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Abstract—The application of non-orthogonal multiple access
(NOMA) to downlink multi-user multiple-input single-output
systems involves the design of a beamforming strategy in which
the spatial dimension provided by each beam is shared among
several users performing NOMA. This approach requires the
management of both inter-cluster and intra-cluster interference.
Moreover, the beamforming design is subject to instantaneous
knowledge of the channel state information at the transmitter
(CSIT). We propose a novel transmission scheme that combines
blind interference alignment and NOMA. The proposed scheme
fully cancels the inter-cluster interference for all users without the
need for instantaneous CSIT, which is limited to the knowledge
of the large scale effects of the channel in order to implement
NOMA within each cluster. Considering user pairing, i.e., each
cluster is composed of two users, we derive a method for de-
termining the NOMA power coefficients that maximize the sum-
rate, the user fairness or satisfy first the rate of a specific user by
simply solving a polynomial function. Furthermore, we propose
an alternative methodology based on some approximations in
order to provide sub-optimal closed-form expressions of these
NOMA power coefficients. Simulation results show that the
proposed scheme outperforms conventional MISO-NOMA taking
into consideration the costs of providing CSIT.

Index Terms—Non Orthogonal Multiple Access, Blind Inter-
ference Alignment, Degrees of Freedom, Multiple-User Multiple-
Input Single-Output, Channel State Information.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) has received sig-
nificant attention as a means of serving a large number of
users with diverse data rate requirements by transmitting to
more than one user in the same time, frequency or code [1].
In this sense, it is considered a candidate technique in the
evolution of future wireless communications [2]. In this work,
we focus on power-domain NOMA. In such a way, the
transmitted symbols are superposed at the same time and
frequency, each associated to a power coefficient. Thus, by
either performing successive interference cancellation (SIC)
or treating the interference caused by transmission to other
users as noise, both the spectral efficiency and the number
of users served satisfactorily can be increased. In this sense,
determining the power allocation coefficients for NOMA is
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subject to several criteria such as maximizing the sum-rate
subject to a quality-of-service (QoS) per user or improving the
fairness. In [3], a survey of common myths and misunderstands
of NOMA is presented.

For the multi-user single-input single-output channel (MU-
SISO), it is demonstrated in [4] that NOMA outperforms
the achievable rate of orthogonal multiple access (OMA)
techniques such as time division multiple access. At this
point, it is necessary to remark that NOMA requires to order
the users according to their channel gain and determine the
power allocated to each user. In [5], [6], it is shown that
the performance of NOMA improves as the difference of the
channel gain between a pair of users increases. In this context,
an algorithm referred to as next-largest-difference user pairing
(NLUPA) is proposed to pair the user with worst channel gain
with the user of highest channel gain, the second user of lowest
channel gain with the second best user and so on. A pairing
approach referred to as divide-and-NLUPA is proposed in [7]
to guarantee a minimum user-rate in each cluster composed of
a pair of users. Since the users are characterized by a single
channel gain for the MU-SISO channel, determining the order
and the power allocation coefficients results naturally.

Multiple-input multiple-output (MIMO) schemes provide
additional Degrees of Freedom (DoF), which can improve
the performance of NOMA [8]. Denoting the rate of user kt,
kt = {1, . . . ,KT } as R[kt] the sum-DoF is defined as

DoF = lim
P→∞

R[1] + · · ·+R[K]

log(P )
, (1)

which results equivalent to the number of simultaneous data
streams transmitted free of interference, i.e., the multiplexing
gain. However, NOMA is based on transmitting multiple
data streams sharing the same spatial dimension, i.e., a DoF.
Therefore, these data streams are subject to certain level of
interference. As a consequence, both concepts DoF and num-
ber of data streams simultaneously transmitted are related in
MIMO systems when applying NOMA. For MIMO systems,
the implementation of NOMA is analyzed in [9] considering
the effects of user pairing and power allocation. In [10], the
capacity of MIMO-NOMA schemes is analyzed assuming a
clustering strategy while performing NOMA in each cluster. It
is interesting to remark that these works assume that the users
are equipped with a number of receiving antennas equal or
larger than the transmitting base station (BS). Then, consider-
ing downlink transmission, the interference can be canceled at
the receiver side. If this condition is not satisfied, beamforming
transmission is considered so that each beam corresponds to a
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cluster in which several users perform NOMA [11]. Therefore,
channel state information is required at both transmitter (CSIT)
and receiver (CSIR) sides in most of MIMO scenarios, which
involves a considerable use of the network resources [12]. In
this context, in [13], the impact of imperfect CSI for MIMO-
NOMA systems is analyzed.

For multi-user multiple-input single-output (MU-MISO)
systems, the users are organized in clusters in which a
single beamforming vector is assigned to all users of the
cluster while managing the intra-cluster interference through
NOMA [8], [14]. In [15], the beamforming vectors are de-
termined considering only the user with best channel gain in
each cluster. Therefore, all other users, which are not taken
into consideration for the calculation of the beamforming,
are subject to inter-cluster interference. This approach is
proposed in [16] analyzing the use of zero forcing (ZF) and
regularized zero forcing (RZF) beamforming [17]. Assuming
normalized beamforming vectors, in [16], the authors propose
an optimization problem to obtain the NOMA power allocation
coefficients that maximize the sum-rate of each cluster. It
should be noticed that determining the beamforming vectors
for managing the intra and inter-cluster interference is not
straightforward and typically leads to complex optimization
problems. In [18], the authors propose the concept of quasi-
degradation for minimizing the power consumption in MISO-
NOMA systems. Interestingly, it is shown that MISO-NOMA
achieves capacity when the channels of the users are quasi-
degraded. In [19], the authors propose the rate fairness as
a criterion to determine the beamforming vectors. Focussing
on mmWaves, the power allocation coefficients that maximize
the sum-rate subject to a minimal rate constraint per user are
derived in [20]. It is shown that this optimization problem is
non-convex. Specifically, the authors propose a solution based
on decomposing the main problem into two sub-problems;
maximizing the sum-rate given by the channel gain associated
to each beam and determining the beams that maximize the
modulus of the beamforming vectors. Considering a multi-user
scenario, in [21], the optimization of the sum-rate assuming
several clusters of distinct number of users each is considered
for mmWaves. It is worthy to notice that CSIT knowledge is
required in these schemes, while on the other hand, the inter-
cluster interference is not completely avoided for all users.

Focussing on the MISO systems, an interesting scheme
referred to as blind interference alignment (BIA) is proposed
to achieve an increase of the DoF as the number of users
and/or antennas increases without the need for CSIT [22].
Basically, BIA is based on exploiting a predefined pattern of
channel correlations, referred to as supersymbol, so that the
interference can be measured and subtracted afterwards. In
contrast to NOMA, BIA completely removes the interference
for all users. In [23], the use of reconfigurable antennas that
provide a set of radiation patterns, referred to as preset modes,
is proposed for the implementation of BIA. In this sense,
the design and manufacturing of reconfigurable antennas is
a current topic in the radio-frequency research [24], [25]. The
performance of BIA in a cellular network considering clusters
of cells is analyzed in [26], [27], [28]. These works show
that BIA achieves a sum-rate similar or even higher than ZF

beamforming when the costs of providing CSIT are taken into
consideration. Moreover, there exist alternative BIA schemes
for providing diversity or managing users mobility [29], [30],
[31], [32].

In this work, we propose the use of BIA for managing the
inter-cluster interference while performing NOMA within each
cluster for MU-MISO systems. In contrast to standard BIA, we
do not assume a fully blind system but the large scale effects of
the channel are known at the transmitter. It is worthy to remark
that the large scale effects vary slowly, and therefore, the costs
of obtaining their knowledge can be considered negligible. The
main contributions of this work are:

1) A transmission scheme referred to as B-NOMA is
devised for MU-MISO systems, which fully cancels
the inter-cluster interference for users while performing
NOMA in each cluster. Moreover, the proposed scheme
only requires knowledge of the large scale effects at the
transmitter for determining the order of users and the
NOMA power allocation coefficients.

2) Considering that each cluster is composed of a pair of
users, we propose a method based on random matrix
theory that provides the NOMA power coefficients that
aim to maximize the sum-rate or the fairness for the
proposed B-NOMA scheme. Besides, we obtain the sub-
optimal closed-form expressions of these coefficients
considering some approximations.

3) A cognitive approach based on NOMA power allocation
is derived for the B-NOMA scheme. The BS first tries
to satisfy a quality-of-service (QoS) for a primary user,
while the remaining power is assigned to the other user
of the pair in a cognitive fashion.

Simulation results show that the proposed B-NOMA scheme
outperforms the sum-rate of other schemes such as MISO-
OMA and MISO-NOMA based on RZF [16]. Furthermore, in
comparison to BIA, the B-NOMA scheme has the advantage
of reducing the length of the supersymbol, i.e., it relaxes
the channel coherence requirements as well as the noise
enhancement due to the subtraction of the interference terms.

The remainder of the paper is organized as follows. The
system model is described in Section II. The benchmarking
schemes for the proposed B-NOMA, taking into consideration
the costs of providing CSI, are presented in Section III.
The proposed B-NOMA scheme is described in Section IV.
Considering a user pairing strategy, the methods for determin-
ing the NOMA power coefficients according to a predefined
strategy are presented in Section V. Simulation results are
presented in Section VI, and finally, concluding remarks are
provided in Section VII.

Notation. The following notation is considered in this work.
Bold upper case and lower case letters denote matrices and
vectors, respectively, IM and 0M denote the M ×M identity
and zero matrices, respectively, while 0M,N corresponds to
the M × N zero matrix, [ ]T and [ ]H are the transpose
and the hermitic transpose operators, respectively, E is the
statistical expectation, col{} is the column operator that stacks
the considered vectors in a column and [x]+ = max(0, x).
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(a) Considered NOMA scenario. The BS is equipped with M
antenna. Transmission to C clusters composed of K users each.

(b) Reconfigurable antenna. It can switch among M preset modes
connected to a single signal processing chain. Each mode can
be considered as an independent antenna that provides a linearly
independent radiation pattern.

Fig. 1. Considered scenario and concept of reconfigurable antenna.

II. SYSTEM MODEL

We consider a MU-MISO downlink transmission scenario
where the BS is equipped with M , m ∈ {1, . . .M}, antennas
that transmit to KT , kt = {1, . . . ,KT }, users. The set of users
is organized in C, c ∈ {1, . . . , C}, clusters each composed of
K = KT

C ∈ N+, k ∈ {1, . . . ,K}, users1 equipped with a
reconfigurable antenna each, as shown in Fig. 1(a). Basically,
each reconfigurable antenna provides ν, ν = {1, . . . ,M},
distinct and linearly independent channel responses, referred to
as preset modes, connected to a single signal processing chain
as is shown in Fig. 1(b). The transmitted signal at time t can be
written in a vector form as x[t] =

[
x1 . . . xM

]T ∈ CM×1.
Thus, the signal received by user k in cluster c at symbol
extension2 t is given by

y[k,c][t] = h[k,c]
(
ν[k,c][t]

)T
x[t] + z[k,c][t], (2)

where h[k,c]
(
ν[k,c][t]

)
∈ CM×1 is the channel vector be-

tween the M antennas of the BS and user k of cluster c
at preset mode ν[k,c], and z[k][t] is complex-valued additive
white Gaussian noise with zero mean and variance σ2

z . The
channel response corresponding to the preset mode ν[k,c]

can be written as h[k,c]
(
ν[k,c][t]

)
= h̃[k,c]

(
ν[k,c][t]

)√
g[k,c],

where each entry of h̃[k,j]
(
ν[k,c][t]

)
follows an independent

Gaussian distribution N (0, 1) and g[k,c] represents the large
scale channel effects for user k in cluster c.

We assume that CSIT knowledge is limited to the large
scale effects, i.e., g[k,c], and there neither exists coordination
nor data sharing among the antennas of the BS. Moreover,

1If KT
C
∈ Z+ the first c = {1, . . . ,mod(KT , C)} clusters contain dKT

C
e

users while the last c = {mod(KT , C) + 1, . . . , C} clusters are composed
of bKT

C
c users.

2We focus on the temporal dimension without loss of generality and each
symbol extension corresponds to a time slot. Nevertheless, all the results can
be easily applied to the frequency domain.

the switching pattern for selecting the preset mode ν[k,c][t] is
known beforehand. The transmitted signals are subject to an
average power constraint E

[
‖x[t]‖2

]
≤ P .

III. OMA, NOMA AND BIA SCHEMES FOR THE MISO BC

In this section, we describe two benchmark methodologies
based on instantaneous and accurate CSIT. In these cases,
we consider conventional antennas so that h[k,c](ν) = h[k,c].
For illustration purpose, we assume C = M . After that,
we describe the conventional BIA scheme while introducing
some useful notation, and consider it also as a benchmarking
scheme. Furthermore, we describe the costs of providing CSIT
and CSIR for the considered schemes.

A. OMA for the MISO BC

Assuming a system with MK users, the beamforming
schemes typically manage the interference through an OMA
strategy comprising K time slots. Thus, M data streams can
be transmitted simultaneously during each time slot. Without
loss of generality, we consider that transmission to the users
with the same index k in the C clusters occurs during the
time slot k. The symbol intended to user k in cluster c is
denoted as s[k,c], E

[
s[k,c]

]
= 1. Under CSIT knowledge, the

symbol s[k,c] is transmitted employing a beamforming vector
w[k,c] ∈ CM×1. We assume normalized beamforming vectors,
i.e., ‖w[k,c]‖ = 1. Thus, the signal transmitted during time slot
k is

x[k] =
C∑
c=1

w[k,c]s[k,c]
√
Pk,c, (3)

where Pk,c is the power allocated to the symbol s[k,c]. More-
over, we define s̄[k,c] = s[k,c]

√
Pk,c. Thus, the signal received

by user k in cluster c can be written as

y[k,c] = h[k,c]Tw[k,c]s̄[k,c] +
C∑
c′=1
c′ 6=c

h[k,c]Tw[k,c′]s̄[k,c′] + z[k,c].

(4)
Therefore, the inter-cluster interference among users can

be minimized, or even canceled, by selecting properly the
beamforming vectors. Moreover, recall that the intra-cluster
interference is avoided through an OMA strategy using K
time slots. In this work, we employ ZF and RZF beamforming
assuming perfect CSIT [16]. Under the proposed MISO-OMA
strategy, the achievable rate of user k in cluster c is given by

R[k,c]
mo =

1

K
ηmo log2

(
1 +

Pk,c|h[k,c]Tw[k,c]|2∑C
c′ 6=c Pk,c|h[k,c]Tw[k,c′]|2 + σ2

z

)
,

(5)

where ηmo denotes the costs of providing CSIT and CSIR for
MISO-OMA. Notice that NMISO−OMA = M data streams are
transmitted simultaneously for the MISO-OMA approach in
each time slot.

Although several beamforming schemes are proposed in the
literature, we focus on linear beamforming techniques such as
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ZF or RZF. Focussing on RZF, the beamforming vector w[k,c]

is given by

w[k,c] =
HH
k rRZF

k

‖HH
k rRZF

k ‖
∈ CM×1, (6)

where Hk =
[
h[k,1] . . . h[k,C]

]
∈ CM×M and rRZF

k is the
k-th column of

(
HkH

H
k + δIM

)−1
, where δ is a non-negative

constant value that ensures the existence of the inverse matrix.
This beamforming scheme is equivalent to ZF if δ = 0. It is
worth to remark that for ZF these data streams are not subject
to interference, i.e., the denominator in (5) only contains the
contribution of the noise.

B. NOMA for the MISO BC

For the MISO-NOMA approach, the inter-cluster interfer-
ence is managed through beamforming while applying NOMA
within each cluster. Similarly to [16], we consider that the
normalized beamforming vector w[c] ∈ CM×1 corresponding
to cluster c is calculated considering exclusively the user
with the best channel gain within the cluster. Notice that this
approach minimizes the inter-cluster interference among the
strongest users of each cluster, which perform SIC. In this
case, the transmitted signal is given by

x =
C∑
c=1

w[c]
K∑
k=1

s[k,c]
√
Pcα[k,c], (7)

where Pc is the power allocated to cluster c and α[k,c] is the
NOMA power coefficient of user k in cluster c. Moreover, we
define the symbol transmitted to each user after considering
the power allocation as s̄[k,c] = s[k,c]

√
Pcα[k,c]. Thus, the

signal received by user k in cluster c can be written as

y[k,c] =h[k,c]Tw[c]s̄[k,c] +

K∑
k′=1,k′ 6=k

h[k,c]Tw[c]s̄[k′,c]

︸ ︷︷ ︸
Intra-cluster interference

+
C∑

c′=1,c′ 6=c

h[k,c]Tw[c′]
K∑
k=1

s̄[k,c′]

︸ ︷︷ ︸
Inter-cluster interference

+z[k,c].

(8)

Following the lines of [16], we assume that the resulting
channel gains are ordered as:

|h[1,c]Tw[c]|2 ≤ · · · ≤ |h[k,c]Tw[c]|2 ≤ · · · ≤ |h[K,c]Tw[c]|2
(9)

After that, the NOMA power coefficients are determined
according to a predefined strategy such as maximizing the
sum-rate subject to a QoS per user or improving the fairness,
e.g., [16], [19], [20]. For the considered MISO-NOMA, the
user k performs SIC in order to remove the interference
because of transmission to users k? < k, k? = {1, . . . , k−1},
while treating as noise the interference given by transmission
to the users k′ > k, k′ = {k + 1, . . . ,K}. Assuming that
the user k of the cluster c decodes successfully the symbols
intended to the users k? = {1, . . . , k − 1} and cancels their

Fig. 2. Supersymbol of the BIA scheme for M = 2 and K = 2 users.
The channel of users 1 and 2 varies according to the pattern of preset modes
ζ[1][t] = {1, 2, 1} and ζ[2][t] = {1, 1, 2}, respectively. Each color represents
a preset mode.

interference, the achievable rate is given by

R[k,c]
mn = ηmn

× log2

(
1 +

Pcα
[k,c] |h[k,c]Tw[c]|2∑K

k′=k Pcα
[k′,c] |h[k,c]Tw[c]|2 + I [k,c] + σ2

z

)
,

(10)

where ηmn denotes the costs of providing CSIT and CSIR
for MISO-NOMA and I [k,c] =

∑C
c′=1,c′ 6=c Pc′ |h[k,c]Tw[c′]|2

is the inter-cluster interference that remains after applying the
beamforming scheme. It is worth noting that user k = 1 of
each cluster treats the interference because of transmission to
all other K−1 users of the same cluster as noise, whereas user
K removes all the intra-cluster interference through SIC before
decoding the intended symbol. The MISO-NOMA scheme
transmits NMISO−NOMA = MK data streams simultaneously
per time/frequency resource. However, in contrast to MISO-
OMA these data streams are subject to a certain level of intra-
cluster interference given by NOMA. Besides, inter-cluster
interference can appear depending on the calculation of the
beamforming vectors.

C. BIA for the MISO BC
The BIA schemes consider transmission during several sym-

bol extensions, i.e., channel uses, in which the reconfigurable
antenna of each user switches among a set of preset modes
that provide distinct channel responses each. The set of symbol
extensions that satisfy the BIA criterion is referred to as
supersymbol from now on. Moreover, in this work we consider
the temporal dimension, and therefore, each symbol extension
corresponds to a time slot.

Let us consider first a toy example where a BS equipped
with M = 2 antennas transmits to Kt = 2 users. Follow-
ing [23], the reconfigurable antenna of each user follows a
pattern for selecting the preset mode during 3 time slots
as is shown in Fig. 2. Thus, the superysmbol comprises 3
time slots and it is composed of these two patterns. The
pattern of preset modes that each user follows during the
supersymbol is denoted as ζ [k][t]. Moreover, the cluster index
is removed for ease of notation. For the proposed supersymbol,
the transmitted signal is

xBIA =

x[1]
x[2]
x[3]

 =

I2

I2

02


︸ ︷︷ ︸
W[1]

s[1] +

I2

02

I2


︸ ︷︷ ︸
W[2]

s[2], (11)

where s[k] = [s
[k]
1 , s

[k]
2 ]T is the symbol intended to user k,

which carries 2 DoF, i.e., 2 data streams, and s[k]
m is the symbol
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transmitted from antenna m of the BS. In (11), W[1] and W[2]

are the precoding matrices for users 1 and 2, respectively. It
is worth noting that these matrices are composed of 0 and 1
values and CSIT is not required to determine their structure.
Thus, for user 1, the signal received during the three time slots
of the supersymbol isy[1][1]
y[1][2]
y[1][3]

 =

h[1](1)
T

h[1](2)
T

0T2,1


︸ ︷︷ ︸

rank=2

s[1] +

h[1](1)
T

0T2,1

h[1](1)
T


︸ ︷︷ ︸

rank=1

s[2] +

z[1][1]
z[1][2]
z[1][3]

 .
(12)

Notice that considering the pattern of preset modes for user
1, ζ [1][t], the symbol s[1] precoded by the matrix W[1] is
contained in a rank-2 matrix. Further, the interference due to
the transmission of s[2], which is precoded according to W[2]

is aligned in a rank-1 matrix. As a consequence, user 1 can
cancel the interference by measuring it at the third time slot.
After subtracting the interference, the received signal is[

y[1][1]− y[1][3]
y[1][2]

]
=

[
h[1](1)

T

h[1](2)
T

]
︸ ︷︷ ︸

H[1]

s[1] +

[
z[1][1]− z[1][3]

z[1][2]

]
︸ ︷︷ ︸

Noise enhancement

.

(13)
Thus, since H[1] is a full rank matrix, user 1 achieves 2 DoF by
solving the equation system (13). Similarly, user 2 can obtain
2 DoF. Therefore, 4 DoF are achievable during 3 time slots
for the considered setting. That is, the BIA scheme achieves
4
3 DoF per time slot. In turn, note that orthogonal resource
allocation obtains 1 DoF per time slot.

For the general case, BIA is based on creating a super-
symbol in which the channel state of user k varies among
M preset modes, while all other users maintain a constant
channel mode, i.e., do not vary their preset mode. The set of
symbol extensions, i.e., time slots in the temporal dimension,
that satisfies this criterion is referred to as an alignment block
of user k. Thus, the BIA scheme is given by the functions that
determine the pattern of preset modes ζ [k][t] and the precoding
matrices W[k] [23].

The supersymbol and the transmission structure are obtained
creating alignment blocks. Notice that distinct symbols with
M DoF each are transmitted in each alignment block. The first
M − 1 time slots of each alignment block belong to Block 1
of the supersymbol, where simultaneous transmission occurs.
On the other hand, the last time slot is assigned to Block 2,
in which each symbol is transmitted in orthogonal fashion.
For instance, considering the supersymbol of the previous
example (see Fig. (2)), the time slots {1, 2} and {1, 3} form an
alignment block for users 1 and 2, respectively. The interaction
between an alignment block of user k and user k + 1 is as
shown in Fig. 3. The interference because of transmission
to user k can be measured by user k + 1 and subtracted
from the time slots polluted by this interference. It can be
easily checked that the same procedure can be applied to any
alignment block of user k + 1.

Following this methodology, Block 1 and Block 2 comprise
ΛB1 = (M − 1)KT and ΛB2 = KT (M − 1)KT−1 time slots,

respectively. Therefore, the supersymbol comprises

Λ(M,KT ) = (M − 1)KT +KT (M − 1)KT−1, (14)

time slots. The BIA scheme provides (M − 1)KT−1, ` ∈
{1, . . . , (M − 1)KT−1}, alignment blocks per user, in which
a distinct symbol carrying M DoF is transmitted. Therefore,
the achievable sum-DoF per time slot is

DoFBIA = NBIA =
MKT

M +KT − 1
. (15)

In [33], it is demonstrated that (15) corresponds to the
optimal sum-DoF without CSIT. Notice that this sum-DoF
also corresponds to the number of data streams that are
simultaneously transmitted per time slot, which is denoted as
NBIA. In terms of resource management, BIA orthogonalizes
the transmission to KT users without the need for CSIT while
providing multiplexing gain. Specifically, each user decodes
M DoF per alignment block where the ratio between the
number of alignment blocks and the supersymbol length is

(M−1)KT−1

(M−1)KT +KT (M−1)KT−1 = 1
M+KT−1 . Notice that this ratio

corresponds to the pre-log factor of a MIMO channel given
by the channel matrix defined as

H̃[kt] =
[
h̃[kt](1)T , . . . , h̃[kt](M)T

]T ∈ CM×M . (16)

Focussing on the achievable rate BIA is based on subtracting
the interference, which has been measured previously in the
proper time slots, generating a noise enhancement (see (13)).
Therefore, a SNR degradation occurs as the number of users
increases. Assuming constant power allocation during the
entire supersymbol [26], the achievable user rate of user kt
is

R
[kt]
BIA =

ηbia

M +KT − 1

× E
[
log det

(
I +

ρ[kt]

M
H̃[kt]H̃[kt]

H

R−1
z

)]
,

(17)

where ηbia represents the costs of providing CSIR for BIA,
ρ[kt] = Pg[kt]

Mσ2
z

is the SNR associated to user kt, and

Rz =

[
(2KT − 1)IM−1 0

0 1

]
, (18)

is the resulting covariance matrix of the noise after interference
subtraction for constant power allocation. Notice that the noise
enhancement is proportional to the total number of users.

Remark 1. The implementation of BIA is subject to transmis-
sion within a coherence time block larger than the supersymbol
length (14). There exist several alternative BIA schemes for
managing situations with short coherence time efficiently such
as [28], [31], [32].

D. The costs of providing CSIT and CSIR

Assuming frequency division duplex in a MU-MISO sys-
tem, providing CSIT requires first to transmit downlink estima-
tion pilots (EP) in orthogonal fashion so that the contribution
to the CSIR of each antenna of the BS can be estimated [12].
After that, each user quantizes the estimated CSIR and feeds
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Fig. 3. Interaction between alignment blocks of different users for BIA. Each color represents a preset mode.

TABLE I
COSTS OF PROVIDING CSIR AND CSIT

Type MISO-OMA MISO-NOMA BIA
EP Mθcsi Mθcsi 0
FB Mθfb Cθfb 0
CD KCθcd KCθcd Mθcd

back the channel through the uplink. Once the beamforming
vectors are obtained, additional pilots are required for coherent
detection (CD) taking into consideration the transmitted signal
(see (3) or (7)).

The fraction of downlink transmission resources for pilot
estimation and CD is denoted as θep and θcd, respectively.
Similarly, the fraction of transmission resources that are as-
signed to the uplink for feedback (FB) is denoted as θfb.
The feedback overhead is proportional to the number of users
that send the estimated CSIR to the BS. Recall that for
the proposed MISO-NOMA approach the beamforming only
considers the user with highest channel gain of each cluster,
and therefore, only these users feed back the estimated chan-
nel. Considering users equipped with a single conventional
antenna, the overhead due to CD is proportional to the number
of users, i.e., Kθcd. On the other hand, reconfigurable antennas
allow us to implement blind transmission techniques in the
absence of CSIT, i.e., θcsi = θfb = 0. However, the costs
of CD are proportional to the number of preset modes, i.e.,
Mθcd. Table I summarizes the costs of providing CSIR and
CSIT [12]. For instance, the efficiency of the MISO-NOMA
is ηmn = 1−(Mθcsi +Cθfb +KCθcd). Furthermore, the costs
of providing knowledge of the channel large scale effects are
considered negligible.

IV. B-NOMA BASED ON RECONFIGURABLE ANTENNAS

We propose a transmission scheme that combines the BIA
and NOMA schemes, which is henceforth referred to as B-
NOMA. The key idea is to employ BIA to align the inter-
cluster interference, while applying NOMA within each clus-
ter. For the sake of an easy explanation, we first focus on a
specific case and after that we describe the proposed B-NOMA
scheme for the general case.

Fig. 4. B-NOMA transmission for the considered toy example. M = C = 2,
K = 2.

A. Toy example

Let us consider a scenario where a BS equipped with M = 2
antennas transmits to C = 2 clusters composed of K = 2 users
each. The users of each cluster c, c = {1, 2}, are paired so
that g[1,c] ≤ g[2,c]. The inter-cluster interference is managed
through BIA. Thus, the users of the same cluster reuse the
same switching pattern of preset modes is as shown in Fig. 4.
That is, both users of cluster c = 1 follow the switching pattern
ζ [1][t] corresponding to user 1 of the BIA scheme for M = 2
and Kt = 2, while the users of cluster 2 employ the same
switching pattern as for user 2 in the BIA scheme, i.e., ζ [2][t]
(see Fig. 2). Moreover, NOMA transmission is performed
within each cluster. Therefore, the transmitted signal is given
by

xB−NOMA =

x[1]
x[2]
x[3]

 = W[1]
(
α[1,1]s[1,1] + α[2,1]s[2,1]

)√
Pc

+W[2]
(
α[1,2]s[1,2] + α[2,2]s[2,2]

)√
Pc,

(19)

where s[k,c] ∈ C2×1 is the symbol intended to user k
of cluster c and α[k,c] is the NOMA power coefficient of
the corresponding symbol. Moreover, in (19), the precoding
matrices W[1] and W[2] are given by the considered BIA
scheme (see (11)).

Focussing on the first cluster without loss of generality, the
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signal received by the first user can be written as

y[1,1] =

h[1,1](1)
T

h[1,1](2)
T

0T2,1

(s[1,1]
√
α[1,1] + s[2,1]

√
α[2,1]

)√
P1

+

h[1,1](1)
T

0T2,1

h[1,1](1)
T

(s[1,2]
√
α[1,2] + s[2,2]

√
α[2,2]

)√
P2︸ ︷︷ ︸

Inter-cluster interference

,

(20)

where y[1,1] = col{y[1,1][t]}3t=1.
Similarly to (12), it can be seen that the inter-cluser in-

terference is aligned. Therefore, the interference because of
transmission to both users of cluster c = 2 can be measured
at the third time slot and subtracted afterwards. The signal
received by user 1 in cluster 1 after the subtraction of the
inter-cluster interference, which is denoted as ỹ[1,1], is

ỹ[1,1] =

[
h[1,1](1)

T

h[1,1](2)
T

](
s[1,1]

√
α[1,1] + s[2,1]

√
α[2,1]

)√
P1

+

[
z[1,1][1]− z[1,1][3]

z[1,1][2]

]
.

(21)

Thus, the sum of the symbols
(
α[1,1]s[1,1] + α[2,1]s[2,1]

)
is

decodable by solving (21). After that, NOMA is applied to de-
code the intended symbol s[1,1] treating the interference caused
by the transmission of s[2,1] as noise. The same procedure can
be carried out for the second user, which first performs SIC
to remove the interference caused by the transmission of s[1,1]

and, after that, decodes the intended symbol s[2,1]. It can be
easily checked that this methodology can be also applied to
the second cluster.

Note that the proposed B-NOMA scheme reduces the noise
enhancement in comparison to BIA for transmitting the whole
set of users, i.e., KT = 4, while cancelling the inter-cluster
interference. Moreover, the length of the supersymbol depends
on the number of clusters instead of the number of users,
and therefore, the channel coherence requirement is relaxed.
Furthermore, the combination of BIA and NOMA increases
the number of data streams simultaneously transmitted by
sharing the DoF, i.e., the spatial dimensions, provided by BIA
through NOMA. In this particular case, the number of data
streams transmitted simultaneously is multiplied by two in
comparison with BIA. Therefore, 8

3 data streams are transmit-
ted per time slot, which are subject to certain level of intra-
cell interference because of the use of NOMA. Besides, in
comparison with MISO-NOMA, the inter-cluster interference
is completely canceled.

B. General case

For the general case, each cluster c, c ∈ {1, . . . , C},
contains K, k ∈ {1, . . . ,K} users. As described above for
a specific case, the inter-cluster interference can be canceled
by applying BIA. Thus, B-NOMA considers a supersymbol
structure for a BS equipped with M antennas and C receivers.
Each specific switching pattern of preset modes ζ [c][t] is reused

by the K users of the same cluster c as shown in Fig. 4. Once
the inter-cluster interference is managed using BIA, the multi-
user transmission within each cluster performs NOMA. Note
that the same BIA precoding matrix W[c] is considered for
the users of the same cluster. Hence, the transmitted signal
for B-NOMA is

X =
C∑
c=1

√
PcW

[c]
K∑
k=1

√
α[k,c]s

[k,c]
T︸ ︷︷ ︸

s
[c]
T,NOMA

, (22)

where X = col{x[t]}Λ(M,C)
t=1 , s

[c]
T,NOMA is the vector that

contains the symbols intended to the K users of cluster c su-

persposed in the power domain, s[k,j]
T = col

{
s

[k,c]
`

}(M−1)K−1

`=1
is the vector that contains the symbols allocated to each
alignment block of the BIA scheme and s

[k,c]
` ∈ CM×1 is

the symbol of the `-th alignment block intended to user k in
cluster c. Notice that the extension to an arbitrary number of
users per cluster results straightforward by simply consider-
ing s

[c]
T,NOMA =

∑Kc
k=1

√
α[k,c]s

[k,c]
T , where Kc denotes the

number of users in the cluster c.

Notice that determining the precoding matrices does not
require any CSIT since they are based on the structure of the
supersymbol. Basically, the precoding matrices manage the
transmission of each alignment block at the corresponding
time slots. Thus, each alignment block corresponds to a
column in the precoding matrix which is obtained by stacking
M × M identity matrices in the rows corresponding to the
time slots where that alignment block is transmitted. For
instance, in the toy example considered in section III-C, it
can be seen that users 1 and 2 obtains a single alignment
block at time slots {1, 2} and {1, 3}, respectively. Thus, the
precoding matrices, which are shown in (11), are composed
by a single column with a 2 × 2 identity matrix in the rows
corresponding to the aforementioned time slots. In this sense,
the procedure to determine the precoding matrices and their
general expression are described in detail in [23]. For B-
NOMA the same precoding matrix W[c] is employed for all
the user belonging to the same cluster. The proposed B-
NOMA applies BIA for managing the inter-cluster interference
assuming that the reconfigurable antennas of all the users
belonging to the cluster c follow the same switching pattern
ζ [c][t]. Therefore, the supersymbol for B-NOMA comprises
Λ(M,C) time slots (see (14)). It is worth to remark that B-
NOMA reduces the length of the supersymbol in comparison
with BIA since multiple users reuse the same switching
pattern. Furthermore, the implementation of BIA techniques
for managing the supersymbol length referred in Remark 1
can be easily applied for the proposed B-NOMA scheme.

According to the B-NOMA scheme, the proposed supersym-
bol allocates (M−1)C−1 alignment blocks carrying M DoF to
each of the C clusters during Λ(M,C) time slots. Therefore,
each cluster achieves M

M+C−1 DoF per time slot, which can be
interpreted as the spatial dimensions that are shared through
NOMA by the K users of each cluster. Therefore, considering
C clusters containing K users each, the number of data
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streams that are simultaneously transmitted is

NB−NOMA =
CM

C +M − 1
×K. (23)

Notice that for MISO-NOMA the users of the same cluster
share a single-dimension, i.e. a DoF, given by their resulting
channel gain, which is determined by the precoding matrices,
i.e., |h[k,c]Tw[c]|2 in (10). Besides, the user can be subject
to inter-cluster cluster for MISO-NOMA as can be seen
in (10). In contrast, the proposed B-NOMA cancels the inter-
cluster interference for all users, while sharing M dimensions
during the M time slots that compose each alignment block.
Taking into consideration the ratio of alignment blocks per
supersymbol for each user denoted as κ = 1

K+C−1 , the users
of each cluster share M

M+C−1 dimensions per time slot.

Then, transmission to the users within each cluster occurs
during an alignment block. In this sense, each alignment block
follows the same structure as shown in Fig. 3. That is, the
first M − 1 slots of the alignment block, which belong to
Block 1, are polluted by interference due to transmission to
all other clusters, while the last slot does not contain any term
of interference since it belongs to Block 2. By applying the
BIA scheme, the inter-cluster interference is measured and
subtracted afterwards. Thus, the received signal at user k of
cluster c after removing the inter-cluster interference can be
written as

y[k,c][1]
...

y[k,c][M − 1]
y[k,c][M ]

 =


h[k,c](1)

T

...
h[k,c](M − 1)

T

h[k,c](M)
T


K∑
k=1

s
[k,c]
`

√
Pcα[k,c]

+


z[k,c][1]−

∑C
c′ 6=c z

[k,c][τc′ ]
...

z[k,c][M − 1]−
∑C
c′ 6=c z

[k,c][τc′ ]

z[k,c][M ]

 ,
(24)

where for the sake of simplicity, the temporal index refers to
the position in the alignment block and τc′ corresponds to the
time slot in which the interference caused by the transmission
in cluster c′ is measured. Thus, the achievable rate of user k
in cluster c can be written as

R
[k,c]
B−NOMA =ηbiaκ

× E
[
log det

(
I + γ[k,c]H̃[k,c]H̃[k,c]HR−1

z

)]
,

(25)

where γ[k,c] is the resulting SINR of the data stream associated
to user k in cluster c taking into consideration the NOMA
transmission, H̃[k,c] is the channel matrix considering the M
preset modes of the reconfigurable antenna, which follows the
same structure as (16), and

Rz =

[
(2C − 1)IM−1 0

0 1

]
(26)

is the noise enhancement matrix. Notice that the noise increase
is proportional to the number of clusters for B-NOMA. More-

Fig. 5. NLUPA user pairing. g[1] ≤ g[2] ≤ · · · ≤ g[KT ].

over, the costs of providing CSIR are the same as for BIA.
For transmission based on BIA, constant power allocation

during the entire supersymbol is assumed as proposed in [26].
That is, the resulting transmission scheme is normalized so
that the same power is assigned to each time slot whether it
belongs to Block 1 or Block 2. Moreover, the power allocated
to each cluster is Pc = P

C . In this sense, we can define the
SNR of user k in cluster c without considering the NOMA
power allocation coefficients as ρk,c = Pcg

[k,c]

σ2
z

. Following the
lines of [16], the users of each cluster are organized such that
g[1,c] ≤ · · · ≤ g[k,c] ≤ · · · ≤ g[K,c]. Moreover, the power Pc
is distributed among the K users of cluster c according to the
NOMA power coefficients satisfying

∑K
k=1 α

[k,c] = 1. These
coefficients are determined according to some power allocation
strategy afterwards. Thus, the first user of each cluster treats
the interference caused by the transmission to other users of
the same cluster as noise. Therefore, the resulting SINR for
the first user of cluster c is given by

γ1,c =
Pcg

[1,c]α[1,c]

Pcg[1,c]
∑K
k′=2 α

[k′,c] + σ2
z

=
α[1,c]∑K

k′=2 α
[k′,c] + 1

ρ1,c

.

(27)
On the other hand, user K of the cluster performs SIC to
remove the interference caused by transmission to the other
K − 1 users before decoding the desired symbol. Thus, the
resulting SINR for user K is

γK,c =
Pcg

[K,c]α[K,c]

σ2
z

= ρK,cα
[K,c]. (28)

Although user pairing is considered in the following sections,
it results useful to determine the SINR for the general case
in order to provide a better understanding of the B-NOMA
scheme. For user k, the interference caused by transmission
to the first k − 1 users is subtracted based on SIC, while the
interference because of transmission to the following users
k′ > k is treated as noise. Thus, the resulting SINR of user k
in cluster c is

γk,c =
Pcg

[k,c]α[k,c]

Pcg[k,c]
∑K
k′>k α

[k′,c] + σ2
z

=
α[k,c]∑K

k′>k α
[k′,c] + 1

ρk,c

.

(29)

V. IMPACT OF USER PAIRING IN B-NOMA

The B-NOMA scheme derived in the previous section
considers clusters composed of K users. Following the lines
of other works, e.g., [5], [6], in this section we focus on
the case in which each cluster is composed of K = 2
users. Notice, that the performance of the proposed scheme
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is strongly determined by the differences in the channel gain
among the users of the same cluster (see (27) and (28)).
In this sense, the NOMA power allocation coefficients that
satisfy a specific criterion depend on the channel gain of
the users that compose each cluster. Specifically, applying
the NLUPA grouping strategy over the KT users, which are
previously organized in ascending order of their channel gain,
the resulting clusters are obtained as described in Fig. 5.
Without loss of generality, we focus on a generic cluster
denoting the users with lower and higher channel gains as
j and k, respectively. Moreover, we remove the cluster index
for the sake of simplicity. Hence, the resulting SINR of users
j and k are

γj =
1− α
α+ 1

ρj

(30)

and
γk = ρkα, (31)

respectively.

A. Maximize sum-rate solution

Traditional NOMA schemes, e.g., MISO-NOMA, are based
on sharing a single spatial dimension among several users
by assigning a power coefficient to each user. In this sense,
each user receives a data stream through a channel gain,
which is determined by the precoding vector that defines each
cluster in each time slot. In this case, maximizing the sum-
rate of each cluster leads to allocate all the power to the user
with the highest channel gain. In contrast to this approach,
the rate of each user for B-NOMA is determined by the
channel response of the M preset modes of the reconfigurable
antennas. These channel responses form the channel matrix
H̃[k,c] ∈ CM×M (see (16) and (25). Moreover, the entries
of H̃[k,c] are Gaussian, and therefore, H̃[k,c]H̃[k,c]T is a
random matrix following a Wishart distribution [34]. As a
consequence, the power allocation that maximizes the sum-
rate of a pair of users for B-NOMA can be between 0 an
1.

In the following, we focus on deriving the NOMA power
coefficients that maximize the sum-rate of the considered pair
of users for the proposed B-NOMA scheme. As can be seen
in Theorem 1, this solution is given by a polynomial function,
which can be easily solved using the polynomial long division
algorithm [35]. Furthermore, with the aim of providing a
closed-form expression of the NOMA power coefficients, we
consider only the strongest contribution of this polynomial
function in Lemma 1.

Theorem 1. For the proposed B-NOMA scheme, the NOMA
power coefficients that maximize the rate of the user pair is
given by maximizing the following polynomial function

max
α

f(α) =
M∑
m=0

M∑
n=0

β(m)β(n)γ̃mk (α)γ̃nj

s.t. α ∈ [0, 1],

(32)

where β(i) =
(
M
i

)
M !

(M−i)! , γ̃j =
γj

2C−1 , γ̃k = γk
2C−1 and γj

and γk are defined in (30) and (31), respectively.

Proof. See Appendix A.

The function β(m) is composed of factorial and combina-
torial numbers, and therefore, it is easy to find a maximum
value βmax = max

m
β(m) given by mmax that provides

βmax >> β(m), ∀m 6= mmax. For some specific cases, the
function β(m) provides the same value for two adjacent values
mmax and mmax + 1, while all other values of m provide a
much lower evaluation of β(m). In this cases, we select the
maximum m that satisfies this condition, i.e., mmax + 1. In
the following, we propose a Lemma based on the Theorem 1
that determines the NOMA power coefficients considering
exclusively βmax.

Lemma 1. Considering the strongest contribution of the
polynomial function (32), i.e., βmax = max

m
β(m), the NOMA

power coefficients are given by solving the equation Aα2 +
Bα + C = 0, where A = −1, B = − 2

ρj
and C = 1

ρj
.

The closed-form expression for the NOMA power coefficient
is given by taking the positive solution of (34). In this case,

it can be written as α = min

([
1±2
√

1+ρj

ρj

]+

, 1

)
.

Proof. Considering exclusively the contribution of the value
βmax, the function f(α) can be re-written as

f̃(α) = β2
maxγjγk = β2

max

(
ρkα(1− α)

α+ 1
ρj

)
. (33)

Thus, maximizing f̃(α) requires to obtain the first derivative,
which equalized to zero leads to

∂f̃(α)

∂α
= 0⇒ Aα2 +Bα+ C = 0, (34)

where A = −1, B = − 2
ρj

and C = 1
ρj

.

B. Fair solution

Typically, maximizing the sum-rate leads to unfair rates
between both users. In the following, we derive the NOMA
coefficients that provide the same rate for both users. Similar
to the solution that maximizes the sum-rate, we propose an
approximation to obtain the closed-form expression of the
NOMA coefficients.

Theorem 2. For the B-NOMA scheme, the NOMA power
coefficients that obtain a fair solution for each user pair, i.e.,
R[j] = R[k], is given by solving the following polynomial
equation

min
α

M∑
m=0

β(m)
(
γ̃mk − γ̃mj

)
s.t. α ∈ [0, 1].

(35)

Proof. A fair solution minimizes the difference between the
rates achieved by users j and k. Thus, taking into consid-
eration the expression of the user rate derived in Appendix
A (see (40)), the fairness solution corresponds to solving the
above problem.
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Lemma 2. Considering the strongest contribution of the
polynomial function that obtains the fairness solution, i.e.,
βmax = max

m
β(m), the NOMA power allocation coefficient

is given by solving the equation Aα2 + Bα + C = 0, where
A = ρk, B =

(
ρk
ρj

+ 1
)

and C = −1. The closed-form
expression of the NOMA power coefficient is given by taking
the positive solution of this equation. This value is omitted for
space limitations.

Proof. If only one term of the objetive function of (35)
is considered, the fair solution corresponds to solving the
equation γ̃k − γ̃j = 0. Given the definition of γk and γj ,
it can be easily checked that the solution corresponds to the
proposed equation.

C. Cognitive B-NOMA

Until now we have considered a NOMA power allocation
strategy based on maximizing the sum-rate or providing a
fairness among users. However, NOMA schemes are usually
proposed for serving a large number of devices with diverse
data rate. Thus, we consider user k as a primary user, which
defines a required QoS given by a minimum rate denoted as
R

[k]
? . Therefore, the BS first tries to satisfy this target rate,

which is given by a NOMA power allocation coefficient α.
Once the QoS of user k is guaranteed, user j can obtain a
non-zero rate given by the remaining available power, i.e.,
1− α, in a cognitive fashion.

Theorem 3. For a target rate R[k]
? , the NOMA power coeffi-

cient for the proposed B-NOMA scheme that satisfies the QoS
of the user k is

α = min

2

(
R

[k]
?
κ −

∑M−1
m=0 Ψ(M−m)+(M−1) log(2C−1)

)
1
M

ρk
, 1

 ,

(36)
where κ = ηbia

M+C−1 and Ψ is the digamma function [34].

Proof. See Appendix B.

VI. SIMULATION RESULTS

We now present the simulation results with the aim of
characterizing the performance of the proposed B-NOMA
scheme in comparison to the benchmark schemes introduced
in Section III. Moreover, we consider the RZF beamforming
scheme described in [16], and a user pairing strategy in which
the BS transmits to 2M users organized in C = M clusters.
For determining the costs of providing CSIT, it is assumed
that θfb = θcd = 1% [12]. Moreover, for the EP we consider
a 5G-based orthogonal frequency division multiplexing system
where each resource block is composed of 12 subcarriers and
14 symbols in which 8 pilots are transmitted as reference
signals then, θep = 8

12×14 ≈ 4.8% [36].
In Fig. 6, we plot the rate region for M = 2 and ρk fixed

to 12 dB while ρj = {2, 7} dB, i.e., a difference of 10 dB and
5 dB between both users, respectively. It can be seen that the
proposed B-NOMA outperforms the considered benchmark
schemes. For both MISO-OMA and BIA schemes, the user

Fig. 6. User-rate region. M = 2, ρk = 12 dB and ρj = {2, 7} dB.

rate is considerably penalyzed by the utilization of orthogonal
resource allocation and the number of alignment blocks per
supersymbol length of each user, respectively. In comparison
to MISO-NOMA, it should be noted that user k can achieve
a greater rate than for B-NOMA at the cost of a lower rate
for user j. Moreover, we plot the points corresponding to the
optimal sum-rate and fairness for B-NOMA with the aim of
comparing these points with the values obtained by the closed-
form expressions of the NOMA power coefficient provided in
Lemma 1 and Lemma 2. Interestingly, the approximation for
maximizing the sum-rate for B-NOMA provides a more fair
solution, i.e., the rate of user j is closer to the rate of user k
than for the optimal solution. Considering the optimal power
allocation for maximizing the sum-rate, B-NOMA obtains a
sum-rate equal to 2.47 bits/sec/Hz and 2.84 bits/sec/Hz for
ρj equal to 2 dB and 7 dB, respectively, while these values
are 2.34 bits/sec/Hz and 2.78 bits/sec/Hz for the proposed
approximation. Similarly, the fairness approximation obtains
a small difference between the rate achieved by both users.
Furthermore, it can be seen that the cognitive approach for
R

[k]
? = {1, 2} bits/sec/Hz is more effective for higher target

data rates.
The rate region for M = 2, ρk = 20 dB and ρj = {10, 15}

dB is shown in Fig. 7. For the B-NOMA scheme, the max-
imum rate of user j and user k increases about 66% and
90% when compared with the case described in Fig. 6. This
behaviour also occurs for the MISO-OMA and BIA schemes.
However, the rate of user j for MISO-NOMA barely increases,
since enhancing the transmitted power also increases the inter-
cluster interference. For the proposed sum-rate approximation,
B-NOMA achieves a sum-rate of 4.59 bits/sec/Hz and 5.28
bits/sec/Hz in the considered cluster for ρj equal to 15 dB
and 20 dB, respectively. On the other hand, the fair solution
provides about 1.96 bits/sec/Hz and 2.6 bits/sec/Hz for both
users in these cases. It can be seen that both approximations
are close to the optimal solution. Interestingly, it is noticed that
the cognitive approach is effective for R[k]

? = 3 bits/sec/Hz,
while it is not so accurate for lower rates.

Increasing the number of antennas of the BS to M = 4,
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Fig. 7. User-rate region. M = 2, ρk = 20 dB and ρj = {10, 15} dB.

Fig. 8. User-rate region. M = 4, ρk = 12 dB and ρj = {2, 7} dB.

we plot the rate region for ρk = 12 dB and ρj = {2, 7}
dB in Fig. 8. Since the considered scenario comprises 8
users, the user-rate achieved by B-NOMA and BIA slightly
decreases due to the noise enhancement of subtracting more
terms of interference in comparison to the case M = 2 (see
Fig. 6). For MISO-OMA, the rate achieved by both users also
suffers a small decrease since the probability of serving users
whose channel response is more correlated increases, which
penalyzes the performance of RZF beamforming. However,
for MISO-NOMA the user rate of user k is barely penalized
while the rate of user j decreases considerably. Besides, note
that increasing the SNR of user j barely increases the rate
achieved by MISO-NOMA since this user is subject to inter-
cluster interference.

In Fig. 9 we plot the rate region for M = 4, ρk = 20 dB and
ρj = {10, 15} dB. In this case, the B-NOMA, BIA and MISO-
OMA schemes follow a similar behaviour as described above.
However, note that user j achieves a poor rate for MISO-
NOMA independently of the SNR of the user. Therefore,
MISO-NOMA provides an unfair rate distribution since the
user with the best channel gain of each cluster attains a

Fig. 9. User-rate region. M = 4, ρk = 20 dB and ρj = {15, 20} dB.

great rate while all other users, which are not considered for
determining the beamforming vectors, achieve a poor rate.

The achievable sum-rate of the proposed B-NOMA scheme
for distinct values of SNR is shown in Fig. 10, in comparison
with the benchmarking schemes. The NOMA power allocation
coefficients that maximize the sum-rate are considered for B-
NOMA. Moreover, we consider a power coefficient α = 1
for maximizing the sum-rate of MISO-NOMA. Notice that
only the users with highest channel gain of each cluster are
served under this condition. In order to provide transmission
to both users in each cluster, we also use a NOMA power
coefficient α = 1

5 used in [5], [6] that is sub-optimal in
terms of sum-rate. First, notice that B-NOMA and MISO-
NOMA for α = 1 provide a similar sum-rate, where B-NOMA
achieves a slightly greater sum-rate for high SNR values. This
behaviour is consistent with the results obtained in [26] taken
into consideration the costs of providing CSIT. However, the
users with lower channel gain of each cluster attain zero-
rates for MISO-NOMA with α = 1, which contradict the
concept of NOMA, while both users obtain non-zero rate for
B-NOMA (see Fig. 6 and Fig. 7). It can be also seen that
the sum-rate decreases considerably when both users of each
cluster are served through MISO-NOMA with 1

5 . Besides, BIA
and MISO-OMA achieve lower sum-rate than B-NOMA as
expected from the analysis of the user-rate region described
above.

The achievable sum-rate of B-NOMA versus SNR for M =
4 is shown in Fig. 11. It can be seen that the sum-rate follows
a similar behaviour as for M = 2 (see Fig. 10). The B-NOMA
and MISO-NOMA schemes achieve a similar sum-rate when
maximizing the sum-rate. However, the sum-rate of MISO-
NOMA decreases if transmission to both users of each cluster
is required, e.g., assuming a NOMA power coefficient α =
1
5 . Furthermore, MISO-OMA obtains a similar sum-rate as
BIA, which is considerably lower than the performance of B-
NOMA. We can conclude that the proposed B-NOMA is an
efficient scheme for managing the simultaneous transmission
to several clusters in MISO configurations in comparison with
the proposed benchmark schemes.
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Fig. 10. Sum-rate for B-NOMA versus SNR in comparison to BIA, MISO-
OMA and MISO-NOMA. M = 2, ρj,1 = ρk,1 − 10 dB, ρk,2 = ρk,1 − 3
dB and ρj,2 = ρk,1 − 6 dB.

Fig. 11. Sum-rate for B-NOMA versus SNR in comparison to BIA, MISO-
OMA and MISO-NOMA. M = 4, ρj,1 = ρk,1 − 12 dB, ρk,2 = ρk,1 − 6
dB, ρj,3 = ρk,3 − 6 dB, and ρj,4 = ρk,4 − 3 dB.

VII. CONCLUSIONS

In this paper, we proposed the use of BIA jointly with
NOMA for MU-MISO systems, which is referred to as B-
NOMA. In contrast to the NOMA schemes combined with
beamforming strategies based on CSIT, the proposed approach
completely avoids the intra and inter-cluster interference while
increasing the number of data streams that are transmitted
simultaneously. It is seen that B-NOMA outperforms the
rate achieved by BIA and MISO-OMA schemes. The MISO-
NOMA approach provides better rate for the user of each
cluster with highest channel gain, when this user is exclu-
sively considered for determining the beamforming vector
of the cluster. Under this approach, the user with lower
channel gain of each cluster achieves a poor rate since it
is subject to inter-cluster interference. This fact makes the
increase of data streams simultaneously transmitted by MISO-
NOMA irrelevant, since the users that are not considered for
determining the beamforming vectors are subject to inter-
cluster interference, which hampers the decoding of their

corresponding data streams. In this sense, the proposed B-
NOMA increases the number of data streams in comparison
with BIA and MISO-OMA while cancelling all sources of
interference, and therefore, improving the decoding of these
data streams.

Future directions

Future directions consider joint optimization of the BIA-
based precoding matrices and the NOMA power coefficients
based on knowledge of the large scale effects. Furthermore,
considering transmission to a massive number of devices with
diverse data rate and latency requirements, determining the
power allocation coefficients for clusters composed of more
than two users and managing the length of the supersymbol
are identified as future directions of the presented work.

APPENDIX A

First, let us consider the following approximation for the
user rate of the proposed B-NOMA scheme,

R
[k]
B−NOMA ≈R̃

[k]
B−NOMA =

κE
[
log det

(
IM +

γk
2C − 1

H[k]H[k]H
)]

+ ε,

(37)

where R̃
[k]
B−NOMA corresponds to the case in which it is

assumed that the last time slot of each alignment block is also
subject to interference subtraction (see (24)), i.e., Rz = (2C−
1)IM . Assuming high SNR, i.e., log(1 + SNR) ≈ log(SNR),
it can be easily checked that the error of the approximation,
ε = R

[k]
B−NOMA − R̃

[k]
B−NOMA, is given by

ε = κ

(
E
[
log det

(
γkA

[k]R−1
z

)
− log det

(
γk

2C − 1
A[k]

)])
=

1

M + C − 1
log (2C − 1) ,

(38)

where A[k] = H[k]H[k]H . Notice that the error decreases as
the number of antennas and/or clusters increases. Moreover,
once these parameters are defined, ε can be considered a
constant for optimization purposes.

Recall that the channel matrix H[k] ∼ N (0, IM ). Therefore,
A[k] is a Wishart matrix A[k] ∼ W (M, IM ). Applying
Theorem 2.13 in [34],

E
[
det
(
IM + γ̃kA

[k]
)]

=
M∑
m=0

(
M

m

)
M !

(M −m)!
γ̃mk , (39)

where γ̃k = γk
2C−1 . Therefore, using the second-order Taylor

expansion of E [x] and evaluating its expectation under the
Gaussian approximation [37], E [log(x)] ≈ log (E [x])− V[x]

2E[x]2 ,
we can re-write (39) as

R[k] ≈ κ log

(
M∑
m=0

(
M

m

)
M !

(M −m)!
γ̃mk

)
− Sx, (40)

where Sx it is the statistical correction because of the
considered approximation. Moreover, Sx can be considered
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Fig. 12. Evolution of the normalized function f(α) and the expectation of
the sum-rate with the NOMA power coefficient α.

negligible when E[x] >> 0. Thus, maximizing the sum-rate
R[j] +R[k] in the considered pair can be written as

max
α

M∑
m=0

β(m)γ̃k
m

M∑
m=0

β(m)γ̃j
m = f(α)

s.t. α ∈ [0, 1],

(41)

where the objective function is determined by using the
logarithm properties and the fact that it is a monotonically
increasing function. Thus, f(α) can be written as

f(α) =
M∑
m=0

M∑
n=0

β(m)β(n)γ̃mk (α)γ̃nj (α). (42)

Notice that the weights β(m) and β(n) are symmetric and
positive for each contribution of γ̃mk (α) and γ̃nj (α). Moreover,
the product γ̃mk (α)γ̃nj (α) is strictly positive and equal to zero
for α = 0 and α = 1 (see (30) and (31)). Thus, according to
the Jensen’s inequality (it is straightforward to obtain that the
opposite of the inequality is true for a concave transformation),
f(α) is a concave polynomial function in α ∈ [0, 1]. For
illustrative purposes, we plot the function normalized function
f(α) for M = 4 and distinct values of ρk and ρj in Fig. 12
in comparison with the expectation of the normalized sum-
rate. Therefore, the value of α that maximizes the sum-rate
of the user pair j and k can be obtained by evaluating
f(α), α ∈ [0, 1].

APPENDIX B

Assuming an SNR regime high enough to consider the
approximation log(1 + SNR) ≈ log(SNR), the rate of user
k can be written as

R[k] = κE
[
log det

(
γkH̃

[k]H̃[k]HR−1
z

)]
, (43)

where recall that κ = ηbia
M+C−1 . Thus, by employing the

properties of the determinant

R[k]

κ
= log

(
γMk det

(
R−1
z

))
+ E

[
log det

(
H̃[k]H̃[k]H

)]
(a)
=M log(γk)− (M − 1) log(2C − 1) +

M−1∑
m=0

Ψ(M −m),

(44)

where step (a) uses de fact that det(R−1
z ) = (2C −

1)−(M−1) as well as Theorem 2.11 in [34] since A[k] =

H̃[k]H̃[k]H is a Wishart matrix A[k] ∼ W (M, IM ). That is,
E
[
log det

(
H̃[k]H̃[k]H

)]
=
∑M−1
m=0 Ψ(M − m). Therefore,

since γk = ρkα, and after some algebraic manipulation,

α =
2

(
R

[k]
?
κ −

∑M−1
m=0 Ψ(M−m)+(M−1) log(2C−1)

)
1
M

ρk
. (45)
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