allocation and SIC,
R1 benefits more from a higher beam factor than R2, which
is limited by interference. Consequently, the optimization
algorithm brings g1 closer to g1max,

g1max
g1

= 1.115, than g2 to
g2max,

g2max
g2

= 6.289. Similarly, in the case of beamforming
not being applied, the impact is significantly stronger on
user 1 than on user 2 since the former compensates a lower
effective gain with the greater allocated power, being R1

R1NB
=

10.526, and R2
R2NB

= 1.355. Comparison between NF and FF
models for this case yields R

RFF
= 1.048, with R1

R1FF
= 1.041,

and R2
R2FF

= 1.006, justifying again the use of NF formulation

for this scenario.

FIGURE 7. Rate as a function of the effective gain in scenario #2 for
different values of β. (a) user 1, (b) user 2.

C. COMPARISON WITH TDMA
No matter the channel conditions, a measure for evaluating
the performance of NOMA is to compare it against another
MA strategy. We compare the proposed approach with the
obtained results using TDMA [35] for the same problem. To
make a fair comparison, we also applied beamforming for the
TDMA case and the same optimization algorithm (without
power allocation) to find the optimal weights that maximize
the product rate. In TDMA, only one user is served at a time
with all available power, pmax . The resulting capacity rate for
the i-th user, RiTDMA , can be expressed as

RiTDMA = log2

(
1 +

pmaxgi
σ 2
ni

)
αi (14)

where gi denotes the effective gain of the array as expressed
in (6); and αi the timeslot allocation factor for the i-th user,
or the time fraction during which user is served. Assuming
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instantaneous multiplex α1+α2 = 1. For the sake of compar-
ison, we consider α1 = α2 = 0.5. Fig. 6 shows the resulting
beamforming gain that TDMA adopts in scenario #2. Com-
pared with Fig. 4, beamforming results in a lower gain for
user 1, since there is no need to compensate for the differences
in the allocated power.

Table 3 and Table 4 represent the results for scenario #1 and
scenario #2, respectively. Results show that NOMA outper-
forms TDMA in terms of the product rate when β ≤ 10−2.
For β = 10−2, NOMA is better in scenario #1, and both
strategies yield similar results in scenario #2. In the case
of β = 10−1, user 1 is severely limited by imperfect SIC,
and the optimization algorithm focuses on maintaining the
capacity for user #2. This confirms that NOMA performance
is highly dependent on the cancellation factor.

An interesting effect is that, although R always decreases
when β increases, sometimes there is a marginal improve-
ment in R2 at the expense of R1 (see Table 4). User 1 is more
limited by interference with higher values of β, which makes
the optimization algorithm spend fewer resources on yielding
a high value for g1. Fig. 7 shows the rate as a function of the
beam factor in scenario #2 for different values of β. Note that
the rate of user 2 is slightly affectedwhenβ changes, although
it is not included in R2 as expressed in (5). This is because the
optimization algorithm yields different values of the allocated
power, p2, and effective gain, g2, depending on the scenario.

TABLE 3. Comparison between NOMA and TDMA obtained rates,
in bps/Hz, for scenario #1.

TABLE 4. Comparison between NOMA and TDMA obtained rates,
in bps/Hz, for scenario #2.

V. CONCLUSION
In this paper, we have studied the application of beamforming
in a two-user MISO downlink NOMA system, taking into
account the effect of imperfect SIC and showing how our
solution can overcome the limitation of SISO NOMA in
terms of rate fairness when the channels to both users are
similar. Furthermore, we use an antenna model that considers
NF radiation. NF conditions can be found in picocells or
femtocells depending on the antenna and frequency, which
in this paper is exemplified with a use case.

We initially derived the problem formulation and identified
the challenge in NOMA of achieving similar rates for users
with similar channel conditions. The joint optimization of
the power allocation and the weights of the array yields

a non-convex problem with non-linear constraints that we
have solved using the SQP algorithm. The proposed model
directly yields the complex weights to configure a specific
array characterized by its geometry and the radiation pattern
of its elements, which highly enhances its applicability in a
real-life use case. In order to enhance rate fairness, we have
maximized the geometric mean of the rates, which avoids the
typical effect of an overall high rate due to an uneven split of
resources in favour of one user at the expense of the other.

We have simulated a typical NOMA scenario, where the
user performing SIC has a stronger channel and another one
with similar channel conditions for both users. Results show
that both users benefit from beamforming and obtain similar
rates in every case. Furthermore, the proposed method has
demonstrated better performance compared to two alternative
approaches: one that maximizes the sum rate, and another that
yields maximum beamforming to the user that is allocated
less power. Finally, a comparison with beamforming TDMA
shows that, given a sufficient level of interference cancella-
tion, beamforming NOMA can yield higher rates in a MISO
case even when aiming for rate fairness, similar channel
conditions, and keeping the power allocation constraints that
ensure SIC performance.
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