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ABSTRACT

K-Best Sphere Detector based Receiver for MIMO Non-Orthogonal Multiple

Access Systems

Non-Orthogonal Multiple Access (NOMA) is a promising radio access technology, which

improves the spectrum efficiency and system throughput considerably over conventional Or-

thogonal Multiple Access (OMA) techniques and also enables massive connectivity. NOMA is

currently being considered extensively as a key enabling technology for 5G wireless networks.

However, in NOMA, one of the key technical challenges is to develop efficient receivers due

to the presence of Multiple-Access Interference (MAI) caused by non-orthogonal resource al-

location. Minimum Mean Square Error (MMSE) based Successive Interference Cancellation

(SIC) receivers have widely been discussed in the literature for power-domain NOMA systems.

However MMSE detector is a linear detector with poor error performance. In this research, a

K-Best sphere detector based SIC receiver is discussed for the downlink of power-domain

MIMO-NOMA systems. The BER performance of the proposed receiver is investigated for

different power allocation ratios and for different K values of the K-Best detector. Link level

simulation results demonstrate that our proposed K-Best detector based receiver offers much

superior performance over the MMSE-SIC based receiver.

Keywords : NOMA, SIC, MIMO
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Chapter 1

INTRODUCTION

1.1 Background

In the evolution of mobile communication systems, Multiple Access (MA) technology

is one of the main distinguished technologies used to address the network demand with the

available network resources. Depending on the MA technology used, efficiency of utilizing

network resources, mainly the number of supported users and the expected user throughput are

changed. For an example, 1G, 2G, 3G and 4G wireless communication systems use Frequency

Division Multiple Access (FDMA), Time Division Multiple Access (TDMA), Code Division

Multiple Access (CDMA) and Orthogonal Frequency Division Multiple Access (OFDMA)

respectively, as their MA technology. The MA technologies can be broadly divided into two

main categories.

1. Orthogonal Multiples Access (OMA)

2. Non-Orthogonal Multiple Access (NOMA)

The past generations of mobile communication systems used OMA technologies. In the

OMA technologies, the wireless resources are orthogonally allocated to the multiple users in

frequency, time or code domain in order to avoid or minimize inter-user interference. The

number of supported users are limited by the number of available orthogonal resources in

the OMA technologies. Further, even though the transmitted signals are orthogonal, received

signals are non orthogonal due to dispersive channel [1] i.e. frequency selective channel.

Fast development of the Internet of Things (IoT) and the mobile internet targets to chal-

lenging requirements for the future 5G networks such as ten thousand times capacity of current

network, hundred times new connected devices than 4G, 1 Gbps peak data rate, 100 Mbps data
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rate at the cell edge and less than 1 ms latency [2]. Multiple Input Multiple Output (MIMO)

systems and NOMA are among the key enabling technologies to provide the future network

demand. Recently NOMA has received a tremendous attention as a promising radio access

technology which allows multiple users to share the network resources simultaneously.As an

example in OFDMA, users’ signals are orthogonal in the frequency and/or time domains. One

resource block (RB), which occupies 180 kHz in 4G Long Term Evolution (LTE) standard can-

not be allocated to more than one user. However combining OFDMA with NOMA technology,

one RB can be allocated to two or more users simultaneously [3]. Hence in NOMA, the num-

ber of supported users are not limited to the availability of orthogonal resource units. There are

two main categories of NOMA.

1. Power Domain NOMA

2. Code Domain NOMA

The near far effect of the cell-center user and the cell-edge user is considered for the trans-

mit power allocation and to detect the received signals in power domain NOMA. There is a

key difference compared to the conventional CDMA in 3G and Code Domain NOMA. That is

the spreading sequences are restricted to the sparse sequences or the non-orthogonal low cross-

correlation sequences in NOMA [1, 4]. Further, CDMA technology is basically designed to

separate the users by exploiting the differences among their spreading codes. However NOMA

enables users to use exactly the same code simultaneously. As a result, chip rate of CDMA

should be much higher than the information rate. As an example supporting a data rate of 10

Gbps may requires a chip rate of a few hundred Gbps which is difficult to realize with practical

hardware [5].

A more comprehensive description about NOMA is included in the Subsection 1.1.1. Due

to the non orthogonality of the resource allocation in NOMA, Multiple Access Interference

(MAI) is increased and one of the key technical challenge in NOMA is designing efficient

receivers.

1.1.1 NOMA

As stated before 1G to 4G cellular mobile communication systems were mainly developed

using OMA approaches, which avoid intra-cell interference and simplify air interface design.

However OMA technologies have no ability to handle the inter-cell interference. Therefore

2



physical parameters and logical parameters of cells should be properly planned to minimize

the inter-cell interference. [1].

The concept of NOMA has been proposed to support more users than the number of avail-

able orthogonal time, frequency or code domain resources, so that the future network demand

can be fulfilled. The main idea of NOMA is to support non-orthogonal resource allocation

among the users and hence increase the systems throughput and the spectral efficiency. How-

ever the receiver complexity will be increased because the receiver should be capable of sep-

arating the non-orthogonal signals, i.e., the over lapping signals in time, frequency or code

domain).

NOMA has both benefits and challenges compared to OMA. The main challenge is dealing

with inter-user interference due to non-orthogonal resource allocation and hence increasing

receiver complexity. We are addressing the same challenge in this research. It can be seen

that if the challenges can be properly addressed, NOMA possesses some good advantages over

OMA which are described below.

Advantages of NOMA over OMA

• Improved spectral efficiency and system throughput

As discussed in [1], both OMA and NOMA achieve the channel capacity. However

NOMA is capable of providing more user fairness in uplink (UL) of NOMA systems.

Further, the capacity limit of NOMA is much higher than that of OMA in the downlink

(DL) of Additive White Gaussian Noise (AWGN) channels. In the case of multi-path

fading channels experiencing inter-symbol-interference (ISI), only the OMA can achieve

the channel capacity in DL. NOMA relying on Multi User Detection (MUD) is optimal

and OMA is sub optimal, if the Channel State Information (CSI) is known at the DL

receiver.

• Massive connectivity

The number of simultaneous users are not limited by the availability of the orthogo-

nal resources in NOMA. Therefore, NOMA is capable of significantly increasing the

number of simultaneous connections [1]. Therefore it has the potential to support mas-

sive connectivity. This is a very important feature for 5G. With the evolution of IoT,

hundreds of sensors will be connected to the internet simultaneously in the sensor net-

3



works installed for smart agriculture, smart cities and vehicular communications. These

sensors may require only a few kilobytes of data to be transmitted but the simultaneous

connectivity is very important. NOMA is capable of catering for such a network require-

ment. However, the number of simultaneous connections are limited with the NOMA

technology used and the receiver capabilities.

• Low transmission latency and signaling overhead

In the conventional OMA systems, first a user needs to send a scheduling request to

the base station (BS) which is known as access-grant request. If the request is received

by the BS, it schedules the user’s UL transmission by sending a clear-to-send signal

in the DL channel. The transmission latency and signaling overhead is considerably

high in this process and it’s not acceptable in 5G. In LTE, access grant process takes

about 15.5ms however the 5G latency requirement is less than 1ms. Some of the UL

NOMA technologies do not require dynamic scheduling and hence reduce the latency

and signaling overhead.

• Relaxed channel feedback

Since the CSI feedback is only used for power allocation, the channel feedback require-

ment will be relaxed in power domain NOMA, . Therefore there is no requirement for

accurate instantaneous CSI knowledge. If the channel is not changing rapidly, even a

limited accuracy out dated channel feedback will not be severely affected the system

performance [1]

• No need to increase number of transmit antennas

It is not required to increase the number of antennas specifically for NOMA implemen-

tation. This feature is quite important from the perspective of the cost and the space

limitations of small cells and macro cell deployments in nowadays practical networks.

However, NOMA can be used with beam forming and MIMO to introduce the diversity

and to increase the system throughput [4].

• Compatibility with OFDMA and SC-FDMA

NOMA can be easily combined with OFDMA for DL and SC-FDMA for UL to adjust

with LTE releases [4].
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Considering the above advantages, NOMA is considered as a very promising Radio Ac-

cess Technology for 5G and hence NOMA is actively being investigated.Most of the existing

research papers on NOMA [4, 6, 7] focus on the power domain NOMA. Code domain NOMA

schemes are briefly introduced in [8, 5].

Power Domain NOMA

In power domain multiplexing, multiple users share the same time, frequency resources

and the power level is used to separate the different user signals. Then the multiple users

are detected at the receiver by MUD algorithm such as Successive Interference Cancellation

(SIC). Near far effect is utilized for power allocation and the signal separation. At the trans-

mitter, different signals generated by different users are combined after classic channel coding,

modulation and power allocation. In this way, the spectral efficiency can be enhanced but the

complexity of the receiver is increased compared to the conventional OMA.

More specifically, if we consider a two user scenario for DL, where one user is near to the

base station (near user/cell-center user) and the other one is at the cell edge (far user/cell-edge

user). The cell-center user is having a better channel condition than the cell-edge. Therefore

the cell-edge user is allocated with more power than the cell-center user. Then the cell-edge

user receives only its desired signal however the cell-center user receives both the signals.

The cell-edge user signal is the stronger signal received to the cell-center user. Therefore the

cell-edge user can use a conventional receiver like Minimum Mean Square Error (MMSE).

However MUD is required for the cell-center user. Since the cell-edge user signal is stronger

at the cell-center user, cell-center user will first detect the cell-edge user signal and then its’

interference is removed from the received signal to detect the desired cell-center user signal,

i.e., SIC.

If there are several users, this process have to continue starting from the nearest user or the

user having the best channel condition. The far users need to wait till the near users’ signals

are detected and interference being canceled. Therefore, there should be an upper bound on

the number of users relying on SIC and more advance MIMO detection technologies should be

used for serving more users . This is a bottle neck of using SIC for NOMA detection

Multi-user power allocation, SIC error propagation and user mobility are main concerns

on power domain NOMA and discussed in [9]. Combination of power domain NOMA with

MIMO can be used to further improve the system throughput and the spectral efficiency.
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Power Allocation

Power allocation is very important in NOMA because the benefits of NOMA depend on

the resource allocation, such as power allocation and channel assignment. Therefore there are

many research papers which discuss about power allocation and [10, 11, 12] are some of them

where different power allocation strategies for NOMA are presented.

According to [11], two Power Allocation (PA) strategies for power domain NOMA are

proposed. The first strategy is based on CSI experienced by NOMA users. The proposed

algorithm is assigned power to the users which is inversely proportional to the CSI of the users

.The second strategy is based on predefined Quality of Service (QoS) per NOMA user. In this

method the power is allocated to achieve predefined QoS for particular users. The simulations

have shown that the first PA strategy based on the CSI is capable of achieving around 30%

improvement for overall system throughput.

Optimum PA is discussed in [12] where the optimal power allocation is analytically char-

acterized with given channel assignment compared to multiple channels under different per-

formance criteria such as the maximum fairness, weighted sum rate maximization, energy ef-

ficiency maximization with weights or QoS constraints and sum rate maximization with QoS

constraints in NOMA systems.

In [10], three PA methods are discussed. One of them is the simple predefined fixed power

allocation and another two are to based on constraints. One is to achieve a predefined QoS

requirement and the next one to achieve more dynamic QoS requirement. This says that NOMA

is having better performance than conventional MIMO-OMA, even with simple selection of

power allocation coefficients.

In this research we consider the simple fixed power allocation ratio between the cell-center

user and the cell-edge user, and compare the Bit Errir Rate (BER) performance with different

power allocation ratios.

Code Domain NOMA

Code domain multiplexing is extended from classic CDMA in 3G where the users share the

same time and frequency resources. The users are assigned a user specific spreading code to

identify the different users. However not like CDMA, spreading sequences are non-orthogonal

low cross-correlation sequences in NOMA [1, 4]. There are few types of code domain NOMA

schemes discussed in the literature.
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• Low Density Spreading CDMA

Low Density Spreading (LDS) CDMA use sparse spreading sequences where conven-

tional CDMA uses dense spreading sequence[13] to reduce the interference at each chip.

Therefore LDS-CMDA can improve the system performance by using LDS sequences

for CDMA. This is the only difference in LDS-CDMA compared to classic CDMA.

Interference can be decreased among multiple users with proper planning of spreading

sequence and overloading also achieved in LDS-CDMA.

• Low Density Spreading OFDMA

This is a combination of LDS-CDMA and OFDMA which is specially designed to over-

come the multipath fading issue. Transmitted symbols are first mapped to a certain LDS

sequence and transmitted over OFDMA sub carriers in LSD-OFDMA.

• Sparse Code Multiple Access

This is an improved version of LDS-CDMA. Sparse Code Multiple Access (SCMA)

is about mapping different bit streams to different sparse code words. Main difference

between LDS-CDMA and SCMA is the shaping gain. The ’shaping gain’ is defined as

the average symbol energy when the shape of a constellation is changed [14]. If the

constellation is closed to a sphere, shaping gain is having higher value [14].

• Multi User Shared Access

In UL Multi User Shared Access (MUSA), symbols of each user are spread by a spread-

ing sequence which should have low cross-correlation. Each user randomly select one

code from a pool of spreading sequences. Different spreading sequences may also be

used for different symbols of a same user, which can further improve the performance

through interference averaging [15].

Users are separated into groups in DL MUSA. In each group, different user symbols are

mapped to different constellations in a way that Gray mapping can be ensured in the

joint constellation of combined signals. The modulation level and the power level of

each user is defined the joint constellation.

7



1.1.2 OFDMA

OFDMA is the MA technique used for radio transmission and reception in LTE. OFDMA

is a powerful way to minimize the problems of fading and ISI. If the channel response is larger

than the duration of the pulse, ISI may occur in time domain. In frequency domain this leads

to frequency selective fading but if the total bandwidth is split into several sub bands, each

band undergoes flat fading and ISI can be eliminated. Therefore, in frequency domain OFDM

divides the wide band channel into small sub-channels which are overlapped with adjacent

sub-channels. These sub-channels are orthogonal hence there is no interference among sub-

channels at the sampling point. Implementation of Cyclic Prefic (CP) can undermine the ISI

caused by delay spread. The concept of OFDMA is shown in Fig 1.1.

Figure 1.1: OFDMA sub-channels

[16]

The benefits of OFDMA can be summarized as,

• Dividing the large bandwidth into small sub carriers to minimize the frequency-selective

fading.

• It can be against ISI, so it is suitable for high-speed data transmission in multi-path

environment.

• Spectrum efficiency is maximized because of the orthogonality between sub carriers,

adjacent sub channels can be overlap.

• Modulation and demodulation can be achieved by Inverse Fast Fourier Transform (IFFT)

and Fast Fourier Transform (FFT). Hence caculation is efficient and simple.

• It can achieve the different UL and DL transmission data rate by using different number

of sub-channels.
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• It can take full advantage of high SNR sub channels to increase system throughput by

dynamic sub channel allocation.

However there are few limitations of OFDMA as well.

• Sensitive to frequency deviation: Frequency shift occurred in transmission process (such

as Doppler Shift) or the frequency difference between a receiver local oscillator and the

carrier frequency of transmitter would undermine the orthogonality between sub carriers

of OFDM system, leading to inter-channel signal interference.

• High Peak-to-Average Power Ratio (PAPR): The output of OFDM modulation is the

superposition of multiple sub-channels. If the signal phases in multiple sub-channels are

same at a certain time, superimposed signal instantaneous power will be far greater than

the signal average power, resulting in a high PAPR. High PAPR not only brings higher

requirements on transmitter Power Amplifier linearity, but also reduces the amplifier

efficiency.

OFDMA is used not only for LTE but also for several other radio communication systems

as follows.

• IEEE 802.11 versions a, g and n.

• WiMAX (IEEE 802.16).

• Digital television.

• Radio broadcasting.
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1.2 Statement of the Problem

Receiver design is one of the main challenges in NOMA due to MAI. Use of SIC receivers

for power domain NOMA has been addressed in many research papers [6, 7, 17]. Power

domain NOMA is widely discussed than code domain NOMA because it is suitable for both

the UL and the DL, efficiently utilize the power available at the BS or UE , minimize intra-cell

interference and can be combined with MIMO to further increase the spectral efficiency.

In SIC receivers used in power domain NOMA, the interfering user, i.e. the cell-edge user

signal is first detected and its interference is removed from the received signal of cell-center

user to detect the cell-center user signal. Therefore the accuracy of detection of the interfering

user affects the accuracy of the desired user detection. Otherwise the errors are propagated

from user to user in multi user scenario.

The MMSE based SIC receivers for the cell-edge user detection at the cell-center user

were widely discussed in the literature. Even though, the MMSE receivers are linear receivers

with low complexity, the detection performance significantly degrades with the interference.

Optimal signal detection is achieved using Maximum Likelihood (ML) detector. However the

complexity of ML detectors exponentially increases with the modulation order and the number

of transmit antennas.Therefore a sub optimal solution may be preferred which offers improved

trade-off between complexity and performance.
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1.3 Objectives and Scope

The main objective of this research study is to develop an efficient receiver for MIMO-

NOMA-OFDMA systems which offers improved trade-off between the error performance and

the complexity. The specific objectives are summarized as follows :

1. To carry out an extensive literature survey on NOMA schemes and candidate receivers.

2. To develop a computationally efficient receiver for MIMO-NOMA-OFDMA systems

which offers improved trade-off between complexity and performance.

3. To implement a MIMO-NOMA-OFDMA system including the proposed receiver in

MATLAB.

4. To investigate the error performance and limitations of he proposed receiver through

simulations.

5. To compare the performance with existing receivers and propose further improvements.

The scope of the research is limited to propose a K-best sphere detector based receiver for

the DL of MIMO Power Domain NOMA in single carrier systems and OFDMA systems. The

error performance and the complexity of K-best sphere detector based receivers for MIMO-

OFDMA systems over MMSE receiver and ML receiver are discussed in [18, 19, 20, 21].
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1.4 Notation

Throughout this thesis we represent vectors in bold lower-case letters, and matrices in

bold upper-case letters. E{.}, V {.}, Cov{.} stand for the expected value, variance and co-

variance operators respectively; (.)T , (.)∗, and (.)H denote the transpose, complex conjugate

(component-wise), and Hermitian transpose operations, respectively.

1.5 Organization of the Thesis

Organization of this thesis is as follows. Literature review is exclusively covered in the

next chapter.The literature review is presented under three subsections: MIMO detection, re-

ceivers for NOMA in SISO systems and receivers for NOMA with MIMO systems. Chapter

3 discusses the system model for MIMO-NOMA in both single carrier systems and NOMA-

OFDMA systems. Mathematical formulation of a MIMO-NOMA-OFDMA system is pre-

sented in Chapter 4. In Chapter 5 we present the simulation results for proposed receiver for

both single carrier and multi carrier systems. Finally we conclude the thesis with conclusion

and suggestions for future research in Chapter 6.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

In this chapter we mainly focus on the receivers design for the downlink of NOMA systems.

The literature survey is extended to identify the receivers designed for both Single Input Single

Output (SISO) and MIMO scenarios because the spectral efficiency and the system throughput

can be considerably increased by combining NOMA with MIMO. Both the advantages and the

limitations of different algorithms are studied during the literature review.

Literature review is organized covering following three main topics:

1. MIMO Detection Algorithms.

2. Receivers for NOMA-SISO Systems.

3. Receivers for NOMA-MIMO Systems.

2.2 MIMO Detection Algorithms

MIMO is a very promising technology for reliable data transmission and to provide high

spectral efficiency. Usage of multiple antennas at both the transmitter and the receiver is capa-

ble of providing high data rate and to improve the transmission quality without increasing the

transmit power and expanding the frequency spectrum. A linear superposition of the transmit-

ted signals are observed at the receiver.

Optimal solution based on performance for MIMO detection is the ML detection and there

are several sub optimal detection algorithms such as linear detection, interference cancellation

detection and tree search based detection. MIMO detection algorithms can be broadly classified

13



Figure 2.1: Classification of MIMO detection algorithms

[22]

into two categories as linear detectors and non-linear detectors. Non-linear detectors can be

classified according to Fig 2.1.

In this section we discuss ML detector and K-best sphere detector which is a sub optimal

solution for ML detector and the linear MMSE detector. All these detectors have associated

advantages and limitations with them.
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2.2.1 ML Detector

The optimum hard-decision MIMO detector is the ML detector. It uses an exhaustive

search to find the transmitted vector x from the received symbols among 2l×nt possible symbol

combinations, where l is the number of bits per symbol and nt is the number of transmitted

antennas.Assuming an AWGN channel and the symbol vectors are equiprobable, the optimal

ML solution can be derived as (2.1).

sML = arg min
x∈2lnt

‖y −Hx‖2, (2.1)

where H is the nr × nt channel matrix, nr is the number of received antennas, nt is the num-

ber of transmitted antennas and y is the received signal vector. The ML solution is based on

finding the smallest Euclidean distance (ED) between the received symbol vector y and each

possible transmitted vectors. In the uncoded MIMO systems, ML detector provides the opti-

mal performance but complexity of ML detector is exponentially increases with respect to the

number of transmit antennas and the size of signal constellation. Therefore using ML detector

is not feasible with higher number of transmit antennas and with higher order modulations.

2.2.2 Linear MMSE Detector

The Linear Detector (LD) or equalizer, basically uses a filtering matrix GLD to remove the

impact of MIMO channel matrix. Filtering matrix which is constructed using Minimum Mean

Squared Error criteria is known as MMSE detector.

The filtering matrix GMMSE is given in [23].

GMMSE = arg min
G
E{‖Gy − x‖}, (2.2)

where y is the received symbol vector and x is the transmitted symbol vector. Using the

principle of orthogonality between the received vector and the noise vector:

E{(GMMSEy − x)yH}=0), GMMSE can be computed as (2.3).

GMMSE =

(
HHH +

σ2n
σ2x

Int

)−1
HH , (2.3)

where σ2x and σ2n are the variance of the transmitted vector and noise vector respectively.

Linear detectors having low computational complexity but those are not capable to reach the

diversity order of the ML detector because of the independent detection of symbols [23].
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2.2.3 Sphere Detector

Sphere Detector (SD) generate the ML solution with reduced complexity than the ML

detectors [24]. Sphere detector limits the search space to the points which lie inside a nr di-

mensional hyper-sphere S
(
y,
√
c0
)

centered at y, where nr is the number of received antennas

and c0 is the square of the radius. The condition is written as (2.4) according to [25].

‖y −Hx‖2 ≤ c0. (2.4)

The channel matrix H can be decomposed by QR Decomposition (QRD) and (2.4) can be

derived as follows:

‖y −QRx‖2 ≤ c0. (2.5)

Multiplying both the sides of (2.5) by QH ,

‖QHy −Rx‖2 ≤ c0, (2.6)

‖ỹ −Rx‖2 ≤ c0, (2.7)

where R ∈ IRnt×nt is an upper triangular matrix with positive diagonal elements and Q ∈

IRnr×nt is an orthogonal matrix and ỹ = QHy. Using the triangular nature of R, the Euclidean

distance matrix in (2.7) can be recursively evaluated through the accumulated Partial Euclidean

Distance (PED) dm, where dnt + 1 = 0 as (2.8).

dm = dm+1 + |ỹ −
nt∑
j=m

Rm,jxj |2, (2.8)

where m = nt, .., 1.

Calculating the PED can be illustrated by a tree with number of levels equals to nt + 1 as

illustrated in Fig 2.2, where levelm corresponds to themth transmit antenna and the number of

child nodes at a given node is equal to the size of the constellation |Ω|. As an example, for 2x2

MIMO system with QPSK modulation, the corresponding tree is having three layers including

the root layer and four child nodes for each parent node. The tree-search starts at the root level

and the child node at level nt corresponding to the symbols transmitted by the ntht antenna.

The PED dnt in (2.8) is then computed. If dnt − 1 respects the sphere radius constraint c0, the

search continues at level nt − 1 and steps down the tree at level m until it finds a valid leaf

node at level 1.

There are three main search types in tree search algorithms. Depth first search, Breadth first

search and Matrix first search [20]. Based on the searching method there are different SD

algorithms [19].
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Figure 2.2: Tree search representation of 2x2 MIMO for QPSK

• K-Best Sphere Detector

K-Best algorithm is based on the breadth first search strategy, i.e., the search starts from

the root layer and continue one level at a time by calculating the PEDs of the admissible

nodes and selecting the K number of best candidates to the next level, i.e., K number of

candidates with minimum PED. Then the search is continued with the selected K partial

candidates.

K-Best Algorithm according to [20]

Preprocessing:

Input:Q,R,y,c0,K,P(modulation used P-QAM)

Calculate:ỹ

Algorithm

1. Start from the root layer with empty candidate set

2. Partial candidate set is denoted by xnt
m+1.

(a) Identify all admissible candidate child nodes xm with given c0 and calculate

the PEDs d(xnt
m )

(b) Store the candidates and their PEDs to a temporary stack memory

3. Sort the partial candidates according to their PEDs and save the K number of

candidates having lowest PEDs and the PEDs to the final list stack memory.

4. If the K saved candidates are leaf nodes, stop the algorithm. Output is the saved

candidates and their ED. Otherwise, continue to step 2 with the saved candidates.

• SEE Sphere Detector
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Schnorr Euchner Enumeration (SEE) SD algorithm is based on depth first search al-

gorithm. The search continues with the next best admissible node defined by SEE

[20].Either if it reaches to leaf level or exceed the sphere radius c0, the search will stop.

This algorithm gives the candidate with lowest EDs however the throughput is variable .

• IR Sphere Detector

The Increased Radius (IR) algorithm is based on metric first search strategy. It is optimal

based on the number of visited nodes. The search proceeds by calculating one branch

extension at a time and stores the partial candidate to a stack memory. search continue

with the lowest PED and out put is the candidate with lowest ED.

Table 2.1 summarizes the above mentioned SD algorithms.

Algorithm K-Best SD SEE SD IR SD

Search Method Breadth First Search Depth First Search Metric First Search

Throughput Fixed Variable Variable

Output Not necessarily the candi-

date with lowest ED

Candidate with lowest ED Candidate with lowest ED

Implementation Good performance in lim-

ited search hence feasible to

implement.

Poor performance in limited

search. Hardware imple-

mentation is difficult.

Good performance in lim-

ited search hence feasible to

implement.

Table 2.1: Summary of SD algorithms
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2.2.4 SIC Receivers

The basic idea of interference cancellation detection is recursively detecting the transmit-

ted symbols to cancel the interference. In SIC, the strongest signal is detected first and its

interference is cancelled from each received signal rather than jointly detecting signals. After

that the second strongest signal is detected and its’ interference is cancelled from the remaining

signals and so on. This procedure is repeated until the detection of all the users are completed.

It assumes the the interference from the cell-edge user is completely removed at the receiver of

cell-center user in ideal SIC receiver.It provides an upper bound for DL NOMA receiver [7].

However in reality interference from cell-edge user can not be totally removed from the

cell-center user due to less accurate symbol detection. Therefore SIC receivers suffer from

error propagation issue. There are two types of SIC receivers, symbol level and code word

level SIC receivers. Channel decoding is not involved in symbol level SIC. In the code word

level SIC receivers interfering signal is detected, demodulated, decoded and then re-encoded

and modulated to cancel the interference according to Fig. 2.3. Therefore code word level SIC

outperforms the symbol level SIC receiver [7, 6, 4] with increased complexity and delay due to

channel decoding and re-encoding.

Figure 2.3: Symbol Level and Code Word Level SIC

2.3 Receivers for NOMA-SISO and SIMO Systems

In this section, receivers discussed for NOMA SISO systems and Single Input Multiple

Output (SIMO) systems are discussed.
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In [26], a hybrid Topological Interference Management (TIM) NOMA scheme in SISO

system for K-user cells are discussed. There are T groups of users, and 1/T Degree of Freedom

(DoF) is achieved for each user. By combining users in the power domain, they introduce a

decoding process with two stages such as managing "inter-group" interference based on the

TIM principles and "intra-group" interference based on SIC. They concluded for high Signal

to Noise Ratio (SNR) values the hybrid scheme can improve the sum rate by at least 100%

when compared to TDMA.

In Fair-NOMA, each mobile user is provided with its share of the transmit power to guar-

anteed its capacity which is always similar or higher than to the capacity of OMA. According

to [27] the Fair-NOMA approach is applied to the pairing a near base station user and a cell

edge user. SIC is used for signal detection. After that new method is compared to fixed-power

NOMA with user paring. their conclusion was the capacity can be improved for each user even

with less transmit power than OMA.

Decoding time for DL NOMA with SIC is discussed in [28]. SIC depend on decoding and

subtracting the signals in sequence until it reaches its desired signal. The decoding order at

each User Equipment (UE) should match with the interference cancellation sequence. If there

is a mismatch, UEs will not obtain their signals. However, this will increase the processing

timer.They identified that the time for decoding operation varies according to the order of UE

connected to the network that is the distance to the UE.

According to [7], MMSE based SIC receiver performances are evaluated with Log Like-

lihood Ratio (LLR) calculation based receiver for SIMO system using link level simulations.

Furthermore, a novel transmission and receiving scheme is proposed for DL NOMA. At the

transmitter side joint modulation is applied to signals of different users for achieving Gray map-

ping of the combined signal. LLR calculation method is used for receiver to directly decode

the desired signal. Therefore complexity and decoding time is reduced at receiver side.

According to [29], NOMA schemes are classified into four categories: scrambling-based

NOMA, spreading-based NOMA, coding-based NOMA, and interleaving-based NOMA. They

summarize the transceiver block diagram of each category, and provide information of ba-

sic principles, key features, and transmission-reception algorithms of all NOMA schemes.

MMSE-SIC receiver is discussed for scrambling-based NOMA, Minimum Mean Square Er-

ror with Parallel Interference Cancellation (MMSE-PIC) receiver is used to decode spreading-

based NOMA, the Message Passing Algorithm (MPA) detector is implemented for coding-
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based NOMA and MMSE-PIC is used for interleaving-based NOMA. According to their re-

sults, coding-based and spreading-based NOMA schemes have advantages in bigger connec-

tivity and robustness.
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2.3.1 Summary

A summary of different receivers for SISO and SIMO systems is presented in Table 2.2.

Name of the research pa-

per

Decoder Year Remarks

A hybrid TIM-NOMA

scheme for the SISO

broadcast channel

MMSE-SIC 2015 For high SNR values the hybrid

NOMA scheme can improve the

sum rate by at least 100% when

compared to TDMA

A fair power allocation ap-

proach to NOMA in mul-

tiuser SISO systems

MMSE-SIC 2017 Fair-NOMA can always improve

the capacity for each user compared

to OMA

NOMA with imperfect SIC

implementation

MMSE-SIC 2017 Decoding time for Downlink

NOMA with SIC is discussed

Receiver design for down-

link Non-Orthogonal Multi-

ple Access (NOMA)

LLR calculation

based receiver

2015 LLR calculation method is used to

directly decode the desired signal

without SIC processing

Comprehensive study and

comparison on 5G NOMA

schemes

MMSE-SIC,

MMSE-PIC, MPA

2018 categories of NOMA schemes are

discussed with receivers

Table 2.2: Summary of SISO and SIMO detectors
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2.4 Receivers for NOMA-MIMO Systems

Our objective is to propose an efficient receiver for MIMO-NOMA system. Therefore

special consideration was given to study the MIMO receivers already discussed in literature for

NOMA and identify their performance and limitations.

In [6], the performance of MMSE based SIC receiver for DL NOMA with 2x2 open-loop

MIMO is discussed. Power domain multiplexing is used as NOMA technology. In addition,

they have compared different SIC receivers in terms of performance such as Code Word level

SIC (CWIC), Symbol Level SIC (SLIC), and ideal SIC.Link-level simulations are done assum-

ing LTE Transmission Mode 3 (TM3), under different transmit power allocation ratios, rank

combinations, and Modulation and Coding Schemes (MCS). The simulation results concluded

that the CWIC receiver having higher performance compared to SLIC and has almost the same

performance compared to ideal SIC when p1 is below 0.35, and the MCS of cell center UE and

cell edge UE is 16QAM (coding rate R = 0.49) and QPSK (coding rate R = 0.49) respectively.

Usage of MMSE based CWIC receiver and SLIC receiver are discussed in [4]. Perfor-

mance of SLIC receiver is gradually decreased when the power allocation to the cell-edge user

is decreased for power domain NOMA. Channel decoding is conducted in the signal detection

for code word level SIC. Therefore the successful detection of cell-edge user improved signifi-

cantly compared with SLIC. However channel decoding and re-encoding introduce additional

computational complex and latency in CWIC.

According to [17], two low-complexity receiver techniques are proposed for DL NOMA

(power domain) with SU-MIMO. For multi-stream signal, joint constellation is applied for

detecting far user’s signal at the cell center user. In this paper they have proposed limited search

space method which limits the search nodes of sphere detector. Block Error Rate (BLER)

performance and average time to detect the far user signal and near user signals are discussed

in the paper for proposed receivers.

The computational complexity of multi user detection of proposed NOMA receivers are

discussed in [15]. In power domain NOMA, MMSE based SIC is the main method for multi-

user interference cancellation with complexity O(n3) , where n is the number of users. Simi-

larly in code domain NOMA schemes, spreading sequences or code books should be known at

the receiver to realize MUD. The complexity of the MPA-based receiver is O(|S|w) where w

is the maximum number of nonzero signals superimposed on each chip or sub carrier and |S|

denotes the cardinality of the signal constellation .
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As per the literature review conducted for NOMA receivers, most of the papers have con-

sidered the MMSE-based SIC receivers. Their performance is comparatively poor but com-

putational complexity is low and detection time also low. MMSE-based SIC performance is

severely affected when the power allocation to the cell edge user is decreasing. When the far

user signal detection is erroneous (BER is high) it will affect to the interference cancellation

and signal detection of the near user. In the multi user scenario these errors will be propagated

from a user to user. Therefore accuracy of interfering user detection is very important in SIC.

Similarly since we consider the DL signal detection, low processing complexity is also

of very importance due to the fact that the processing power and power utilization is limited

for UE and the detection algorithm should be capable of running on the UE side. Therefore

the receiver should have good error performance and at the same time complexity should be

handled by the UE.
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2.4.1 Summary

Table 2.3 summarizes the different receivers for MIMO systems.

Name of the research pa-

per

Decoder Year Remarks

Performance and design of

SIC receiver for downlink

NOMA with open-loop SU-

MIMO

MMSE based SIC

(Code Word level,

Symbol level)

2015 Compared the performance of

CWIC and SLSI receivers with

Ideal SIC

Non-orthogonal multiple ac-

cess (NOMA) for future

downlink radio access of 5G

MMSE based SIC

(Code Word level,

Symbol level)

2015 Compared the performance of

CWIC and SLSI

Limited search sphere de-

coder and adaptive detector

for NOMA with SU-MIMO

Limited Search SD

and MMSE-SIC

2016 Adaptive detector which can

switches the detector according to

MCS, power factor and estimated

SNR

Non-orthogonal multiple ac-

cess for 5G: solutions, chal-

lenges, opportunities, and

future research trends

MMSE-SIC, ML,

MPA-based Receiver

2015 Complexity of Differebt receiver al-

gorithms are discussed

Table 2.3: Summary of MIMO detectors

25



Chapter 3

SYSTEM MODEL AND MATHEMATICAL FORMULATION

3.1 Introduction

In this chapter we present the system model and mathematical formulation for the power

domain NOMA system for both single carrier MIMO and multi carrier MIMO. For the sim-

plicity, we consider power domain NOMA with two users. One user is considered a cell-center

user (near user) with better channel condition and the other user is considered the cell-edge

user (far user) having poor channel condition. In the power domain NOMA, transmit signal

power is allocated according to the channel condition of the users and power level is used to

identify the different users as stated earlier. Fig. 3.1 illustrates the concept of DL NOMA SIC

for a 2x2 MIMO system with one BS and two UEs. User 1 is the cell-center user and User 2 is

the cell-edge user. The cell-edge user is allocated with more power compared to the cell-center

user considering the channel condition.

Since the cell-center user is having lower power level compared to the cell-edge user, in-

terference from the cell-center user is negligible at the cell-edge user. Hence the cell-edge user

does not need an interference cancellation receiver and it is possible to directly decode its sig-

nals using a conventional receiver. However interference level is considerable at the cell-center

user due to the transmit power of the cell-edge user. Therefore interference cancellation is

required at the cell-center user as illustrated in Fig. 3.1.
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Figure 3.1: Downlink Power Domain NOMA with SIC for 2x2 MIMO system

3.2 System Model for NOMA in Single-Carrier MIMO

The system model for NOMA in Single Carrier MIMO scenario is discussed in this sec-

tion. Channel coding is not considered. Information signals of the two users are separately

modulated and pre-defined power level is allocated according to the channel condition. Then

the two user signals are linearly superimposed to generate the transmitted signal according to

the (3.1). The transmitter block diagram is shown in Fig. 3.2.
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Figure 3.2: Transmitter of Single Carrier 2x2 MIMO DL system
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ui,j represents the information bits of User 1 and User 2, where ui,j ∈ (1, 0) and i represents the

user (i = 1, 2) and j = 1, ...., N represents the length of information block, where N = 2048.

In the Fig. 3.2, u1 and u2 denote u1,j and u2,j .

u1 = u1,j = [u1,1, u1,2, ...u1,N ],

u2 = u2,j = [u2,1, u2,2, ...u2,N ].

Information bits are fed to the modulation mapper to generate the complex valued modulation

symbols xi,j . Elements of xi,j are independently selected from complex constellation Si with

li bits per symbol, where xi,j ∈ Si and |Si| = 2li = Mi; Si ∈ [Si,1,Si,2, ..,Si,Mi ].

As an example, li = 2 for QPSK modulation and li = 4 for 16-QAM modulation. In this

research we used two cases where both the users use QPSK modulation and cell-center user

uses 16-QAM while cell-edge user uses QPSK modulation. When the cell-center user is having

a better SNR, it is possible to use a higher modulation to get higher throughput compared to

the cell-edge user.

Complex symbol constellation S of QPSK and 16-QAM modulation schemes are defined

as [30] and given in Table 3.1 and Table 3.2, respectively, where I is the real component and Q

is the imaginary component of the complex symbol.

b(i),b(i+1) I Q

00 1/
√

2 1/
√

2

01 −1/
√

2 1/
√

2

10 1/
√

2 −1/
√

2

11 −1/
√

2 −1/
√

2

Table 3.1: QPSK modulation mapping

In Fig. 3.2, x1 and x2 represent the transmitted symbol vectors of user i (i = 1, 2) ,E[|xi,j |2 =

1] and pi(p1 < p2, p1 + p2 = 1) represents the allocated transmit power ratio to user i

x1 = x1,j = [x1,1, x1,2, ...x1,N/l1 ]

x2 = x2,j = [x2,1, x2,2, ...x2,N/l2 ]

At the BS, transmitted signal vector x is generated as follows [6]:

x =
√
p1x1 +

√
p2x2 (3.1)
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b(i),b(i+1),b(i+2),b(i+3) I Q

0000 1/
√

10 1/
√

10

0001 1/
√

10 3/
√

10

0010 3/
√

10 1/
√

10

0011 3/
√

10 3/
√

10

0100 1/
√

10 −1/
√

10

0101 1/
√

10 −3/
√

10

0110 3/
√

10 −1/
√

10

0111 3/
√

10 −3/
√

10

1000 −1/
√

10 1/
√

10

1001 −1/
√

10 3/
√

10

1010 −3/
√

10 1/
√

10

1011 −3/
√

10 3/
√

10

1100 −1/
√

10 −1/
√

10

1101 −1/
√

10 −3/
√

10

1110 −3/
√

10 −1/
√

10

1111 −3/
√

10 −3/
√

10

Table 3.2: 16-QAM modulation mapping

The signal constellation of the transmitted signal is changed to a combination of two constella-

tions an which is know as joint constellation . Join constellation is discussed in the Subsection

3.2.1

When the cell-center user signal is detected, signals of the cell-edge user is considered as

interference. However, signal of the cell-edge user is stronger than that of the cell-center user.

Therefore the signals of cell-edge user is detected first and its’ interference is cancelled from

the received signal similar to the existing approach [6] . Then, the desired signal is detected and

demodulated. As stated earlier, the cell-edge user can detect its signal without SIC, assuming

that the effect of the interference cause by the cell-center user may be insignificant. Therefore,

we focus only on the receiver of the cell-center user. Proposed receiver is discussed in Chapter

4.
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3.2.1 Joint Constellation

The shape of the constellation after joint modulation is determined by the modulation and

the power ratio of each user. The size of the constellation is determined by the size of two

constellations. Let the number of bits per symbol of the cell-center user be l1 and the cell-edge

user be l2, respectively. The size of the joint constellation is given by 2l1+l2 . For an example,

when both the users use QPSK modulation, l1 = l2 = 2 and then the size of the constellation

is 22+2 = 24 = 16. Then the search tree has 16 branches for each parent node. Similarly if

the cell-center user is using 16-QAM and the cell-edge user is using QPSK modulation, l1 = 4

and l2 = 2 and the size of joint constellation becomes 24+2 = 26 = 64.

Joint Constellation Sjoint is generated as (3.2).

Sjoint =
√
p1 × S1 +

√
p2 × S2, (3.2)

where p1 and p2 are power allocation ratios. S1 and S2 represent the symbol constellations of

the users.

Fig 3.3 illustrates the joint constellation for different power levels when both the users use

QPSK modulation.
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(a) QPSK signal constellation for in-

dividual users

(b) Joint constellation at the cell-

center user for p1 : p2 = 0.2 : 0.8

(c) Joint constellation at the cell-

center user for p1 : p2 = 0.4 : 0.6

Figure 3.3: Illustration of the Joint constellation

3.3 System Model for NOMA in MIMO-OFDMA Systems

The system model for MIMO-NOMA with multi carrier modulation is presented in this

section. Here we explain about how to apply NOMA with OFDMA, where two users are

allowed to share a single RB. The initial blocks of the transmitter is similar to the single carrier

system. Different user signals are modulated separately and are combined with the predefined

power allocation ratio and OFDMA mapping is applied before transmitting over the multiple

antenna system.

The transmitter block diagram of the MIMO-NOMA-OFDMA system is shown in Fig.3.4.

It is similar to the single carrier system in the initial stages but after the layer mapping trans-

mitting signals are forwarded for OFDMA transmission.
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Figure 3.4: Fundamental block diagram of transmitter of the MIMO-NOMA-OFDMA

system

3.3.1 Layer mapping

The complex modulation symbols to be transmitted are mapped onto one or several layers

in layer mapping. The complex-valued modulation symbols x for power domain multiplexed

signal shall be mapped onto the layer x(j) = [x(0)(j)...x(ν−1)(j)]T ,j = 1, ....,M layer
symbol where

ν is the number of layers and M layer
symbol is the number of modulation symbols per layer.

For spatial multiplexing, the layer mapping shall be done according to Table 6.3.3.2-1 in

3gpp release 14 [30]. The number of layers ν is less than or equal to the number of antenna ports

P used for transmission of the physical channel. Here ν=2 for two transmitted antennas. In this

case two users’ information bits are separately modulated and combined to a one sequenced

with the predefined power ratio. Then the concatenated signal will be layer mapped to transmit

using two antennas. Therefore according to [30], layer mapped signal is defined as x(0)(j ) =

x(2j ) and x(1)(j ) = x(2j + 1) where M layers
symbol = M0

symbol/2 for single modulated sequence

is mapped to the two layers.
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3.3.2 Pre-coding for Large Delay Cyclic Delay Diversity

Large Delay Cyclic Delay Diversity (CCD) is a kind of transmit diversity mechanisms im-

plemented by applying a different phase delay. The idea is to send on each antenna a circularly

shifted version of the same OFDM symbol in the time domain. Hence, the temporal delay

introduced on each antenna is transformed into a cyclic delay in the CDD scheme as shown in

Fig. 3.5.

The precoder takes a block of vectors x(j) = [x(0)(j)...x(ν−1)(j)]T , j = 0, 1, 2, ..,M layer
symbol

as the input from the layer mapping and generates a block of vectors xCDD(j) = [...x
(p)
CDD(j)...]T , j =

0, 1, 2, ..,M ap
symb−1 to be mapped onto resources on each of the antenna ports, where x(p)CDD(j)

represents the signal for antenna port p.

Figure 3.5: Cyclic Delay Diversity

[31]

Precoding and CDD is defined for different Transmission Modes in LTE in 3gpp release [30]

according to Table 3.3.

In this research we propose the receiver for TM3 because we used open loop MIMO system.

Precoding for TM3 is defined in [30] as per (3.3).

x(0)
CDD(j)

x
(1)
CDD(j)

 = W (i)D(i)U

x(0)(j)

x(1)(j)

 , (3.3)

where W (i) = 1/
√

2

1 0

0 1

 , D(i) =

1 0

0 e−j2πi/2

 and U = 1/
√

2

1 1

1 e−j2π/2

.
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TM DL Transmission Scheme No of Antenna Ports CDD Type

TM1 Single Antenna Port (SISO or SIMO) 1 No CDD

TM2 Transmit Diversity 2 No CDD

TM3 Open-Loop Spatial Multiplexing 2 Large CDD

TM4 Closed-Loop Spatial Multiplexing 2 No CDD

TM5 Multi-User MIMO 2 No CDD

TM6 Closed loop Rank 1 Spatial Multiplexing 1 No CDD

TM7 Single Antenna Port Beam Forming 1 No CDD

TM8 Dual Layer Beam Forming 2 No CDD

Table 3.3: Transmission modes define in LTE
[32]

3.3.3 OFDMA mapping

The transmited signals are converted to N number of parallel streams after layer mapping,

which is the number of subcarriers. The number of subcarriers in LTE is defined according to

the available transmission BW as mentioned in Table 3.4.

Channel BW 5 MHz 10MHz 20MHz

FFT length(N) 512 1024 2048

Subcarriers per symbol 300 600 1200

Table 3.4: FFT length in LTE
[30]

After the IFFT operation, cyclic prefixes are added according to Table 6.2.3-1 in [30] and

parallel streams are converted back to a single stream for transmission. There are two types

of cyclic prefix used in LTE such as normal cyclic prefix and extended cyclic prefix. Normal

cyclic prefix is used in urban cells and high data rate applications while the extended cyclic

prefix is used in special cases like multi-cell broadcast and in very large cells because the

extended cyclic prefix reduce the data rate while minimizing the ISI effect [31].
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Chapter 4

PROPOSED RECEIVER SCHEMES

4.1 Introduction

As stated before, there are performance issues in MMSE based detectors and complexity

can not be handled in ML based detectors . In order to achieve improved trade off between

complexity and performance we propose a K-Best sphere detector based detector for successive

interference cancellation and the signal detection of the cell-center user. In the K-Best sphere

detector, the cardinality of signal constellation decides the number of branches in the search

tree as explained in section 2.2.3. We consider the joint constellation which is generated by

superimposing cell-center user and cell-edge user signal constellations, for the cell-edge user

signal detection at the cell-center user. Joint constellation is briefly discussed in Section 3.2.1.

4.2 Proposed Receiver Structure for NOMA in Single-Carrier MIMO Systems

The proposed downlink NOMA receiver for the cell-center user with QPSK modulation

is shown in Fig 4.1 for a single carrier MIMO systems. Since the cell-edge user signal is

stronger at the cell-center user, first the cell-edge user signal is detected and the interference

from the cell-edge user is calculated to remove from the received signal of cell-center user.

Then the cell-center user signal is detected and demodulated to get the estimated transmitted

signal vector of cell-center user. Signal detection in details with mathematical formulation is

present in this section.

yi = Hix + ni. (4.1)

yi represents the received signal vector at user i, where H is a 2x2 Rayleigh channel matrix,

assumed to be perfectly known at the receiver with independent elements hij of zero mean and
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Figure 4.1: Proposed receiver for cell-center user

unit variance complex Gaussian distribution. Hi represents the 2x2 channel matrix for the user

i. We assume that the channel is quasi static, i.e., the channel coefficients are vary from block

to block independently . ni is an independent and identically distributed (i.i.d) AWGN vector

of user i, where E[nin
H
i ] = σ2I and I is a 2× 2 identity matrix and σ2 is the noise variance.

Hi is defined in (4.2) according to [6]:

Hi =
√
piH. (4.2)

y1 is the received signal of the cell-center user and it is fed to the MMSE or K-Best detector

to detect the cell-edge user signal. Here we are not using channel coding. Therefore x̂2, the

estimated symbols of cell-edge user is directly used to generate the interference replica x̂rep,2

according to (4.3).

x̂rep,2 = H1
√
p2x̂2. (4.3)

ŷsic,1 = y1 −H1
√
p2x̂2. (4.4)

ŷsic,1 is the cell-center user (user 1) received signal after cancelling the interference of the

cell-edge user (user 2). It is then fed to the MMSE or K-Best detector to detect the transmitted

symbols of the cell-center user. The output from the detector is fed into the symbol demapper

and the cell-center user signal û1 is detected. x̂2 and x̂1 change with the usage of MMSE

detector and K-Best detector and resent in the subsections 4.2.1 and 4.2.2.
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In this research we considered the performance of four receiver schemes, by changing

the type of receiver, used for detection of the cell-center user and the cell-edge user for SIC

as mentioned in Table 4.1. To the best of our knowledge, already existing receivers are not

considered K-best detector based detector for SIC in NOMA systems. The error performance

of Receiver Scheme-1 with channel coding and OFDMA modulation is discussed in [6] and

our contribution is to discuss the improvement of BER performance using K-Best detector.

Receiver Scheme user2 (Cell Edge User) user1 (Cell Center User)

Receiver Scheme-1 (RS-1) MMSE MMSE

Receiver Scheme-2 (RS-2) MMSE K-Best

Receiver Scheme-3 (RS-3) K-Best MMSE

Receiver Scheme-4 (RS-4) K-Best K-Best

Table 4.1: Receiver Schemes Tested in the research

4.2.1 MMSE Detector for Power Domain NOMA

The MMSE receiver is a linear receiver with low complexity as discussed in detail in Sec-

tion 2.2 and the MMSE filtering matrix can be generated based on (2.3). With NOMA, the

signals of both users are present at the cell-center user and the filtering matrix is changed as

follows :

GMMSE =
(
H2H

H
2 + H1H

H
1 + σ2Inr

)−1
HH

2 (4.5)

4.2.2 K-Best Detector for Power Domain NOMA

As stated earlier, the signals of both users are present at the cell-center with NOMA, hence

we used the joint constellation discussed in 3.2.1 for cell-edge user detection. Even though the

cell-center user also can be directly detected using joint constellation, we detect the cell-edge

user first and SIC is then performed to detect the cell-center user because the PED between the

joint constellation vary with power allocation ratios p1 and p2. When p1 : p2 ratio is increasing,

constellation points are getting closer and difficult to detect separately as illustrated in Fig 3.3.

Initially in this study, we tried to detect the cell-edge user signal at the cell-center, with-

out considering the joint constellation. That means considering the cell-center user signal as

interference. However the performance was worse than MMSE-SIC receiver as shown in Fig
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4.2. In power domain NOMA, signal constellation is changed for transmitted signal and it is

required to check the ED with the new constellation for correct detection of signals.
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Figure 4.2: BER performance without considering joint modulation

Even though the number of branches in search tree is exponentially increased with the

constellation, the complexity can be reduced without significant performance degradation by

carefully selecting the K value. As an example, when the two users are using QPSK modu-

lation, number of elements in joint constellation is 16. Therefore there are 16 branches at the

root layer of the search tree and each parent node is having 16 child nodes. However accord-

ing to the simulations, we can select the K value which is less than 16, without significant

performance degradation.

4.3 Receiver for NOMA in MIMO-OFDMA Systems

In the previous section we present the receiver for NOMA in single carrier MIMO sys-

tems. However according to the 3Gpp Release 14, LTE air interface is based on OFDMA. In

this section, we present a receiver for NOMA in MIMO- OFDMA Systems. Fig. 4.3 shows

the proposed receiver block diagram for OFDMA systems. the SIC detection is similar and
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OFDMA demapping and CDD removal is introduced for OFDMA systems.
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Figure 4.3: Receiver for NOMA in MIMO-OFDMA systems
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Chapter 5

SIMULATION RESULTS AND DISCUSSION

5.1 Preliminary Results

We carried out MATLAB simulations to evaluate the BER performance of different MIMO

detectors during the literature survey. Some of the simulation results comparing the perfor-

mance of K-Best detector with MMSE detector and ML detector are presented in this section.

The simulations are carried out for Rayleigh channel matrix, assumed to be perfectly known

at the receiver with independent elements of zero mean and unit variance complex Gaussian

distribution. We assume that the channel is quasi static with the block length of 2048. Simu-

lation results were obtained for different modulation schemes and MIMO schemes for single

user, single carrier MIMO systems.

Fig 5.1 shows the BER for single user 2x2 MIMO system for the ML detector,the MMSE

detector and the K-Best detector. It is clear from these results, that the K-Best sphere detector

approaches the almost similar performance to the ML detector when the K value is closer to

the cardinality of constellation and the performance is degraded closer to MMSE detector when

the K=1, i.e., very small K value. The difference in BER performance in between the MMSE

detector and the K-best detector can be clearly identified in higher Eb/N0 values.

The simulation results for 4x4 MIMO systems with BPSK modulation is shown in Fig

5.2. Similar to the results for 2x2 MIMO systems in Fig 5.1, K-Best detector with reasonable

K value shows a considerable improvement over MMSE detector for 4x4 MIMO systems as

well. Further it is clear that we can reduce the K value up to some level without a significant

performance degradation. The almost similar observations can be made on Fig. 5.3 for 4x4

MIMO with QPSK modulation.

It is observed that improved trade off between the error performance and complexity can

be be achieved using the K-best detector. However if the K value is arbitrary decreased, per-
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Figure 5.1: BER performance for 2x2 MIMO with QPSK
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Figure 5.2: BER performance for 4x4 MIMO with BPSK

formance of K-Best detector is degraded near to that a MMSE detector. Therefore the K values

should be properly selected based on the required accuracy and the affordable complexity.
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Figure 5.3: BER performance for 4x4 MIMO with QPSK

5.2 Assumptions and System Parameters

We carry out link-level simulation to assess the impact of proposes receiver schemes pre-

sented in Table 4.1 with different power allocation ratios in between cell-center user and cell-

edge user (User 1: User 2). The BER performance of NOMA in the downlink of a SU-MIMO-

OFDMA system is investigated. At the BS transmitter, the binary information sequence is

modulated using QPSK or 16-QAM. As stated earlier channel coding is not considered in sim-

ulations. The symbol sequences of both the UEs are non-orthogonally multiplexed in the power

domain based on a predefined power ratio, p1 : p2. The combined signal is transmitted over

the Rayleigh fading channel. At the cell-center user, symbol level SIC is applied to detect the

cell-center user signal. We compare the BER performance of the cell-center user with dif-

ferent system parameters such as using MMSE receiver and K-Best receiver, different power

allocation ratios, K values for K-Best detector, modulation schemes and MIMO levels.

The system parameters are summarized in Table5.1
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Parameter Value

System BW 20MHz

FFT length 2048

Subcarriers per symbol 1200

Subcarrier separation 15kHz

Subframe length 1 ms

Symbol duration Effective data: 66.67µ s+ CP: 4.69µs (normal CP)

Channel Coding not used

Antenna configuration 2x2 and 4x4

Receiver MMSE based SIC , K-Best based SIC

Channel Model Rayleigh fading channel

Table 5.1: System parameters used in simulation

5.3 Results obtained for NOMA in Single-Carrier MIMO Systems

In Fig 5.4, the BER performance obtained using different receiver schemes are shown for

a 2x2 MIMO systems with QPSK. The power allocation ratio used is p1 : p2 = 0.3 : 0.7

and QPSK modulation is used for both the users. The size of joint constellation is 16. Here

we consider K=14 for the cell-edge user signal detection at the cell-center user and K=3 for

the cell-center user signal detection after interference cancellation. It is clear that the receiver

scheme 1 and 2 (RS-1 and RS-2) are having an almost similar results while the receiver scheme

4 (RS-4) is the best. In RS-1 and RS-2, MMSE detector is used for cell-edge user detection

at the cell-center user. Since the error performance of the MMSE receiver is poor with in-

terference, the cell-edge user detection is more erroneous. Therefore due to the less accurate

detection of the cell-edge user signal, it is not possible to get a considerable improvement by

using K-best sphere detector for the cell-center user detection in RS-2 .

In RS-3 and RS-4,the K-best sphere detector is used to detect the cell-edge user signal. It

can be observed from Fig 5.4, nearly 2 dB and 4 dB gains are observed at BER of 10−3 for

RS-3 and RS-4 respectively, compared to RS-1. However using K-Best detector for both the

users is increased the complexity and the time taken to the signal detection . According to

[7], the performance of ideal SIC represents an upper bound for DL NOMA receivers which is

the scenario with perfect interference cancellation. In 5.4, the ideal K-Best and the ideal ML

are present the error performance for transmitting only the cell-center user signal, it shows the
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Figure 5.4: BER performance for 2x2 MIMO NOMA system

scenario where interference is perfectly removed for cell-center user detection. Even though the

ML detector is the optimal detector, implementation in practical receivers may not be feasible

due to complexity. Therefore, we take the performance of Ideal K-Best detector as the reference

performance since the complexity can be managed. Compared with the reference, RS-1 and

RS-2 are deviated widely from the ideal situation and RS-4 is the closest performance.

It can be observed from Fig 5.5, the BER performance for different power levels for RS-1

and RS-3. That is the detector is changed only for the cell-edge user signal detection for SIC

and the same MMSE detector is used to detect the cell-center user after interference cancella-

tion in RS-1 and RS-3. In the Fig 5.5, different colours in lines with a marker indicate different

p1 : p2 ratios, i.e., p1 : p2 = 0.2 : 0.8, 0.3 : 0.7 and 0.4 : 0.6 where p2 = 1 − p1 and line

patterns indicate the two receiver schemes. The K value for the K-Best detector is kept at 14

for RS-3. It is clear that when p1 is increased, the error performance degrades in both the re-

ceiver schemes. This is due to the fact that, when p1 increase, p2 decreases and therefore, the

cell-edge user signal detection at the cell-center user is more erroneous. This is because of the

effect of interference caused by the cell-center user to the cell-edge user detection is increased.

When p1 = 0.4, RS-3 offers 4 dB gain at BER of 10−3 over RS-1, while the gain is only
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Figure 5.5: BER performance for different power levels with RS-1 and RS-3

2 dB for p1 = 0.3. Therefore, using the K-best based receiver is more useful in instances

where the cell-center user and cell-edge user power levels are comparable. As mentioned in

Section 1.1.1, the power allocation ratio has an upper bound with MMSE based SIC receivers.

However according to the observation in Fig 5.5, the K-best receiver offers considerable gain

in error performance with higher p1 : p2 ratios compared to MMSE receivers.

The BER performance for different power levels at Eb/N0 = 16dB is shown in Fig. 5.6

for RS-1 and RS-3. The increased BER can be observed for both the receiver schemes when

the p1 increases because then the p2 decreases and interference increases. It is clearly observed

that the RS-3 is having better performance with the increase p1 ratios compared to RS-1.

Fig 5.7 compares the BER performance of receiver schemes obtained using different K

values in the K-best detector used to detect the cell-edge user for SIC. Here we used the power

ratios of p1 : p2 = 0.3 : 0.7 and QPSK as the modulation for both the users. Then the joint

constellation of the transmitted signal has 16 symbols. Therefore we use K=14, 10, 7 for K-best

receiver to detect cell-edge user and the performance is compared with RS-1 and RS-4. K=3 is

used for cell-center user decoding for RS-4. It can be observed from Fig ??, RS-3 offers better

performance than RS-1 for all the K values used in the simulations. Therefore, it’s possible to
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Figure 5.6: BER variation with power ratio at Eb/No=16 dB

reduce the K value without a significant performance degradation. This is because in the K-best

algorithm, it selects the K number of best paths to extend the search tree. Even though the K

value is reduced, only the worst paths are removed from the search list and the search algorithm

continues with the paths related to the most probable symbol. Therefore the complexity and the

time taken to detect the symbols can be considerably reduced without significant performance

loss by reducing the K value used for K-best receiver.

Generally, modulation level is selected considering the channel condition of the user. If the

user has a better channel condition, a higher modulation level is assigned to provide a higher

data rate. In Fig 5.8, we compare the performance observed with 16-QAM modulation for the

cell-center user and QPSK modulation for the cell-edge user, along with power allocation ratio

equals to p1 : p2 = 0.3 : 0.7 in 2x2 MIMO system for RS-1 and RS-3. In this case, joint

constellation has 64 symbols and we used K=50 for cell-edge user signal detection in RS-3 and

RS-4. Further, we changed the K values such as K=15,10 in the K-best receiver to compare

the BER performance. However it was observed that the performance is almost similar for

different K values. Therefore it is confirmed that reducing the K value is not severely affected

to the performance.
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Figure 5.7: BER performance for different K values

Fig 5.9 compares the performance of 4x4 MIMO systems with power domain NOMA

with power allocation ratio of p1 : p2 = 0.3 : 0.7 and QPSK modulation. Considering the

transmitted signal, joint constellation has 16 symbols and we use K=14 and K=3 for the K-

best detectors used for cell-edge user and cell-center user detection respectively. In 4x4 MIMO

systems, search tree has 5 layers including the root layer. However, only a K number of selected

paths are extended to the lower layers in the search algorithm. Similarly to Fig.5.4, RS-1 and

RS-2 are having almost similar error performance.Nevertheless RS-2 outperforms RS-1 due to

the K-Best detector used in the cell-center user detection. RS-3 and RS-4 offers a few dB gain

compared to RS-1 and the gain improves compared to 2x2 MIMO.
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Figure 5.8: BER performance by using QPSK for cell-edge user and 16-QAM for

cell-center user

5.4 Results obtained for NOMA in MIMO-OFDMA Systems

We discuss the BER performance obtained for NOMA in MIMO-OFDMA system in this

section. In the previous section we compared the performance of all the four receiver schemes

and concluded that RS-1 and RS-2 have almost similar performance and RS-4 has the best

performance with highest computational complexity. Therefore we concluded that the best

receiver scheme is RS-3 compromising the performance with complexity. Therefore in this

section we compare the BER performance of RS-3 with respect to RS-1 and ideal scenario.

The BER performance obtained for NOMA in MIMO-OFDMA systems using receiver

schemes RS-1 and RS-2 are shown in Fig. 5.10 . The ideal scenario is the BER of the cell-

center user signals detection considering no interfering user, i.e., the cell-edge user. We use

p1 : p2 = 0.3 : 0.7 power allocation and K = 14 for K-Best detector used to detect the

cell-edge used for SIC. Similar to the single carrier system, RS-3 has nearly 3 dB gain at BER

of 10 − 3 compared to RS-1. However we can observe a considerable performance gap to the

ideal K-Best detector. Mainly this gap can be reduced with channel coding.
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Figure 5.9: BER performance for 4x4 MIMO

The BER performance with different power allocation ratios in between two users are

discussed in Fig. 5.11. If the power ratio of the cell-center user (p1) increases, interference

also increases as explained in the previous section. As a result ,the BER also increase for both

the receiver schemes with increasing p1. We compare the performance for RS-1 and RS-3

with three power allocation ratios such as p1 : p2 = 0.2 : 0.8 , p1 : p2 = 0.3 : 0.7 and

p1 : p2 = 0.4 : 0.6. COnsidering a situation where p1 is very smaller compared to p2, RS-3

does not have much improvement compared to RS-1 but when p1 : p2 ratios are comparable,

RS-3 is having nearly 4 dB improvement compared to RS-1.

Therefore it is clear that the proposed receiver is more important in the situations where

the interference level is high. Further in practical situations there are more than two users

multiplexed in NOMA systems. Then the users may have nearly the same power levels. In

that situation MMSE based SIC receivers may not be feasible while the proposed receiver may

have acceptable performance with increased complexity.

The performance of K-Best detector with different K values are presented in Fig. 5.12.

Power allocation ratios are kept at p1 : p2 = 0.3 : 0.7 for this simulation and K value used for

the K-best detector are changed. Similar to the single carrier systems, reducing K value is not
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Figure 5.10: BER performance for OFDMA system

severely affected to the BER performance. Even with the small K values RS-3 performs better

than RS-1. However reducing K value will directly reduce the complexity and the time taken

for detection of the K-Best receiver.

As discussed in this section, proposed receiver is feasible with MIMO-OFDMA systems

and having significantly better performance compared to MMSE based SIC receivers. Accord-

ing to [6], MMSE based symbol level SIC receiver is having very poor performance even with

channel coding and they have proposed MMSE based code word level SIC receiver for NOMA.

However we consider the symbol level SIC receiver since we didn’t use the channel coding and

still we obtained good BER performance for NOMA with the proposed receiver.
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Figure 5.11: BER performance for OFDMA with different power levels
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Figure 5.12: BER performance for OFDMA with different K values
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Chapter 6

CONCLUSION AND FURTHER RESEARCH

6.1 Conclusion

The main objective of this research study was to develop an efficient receiver for the down-

link of MIMO-NOMA- OFDMA system to obtain improve trade off between performance and

complexity over conventional receivers. We proposed a K-best Sphere Detector based receiver

for power domain NOMA in the SU-MIMO systems. We compared the BER performance of

the proposed receiver with the MMSE-based SIC receiver and the ideal SIC receiver, in which

we assumed that there was no any residual interference of the cell edge user after SIC.

The simulation results have demonstrated that in order to obtain improved performance,

it is required to use a K-best detector for the cell-edge user detection at the cell-center user,

i.e., for the interference cancellation stage. This is due to the fact that if the MMSE based

receiver is used for cell-edge user detection, the poor performance of MMSE based receiver

affects to the cell-center user detection due to the residual errors. Though a K-best detector can

also be used for detection of the symbols of the cell-center user, the performance improvement

obtained over using a K-best detector only for detecting the cell-edge user is significant. Fur-

thermore using the K-best detector for both the cell-center user and the cell-edge user detection

is increased the computational complexity and the time taken to detect the symbols. Based on

the simulation results it can be concluded that using the K-Best detector only at the cell-center

user to detect the cell-edge user is the best scenario which compromises between performance

and complexity.

It was observed from the simulation results that the performance of the proposed receiver

is better than the MMSE based receiver even after using small K values for the K-best detector

which significantly reduce the computational complexity.This is due to the fact that always K

number of paths with minimum PED will be retain in the search list. The proposed receiver is
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having much better performance than MMSE based SIC receiver even with the two users are

having comparable power levels. That concluded the proposed receiver is more suitable when

the interference level is high.

However there are certain limitations in the proposed receiver. The complexity is exponen-

tially increased with the increased number of users. Since we consider the joint modulation

to detect the cell-center user signal, size of joint constellation is exponentially increased with

number of users and hence the number of branches at a given parent node of the search tree

also increased similar to the size of the constellation. However the complexity can be managed

by selection an appropriate K value. Therefore the proposed receiver is not recommended for

large number of users.

Here in power domain NOMA, the transmitted signal power is decided according to the

channel condition. Therefore the proposed receiver can not be used with the users having sim-

ilar channel conditions. As an example, with the users at a similar distance from the telecom-

munication tower.Therefore power domain NOMA and the proposed receiver is more suitable

to combine with OFDMA where it enables different users with different channel conditions to

share the same RB.

6.2 Suggestions for Further Research

A few suggestions for further research areas are summarized in this section.

1. In this research, we have only focused on uncoded systems and have presented the sim-

ulation results without channel coding. More improvements to the BER can be achieved

using channel coding and can be checked the gap between ideal SIC performance to the

proposed receiver with channel coding.

2. We have considered hard decision K-Best detector for this research study. Further im-

provement can be tested with iterative based soft output K-best detector which is already

tested for MIMO-OFDMA systems. In the case of coded MIMO system, the perfor-

mance can be improved by iteratively exchanging soft information between the MIMO

detector and the channel decoder.

3. Here we consider a two user detection scenario (cell-center user and cell-edge user)

for power domain NOMA. performance of the proposed receiver can be evaluated for

more users with different power allocation ratios among them. The upper bound for
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number of users who can share the same time,frequency resources in power domain can

be confirmed and different power allocation methods also an emerging topic to discuss

4. Furthermore, future work could be focus on using K-Best detector to directly detect the

cell center user without SIC. This will reduce the complexity and the detection time.

Since the joint constellation is changing with the power allocation ratio, performance of

direct detection should be tested with different power levels.
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