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Abstract

For the Full Duplex (FD) scheme based large-scale multi-input Multi-Output
(MIMO) systems, a multi-user MIMO (MU-MIMO) non-orthogonal multiple
access (NOMA) scheme, known as the beam division NOMA (BD-NOMA)
is addressed for massive MIMO systems. Traditional MIMO in the spatial
domain is analyzed using lens antenna array to form Beam Division Multiple
Access scheme which has orthogonal resource allocation lacking optimization.
The Power Domain-Non Orthogonal Multiple Access (PD-NOMA) provides
different power allocation for near and far users by exploiting supper position
coding at the base station followed by Successive Interference Cancellation
(SIC) at mobile stations. To get technical advantage for resource optimiza-
tion, BD-NOMA is formed by combining BDMA with PD-NOMA.

Millimeter wave communication is a promising technology for future wire-
less systems. One of the practical difficulty is to achieve its large-antenna
gains with only limited number of radio frequency (RF) chains. To this
end, a new lens antenna array enabled mm-wave MIMO is addressed. Us-
ing lens antenna array, a conventional spatial channel is transformed in to
beam space channel in order to capture the channel sparsity at mm-wave
frequencies. Accordingly, the dominant beams are selected from the sparse
beam space channel to reduce the number of required RF chains by using
interference-aware beam selection.

A precoding scheme based on the principle of wiener filter (WF) is de-
signed to reduce Inter-Beam Interference (IBI) in the downlink. Additionally,
to maximize the achievable sum rate, a dynamic (iterative) power allocation
is proposed by solving the joint power optimization problem, that address not
only intra-beam optimization, but also considers inter-beam optimization.

In this paper, an FD base station is analyzed with the Half-Duplex (HD)
users. At this FD base station, downlink antennas affects the performance
of uplink antennas creating a Self-Interference (SI) because of that both
transmission and reception is conducted at the same time and frequency at
the FD base station. To mitigate the effect of SI in the uplink, the paper
uses two SI channel estimators assuming that the interference follows both
Rician and Rayleigh fading channels. The first one is the Minimum Mean
Square Error (MMSE) estimator, while the second is the Least Square (LS)
estimator. After these estimators, an uplink spectral efficiency of proposed
BD-NOMA is analyzed.

Simulation results showed that BD-NOMA scheme has around 10% spec-
tral and energy efficiency increment over BD-OMA (BDMA). Traditional
MIMO has higher spectral efficiency than BD-NOMA with a cost of enor-
mous energy consumption. But it is proved that Traditional MIMO will have
almost a zero energy efficiency as compared to proposed BD-NOMA.

Key Words : NOMA, BDMA, IBI, SIC, PD-NOMA, BD-NOMA, WF
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Chapter 1

Introduction

1.1 Motivation

The fast growth of mobile Internet has propelled the 1000-fold data-traffic
increase that is expected for 2020 [1]. Therefore, the major challenge in
the future generation become spectral efficiency which could support mobile
broadband (MBB)services like virtual reality and video conferencing.

Wireless communication networks in the next generation are required to
have such qualities like, improved data rate, low latency, high capacity, high
throughput, high power and spectral effciency [2]. in order to achieve these
qualities in the future, there are five basic technologies which are expected
to appear in the next generation of wireless communication (5G); these are
Millimeter wave, Small cell, Massive MIMO, Beam-forming, and Full duplex
technologies.

Among these pillars of the fifth generation wireless network, the author
was interested to study about Massive MIMO or large scale antenna systems
(LSAS), the Non-Orthogonal Beam Division Multiple Access (BD-NOMA)
which encompasses the Beam-forming technology, and the Full Duplex tech-
nology.

Non-orthogonal access is a promising technology that can increase the
system throughput and simultaneously serve massive connections. It allows
multiple users to share time and frequency resources in the same spatial layer
via simple linear superposition or code-domain multiplexing. so, in order to
attain the high throughput of non-orthogonal multiple access proper schedul-
ing and hybrid automatic repeat requests (HARQ) are essentially needed for
both downlink and uplink non-orthogonal transmission. In this case, the
transmission format of a radio link matches the instantaneous channel con-
dition even in fast fading [1].

NOMA is a novel multiplexing scheme that improves spectrum efficiency
by utilizing an additional new domain which is the power domain, which is
not sufficiently utilized in previous systems. The major concept behind is
that multi-user signals are superimposed at the transmitter with different
power allocation. And in this access method, successive interference can-
cellation (SIC) technique should be applied at a near user who has better
channel conditions, so as to remove a far user signal within the beam be-
fore detecting his own signal. The NOMA system can enhance throughput
by sharing available resources between near and far users, unlike the con-

1



Performance Analysis of BD-NOMA for FD based Massive-MIMO Systems JIT

ventional orthogonal multiple access (OMA) system in which resources are
allocated orthogonally for each near and far users.

The second basic technology that should be included in the next genera-
tion wireless network is the Beam Division Multiple Access (BDMA) where
the base station communicates with users across different orthogonal beams.

Combining NOMA which has different power allocation for near and far
users directly with BDMA which has the same power allocation for all users
might be difficult to think it in reality. So, in this thesis, it is tried to show
the theoretical setups that makes NOMA work together with BDMA with
simulations.

Massive MIMO or very large multiple-input multiple-output (MIMO) has
massive number of antennas at base stations (BS) to serve hundreds of mobile
users simultaneously. Via spatial multiplexing and directing power intently,
Massive MIMO can greatly outperform the state-of-the-art cellular standards
jointly in terms of spectral efficiency (SE) and energy efficiency (EE) [3].

5G and other future wireless systems promise the user access to services
that require considerably higher data rates in spite of the limited wireless
spectrum. This demand for higher data rates entails achieving superior per-
formance and efficiency in terms of wireless resources utilization. Previous
generations of mobile communication mainly depended on half-duplex trans-
mission schemes, in which the transmitted and received signals are separated
either in time domain (TDD) or in the frequency domain (FDD). The term
"full-duplex" (FD) was traditionally used when the device had simultaneous
bidirectional communication, in contrast to half-duplex (HD), which assumed
time-division duplexing. Previously, use of the term full-duplex assumed uti-
lizing a pair of frequencies to transmit and receive simultaneously. However,
in recent years the term has carried a new concept: the device can transmit
and receive at the same time and over the same frequency [1].

Theoretically, Full duplexing scheme can double the achievable sum-rate
of half-duplex (HD) radios. However, practically the spectral efficiency gain
of FD over HD is highly determined by the self-interference either on the
base-station or on the mobile-station and cross-mode interference between
simultaneous uplink and downlink channels.

1.2 Statement of the problem

Non-orthogonal multiple access (NOMA) which has different power allocation
for near and far users will be analyzed with the beam division multiple access
(BDMA) which has uniform orthogonal power allocation for all users. In
the proposed BD-NOMA, since the beams are non-orthogonal, there will

Page 2
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be inter-beam interference (IBI) in between the beams and there will also
be intra-beam interference within the beam. There has to be a mechanism
which mitigate this interference and both the inter-beam power optimization
and intra-beam power optimization should be carried out to minimize the
effect of these two interference.

The Traditional MIMO which has equal number of radio frequency (RF)
chain with that of the base station antenna is difficult to analyze in mm-wave
communications having several hundred antenna. This is because that there
will be an enormous amount of energy which could be consumed without use
due to each RF chain.

Since non-orthogonal beam division multiple access (BD-NOMA) is an-
alyzed by assuming full duplex scheme using suitable channel model, Self-
interference (SI), Co-channel interference (CCI), and cross-mode interference
will highly affect the double spectral efficiency gain of FD-scheme over the
HD-scheme.

Page 3
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1.3 Objectives of the research

1.3.1 General Objective

The main objective of this thesis work is to combine the energy efficient
multiple access technique called NOMA with the BDMA to improve the
capacity and spectral efficiency gain of multiple access techniques using FD
scheme, by optimizing the available power and mitigating IBI and SI.

1.3.2 Specific objective

The specific objectives of this research are:

• To analyze the spectral and energy efficiency of BDMA, Traditional
MIMO, and BD-NOMA in massive MIMO systems.

• To compare the spectral and energy efficiency of NOMA with BDMA
scheme.

• To analyze the capacity advantage of BD-NOMA over the traditional-
MIMO.

• To minimize the number of Radio Frequency (RF) chain in the traditional-
MIMO for an optimum use of available power.

• To mitigate Inter Beam Interference by using linear precoding tech-
nique.

• To suppress Self-Interference by using SI channel estimation techniques
at the FD base station antennas.

• To ensure iterative power optimization for both Inter and Intra beam
scenarios.

Page 4
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1.4 Methodology

Firstly, different publications are reviewed concerning NOMA and BDMA
by analyzing the capacity advantages and requirements of combining these
two schemes. Since there is unequal power allocation to near and far users
in NOMA, it might be difficult to realize it practically by combining it to
BDMA which has equal power allocation to all users.

In the BDMA system, users access the network across different orthogonal
beams. All the available spectrum is given to all users lacking optimization.

Here, after mitigating the IBI, BD-NOMA scheme is analyzed by as-
suming FD scheme, then at the FD base station antennas self-interference
is suppressed after SI channel estimation and the capacity is analyzed and
validated using MAT-LAB.

1.5 Scope of the thesis

There are three basic tasks that has been accomplished in this thesis, the
first one is combining the individual performance of non-orthogonal multiple
access in the power domain and beam division multiple access and analyze
BD-NOMA to see its performance and capacity advantage over BDMA and
Traditional-MIMO.

The second task that is to be addressed in this thesis was, mitigating the
effect of Inter-Beam interference (IBI) which occur between non-orthogonal
beams using linear precoding technique. Along with this concept, by using
an iterative power allocation strategy, the inter and intra beam power opti-
mization is analyzed and validated by using simulations. Here channel state
information and user scheduling are assumed perfectly in the network.

The third task that has been addressed in this thesis is, analyzing the
above BD-NOMA technique with the concept of Full-Duplex scheme. So, the
performance gain of using full-duplex scheme with BD-NOMA is attained
and validated by suppressing the effect of Self-Interference (SI) at the full
duplex base station. Here again for the FD scheme, this paper analyzes only
by suppressing the self-interference and after the SI channel estimator, the
spectral efficiency is analyzed.

Page 5
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1.6 Significant of the thesis

On the next generation of wireless mobile communication, Non-orthogonal
multiple access (NOMA), Beam Division Multiple Access (BDMA), Massive
MIMO and Full Duplex (FD) scheme which is a modified version of the Half
Duplex time division duplex technique are the major pillar technologies that
are expected to appear so as to satisfy the needs of high network capacity,
improved data rate, enhanced spectral efficiency.

The non-orthogonal multiple access is mainly characterized by different
power allocation for near and far users and when these users access the
base station across different beams by using efficient scheduling technique.
This makes NOMA combine with BDMA which has an advantage of higher
performance and capacity as compared to individual NOMA and BDMA.
Users of this network will access the service in a full-duplex fashion which
allows simultaneous transmission and reception of information over the same
channel.

The other contribution that this paper contributes is that the Inter-Beam
interference between non-orthogonal beams is mitigated. And again apart
from this one, SI interference that prevents the two-fold spectral efficiency
gain of FD over HD will be mitigated and the next generation wireless mobile
network might be real including these technologies.

1.7 Organization of the Thesis

This thesis work contains six chapters. The first chapter is the introduction
part which contains motivational overview, statement of the problem, objec-
tive, methodology, scope and significance of the thesis. The second chap-
ter deals with technical background containing literature review and back-
ground of multiple access techniques described in terms of Orthogonal and
Non-Orthogonal schemes that are mostly used in communication systems.
Chapter three generally discuss about the Beam Division Non-Orthogonal
Multiple Access (BD-NOMA). Chapter four discusses the BD-NOMA in the
uplink scenario assuming Full Duplex scheme and the mechanisms of esti-
mating and canceling the self interference is also discussed. Chapter five
is about simulation results and discussions; while the last chapter contains
conclusion and recommendation for future works.

Page 6



Chapter 2

Technical background

2.1 Introduction

In communications systems, multiple access techniques play great role in
allowing several users to access the available resource in an efficient way.
It is known that resources (bandwidth) are very limited in communication
systems and this finite resource has to be shared among multiple users by
using efficient multiple access scheme. When there is more than one user to
access such limited bandwidth, a multiple access scheme must used to share
the available resource among users.

Several researches have been made to find efficient way of multiple access
scheme from the early stage of communication systems. During the beginning
times of multiple access schemes, the most widely and frequently used ways
are sharing either time or frequency resources among users.

There are different generations of Multiple access techniques in communi-
cation network which are evolving from first generation to the fourth gener-
ation of wireless communication with advancements in capacity of handling
larger number of users at a time.

The multiple access technique that were used in the first generation was
FDMA (Frequency Division Multiple Access) where the overall bandwidth is
divided in to different channel frequencies and each users are provided with a
specific dedicated channels. This multiple access technique is prone to misuse
of the scarce resource which is bandwidth due to dedicated channels assigned
to each users and as the number of users increases, there will not be sufficient
frequency channels to assign [1].

The second generation of wireless communication,GSM, uses TDMA (Time
Division Multiple Access) where the available bandwidth is divided into time
slots and each users access the available channel through synchronously as-
signed time slots. This type of multiple access may handle higher number of
users, but there is delay due to guard time assigned between each time slots
[4].

For the third generation, the multiple access used were Code Division
Multiple Access (CDMA)and for the fourth generation, Orthogonal Fre-
quency Division Multiple Access (OFDMA) was used. Most of these are
orthogonal multiple-access(OMA) schemes, especially for the downlink trans-
mission; in other words different users are allocated with orthogonal re-
sources, either in time, frequency or code domain, in order to alleviate cross-
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user interference. In this way, multiplexing gain is achieved with reasonable
complexity [1].

2.2 Orthogonal Multiple Access (OMA) schemes

Different orthogonal channels that are separated either in time or frequency
are given for each user in Orthogonal Multiple Access schemes. Here because
of the orthogonality of wave forms of each users, there will be low interference
in between users which allows the receiver of OMA decode signal with less
complexity because of orthogonality. The total available bandwidth B either
in time or frequency is divided into F frequency channels between the K users
to ensure orthogonality. Some of the examples of orthogonal multiple access
schemes are, Frequency Division Multiple Access (FDMA), Time Division
Multiple Access (TDMA), Orthogonal Frequency Division Multiple Access
(OFDMA). Even though there is non-complex Multi-User Detection (MUD)
at the receiver of OMA, but is difficult to achieve sum-rate capacity of wireless
system [1].

2.2.1 Frequency Division Multiple Access (FDMA)

FDMA is the first analog multiple access scheme which were used in the
first generation of wireless communication systems. FDMA assigns specific
frequency channels to each available users out of the available bandwidth.
Multiple users using separate frequency channels could access the same sys-
tem without significant interference from other users with in the system. It
is the simplest way of having multiple access scheme in a multi-user system
[4].

In FDMA, the available system bandwidth B is divided into F equal fre-
quency channels serving K users simultaneously where each user is allocated
its individual channel. In between each assigned channels, there is a guard
band frequency assuring the removal of interference in between each users
[1].

The basic challenges of classical analog FDMA are the requirement of K
modulators and demodulators at the base station to serve K users simul-
taneously. This will be very difficult to analyze mm-wave communication
having several hundred antennas at the BS. FDMA assigns fixed channel
to multiple users which makes it not flexible in handling users with varying
transmission rate. FDMA also high amount of wastage of bandwidth where
no sub-channel is reallocated to other users if it is not in use by the assigned
user [1].

Page 8
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Figure 2.1: Orthogonal FDMA resource allocation [1]

2.2.2 Time Division Multiple Access (TDMA)

The era of digital communication has revived using specific time slots for each
available users of a communication medium. This multiple access scheme
is called Time Division Multiple Access. In TDMA, each users access the
available resource through assigned orthogonal time slots. In TDMA, a single
user could send a large data file within time slots of different periodical
frames. Data from a single user always sits in the same time slot position
of a frame, so at the receiver collects all information from that portion and
rearranges the sent frames of each users information. TDMA has kept its
dominance in wired and wireless systems for many years such as, the second
generation (2G) Global System for Mobile Communications (GSM) and the
2.5G General Packet Radio Service (GPRS) adopted TDMA as their multiple
access scheme [4].

2.2.3 Orthogonal Frequency Division Multiple Access
(OFDMA)

In Orthogonal Frequency Division Multiple Access scheme, the signals to
be transmitted are mapped onto several parallel orthogonal sub-carriers [1].
The Inter Channel Interference (ICI) between users will be mitigate by using
guard intervals which are added to each OFDM symbol. Furthermore, the
bandwidth of each sub-carrier is narrower than the coherence bandwidth of
the channel, which ensures frequency-selective channel [1].

Practically, OFDMA is implemented by using an efficient computation of
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Figure 2.2: Orthogonal TDMA resource allocation [1]

Inverse Fast Fourier Transform (IFFT) for modulation and uses FFT for de-
modulation. OFDMA is a hybrid combination of FDMA and OFDM [4]. It is
currently used in wireless LAN, WiMAX (IEEE 802.16), and LTE downlink
systems. The system bandwidth is divided into many sub-channels and each
user is allocated multiple dedicated sub-channels, allowing K users transmit
simultaneously. The number of sub-carriers allocated to each user is flexible
depending on its rate and Quality Of Service (QOS) requirement. There are
two types of sub-carrier allocation to different users, it can be either adap-
tive or fixed [2]. Fixed sub-carrier allocation does not adapt to users chan-
nel conditions and remain unchanged throughout the communication session
leading to a simpler implementation without incurring high overheard. Fur-
thermore, the users can be allocated adjacent sub-carriers, which simplifies
frequency and time synchronization on the expense of vulnerability to deep
fading, or separated by more than the coherent bandwidth of the channel
to exploit maximum frequency diversity, at the expense of a minimum sep-
aration between sub-carriers from different users requiring strict cross-user
synchronization to avoid ICI [1].

Adaptive sub-carrier allocation dynamically allocates sub-carriers to users
based on their channel condition so as to optimize some performance criteria.
The main challenges with OFDMA is that it suffers from a high Peak-to-
Average Power Ratio (PAPR) which leads to inefficient operation of power
amplifiers [4]. This is especially critical in uplink where user transmit powers
are limited Secondly, OFDM is very sensitive to errors in time and frequency
synchronization which leads to frequency and phase offset causing ICI and
ISI [1].
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2.2.4 Single Carrier-Frequency Division Multiple Ac-
cess (SC-FDMA)

Single Carrier-FDMA is a multiple access technique which was used in the
uplink transmission of OFDM system of LTE in order to reduce the high
Peak-to-Average Power Ratio (PAPR) leading to interference [1]. Due to
this PAPR reduction capability of SC-FDMA in the uplink, the power con-
sumption issue of OFDMA system is managed at the user terminals. In
order to achieve minimum PAPR in SC-FDMA, consecutive resource alloca-
tion strategy should be implemented. Using Non-Orthogonal Multiple Access
(NOMA) together with SC-FDMA, costs to have efficient scheduling between
uplink users. But the problem is that in the uplink, the transmission power
of a single user may limit the requirements of other user terminals with in
the same group. This because that in the uplink, all users terminals signals
are multiplexed together to share the same available resource.

In the SC-FDMA, if a user terminal reaches its maximum transmission
power then the base station will stop allocating extra resource to that user
specifically. But in the case of NOMA, since resources are allocated to a
group of multiplexed users; there has to be efficient scheduling and grouping
of users so that it will not be difficult for the BS to allocate resource satisfying
each users requirements.

So that in order to use SC-FDMA together with NOMA, efficient user
grouping and scheduling has to be implemented to maximize the achievable
sum rare of wireless cellular network.

2.3 Non-Orthogonal Multiple Access (NOMA)
schemes

The throughput and sum rate capacity of multiple access schemes could ef-
ficiently be maximized by using NOMA which is key scheme expected in
the future generations of cellular communication [4]. NOMA allows multiple
users to share time and frequency resources in the same spatial layer via sim-
ple linear superposition at the BS and Successive Interference Cancellation
(SIC) at the user terminals. The interference in NOMA is made control-
lable by non-orthogonal resource allocation, at the cost of slightly increased
receiver complexity, where SIC is employed. In OMA, although the orthog-
onally multiplexed users facilitates simple and interference-free Multi-User
Detection (MUD) at receivers, it does not achieve the sumrate capacity of a
wireless system.
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2.3.1 Power Domain NOMA (PD-NOMA)

PD-NOMA is based on the principles of superposition coding where the trans-
mitted signal is the sum of each users’ signals in the power domain, as illus-
trated in the figure below. The scheme exploits the received power differences
due the channel gain difference among users to solve the problem of detec-
tion ambiguity. i.e. the weaker users are allocated more power compared
to the stronger users. Thus, the larger the difference in power level of the
users’ signals, the better the performance which outperforms the orthogonal
schemes. As an example understanding of PD-NOMA, let us take two users
located at different distance from the BS. Let user-1 locating near the BS
has been allocated with a power of P1 and user-2 locating farther from the
BS was allocated a power of P2. Since user-1 has better channel condition
as compared to user-2, it is given lower power and the farther user will be
given higher power as compared to user-1. Then the received super imposed
signals of each user in the downlink and uplink of PD-NOMA system will be
[5],

r[DL] = hDL(
√

P1x1 +
√

P2x2) + wDL = hDLx + wDL

r[UL] = h1

√
P1x1 + h2

√
P2x2 + wUL

(2.1)

Where x1 are x2 are the message signals of each users, h1 and h2 the
channel matrix of user-1 and BS and user-2 and BS respectively. And wDL

and wUL terms are the Additive White Gaussian Noise (AWGN).

Figure 2.3: Power domain NOMA resource allocation [1]
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In the above example of downlink PD-NOMA, the same supper imposed
transmitted signal from the BS is received at both users. Then a multi-user
signal separation technique called Successive Interference Cancellation (SIC)
is implemented at each user terminals to eliminate inter-user interference.
For SIC, the optimal order for decoding is in the order of the decreasing
channel gain among near and far users from the BS, |h1|2 > |h2|2. So by
using the decode and forward approach, user-2 does not perform interference
cancellation since it comes first in the decoding order. User-1 first decodes
user-2 signal x2 and subtracts its component from received signal r[DL], then
decodes x1 without interference from x2. In uplink PD-NOMA, the multi-
plexed signal from the users are received at the BS. The BS conducts SIC
according to the descending order of channel gains, with the least power user
detected interference free.

The main disadvantage of PD-NOMA is that although larger the differ-
ence in power level results in better the performance, the user throughput
fairness is poor due to the rate of the weaker users becoming significantly
lower than the stronger users as the power difference increases.

2.3.2 Code Division Multiple Access (CDMA)

CDMA, which is based on spread spectrum technology were firstly used
for military applications before it is used for commercial applications. In
a CDMA system the relatively narrowband users’ information is spread into
a much wider spectrum using a high clock (chip) rate [1]. The spreading
codes have zero correlation with each other and if the spreading code is
known to the receiver, it is possible to send multiple users’ information on
the same frequency spectrum without significant difficulty in detecting the
desired signal at the receiver side. The signal from each user will have very
low power and be seen by others as background noise. Therefore, as long as
the total power of noise is less than a threshold, it is possible to detect the
desired signal using the spreading code used to encode the signal at the trans-
mitter. Using spread spectrum techniques, CDMA has become a dynamic
channel allocation MA scheme that has no rigid channel allocation limita-
tion for individual users. The number of users is also not fixed as in TDMA
and FDMA, and a new user can be added to the system at any time. The
upper limit for the maximum number of simultaneous users in the system
using the same frequency spectrum is decided by the effect of total power of
multi-user interference; thus, adding new users to a CDMA system will only
cause graceful degradation of signal quality. That is why CDMA is a MA
scheme that has no fixed maximum number of users which is different from
TDMA and FDMA schemes [4].
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The main disadvantage in CDMA is the bandwidth inefficiency due to
bandwidth expansion. Additionally, the maximum number of users on a
given channel with equal bit rate is limited by the number of sequences [4].

2.3.3 Low-Density Spreading (LDS)

A sparse spreading sequences are used in the place of the previous conven-
tional dense spreading sequence in the case of Low-Density Spreading. LDS
is an improved version of CDMA where the number of non-zero spreading se-
quences are much less than that of CDMA which leads to less cross-sequence
interference. While orthogonal spreading sequences would significantly re-
duce the inter user interference, they are generally not designed for channel
overloading. Another advantage is that LDS-CDMA can directly be con-
verted to LDS-OFDM, where the chips are replaced by sub-carriers in OFDM
[1].

2.3.4 Sparse-Code Multiple Access (SCMA)

Sparse-Code Multiple Access (SCMA) has similar analogy with that of the
Low-Density Spreading, the bit streams are directly mapped to different
sparse codewords in SCMA which makes it different and enhanced version of
LDS spreads. In SCMA all coded bits of data streams are directly mapped
to a codeword from a codebook which is built based on a multi-dimensional
constellation. SCMA also has similar transmission model as the LTE trans-
mission model where the joint design of multiplexing and spreading makes
SCMA different from that of LTE [4].

A multiple access based on SCMA can be, Code domain non-orthogonal
signal superposition where multiple symbols of different users are super im-
posed for transmission, Sparse spreading where the number of users symbol
collision are minimized, and Multi-dimensional multiplexing which makes
SCMA different from CDMA technique which uses linear spreading [1].

2.3.5 Multi-User Shared Access (MUSA)

MUSA is a new non-orthogonal multiple access scheme which operate in the
code domain designed to minimize the scarce spectrum resource of wireless
network. Multi-User Shared Access (MUSA) [1] is a NOMA spreading scheme
where each users modulated data symbols are spread by a specially designed
sequence that facilitates robust SIC implementation which makes it different
from the sequences used by CDMA scheme. A technique called "Shared
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access" is used in MUSA to transmit each users spread symbols in the same
radio resources using the principle of superposition in the code domain [1].

In MUSA, each user’ symbols are spread by a multiple spreading sequence.
This multiple spreading sequences constitute a pool from which each user can
randomly pick one sequence. Different spreading sequences may also be used
for different symbols for a single user. This may further improve the perfor-
mance via interference averaging. Then, all spreading symbols are transmit-
ted over the same time frequency resources. The spreading sequences should
have low cross-correlation so as to have low interference. At the receiver,
codeword-level Successive Interference Cancellation (SIC) is implemented to
separate data of different users. The complexity of codeword-level SIC has
less impact when it comes to uplink transmission, this is because that in the
uplink as the receiver needs to decode the data for all users anyway [4].

2.3.6 Pattern-Division Multiple Access (PDMA)

The diversity gain of BS antennas are exploited in NOMA by using Pattern
Division Multiple Access scheme which uses non-orthogonal patterns which
is capable of increasing diversity gain by decreasing the interference among
multiple users.

The diversity is not only actualized in the spatial domain, but also in time
or frequency domain. The detection also uses a Message-Passing Algorithm
(MPA) to compute the marginal functions of the global code constraint by
iterative computation of a local code constraint. Although the codewords of
PDMA do not have the low-density property in general, appropriate diversity
order disparity can be observed where diversity order disparity leads to faster
convergence of MPA. PDMA results in improved overall system capacity and
error performance for each user, due to the diversity diversity gain either in
time, frequency or spatial diversity [1].

2.4 Literature review

The performance comparison of non-orthogonal multiple access (NOMA)
with that of orthogonal multiple access (OMA) has been validated differ-
ent researchers. The performance of NOMA in 5G systems with randomly
deployed users has been analyzed [5]. The channel model of this paper was
analyzed using simulation and the result showed that NOMA which has dif-
ferent power allocation can achieve better outage performance than the or-
thogonal MA technique, under the condition that the users rates and power
coefficients are carefully chosen.
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Using partial channel state information at the BS, the performance of
NOMA has also been addressed [6]. It addressed the downlink transmission
with uniformly deployed users. This paper showed the performance of NOMA
with CSI based on second order statistics (SOS) which close to that based
on perfect CSI at low SNR, while the NOMA with SOS always outperforms
NOMA with imperfect CSI. This paper addressed the performance of NOMA
only for downlink scenario.

The performance of NOMA with one-bit feedback of its CSI to the base
station has also been addressed [7]. They have derived a closed form ex-
pression for the common outage probability (COP), as well as the optimal
diversity gains under short-term and long-term power constraints. Simula-
tion results have been provided to demonstrate that the proposed NOMA
schemes with one-bit feedback can outperform various existing multiple ac-
cess schemes and achieve an outage performance close to the optimal one
in many cases. Just like the previous papers, it addresses only downlink
performance.

NOMA for 5G and beyond was discussed [8]. This paper is a survey which
addressed with an emphasis of the following topics: the basic principles of
NOMA, the amalgams of multiple antenna techniques and NOMA, the in-
terplay of NOMA and cooperative communications, the resource control of
NOMA, its coexistence with other key 5G techniques, and the implementa-
tion challenges and standardization. A survey like paper which tried to pro-
vide an overview on the rationales in incorporating massive multiple-input
multiple-output (MIMO), non-orthogonal multiple access (NOMA), and in-
terleave division multiple access (IDMA) in a unified framework [9].

Since power allocation has an enormous effect in NOMA, in order to sup-
press inter-user interferences and improve the achievable sum rate, lots of
studies have been done to design power allocation in existing MIMO-NOMA
systems. The early integration of NOMA and MIMO was investigated, where
two users were considered in each beam with a random beamforming, and
fixed power allocation schemes were utilized at the BS [10]. In addition, fixed
power allocation strategies have also been considered in [11]. A coordinated
frequency block-dependent inter-beam power allocation was proposed in [12]
to generate distinct power levels for different beams. Magnus and Neudecher
[13] considered equal power allocation for different groups, and intra-group
power allocation has been optimized to maximize the achievable sum rate,
where each group only included two single-antenna users. The intra-group
power optimization has also been investigated in [14] and [15], where a con-
vex optimization algorithm was utilized to obtain the closed-form solution to
power allocation. In [16], a non-convex power allocation problem was formu-
lated for MIMO NOMA systems, where only two users have been considered,
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and sub-optimal solutions were provided. Zhang et al.[17] investigated joint
optimization of beamforming and power allocation, where channel uncertain-
ties have been considered to maximize the worst-case achievable sum rate.

The Beam Division Multiple Access (BDMA) for massive MIMO down-
link transmission has been discussed [18]. This paper deals with large scale
antenna systems which have hundreds of antenna at the base station. The
BDMA is an access method where an orthogonal beam is assigned for ac-
tive users of the base station, i.e. users access the channel through different
beams. They assumed a half duplex scheme which is the Frequency Division
Duplexing (FDD) allowed the base station to have statistical channel state
information by using feedback information from the mobile stations. They
designed scheduling to separate users on non-overlapping beams. But again
this paper accomplished only the downlink performance of BDMA since it is
difficult to analyze both downlink and uplink performance only knowing the
statistical CSI at the base station because of FDD scheme.

A paper also tried to show massive MIMO BDMA transmission with per-
beam synchronization (PBS) in time and frequency for wideband massive
MIMO over millimeter wave channels [19]. The proposed PBS can reduce
channel delay and doppler spreads by a factor of the number of UT antennas
compared with the conventional synchronization approaches.

BDMA in multi-cell massive MIMO communications for power allocation
algorithm has also been addressed [20]. They have developed two power
allocation algorithms: by Concave-Convex Procedure (CCCP) based power
allocation and the deterministic equivalent (DE) based power allocation. Uti-
lizing the deterministic equivalent, DE based power allocation algorithm can
substantially reduce complexity. Simulation results demonstrated that the
DE based power allocation algorithm exhibits a negligible performance loss
compared with the CCCP based power allocation. Furthermore, both itera-
tions in DE based algorithm can converge quickly.

All the papers, [21], [22], [11], [23], [3], and [24], discusses the Full Duplex
(FD) technique existence either with NOMA or massive MIMO. Since in
FD scheme, both user terminals and base stations uses the same frequency
channel, it will double the spectral efficiency gain of FD over HD. These
papers shown us that there are two basic interference that would decrease the
two fold increase of SE of FD scheme. i.e. self-interference and cross-mode
interference. Some of the papers have mitigated the effect of self-interference
by using different techniques and validated their method using simulations.

In this paper,the Non-Orthogonal Multiple Access (NOMA) is combined
with the Beam Division Multiple Access (BDMA) by assuming a FD scheme.
The spectral and energy efficiency advantage of the Non-orthogonal Beam
Division Multiple Access over the Tradional-MIMO and the Beam Division
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Multiple Access is analyzed and validated. The Inter-Beam interference is
mitigated by using wiener filter based linear precoding technique. To increase
capacity, an iterative power allocation technique is used which also used for
both Inter and Intra beam power optimization. Throughout the paper a
FD based base station having several hundred antennas both for uplink and
downlink transmission is used together with HD users. With an assumption
of the FD scheme at the base station, there will be Self-Interference (SI)
on the uplink antennas by the downlink antennas. In the uplink the paper
considers two SI channel estimation techniques, the Minimum Mean Square
Error (MMSE) and the Least Square (LS) channel estimators. By using
this estimates an uplink spectral efficiency is analyzed mathematically and
validated using MAT-LAB simulations.
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Chapter 3

The Non-Orthogonal Beam Divi-
sion Multiple Access

3.1 Introduction

This section considers a single-cell downlink mm-Wave communication sys-
tem, where the base station (BS) is equipped with M antennas and MRF

radio frequency chains located in the center of the cell and K users having
single antenna are simultaneously served by the BS.

3.2 Traditional MIMO in the Spatial Domain

As shown in the figure 3.1 below, for a traditional MIMO system in the
spatial domain, the K x 1 received signal vector r for all K users in the
downlink can be represented by [25]:

r = HHx + w (3.1)

Where H is the channel matrix equal to H = [h1 , h2 , h3 ,..., hK ] and hK of
size M x 1 is the M-dimensional channel vector between the BS and the Kth

user which will be discussed in detail later, the transmitted signal, x = Gs =∑K
i=1 gisi, where s of size K x 1 is the original signal vector for all K users with

normalized power E(ss)H = IK and G of size M x K is the precoding matrix
satisfying the total transmit power P as E[||x||2] = tr(GGHϑs) ≤ P with ϑs
denoting the diagonal correlation matrix of s. Finally w ∼ CN(0,σ2IK) is
the K x 1 Additive White Gaussian Noise (AWGN) vector [1].

From the figure below, we can easily understand that for a traditional
MIMO systems, the number of required radio frequency chains is equal to
the number of base station antennas.

Since the number of antennas for mm-Wave massive MIMO system is
large which might be around 250, there should be some mechanism which
could reduce the number of RF chains.

The channel matrix H governs the performance of the MU-MIMO link.
Due to the highly directional and quasi-optical nature of propagation at mm
Wave frequencies, LOS propagation is the predominant mode of propaga-
tion, which possibly a sparse set of single bounce multipath components [4].
Assuming that the LOS path exists for all mobile stations, let θk,0, for k
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Figure 3.1: Traditional MIMO [10]

= 1,2,...,K, denote the LOS directions (spatial frequencies) for the K users.
Then the LOS channel for the Kth user is hk = βk,0 a(θk,0 ), where βk,0 is the
complex path loss or it can be denoted as the complex gain. In general, for
a sparse multipath channels [25],

hk = βk,0 a(θk,0 ) +
L∑

l=1

βk,l a(θk,l ) (3.2)

Where θk,l denote the path angles and βk,l represents the complex path
losses associated with the different paths (non-line-of-sight paths) for the Kth

user. And L is the total number of NLOS components, a(θ) is the M x 1
array steering vector.

For a critically spaced ULA, a plane wave in the direction of angle φ ∈
[−π/2, π/2] corresponds to a spatial frequency (direction), θ ∈ [−1/2, 1/2],
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given by [25]:

θ = (
d

λ
)sin(φ) = 0.5sin(φ) (3.3)

Where θ is the physical direction, λ is the signal wavelength, and d is
the antenna spacing satisfying d = λ/2 at mm-Wave frequencies. The corre-
sponding M-dimensional array steering vector, a(θ), represents a plane-wave
phase front associated with a point source in the direction θ and it is given
by [25]:

a(θ) =
1√
M

(e−j2πθi), i ∈ I(M) (3.4)

where,

I(M) = i− (M− 1)/2, for i = 0,1,2, ...,M− 1 (3.5)

Is a symmetric set of indices centered around zero.

3.3 Beam Division Multiple Access

In traditional MIMO systems as shown in the figure above, the received signal
vector r = [r1, r2, ..., rk]T can be expressed as [26]:

r = HHGs + w (3.6)

Having s = [s1, s2, ..., sk] is the K x 1 transmitted signal vector for all K
users. G = [g1, g2, ..., gk] is the M x K Wiener filter based linear precoding
matrix with ||gk||2 = 1 for k = 1,2, ..., K, and w is the noise vector following
the distribution CN(0,σ2Ik). Having H as the M x K channel matrix, the
channel vector hk with size M x 1 has been stated in equation 3.2. Note
that at mm-Wave frequencies, the complex path loss associated with NLOS
component βk,i are typically 5 to 10 dB weaker than the complex gain βk,0
of the LOS component [26].

As stated previously, in traditional MIMO systems, the number of re-
quired RF chains is equal to the number of BS antennas (M = MRF ), which
is mostly large. For mm-Wave massive MIMO systems having several hun-
dred antennas [10].

So, the direct application of massive MIMO at mm-Wave frequencies is
prohibitive due to high hardware cost and energy consumption caused by RF
chains [12].

In order to address this problem, the concept of beam division multiple
access has been recently proposed, which can utilize lens antenna array to
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significantly reduce the number of required RF chains in mm-Wave massive
MIMO systems.

So, by using lens antenna array, the channel in equation 3.2, which is in
the spatial domain can be transformed in to the beam space model [13].

The mathematical function of the lens antenna array is based on the
realization of the spatial Discrete Fourier Transform (DFT) with the M x
M transform matrix U [10], which contains the array steering vectors of
M-directions covering the entire space as shown below [10]:

U = [a(θ̄1), a(θ̄2), ..., a(θ̄M)]H (3.7)

Where θ̄m = 1
M
[m - (M+1)/2] for m = 1,2, ..., M are the pre-defined spatial

directions. In fact, the transform matrix U is a unitary matrix satisfying,
UHU = UUH = I. Then the overall received signal by all users will be
represented as [10]:

r̄ = HHUHGs + w = H̄HGs + w (3.8)

Where r̄ is the received signal vector in the beam space channel matrix
H̄ which is given by:

H̄ = [h̄1, h̄2, ..., h̄k] = UH = [Uh1,Uh2, ...Uhk] (3.9)

Where h̄k is the beam space channel vector between the BS and the
Kth user, which is the Fourier Transform of the spatial channel vector hk in
equation 3.2.

Just like the beam space channel described in [10], each rows of H̄ cor-
responds to one beam, and all M rows correspond to M beams with spatial
directions θ̄1, θ̄2, ..., θ̄M , separately. In mm-Wave communications, since the
number of dominant scatters is very limited, the number of NLOS compo-
nents L is much smaller than the number of beams M [10]. Therefore the
number of dominant elements of each beam space channel vector h̄k is much
smaller than M, indicating that the beam space channel matrix H̄ has a
sparse nature [14].

This sparse structure can be exploited to a dimension-reduced beam space
MIMO systems without obvious performance loss by beam selection [26],[12].

More Generally, according to the sparse nature of the beam space channel
matrix, only a small number of beams can be selected in order to simultane-
ously serve K users. Then the received signal vector in equation 3.6 can be
written as:

r̄ = H̄H
r Grs + w (3.10)
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Figure 3.2: The beam division multiple access [26]

Where, H̄r = H̄(i, :)i∈λ of size |λ| x K is the dimension reduced beam
space channel matrix including selected beams, and λ is the index set of
selected beams. Gr of size |λ| x K is the dimension reduced linear precoding
matrix. Since the row dimension of Gr is much smaller than M, which is the
row dimension of the original precoding matrix G, the number of RF chains
can be significantly reduced and and we have MRF = |λ| [10].

As can be seen from the previously published papers on the beam division
multiple access, there is no power optimization either among the beam or
inside the beams. It means that all available power will be provided for all
users within a specific beam equally (i.e, near and far users will be provided
by the same power) and also the power allocated in between the beams is
not optimized (i.e, beams having one user are provided with the same power
with the beams having four or five users).

To break this fundamental barrier, this paper proposes a new mm-Wave
transmission scheme that integrates Non-Orthogonal Multiple Access (NOMA)

Page 23



Performance Analysis of BD-NOMA for FD based Massive-MIMO Systems JIT

with the Beam Division Multiple Access scheme (BDMA) which will be dis-
cussed in detail later in the next section.

3.4 Beam Division Non-Orthogonal Multiple Ac-
cess (BD-NOMA)

The Non-orthogonal multiple access has been proposed in the beam division
multiple access for mm-Wave massive MIMO systems for further improve-
ment of spectrum and energy efficiency.

Figure 3.3: Beam Division Non-orthogonal Multiple Access (BD-NOMA) [13]

As it can be seen from figure 3.3, unlike existing beam division multiple
access system, users of each beam, as per their distance from the base station,
will be provided with different power. i.e., users which has better channel
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condition condition (near users) will be provided with less power than users
having lower channel condition.

By having in mind that NOMA allows the overall available spectrum
shared among users with superposition coding at the BS and successive in-
terference cancellation (SIC) at the users, users selecting the same beam
(conflicting users) will be served simultaneously using the same RF chain
(the same beam) in the beam division non-orthogonal multiple access sys-
tem.

Even though the number of selected beams is equal to the number of
RF chain, the number of simultaneously served users can be larger than the
number of RF chain, i.e., K ≥ MRF . Let Sm denote the set of users served
by the mth beam for m = 1,2,...,MRF and assuring that users of the ith
beam is not the same as users of the jth beam, Si ∩ Sj = φ for i 6= j and∑MRF

m=1 |Sm| = K [13].
The beam space channel vector of size MRF × 1 after beam selection

between the base station and the tth user in the mth beam is denoted by ht,m
which is analogous to equation 3.2 above.

And gm of sizeMRF×1 denotes the uniform linear array (ULA) precoding
vector for users in the mth beam.

In the Non-orthogonal beam division multiple access scheme, to pave the
way for superposition coding at the transmitter and successive interference
cancellation at the receiver, in this paper it is assumed that ||hH1,mgm||2 ≥
||hH2,mgm||2 ≥ ... ≥ ||hH|sm|,mgm||2 for m = 1,2, ..., MRF . Having this in
mind, the received signal vector of equation 3.8 can be modified in the non-
orthogonal multiple access scenario as [13]:

r̄ = HHUHGPs + w = H̄HGPs + w (3.11)

Where P = diag
{
p
}
includes the transmitted power for all K users where

p = [
√
p1,
√
p2,
√
p3, ...,

√
pk] satisfies

∑K
k=1 pk ≤ P , which is the maximum

transmitted power at the BS.
So, the received signal rt,m at the tth user in themth beam (m = 1, 2, ...,MRF )

and (t = 1, 2, ..., |Sm|) can be given as:

rt,m = hH
t,m

MRF∑
j=1

|Sj|∑
i=1

gj
√

pi,jsi,j + wt,m (3.12)

But from among those signals received at tth user of the mth beam, the
required signal will be:

(rt,m)required = hH
t,mgm

√
pt,mst,m (3.13)
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And the interference from other users of the mth beam or the Intra beam
interference at the tth user will be:

(rt,m)Intra−BI = hH
t,mgm

t−1∑
i=1

√
pi,msi,m + hH

t,mgm

|sm|∑
i=t+1

√
pi,msi,m (3.14)

And the interference from users of other or neighboring beams which is
termed as the inter beam interference at the tth user will be:

(rt,m)Inter−BI = hH
t,m

∑
j6=m

|sj|∑
i=1

gj
√

pi,jsi,j (3.15)

Finally, the overall noise that will occur at tth user of the mth beam will
be, wt,m which follows the distribution CN(0,σ2).

Here, the precoding vectors should be carefully designed to mitigate inter
beam interference which will be discussed in the later sections. Interfer-
ence’s with in the beam, the intra beam interference’s which are caused by
superposition coding at the BS can be mitigated by undergoing successive
interference cancellation (SIC) according the increasing order of equivalent
channel gains. i.e., it means that the tth user in the mth beam can remove the
interference from the ith user (for all i > t) in the mth beam by performing
SIC.

Using NOMA in the beam division multiple access systems, allows higher
number of users share the available spectrum with in a beam with respective
of their distance from the base station. This makes it different from using
BDMA alone having orthogonal power transfer for all users of a beam with
a great lack of power optimization.

However, NOMA which have non-orthogonal power transfer cannot be
guaranteed in practice to directly combine it with BDMA which have or-
thogonal transmission, this is because that users of one beam can suffer
from interference’s from other beams. So, power allocation among the non-
orthogonal beams and between users, as well as precoding should be designed
carefully to reduce interference’s by maximizing the achievable sum rate.

3.5 Precoding Techniques in the Downlink Sce-
nario

Here in this section, the precoding techniques will be discussed which will
mitigate the effect of inter beam interference (IBI). Some of the linear pre-
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coding techniques include:

3.5.1 Matched Filter (MF)

The matched filter (MF) precoder is simply the conjugate transpose of the
downlink channel matrix, i.e. [15],

GMF =
√
αHH (3.16)

Where α is a scaling factor to normalize signal power. MF precoder is
also mostly known by its name maximum ratio transmission (MRT), which
maximizes signal gain at the intended user [15]. It is the counterpart of the
maximal ratio combining (MRC) receiver for uplink. The key performance
parameters for single cell MF precoding, i.e., achievable sumrate and the
total downlink transmit power, are discussed in [15].

With the increase of BS antennas, the channel vectors in H become closer
to mutually orthogonal. As a result, the term HHH approaches a diagonal
matrix [16], leading to the optimal solution. Consequently, MF precoding is
near-optimal, as long as the number of BS antennas is much greater than the
number of user terminals.

3.5.2 Zero Forcing (ZF)

Zero forcing precoding is another type of basic precoding technique, which
eliminates the interference by transmitting the signal towards the intended
user while nulling in the directions of other users. The ZF precoder is ob-
tained by [16]:

GZF =
√
αH(HHH)−1 (3.17)

The term HHH forms a Gram matrix whose diagonal elements denote
power imbalance among the channels, while the of-diagonal elements char-
acterize mutual correlations between the channels. When highly correlated
channels exist, ZF precoding decorrelates the channels at the price of los-
ing channel capacity [17]. It is an optimal precoding scheme in the absence
of additive noise. When additive noise is present, this precoding technique
could amplify the noise together with the required signal.

3.5.3 Regularized Zero Forcing (RZF)

Regularized zero forcing precoder has been considered as the state-of-the-art
linear precoder for MIMO wireless communication systems for its capability
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of trading off the advantages of MF and ZF precoders. The popularity of
regularized zero forcing is also reflected by its alternative names such as
eigenvalue-based beamforming [27], virtual signal-to-interference-noise ratio
(SINR) Maximizing beamforming [25], transmit wiener filter [28], and signal-
to-leakage-and-noise ratio (SLNR) maximizing beamforming [29]. The RZF
precoding is given by:

GRZF =
√
αH(HHH + X + λIk)−1 (3.18)

Which a ZF precoder regularized by a hermitian non-negative matrix X
and a regularization factor λ.

The choices of X and λ are briefly discussed in [30]. If X = 0, then the
above equations becomes an MF precoder when λ → ∞ and a ZF precoder
when λ → 0. The extensions of the RZF technique with arbitrary user
priorities are discussed in [31], where the RZF precoding matrix is modified to
achieve optimality when the BS has the knowledge of statistical information
of the user positions. This technique is referred to as position-aware RZF
(PA-RZF) precoder. It turns out that PA-RZF is equivalent to the optimal
linear precoder when the same SINR constraint and different path loss are
imposed for all users. On the other hand, the commonly used RZF precoder
becomes optimal only when the ratio between the SINR requirement and the
average channel attenuation is the same for all users. Generally, the RZF
precoder is obtained via minimizing the mean square error (MSE) between
the transmitted and received symbols, which is thus also termed as minimum
MSE (MMSE) precoder [32]. The computation of the RZF precoding matrix
involves the inversion of a matrix with very large dimension, specially for
large number of base station antennas and number of users.
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Table 3.1: Advantages and disadvantages of the MF, ZF, and RZF precoding
techniques

Precoding Advantages Disadvantages
techniques

MF a. Near optimal performance I. Unable to achieve
if there are more BS full diversity
antennas than users at high spectral

efficiency
II. Suffering from error

b. Low computational floors for all
complexity positive multiplexing

gains
c. Better performance III. Having lower achievable

at lower SNRs rate in the case of
less BS antennas

IV. Not robust against
inter-user
interference

ZF a. Low computational I. Noise amplification
complexity and power penalty if
as compared to RZF the channel is highly
based on matrix correlated
inversion computation II. Unable to support

b. Higher power efficiency too many users
c. Better performance III. Medium complexity

at high SNRs
d. Decoupling a multi-user
channel in to independent

single-user channels
e. Achieving a large

portion of dirty
paper coding capacity

RZF a. Guaranteed optimality I. Requiring matrix inverse
if the ratio between calculation, leading to
the SINR requirement high complexity
and the average channel II. Suffering from error
attenuation is the same floors for all positive
for all users multiplexing gains
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3.5.4 Complexity of precoding techniques

The computational complexity of the above three linear precoding schemes
are analyzed based on only number of multiplications. This is because that
other computations like addition and inverse computations are easy to im-
plement in hardware. So, based on the complex multiplications, Regularized
Zero Force precoding has almost the same number of multiplication with
that of Zero Forcing precoding matrix. While the Matched Filter based pre-
coding requires less number of multiplications resulting in lower complexity.
The complexity is summarized in the table below.

Table 3.2: Computational complexity analysis of linear precoding schemes

Scheme Transmission multiplications Computing precoding
vectors multiplications

RZF M ∗ (K2) 2 ∗ ((M2) ∗K)
ZF M ∗ (K2) 2 ∗ ((M2) ∗K)
MF M ∗ (K2) -

Page 30



Performance Analysis of BD-NOMA for FD based Massive-MIMO Systems JIT

Figure 3.4: Complexity analysis of precoding techniques [25]

From among those linear precoding techniques, the regularized zero forc-
ing or Wiener Filter based precoding technique is used because of its opti-
mality as shown in the table 3.1 above. This precoding technique is realized
by the pseudo-inverse of the beam space channel matrix for all users with
in a specified beam. However, in the beam division non orthogonal multiple
access scheme, the number of users is larger than the number of available
beams, K ≥ MRF , which means that the pseudo-inverse of the beam space
channel matrix of size MRF ×K does not exist. As a result, the conventional
RZF precoding cannot be directly used.

In order to overcome this problem, an equivalent channel can be deter-
mined for each beam to generate the precoding vector. There are different
methods which are used to generate the equivalent channel for each beam,
like the Singular Value Decomposition (SVD) based equivalent channel and
the strongest user based equivalent channel [10].

We mostly use the former technique, when Line-of-Sight (LOS) compo-
nent does not exist in the multipath environment and the later technique is
selected or preferred when the LOS component exists in the multipath envi-
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ronment and it is known that user near the BS has better channel condition
from among other users with in a beam and uses the LOS component.

In this paper, since the concern is mm Wave massive MIMO where cells
of the BS are assumed to have smaller size (i.e., BS are located with a small
distance to each other), LOS components frequently exist with in a specific
beam and this is the reason why strong user based equivalent channel is
chosen [1].

3.5.5 Strong User Based Equivalent Channel

Since the amplitudes of non-LOS (NLOS) components are typically 5 to
10 dB weaker than the amplitudes of the LOS component [26], the LOS
component can primarily characterize the multipath channel in mm Wave
communications [10]. The channel matrix of the BD-NOMA has the sparse
structure representing the directions of different users [26]. So, if the LOS
component exists, the sparse beam space channel vectors of different users
within the same beam are highly correlated [10].

Therefore, one of the channel vector of BD-NOMA for multiplexed users
in the mth beam can be regarded as the equivalent channel vector of the mth

beam.
Considering that the first user in each beam having the LOS component

should perform successive Interference Cancellation (SIC) to decode all the
other users signals in this beam, the channel vector of the first user in each
beam as the equivalent channel vector of that particular beam has been
selected. Therefore, the equivalent channel matrix of size MRF ×MRF for all
selected beams can be written as [13]:

H̃ = [h1,1,h1,2, ...,h1,MRF
] (3.19)

Then, the precoding matrix of size MRF ×MRF can be generated by [15]:

G̃ =
√
αH̃(H̃HH̃ + X + λIk)−1 (3.20)

As we discussed earlier, X is a hermitian non-negative matrix, λ is a
regularization factor, and α is a scaling factor to normalize signal power [13].

G̃ = [g̃1, g̃2, ..., g̃MRF
] (3.21)

After normalizing the precoding vectors, the precoding vector for the mth

beam (m = 1, 2, ..., MRF ) can be written as:

gm =
g̃m

||g̃m||2
(3.22)
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So, here the first user in each beam can completely remove the inter-beam
interference’s, i.e. [13],

hH
1,jgm

||hH
1,jgm||2

=

{
0 for j 6= m

1 for j = m
(3.23)

Where 1 ≤ j,m ≤ MRF . Thus, after performing SIC, the SINR at the
first user in the mth beam can be written as [13]:

γ1,m =
||hH

1,mgm||22P1,m

σ2
(3.24)

3.6 Achievable Sum Rate and Power Allocation

3.6.1 Achievable Sum Rate

As it is discussed above, using NOMA with superposition coding and SIC
in the mth beam, the ith (i > t) user’s signal is detectable at the tth user,
knowing that it is detectable at itself [33], as the equivalent channel gain of
the tth user is larger than that of the ith user, i.e., ||hH1,mgm||2 ≥ ||hH2,mgm||2 ≥
... ≥ ||hH|sm|,mgm||2 [13] as discussed before.

So it means that the tth user can detect the ith user’s signals for 1 ≤
t < i ≤ |Sm|, and then remove the detected signals (signals of users which
are located farther from the tth user starting from the BS) from its received
signals successively.

As a result, the intra beam interference of equation 3.14 will be changed
by removing the second term as [13]:

(r̂t,m)Intra−BI = hH
t,mgm

t−1∑
i=1

√
pi,msi,m (3.25)

So, the overall remaining received signal at the tth user in the mth beam
can be written as:

(r̂t,m) = (rt,m)required + (r̃t,m)Intra−BI + (rt,m)Inter−BI + wt,m (3.26)

Where, the (rt,m)required and (rt,m)Inter−BI are the required and the inter
beam interference terms of equation 3.26 are already described in equations
3.13 and 3.15 respectively having in mind that wt,m is the noise term of the
tth user in the mth beam.
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According to the above equation, the signal to interference plus noise
ratio (SINR) of the tth user in the mth beam can be expressed as [13]:

ψt,m =
||hH

t,mgm||22Pt,m

τt,m
(3.27)

Where,

τt,m = ||hH
t,mgm||22

t−1∑
i=1

pi,m +
∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j + σ2 (3.28)

The achievable rate at the tth user in the mth beam is given finally by:

Rt,m = log
(1+SINR)
2 = log

(1+ψt,m)
2 (3.29)

Finally, the achievable sum rate of the beam division non-orthogonal mul-
tiple access (BD-NOMA) can be given as [13]:

Rsum =

MRF∑
m=1

|Sm|∑
t=1

Rt,m (3.30)

Having in mind that the first summation is for a number of selected beams
from among M beams of the system, while the second summation is for the
group of (number of) users located in a specific beam. The achievable sum
rate of BD-NOMA can be improved by a careful design of the precoding and
power optimization.

Generally, as it is described previously, this paper assumes that the BD-
NOMA channel is known by the BS, which means that there is a perfect
channel state information (CSI) known by the BS. Actually, efficient tools
of compressive sensing can be utilized to reliably estimate the channel with
low pilot overhead. This will be possible because of the sparsity of the beam
space channel in mm-Wave massive MIMO systems [26]. And also the other
assumption is that there is a perfect scheduling of users which paves the way
for the power allocation as well as precoding to take place.

3.6.2 Power Allocation

Efficient power allocation strategy plays an important role on the perfor-
mance of NOMA systems. This is because that the channel gain difference
among users can be translated into multiplexing gains by superposition cod-
ing in NOMA scheme [25].
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Having this in mind, the target is to improve the achievable sum rate of
the BD-NOMA system by reducing both inter-beam interference and intra-
beam interference by using efficient optimization technique. However, in
most of the existing papers, there is fixed inter-beam power allocation and
fixed number of users are allowed in each beam. In contrast to this, the
BD-NOMA allows multiple users with multiple antennas in each beam and
dynamic power allocation scheme is used to maximize the achievable sum
rate by solving the joint power optimization problem, which includes not
only the intra-beam power optimization, but also considers the inter-beam
power optimization.

The power allocation problem can be formulated as [13]:

max|Pt,m

MRF∑
m=1

|Sm|∑
t=1

Rt,m (3.31)

In order for this problem to be solved, there has to be three conditions
such as:

Condition1 : Rt,m ≥ Rmin, ∀m,t (3.32)

Condition2 : Pt,m ≥ 0,∀m,t (3.33)

Condition3 :

MRF∑
m=1

|Sm|∑
t=1

Pt,m ≤ P (3.34)

Here, as discussed previously, Rt,m is the achievable rate of the tth user in
the mth beam. The first constraint shows that the data rate constraint for
each user with Rmin being the minimum data rate for each user. The second
constraint shows that the power allocated to each user must be positive and
the last constraint which is the transmitted power constraint with P being
the maximum total transmitted power by the BS.

The optimization problem can also be written as [13]:

max|Pt,m

MRF∑
m=1

|Sm|∑
t=1

log
(1+SINR)
2 = max|Pt,m

MRF∑
m=1

|Sm|∑
t=1

log
(1+ψt,m)
2 (3.35)

As we could observe, the above equation is a concave function that do not
converge. So, the optimization problem is an NP-hard problem which means
that it is a non-deterministic polynomial-time hard problem which could be
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difficult to obtain the closed form solution to the optimal power allocation
problem of equation 3.35.

In order to solve this concave problem, an iterative optimization algo-
rithm is proposed in this paper to realize power allocation. According to the
extension of the matrix inversion lemma formula [34],

(A + UBV)−1 = A−1 −A−1U(I + BVA−1U)−1BVA−1 (3.36)

Where, A, U, B, and V denotes matrices of the correct conformable size.
It can be inverted using blockwise matrix inversion technique.

Special case of the above expression is when B is the 1 x 1 unit matrix,
and this identity reduces to the Sherman-Morrison formula. In the special
case when B is the identity matrix I, the matrix I + V A−1U is known in
numerical linear algebra and numerical partial differential equations as the
capacitance matrix.

So, according to the above equation, we have [13]:

(1 + ψt,m)−1 = (1 +
||hH

t,mgm||22Pt,m

τt,m
)−1

= 1−
||hH

t,mgm||22Pt,m

τt,m
(
||hH

t,mgm||22Pt,m

τt,m
+ I)−1

= 1− ||hH
t,mgm||22Pt,m(τt,m + ||hH

t,mgm||22Pt,m)−1

(3.37)

Where m = 1, 2, ..., MRF and t = 1, 2, ..., |Sm|. As we can see, the ex-
pression above has similar form as the minimum mean square error (MMSE).
Based on the following lemma of MMSE.

Lemma1: Let x be n x 1 hidden random vector variable, and let y be
a m x 1 known random vector variable (the measurement and observation),
both of them not necessarily of the same dimension. An estimator x̂(y) of x
is any function of the measurement y. The estimation error vector is given
by e = x̂− x and its mean square error (MSE) is given by the trace of error
covariance matrix [13], [25].

MSE = tr

{
E
{

(x̂− x)(x̂− x)H
}}

= E
{

(x̂− x)H(x̂− x)
} (3.38)

Where the expectation E is taken over both x and y. When x is a scalar
variable, the MSE expression simplifies to E

{
(x̂− x)2

}
[25]. Note that MSE

can equivalently be defined in other ways, since
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tr

{
E
{
eeH

}}
= E

{
tr
{
eeH

}}
= E

{
eHe

}
=

n∑
i=1

E
{
e2
i

} (3.39)

The MMSE estimator is then defined as the estimator achieving minimal
MSE [25].

x̂MMSE(y) = argminX̂ MSE (3.40)

By relying on the above Lemma of MMSE estimator, we can solve for
st,m from r̂t,m of equation 3.26 and the detection problem can be formulated
as [13]:

d0
t,m = argmindt,m

et,m (3.41)

Where,

et,m = E

{
|st,m − dt,mr̂t,m|2

}
(3.42)

is the Mean Square Error (MSE), and dt,m is the channel equalization
coefficient, and d0

t,m is the optimal value of dt,m in order to minimize the
MSE.

By substituting the expression for r̂t,m of equation 3.26 in to equation
3.42, we have [13]:

et,m = E

{
|st,m − dt,mr̂t,m|2

}
= |1− dt,m

√
Pt,mhH

t,mgm|2 + |dt,m|2||hH
t,mgm||22

t−1∑
i=1

pi,m

+ |dt,m|2
∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j + |dt,m|2σ2

(3.43)

Where the full derivation of equation 3.43 is found in the appendix-2.
Then by solving equation 3.41 based on equation 3.43, the optimal equaliza-
tion coefficient d0

t,m can be calculated by [13]:
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∂et,m

∂dt,m

∥∥∥∥
d0
t,m

= 0 (3.44)

Then, we have,

d0
t,m = (

√
pt,mhH

t,mgm)(pt,m||hH
t,mgm||22 + τt,m)−1 (3.45)

Again the full derivation of equation 3.45 is shown in appendix-3. By
substituting the values of equation 3.45 in to equation 3.43 we have [13],

e0
t,m = E

{
|st,m − d0

t,mr̂t,m|2
}

= |1− d0
t,m

√
Pt,mhH

t,mgm|2 + |d0
t,m|2||hH

t,mgm||22
t−1∑
i=1

pi,m

+ |d0
t,m|2

∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j + |d0
t,m|2σ2

= 1− pt,m||hH
t,mgm||22(pt,m||hH

t,mgm||22 + τt,m)−1

(3.46)

As we could see equation 3.46, it shows that it is equal to the MMSE of
equation of 3.37. We can write as [13],

(1 + ψt,m)−1 = mindt,m et,m (3.47)

Then, the achievable rate of the tth user in the mth beam can be written
as [13]:

Rt,m = log
(1+ψt,m)
2 = maxdt,m(− log

et,m
2 ) (3.48)

In order to remove the logarithmic function in the above equation, we
can use the following proposition [34].

Proposition 1 : Let f(a) = − ab
ln2 + loga

2 + 1
ln2

and a be a positive real
number, we have,

max|a>0 f(a) = − logb
2 (3.49)

Where, the optimal value of a is a0 = 1
b
.

Proof : The function f(a) is concave, and thus the maximum value of
f(a) can be obtained by solving [34]:

∂f(a)

∂a

∥∥∥∥
a=a0

= 0 (3.50)
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Then, we have a0 = 1
b
. By substituting a0 in to f(a), the maximum value

of f(a) is − logb2.
By using proposition 1, the achievable sum rate of equation 3.48 can be

written as [13]:

Rt,m = max|dt,mmax|at,m>0(−
at,met,m

ln2
+ log

at,m

2 +
1

ln2
) (3.51)

Finally, the objective function for the optimization problem in equation
3.35 has been transformed in to quadratic programming function as it can
be shown below [13]:

max|{
pt,m

} MRF∑
m=1

|sm|∑
t=1

max|dt,mmax|at,m>0(−
at,met,m

ln2
+ log

at,m

2 +
1

ln2
) (3.52)

Then, in order to solve the re-arranged optimization problem in the above
equation, this paper assumes to iteratively optimize

{
dt,m

}
,
{
at,m

}
, and{

pt,m
}
. Having this in mind, given the optimal power allocation solution{

py−1t,m

}
in the (y-1)th iteration, the optimal solution of

{
dyt,m

}
in the yth

iteration can be obtained according to equation 3.45 above as [13]:

d
(y)
t,m = (

√
p
(y−1)
t,m hH

t,mgm)(p
(y−1)
t,m ||hH

t,mgm||22 + τ
(y−1)
t,m )−1 (3.53)

Where the noise term is given by [13],

τ
(y−1)
t,m = ||hH

t,mgm||22
t−1∑
i=1

p
(y−1)
i,m +

∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

p
(y−1)
i,j + σ2 (3.54)

As a result the corresponding MMSE expressed by equation 3.46 in the
yth iteration can be obtained by [13]:

e
0(y)
t,m = 1− p

(y−1)
t,m ||hH

t,mgm||22(p
(y−1)
t,m ||hH

t,mgm||22 + τ
(y−1)
t,m )−1 (3.55)

Then according to proposition1, the optimal solution of
{
a
(y)
t,m

}
in the yth

iteration can be obtained by:

a
(y)
t,m =

1

e
0(y)
t,m

(3.56)
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After getting the optimal values
{
d
(y)
t,m

}
and

{
a
(y)
t,m

}
in the yth iteration, the

optimal
{
p
(y)
t,m

}
in the yth iteration can be obtained by solving the following

problem [13]:

min|
P

(y)
t,m

MRF∑
m=1

|Sm|∑
t=1

a
(y)
t,me

(y)
t,m (3.57)

With the previous three constraints, such that:

Condition1 : Rt,m ≥ Rmin, ∀m,t (3.58)

Condition2 : P
(y)
t,m ≥ 0, ∀m,t (3.59)

Condition3 :

MRF∑
m=1

|Sm|∑
t=1

P
(y)
t,m ≤ P (3.60)

Where,

e
(y)
t,m = |1− d

(y)
t,m

√
P

(y)
t,mhH

t,mgm|2 + |d(y)
t,m|2||hH

t,mgm||22
t−1∑
i=1

p
(y)
i,m

+ |d(y)
t,m|2

∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

p
(y)
i,j + |d(y)

t,m|2σ2

(3.61)

To solve the convex optimization problem in equation 3.57, we had to see
the following mathematical condition.

The Karush-Kuhn-Tucker (KKT) Condition [25]
Before directly entering in to KKT conditions, let us look at Lagrange

multiplier. In mathematical optimization, the method of Lagrange multiplier
is a good strategy for finding the local maxima and minima of a function
subject to equality constraints (subject to the condition that one or more
equations have to be satisfied exactly by the chosen values of the variables).
For the case of only one constraint and only two choice variables considering
the optimization problem, maximize f(x) subject to g(x) = 0, the Lagrange
function is defined by [25]:

L(x,y, λ) = f(x,y)− λg(x,y) (3.62)

Where, λ is the Lagrange multiplier.
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Coming to KKT condition, since we use Lagrange multiplier to find so-
lution for optimization problems contained to one or more equalities, for the
case when we have inequality constraints, we need to extend the method of
KKT conditions.

For a formulated problems below [25],

x∗ = argmin|x f(x) (3.63)

Such that, hi(x) = 0,∀i=1,...,m and gi(x) ≤ 0,∀i=1,...,n. The problem says
that, find the solution that minimizes f(x), as long as all equalities, hi(x) = 0
and all inequalities gi(x) ≤ 0 hold. So, in order to solve this problem, the
KKT condition says that, it is easy to see that any equality or inequality
constraint can be defined, so long as all terms are in the left side of the
equation. The inequality conditions are added to the method of Lagrange
multipliers in a similar way to the equalities: Put the cost function as well as
the constraints in a single minimization problem, but multiply each equality
constraint by a factor λi (the KKT multiplier). In the above example, there
are m equalities and n inequalities. Hence the expression for the optimization
problem becomes [25]:

x∗ = argmin|x L(x, λ, µ) = argmin|x f(x) +
m∑
i=1

λihi(x) +
n∑

i=1

µigi(x)

(3.64)
Where, L(x, λ, µ) is the Lagrangian and depends also on λ and µ, which

are vectors of the multipliers.
Coming to the topic, the KKT condition together with Lagrangian mul-

tiplier shows as [13]:

L(P, λ, µ) =

MRF∑
m=1

|Sm|∑
t=1

a
(y)
t,me

(y)
t,m + λ(

MRF∑
m=1

|Sm|∑
t=1

p
(y)
t,m −P) +

MRF∑
m=1

|Sm|∑
t=1

µt,mθt,m

(3.65)
Where, θt,m is the transformed version of the first condition of equation

3.31 (Rt,m ≥ Rmin) and the full derivation is again found in apendix-1.

θt,m = ∆||hH
t,mgm||22

t−1∑
i=1

p
(y)
i,m + ∆

∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

p
(y)
i,j − ||h

H
t,mgm||22p

(y)
t,m + ∆σ2

(3.66)
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Where, λ ≥ 0 and µ ≥ 0(m = 1, 2, ...,MRF , t = 1, 2, ..., |sm|). Then, by
using the KKT condition [35], equation 3.57 can be obtained by the following
three equations below [13]:

∂L

∂pt,m

= a
(y)
t,m(−Re(d

(y)
t,mhH

t,mgm)(p
(y)
t,m)−

1
2 + |d(y)

t,m|2||hH
t,mgm||22)

+

|sm|∑
u=t+1

au,m|d(y)
u,m|2||hH

t,mgm||22 +
∑
v 6=m

|sv|∑
u=1

a(y)
u,v|d(y)

u,v|2||hH
u,vgm||22

+ λ− µt,m||hH
t,mgm||22 +

|sm|∑
u=t+1

µu,m∆||hH
u,mgm||22 +

∑
v 6=m

|sv|∑
u=1

µu,v∆||hH
u,vgm||22

= 0

(3.67)

λ(

MRF∑
m=1

|Sm|∑
t=1

P
(y)
t,m −P) = 0 (3.68)

µt,mθt,m = 0, ∀m,t (3.69)

Then from equation 3.68, we can obtain the optimal solution of p(y)t,m as
follows [13]:

p
(y)
t,m = (

a
(y)
t,mRe(d

(y)
t,mhH

t,mgm)

ζ
)2 (3.70)

Where,

ζ =

|sm|∑
u=t

a(y)
u,m|d(y)

u,m|2||hH
t,mgm||22 +

∑
v 6=m

|sv|∑
u=1

a(y)
u,v|d(y)

u,v|2||hH
u,vgm||22

+ λ− µt,m||hH
t,mgm||22 +

|sm|∑
u=t+1

µu,m∆||hH
u,mgm||22 +

∑
v 6=m

|sv|∑
u=1

µu,v∆||hH
u,vgm||22

(3.71)

Here, even if f(a) is convex in equation 3.49, but the values d(y)t,m, a
(y)
t,m,

and p
(y)
t,m are the optimal solution in the yth iteration therefore, iterarively

updating the above values will increase or maintain the values of the main
equation in 3.52.
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3.6.3 Spectrum and Energy Efficiency Manipulations

When normalized bandwidth is considered, the spectrum efficiency can be
defined as the achievable sum rate of equation 3.30.

While the energy efficiency denoted by Ω in the paper is defined as the
ratio between the achievable sum rate Rsum and the total power consumption
which is given by [13]:

Ω =
Rsum

P + MRFPRF + MRFPS + PB

(3.72)

Where, P is the total transmitted power, PRF is the power consumed by
each radio frequency chain, PS is the power consumption of switch, and PB
is the base band power consumption. The energy efficiency is defined by the
unit bps/Hz/W .
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Chapter 4

FD-based Beam Division Non-Orthogonal
Multiple Access (FD-BD-NOMA)

4.1 Introduction

The scarce spectrum resource has been demanded to have high data rate and
throughput by the increasing number of users in the modern communication
technologies like the 5th generation. Among those, the MIMO communica-
tions technique has become a core technology to many wireless communica-
tion standards like LTE and WIMAX [25]. In the physical layer of wireless
communication networks, MIMO technologies has been employed in both
uplink and downlink transmissions [1]. Because of interference barriers and
some practical limitations, the downlink and uplink channels are designed
currently to operate in one dimension either in time or frequency domain.
Having this in mind, there are two basic duplexing techniques that has been
used in cellular communications. One is the time Time Division Duplex
(TDD) scheme where both downlink and uplink channels are allocated with
the same frequency but at different time slots to downlink and uplink chan-
nels. The other one is the Frequency Division Duplex (FDD) scheme where
both downink and uplink channels access the resource at the same time, but
with different frequencies for both downlink and uplink channels. This shows
that the radio resources has not been optimally used in existing wireless com-
munication systems and this is the main reason that motivated the author
to design the FD-BD-NOMA system for the future wireless networks.

Full duplex transmissions have recently gained significant attention to
further improve or even double the capacity of conventional half-duplex sys-
tems. The benefits of full duplex systems are of course brought by allowing
the downlink and uplink channels to function at the same time and frequency
[17]. Even if the gains of full duplex scheme can be easily foreseen, practical
implementations has many challenges and there are a lot of technical prob-
lems which are still need to be solved. The crucial barrier in implementing
full duplex systems is that the Self-Interference (SI) from the transmit anten-
nas to the receive antennas either at the full duplex base station transceiver
or at the full duplex users transceivers. More generally, the radiated power
of the downlink channel interferes with its own desired received signals in the
uplink channel [1]. So, the performance of full duplex systems depends on the
capability of SI cancellation at the transceiver which is limited in practice.
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As in the Beam Division Non-orthogonal Multiple Access scheme pro-
posed in chapter three, this paper considers a scenario where a full duplex
capable base station (FD-BS) communicates with the half-duplex users in
both directions at the same time slot over the same frequency band.

This chapter mainly considers about techniques to estimate and cancel
the residual self-interference that exist at the full-duplex base station.

Figure 4.1: Sample for full-duplex BS communication with half-duplex users

It is known that the optimal transmit strategy for the downlink channels is
achieved by non-linear precoding techniques like dirty paper coding (DPC),
but it requires high complexity to implement and as it is used in chapter
three, this paper uses linear beamforming technique which is Wiener Filter
(WF) based precoding technique for the purpose of mitigating the inter-beam
interference.

For the uplink channels, there are two residual self-interference (RSI)
channel estimators used in this paper. Namely, Minimum Mean Square Error
(MMSE) channel estimator and Least Square (LS) channel estimator which
estimates the RSI from downlink BS antennas to uplink BS antennas [25].

The self-interference channel HSI in between the downlink and uplink
antennas of the BS is assumed to have both the LOS component and NLOS
components as analyzed in equation 3.2.

The MMSE and LS channel estimators will be used for both Rician and
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Rayleigh fading components. By using these estimates for maximum ratio
(MR) combining, an uplink spectral efficiency is analyzed [25].

For the considered full duplex system, the problem of beam former design
becomes more challenging since there still exists a small, but not negligible,
amount of the SI between the transmit and receive antennas at the BS. It
is also known that the SI level increases with the transmit power for any
SI cancellation technique. Moreover, the difficulty of the design problem is
increased further by the co-channel interference (CCI) caused by the users
in the uplink channel to those in the downlink channel [1].

Analytic and simulation results are provided to illustrate the impact of
these interference on uplink and downlink transmissions on different previous
researches and the capacity advantage of the FD communication over the
the HD communication is already verified. This paper tries to estimate the
RSI channel and using these estimators, an uplink spectral efficiency of FD-
BD-NOMA scheme will be analyzed and demonstrated for different channel
components and for different estimators.

4.2 System Model

As usual this paper considers a single cell downlink and uplink mm-Wave
communication system, where the full duplex BS is equipped with MR anten-
nas for the uplink and MT antennas for the downlink transmission purposes
with MRF radio frequency chain either for downlink and uplink. The BS is
located in the center of the cell and communicating with K half-duplex users
having N antennas each, which are simultaneously served by the FD-base
station.

As in the case of the downlink communication where the channel matrix is
between uplink users and downlink antennas, here also it is assumed that the
self-interference channel matrix HSI has both LOS and NLOS components
as shown in equation 3.2.

When the FD-BD-NOMA principle is used, all the downlink and uplink
users are served simultaneously and in the joint uplink-downlink transmis-
sion, in the uplink the BS receives a signal in themth beam of themth

R antenna
as follows [13],[25]:

r̄mR
=

|sj|∑
i=1

√
p
{U}
i,mR

hH
i,mR

S
{U}
i,mR

+ gmT
HSI

|sj|∑
i=1

√
pSIs

{D}
i,mT

+ wmR
(4.1)

Where r̄mR is the total received signal at the mth
R receive antennas of the

BS. hHi,mR stands for the uplink channel gain between the ith user and the
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mth receiving beam. p{U}i,mR
and pSI are the transmission power of users in the

mth
R receive beam and the power of the residual self-interference respectively.

S
{U}
i,mR

denotes the uplink message of the ith user of the mth
R beam. While

gmT stands for the precoding of the mth
T downlink beam. HSI is the residual

self-interference channel gain of the mth
T transmitting antenna on the mth

R

receiving antenna and this paper assumes that the self-interference channel
follows noth rician and Rayleigh fading channels. S{D}i,mT

is the supper-imposed
message to the ith user of the mth beam in the downlink and finally wmR is
the noise for the uplink transmission in the mth

R receiving beam.
For the uplink transmission, statistical properties of minimummean square

error (MMSE)and least-square (LS) estimators for estimating the self inter-
ference channel is used. By using these estimates for maximum ratio com-
bining (MRC), an uplink (UL) achievable spectral efficiency (SE) expressions
are derived analyzed [25].

4.3 Residual Self-Interference Suppression (RSI
Suppression)

The major task in the cancellation of RSI is to estimate RSI channel. In this
paper, two estimation schemes are provided to estimate the RSI channel for
the sake of performance comparison. These are the Least Square (LS) based
estimator and Minimum Mean Square Error (MMSE) based estimator. Both
estimators estimate the RSI channel by assuming the intended signal from
the uplink users as an additive noise with in the specified beam space.

4.3.1 Least Square (LS) estimator

An estimate of the SI channel coefficient is obtained by LS algorithm by
considering the intended signal channel coefficient as an additive noise as the
first stage of the SI cancellation where the SI signal is known.

It means that this estimator is used when the characteristics of the SI
matrix is known at the receiving antenna of a specific beam space.

By rearranging equation 4.1, we can write it as [25]:

r̄mR
= X{U}mR

HmR
+ X{D}mT

HSI + wmR
(4.2)

Where X{U}mR = P
{U}
mR S

{U}
mR is the transmitted signal from all uplink users

to the mth
R uplink antenna in the mth beam. While HmR is the channel

matrix between the mth
R antenna and uplink user of the mth beam. X{D}mT =
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gmTPSIS
{D}
mT is the transmitted signal from the mth

T downlink antenna to
the downlink users in mth beam space. HSI is the residual self interference
channel gain of the mth

T transmitting antenna on the mth
R receiving antenna

and wmR is the noise of the uplink transmission in the mth
R receiving beam.

Then again for simplicity, we have to write equation 4.2 as shown below
by considering the intended signal as noise [25],

r̄mR
= X{D}mT

HSI + V (4.3)

With V = X
{U}
mR HmR+wmR and by using the LS algorithm, the expression

of an SI channel is given by [25]:

H̄SILS
= (X{D}

H

mT
X{D}mT

)−1(X{D}
H

mT
)r̄mR

(4.4)

Then the estimate of the SI signal will be:

S̄ILS = H̄SILS
X{D}mT

) (4.5)

So that here, equation 4.5 is used to cancel the self-interference signal
from the received data. Therefore, subtracting equation 4.5 from 4.2 and an
interference free signal will be obtained as follows using the LS algorithm.

r̂mRLS
= r̄mR

− S̄ILS = V (4.6)

4.3.2 Minimum Mean Square Error Channel Estima-
tion (MMSE) estimator

By using the MMSE estimator, the linear channel estimate of the residual
self interference will be given by [25],

H̄SIMMSE
=

[((
E{HSIH

H
SI}
)−1

+
1

σ2
n + σ2

s

X{D}
H

mT
X{D}mT

)−1
1

σ2
n + σ2

s

X{D}
H

mT

]
r̄mR

(4.7)
Where, E{.} denotes statistical expectation and σ2

n and σ2
s are the vari-

ances of the thermal noise and the intended signal, respectively. While the
latter needs the knowledge of the second-order statistics of the SI channel, it
enjoys substantially lower channel estimation error than the LS estimator.

In the case of additive white noise the MMSE channel estimate of the
above equation is simplified to the equation below [25]:

¯̄HSIMMSE
= [

σ2
n

σ2
s

+ X{D}
H

mT
X{D}mT

]−1X{D}
H

mT
r̄mR

(4.8)
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The estimate of the SI signal using MMSE will be given by:

S̄IMMSE = ¯̄HSIMMSE
X{D}mT

) (4.9)

Then according to equation 4.6, the interference free signal after this
estimator will be given by [25]:

r̂mRMMSE
= r̄mR

− S̄IMMSE

= X{D}mT
HSI + V − X

{D}H
mT X

{D}2
mT HSI

σ2
n

σ2
s

+ X
{D}H
mT X

{D}
mT

= X{U}mR
HmR

+ wmR
+ X{D}mT

HSI −
X
{D}H
mT X

{D}2
mT HSI

σ2
n

σ2
s

+ X
{D}H
mT X

{D}
mT

(4.10)

4.4 Achievable Sum Rate and spectral efficiency
of uplink transmission

The interference free received signal at the mth
R receive antenna after LS

estimator is given by [13]:

r̂mRLS
= V = X{U}mR

HmR
+ wmR

(4.11)

We know that X{U}mR = P
{U}
mR S

{U}
mR , replacing in the above equation gives

us [13]:

r̂mRLS
= V = P{U}mR

S{U}mR
HmR

+ σ2 (4.12)

The signal to noise ratio of the received signal in the mth beam of the
mth
R antenna using the least square estimator is given by [13]:

ψ{U}mRLS
=
||HmR

||22P
{U}
mR

σ2
(4.13)

The achievable rate in the mth beam of the mth
R receive antenna is given

finally by [13]:

RmRLS
= log

(1+SNR)
2 = log

(1+ψ
{U}
mRLS

)

2 (4.14)

Finally, the achievable sum rate of the beam division non-orthogonal mul-
tiple access (BD-NOMA) for the uplink transmission after LS estimator can
be given as [13]:
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RsumLS
=

MRF∑
m=1

RmRLS
(4.15)

For the case of MMSE estimation the overall received signal after the
estimator will be given by the following formula [25]:

r̂mRMMSE
= X{U}mR

HmR
+ wmR

+ X{D}mT
HSI −

X
{D}H
mT X

{D}2
mT HSI

σ2
n

σ2
s

+ X
{D}H
mT X

{D}
mT

= P{U}mR
S{U}mR

HmR
+ σ2 + gmT

PSIS
{D}
mT

HSI

(
1−

(
gmT

PSIS
{D}
mT

)(
gmT

PSIS
{D}
mT

)2
σ2
n

σ2
s

+
(
gmT

PSIS
{D}
mT

)(
gmT

PSIS
{D}
mT

))
(4.16)

The signal to noise ratio of the received signal in the mth beam of the
mth
R antenna using the MMSE estimator is given by:

ψ{U}mRMMSE
=
||HmR

||22P
{U}
mR

ρmR

(4.17)

Where ρmR is the noise plus interference term which is given by [13]:

ρmR
= σ2 + ||gmT

HSI||22PSI

(
1−

(
||gmT

||22PSI

)(
||gmT

||22PSI

)2
σ2
n

σ2
s

+
(
||gmT

||22PSI

)(
||gmT

||22PSI

))
(4.18)

The achievable rate in the mth beam of the mth
R receive antenna is given

finally by:

RmRMMSE
= log

(1+SINR)
2 = log

(1+ψ
{U}
mRMMSE

)

2 (4.19)

The achievable sum rate of the beam division non-orthogonal multiple
access (BD-NOMA) for the uplink transmission after MMSE estimator can
be given as [13]:

RsumMMSE
=

MRF∑
m=1

RmRMMSE
(4.20)
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Chapter 5

Results and Discussions
Here, the simulation results are provided to validate the spectral and energy
efficiency advantage of the BD-NOMA system over the normal beam division
multiple access (BDMA) system. The provided simulations are based on
typical downlink mm-Wave massive MIMO system where the BS is equipped
with an ULA of M = 256 antennas (with MT = 128 for downlink transmission
and MR = 128 for uplink reception) and communicates with K single antenna
users. The total transmitted power is set as P = 32 mW (15 dBm) [10]. One
LoS component and L = 3 NLoS components are assumed for all users’
channels in the downlink transmission.

The channel parameters of the Kth user is considered as follows, a) βk,0∼
CN(0,1), βk,l ∼ CN(0, 10−1) for 1 ≤ l ≤ L; b) θk,0 and θk,l for 1 ≤ l ≤ L will
follow the uniform distribution within [−1/2, 1/2] [10].

5.1 Downlink Scenario

The following simulation for downlink transmission shows the comparison of
three different schemes: Traditional-MIMO, BD-NOMA, and BDMA (BD-
OMA) which is the Beam Division Orthogonal Multiple Access. In the case
of Traditional-MIMO, Each downlink antennas are connected to one Ra-
dio Frequency (RF) chain which means that the number of RF chains are
equal to the number of available downlink antennas. Where BD-OMA is per-
formed when users of the same beam are allocated with orthogonal frequency
resources. BD-NOMA combines BD-OMA and NOMA in power domain.
In both BD-NOMA and BD-OMA schemes, the number of radio-frequency
chain is less than the number of downlink users, this is possible by using
Interference Aware (IA) beam selection technique which briefly discussed in
[10].

The strong user based equivalent channel is used and the iterative power
allocation technique discussed in chapter three are used to mitigate interfer-
ence. The Wiener filter (WF) or the Regularized Zero Forcing (RZF) based
precoding technique is used to mitigate the inter-beam interference in the
downlink transmission.

The Spectral Efficiency comparison against the number of users is shown
in Fig. 5.1, where SNR is set as 10 dB. We can see from the simulation
results that with the increasing of the number of users K , the efficiency gap
between the BD-OMA and BD-NOMA becomes larger. This is because the
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larger the number of users, the larger the probability that the same beam is
selected for different users. As a result, existing BD-OMA will suffer from an
obvious performance loss, while the BD-NOMA can still perform well due to
the use of NOMA. For the traditional-MIMO scheme, it is obvious that this
scheme can achieve higher spectral efficiency. This is because that all the
available resources are allocated for all users without beam selection with a
cost of enormous amount of energy due to unused RF chains.

Figure 5.1: Downlink spectrum efficiency Vs number of users
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Figure 5.2: Downlink spectrum efficiency Vs SNR

Fig. 5.2 below shows the spectrum efficiency against SNR. Where the
number of users is K = 32. We can find that the BD-NOMA can achieve
higher spectrum efficiency than that of BD-OMA since BD-NOMA comprise
NOMA in the power domain which allows to serve multiple users in each
beam.
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Figure 5.3: Downlink energy efficiency Vs number of users

The performance comparison in terms of energy efficiency against the
number of users is shown in Fig. 5.3 below, where SNR is set as 10 dB. We
can see that the energy efficiency of the BD-NOMA scheme is higher than
both the traditional-MIMO and BD-OMA schemes even the number of users
is very large. For the purpose of simulation, we adopt the typical values PRF
= 300 mW, Ps = 5 mW, and PB = 200 mW [10].
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Figure 5.4: Downlink energy efficiency Vs SNR

Fig. 5.4 above shows the energy efficiency against SNR, where the number
of users is also K = 32. Again we can observe that the BD-NOMA can achieve
higher energy efficiency than both traditional-MIMO and BD-OMA schemes.
More specifically it is observed that the BD-NOMA scheme has around 10%
energy efficiency improvement as compared to BD-OMA.

The other thing that we can observe in both figure 5.3 and 5.4, both
BD-NOMA and BD-OMA schemes has much higher energy efficiency than
that of traditional-MIMO scheme where the number of RF chains is equal to
the number of antennas available at the BS; this leads the tradional-MIMO
consume a very high energy for each RF chain. On the other side, the number
of RF chain is much smaller than the number of antennas in both BD-NOMA
and BD-OMA schemes.
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5.2 Uplink scenario

5.2.1 Computational complexity analysis

Since basic linear algebra operations, such as matrix-matrix multiplications,
have a well-defined structure and can thus be implemented efficiently in hard-
ware. However, the computational complexity can be a bottleneck when large
matrices need to be manipulated. The exact complexity of a matrix oper-
ation depends strongly on the hardware implementation, including the bit
width (i.e., the number of binary digits used to represent a number) and the
data type (e.g., floating point or fixed point) [25].

In this section, the number of complex complex multiplications that
are needed in the computations are analyzed, while the complexity of ad-
ditions/subtractions is neglected since these operations are much easier to
implement in hardware [25]. The computational complexities of MMSE and
LS estimators are summarized in the table 5.1 below.

Table 5.1: Computational complexity anal-
ysis of LS and MMSE estimators

Scheme Number of multiplications
MMSE 2 ∗ [(M2) ∗K + (M2) ∗K]
LS ((M2) ∗K + (M2) ∗K)

As can be seen from the table, the complexity of MMSE is higher than the
complexity of LS estimator. This is because that MMSE estimator uses the
second order statistics of the self-interference channel. By using the above
table the complexity of MMSE and LS estimators are analyzed using matlab
as follows.

After the complexity analysis, an uplink spectral efficiency expressions
derived in chapter four are validated by simulations. There are two schemes
which are assumed in the simulations. One is the MMSE based residual chan-
nel estimator when the self-interference follows both rician and Rayleigh fad-
ing channels and other is the LS estimator again in both rician and Rayleigh
fading channel scenarios.
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Figure 5.5: Complexity analysis of MMSE and LS estimators [25]
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Figure 5.6: Uplink spectrum efficiency Vs number of uplink BS antennas for
different channel estimators

Figure 5.6 above shows the uplink spectral efficiency versus number of
uplink antennas by using MR-combining based on either the MMSE or the
LS estimators. As we can see from the figure, MMSE estimator with rician
fading component outperforms the LS-estimator using either of the two fad-
ing channels. This is because that since the downlink antenna of the BS are
located near to the uplink antennas, the Line-Of-Sight (LOS) component of
the residual self-interference can be easily grasped by the uplink antennas
rather than the Non-Line-Of-Sight (NLOS) multi-path component.

In the figure 5.7, the paper considers a scenario where the self-interference
only has the LOS component following rician fading which not possible in
practical scenarios. Here again the MMSE estimator outperforms the LS-
estimator since the MMSE utilizes the second order statistics of the residual
self-interference.
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Figure 5.7: Uplink spectral efficiency Vs number of uplink BS antennas for
difference channel estimators when the SI has only LOS component
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Chapter 6

Conclusion and Recommendation

6.1 Conclusion

This paper studied the uplink and downlink spectral and energy efficiency
efficiency of a FD based BD-NOMA scheme by integrating NOMA with BD-
OMA inorder to overcome the fundamental limit of existing BDMA that
users are allocated orthogonal resources regardless of their distance from the
base station. The number of users of a beam is larger than the number of
RF chain in the proposed scheme.

In the downlink scenario, wiener filter based precoding technique is used
together with the strong user based equivalent channel determined for each
beam for the sake of mitigating the Inter-Beam-Interference.

Further, the sum rate is maximized by jointly optimizing the power allo-
cated to all users using the principle of NOMA in the power domain.

The spectrum efficiency of uplink transmission is analyzed after the self-
interference is estimated and canceled using MMSE and LS channel estima-
tors at the FD base station antennas.

Simulation results shown that BD-NOMA scheme has better spectral and
energy efficiency compared to BD-OMA. The traditional-MIMO scheme may
have higher spectral efficiency than that of BD-NOMA. This is because that
there is no beam selection where each available antennas are directly con-
nected to one RF chain. However, because of the high number of RF chains
in the traditional-MIMO scheme, very high power will be consumed and as
result the energy efficiency of this scheme will fall down compared to both
BD-NOMA and BD-OMA scheme.
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6.2 Recommendation

The following few promising future works are recommended by the author.

• This paper was done by assuming perfect channel state information
at the base station antennas. The channel state information could be
known by using tools of compressive sensing techniques which could be
one of the interesting area to investigate.

• In the uplink scenario, to mitigate the self interference, this paper con-
siders linear channel estimators (MMSE and LS). But there are different
analog and digital cancellation techniques techniques which has high
performance of canceling SI which increase the capacity advantage of
FD scheme over the HD scheme by a considerable amount.

• This paper tries to address both inter and intra beam interference mit-
igation techniques in the downlink and self-self interference mitigation
techniques in the uplink scenario. However, still there are two basic
interferences; namely the co-channel (inter-user) interference between
uplink and downlink users of the same beam since they use the same
channel. The other one is the cross-mode interference that could occur
between uplink and downlink channels before it reaches the receiver
antennas. These two interferences are hampering the two fold spectral
efficiency advantage of the FD scheme over the HD scheme and it will
be good if one could find solution for this.

• The paper didn’t use any multiplexer/modulator which are assumed in
5G. Analyzing BD-NOMA using the modulators assumed in 5G will
help to idealize this work in the practical setups.
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Appendix
Appendix-1
The non-linear equation of condition1 of equation 3.33 can be simplified

and converted in to linear inequality as as follows:

Rt,m ≥ Rmin

Replacing equation 3.30 we get,

log
(1+SINR)
2 ≥ Rmin

log
(1+ψt,m)
2 ≥ Rmin

Replacing equation 3.28 we get,

log
(1+

||hH
t,mgm||22Pt,m

τt,m
)

2 ≥ Rmin

2Rmin ≥ 1 +
||hH

t,mgm||22Pt,m

τt,m

2Rmin − 1 ≥
||hH

t,mgm||22Pt,m

τt,m

Let us denote 2Rmin − 1 to be ∆ for simplicity,

∆ ≥
||hH

t,mgm||22Pt,m

τt,m

∆τt,m ≥ ||hH
t,mgm||22Pt,m

From equation 3.29, replacing τt,m we have,

∆||hH
t,mgm||22

t−1∑
i=1

pi,m + ∆
∑
j 6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j + ∆σ2 ≥ ||hH
t,mgm||22Pt,m

∆||hH
t,mgm||22

t−1∑
i=1

pi,m + ∆
∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j − ||hH
t,mgm||22Pt,m ≥ −∆σ2

This is the equation used in both equation 3.66 and 3.67 as θt,m,

θt,m = ∆||hH
t,mgm||22

t−1∑
i=1

p
(y)
i,m + ∆

∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

p
(y)
i,j − ||h

H
t,mgm||22p

(y)
t,m + ∆σ2

(6.1)
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Appendix-2
The Mean Square Error (MSE) of equation 3.43 and 3.44 can be solved

as shown below.

et,m = E

{
|st,m − dt,m[(rt,m)required + (r̃t,m)Intra−BI + (rt,m)Inter−BI + wt,m]|2

}

et,m = E

{
|st,m − dt,m[hH

t,mgm
√

pt,mst,m + hH
t,mgm

t−1∑
i=1

√
pi,msi,m + hH

t,m

∑
j6=m

|sj|∑
i=1

gj
√

pi,jsi,j

}
+ wt,m]|2

= |1− dt,m

√
Pt,mhH

t,mgm|2 + |dt,m|2||hH
t,mgm||22

t−1∑
i=1

pi,m + |dt,m|2
∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j

+ |dt,m|2σ2

(6.2)

Appendix-3
The partial derivation of equation 3.45 of the optimal equalization coef-

ficient d0t,m can be given by,

∂et,m

∂dt,m

∥∥∥∥
d0
t,m

= 0 (6.3)

We know that et,m of equation 6.2 is given by,

et,m = E

{
|st,m − dt,mr̂t,m|2

}
= |1− dt,m

√
Pt,mhH

t,mgm|2 + |dt,m|2||hH
t,mgm||22

t−1∑
i=1

pi,m

+ |dt,m|2
∑
j6=m

||hH
t,mgj||22

|sj|∑
i=1

pi,j + |dt,m|2σ2

(6.4)

Then after derivation we have,
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0 = −dt,m

√
Pt,mhH

t,mgm + pt,m||hH
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(6.6)

After derivation of et,m with respect to dt,m, and replacing the value of
τt,m of equation 3.29, we get,

τt,m = ||hH
t,mgm||22

t−1∑
i=1
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Then, we have,

d0
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