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Abstract: In heterogeneous networks (HetNets), non-orthogonal multiple access (NOMA) has recently been proposed for hybrid-access small-cells, promising a manifold network capacity compared to OMA. One of the major issues with the installation of a hybrid-access mechanism in smallcells is the cross-tier interference (intercell interference (ICI)) caused by the macrocell users (MUs)
that are unable to establish a connection to the small-cell base station (SBS). In this paper, a joint
strategy is proposed for hybrid-access small-cells using the Walsh–Hadamard transform (WHT)
with NOMA and interference rejection combining (IRC) to achieve high performance gains and
mitigate intercell interference (ICI), respectively. WHT is applied mathematically as an orthogonal
variable spreading factor (OVSF) to achieve diversity in communication systems. When applied
jointly with NOMA, it ensures better performance gains than the conventional NOMA. It reduces
the bit error rate (BER) and enhances subsequent throughput performance of the system. IRC is
used at the receiver side for managing the cross-tier interference caused by MUs that are unable to
connect to the small-cell base station (SBS) for hybrid-access. The work considers both ideal and
nonideal successive interference cancellation (SIC) conditions for NOMA. Mathematical modeling
is provided for the proposed joint strategy for HetNets and the results validate it in terms of BER
and subsequent user throughput performance, compared to the conventional NOMA approach.
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1. Introduction
Exponential and phenomenal are the most suitable words to describe the increase in
user traffic and smart devices in recent years. Such a situation, especially with the introduction of fifth-generation (5G) communication and beyond, has amplified the challenges
of meeting high data rate demands and enhanced network coverage, without violating
the bandwidth limitations. According to a survey conducted by CISCO, global mobile
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data traffic will increase nearly thirteenfold by 2022 [1]. This increment, together with the
promises being made by 5G and beyond, shows that efficient bandwidth utilization only
will not be enough, leading to comprehensive network restructuring and enhancement
requirements. To cope with such issues, one way is to enhance the network heterogeneity
by increasing the deployment of base stations (BSs) with different coverage areas, powers,
and deployment costs (small-cells).
In recent works, it has indeed been shown multiple times that heterogeneous networks (HetNets) can deliver more bandwidth-efficient communication by deploying lowpower BSs called small-cells, i.e., mainly picocells and femtocells, commonly underlaid
over a macrocell [2–4]. The concept of small-cells first emerged because of low coverage
areas in cellular networks, e.g., basement parking, cell-edge areas, and elevators. Later,
small-cells became popular because of their benefits of network traffic offloading and efficient spectrum utilization, especially when deployed in a co-channel environment in a
multi-tier cellular network. Where there are advantages of co-channel deployment, at the
same time, the main drawback is co-tier and cross-tier interference among multi-tier cells,
generally referred to as inter-cell interference (ICI). Furthermore, as aforementioned, 5G
and beyond requires increased deployment of small-cells, so dealing with ICI will become
more complex and challenging, especially when small-cells are user-owned and mobile.
One way to deal with this issue is to provide small-cell access to the interference, creating
macrocell users (MUs). Currently, there are three access mechanisms for small-cells, i.e.,
open, closed, and hybrid-access [4]. The access mechanisms that allow MUs to handover
to a small-cell are open and hybrid-access, wherein hybrid-access MUs have limited access
to the small-cell. The hybrid-access mechanism is mainly for user-owned small-cells,
where resource sharing is used for allowed access to the MUs in a way that they do not
affect the quality of small-cell owners referred to as small-cell users (SUs). When it comes
to resource sharing, recently, power domain non-orthogonal multiple access (NOMA) is
being investigated in HetNets for its benefits [5]. Using NOMA for hybrid-access results
in reduced cross-tier interference by letting interfering MUs connect to small-cell base stations (SBSs). This is achieved by forming NOMA pairs between SUs and MUs over the
same channel, which leads to another benefit, i.e., very little compromise on SU resources.
Some MUs, which may not be able to connect to the SBS using NOMA, can still cause ICI;
for such cases, an efficient interference suppression technique is required. A number of
interference suppression techniques have been investigated in recent years to handle ICI
in HetNets, but very few require limited or no backhaul communication. In this work, we
propose a joint strategy for the hybrid-access small-cells to cater to all the issues and scenarios discussed. The joint strategy is presented using the Walsh–Hadamard transform
(WHT) with NOMA and the interference rejection combining (IRC) technique, to achieve
high performance gains and suppress ICI. The use of WHT improves NOMA performance
in terms of user throughput and reduced bit error rate (BER), whereas IRC manages the
interference produced by MUs (cross-tier interference) who are denied access to SBS using
NOMA
Interference rejection combining is generally used to efficiently combat ICI produced
by the neighboring cells [6]. The basic concept of IRC is to simply suppress the unwanted
signal information and enhance the wanted part with the help of multiple antenna
branches at the receiver. The suppression is done by estimating the covariance matrix that
includes the interference signals, and the desired signal is estimated by the channel matrix
estimation of the serving cell [6,7]. Estimation of the covariance matrix, which includes
the signal information of all interferers, is a complex process, and for this purpose, the
machine learning mechanisms discussed in [8,9] can be integrated with the works performed in [6,7]. Figure 1 shows the basic IRC concept. To date, numerous studies have
been conducted using IRC for interference suppression. In [10], a low-complexity minimum mean square error (MMSE)-based IRC algorithm was developed for massive MIMO
systems. Similarly, a study on the performance of IRC in fifth-generation (5G) networks
was performed in [11,12]. According to our knowledge, limited work has been performed
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on IRC related to HetNets, especially considering the hybrid-access mechanism, the studies of which include: Investigation of IRC receiver for LTE HetNets [13] and experimental
evaluation of IRC in 5G HetNets [14,15].
BS to UE link
Inter-cell Interference (ICI)

UE receiver

Base Station

UE causing ICI
Cell-edge UE with IRC
experiencing ICI

Base Station

Unwanted components supressed

Wanted components remain

Figure 1. The interference rejection combining (IRC) concept to suppress intercell interference
(ICI).

In recent years, NOMA has attracted a substantial amount of research in the field of
wireless communication because of its potential to enhance the network capacity manifold
[16–20]. NOMA achieves this by multiplexing multiple user transmission signals into a
single transmission stream by exploiting the power domain. At the user end, successive
interference cancellation (SIC) is used to obtain the required signal information and the
rest is discarded. The order of performing SIC is determined by the increasing channel
gain of the users [16], i.e., the user with high channel gain performs SIC, generally known
as a cell center user (CCU), to decode and cancel out information of the low-gain user,
generally referred to as a cell edge user (CEU). Currently, few works have been performed
on the use of NOMA in HetNets, which mainly include: NOMA for device-to-device-enabled HetNets [21], spectrum allocation and power control using NOMA in HetNets
[5,22], and physical layer security for NOMA-based HetNets [23]. In [24], a contract-theory-based solution is derived for optimizing the use of mobile relays in the cooperative
NOMA system, and in [25], a similar solution is proposed for optimizing user association
and resource allocation for NOMA in HetNets. Similarly, to use NOMA in HetNets, some
game theory and Stackelberg game-based economic approaches are proposed for different
purposes in [26–28]. The existing works mainly focus on the integration of NOMA in HetNets or on the user power allocation enhancement with ideal SIC conditions. The main
problem with using NOMA in small-cells is that when pairing is performed between the
MUs and SUs within a small-cell, depending on the user gain, the performance of paired
SUs (considering SUs as high-gain users) may deteriorate in terms of BER, compared to
their unpaired state. To address this problem, in this work, WHT is used with NOMA,
which overcomes this drawback and ensures better performance gains than the conventional NOMA.
The Walsh–Hadamard transform is used as an orthogonal variable spreading factor
(OSVF) to increase the diversity in communication systems [29]. It increases the constellation diversity in the modulation schemes, hence resulting in reduced BER performance
and enhanced subsequent user throughput. In recent years, a number of studies have been
conducted using the WHT in communication systems; a joint investigation on the WHT
and Alamouti scheme was performed in [30], a transceiver design for single carrier frequency division multiple access (SC-FDMA) was proposed using the WHT in [31], and
similarly, the WHT was applied on spatial modulation in [32] and on NOMA in [33,34].
To the best of authors’ knowledge, to date, no joint strategy has been proposed considering the WHT, NOMA, and IRC in HetNets, particularly under nonideal SIC conditions for
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NOMA. To illustrate the concept, a generic HetNet configuration with NOMA-enabled
small-cells is shown in Figure 2 and the concept of a WHT-NOMA small-cell is shown in
Figure 3. The advantages of the proposed joint strategy have been detailed above. In this
framework, the main contributions of this work are summarized as follows:


Applying the WHT jointly with NOMA and IRC in HetNets will increase the constellation diversity in modulation schemes, hence achieving even better throughput performance and reduced BER compared to the conventional NOMA system. Mathematical modeling is provided for the proposed joint strategy and the results are validated using MATLAB.



Using IRC in HetNets will combat the interference created at SUs by the MUs that
are in the vicinity of the small-cell but are not able to create NOMA pairs with the
SUs. In short, interference created by MUs will be suppressed, resulting in better BER
and throughput at the SU.

The remainder of this paper is structured as follows. Section 2 describes the mathematical model of the system with the details of the joint strategy, i.e., WHT with NOMA
and IRC, considering both ideal and nonideal SIC cases. Section 3 reports the simulation
results of the proposed strategy, and final concluding remarks are provided in Section 4.

Macrocell Link
Smallcell Link
NOMA UE-Pair
Inter-Cell
Interference (ICI)

Macrocell Base Station  MBS
Smallcell Base Station  SBS
Macrocell User  MU
Small Cell User  SU

SBS

SBS

MBS
SBS
SBS

 MU connected to MBS (Not paired with any femtocell users)
 Original SU connected to SBS
 SU (Originally MU) connected to SBS using NOMA pairing
 MU connected to MBS; Cannot create NOMA pair (Interferers)

Figure 2. Small-cells deployed in a macrocell with non-orthogonal multiple access (NOMA).
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Power

NOMA Multiplexing

Frequency

Large power
allocation for small
cell-edge UE (SEU)
Small power
allocation for small
cell-center UE (SCU)

Small Cell-edge UE (SEU)
Small Cell Base
Station (SBS)

Successive
Interference
Cancellation
(SIC)

Small Cell-center UE (SCU)

SIC of small celledge UE signal

Small Cell-center
UE signal decoding
SIC

Demodulation
of the SCU
Signal

Cell-edge UE signal
decoding

WalshHadamard
Transform
WalshHadamard
Transform

Demodulation of
the SEU Signal

Figure 3. Walsh–Hadamard transform (WHT)-NOMA in a small-cell.

2. System Model
In this section, we present a detailed description of the system model used to develop
the system model, starting with conventional NOMA for small-cells, followed by WHTNOMA in small-cells, then the IRC model for suppression of the interference, caused by
MUs that are unable to create NOMA pairs failing to establish connection with the SBS.
The general diagram of small-cells deployed in a macrocell with NOMA and ICI is shown
in Figure 2, and the transceiver design for the proposed strategy is shown in Figure 4.
General notations used in this work are given in Table 1.
Table 1. Notations.
Notations
,
,
,
,
,

′
,
,

,

ℎ

,

Description
Transmitted Superposition coded signal at
SBS.
Signal of
UE in
SBS
Signal information of SEUs with imperfect condition in bth SBS
Signal of UE-m in
SBS
Signal of the kth UE after the WHT is applied
Signal information of SEUs with imperfect conditions at the UE-m served by the
WHT based signal information of the
small-cell
Recovered WHT signal using IRC at UE- in
SBS
Received superposition coded signal at the th UE in bth SBS
Received signal of UE- in the
SBS
No of UEs share a common link of the same SBS using NOMA.
Number of sub-bands in the system
Transmission Power
Total transmission power of the
paired NOMA UEs in the
SBS
Transmission power of the
small-cell
Serving SBS transmission power
Channel Noise
Variance
Inter-cell Interference
Transmission channel response from the
SBS to the
UE
WHT matrix with = 2 length code ( ∈ ℤ )

SBS including WHT
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Complex channel matrix between the
small-cell and UE
Ratio of power assignment to the
UE
Precoding weight matrix of the
small-cell
The IRC receiver weight matrix, containing covariance matrix and the estimated channel matrix
Ideal IRC weight matrix at UE- served by
SBS
Composite channel of the
small-cell
The covariance matrix respectively
Bandwidth
Modulation order of the transmitted signal
Throughput

2.1. NOMA in Small-cells
This section of the paper provides the system model for downlink NOMA in hybridaccess small-cells using ideal and nonideal SIC conditions. The section starts with the basic
NOMA model and then moves toward the ideal and nonideal SIC part. One important
thing to remember is that once the MU becomes an SU, both uplink and downlink are
provided by the serving SBS.
In NOMA, the user equipments (UEs) of a superposition-coded signal are considered
as paired users. In the existing literature, the maximum number of paired UEs is not yet
defined, so for now, it is supposed that the total number of
UEs can share a common
link of the same SBS using NOMA. Let us assume that there are [1 … ] small-cells underlaid on a macrocell and the
SBS transmits a superposition-coded signal for the
paired SUs, given as:
=

,

,

,

(1)

where ∈ {1,2,3, … , }, , is the signal of the kth UE, and , is the total transmission
power for the paired UEs. Considering NOMA in small-cells, as aforementioned in Section 1, in user pairing, there are two kinds of UEs, i.e., high gain (small-cell center users
(SCUs)) and low gain (small-cell edge users (SEUs)). The ascending value of index is
assigned in descending order of the UE channel gain, i.e., = 1 is the highest-gain user,
categorized as SCU, and = is the lowest-gain user, categorized as SEU. The received
superposition-coded signal at the th UE in the bth SBS is given as:
,

=ℎ

,

×

+

+ .

(2)

Using (1) and (2) gives:
,

=ℎ

,

×

,

,

+

+ ,

(3)

where ℎ , gives the impulse response of the transmission channel from the bth SBS to the
kth UE; we assume in this work a Rayleigh fading channel model, represents the additive white Gaussian noise (AWGN) with zero mean, and , and represent the ICI that
is created at the SEU receiver from a nearby MU. Here,
is the transmission power associated with the kth UE in the pair given as:
.

=

∝

,

×

,

(4)

where ∝ is the ratio of power assignment to the kth UE,
represents the serving SBS
transmission power, and the number of sub-bands in the system is given by
. In general, ∝ can take any theoretical value [18].
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Remove:
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Prefix

Channel
Equalization
Interference
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FFT

Channel
Equalization

Figure 4. Transceiver block diagram for WHT with joint NOMA and IRC.

Now, as mentioned before, to extract the desired signal information from the received superposition-coded signal of the paired UEs, a UE-receiver must perform SIC.
To do this correctly, it is very important that the UE receiver knows the optimum order of
decoding within its paired UEs. This order is determined through the channel-gain of the
paired UEs in a way that only the high-gain users (SCUs) perform SIC to remove the
signal information of the low-gain users (SEUs), as shown in Figure 3. Let us consider a
high-channel-gain user , in the
paired UEs, connected to the bth SBS. Then, UEmust perform SIC to extract its signal by removing the signal information of the low-gain
UEs within its pairing. The received signal of UE- in the bth SBS is given as:
,

=ℎ

,

×

,

,

+ℎ

,

×

,

+ ⏟ + ⏟,

,

(5)

:

where, the ICI presented by consists of two kinds of interference signals, i.e., cross-tier
interference and co-tier interference signals. In the co-channel environment, cross-tier interferences occur when the UE of an SBS and a nearby UE of the overlaying macrocell base
station (MBS) are allocated the same resource block (RB); similarly, co-tier interferences
occur when UEs of neighboring SBSs reuse the same RB. Thus, if there are [1 … ] resource blocks in an MBS and the underlaid small-cells reuse the same RBs, then the ICI
created at the UE-m of the serving
SBS is given as:
=

,

ℎ

,

+

,

ℎ

,

,

,

(6)

where,
and
are transmitted symbols from the MBS to its MU- and from SBS- ′
,
to its SU, respectively; ℎ , and ℎ , are channel responses from MBS and from SBS- ′
to UE-m of the serving SBS, respectively;
and
are transmission powers of the MBS
and SBS- , respectively; , is the RB allocation indicator for cross-tier interference;
, = 1 when the same RB is being occupied by both SBS and the interfering UE of the
MBS; otherwise, , = 0. Similarly, . is the RB allocation indicator for co-tier interference, , = 1 if both serving SBS- and interfering SBS- ′ use the same RB; otherwise, , = 0. Replacing in (5) gives:
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,

=ℎ

,

×

,

,

+ℎ ×

,

+ ⏟

,
:

(7)
+

,

ℎ

+

,

,

ℎ

(

)

,

.

,

To simplify the problem and as per the existing literature for the NOMA receiver, let
us consider a two-user case. Thus, for the two-UE case, the received signal at UE-1 is given
by using (5) as:
,

=ℎ

,

×

,

+ℎ

,

,

×

,

+ ⏟ + ⏟,

,
:

(8)

where, , , , , and ℎ , are the signal-information, power, and channel-response, respectively, of the high-gain user UE-1, and , and , are signal information and
power, respectively, of the low-gain user UE-2. For further investigation of the received
signal at the receiver, two cases are considered, i.e., NOMA with perfect and imperfect
SIC.
2.1.1. NOMA Receiver with Ideal SIC
In the ideal SIC case, it is assumed that the SCUs have perfect knowledge of the signal
information of SEUs, and the channel effects are not considered. This means that the signal
information of the SEUs is perfectly cancelled at the SCU by performing SIC. If the SCU
user, served by the bth SBS, is UE- in the paired UEs, then its received signal, by performing perfect SIC, is given by using (5):
,

=

,

− ∑

,

,

,

(9)

where, ⌊. ⌋ denotes the demodulation and detection of the received signal. In the case of
two paired UEs, the SCU is UE-1. Thus, the received signal at UE-1 with the ideal SIC in
the bth SBS is given by using (8) and (9):

,

=

,

−

,

,

.

(10)

,

2.1.2. NOMA Receiver with Nonideal SIC
In this case, the NOMA receiver performance is investigated in a nonideal condition.
The case is considered because it is more inclined toward a somewhat practical behavior.
Here, the SCU performs SIC in the presence of the channel effects produced by the transmission channel, which in this case, is the Rayleigh fading channel, hence creating a more
practical approach than the perfect SIC case. Now, let us suppose that, in the paired
UEs, for the received signal at UE-m, the signal information of the SEUs with imperfect
condition in the bth SBS is given from (5) as:
,

=ℎ

,

×

,

,

+ ⏟ + ⏟,

(11)
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where,
represents the AWGN, presents the ICI, and ℎ , is the Rayleigh fading
channel. Then, the signal extraction of UE-m, after performing SIC, is given by using (5)
and (11):
,

=

,

−

,

.

(12)

,

For the case of two paired UEs, the SEU is UE-2 and the SCU is UE-1. Thus, in the
received signal at UE-1, the signal information of UE-2, after including the effects of the
Rayleigh fading channel and ICI, is given by (11):
,

= ℎ

,

×

,

+ ⏟ + ⏟.

,

(13)

The extracted signal of UE-1 after SIC is given using (12):

,

,

=

−

,

.

(14)

,

After the description of the NOMA receiver in small-cells with the ideal and nonideal
SIC cases, the WHT part is next presented.
2.2. Walsh–Hadamard Transform (WHT)
In this section, the concept of WHT is briefly explained, as it is later used to present
WHT-NOMA. In communication systems, a WHT matrix can be applied to the modulation scheme’s transmit symbols for achieving constellation diversity. This is because the
WHT is used as an orthogonal variable spreading factor (OVSF) to achieve diversity in
communication systems. The transform is performed on both sides of the transceiver, i.e.,
at the transmitter side, multiplying the WHT matrix with the input signal and, similarly,
at the receiver side, where the original signal is recovered by multiplying the same WHT
matrix with the received signal. The input–output relationship is given by:
=

×

↔

=

×

(15)

,

where,
is the WHT matrix with = 2 length code ( ∈ ℤ ) and the input and output
signals are given by and , respectively. In this transform, every two adjacent rows of
a WHT matrix present two perpendicular vectors, which means that they are mutually
orthogonal. To provide the WHT matrix illustration, if H presents a Hadamard matrix,
then the partitioned matrix is as follows:
−

.

The observation above provides the general sequence of the WHT matrix as:
= [1],

=

1 1 1
√2 1 −1

,…,

=

1
√

−

,

(16)

where, the order of the Hadamard matrix is given by , which is used for deriving the
matrix , and 1⁄√ presents the normalization factor. Let us suppose that the modulator-output data’s complex constellation points (such as phase shift keying (PSK) or quadrature amplitude modulation (QAM)) are:
=[
⋯ ] ; then, applying the
WHT matrix yields:
=

×

,

(17)
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where,
is recoverable using (15), i.e., by applying the WHT matrix of the same order
at the receiver side. The above process can be easily understood via the following exam] is the given data with the WHT matrix
ple: Let us assume
=[
, i.e., matrix
of order 2. Then, by using (16) and (17), we get:
=[

] ×

1 1
√2 1 −1

=

=

1

1
√2
1
√2

=

1
√2

[

],

(18)

(

+

),

(19)

(

−

).

(20)

where,
and
are the derived resultant points after WHT matrix application in (19)
and (20), respectively. These symbols are then transmitted instead of the original data. As
aforementioned, that WHT is applied on modulator-output data, so if we consider a typical quadrature phase shift keying (QPSK) transmitter, then we obtain four constellation
points, i.e., 00, 01, 10, and 11 (example). The application of the WHT on these points is
shown in Table 2, where
and
are the modulation points with their complex constellation points
and , respectively. After applying the WHT, the new constellation
points are presented as
and , respectively.
To recover the data, a WHT matrix of the same order is applied to the received data
at the receiver side. The process is given as:

= [
=

= [

] ×

1 1
1 −1

+

−

] ×

+
+

+
−

−
+

,
1 1
1 −1

=

,

2
2

(21)

where (21) shows the diversity achieved by applying WHT.
After this illustration of the use of the WHT model in communication systems, we
next describe NOMA with WHT in small-cells.
Table 2. New Constellation Points After Application of WHT.

( + )
√
1.4142 + 0j
0.7071 + 0.7071j
0.7071 − 0.7071j
0 + 0j
0.7071 + 0.7071j
0 + 1.4142j
0 − 0j
−0.7071 + 0.7071j
0.7071 − 0.7071j
0 − 0j
0 − 1.4142j
−0.7071 − 0.7071j
0 + 0j
=

00
00
00
00
01
01
01
01
10
10
10
10
11

1.0 + 0.0j
1.0 + 0.0j
1.0 + 0.0j
1.0 + 0.0j
0.0 + 1.0j
0.0 + 1.0j
0.0 + 1.0j
0.0 + 1.0j
−0.0 − 1.0j
−0.0 − 1.0j
−0.0 − 1.0j
−0.0 − 1.0j
−1.0 + 0.0j

00
01
11
10
00
01
11
10
00
01
11
10
00

1.0 + 0.0j
0.0 + 1.0j
−0.0 − 1.0j
−1.0 + 0.0j
1.0 + 0.0j
0.0 + 1.0j
−0.0 − 1.0j
−1.0 + 0.0j
1.0 + 0.0j
0.0 + 1.0j
−0.0 − 1.0j
−1.0 + 0.0j
1.0 + 0.0j

( − )
√
0 − 0j
0.7071 − 0.7071j
0.7071 + 0.7071j
1.4142j − 0j
−0.707z1 + 0j
0 − 0j
0 + 1.4142j
0.7071 + 0.7071j
−0.7071 − 0.7071j
0 − 1.4142j
0 − 0j
0.7071 − 0.7071j
−1.4142 − 0j
=
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01
11
10

0.0 + 1.0j
−0.0 − 1.0j
−1.0 + 0.0j

−0.7071 + 0.7071j
−0.7071 − 0.7071j
−1.4142 + 0j

−0.7071 − 0.7071j
−0.7071 + 0.7071j
0 − 0j

2.3. WHT-NOMA in Small-cells
This part provides the description of the proposed NOMA with the WHT technique.
The block-diagram of the proposed technique is provided in Figure 3. If the superpositioncoded signal at the bth SBS transmitter is given by (1), then after the WHT application, it is
given as:
=

,

,

,

(22)

where, , represents the signal of the kth UE after the WHT is applied. Similarly, at the
receiver side, using Equation (3), the received signal at the kth user is given as:
=ℎ

,

×

,

,

,

+

+ ,

(23)

where, ℎ , is the channel response, assuming a Rayleigh fading channel, represents
noise, and presents the ICI, with the noise considered in this work as AWGN with zero
mean and variance
.
In WHT-NOMA, for the
UE case in paired UEs served by the
SBS, the
received signal of high-gain user UE- in (5) without performing SIC can be written as:
,

=ℎ

,

×

+ℎ

,

,

×

,

,

,

+ ⏟ + ⏟,

(24)

:

where is given in (6). Like the two-UE case in WHT-NOMA, the received signal at UE1, served by the
SBS, without SIC will be given by using (24) as:
,

=ℎ

,

×

,

,

+ℎ

×

,

,

,

+ ⏟ + ⏟.
(25)

:

Here as well, just like conventional NOMA in small-cells, two cases are considered
for SIC at the SU receiver, i.e., WHT-NOMA with perfect and imperfect SIC.
2.3.1. WHT-NOMA Receiver with Ideal SIC
Just like the ideal SIC part for the conventional NOMA receiver, it is assumed that
the SCU has perfect knowledge of the signal information of SEUs. The SCU cancels the
signal information of the SEUs completely from the combined signal using SIC. Then, in
the WHT-NOMA receiver, the signal of high-gain user UE-m, in the paired UEs, served
by the
SBS is retrieved using (25) as:

,

=

,

− ∑

,

,

×

,

(26)

,

where,
is the WHT matrix of the same order as used for the transmitter, and ⌊. ⌋ denotes the demodulation and detection of the received signal. In the two-paired-UE case,
to retrieve the signal of high-gain user UE-1, (26) is written as:
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,

=

,

−

,

,

×

.

(27)

,

2.3.2. WHT-NOMA Receiver with Nonideal SIC
In this case also, just like the nonideal SIC part for the conventional NOMA receiver
in subsection 2.1, the SCU performs SIC in the presence of the channel effects produced
by the transmission channel, i.e., the Rayleigh fading channel. In this case, for WHTNOMA, the signal information of SEUs at the UE-m served by the bth SBS is given using
(24) as:

,

=ℎ

,

×

,

,

+ ⏟ + ⏟,

(28)

where, , , and ℎ , represent the AWGN, ICI, and the Rayleigh fading channel, respectively. Then, in the WHT-NOMA case, the signal information of UE- , served by bth SBS,
is extracted using (24) and (28):
−

,

=

,

,

×

.

(29)

,

For the two-UE-pair case in WHT-NOMA, the signal information of UE-2 at UE-1,
after including the effects of the Rayleigh fading channel, is given using (28) as:
,

= ℎ

,

×

+ ⏟ + ⏟.

,

,

(30)

The UE-1’s received signal, after SIC, can be extracted using (25) and (30) given as:

,

=

,

−

,

×

,

(31)

,

where, as aforementioned,
is the WHT matrix of the same order , as used for the SBS
transmitter, and ⌊. ⌋ represents the demodulation and detection of the received signal.
After the description of the WHT-NOMA receiver for both ideal and nonideal SIC
cases, the description of the IRC model is next presented.
2.4. IRC Receiver to Suppress ICI in Small-cells
This part of the paper presents the system model for the IRC receiver in small-cells,
continued with the former WHT-NOMA. The block diagram for the WHT with joint
NOMA and IRC is given in Figure 4. As mentioned in Section 1, that IRC receiver needs
to know the interference signals and the desired signal, i.e., the correct covariance matrix
estimation that includes the information of interfering signals, and the channel matrix estimation of the serving cell, respectively. Thus, to achieve accurate estimates of these matrices using IRC, efficient estimation schemes are required [6]. In the current high-end
wireless networks, the serving cells’ channel matrix estimation is possible using the downlink reference signals (RSs). The covariance matrix can be estimated using the RS-based
scheme proposed in the 3GPP release R1-111562 [35]. This scheme extracts the serving
cell’s portion, and the noise and interference portion from the covariance matrices. The
former portion, i.e., attaining covariance matrix of the serving cell, can be achieved via the
phases and channel amplitudes of the serving cell, which can be estimated by the RS of
the serving cell. On the contrary, the latter part, i.e., the covariance matrix estimation that
includes only the noise and interference, can be achieved by the subtraction of replica
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symbols of the serving cell, based on the estimated channel matrix and the known RS
sequence, from the received RS signals. As IRC is particularly used for the interference
suppression, the estimation accuracy of the latter is more important than the former. In
this work, for simplicity, the ideal IRC scenario is used where the composite signal information of the interferers is known at the IRC performing receiver.
To present the system model for IRC, the model used is the same as for the NOMA
in small-cells, but for a better understanding, it is presented here from the perspective of
multiple antenna receivers, as IRC can suppress the ICI if the number of receiver antennas
is higher than the desired data streams [6]. The IRC model developed in this work is based
on the work performed in [6]. Considering that
is the number of receiver antenna
branches and the total number of cells, including the macro and small-cells, is given by
, then the received signal is given as:

=

(32)

+ ,

where,
is the complex channel matrix between the
small-cell and UE,
is the
WHT-based signal information of the
cell,
is the transmission power of the
small-cell,
is the precoding weight matrix of the
small-cell, and is the
-dimensional noise. Considering that the
SBS is serving a high-gain UE- from the total
NOMA-paired UEs, the recovered WHT signal after successful removal of the ICI using
IRC at the UE- , i.e., ′ , is detected using the (
×
) receiver weight matrix
, where
is the total number of streams received at the UE. The desired sig,
nal is given as:
′

=

,

.

(33)

The IRC receiver weight matrix, which contains the covariance matrix with interference information and the estimated channel matrix, is given as:
=

=

,

=

,

(34)
(35)

,

where,
,
, and
denote the composite channel of the bth small-cell, the transmission power of the serving bth SBS, and the covariance matrix, respectively. Using
in (34) instead of
in (33) gives us the desired signal by supressing the interference
,
information. If the ideal IRC case is considered, then composite channels, i.e., from serving
cell and all interferers, are known at the receiver, so the ideal IRC weight matrix at the
UE- served by
SBS will be given by using (34) as:

=

⎛
⎜
⎝

⎞
+ ⏟ ⎟ ,

(36)

⎠

where,
is the Hermitian transpose of the composite channel. Using the ideal IRC
weight matrix, i.e.,
, instead of the receiver weight matrix
supresses the
,
interference caused by other cells. However, considering that the composite channels from
other cells are not known at the receiver, the covariance matrix that includes ICI infor-
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mation needs to be estimated; for this reason, 3GPP has introduced a demodulation reference signal (DM-RS) approach [35]. Based on this model, IRC suppresses interference intelligently and limited backhaul communication is required, resulting in low-latency communication; nevertheless, this is not included in the scope of this work.
2.4. User Throughput Performance
The user throughput calculation for the proposed model in this work, i.e., WHTNOMA and IRC, is based on BER performance [36]. As user throughput and BER are related to each other, in this paper, in both cases, i.e., conventional NOMA and WHTNOMA, throughput is calculated based on the BER performance as follows:
= (1 −

)×

×

( ),

(37)

where,
is the bandwidth and
is the modulation order of the transmitted signal.
After a detailed description of the system model, the next section gives the simulation
results conducted to validate the presented work in this paper.
3. Results and Discussion
This section provides simulation results for the presented WHT-based joint NOMA
and IRC in comparison with the conventional NOMA scheme using perfect and imperfect
SIC conditions. The results are discussed in terms of BER, and subsequent user throughput performance. The simulations are carried out in MATLAB using two case scenarios,
i.e., 1) investigating the performance of SU when it pairs with an interfering MU in terms
of BER and throughput performance using conventional NOMA and WHT-NOMA, 2)
performance of SCUs and SEUs in terms of user throughput and BER, considering WHTNOMA with IRC to suppress the ICI effects. Both scenarios incorporate the ideal and nonideal SIC conditions for NOMA, where the nonideal condition includes noise and channel
effects.
As NOMA has not been standardized yet, the simulation parameters in this work
follow the LTE standard as stated in the 3GPP specifications. For the same reason, the
basic signal waveform used for the simulations is also taken from the LTE standard. The
simulation parameters are defined in Table 3. For simplicity, a single SBS is considered,
deployed under an MBS. For the WHT matrix, the same order is used as for the used
modulation scheme, e.g., for binary phase shift keying (BPSK) modulation, the order of
the WHT matrix is 2 and for QPSK modulation, the order of the WHT matrix is 4. The
results according to the scenarios are given as follows.
Table 3. Simulation Parameters.
Bandwidth
Radio access scheme
Subcarrier separation
Number of Subcarriers
FFT size
Subframe length
Symbol Duration
Data modulation for SCU
Data modulation for SEU
User Power for NOMA
Channel/Noise
Maximum Doppler frequency
FFT timing detection
Inter-Cell Interference (ICI)

1.4 MHz
OFDM
15 kHz
600 (50 RBs)
2048
1.0 ms (14 OFDM symbols)
66.67 µs + CP: 4.69 µs
BPSK, QPSK, QAM, 8-QAM
BPSK, QPSK, QAM, 8-QAM
SCU = 0.4, 0.2, SEU = 0.6, 0.8
Rayleigh fading channel/AWGN
5.55 Hz
Ideal
1 interferer = 20 dBm
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3.1. Scenario 1
In this scenario, BER and throughput performance of an SU are investigated before
and after pairing it with the interfering MU. To measure the performance, for simplicity,
a single SU is considered as a high-gain UE with a single interfering MU (interfering signal
strength = 20 dBm). Further, the unpaired SU contains ICI effects produced by the interfering MU. To manage the situation, SU pairs with the MU using power domain NOMA
suppressing the ICI. The results are generated using power allocation as SU (SCU) = 0.4
and MU (SEU) = 0.6, where the total power is equal to 1, i.e.,
+
= 1. The scenario
is shown in Figure 5a and the results are presented in Figures 6–13.
MU handed over to
SBS (connected to
SBS using NOMA for
handling ICI)

SU (Originally MU)
Connected to SBS
using NOMA

SBS

SBS

MBS

MBS
Original SU

(a)

MU creating ICI

Original SU

(b)

Figure 5. Simulation Scenarios: (a) Interfering MU connected to SBS using NOMA; (b) two NOMA paired SUs with one
interfering MU.

3.1.1. BER Performance
This part shows the BER performance of a high-gain SU, before and after pairing it
with the interfering MU, using different modulation schemes. The results are provided in
comparison of conventional NOMA with WHT-NOMA shown in Figures 6 to 9.
In Figure 6, the results are derived using BPSK modulation. It can be observed from
this investigation that using NOMA, the BER performance of SU deteriorates after pairing
with the interfering MU, even after performing SIC, compared to its unpaired state. In
terms of hybrid-access small-cells, this deterioration is unacceptable as SUs are the owners
of the small-cell. Thus, to deal with the situation, WHT is applied to NOMA. It can be
observed that using WHT-NOMA, for the paired SUs, there is a performance gain of almost 5–10 dB in SNR for different BER values in both perfect and imperfect SIC conditions
compared to the conventional NOMA. Thus, it can be seen that using WHT reduces the
BER significantly, resulting in an even better BER performance of the paired SU compared
to its unpaired state. A similar trend can be seen in Figure 7, where QPSK modulation is
used with the WHT matrix of order 4 (
from equation (16)).
The simulations in Figures 8 and 9 are derived using the higher-order modulation
schemes, i.e., QAM and 8-QAM, respectively. It can be observed that the trend in performance gains for WHT-NOMA is similar to the results in Figures 6 and 7, i.e., approximately 5–10 dB in SNR for different BER values, compared to the conventional NOMA.
Here also, the results signify the importance of using WHT-NOMA in small-cells by showing even better BER performance of the paired SU, compared to its unpaired state.
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Figure 6. BER performance using BPSK modulation; NOMA Vs. WHT–NOMA, power allocation:
SU (SCU) = 0.4 and MU (SEU) = 0.6.

BER

Figure 7. BER performance using QPSK modulation; NOMA Vs. WHT–NOMA, power allocation:
SU (SCU) = 0.4 and MU (SEU) = 0.6.

Figure 8. BER performance using QAM modulation; NOMA Vs. WHT–NOMA, power allocation:
SU (SCU) = 0.4 and MU (SEU) = 0.6.
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Figure 9. BER performance using 8–QAM modulation; NOMA Vs. WHT–NOMA, power allocation: SU (SCU) = 0.4 and MU (SEU) = 0.6.

3.1.2. Throughput Performance
This part shows the throughput performance of the high-gain SU in Figure 5a, before
and after pairing it with the interfering MU, using different modulation schemes. The results are derived using the BER performance of SU, presented above. These simulations
are also provided in comparison of conventional NOMA with WHT-NOMA given in Figures 10–13.
In Figure 10, the results are derived using BPSK modulation. The observation in this
figure yields that using NOMA, the throughput performance of SU degrades with pairing,
even after performing SIC, compared to its unpaired state. As aforementioned, in hybridaccess small-cells, throughput degradation, because of the nonsubscriber presence, is unacceptable as SUs are the rightful owners or subscribers of the small-cell. Thus, to deal
with the situation, it can be seen that using WHT-NOMA, the throughput performance
increases in both perfect and imperfect SIC conditions compared to the conventional
NOMA. The paired SUs’ performance is even better than its unpaired state. At 10 dB SNR,
using WHT-NOMA, compared to conventional NOMA, it can be observed that for paired
SU, there is an increase of approximately 0.3 Mbps using the ideal SIC and 0.34 Mbps
using nonideal SIC. Furthermore, it can be seen that the paired SUs’ throughput performance compared to its unpaired state also increases using WHT-NOMA, i.e., 0.13 Mbps
increase in throughput using ideal SIC and 0.11 Mbps increase using nonideal SIC conditions. A similar trend can be seen in Figure 11, where QPSK modulation is used with the
WHT matrix of order 4 (
from (16)).
The results in Figures 12 and 13 are derived using the higher-order modulation
schemes, i.e., QAM and 8-QAM, respectively, and are based on the BER performance
shown in Figures 8 and 9, respectively. It can be observed that the trend in throughput
performance using WHT-NOMA is similar to the trend followed in Figures 10 and 11. For
example, in Figure 13, at 10 dB SNR using WHT-NOMA, compared to conventional
NOMA, the throughput of paired SU increases approximately 2.25 Mbps with the ideal
SIC and 2.22 Mbps with nonideal SIC. It even exceeds the throughput of its unpaired state,
i.e., approximately 1.30 Mbps.
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Figure 10. Throughput performance using BPSK modulation; NOMA Vs. WHT–NOMA, power
allocation: SU (SCU) = 0.4 and MU (SEU) = 0.6.

Throughput (Mbps)

Figure 11. Throughput performance using QPSK modulation; NOMA Vs. WHT–NOMA, power
allocation: SU (SCU) = 0.4 and MU (SEU) = 0.6.

Figure 12. Throughput performance using QAM modulation; NOMA Vs. WHT–NOMA, power
allocation: SU (SCU) = 0.4 and MU (SEU) = 0.6.

19 of 26

Throughput (Mbps)

Mathematics 2021, 9, 348

Figure 13. Throughput performance using 8–QAM modulation; NOMA Vs. WHT–NOMA, power
allocation: SU (SCU) = 0.4 and MU (SEU) = 0.6.

3.2. Scenario 2
In this scenario, the BER and throughput performance of SCU and SEU are investigated using WHT-NOMA with IRC compared to conventional NOMA with and without
IRC. To measure the performance, for simplicity, a two-UE-pair case is used, i.e., an SCU
(high-gain user) paired with a SEU (low-gain user). Both SCU and SEU experience ICI
from a MU that is not able to connect to the SBS; the interfering signal strength is considered as 20 dBm. To manage the situation, IRC is used for ICI suppression at both SCU and
SEU. The results are generated using power allocation as SCU = 0.2 and SEU = 0.8, where
the total power is equal to 1, i.e.,
+
= 1. The scenario is shown in Figure 5b and
the results are presented in Figures 14–21.
3.2.1. BER Performance
This part shows the BER performance of both SCU and SEU using scenario 2 for different modulation schemes. The results are given in Figures 14–17.
In Figure 14, the BER results are derived using BPSK modulation for both SUs, i.e.,
SCU and SEU, using WHT-NOMA with IRC compared to conventional NOMA with and
without IRC. Similar to scenario 1, it can be observed that using WHT-NOMA results in a
performance gain of approximately 5–10 dB in SNR for different BER values for both SUs,
i.e., SCU and SEU, compared to the conventional NOMA. The receiver performance of
WHT-NOMA is better than conventional NOMA for both ideal and nonideal SIC cases.
As the SCU is the high-gain user with low power assignment, and further, the SIC is also
performed by SCU, it can be seen that the performance of SEU is better compared to SCU.
Furthermore, it can also be observed that using IRC results in reduced BER for both SCU
and SEU, in all cases showing the suppression of ICI caused by the interfering MU. A
similar trend can be observed in Figure 15 where QPSK modulation is used with a WHT
matrix of order 4 (
from (16)).
For the higher-order modulation schemes, i.e., QAM and 8-QAM, the BER results for
scenario 2 are shown in Figures 16 and 17, respectively. It can be observed that these results also follow the same trend as in Figures 14 and 15, i.e., approximately 5–10 dB performance gain in SNR for different values of BER using WHT-NOMA for both SCU and
SEU, compared to conventional NOMA. This shows that there is a significant receiver
performance gain in terms of the BER for WHT-NOMA compared with the conventional
NOMA, and the use of IRC suppresses the ICI, especially at higher SNR values.

Mathematics 2021, 9, 348

20 of 26

Figure 14. BER performance with IRC using BPSK modulation; NOMA Vs. WHT–NOMA, power
allocation: SCU = 0.2 and SEU = 0.8.

Figure 15. BER performance with IRC using QPSK modulation; NOMA Vs. WHT–NOMA, power
allocation: SCU = 0.2 and SEU = 0.8.

Figure 16. BER performance with IRC using QAM modulation; NOMA Vs. WHT–NOMA, power
allocation: SCU = 0.2 and SEU = 0.8.
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Figure 17. BER performance with IRC using 8–QAM modulation; NOMA Vs. WHT–NOMA,
power allocation: SCU = 0.2 and EU = 0.8.

3.2.2. Throughput Performance
This part shows the throughput performance of both SUs, i.e., SCU and SEU, using
scenario 2 for different modulation schemes. The results are given in Figures 18 to 21 and
are based on the BER performance results in Figures 14–17, respectively.
In Figure 18, the results are shown for conventional NOMA and WHT-NOMA with
IRC using BPSK modulation. Like the results in scenario 1, it can be observed that using
WHT-NOMA yields better throughput performance than conventional NOMA for both
SCU and SEU. The receiver performance of WHT-NOMA is better for both ideal and nonideal SIC cases. For example, it can be observed that at 10 dB SNR, using WHT-NOMA
and IRC results in an approximately 0.24 Mbps throughput increase for SEU compared to
conventional NOMA with IRC. The results also show that using IRC with WHT-NOMA
or conventional NOMA increases the throughput of both SCU and SEU in all cases, showing ICI suppression. The throughput performance because of IRC becomes even better at
high SNR values, e.g., at 20 dB SNR, using IRC with conventional NOMA results in an
approximately 0.05 Mbps throughput increase for SCU compared to the conventional
NOMA without IRC. A similar trend is observed for all cases in Figure 19 where QPSK
modulation is used considering a Hadamard matrix of order 4.
Like the previous cases, the results in Figures 20 and 21 are produced for higherorder modulations, i.e., QAM and 8-QAM. These results also follow the same trend of
throughput performance as followed by BPSK and QPSK in Figures 18 and 19, i.e., the
throughput performance of both SUs, i.e., SCU and SEU, enhances with the use of WHT
with NOMA compared to the conventional NOMA. Furthermore, the use of IRC suppresses ICI at the SCU and SEU receiver, yielding better throughput performance, especially at higher SNR values as visible from results in both figures.
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Figure 18. Throughput performance with IRC using BPSK modulation; NOMA Vs. WHT–NOMA,
power allocation: SCU = 0.2 and SEU = 0.8.

Figure 19. Throughput performance with IRC using QPSK modulation; NOMA Vs. WHT–NOMA,
power allocation: SCU = 0.2 and SEU = 0.8.

Figure 20. Throughput performance with IRC using QAM modulation; NOMA Vs. WHT–NOMA,
power allocation: SCU = 0.2 and SEU = 0.8.
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Figure 21. Throughput performance with IRC and 8-QAM modulation; NOMA Vs. WHT–NOMA,
power allocation: SCU = 0.2 and SEU = 0.8.

3.3. Computational Complexity Analysis
This section provides the computational complexity analysis of the proposed joint
strategy, i.e., WHT+NOMA+IRC, in comparison to the conventional NOMA approach.
Computational complexity plays a vital role in analyzing the receiver performance. Theoretically, it is understandable that the complexity of the proposed system in this work
should increase with the increment in the number of operations as compared to conventional NOMA. With the inclusion of IRC, the system becomes more complex due to the
nature of the IRC weight matrix calculation, given from (34) and (36). Therefore, in this
section, the complexity comparison, in terms of the required number of multiplications, is
calculated for WHT-NOMA with IRC, compared to conventional NOMA, and is shown
in Table 4 and Figure 22 [34,37,10], where
represents the number of sub carriers and
K represents the number of UEs performing IRC in the small-cell. It is evident from the
results in Figure 22 that the computational complexity of the proposed technique is much
higher than that of the conventional NOMA approach. Thus, the advantages of better user
throughput and reduced BER comes at the expense of higher computational complexity.

Figure 22. Number of operations for conventional NOMA, WHT-NOMA, and WHT–NOMA–IRC.
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Table 4. Computational Complexity [34,37,10].
Complex
Operations
Required No. of
Multiplications at
the Receiver

NOMA

2

(

NOMA + WHT
)

[( ⁄2)
+ [( ) ]

(

NOMA + WHT + IRC

)]
+ 2(

) + (

[( ⁄2)
) +

( )] + [( ) ]
+ 7⁄2
+ 5⁄2

−4 +

)

4. Conclusion and Discussion
In this work, a strategy is proposed for the interference management, BER reduction,
and throughput enhancement of the small-cell users. Using NOMA in small-cells not only
results in better performance gains but also manages the interference by letting the ICI
cause MUs to establish connection with the SBS. In the presented scheme, WHT-NOMA
provides better throughput and BER performance even at low SNRs as compared to the
conventional NOMA. As visible from the simulation analysis in the results section, it is
shown that WHT-NOMA can improve the receiver performance gains up to a significant
level. The WHT matrix works as a catalyst for the conventional NOMA and improves the
BER with a SNR gain of approximately up to 5–10 dB. The receiver design of NOMA needs
careful consideration as multiple users are paired together in the power domain, and this
creates a lot of interference at the receiver. The presented technique improves BER and
throughput performance of both the high- and low-channel-gain small-cell users, i.e.,
SCUs and SEUs, respectively. Furthermore, the work includes IRC for the ICI suppression,
which further reduces the BER of the SUs, resulting in even better user throughput performance as visible from the presented results.
Further, the work can be extended to include interference cancellation techniques like
iterative SIC and parallel interference cancellation (PIC). The work may also be extended
to the multiuser system level case for checking the scalability performance of WHTNOMA with IRC in more complex environments. The future extensions can analyze the
performance of the proposed method with various transmit and receive diversity techniques such as multiple-input multiple-output (MIMO) NOMA.
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