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ABSTRACT

Research on Key Technologies of Low-Latency Uplink Non-Orthogonal

Multiple Access

by
Jie Zeng

5G is expected to significantly reduce latency in numerous emerging services in
the Internet of Things (IoT). Non-orthogonal multiple access (NOMA) has been
widely regarded as one promising technology to enable 5G. NOMA can allow multi-
ple users to send signals in the same radio resource simultaneously, and can distin-
guish the signals of users with multi-user detection (MUD) at the receiver. NOMA
can be combined with multiple-input and multiple-output (MIMO), advanced modu-
lation and coding, and full-duplex (FD) to ensure low latency communications with
high reliability. Generally speaking, the non-orthogonal superposition of signals
from access users and grant-free scheduling can reduce the access latency; MIMO
and FD can shorten the transmission latency by increasing spectrum efficiency. This
thesis studies the design and enhancement of NOMA to guarantee low latency in
the uplink (UL), under the assumption of massive accessed users, a few transmit
antennas, shadow fading, and imperfect channel state information, which reflect
the characteristics of IoT services. Meanwhile, the effectiveness of the proposed
schemes is evaluated via the novel finite blocklength information theory, thereby
complying with the small packet size in IoT. The main contributions of this thesis

are summarized as follows.

1. The rate splitting algorithms and successive interference cancellation detection
in multi-user MIMO (MU-MIMO) NOMA are proposed to minimize the maximum
transmission latency of users. The achievable data rates are derived, and two corre-

sponding rate splitting algorithms are proposed. Numerical results validate that the



rate splitting MU-MIMO NOMA can efficiently shorten the transmission latency

and processing latency.

2. The sparse code multiple access enhanced FD (FD-SCMA) scheme is designed
to operate UL and downlink (DL) simultaneously. This thesis derives the error
probability with imperfect self-interference suppression in FD. FD-SCMA is proved
to achieve lower transmission latency than existing SCMA and FD schemes in time-
invariant flat-fading channels and time-invariant frequency-selective fading channels

by theoretical calculation and simulation.

3. Low latency transmission of the emerging MU-MIMO NOMA is studied. Un-
der log-normal shadow fading, this thesis derives the probability density function
of effective SNRs, and calculates the error probability given transmission latency.
Further, the error probability can be minimized by adjusting the length of pilots.
Simulation results verify that the MU-MIMO NOMA enables low latency transmis-

sions under moderate shadow fading for massive accessed users.

Overall, NOMA can remarkably lower access latency, transmission latency, and

processing latency in UL.
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Chapter 1

Introduction

1.1 Background

To support the rapid development of mobile Internet and the Internet of Things
(IoT) to a higher standard, the fifth generation (5G) mobile networks have been
significantly improved in spectrum efficiency, energy efficiency, and the number of
simultaneously connected devices. 5G can be deployed in three typical application

scenarios:
1) enhanced mobile broadband (eMBB) can significantly increase user data rates;

2) massive machine-type communications (mMTC) will connect a considerable

number of low data rate IoT devices;

3) ultra-reliable and low latency communications (URLLC) need to support

ultra-high reliability with low latency in short packet communications.

Specifically, the user plane latency for transmitting a 32-byte packet cannot
exceed 1 ms in URLLC [1]. This feature will undoubtedly lead to several promising

applications, and some typical low-latency user cases are shown in Fig. 1.1.

Simultaneously, the requirements for ultra-high data rates, low latency, high
reliability, and massive connectivity bring new challenges to multiple access tech-
nologies. Traditional orthogonal multiple access (OMA) has been challenging to
satisfy these requirements at the same time since it is limited by the single-user
capacity bound and the division of radio resources. Therefore, non-orthogonal mul-
tiple access (NOMA), while achieving the higher requirements of 5G, is considered
to be the potential breakthrough direction of wireless communications. NOMA can
superimpose and transmit signals from different users on the same radio resources.

Then, advanced multi-user detection (MUD) is applied at the receiver to distinguish
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Figure 1.1 : Typical use cases of 5G low latency communications.

received signals from multiple users. Consequently, NOMA significantly improves
frequency efficiency and connection density in various application scenarios. Fur-
thermore, NOMA can reduce access latency by simplifying signaling with grant-free
transmission. Compared with OMA, NOMA can achieve significant gains in im-
provement of multi-user capacity, increase of simultaneous accessing users amount,
reduction of scheduling overhead and latency. Thus, it can attain 5G core perfor-
mance indicators and support a variety of critical IoT applications. The research
on NOMA, such as key technologies, design, and evaluation, has been actively pro-
moted by the international telecommunication union (ITU) and the 3rd generation

partnership project (3GPP).

1.2 Motivation

Currently, 5G mobile networks are widely expected to support the rapidly de-
veloping [oT applications, especially those with ultra-low latency that could not be
ensured by existing mobile networks. The superimposing transmission and advanced

MUD of NOMA can reduce transmission latency by the reuse of radio resources.



Meanwhile, NOMA can shorten the access latency by employing grant-free trans-
mission for multiple users. It is worth to have further exploration on NOMA key

technologies to realize low latency in the uplink (UL) IoT applications.

Considering the time and frequency selective fading, diversity plays a vital role
in reliability improvement in UL short packet transmission. However, the time
domain diversity brought by retransmission is significantly restricted due to the low
latency constraint. It is more appropriate to incorporate the diversity gains from
the frequency and space domains into NOMA. Accordingly, this thesis will focus
on the research of multi-carrier NOMA (MC-NOMA) and multiple-input multiple-
output NOMA (MIMO-NOMA). Practically, a large number of receiving antennas
(Rx antennas) and a small number of transmit antennas (Tx antennas) are equipped
in the UL of 5G IoT deployments. Thus, the combination of multi-carrier and multi-
receiver diversity, the design of low-latency UL transmission, and stable detection
with low complexity are thoroughly studied. These studies are significant and rarely

mentioned in the previous literature, which enhances the necessity of our work.

The integration of NOMA and full-duplex (FD) will encounter self-interference
and inter-user interference, which could become more complicated when the number
of Rx antennas increases. Previous studies usually assume a single Rx antenna is
equipped and refrain from complicated interference. With multiple Rx antennas,
this thesis designs a NOMA system that supports simultaneous UL and downlink
(DL) transmission to further reduce transmission latency. Considering the effects of
self-interference suppression (SIS), this thesis explores how to guarantee reliability
given ultra-low latency in UL and DL. For instance, the block error rate (BLER)

can be lowered to less than 107° given 0.5 ms transmission latency.

Most of the existing research on NOMA is based on Shannon’s information theory
and assumes that a coding block is infinitely long. This theory has limitations in loT
applications that mainly transmit short packets. The recently proposed finite block
length (FBL) information theory is utilized in NOMA to analyze the performance
of reliability and latency. Based on the FBL information theory, the evaluation and

comparison of the proposed and existing schemes are more generally applicable in



IoT.

Finally, the performance of MUD with multiple Rx antennas is highly dependent
on accurate channel state information (CSI). However, within limited latency, it is
difficult to allocate a large number of pilots for accurate CSI. Considering the impact
of imperfect CSI, the length of pilots (LoP) in pilot-assistant channel estimation
(PACE) should be optimized. Then, a compromise between the accuracy of channel
estimation and the data rate can be achieved. This thesis examines how to improve
the reliability of UL low-latency transmission under imperfect CSI, which has great

practical value and has not been investigated in previous studies.

1.3 Research Status

To date, a variety of NOMA technologies, including power domain NOMA (PD-
NOMA), pattern division multiple access (PDMA), sparse code multiple access
(SCMA), multi-user shared access (MUSA) and so on, have been proposed. The
design principle, key characteristics, pros, and cons of NOMA technologies are in-
troduced and compared in [2]. Also, the authors point out the opportunities, chal-
lenges, and potential research trends. Key NOMA technologies in grant-free UL
transmission are discussed in [3]. Finally, a summary of the concepts, challenges,

applications, and research trends of NOMA technologies is performed in [4].

NTT DOCOMO has proposed PD-NOMA, which can superimpose signals of
multiple users at the same radio resources and distinguish the signals by using serial
interference cancellation (SIC) at the receiver [5, 6]. System-level simulation (SLS)
results indicate that PD-NOMA can achieve better performance than traditional

OMA in various application environments [7].

China academy of telecommunications technology (CATT) has proposed PDMA,
which can introduce unequal diversity between multiple users to raise the sum data
rate. PDMA superimposes and transmits signals on multiple dimensions (the time
domain, frequency domain, power domain, and space domain) according to the de-
signed PDMA pattern matrix, resulting in a higher multiplexing gain [8]. PDMA

uses advanced MUD to approach the capacity boundary of the multiple access chan-



nel (MAC). The PDMA pattern matrix design can be independently or jointly per-
formed in multiple dimensions to improve the performance of reliability and latency

in different scenarios.

Huawei has proposed SCMA, which uses the sparse expansion of the code domain
and message passing algorithm (MPA), to improve the spectrum efficiency and access
density [9]. SCMA combines low-density encoding and modulation techniques to
generate a codebook set by constellation rotation, and assigns a specific codebook
to each user for signal mapping. SCMA can effectively reduce the latency with

grant-free transmission, and thus, it is suitable for low-latency UL IoT applications.

The NOMA technologies mentioned above have the advantages of high spectral
efficiency (SE), high flexibility, and low latency. However, it is challenging to real-
ize higher performance MUD due to complex multi-user interference (MUI) caused
by superimposing transmission. As we all know, the maximum a posterior (MAP)
is the optimal detection algorithm, and in the case of uniform priori probabilities,
maximum likelihood (ML) can be equivalent to MAP [10]. However, when the num-
ber of users is large and the modulation order is high, the computational complexity
and the processing latency are particularly high in MAP and ML detection. Gener-
ally, linear MUD with lower complexity can be performed using the minimum mean
square error (MMSE) algorithm, the zero-forcing (ZF) algorithm, and so on. At
the same time, iterative detection algorithms, such as belief propagation (BP) and

MPA, can also be implemented to achieve reliability close to MAP [11].

One critical challenge in low-latency communications is to maximize reliability
with affordable computational complexity at the receiver. A low-complexity MPA
for UL SCMA is proposed to achieve a compromise in processing latency and relia-
bility by partial marginalization in [12]. In addition, a weighted MPA is presented
for SCMA to reduce complexity by removing the iterative process [13]. Moreover, an
iterative detection and decoding mechanism for SCMA is suggested to significantly
improve reliability with acceptable computational complexity [14]. The codeword
level and symbol level SIC detection in PD-NOMA is analyzed, and the influence

of error propagation on reliability is evaluated [15]. It can be seen that the research



on low-latency and low-complexity MUD affects the promotion and applications of

NOMA critically.

NOMA can be classified into single-carrier NOMA and MC-NOMA by the map-
ping pattern of signals. When the same symbol is mapped onto multiple carriers
at the transmitter, it is considered herein as MC-NOMA. Recent studies have also
attempted to apply PD-NOMA in multi-carrier orthogonal frequency division mul-
tiple access (OFDMA) systems [16, 17]. It is generally believed that PDMA and
SCMA, which were proposed in the early stage of 5G research and have been rapidly
developed, are two representative MC-NOMA technologies. Meanwhile, they can
combine with OFDMA maturely and can adopt the sparsity of the mapping matrix
to reduce complexity. It should be noted that most of the spread spectrum-based
NOMA technologies can be naturally included in the scope of MC-NOMA. Compa-
nies from the industry mainly promote these MC-NOMA technologies which need
to be in-depth investigated theoretically.

The challenges and applications of URLLC have been mentioned in technical
reports and specifications published by standards organizations [1]. Reliability can
be defined as the probability of transmitting a short packet under low latency suc-
cessfully. In URLLC, the user plane latency in UL and DL is restricted under 0.5
ms. For 32-byte short packet transmission, the reliability is generally required to
be 99.999% and above. The effective bandwidth and effective capacity are used to
calculate the maximum achievable data rate, and a shorter frame can be designed
to reduce the latency in [18]. On the other hand, the headers and data are proposed
to be combined and coded effectively to support faster and more reliable transmis-
sion [19]. Moreover, reference [20] explores the trade-off between bandwidth, coding
scheme, signal-to-noise ratio (SNR), diversity order, and reliability when transmit-
ting 100-bit short packets within 100 pus. Shorter frames can ensure low-latency UL
transmission under required reliability. Besides, installing adequate Rx antennas

can guarantee reliable low-latency UL transmission via spatial diversity.



1.4 Main Contributions

This thesis mainly studies the key technologies of NOMA in low-latency UL
communications, including receiver design, latency reduction, short packets trans-
mission, and impact of imperfect CSI. Innovative research has been undertaken, and

the main contributions are listed as follows.

1. This thesis comprehensively overviews the key technologies of NOMA and low-
latency communications, and summarize the developments and trends of NOMA.
MC-NOMA combined with OFDMA is a vital candidate technology for 5G due to
its higher spectrum efficiency, higher access density, and lower access latency than
traditional OMA. At the same time, the emerging FBL information theory is applied
to analyze the reliability of short packet services given transmission latency. The
emerging grant-free NOMA, which eliminates the granting and scheduling processes

in the UL random access, is adopted to significantly reduce the user plane latency.

2. Multi-user multiple-input multiple-output (MU-MIMO) NOMA is explored
to guarantee the user data rate. This thesis introduces the concept of symmetric
capacity and establishes the system model of UL MU-MIMO NOMA. The equiva-
lent SNR and the minimum user data rate of multi-user and multi-stream detection
are derived for SIC-based algorithms: MMSE-SIC and maximal-ratio combining
(MRC)-SIC. At the same, sufficient conditions for stable SIC detection are given.
In UL, a rate splitting algorithm is proposed to maximize the minimum user data
rate. Further, a two-layer rate splitting algorithm is presented to achieve a lower
bound (LB) of the minimum user data rate with low-complexity MRC-SIC detec-
tion. Consequently, maximum transmission latency and processing latency can be
optimized in UL. Simulation results validate that the proposed MU-MIMO NOMA
technology significantly reduces the maximum transmission latency with affordable

computational complexity.

3. FD-SCMA is proposed to satisfy the requirements of URLLC in short-packet
applications. In FD-SCMA, multiple UL users and DL users map their signals ac-
cording to the SCMA codebook and transmit the signals simultaneously in the FD



mode. The effective SNRs of UL users are derived, and then, the error probability is
calculated based on the FBL information theory. FD-SCMA is theoretically proved
to achieve higher reliability than the existing FD, SCMA, and OMA technologies
with limited latency in time-invariant flat-fading channels. Theoretical analysis and
numerical results also verify that FD-SCMA outperforms the existing technologies
in time-invariant frequency-selective fading channels. It shows that the proposed
FD-SCMA has significant advantages in supporting low-latency short packet trans-

mission in UL.

4. The MU-MIMO NOMA is studied with perfect CSI and imperfect CSI. This
thesis reveals that equipping multiple Rx antennas improves reliability via space
diversity. Then, the impacts of estimation errors, which are caused by PACE, on
UL MU-MIMO NOMA are evaluated. The effective SNRs of ZF detection are
derived under perfect and imperfect CSI. Assuming the users are homogeneously
and randomly deployed, the probability density functions (pdfs) of effective SNRs
under perfect and imperfect CSI are derived under lognormal shadow fading. The
error probability of ZF detection given transmission latency is calculated based on
the FBL information theory. Finally, the golden section search method (GSSM) is
proposed to reduce the error probability by optimizing the LoP. Simulation results
verify that the proposed MU-MIMO NOMA can ensure URLLC for a large number

of accessing users with extremely low-complexity ZF detection.

Overall, the research in this thesis responds to the demand for 5G ultra-low
latency with the innovative NOMA concept, FD, and MU-MIMO technologies. Our
work contributes to reducing the access, transmission, and processing latency of UL

accessing users in [oT applications.

1.5 Thesis Organization
This thesis is divided into six chapters and is structured as follows.

Chapter 1 introduces the research background, motivation, and research status
of NOMA-based low latency communications, and gives the main contributions and

structure of this thesis.



Chapter 2 compares the key technologies of NOMA, including single-carrier
NOMA and MC-NOMA. Meanwhile, it highlights the method of maintaining re-
liability in low-latency communications, and emphasizes that grant-free NOMA can

further reduce the latency in UL.

Chapter 3 studies MU-MIMO NOMA to optimize multi-user UL superposition
transmission via spatial diversity. With the proposed rate splitting and stable SIC
detection, the minimum user data rate can be improved compared with OMA tech-
nologies. To this end, the maximum user transmission latency can be directly re-

duced in short packet transmission.

Chapter 4 explores the proposed FD-SCMA to demonstrate its superiority over
other existing technologies in two typical time-invariant fading channels. Consid-
ering the characteristics of short packets in IoT applications, the FBL information

theory can be applied to model achievable data rates.

In Chapter 5, the NOMA combined with MU-MIMO is investigated to adapt to
the features of IoT, such as short packets, imperfect CSI, and severe shadow fading.
Based on PACE, an algorithm is proposed to optimize LoP and effectively resist

shadow fading under latency constraints.

Chapter 6 summarizes the thesis and points out the limitations and future re-

search directions.



10

Chapter 2

Key Technologies of NOMA and Low-latency
Transmission

Low-latency communications are characterized by several unique features, such as
small data packet size, small transmission latency, low detection complexity, and few
retransmissions. To this end, the research on the key technologies of low-latency UL
NOMA can be implemented in two aspects. The first one is latency reduction
through redesigning the transmitter and receiver of NOMA, and the second one
is incorporation of the mature technologies by supporting low-latency communi-
cations for NOMA. This chapter firstly introduces the research progress of existing
NOMA technologies, especially in low-complexity detection. Then, a comprehensive
investigation has been performed on technologies that can effectively guarantee the
reliability of low-latency communications, such as diversity, advanced modulation
and coding, and FD. In particular, the superimposed users’ signals can be distin-
guished by advanced MUD, so grant-free transmission can be implemented in UL

NOMA to further reduce the access latency.

2.1 NOMA Techniques

NOMA techniques can be classified into the single-carrier NOMA technique and
the MC-NOMA technique, according to the way of mapping users’ signals on occu-
pied carriers. The schematic diagrams of single-carrier NOMA and MC-NOMA are
shown in Fig. 2.1.

2.1.1 Single-Carrier NOMA Technique

In single-carrier NOMA, the transmitting signals of two or more users are super-
imposed on one carrier. Meanwhile, a representative single-carrier NOMA scheme is

PD-NOMA [21], in which superimposed users’ signals are distinguished by different
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Figure 2.1 : Illustrations of single-carrier NOMA and MC-NOMA.

power levels. Below is a brief outline of PD-NOMA from the perspectives of the
system model and receiver design. PD-NOMA supports reliable multiple access by
superimposing signals from different users on the power domain and then distin-
guishing them by different power levels. PD-NOMA adopts advanced SIC-enabled
MUD in DL and UL, which can fully utilize the differences between users’ channel
conditions. As can be verified, it is superior to OMA in terms of spectrum efficiency

and user fairness [22, 23].

In DL PD-NOMA, as shown in Fig. 2.2, a base station (BS) transmits the signal
x; to user i with transmit power (Tx power) PPY (i = 1, 2), where PPL'+ PPL < P
and E[|x;]?] = 1. In DL PD-NOMA, the superimposed signal transmitted by BS
can be given by =z = \/ﬁxl + @xg. Then, the signal received by user i is
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Figure 2.2 : Schematic diagram of DL PD-NOMA [24].

where h; is the channel gain between BS and user ¢, and n; indicates additive white
Gaussian noise (AWGN) at the receiver of user ¢ with power N;. It is assumed that
user 1 locates at the cell center, user 2 locates at the cell edge, and |hy| > |ha|. At
this time, user 1 performs SIC detection in the ascending order of channel gains. To

this end, the achievable data rates of users 1 and 2 can be respectively expressed as

PPV hy |?

RPY = log,(1 + N,

) (2.2)

and
PP
PPY[hy|? 4 N,

RYY = log, (1 + ). (2.3)

PD-NOMA utilizing SIC detection can obtain gains of more than 20% in the total

DL throughput and the cell edge user’s throughput, respectively [25].

In UL PD-NOMA, as shown in Fig. 2.3, the signal sent by user i is denoted as
z; (i =1, 2), and the Tx power is PUY with E[|z;|?] = 1. Then, the superimposed
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Figure 2.3 : Schematic diagram of UL PD-NOMA [24].

signal received by the BS can be expressed as

y:hlﬂplULl'l—i‘hg\/Png’g—i‘no (24)

where h; is the channel gain between user ¢ and BS, ng representing the AWGN with
power Ny at the BS. The BS performs SIC detection according to the descending
order of channel gains. Consequently, the achievable data rates of user 1 and user 2

can be expressed as
P

RV = log, (1
1 = logo( B+ N

) (2.5)

and
Py |hol?

RY" =log,(1 + N,

). (2.6)

It can be seen that the cell edge user’s throughput can be markedly improved, since

the interference from the cell center user has been removing by SIC detection.

2.1.2 MC-NOMA Technique

MC-NOMA, such as PDMA and SCMA, distinguishes users’ signals through

different codewords and mapping patterns. PDMA carries out non-orthogonal su-
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perimposition of different users’ signals according to a pattern matrix, and separates
the signals by detection algorithms, such as BP and MPA. At the same time, SCMA
directly maps the coded bits of users to multi-dimensional codewords in a sparse

mode, and detects superimposed signals by MPA and so on.

PDMA

PDMA can simultaneously superimpose signals of multiple users on radio re-
sources from the time, frequency, and space domains to effectively increase the
number of accessing users [8, 26]. PDMA maps the users’ signals sparsely to differ-
ent numbers of carriers, and gains diversity with reduced system complexity. PDMA

can increase reliability through advanced MUD based on MPA and BP.

It can be found that more reliable data transmission can be obtained with a
broader diversity gain.To this end, the signal of the user with more diversity should
be decoded with priority to reduce error propagation. The joint of diversity, the
overload factor, and complexity are essential in the design of the PDMA pattern
matrix. Tang et al. [27] have verified that grant-free PDMA effectively supports
massive UL users. Advanced MUD can be utilized at the receiver, such as the
rapidly developing BP algorithm, to mitigate inter-user interference. The sparsity
of the PDMA pattern matrix can reduce the complexity of a BP receiver, and the
different orders of transmission diversity can accelerate the convergence of BP [§].
Better performance can be achieved at the receiver through interference cancellation
(IC) schemes, such as MMSE-IC [28], ML-IC, and BP-IDD-IC. BP-IDD has also

been proposed to increase reliability by adding external iterations [29] .

SCMA

Nikopour et al. [9] have proposed SCMA, which uses sparse code expansion and
multi-dimensional modulation to reduce the complexity of MUD. In SCMA different
users are assigned a unique codebook, which indicates how signals of one user are
mapped to multiple carriers. With different codebooks, users can be distinguished
by differences in occupied carriers. Codebook design is one vital scheme in SCMA.

It consists of the design of the factor graph and multi-dimensional constellation and
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determines the reliability and processing latency of transmission. Each codebook
can be generated from the parent constellation with a certain rotation, so users’
signals can be pseudo-orthogonal. System-level codebook design has been described
and verified to be practical and effective [9, 30], and has been verified to be practical

and effective.

To meet the requirements of massive connectivity, SCMA utilizes the MPA
scheme based on low-density signature sequences. However, due to the relatively
high computational complexity of MPA, it is necessary to develop a low-complexity
solution without significant reliability decrement. An iterative MUD has been pro-
posed to effectively reduce complexity in demodulation and decoding, fully utilizing
the coding gain and the diversity gain from the structure and factor graph of the
SCMA codebook [12, 31]. Besides, two low-complexity MPA algorithms for SCMA
have been proposed to ensure reliability [32, 33]. A threshold-based low-complexity
MPA, which performs a deterministic check through a specific threshold during the
iterative process, reduces unnecessary iterations via timely removal of the success-
fully decoded users [34]. At present, the research on the receiver design of SCMA
mainly focuses on improving reliability and throughput without increasing com-
plexity significantly. The research on low-complexity receiver design is particularly

worthy of attention since it is more practical in low-latency communications.

2.1.3 Research Prospects

Compared to traditional OMA technologies, NOMA technologies can provide
higher spectral efficiency (SE) and achievable data rates. To date, the research
on single-carrier NOMA has been relatively mature, but MC-NOMA has not been
extensively studied. The combinations of MC-NOMA and other key technologies of
5G, such as cooperative MC-NOMA and MIMO enhanced MC-NOMA, are worth

further exploration in the coming 5G era.
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2.2 Key Technologies for Low-latency Communications

At present, several physical layer technologies that can assure reliability in low-
latency communications. The newly proposed FBL information theory can be uti-
lized to facilitate the transmitter and receiver design in short packet transmission.
Meanwhile, it is more effective to improve reliability from frequency /space diversity
than from time diversity when the retransmission is critically limited. Advanced
modulation and coding schemes can support the detection of short data packets
with low processing latency. Besides, FD technology can reduce access latency via

simultaneous UL and DL transmission.

2.2.1 FBL Information Theory

It is generally assumed that the random coding scheme with infinite blocklength
(IBL) can achieve the Shannon capacity. When packet size is sufficiently large, the
Shannon capacity can effectively approximate the achievable data rate. However,
the Shannon information theory cannot obtain high accuracy when the packet size
is small in typical IoT applications. To this end, the relationship between the
achievable data rate and error probability needs to be revealed with the assumption
of FBL. Recently, the emerging FBL information theory is applied to model and
analyze the achievable data rate given error probability, and adequately fits the

needs of low-latency IoT applications.

Given blocklength and error probability in short packet transmission, Polyanskiy
et al. [35] firstly proposed the FBL information theory to derive the approximation
and bounds of the achievable data rate in the AWGN channel and revealed the
relationship among reliability, bandwidth, and SNR. Meanwhile, the FBL informa-
tion theory was extended to multi-antenna scenarios in Rayleigh fading channels,
and the achievable data rate given error probability was derived [36, 37|. Following
that, the FBL information theory was developed to discover the upper and lower
bounds of the achievable data rate given SNR and error probability in multi-carrier
MIMO [38]. Furthermore, the error probability and sufficient capacity of incorpo-

rating single-carrier NOMA into relays can be analyzed with the same theoretical
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tool [39].

2.2.2 Diversity-based Technology

Diversity is critical in reliability improvement, which is always an essential goal
of wireless communications. Generally, diversity can be obtained from the space,
frequency, time, and code domains. Space diversity obtained from multiple propa-
gation paths can reduce the error probability to a deficient level. Frequency diver-
sity achieved from the multi-carrier technology can adequately combat frequency-
selective fading. Implementing retransmission in time-varying fading channels can
yield time diversity. Moreover, adapting low-rate modulation and coding to the

channel conditions gains diversity from the code domain.

In the frequency-selective fading channel without precise CSI, frequency hop-
ping can enable transmissions in a predefined frequency sequence. It can achieve a
high frequency diversity gain in rich scattering environments. Furthermore, fast fre-
quency hopping can be combined with the forward error correction design to allow
duplicated bits to be sent together in time, while also having low-correlated noise

and fading.

The FBL model was utilized to study the effects of space and frequency diver-
sity on required bandwidth and reliability [40]. Recently, massive MIMO, with the
capability of mainly increasing space diversity, has become more critical in improv-
ing reliability. In the UL case, Panigrahi et al. pointed out that the vast antenna
array equipped at the BS could guarantee ultra-high reliability, even though only
one or two antennas are equipped at UL users [41]. Considering the possible deep-
fading channel in IoT, appropriate diversity-based techniques play a significant role

in maintaining robust low-latency transmission.

2.2.3 Modulation and Coding Techniques for Short Packets

Modulation and coding techniques are essential methods to ensure reliability by
mitigating the effects of channel fading. Currently, to satisfy the critical processing

latency, low-latency and reliable encoding/decoding and modulation/demodulation
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schemes for short packets are in urgency.

A resource allocation scheme in hierarchical multicast communications was pro-
posed to sharply contract the decoding operations in random linear network coding
[42]. A low-complexity rate adaptation technique was studied to minimize the con-
current transmission latency and processing latency of sensor nodes [43]. Punctured
trellis-coded modulation was proposed to achieve higher SE through a dynamic cod-

ing rate and low complexity decoding [44].

2.2.4 FD Technology

In FD communications, signals are transmitted and received simultaneously on
the same antenna array with the help of SIS [45]. FD devices can suppress or elim-
inate their transmitting signals at the receiver, through effective signal processing

and antenna design.

The resource allocation optimization in FD under the constraints of power and
load was presented, and then a method to minimize the data queuing latency of users
was proposed [46]. NOMA, combined with FD, was studied in ultra-dense networks,
and could achieve much higher data rates than OMA and NOMA combined with
Half-Duplex (HD) [47]. FD can significantly increase SE through simultaneous trans-
mission and reception. However, self-interference cannot be completely removed at
the receiver with practical SIS. When applying FD in low-latency communications,

it is necessary to model the impact of imperfect SIS on robust detection.

2.2.5 Combination of the Existing Techniques

Generally, it is not entirely straightforward to associate the existing techniques,
since they might operate under conflicting assumptions. For example, retransmission
within the coherence time of the fading channels are unable to gain time diversity
adequately in the limited latency budget. In FD networks, employing multiple Tx
antennas directly leads to the complex and severe inter-user interference and self-
interference. Furthermore, the emerging techniques are facing realistic propagation

channels without perfect real-time CSI, where the interference could not be mitigated
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absolutely.

2.3 Low-latency Grant-free NOMA

Grant-free NOMA mitigates the requesting and scheduling processes at the ac-
cess stage. Users transmit on pre-configured radio resources without scheduling,
thereby significantly reducing signaling overheads and access latency. The time and
frequency resources, as well as the dedicated pilots, for UL grant-free transmission,
are semi-statically pre-configured to users. Grant-free NOMA can be an effective

way to enable URLLC if collision probability could be further reduced.

Chen et al. [48] studied grant-free NOMA to mitigate random access collisions
with a heavy load, thus ensuring reliability with reduced latency. It is verified to be
practical to reduce the latency significantly through a combination of NOMA and
analog fountain codes. A dynamic compressed sensing-based MUD is proposed to
utilize the time correlation of active users [49]. The scheme could estimate the set
of active users in the current slot and regard the set as a priori information of the
next time slot. Besides, an adaptive subspace tracking algorithm assisted by a priori

information was proposed to guarantee reliable MUD [50].

However, the computational complexity of grant-free NOMA can be extraor-
dinarily high with iterated MUD. The reduction of processing latency is the top
priority in order to deploy grant-free NOMA widely. In addition, when multiple
pairs of grant-free transmission are simultaneously supported in one network, in-
band interference and out-of-band interference becomes more complicated and need
to be further alleviated. When the multi-user beamforming and space-division mul-
tiplexing schemes are adopted, large numbers of Tx and Rx antennas are always
equipped. Consequently, the CSI estimation and feedback processes are high in
computational complexity, resulting in a significant latency increment. To this end,
with limited latency, users with no more than two antennas are more suitable to be

deployed in grant-free NOMA.
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2.4 Summary of This Chapter

This chapter has summarized the key technologies of NOMA and low-latency
communications. NOMA, single-carrier NOMA, MC-NOMA, and their technical
principles have been introduced, respectively. The transmitter and receiver design
for two representative MC-NOMA technologies, PDMA and SCMA, have been re-
viewed. To realize low-latency communications, diversity, advanced modulation and
coding technology, and FD technology can also be applied. Meanwhile, it is neces-
sary to analyze the error probability of short packets through the FBL information
theory. Particularly, UL grant-free NOMA , which simplifies UL access processes, has

become a potential enabler of low-latency transmission for massive short packets.
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Chapter 3

Layered MU-MIMO NOMA Transmission and
SIC Detection

In this chapter, multi-layer superposition transmission is proposed and studied in
the MU-MIMO NOMA. The achievable data rate regions of two detection methods
(MMSE-SIC and MRC-SIC) are derived. At the same time, a multi-layer rate split-
ting scheme is proposed to approach symmetric capacity. Furthermore, a two-layer
rate splitting scheme is proposed to ensure an affordable minimum user data rate
with low detection complexity and processing latency. The schemes proposed in this
chapter can improve the minimum data rate of multiple UL users when equipping
multiple Rx antennas, thereby reducing the maximum transmission latency of UL
users. Incorporating SIC into linear MMSE and MRC detection can reduce the com-
plexity of each SIC operation, and is superior to other SIC algorithms in processing

latency reduction.

3.1 System Model of MU-MIMO NOMA

3.1.1 Symmetric Capacity

Symmetric capacity is a crucial indicator of fairness in the MAC. It is defined as
the maximum data rate at which all users in the system can reliably communicate
simultaneously [51]. In typical application scenarios, such as autonomous driving,
public safety, and drone communications, UL users are randomly located and ex-
periencing different fading channels. In order to reduce the transmission latency,
each user also needs to maximize the achievable data rate. In these scenarios, it
is challenging to increase the symmetric capacity that is equivalent to maximizing
the minimum achievable data rate of users. Symmetric capacity can be approached

through implementation of ML detection [51] and iterative BP detection [52], but
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the computational complexity can be extremely high. In most cases, limited by
demodulation and decoding latency, it is necessary to consider low-complexity SIC-
based detection to approach symmetric capacity [52], thereby ensuring user fairness

and minimizing the maximum transmission latency of users.

Ding et al. proposed a general framework of MIMO-NOMA [53-55], which can
effectively increase the system data rate and reduce the outage probability. Although
UL transmission plays an essential role in IoT applications, UL MIMO-NOMA’s
current research progress is significantly slower than DL MIMO-NOMA’s. On the
one hand, the signal alignment MIMO-NOMA [53] ideally assumes that the number
of Tx antennas is greater than or equal to half of the number of Rx antennas.
However, there is only one or a small amount of Tx antennas at each user in typical
UL IoT applications. Therefore, signal alignment MIMO-NOMA cannot be directly
applied in most UL IoT applications where the number of Tx antennas is small. On
the other hand, although the implementation of iterative detection to achieve the
capacity region of MIMO-NOMA has been revealed [56, 57], approaching symmetric
capacity by low-complex and low-latency algorithms without iterations has not been
studied in the existing literature. Therefore, it is necessary to discover an effective

method that maximizes the minimum user data rate in MU-MIMO NOMA.

The energy-efficient precoding, joint power control of pilot and data, and UL
training were studied to improve performance further [58-60]. In particular, a gen-
eral framework based on signal alignment has been proposed to support UL appli-
cations where the number of Tx antennas is greater than half of the number of Rx
antennas [53]. In addition, it has been proposed to approach the boundary of the
capacity of MIMO-NOMA by iterative MMSE detection [56, 57]. The challenges in
designing MUD and determining the detection order of users to ensure stable SIC

detection were raised in [61].

Rate splitting can be managed to reach the entire capacity region [62], realizing
by the well-known Han-Kobayashi coding scheme [63]. Studies have discovered
that the applications of rate splitting in MIMO can provide higher reliability, SE,

and energy efficiency [64]. Meanwhile, rate splitting and ZF beamforming can be
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combined to increase the data rate [65]. In DL MIMO, rate splitting and power
control were combined for a higher data rate, and the closed-form expression of
optimal power allocation is given by Dai et al. [66]. Besides, precoding and rate
splitting can optimize the sum data rate of DL MU-MISO while maintaining fairness
among users [67, 68]. In addition, NOMA could apply a heuristic rate splitting
scheme to achieve almost the same data rate as BP detection with much lower

decoding complexity [69].

Group decoding with interference management has been studied to suppress
inter-user interference in UL MUD [70, 71]. Data are encoded into multiple layers
at each user, and stable group SIC is performed at the BS to eliminate part of
the interference first and achieve a higher sum data rate [72]. Multi-layer superpo-
sition transmission with group decoding achieves significant throughput gain [70].
Receiver-centric group decoding schemes can be used to design multicast beam-
forming in multi-cell networks to increase data rates or reduce power consumption
with lower complexity [71]. The combination of rate splitting and group decoding is
adopted in two-way relay networks based on NOMA. It can markedly increase the

ergodic data rate and reduce the outage probability [73].

Inspired by recent research on rate splitting and group decoding, this chapter
proposes a method for layered superposition transmission and SIC detection, in-
cluding MMSE-SIC and MRC-SIC, to approach symmetric capacity in MU-MIMO
NOMA, as shown in Fig. 3.1.

First, we derive the achievable data rate region through MMSE-SIC detection
and MRC-SIC detection in MU-MIMO NOMA. Second, this chapter proves that the
multi-layer superposition transmission combined with MMSE-SIC detection can ap-
proach the symmetric capacity. Then, a new UL multi-user rate splitting algorithm
is proposed to ensure the minimum user data rate is close to symmetric capacity
with convergent detection. This chapter also proves that stable MRC-SIC detection
can be obtained under two-layer rate splitting while raising the minimum user data

rate.
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Figure 3.1 : An illustration of the MU-MIMO NOMA system.

3.1.2 System Model

In this chapter, h;, = w,g are used to represent the channel coefficients from
user k to the gNB, where g = [gk.1, .-, grm]? ~ CN(0,15) denotes the Rayleigh
fading coefficients of user k, w; = d,;aPL represents the LSF, where dj, is the distance

from user k to the gNB, o™ denotes the path loss exponent.

In multi-layer MU-MIMO NOMA, the received signal at the gNB can be given
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by
K L
y = Z h; Z Vi jpSsi; + Z
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interference of inter-user signals

where Zle /@i jpsij is the superposed transmit signal of the L data streams from
user ¢; p is the maximum Tx power of UL users; s;; represents the data stream
on the layer [ of user k, aj,; is the corresponding power allocation coefficient on
the layer [ of user k¥ (1 < k < K,1 <1 < L), with E(sg;) = 0, E(|sg]) = 1,
and E(sgys;;) = 0, V(k, 1) # (i,); z ~ CN(0,0°I)) is the complex additive white

Gaussian noise at the gNB.

rx = [r1,79,...,7k]T represents the data rates of different users, where rj, denotes
the data rate of user k. Ry = [rri|kxr represents the data rates of different
layers of different users, where 7;; denotes the data rate of the layer [ of user k

(re = S0 m%1). The power allocated to different users and different layers can

be expressed as px = [p1,P2, .., px|’ and Pr = [pri]xxr, where p, = aip and
Pri = o, p are Tx power of user k and the layer [ of user k. «; and oy, denote
the power control and power splitting factors (Zle ag; = o < 1), which should

be carefully designed to ensure the stable SIC.

In general, the symmetric capacity in MU-MIMO NOMA can be defined as

follows,

Csym (PK7 HK? 02)
= max {f | ’S|f < Cg(pK,HK,O'Z),\V/S - {1, ,K}},

(3.2)

where HK = [hl,hg, ...,hK]T, and Cg(pK7HK,O'2) = IOgQ det <IM + Z p—’;hkhg)
keS O
is the supremum of the sum data rate of the users in the set S [51]. In this sense,

symmetric capacity is the maximum data rate that all UL users can achieve si-
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multaneously. The process of approaching symmetric capacity can be equivalent
to increasing the minimum user data rate and improving fairness among UL users.
Symmetric capacity is also related to the number of UL users. With more UL
users, more capacity constraints must be satisfied, and thus the symmetric capacity

decreases.

3.2 SIC Detection with Multiple Rx Antennas

3.2.1 MMSE-SIC for Maximizing Sum Data Rate

Data streams can be successfully detected by MMSE and then be reconstructed
and subtracted from the received signal at each SIC stage in MMSE-SIC. Without
loss of generality, the set U can be used to represent the remaining data streams; the
other data streams have been successfully detected. When simultaneously detecting
all data streams sg, ;,, Sk, 1y, ey Skippip) in the set D with MMSE, where D C U C
Krxr={(k1)|1<k<K,1<1< L}, the received signal that has successfully

removed all detected data streams can be expressed as

Yu = Z h;\ /i ;psi; + 2

(i.9)euU
3.3
= E hy,\/aipsi, + g h;\/a;;psi; 2. (33)
(k,l)eD (i,5)EU\D
desired data streams interference of other data streams

We assume that Hp = [,/ jph;](i jiep, and the elements in Hyp is sorted in the

ascending order of the values of k x L + [, for example,

Hp = [\/oq iphy, ..., \/oq tphy, /&g 1phy, ..., /ak rphk.

Thus, the MMSE detection can be expressed by the following formula.
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VMMSE Yy = H’}DIFalyZ/{

_ T
:HgFulHD [‘ /Oy 11 PSkylys o+ 4 /ak\D\J\D\pskmplmJ (3 4)
+ HgF&l Z hz‘\ /OzinSiJ' +z s

(i,j)EU\D
where VMMSE HAF,' and Fy = o1, +H,H/ = 021M+2(i,j)eu a; jph;hf. And,

VMMSE

the u-th row of Yu is an estimation of data stream sy, ;,. Consquently, the de-

tector used to detect data stream sj; can be expressed as v?ﬁl\fsg = /orphi’F;,' =

V(hl),uthFzK(k,l)a where v,y = /(1 + g phy! Fu\(kl h;)~! is a scalar, and the
second equality of the above equation can be derived from the Sherman-Morrison-

Woodbury formula [74, eq. 1].

When the detector v?ﬁl\l/gSuE is adopted, an estimation of s;; can be given by

MMSE
ViknuYu

=Yk u ( hy/ F&\(k K BV O IDSK
desired (E)Ea stream (35)

hHFUi(k l)< Z hi,/ozi,jpsm +Z) )

(i,7) €U\ (K1)

N J/
-~

interference from other data streams and noise

Hence, the equivalent SNR of the detecting data stream s is

SINR{ ) %
I hHFu\(kl (hy/@5p) |I°
{“ By ey (Zupj)eu\(k,l) h; /@ ;Dsij + Z> ||2}
hy || .

=0 lp || hHFu\ kl

When the following constraints are satisfied, MMSE can successfully detect the

data stream sj; at each SIC stage.

riy < RMMSE £ log, (1 + oy || hHFui(kz h;, H) : (3.7)
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If (3.7) is true, all data streams in set D can be correctly detected at the same
time. When multiple data streams are detected simultaneously, each data stream
suffers from interference from other data streams. Maximizing the minimum user
data rate can be effectively achieved by detecting a data stream at one SIC stage,
i.e., a single layer SIC detection. It can increase the equivalent SNR of one user by

subtracting the detected signals timely.

3.2.2 Low-latency and Low-complexity MRC-SIC

MMSE-SIC and MRC-SIC are two classic MUD schemes. MMSE-SIC can max-
imize the data rate, while MRC-SIC can significantly reduce computational com-
plexity to support low-latency access for multiple users [51]. The MRC detector is

VMRC — HZ | and the processed signal at the time of detection is as follows.

T
V%[Rcyb{ :HgHD [Skl,lv ceey Sk\D\vl\DJ
3.8
+HE > hyaipsi; + Hpz, (3:8)
(i,j)€U\D
where the p-th row of VXECy,, can be used to estimate the data stream Sk, 1, and

it can be further expanded to

Vi phi yu
hy/

=/a,;p || hy ||? (mhk\/ak,lpsk,l
~ g (3.9)

desired data stream
hj hy
+ h;\/a; ips; -+—z).
| hy |2 ( Z VR | hy, ||
L N——

4,5)eU\(k,l)

- N~ noise
interference of other data streams

N

When using MRC detection, the equivalent received power of the desired data
stream s is oup || hy ||%, the noise power is E {|| hf'zz"hy || / || hy, ||} = o?, and

the power of equivalent interference can be expressed as

EXIhf( Y hiyagpsiy) 1P/ 1P = Y. aupllhih |* /||y |

(6,5)€UN(kD) (6,5)€UN(k,D)
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Therefore, the equivalent SNR of s;; could be expressed as follows.

SINR (3 24
agp | hy || (3.10)
— - _
Z(i,j)eM\(k,l) aip [y hy |2/ [ hy |2 + 0

When ry; satisfies the following constraints, MRC can successfully detect the

data stream sy .

MRC
Tkl < R(k,l),u

H

£ log ( D peu Qg |1y ha |12/ T hy |7 4 0 ) (3.11)

B 2 H .
Do e Qg |y |12/ | e |12+ 02

In addition, when the above formulas hold for V(k,1) € D, all data streams in
the set D can be detected by MRC simultaneously.

3.3 Achievable Data Rate Based on Stable SIC Detection

This section describes the conditions for SIC stability and the theoretical achiev-
able data rate region by MMSE-SIC and MRC-SIC detection, which plays an essen-
tial role in achieving multi-layer superposition transmission to approach symmetric

capacity.

3.3.1 Conditions for Stable SIC Detection

In the case of single-layer SIC detection, the receiver detects one specified data
stream at a time in a particular order and continuously subtracts the successfully
detected data streams. Here, a mapping function 7 : K — Lx ={1,2,..., KL}
is defined to map the index of one data stream to the detection order of this data
stream at the gNB. 7((k,1)) < m((7, 7)) specifies that the layer [ of user k is detected
before the layer j of user i. Meanwhile, the UL multi-layer MU-MIMO NOMA
system can be represented by a K-user L-layer configuration F (P ., Hr, Rx 1, 02),
including the allocated power Py ;, user data rates Rk 1, channel coefficients Hp,

and noise power o2.
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Here, the conditions for stable SIC detection are given. UL user layers can be
stably demodulated by MMSE-SIC when there is a mapping function 7 : Kk 1, —

Lk, satisfying the following formula.

Tkl SR%%%/EVW), V(k,1) € Kk L, (3.12)

where Wiy = {(4,4)|7((4,7)) > m((k,1))} represents the set of remaining data
streams when si; is being detected. At the same time, if the following formula

holds, the UL system can be stably detected by MRC-SIC.

Tkl SR?E})(?W(,C,D, V(k, 1) € Kk L (3.13)

3.3.2 Minimum Achievable User Data Rate by MMSE-SIC

Let U denote the set of remaining data streams, and the supremum of the sum

data rate of all data streams in D is given by:

REUP = log, det (I|D| + H%F;{DHD) , (3.14)

1
where R3VE = log, det (IM + —2HDHg). In fact, R3;Y can be achieved by a
b O- k)
single-layer MMSE-SIC of any detection order, as described in the following theorem.

Theorem 1. Applying an arbitrary mapping functiont : D — Lip| = {1,2,...,|D|},
the supremum of the sum data rate of data streams in D can be reached by the single-

layer MMSE-SIC detection. It can be expressed as

MMSE _ pSuUP
Z(k,l)eD R(k’l)vw(k,l) =Rou; (3.15)

where Wy = UN{ (7, 7)|7((4, 7)) < m((k,1))} represents the remaining data streams

at the time of detecting sy .

Proof. Without loss of generality, an arbitrary mapping 7 : D ~— Ljp| can be

implemented to decide the detection order (ky,l1) — (k2,l2)... = (kp|,{jp|). When
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adopting the successive detection process, the right-hand side (RHS) of (3.15) can

be rewritten as follows

RE; = log, det (Tp| + HAF, !, Hp)
A B
=log, det (3.16)
C D

—log, (det(A) det(D — CA™'B))

where A = Ijpj 1 +HZ, ;. 1\ FripHoy g 1), B = 9HE, 1 Friphi,, C = 9hiIF, | Hp\ 1),
and D=1+ ﬂQhHFu\thu and ¥ = v/ Okq,11 D-

Then, the Sherman-Morrison-Woodbury formula [74] can be performed. Hence,

we have,
det(D — CA™'B)
=D -C <I\’D\*1 - Hg\(klJl)XFiiDHD\(kLll)) B
=D - CI_ID\ k1 l1)XFu\th:1 (3.17)

—1
=1+ 9’y (Funp + Hoe,0)HD\ (1,11)) By

=1+ 9°h; F,!

U\ (K1, )hku

-1
where X = <IM + F&iDHID\(klyll)Hg\(kl,ll)) :

Through the above derivation, (3.16) can be further expanded as

Ry = log, (det(A) det(D — CA™'B))

_ 1
—log, ngig,m (1 + 1. Ph; Fu\{(m )y (ki,u)}h’ﬂ)

B (3.18)
_ Z MMSE
(k,0) eD Wik
This proves the theorem. O

In particular, for a subset of the admitted users S, MMSE-SIC detection can

achieve the supremum of the sum data rate of the users from S (Vk € S, (k,l) e U, D
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always holds), which is given by

L
Zkes Zl:l R%%é%(k,l) - CS(pK’ HK’ 0-2)' (319)

As can be seen, the sum of the data rates remains unchanged when the detection
order of two adjacent data streams is changed. In fact, MMSE-SIC with enough
layers can be implemented to approach the symmetric capacity, as shown in the

following theorem.

Theorem 2. For arbitrary ¢ > 0 and a K-user configuration f(ﬁK,I:IK,f‘K,J2)
that satisfies
P < Com(Pr, Hic,02) —e,  Vk e {1,2,.., K}, (3.20)

there always exits a A\g. When L > Ak, at least one MMSE-SIC stable K -user

L-layer configuration .F(IA)K,L, I:IK, ]::{K,L, 0?) meets the following constraints,

k=) DPri (3.21a)
L
Tk = Zl_l T (3.21Db)

Proof. The following lemma is claimed for a concise proof. To derive the original

Theorem 2 from Lemma 1 is straightforward.

Lemma 1. For arbitrary € > 0, there exists a A\x < oco. VL > Ak, at least one
MMSE-SIC stable one-user L-layer configuration .F(PKL,I:IK,RK,L,UQ) satisfies
(3.21a), (3.21b), and C (pry || hy || 02) 2 logy(1 + pry || by ||2/02) < €, Vk, L.

When K = 1, Theorem 2 is true with L > 1. Further, for arbitrary € > 0, there

exists a A\; < oo, Lemma 1 is true.

When K = 2, it is easy to verify Theorem 2 is true when L > 2. For 7} <
Csym (D2: I:IQ, 0%),k = 1,2, we can construct a new two-user two-layer configuration
F(Pys,Hy, Ry, 0%). The power allocated to layers is set as pr1 = p1, pro = 0,
P21 = O0aPa, Pa2 = (1 — 02)pa, and 0y is the unique number that satisfies 7y =

log, (1 + 1 || hi (0?1, +52ﬁ2h2h12q)_1h1 ||> The data rates are set as 711 = 71,
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f12 =0, and 721 = logy (1 + poy || hy ||* /0?), Fo0 = 2 —Fa 1. From (3.20) and (3.2),
we have 0 < 0y < 1. It is straightforward to prove that p; = p1 1+p1.2, P2 = P2.1+D2.2,
Ty = T11+ P12, P2 = To1 + T2 hold, and thus the constraints in (3.21a) and (3.21b)
are satisfied. In addition, with the detection order (2,2) — (1,1) — (1,2) — (2, 1),
this new configuration is MMSE-SIC stable. Hence, for arbitrary € > 0, there exists
a Ay < 00, we can further split the layers of each user into no more than Ay layers,

without changing the detection order and sum data rate, to satisfy Lemma 1.

When K = Ky + 1, we assume that Lemma 1 is true for 1 < K < K. Due to

space limitation, we briefly prove that Lemma 1 is true for K = Ky + 1 as follows.

First, without loss of generality, we assume that the user with the largest receive
power pi|| hy || is user Ko + 1, Sk, = {1,2, ..., Ko}, Sko41 = Sk, U {Ko + 1}, the
symmetric capacity of Sk, is Tx, = Csym (P> Hy,,0?), and the symmetric capacity

i = _ o & 2
of SK0+1 IS TKo+1 = Csym(pKo-l—la HK0+17 g )

Considering the symmetric capacity is lower with more limitations, 7x,+1 < Tk,
From Lemma 1, for arbitrary € > 0, there exists an integer A\g, < 0o, we have
an MMSE-SIC stable Kj-user Ag,-layer configuration ~7:<pKo,/\K071:IKoa IA{KO,,\KO,UQ)
satisfies pp = ZZ\:KlO Dkl ZZ\:K{) Pri = Tr, — 6, Vk € Sk,, and C (px, || hy [|?,0?) <
€,Vk € Sk, YVl € {1,..., Ak, }

If the achievable data rate of user Ky + 1 is higher than 7,11, we have

log, (1 + Do+t || h§0+1FE{O Ak hr, 41 ”) > TKo+1-
’ 0
Then, Theorem 2 is definitely true when user Ky + 1 is detected first, and we can

split user Ky + 1 into no more than Ak, 41 layers to ensure Lemma 1 is true.

Otherwise, we gradually increase the detection order of the un-layered user Ky+1
from 1 to KAk, + 1. The period between adjacent increments is called a phase, and

Tko+1 = Trky+1 always holds at the last phase.

At each phase, we select user K with the largest achievable data rate, and select

the latest detected layer L' of user K'. Then, the layer (K, L") is moved to be
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detected first without changing the relative order of the other layers of all the users.
Next, the current latest detected layer L” of user K is chosen and moved to be
detected first. From (3.19), each movement of the layer of user K increases the
achievable data rates of all the other users. The movement of the layers of user K’
is undertook until 7x,41 —€ < Z;\:Klo Tr' 1 < Tko+1 holds. After that, we select user
K" with the largest achievable data rate, and repeat the above operations. When

the detection order of user Ky + 1 increases, the next phase starts.

Then, there always exists a phase, including the final phase in which user Ky+ 1
is last detected, and the detection order of user Ky + 1 cannot increase anymore.
In this phase, the users with at least one layer detected after user Ky + 1 cannot
be selected as the user acquiring the largest achievable data rate. Suppose they
belong to the set S C Sk,. Considering the movement can always be performed,
the users in S” C Sk, \ S’ are successfully detected with achievable data rate larger
than 7x,+1 — € and the other users in Sk 41 \S”. Therefore, the users in 8" can
be detected while the constraints are satisfied and the detection order of the layers
of the other users does not change. When we split user Ky + 1 to ensure the users
in Sg,41 \' S’ satisfying the constraints, the case is equivalent to K = |Sg,41 \ S’ |.
Known from Lemma 1, we can spit the user Ky + 1 into at most A Srcge1\S"| layers,
to maintain 7,11 = fISKOH\S”I — € > Tgy+1 — €. Therefore, Theorem 2 is true when

K=Ky,+1.

Finally, we split the user Ky + 1 into at most Ag,+1 < oo layers to satisfy

C (Prgr11 || higr1 |2, 0%) <€, VI. Thus, Lemma 1 is true when K = K + 1.

In summary, Lemma 1 can be proved, and Theorem 2 is also true. O]

When the number of layers is large enough, the symmetric capacity can be

approached by rate splitting and stable MMSE-SIC detection.

3.3.3 Minimum User Data Rate Achieved by MRC-SIC

From (3.10), the equivalent interference power is lower than the total power of

the other remaining data streams. To this end, a LB for the achievable sum data
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rate of the data streams in D is

Rbu = C( S om0 Y piy | +02)- (3.22)
(

k,1)eD (i,5)€U\D

LB MRC . - s
R(k,l),W(k,l) < R(k,l),W(k,l) can always be verified as true. Considering the condition

of SIC stability, when there is a mapping function 7 and the K-user L-layer UL
configuration F (P 1, Hr, Ry 1, 0?) satisfies ry,; < R%lfl)yw(k,l)’v(k’l) € Kk, the

UL configuration can be stably detected by MRC-SIC at the receiver.

3.4 Maximizing the Minimum User Data Rate by Rate Split-
ting

In this section, a receiver-centric algorithm is designed to update the split power
and data rate of each user to increase the minimum data rate for UL users. The
proposed solution has two advantages. Firstly, UL users’ minimum data rate is
increased by the scheduling of the gNB, thus ensuring fairness among UL users.
Secondly, when the target data rate of all potential users is given, more users can
be admitted to access the gNB simultaneously. To ensure stable MMSE-SIC detec-
tion, the gNB can calculate the optimal rate split configuration for each user after
receiving the requested data rate and obtaining CSI from potential users. The gNB
then announces the power allocation and data rate allocation factors to all users
during transmission. The gNB scheduling process of rate splitting in MMSE-SIC is
presented here. The data rate of each layer r; = f7, (1 <1 < L) is determined by

the target data rate of user 7, where (; is a predefined rate splitting factor, and the
21

L(1+1L)
user and split its power into two parts, one for supporting the target data rate of the

rate splitting factor can be set to 5, = . At each stage, the gNB selects a
current layer, and the other one is the unallocated power. First, the gNB sorts the
users in descending order of the equivalent SNRs. Second, the gNB estimates the
data rate gap for each user, which is equal to the difference between the achievable
data rate of unallocated power and the sum of the required data rates of unallocated

layers. Third, the user with the minimum data rate gap is selected, and one layer is
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Algorithm 1 The Multi-Layer Rate Splitting scheme to Support Stable MMSE-SIC

Initialize Y = Kg.p, t =1, V = @, px, Hg, and R 1
repeat
Achievable data rater), = log, <1 + i || fl,IjF;lflk ||>

Ok, = ming jyey (e — 7ij)
(k,1) = arg ming jyey (T — 7i5)
Allocate data rate 7y; = min{7y, ri; }, Vi = (k1)
2k — 1
| BT hy, |
Update U <~ U \ V, and V < V UV, for next rate splitting
t=t+1, pp = Px — Pry
until i/ = &
t=1
repeat
Determine the SIC detection order 7(V;) = KL —t, t =t+1
until t = KL
Output the allocated power P k.1, allocated data rates RK, 1, and the SIC detection
order w

Allocate power py; =

split for this user. If the achievable data rate of unallocated power is greater than
or equal to the target data rate of the layer, the unique power value that achieves
the desired data rate is assigned to this layer. The allocated data rate for that layer
is equal to the target data rate. Otherwise, all unallocated power will be allocated
to the layer, and this layer’s allocated data rate is equal to the unallocated power’s
achievable data rate. Finally, the process terminates when all layers of all users have
been determined with allocated power and data rates. After the detection order and
the data rate splitting factors at the gNB are obtained, the feedback of rate splitting
will be transferred to UL users to improve UL transmission. As shown in Algorithm
1, the optimal detection order can be determined. The power and data rates of UL

users can approach the symmetric capacity with a stable MMSE-SIC detection.

The similar receiver-centric algorithm can be designed to increase the minimum

data rate for UL users when MRC-SIC detection is adopted.
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Table 3.1 : Simulation Parameters

Parameter Value
Bandwidth (MHz) 1
Cell range (m) 30~150
Data packet size (Byte) 64
Noise power (dB) -110
Tx power (dBm) -5h~15
Path loss exponent 3
Antenna configuration 1Tx, 4Rxs

3.5 Simulation Results and Analysis

Theoretical calculations and simulation results are demonstrated here to verify
the above findings. Comparing the minimum user data rates of different schemes,
it is verified that the proposed schemes can approach symmetric capacity. Then,
the number of UL users and the complementary cumulative distribution function
(CCDF) of the transmission latency are presented. It is assumed that UL users are
evenly dispersed in the cell with their distances to the gNB ranged from 30 m to
150 m, and the channel coefficients are randomly generated for 1000 times. Table

3.1 lists the detailed parameters of the simulation.

3.5.1 Maximizing the Minimum User Data Rate

Fig. 3.2 illustrates the minimum data rate of UL users for different schemes in
MU-MIMO NOMA. MMSE-SIC NOMA can achieve nearly 90% of the symmetric
capacity, while MRC-SIC NOMA can only achieve 70% of the symmetric capacity.
At the same time, when Tx power is high, the proposed schemes are significantly
superior to the existing ordered SIC (OSIC) NOMA and OMA schemes. Notably,
the minimum user data rates for OSIC NOMA and OMA decrease significantly at
this time. The minimum user data rate for different numbers of admitted users are
also compared. Generally, MMSE-SIC NOMA can approach the symmetric capacity

with increasing admitted users.

Fig. 3.3 demonstrates the maximum number of admitted users when there are 20

potential users. The admitted users can be successfully detected with the required
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Figure 3.2 : Minimum user data rates achieved by different schemes when each user
is split to 6 layers.

data rate 7 =2 bit/s/Hz. MMSE-SIC NOMA and MRC-SIC NOMA indicate great
advantages to the existing schemes. When Tx power is 10 dBm, MMSE-SIC NOMA
can support three times more admitted users than OSIC NOMA. Meanwhile, as Tx
power increases, the maximum number of admitted users in the proposed schemes

increases.

3.5.2 Reduce Detection Complexity and Latency

The reduction in computational complexity plays an essential role in the realiza-

tion of SIC detection, especially when the number of UL users is large. Therefore,
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Figure 3.3 : Maximum number of admitted users when there are 20 potential users.

it leads to the limitation of the number of matrix inversions and SIC operations to
a tolerable level, which is usually determined by the number of admitted users and
the number of split layers. In addition, the processing latency decreases with the
reduction of the computational complexity and the number of SICs. On the one
hand, when a moderate number of admitted users exist, the data of each user can
be split into enough layers and MMSE-SIC detection tends to approach the sym-
metric capacity closely. Then, the matrix inversion should be performed for O(K L)
times, and the number of single-layer SIC operations can be O(KL). If group SIC
detection is implemented at the receiver, the matrix inversion operations can still

be O(KL), and the number of group SIC times is drastically reduced to approxi-
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mate O(K %L%). Moreover, when massive users are admitted to accessing the gNB,
the data can be divided into only two layers and detected by MRC-SIC at the re-
ceiver. Therefore, the number of matrix inversion operations and single-layer SICs
decreases sharply to O(1) and O(2K) and respectively. Meanwhile, the number of
SICs for OSIC NOMA is O(K). Although the symmetric capacity of MU-MIMO
NOMA can be achieved by nonlinear and iterative linear detection, they have very

high computational complexity, usually from O(K?) to O(K?).

Considering the detection order, the data stream of one UL user may not be

detected until a partial data stream has been successfully detected and subtracted.

Fig. 3.4 illustrates the reduction in the number of SICs when group SIC detection
is implemented. When there are K users and L layers, the single-layer SIC should
be executed for KL — 1 times. The ratio of grouped SIC times to single-layer SIC
times reflects the reduction in processing latency. Although the number of single-
layer SICs increases as the number of admitted users increases, the ratio of grouped
SIC times to single-layer SIC times reduces. Hence, group SIC detection has a sharp
decrease in the number of SICs with a lower processing latency than single-layer SIC

detection.

3.5.3 Reducing Transmission Latency

Fig. 3.5 presents the CCDF of transmission latency when the packet size is 64
bytes. The proposed scheme achieves the lowest transmission latency with negligible
fluctuation among users. It is always superior to OMA. Meanwhile, although 50%
of OSIC NOMA users can achieve almost the same transmission latency as MMSE-
SIC NOMA users, 20% of OSIC NOMA users have much higher transmission latency
than MMSE-SIC NOMA users. Therefore, rate splitting effectively increases fairness

among UL users.

Fig. 3.6 illustrates the CCDF of transmission latency with different numbers of
admitted users. When the number of admitted users rises, the transmission latency
of all UL transmission schemes increases. In particular, MMSE-SIC NOMA and

MRC-SIC NOMA have a much lower increment in transmission latency when the
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Figure 3.4 : An example of the decrease in the number of SICs when using group
SIC detection.

number of admitted users becomes greater than it is in the existing schemes. When
12 admitted users exist, the probability of transmission latency exceeding 0.4 ms is
less than 1% in the proposed schemes. Therefore, in IoT applications with massive
potential users, MMSE-SIC NOMA and MRC-SIC NOMA are more competitive

than existing schemes to satisfy the constraints on latency.
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Figure 3.5 : CCDF of transmission latency with 8 users.

3.6 Summary of This Chapter

42

This chapter has presented the multi-layer superposition transmission enabled by

rate splitting and MMSE-SIC/MRC-SIC detection. Besides, their advantages have

been demonstrated by approaching the symmetric capacity in MU-MIMO NOMA.

For high performance, high precision or even perfect CSI is assumed to be obtained

at the BS. The detection algorithm with imperfect CSI will be analyzed and dis-

cussed in Chapter 5. This chapter has proposed a new rate splitting scheme to

approach the symmetric capacity by MMSE-SIC detection. As presented in the
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Figure 3.6 : CCDF of transmission latency with 6-layer rate splitting.

simulation results, MMSE-SIC detection can achieve 90% of the symmetry capacity
without a significant increase in computational complexity and latency. Therefore,
the proposed multi-layer superposition transmission based on SIC detection is supe-

rior to the OMA and OSIC NOMA schemes in maximizing the minimum user data

rate. It has outstanding application prospects in the future IoT applications with
massive UL users.

43
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Chapter 4

Supporting Short-packet Transmission with
FD-SCMA

This chapter combines the FD and SCMA techniques to reduce the latency and
utilizes the diversity gain of multiple Rx antennas to improve reliability. Firstly,
FD-SCMA is proposed to support URLLC for transmission in UL and DL simulta-
neously, and spatial diversity is applied to further enhance reliability by installing
multiple Rx antennas. This chapter derives the effective SNR under imperfect SIS
to analyze reliability, and then calculates the error probability in UL and DL, re-
spectively. In the time-invariant flat fading channel, this chapter demonstrates that
FD-SCMA increases reliability under transmission latency constraints. In the time-
invariant frequency selective fading channel, this chapter derives the error probabil-
ity of FD-SCMA under given transmission latency and verifies the effectiveness of
FD-SCMA by theoretical calculation and Monte Carlo simulation. The proposed
FD-SCMA scheme can support transmission in UL and DL simultaneously to signif-
icantly minimize the access latency. Also, the proposed scheme can achieve a good

compromise in transmission latency and reliability.

4.1 Motivation

To support URLLC by 5G New Radio (NR), reliability and latency can be guar-

anteed from the following aspects.

First, the recently studied diversity-based approach significantly improves the
reliability of UL transmission. The key factor in reliability improvement is the
diversity in the space domain, frequency domain, time domain, and coding domain
[75, 76]. Considering the deep fading that could be encountered in time-variant and

frequency-selective channels, diversity is essential in highly reliable transmission. In
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addition, MUD and accurate channel estimation also help to improve reliability in

UL transmission.

Second, redefining the frame structure can significantly reduce latency. A mini-
slot is defined as a short slot in 5G NR containing 1 to 13 OFDM symbols [1]. When
the system operates at above 6 GHz, the subcarrier spacing of OFDM symbols can
be extended from 15 kHz to 60 kHz, 120 kHz, or even 240 kHz [1]. Through adjusting
the frame structure, the duration of a slot can be reduced from 500 microseconds (us)
to about 5 us. Meanwhile, FD can simultaneously support UL and DL transmission

[16].

Third, re-using radio resources can enhance reliability with lower latency. NOMA
can serve multiple users in the same radio resource, with higher SE than OMA [4].
In addition, NOMA can reduce access latency by providing services to multiple
users simultaneously with given radio resources, so it can reduce the time consumed
on waiting for some users. SCMA spreads a user’s signal across multiple carriers
and then improves reliability through frequency diversity. At present, OFDMA is
the basic waveform of 5G and can be adequately combined with SCMA. Further,
the combination of OFDMA and SCMA can benefit from the frequency diversity
remarkably in the extensively existed frequency-selective channel. With the im-
provement in standardization and applications, the prospect of SCMA deployment

in 5G is bright.

One of the key techniques to maintain reliability in SCMA is the codebook design.
Each codebook can be generated from the mother constellation with a specific phase
rotation, and users are distinguished by different carriers occupied [9, 30]. Grant-
free SCMA can be implemented to reduce the latency that is consumed in sending
scheduling requests [77]. Codebook and MUD, which have been extensively studied,

can be applied as solid bases in this chapter.

Recently, some scholars have proposed and studied the impact of the combi-
nation of FD and NOMA. The utilization of an optimal power allocation scheme
can effectively reduce the outage probability of weak users in DL cooperative FD

NOMA relay systems [78]. In the meantime, the outage probability of cooperative
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FD NOMA relay systems may be increased by incomplete SIS [79]. In practical
applications, FD can generally suppress the self-interference level to about -130 dB
through SIS [80]. Under practical and imperfect SIS, it is necessary to evaluate the
decline in reliability. Most of the previous studies have assumed that FD is only ap-
plied with one Rx antenna and mainly in single-carrier transmission. Subsequently,
FD can only reduce the BLER to the level of nearly 1072, which still cannot achieve
the required 10~° BLER. Besides, previous studies have not considered the compro-
mise between low latency and high reliability. In [81], the authors comprehensively
investigate the basic concept, suppression techniques, MAC protocols, and perfor-
mance of in-band full-duplex systems, and then they indicate the research trends
and potential applications. Paper [82] studies the performance of spectrum sensing
schemes that use either a single-channel or multi-channel energy detector for in-band
full-duplex operation. Zhou et al. [83] take advantage of pilot-data superposition in
a FD-MIMO system to reduce the pilot overhead of the uplink and improve the net-
work performance. Biswas et al. [84] study an FD MIMO cellular system collocated
with a MIMO radar system, and propose spectrum sharing algorithms to improve

the QoS for cellular users.

There are still some challenges during the application of FD and NOMA schemes
mentioned above. First, there is a trade-off between reliability and latency due to
power and bandwidth limitations in [oT deployment [85]. Then, the direct applica-
tion of multiple Tx antennas in FD may cause complicated inter-user interference
and self-interference that are difficult to suppress effectively, especially in multi-cell
scenarios. Finally, accurate CSI is critical for IC and MUD algorithms. However,
it is challenging to achieve accurate instantaneous CSI in an ultra-low latency in
current wireless networks. Through the extensive study, SCMA and FD schemes
have been proven to be effective in reducing latency. Nevertheless, when there is
only one Rx antenna being applied, the required 107° BLER for reliable communi-
cations cannot be directly guaranteed by SCMA or FD independently. It is possible
to considerably reduce the BLER by combining the advantages of SCMA and FD
and exploiting the diversity gains fully, thereby supporting reliable delivery without
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retransmission in low-latency communications.

This chapter proposes FD-SCMA that the FD gNB can support multiple SCMA
users in both UL and DL. Further, multiple Rx antennas are installed to exploit
spatial diversity. It is assumed that accurate CSI is available at the receiver, and
the FD gNB simultaneously serves UL and DL users with dedicated assigned SCMA
codewords. In addition, due to the improved SE brought by FD, UL users can
leverage a lower rate coding scheme that can gain diversity from the coding domain.
Since the SCMA codewords, which utilized used by the UL users and the gNB,
are mutually pseudo-orthogonal, the original MUD can distinguish the signals at
DL users. Therefore, the intrinsic UL-to-DL interference in FD can be mitigated.
The FD-SCMA scheme that gains diversity from multiple domains can significantly

improve reliability in low-latency communications.

There are some studies involving the combination of FD and NOMA schemes
in BSs, but they do not fully exploit the diversity gains of multiple carriers and
Rx antennas. An essential feature of FD-SCMA is that it can effectively utilize the
diversity gain to significantly improve reliability with low latency in UL communi-
cations. This chapter also focuses on ensuring reliability and latency constraints on
the combination of FD and NOMA, which is not mentioned in the existing research.
The existing research combining FD and NOMA is mainly based on the IBL hypoth-
esis, without appropriate direct application in short-packet transmission. It is more
appropriate to apply the newly proposed FBL information theory in short-packet

services to analyze reliability.

4.2 FD-SCMA System Model

The FD-SCMA system, as illustrated in Fig. 4.1, consists of one FD gNB, K
active DL users, and L active UL users. FD-SCMA performs short-packet trans-
mission through N available carriers. Each carrier consists of 12 subcarriers with
fsc subcarrier spacing. D information bits are assumed to be included in a packet.
Considering the ultra-high reliability, this chapter assumes Ngx Rx antennas are

equipped at DL users as well as the gNB to exploit space diversity. Only one Tx



48

power

carrier

Figure 4.1 : An illustration of the FD-SCMA system with one FD gNB, K DL users,
and L UL users.

antenna is installed at UL users and the gNB, respectively. The latency typically
includes the access, transmission, demodulation, decoding, and retransmission la-
tency [86]. This chapter studies the transmission latency tpg that accounts for the

most substantial proportion of the total 0.5 ms latency.

By appropriately assigning an SCMA codebook to each UL/DL user, the trans-
mission signals can be generated by mapping the information data according to the
codebook. The signals of different users can be transmitted simultaneously and be
distinguished properly at the receiver through MUD, for example, joint ML detec-

tion.

The transmission of the FD-SCMA system follows the slot mode. A resource

block (RB) lasts one time slot in the time domain and occupies one carrier in the
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frequency domain. One slot includes N RBs spreading in the frequency domain, and
each RB lasts for Tgp,, the time duration of one slot. To transmit one short packet
in tpg, the number of occupied slots is Ng;, = tpg/TsL. The basic element of bearer
signals in NR is RE, and Mgrp REs are included in one RB. The coding blocklength
M can be given by M = MgpNgs;, = Mrptpe/TsL-

One codeword is mapped onto Ny different carriers. The following two matrices

may be applied to indicate the carrier allocation for the signals in UL and DL,

GDL = [gllev g2DL7 o aggL]> (41)
and

GUL = [g}JLa g;JL’ T >gILJL]7 (42)
where g = [g7), 95k, - » gn#] " indicates the SCMA mapping pattern of the signal
transmitted from the gNB to DL user k, and g™ = [g}, g5, -~ , gnj]" indicates

the SCMA mapping pattern of the signal transmitted from UL user [. g,% e {0,—1}
and g}le €{0,1} 1 <k<K,1<1<L,1<n<N) denote whether carrier n

will be assigned to DL user k or UL user [, respectively. g7} = —1, if and only if

UL
n,l

the signal of DL user k is mapped onto carrier n. g-; = 1, if and only if the signal
of UL user [ is mapped onto carrier n. The number of non-zero elements in gP“
or g’ is equal to Ng. According to the principle of SCMA design, each column of
GEQya = [-GPY GV has a different mapping pattern so that operating two users

on the exactly same set of carriers can be avoided.

In order to simply describe the small-scale fading (SSF) and large-scale fading
(LSF) coefficients of UL and DL channels, the FD gNB can be represented as DL user
0 and UL user 0. Meanwhile, a uniform variable A, ,,;r € C (1 <r < Ngx,1 <n < N)
can represent the SSF coefficient on carrier n of the Rx antenna r of the chan-
nel from the gNB to DL user k& (I =0,1 < k < K), or the channel from UL user
[ to the gNB (1 <1< L,k=0), or the channel from UL user [ to DL user k
(1 <1< L,1<k<K). Inthis way, a uniform matrix H; , = [hy ;x, ha k- -+, hy gl

can represent the SSF coefficients of the channel from UL user [ to DL user k, where
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Wik = [Pk Penik s Pnggnik)? (1 < n < N) is the SSF coefficients of the
channels from the Tx antenna of UL user [ to the Rx antennas of DL user k on
carrier n. Particularly, Hyj, denotes the SSE' coefficients of DL user k; and H;
denotes the SSF' coefficients of UL user [.

The variable w;; € R* can represent the LSF coefficient of the channel from
the gNB to DL user k (I = 0,1 < k < K), or the channel from UL user [ to DL user k
(1<I1<L,1 <k<K),orthe channel from UL user [ to the gNB (1 <1 < L,k =0).
Furthermore, the LSF coefficients could be expanded and expressed as w;; =
dl_ko‘ (0 < diy < Rp), where o denotes the path loss exponent, Rp is the cell radius,
and d; ;, represents the distance between the gNB and DL user k (I = 0,1 < k < K),
or the distance between UL user [ and DL user k (1 << L,1 <k < K), or the
distance between UL user [ and the gNB (1 <1< L,k =0).

In one slot, the FD gNB and UL users will simultaneously transmit signals in the
occupied carriers, so that DL users undergo two types of interference: MUI caused
by superposed DL transmission, and UL-to-DL co-channel interference (CCI) in FD.
Hence, the received signal of DL user k on carrier n of Rx antenna r can be expressed

as

Yrmk = ) Doy kP m okl g0y + Z \/ PRS0k R 0.k | T

m=1,m#k
desired signal of the DL user k& MUI in DL (4 3)
2 / UL
+ qnlwlkhrnvl,k’gnl‘wnl +Zrnk7
~—~—
UL-to- DL CCI noise

where IBI]; € C and :c}j% ceC(1<EkE<K 1<I<L,1<n<N)indicate the
signals transmitted on carrier n from the gNB to DL user k& and from UL user [

to the gNB, respectively; E (|zR%[?) = E (|z57]?) = 1; 225, ~ CN(0,07) is the

"
complex AWGN at DL user k on carrier n of Rx antenna r; p)% indicates the Tx
power of the gNB for DL user k on carrier n, and qglL indicates the Tx power of UL

user [ on carrier n.
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At the same time, the transmitted signals of UL users will suffer from two types
of interference: the MUI due to UL superposed transmission, and the residual self-
interference caused by the FD gNB. Thus, the received signal at the gNB on carrier

n of Rx antenna r can be expressed as

Z/g; =\ qnlwl()hrn,l,o‘gn + Z \/ q'}zﬂjwj Ohrn,j 0‘gnL|'r

J=1 J#L
>
~
desired signal of the UL user [ MUI in UL (4 4)
DL UL
+\/_h00§ : pnk n,k+2r,n’
~~ 7~
residual self-interference noise

where k € [0,1) is the SIS factor of the gNB, and can represent the ability of the
gNB to eliminate SIS caused by FD; hgy € C represents the SSF coefficient of the
channel from the Tx antenna of the FD gNB to the Rx antennas of the FD gNB;
zy ~ CN(0,03) is the complex AWGN of the Rx antenna r of the gNB on carrier

n.

Here, it is assumed that each user maps the signals to the occupied carriers with

equal power. Therefore, the Tx power for DL user k on carrier n is given by

Pk = 9nilp™ /N, (4.5)

where pP¥ indicates the Tx power allocated by the gNB for DL user k; pPl =
SV py and S PPt < PRy, where PRy indicates the maximum Tx power of
the gNB. So as to uniformly describe the self-interference of the gNB on different
carriers, it can be assumed that the maximum Tx power of the gNB on each carrier

is Phky /N, and Zk PR% < PREX/N (1 <n < N).

The Tx power of UL user [ on carrier n is represented by the following relationship

where ¢ denotes the Tx power of UL user [; ¢% = ij L ant < Pyix, where
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Pi%« indicates the maximum Tx power of UL users.

It is worth mentioning that the codewords causing CCI and MUI are homo-
geneously generated for the DL user’s receiver. Consequently, the original MUD
module can be applied directly to process all UL and DL interference. After MUD
is adopted, it can detect and suppress strong UL-to-DL interference through the SIC
at the receiver of a DL user when the interference power is stronger than the noise
power. Moreover, when the interference power and the noise power are comparable,
the weaker UL-to-DL interference that is hard to be detected can be allocated to
non-overlapped carriers. Therefore, when the number of carriers is large enough, DL
users can significantly mitigate the residual UL-to-DL CCI in FD-SCMA compared

to other typical FD schemes.

4.3 Effective SNR and Error Probability in Low-Latency
Communications

This section derives the effective SNRs of the gNB and DL users. In addition,

an expression for the error probability is derived in the FBL.

4.3.1 Effective SNR

Since each codeword of an SCMA user is distributed on Ny of total N carriers,
the receiver can detect the codeword by combining the signals on different carriers.
Further, the maximal achievable rate can be achieved by R = C(3) = S0 C(5,)
[87], where 7 is the effective SNR of the codeword. Besides, 4, indicates the effec-
tive SNR on carrier n under the condition where carrier n is not occupied by the
codeword, 74, = 0, and C'(%,) = 0. In low-latency short-packet transmission, the du-
ration is generally less than the coherence time of the channel. It can be reasonable

to assume that the channel coefficient of each carrier remains unchanged. Thus, we
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can have [87, 88

j=c (i (57 élogxl + ﬁﬁm,n))>

=C! (Z log,(1 + 5*%)) (4.7)
=T a+8%) -1,

where 7, is the effective SNR on carrier n when the interference is completely elim-
inated, known as perfect interference cancelation (PIC). 8 indicates the ability of
different schemes to eliminate MUI, and it is affected by the number of active users.
In the physical layer abstraction of SCMA, the recommended value (3 is from 0.82
to 0.97 [88]. Greater 5 can be achieved when implementing more efficient MUDs,
such as joint ML detection, and serving fewer users. %, is the effective SNR
on carrier n of the mth codeword when interference is completely cancelled, and
Ymm = Yn (1 < m < M) when the channel coefficient of carrier n remains static in

the very short duration of short-packet transmission.

With MRC detection, the effective SNR of DL user k can be given by [10]

(4.8)

(1 + BlgR%] || o I* G2) — 1.

N
wh=TTa+sm0 -

-

1

In the same way, when the interference is completely eliminated in UL FD-

SCMA, the effective SNR of UL user [ on carrier n under PIC can be given by:

NRX‘
3 It 1P 0l*¢ 195z | | B0 117G
vUL _ ’Vl sty ’Vl sty (4'9)

n,d =

—  |hool? CEI"‘l B lhoo*GRT+1

where (" = ¢Md; ' /Naog and (' = Z Pry/0g = kPix/Nag.

For simplicity, the self-interference on the same carrier Zszl pB’II; can be approx-
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imated by the maximum Tx power of the gNB on carrier n, which is P2%/N. In
fact, if the actual DL Tx power PP is lower than PQ%, the reliability of UL users
can be improved. It can be verified in the following simulation. Therefore, through

the previous analysis, the effective SNR of UL user [ can be obtained as follows,

|hoo]?CSt + 1

n=1

N UL h 2,UL
,~YZUL _ H (1 n 5|9n,z‘ | heo (17 > 1 (4.10)

4.3.2 Error Probability in FBL

The maximal achievable rate R = D/M for a given blocklength M in a deter-

ministic channel can be closely approximated by [35]

R=c() | " o) (.11)

where € < 0.5 is the error probability,  is the effective SNR, Q(w) = fso \/%642/26%
and V(vy) = % log3 e defines the probability that a Gaussian random variable of
zero mean unit variance is greater than w.

The error probability in FBL is determined by the effective SNR and the block-
length. If D information bits are transmitted in the AWGN channel with blocklength

M, an upper bound (UB) for the error probability can be expressed as [89, eq. 14]

1 , if C(y) < D/M;

=
Q ( % (C(v) — D/M)) , otherwise.

(4.12)

In DL, when a channel realization Hyj is determined, the error probability of

DL user k£ can be given by

1 , if APL < 0;
\IJEL: Mrptpr /T DL ’ . (413)
Q( %EL)SLA]{; ) , otherwise,
o DL. hn 2 DLdfoz
where APV = C(3"%) — DT/ Mgptoe = ZnNzl log, (1 + Aozl szg o O’k) -

DTy,
MRgBtDE
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Also in UL, given the realization of H;( and hg, the error probability of UL

user [ can be given by

1 . if APE < 0;
gt = — . (4.14)
Q ( %@SLA}HQ , otherwise,

~ N
where A" = C(3") — DTsp/Mgptor = >, 1og, (1 ¥ Tho ol?KPEE  Na/N+Nao?

DTgr,
MRBtDE

BlgUL by 1 0l|2qVdy ¢ ) B

4.4 Performance in Time-invariant Flat-Fading Channels

With the utilization of the error probability derived in FBL, this section studies
the reliability performance of FD-SCMA in time-invariant flat-fading channels with

latency constraints.

In the time-invariant flat-fading channel, the fading coefficients of the channels
between the users and the gNB stay constant through all occupied carriers during

the whole short-packet transmission (i.e., hy ik = hroik, ¥V € {1,2,..., N}).

Without loss of generality, it can be assumed that DL user K has the weakest
channel gain in DL, and UL user L has the weakest channel gain in UL. It is apparent
that the bottleneck of reliability improvement is the user with the weakest channel
gain in DL or UL. Therefore, this session mainly analyzes the performance of DL
user K and UL user L. From (4.8), the effective SNR of DL user K can be derived

as
N

" =TT 0+ Blakl | oo 17 CRY) — 1. (4.15)

n=1

According to (4.10), the effective SNR of UL user L can be expressed as

N L 2 ~UL
Blgni| | Bo,ro I°CE
~UL __ n, L,
W =1] (1 + oo BT 1 1 —1. (4.16)

n=1

In a time-invariant flat-fading channel, ho g1 = [h1.0.0.k; - Pagx,00%] T and hg;o =

(110,005 -5 hNRX,o,l,o]T can represent channel fading coefficients on different carriers
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in DL and UL, respectively. h,ox = hgox and h, ;0 = hg;0 (1 < n < N) can
always hold. At this time, the effective SNR of DL user K in the time-invariant

flat-fading channel can be rewritten as

_ Ny

h 2 DLd «

’YI]?»LLSTA _ (1 + ﬁ ” 070,;\; |(l-2pK O,K> _1. (417)
dY Kk

In order to ensure reliability under a given transmission latency constraint tpg,
it should be guaranteed that C(yRE-STA) > R, where R = DTs1,/ Mggtpg represents
the achievable rate. The way to maintain sufficient effective SNR is to deploy DL
users within a given range d(l))L*, which depends on the transmission latency con-
straint tpg and Tx power p2t. Thus, it can be inferred that the deployment range

depends on

1/a
o B 1 ook || PR- : (4.18)
0 (2DTSL/MRBtDENd — 1)Nd0-%( ‘ '

It is known from (4.13) that the error probability of DL user K can be given by
Mggtpe/T: .
PRESTA = —RBDDLES/TASL (C(WBLSTA) - R) . (4.19)
V(vg=t)

Similarly, the effective SNR of UL user L in the time-invariant flat-fading channel

can be further extended to

(4.20)

—a N.
B | ho,ro ||2 qudL,o ) 1
/€|h0,0|2PMDkXNd/N + NdO'(Z) ’

HUL-STA _ (1 i

In order to maintain an effective SNR to satisfy the requirement of high reliability,

the deployment range of UL users can be extended depending on

1/«
v B 1 horo I* ar" (4.21)
0 (2DTSL/MRBtDENd — 1)(/{7}51 + l)NdUg ’ .

where 71 = |hoo|* PQ%x/NoZ. When dr o < dJ™", we can always have C/(yfL-ST4) >

~

R.
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From (4.14), the error probability of UL user L can be expressed as

PULSTA _ () ( Mggtpr/TsL (C(VILJLSTA) _ R)> . (4.22)

VOIS

Similarly, the error probabilities of HD-SCMA, FD-OMA, and HD-OMA schemes
under FBL can be derived, as demonstrated later in this chapter. By comparing
the error probabilities of FD-SCMA with other schemes, the following theorem is

obtained.

Theorem 3. In the time-invariant flat-fading channel, DL URLLC has a trans-
massion latency constraint tpp. When DL user K is within the operating range of
the system, do < dPL*, FD-SCMA has a lower error probability than HD-SCMA,
FD-OMA, and HD-OMA.

Proof. In DL, when dy r < dP™, we can have ARPY > 0, and then the error prob-
ability of FD-SCMA only depends on O(y) = @ (%(C’(v) - D/M)) Com-
pared with FD schemes, the HD schemes utilize half of the time slots to support
UL and DL, respectively. It can be obtained that MYP = Mgptpg/2Ts, = M/2,
where M"P is the blocklength of reliable HD transmission with limited latency, and

RHD = D /MHD = 2R, where RHP is the achievable rate in HD schemes.

In order to prove Theorem 3 in a concise and clear manner, the proof is divided

into the following three steps.

1) Similar to the minimum effective SNR of DL users in FD-SCMA, the min-
imum effective SNR of DL users in HD-SCMA can be given by RE-HD-SCMA
(14 8 || hoox |I? p%Lda?(/NdU%()Nd — 1. If C(yRLIDSCMA)Y _ RHD () the error
probability of HD-SCMA is equal to 1, and thus the error probability of FD-SCMA
can not be higher than the error probability of HD-SCMA. When C'(yRE-HD-SCMA) _
RHDP > (), the error probability of HD-SCMA depends on O(v) and it is easily verified
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that the following condition is true.

M )
V (7 DLSTA) <10g2(1 + ST — R)
M2 (4.23)
DL_HD_SCMA A
2\/v(,VID(LHDSCMA) (log2(1 + K ) — 2R> :
Because Q(w) is a monotonically decreasing function of w, we can have
M A
Q DL_STA (log2(1 + yRSTAY — R)
Vivg=)
(4.24)

<0 DI{\{{I;DSCMA <10g2(1 ,YDL _HD_ SCMA) RHD) '
V(W(* B )

Thus, the error probability of FD-SCMA is lower than that of HD-SCMA in DL

when dp g < d(l))L*.

2) When dj i < dDY" | the error probability of FD-SCMA in DL is lower than that

of FD-OMA. When z > 0 and 8 > N/K, we can obtain d(HﬁZéNd)Nd > d(1+$N/K,

and
N,
( + B[ hoox |I? pDLdOK/NdUK) ‘

(4.25)
N/K
(1+ | ho,o,x H2pDLdo %/ )

Moreover, in order to support K DL users on N carriers, the minimum effective

SNR of DL users in FD-OMA ~RL-FD-OMA gatisfies the following condition.

N/K
PL-FDOMA < (1+ || hoox |2 pDLdO o Jo2) K _q (4.26)

DL_STA > ,}/DL _FD_OMA ;

Therefore, vz is always true.

Considering ©(7) is a monotonically decreasing function [39], the following for-
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mula holds,
M _STA »
Q ( V(’)/[]%L’STA) (10g2(1 + ’YIBL T ) - R))

(4.27)
<Q <\/ - (%];;LAFIDOMA) (1oga(1 -+ yRP-OMA) R)) :

Therefore, when dy x < d5Y, the error probability of FD-SCMA is lower than
that of FD-OMA in DL.

3) The minimum effective SNR of DL users in HD-OMA can be given by
—a N/K
DL-HD-OMA _ (1—|— | hoox |12 ngdo,K/U%) Mo (4.28)

Substituting (4.25) into (4.28), we can obtain yRL-STA > 4DL-HD-OMA

Similar to (4.24), for Vdo x < d5%", we can acquire the following relationship,

M .
Q ( V(OISR <1ng(1 + ST — R))

(4.29)

<0 D]y;;OMA <10g2(1 _i_,Y[l?L,HD,OMA) _RHD) _
V(VK o )

Therefore, when do j; < d5'°, the error probability of FD-SCMA is lower than
that of HD-OMA in DL.

In summary, Theorem 3 has been proved. O

Theorem 3 illustrates that the proposed FD-SCMA scheme is superior to other
existing FD and NOMA schemes, including FD-OMA, HD-SCMA, and HD-OMA,

in DL when the transmission latency constraint needs to be guaranteed.

Theorem 4. In the time-invariant flat-fading channel, it is assumed that UL URLLC
has a transmission latency constraint tpg. When UL user L is within the deploy-
ment range of the system, dro < d¥L", the error probability of FD-SCMA is lower
than that of FD-OMA.
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Proof. Supporting L users on N carriers in FD-OMA is equivalent to occupying
only N/L carries per UL user, so the minimum effective SNR of UL users can be

expressed as

2 UL j—a \ME
ULFDOMA _ 4 4 ho.o [I* gp-dig 1 (4.30)
Kl hool* Prtix /N + o
When dy o < dy*" and 8 > N/L, similar to (4.25), we can obtain
N,
m Bl horo lI* gftdr$ ’
l€|h070|2Pﬁkde/N + NdO'S
(4.31)

W \N/E
(14 | ho o I g2 dL§
- klho ol Patix /N + a5

Thus, yJL-STA > A ULFD-OMA g always true.

Considering the monotonically decreasing characteristic of @(v), the error prob-

ability of FD-SCMA is lower than that of FD-OMA in UL for Vd o < dgL*.

Therefore, Theorem 4 has been proved. O]

Theorem 4 states that the proposed FD-SCMA scheme is always superior to
FD-OMA in terms of reliability in UL when the two schemes face the same self-

interference level caused by imperfect SIS.

Theorem 5. In the UL time-invariant flat-fading channel of URLLC with latency
constraint tpg, FD-SCMA has a lower error probability than HD-SCMA and HD-
OMA under the following conditions: if k < (v/2¢ — 1)/n%" (the SIS of the gNB is
sufficiently effective, so the FD scheme only faces small residual self-interference),
where ¢ = Z(ﬂ_l)R/Nd, then UL user L is within the deployment range of the system
dro < d¥*"; on the contrary, if K > (V26 — 1)/n%, then UL user L needs to be

within a smaller deployment range given by dP*" < dro < dYt", where

(4.32)

1/a
UL B horol*qf" (EUSI - (V2 — 1))
' V2Naog (k™ +1)(s — 1) '
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Proof. In UL, when dr o < dy%" | the error probability of FD-SCMA only depends
on O(y). For the concise and clear presentation, the proof of Theorem 5 can be

divided into the following two steps.

and d<(1+z/<nnj:1>>/2ﬁ/”d> S

D If v < (V2 — 1)/n%, since —+— >

QR/Nd
d((1+2)V1/2/2V2R/Na)
dx

1
2\/§R/Nd

(x > 0), we can obtain the following relationship

L+ 8 || ho Loll*qy d; G/ Naog (k0™ + 1)

28/Me (4.33)
—a 2 :
_ (L4 B [ ool Pyt dy g/ Nao) VY
Thus, we can draw the following conclusions,
M .
V(W/EL—fSTA) (10g2(1 + ')/EILSTA) _ R)
(4.34)

M/2

> e —
“\ VoS

(g1 + 205048 7).

Bliho, L oll? g dL 5\ N, o _
where ~pL-HD-SCMA — (1 + W) ¢ — 1 represents the minimum effective
0

SNR of UL users in HD-SCMA.

Considering Q(w) is a monotonically decreasing function and V() is a mono-

tonic increasing function, we can acquire

M .
Q| | s <1og L4y o) — R)
V(,VEL,STA) 2( L )
MHP UL_HD_SCMA\ _ pHHD
<@ V(ULSTAY logy (1 +p PMA) — R (4.35)
L

<0 MHP log, (1 -+ AUL-ID-SCMAY _ LHD
= V (7 ULHDSCNA) 82 L '
L

On the other hand, if k > (v/25 — 1)/7%, when di*" < dpo < dg*", we can still
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acquire
1+ B || ho,roll*qr"d; 5/ Naog (k0 + 1)
9R/Na
- 1++/1/28 || hopol*qr"d; G/ Naog (4.36)
- 9V2R/Ng '
L (L4 B | ool Py i/ Noog) V"
- V2R /Ny ’

At this point, (4.35) is still true.

Therefore, when d"™" < d Lo < dgL*, the error probability of FD-SCMA is lower
than that of HD-SCMA in UL.

/
2) When z > 0 and 5 > N/L, d(1+5fl§;Nd)Nd = d(1+;x)N

- holds, and we can still

obtain the effective SNR relationship as follows

HULHDSOMA [ ULHD-OMA  yg o qUL* (4.37)

where yHHP-OMA — (14 || ho o ||I? ¢f"d,$/05)N/ " — 1 represents the minimum

effective SNR of UL users in HD-OMA.

According to the monotonically decreasing characteristic of ©(y), the error
probability performance of HD-SCMA is lower than that of HD-OMA in UL for

dpo < dJ¥".

As described in step 1, since the error probability of FD-SCMA is lower than that
of HD-SCMA, the error probability of FD-SCMA is lower than that of HD-OMA in

UL, for dY¥" < dpo < di¥".

In summary, Theorem 5 has been proved. O

Compared with HD-SCMA and HD-OMA in UL, the reliability of FD-SCMA
is affected by the capability of the SIS, as described in Theorem 5. When the SIS
is sufficiently efficient, FD-SCMA has the lowest error probability. However, when
the SIS is not sufficiently efficient, it can be found that FD-SCMA still guarantees

better reliability than other schemes within a smaller operation range.

In general, FD-SCMA can gain reliability from the space diversity, spread spec-
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trum, and MUD. In addition, it reduces access latency by simultaneous transmission

in UL and DL, which is beneficial to support highly reliable communications in 5G.

4.5 Performance in Time-Invariant Frequency-Selective Fad-
ing Channels

In general, since the coherence time of the channel with limited Doppler shift
is typically greater than transmission duration,it can be assumed that the fading
channel is time-invariant in low-latency short-packet transmission [90]. On the other
hand, in most URLLC scenarios, the carriers spacing is greater than the coherence
frequency, so the channel fading coefficient will vary among carriers. This section
analyzes the performance of the time-invariant frequency-selective fading channel,
assuming the SSF coefficients of carriers are i.i.d. and follow the Rayleigh distri-
bution (A, 1k ~ CN(0, u?), hoo ~ CN(0,3)). An essential reason for the failure
of short-packet transmission is that deep fading on the occupied carrier reduces
the effective SNR. In this case, the frequency diversity can be obtained from the
independent channel gains of different carriers, especially in FD-SCMA. Thus, it
is preferred to improve reliability when encountering the frequency-selective deep

fading.

To estimate a UB for the error probability, an LB for the user’s effective SNR
is derived. In the time-invariant frequency-selective fading channel, an LB for the

effective SNR in DL and UL can be respectively written as

N
7P = (D 1ahkl Il o I1P) B x5 / K Naok, (4.38)
n=1

and
N -«
AU (anl |g,‘flz| | hyro|? )ﬁPﬂkXdLO
- k|hoo|?Na PRk« /N + Nyo?

(4.39)

Here, we can verify that ZDL < ARE < APY (1 € k < K) and IUL <At <

WE(1<I<L).

At the same time, since the SSF coefficients obey i.i.d. Rayleigh distribution,
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1 2 oL A L o opL 2 v A Lo
EVZO,O! , it = EZn:l 9 ic| || Bnox |7, and AZ: = EZ 1|9zl |l
0
h, 7o || obey the Chi-square distribution. We can obtain A! ~ x%(2), hPY ~
X2(2NRXNd>7 and hUL ~ XQ(QNRde). (438) and (439) become

oI é

ZDL = MQHDLBPﬁkXdajg /K Nyo3., (4.40)

and
UL ,LL2 hULﬁPI}/IJkXdZ,aO

- . 441
T T 2SN PDL /N + Nyo? (4.41)

Given a realization of APY, a UB for the DL users’ error probability can be

derived as follows

TP (RPL) = ! A<D 4.42
( ) a Mggtpe/TsL ADL . ( ) )
Q WA , otherwise,
where
ADL — C(ZDL) . R
=lo 1 + #2hDLﬁP1\I/)IkXdO_,(IN( . DTSL
= K Nqo; Mggtpe
Given A" and A%, a UB for the error probability of UL users is
_ 1 , if A"V <0
T (AV% 15Ty = - (4.43)

Q(\/%A“J) ., otherwise,

where

AUL — C("}/UL) _ E

| " 1 hUR B Pyixdr DT,
82 ,U%hSIHNdPI\%kX/N + NdO'g MRBtDE
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Thus, a UB for the DL’s error probability can be expressed as

>t e {7 (7))

= M

oor (4.44)
—|—/O 1 x thL(t)dt

JMRBtDE DL _DL
— O — = A
/q>DL ( V TsrV(yPY) ™~ fron (£t Eist.

where ®PL = %—fﬁ%, and g0 is a UB for the error probability of DL in IBL.
MAX %, K

The error probability in IBL is part of the error probability in FBL. When the

D

blocklength increases, eP% and zhy; are close to each other. When the blocklength

tends to become infinity, the two values are equivalent.
At this time, a UB for the DL’s error probability in IBL can be expressed as
et = Pr (C(y"Y) < D/M) = Pr(h”" < @)

 (NaxNg, 9P /2) (4.45)
[(NrxNa) 7

where the Gamma function is expressed as I'(n) = (n — 1)! (n € Z%), and the lower
incomplete Gamma function can be expressed as (s, z) = fox ts"te7tdt. Tt can be
seen that when the signal is spread on N4 independent carriers, the effective SNR

will increase, and the probability of the transmission failure decreases sharply.

In high-reliability transmission scenarios, the cumulative distribution of A" ~

x?(2NrxNq) can be approximated by Pr(hVY < z) ~ % Thus, a UB for the



Table 4.1 : Simulation Parameters

Parameter Definition Value
D Number of information bits (bit) 256
Rp Cell range (m) 200
fsc Subcarrier spacing (kHz) 120
Ts1, Slot duration (us) 18
N Number of total carriers 10
K Number of DL users 15
L Number of UL users 15
os, 0% Variance of noise (dBm) —115
Ny Number of occupied carriers by one user 4
1 Variance of Rayleigh variables h,.,,; 1
140 Variance of Rayleigh variables hy 0.1
Q@ Path loss exponent 3.6
K SIS factor (dB) —100 ~ —130
15} Capability of the MUI cancelation 0.88
UL’s error probability in IBL can be calculated by
EHBLL =Pr (C(ZUL) < D/]\/[)
=E {Pr(h"" < o"")} ~ E {M}
(NRde)!
NgrxNa
B 1 / Rl 1
(NVrxNa)! Jo {e (Mﬁ%k%%) (4.46)

. Ngrx N,
(2% = 1) Na(po®nS' 5 PR /N +03)) d}thI

. Nrx N,
CeT(1 4 NaxNa,9) [ (28 = 1)Ngo2 \

(NrxNg)! 128 Pyixxdr 50 ’
where 9 = —78

—>5DL__ -
ok Py x

4.6 Numerical Results and Analysis

The numerical and simulation results are provided to verify the theoretical analy-
ses in time-invariant frequency-selective Rayleigh fading channels. In order to verify
the UB for the error probability, DL user K and UL user L are assumed to be placed

at the cell boundary of 200 meters from the gNB. The other simulation parameters

66



67

DL transmit power = 30 dBm
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V  FD-OMA (sim)
O  HD-OMA (sim)
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................................................... — — —IBL (theory)

Error probability(1 - Reliability)

0.09 0.18 0.27 0.36
Transmission latency (ms)

Figure 4.2 : The trade-off between reliability and transmission latency in DL, when
PP =30 dBm.

are listed in Table 4.1.

4.6.1 DL Performance

Reliability in DL is presented in Figs. 4.2 and 4.3. The solid lines denote the
theoretical results in FBL; the dotted lines denote the theoretical results in IBL;
and the various markers denote the simulation results. Fig. 4.2 illustrates the
trade-off between reliability and latency when DL Tx power is 30 dBm. FD-SCMA
can reduce the latency by more than 0.06 ms compared to other schemes given

1075 error probability. Fig. 4.3 suggests that FD-SCMA can significantly enhance
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Transmission latency = 0.144 (ms)
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Figure 4.3 : The trade-off between reliability and transmission latency in DL, when
tDE = 0.144 ms.

reliability in DL when DL Tx power increases. When DL Tx power is about 5 dBm,
FD-SCMA is sufficient to support DL URLLC high-reliability communications. FD-
SCMA outperforms the other schemes in terms of reliability and latency, and the

Monte Carlo simulation results can match the analysis in FBL well.

Figs. 4.4 and 4.5 illustrate the relationship between reliability and transmission
latency when the gNB applies different Tx power (20 dBm and 10 dBm). The
figure suggests that the reliability degradation of FD-SCMA is almost negligible
when the Tx power of gNB reduces to 10 dBm, compared to other existing schemes.

Therefore, self-interference can be effectively minimized by reducing DL Tx power.
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Figure 4.4 : The trade-off between reliability and transmission latency in DL, when
PPl = 20 dBm.

Furthermore, when the error probability is lower than 10~°, FD-SCMA can shorten
the latency by approximate 0.07 ms under 20 dBm DL Tx power. At the same time,
with 10 dBm DL Tx power, FD-SCMA can obtain a latency that is 0.11 ms lower

than other schemes.

4.6.2 UL Performance

Reliability in UL is presented in Fig. 4.6, where DL Tx power is set to 30 dBm
and the SIS factor is set to k = —130 dB. Similarly, FD-SCMA outperforms the

existing schemes, and Monte Carlo simulation results match FBL theoretical results
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DL transmit power =10 dB
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Figure 4.5 : The trade-off between reliability and transmission latency in DL, when
PP =10 dBm.

well in UL. Given 107° error probability, the latency can be reduced by more than
0.06 ms in FD-SCMA. FD-SCMA can achieve significant reliability improvements
in both UL and DL under extremely low transmission latency. This indicates the
proposed FD-SCMA can outstandingly satisfy the requirements of both low latency
and high reliability.

Fig. 4.7 and Fig. 4.8 illustrate the trade-off between reliability and latency for
different SIS factors. Fig. 4.7 suggests reliability in UL affected by the capability
of SIS. When x decreases from —100 to —110 dB, the latency of UL users can be

reduced by 0.02 ms in order to achieve 10~° error probability. However, when x de-
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Figure 4.6 : The relationship between the reliability and Tx power in UL, under
imperfect SIS (k = —130 dB, PPt = 30 dBm).

creases from —120 to —130 dB, the latency remains almost unchanged in FD-SCMA.
This indicates that FD-SCMA can achieve the desired result under incomplete SIS,
which is consistent with the previous analysis. In addition, Fig. 4.8 verifies that the
reliability and latency performance of FD-SCMA in UL can be improved by reducing
DL Tx power under imperfect SIS. When DL Tx power is decreased from 30 dBm
to 20 dBm, the latency can be reduced by more than 0.02 ms. In general, reduction
on the self-interference of the gNB can increase reliability and shorten the latency
in UL moderately. However, when residual self-interference is further reduced, the

influence of noise at the receiver will become the dominant factor. It implies that
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Figure 4.7 : The relationship between the reliability and transmission latency in

UL, under imperfect SIS (PPY = 30 dBm).

FD-SCMA can achieve performance near perfect SIS in the case of imperfect SIS.

4.6.3 Balance Between UL and DL

The error probability of FD-SCMA in UL is affected by the capability of SIS,
and the self-interference can be minimized by reducing DL Tx power. Considering
that the error probability in DL can be much lower than that in UL, the UL error
probability can be lowered by reducing DL Tx power, while ensuring that DL error

probability is still within an acceptable range.

As demonstrated in Fig. 4.9, the self-interference of the gNB is mitigated by
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UL transmit power = 10 dBm
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Figure 4.8 : The relationship between the reliability and transmission latency in
UL, under imperfect SIS (x = —130 dB).

lowering DL Tx power, and so a compromise between the UL and DL reliability
can be achieved. When DL Tx power is reduced from 30 dBm to 10 dBm, the UL
reliability will significantly increase. In addition, when DL Tx power is decreased to
10 dBm, the maximum error probability of all UL and DL users can be minimized.
Therefore, in an FD system with imperfect SIS, power control in DL is effective in

guaranteeing the reliability both in DL and UL transmission.
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UL transmit power = 10 dBm
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Figure 4.9 : The balance of UL and DL reliability by adjusting DL Tx power in
FD-SCMA.

4.7 Summary of This Chapter

This chapter proposes FD-SCMA and analyzes its reliability with constrained
latency. Then, FD-SCMA’s advantages are theoretically proved in time-invariant
flat-fading channels, and are verified in time-invariant frequency-selective fading
channels. It can be seen that FD-SCMA can sufficiently resist the fading channel by
implementing frequency diversity of multiple occupied carriers under independent
channel fading. In addition, it obtains the resource-reuse through the support of
FD transmission, and more radio resources can bring the diversity gain of the code

domain. As demonstrated in simulation results, when the packet size is 32 byte, the
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proposed scheme can achieve higher than 99.999% reliability within 0.2 ms trans-
mission latency. Thus, the FD-SCMA scheme exhibits outstanding performance in
satisfying the critical requirements of URLLC in various [oT scenarios. Like most
NOMA transmission and detection schemes, the proposed FD-SCMA scheme has
relatively high requirements for CSI accuracy acquired by the receiver. Its advan-
tages under perfect CSI are verified by theoretical analysis and simulation. Under
perfect CSI, FD-SCMA generally outperforms existing FD-OMA, HD-SCMA, and
HD-OMA schemes in terms of error probability and transmission latency. Moreover,
the performance of the superposed transmission and detection techniques under im-

perfect CSI will be analyzed and verified in Chapter 5.
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Chapter 5

MU-MIMO NOMA Under Perfect and Imperfect
CSl1

Enabling 5G URLLC under severe channel fading in IoT is particularly challenging.
This chapter will combine MU-MIMO with NOMA to achieve URLLC with PACE
and ZF detection. Assuming UL users are uniformly and randomly distributed
in the cell and face log-normal shadow fading, this chapter derives the pdf of post-
processing SNRs in UL MU-MIMO NOMA with perfect and imperfect CSI obtained
by PACE. Further, the FBL information theory is applied to derive the error prob-
ability of accessed users under a given latency, and thus evaluate the reliability of
MU-MIMO NOMA. In addition, this chapter determines the LoP by applying GSSM
to minimize the error probability. This method can converge rapidly and lower the
overhead of pilots significantly. Through numerical calculations and simulation re-
sults, this chapter verifies that MU-MIMO NOMA can also support URLLC when
users face severe shadow fading. The number of accessed users can be further in-
creased with a substantial number of Rx antennas. This chapter implements ZF
detection to support a high volume of UL users with lower computational complex-
ity and reduces access and processing latency. At the same time, the reliability and
transmission latency of MU-MIMO under imperfect CSI can be further reduced by
optimizing the LoP.

5.1 Research Significance of MU-MIMO NOMA

Diversity plays an essential role in the reliability improvement of URLLC, and
it can be acquired from the following domains. First, space diversity can be ob-
tained from different signals of different Rx antennas that pass through different

propagation paths [41, 91]. Further, frequency diversity can be acquired by spread-
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ing signals on different carriers with independent SSF coefficients. Moreover, time
domain diversity can be obtained from retransmission. Last, code domain diversity
can be achieved by low-rate coding and modulation schemes can exploit more chan-
nel uses (CUs). Considering deep fading that might be encountered in time-variant
and frequency-selective channels, proper diversity-based techniques are needed to
maintain ultra-reliable transmission. However, general IoT services are supported
with limited bandwidth, and with limited retransmission when the latency is strictly
constrained to be less than 0.5 ms. It is challenging for IoT services to obtain suffi-
cient diversity gains from the frequency domain and the time domain. Therefore, it
is necessary to optimize the diversity gain from the potential spatial domain and the
code domain, which leads this chapter to focus on the MU-MIMO technology. In
general, MU-MIMO significantly improves reliability by installing a great number
of Rx antennas and simultaneously adopting all available CUs to jointly serve mul-
tiple users (rather than assigning a small number of CUs to each user with limited
bandwidth and latency). It is worth mentioning that the reliability of MU-MIMO is
highly dependent on precise CSI. In the freqency division duplexing (FDD) system,
precise CSI should be estimated and fed back in a strictly limited latency. However,
in a time division duplexing (TDD) system, UL CSI could be acquired from the
DL CSI measurement with reciprocity. Increasing the LoP improves the accuracy
of estimated CSI, but it might reduce reliability with fewer CUs allocated to data
at the same post-processing SNR. To this end, finding a proper LoP can improve
reliability with constrained latency. At the same time, typical 10T services face
deep fading when encountering poor propagation channels, such as non-line-of-sight
propagation and severe shadow fading, while it is difficult to obtain real-time and
highly accurate CSI through long-term observation due to latency constraints. In

order to overcome these challenges, this chapter explores corresponding research in

MU-MIMO.

Under the perfect and imperfect CSI assumptions, the LBs for the capacity of
large-scale MU-MIMO detection in MRC, MMSE, and ZF were derived in [92].
The post-processing SNR, of MU-MIMO using MMSE detection was derived under
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the imperfect CSI assumption [93, 94]. In millimeter-wave enabled massive MIMO
systems, channel variations and probabilistic constraints on reliability and latency
were modeled as the network utility maximization problems, and then they were
solved via Lyapunov optimization [91]. When the UE installs only one antenna, it
is verified that the gNB with an appropriate number of Rx antennas could ensure
URLLC [41]. Different from previous research, this chapter mainly demonstrates

the following work:

e Assuming CSI can be estimated perfectly or imperfectly, this chapter deduces
the pdf of post-processing SNRs with ZF detection in MU-MIMO. Then, this
chapter applies the FBL information theory to derive the error probability

under shadow fading in short-packet transmission.

e Based on the error probability derived, this chapter optimizes the LoP under
different numbers of accessed users and different latency constraints. Further-
more, a low-complexity GSSM is proposed to effectively determine the LoP

and achieve near-optimal reliability.

e Through numerical and simulation results, this chapter verifies that MU-
MIMO can also support URLLC in the appearance of severe shadow fading.
When the number of accessed users increases, reliability and latency can be

guaranteed by increasing the number of Rx antennas equipped at the gNB.

e Compared with fixed-ratio pilot allocation, this chapter verifies the effective-
ness of the proposed GSSM, which can maintain the error probability of MU-

MIMO and the pilot overhead at a reasonable level simultaneously.

The significant differences between the work in this chapter and previous studies
are discussed below. Firstly, current studies on MU-MIMO mainly focus on max-
imizing data rates and assume that the gNB can obtain accurate UL CSI. This
chapter assumes CSI is mainly estimated by PACE, which has certain channel es-
timation errors. This chapter jointly optimizes latency and reliability, and then
derives the error probability under the constrained latency. Secondly, existing re-

search ignores some of the key features of IoT applications, including extremely
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short packets, a great number of randomly deployed users, and severe shadow fad-
ing. Here, this chapter applies the emerging FBL information theory to analyze
the error probability of randomly deployed users under severe shadow fading. With
PACE, the optimal LoP can be determined within the given latency. The study on
the reliability of accessed users in short-packet transmission has not been mentioned
in previous literature on MU-MIMO. Finally, rather than studies on how to ensure
URLLC when serving multiple users simultaneously, the preliminary work on MU-
MIMO focuses on MMSE detection and attempts to maximize ergodic achievable
sum-rate. This chapter mainly studies ZF detection, which can effectively mitigate
the interference caused by other users. Also, ZF detection can significantly improve
the transmission reliability through the spatial diversity brought by massive Rx an-
tennas. When the number of Rx antennas is large, ZF can achieve near-optimal
ergodic sum-rate [92], while its detection complexity is much lower than that of

MMSE’s.

5.2 System Model

5.2.1 Signal Model of PACE

The MU-MIMO system includes a gNB equipped with L Rx antennas and K
accessed users equipped with a Tx antenna (L > K). Each user is assumed to
transmit a short packet carrying D information bits through N CUs, which occupy
a total of B Hz bandwidth and tpg second (s) time ( N = Bipg).

In MU-MIMO, the received signal at the gNB can be given by

Y = /pGX + Z, (5.1)

where p is the transmit SNR, X = [xy,...,xx|T € CF*N and x; = [z1, ..., Trn]T

CE*K represents the channel coeffi-

represent transmitted signals from user k; G €
cient matrix between all K users and the gNB, and Z € CY*¥ is the AWGN at the

receiver with i.i.d. CN(0,1) elements.

gr = v/ Orsphy represents the channel fading coefficient vector from user k to
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Figure 5.1 : An illustration of the UL MU-MIMO NOMA system.

the ¢gNB, in which hy = [hg1, ..., hx )T ~ CN(0,11) indicates the SSF channel
coefficients of user k that follow i.i.d. Rayleigh distributions; Sy represents the path
loss between user k£ and the gNB; s, represents the shadow fading of user £ that

follows a log-normal distribution with variance o3.

Since path loss and shadow fading change slowly, their channel coefficients can

be assumed to be perfectly estimated at the gNB [94-96].

There are two classical assumptions on the estimation of SSF channel coefficients.
Most of the previous research on URLLC assumes that perfect CSI can be obtained
at the gNB [39, 89], where all N CUs can be used to carry the information bits.
Thus, the channel code blocklength of each short packet is N. If perfect CSI is
not available, practical channel estimation should be performed at the gNB. In

this chapter, PACE is implemented with m CUs bearing specific pilots, where m
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represents the LoP. These known pilots are utilized at the gNB to estimate the
channel coefficients of instantaneous SSF. The remaining CUs can be utilized to

bear the required information bits, so the blocklength is M = N — m in PACE.

For simplification, the channel matrix G can be rewritten as
G=[g,...,gx] = HD2S?, (5.2)

where H = [hy,...,hg] € CEXE D = diag(B,...,8k) € (RT)E*E and S =
diag (s1,...,sk) € (RT)EXE represent Rayleigh fading, path loss, and shadow fad-

ing, respectively.

Here, the pdf of the LSF channel coefficients 3 and s; can be derived. Since the
users are uniformly and randomly dispersed in the area, 8y = up(dy/do)™ " (dy <
dr < dr), where dj is the minimum distance between users and the gNB, dg is the
cell radius, dj, is the distance between user k£ and the gNB, up denotes path loss at

the minimum distance dy, and ap denotes the path loss exponent.

Thus, the cumulative distribution function of (5 is given by

< 1
Fg, (z) =P (up(di/do) ™" < x) = P(dy > dopp" x™ o)
Z 2 Z 2 (5.3)
d% — dduptxz or 9% — pgPa er _
d%{ _ d% 92 — 1 ) Vo € [:U’P 7/“3]7

where ¥ 2 dgr/dy. At this time, the pdf of 3 is as follows,

2 2

ap —2-1
_ 2Zppt e

fo.(x) = m, Vx € [upd™ ", upl. (5.4)

When user k is stationary given path loss 35, the LSF ;s is determined by the
standard deviation of log-normal shadow fading og (in dB) as follows [10, 92, 97],

~ .2
© (plnz — pln )

G515, (L) = ———exp |—
fﬁk k\ﬁk( ) \/%Usl' p [ 203

] . Vo >0, (5.5)

where ¢ = 10/1n10, and ¢ In 3, is the mean of 10log,,(Bksk), representing the dB
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value of path loss [10, 97].

Further, the pdf of Sisi can be derived using the formula of total probability as

follows,

f5k5k<x):/ P fﬁk(w)fwsk\w(‘r)dw

p¥ P

al —2 2

/“P Tpp 2pup” WP @ (plnz —plnw)”) |

= exp | — w
ppo—ep W2 ap(¥? —1)  \2rogx? P 203

2

a QL_I x ——= 41 x 2
@/‘”PQMPP (=)= g exp (elnz ()7 |
- ap(¥? —1) V2mogx? 202
29%P -2 1 2 3 2
2 @ a 1 _
I e (J@M—Ms))dz, Vo0

L Vrosap(9?2 — 1) 202

where ug 2 @ln pp = 10log,, up denotes path loss at the minimum distance dy in

dB, and the equality (a) holds when letting z £ L (then dz = —Z2dw).

5.2.2 ZF Detection Under Perfect CSI

In general, when perfect CSI is available, all elements in X can be applied to
carry information bits, and they are assumed to be uncorrelated, as E (|[X]z;|*) =

1(1<k<Kand1<I<N)andE([X]o[X]s;) =0 (i £k or j #1).

In this case, ZF detection vector V& = (GHG) G can be utilized at the gNB

[92]. At this time, the post-processing signal of ZF detection is

VFY = /p(G7G)'GTGX + (G7G) TGz )
~ /pX + (GFG)'Glz. |

The kth row of VY can be applied to estimate the user’s signal x;, so the post-
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processing SNR of user k can be derived as follows [92]

1
= P (5.8)

[(GHG)_IGHILG(GHG)_H}

_r
(G"G) ],

p
E {] (Gra)anz], |

Tk =

k.k

Substituting (5.2) into (5.8) can further convert the post-processing SNR of user

k to
P PBksk

o [(SéDéHHHDési)_I] C[mrE)T, (5.9)

K,k
H”H is a K x K central complex Wishart matrix with L degrees of freedom [96,
98], so we can obtain m ~ X3y (¥ 2 L=E4L) where X3, 18 a Chi-square
distribution with 21 degrees of freedom [99, 100]. The distribution of the post-
processing SNRs is closely related to the number of Rx antennas L and the number
of accessed users K. On the one hand, when the gNB installs more Rx antennas,
the degrees of freedom of the Chi-square distribution increases, so MU-MIMO can
provide higher reliability. On the other hand, when the number of accessed users

increases, installing more Rx antennas at the gNB can maintain the degrees of

freedom of the Chi-square distribution constant, and then guarantee the reliability

of UL MUD.

Further, the post-processing SNR of user k in ZF detection can be expressed as

Vi = BrSkTe, (5.10)
where 7, = m ~ p;@. As a result, the pdf of 7, is expressed as
k,k
z\p—1 _z p—1 _z
1 exp ¥ lexp
ka(x) _ _(p) ( 2p) _ ( 2p)7 \V/l‘ > 07 (511)

20T () 20T (¥)p?
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where T'(¢) = [[° ¥ te™"dx

From (5.6) and (5.11), the pdf of 74 is given by

Foule) = / f7k<§>fﬂk5k< y)dy
e () e ) R N (plnz — pg)’
‘/0 Ao / [ﬁosap(ﬁ”—l) R | R

262(U§a;2+#sa;1)$w_1 [e’s) e —w—l—l yyeP
= 2 1)p0 / comye /
VT2YT(h)ap (92 — 1)p¥ Jy v

_(emz—ug)? | 2Apnz—ug) 20§
\/%)0 e 2”% + ap oz12:, ] dzdy
ogZ
(a) 262(U§a;2+#8a;1)$w_1 o0 oz _w_l_l lny_“S_QG\/%/:;PJ'_ op ot 2
- ¥ 2 _ w/ my P 002 e e dw|dy
V2T (Y)ap (92 — 1)p nyus —2og/ep
IS
(72 [e%
(b) 2e2(odop+usap’) -1 (ot 2 )2 et —w® qw | dt
B \/E2¢F(¢)ozp(192 - 1)pw / ‘ t+us+2ff\§//§j§—ap In ¢ € v ’
(5.12)
Considering that erf(x) f Jy e7t°dt, (5.12) can be further converted to
exp (20%041;2 + 2usa1§1)xw_1 /0" . zet
f’Yk (.T) 2¢F(¢)Oép(192 . 1)[)1/) - exXp (¢ + ap ) 2p
(5.13)

t + vg t+vs—aplnd
erf —erf dt,
V205 V20s
where vg = g + 202ap".

5.2.3 ZF Detection Under Imperfect CSI

In actual deployment, it is challenging to obtain UL perfect CSI at the gNB
within limited latency. This section will study the performance of ZF detection

under imperfect CSI after PACE estimates SSF channel coefficients.

In PACE, each user’s UL signal consists of pilots and data. Let X € CX*™ and
X e CEXM represent the pilots and data transmitted from users, respectively. In

this way, UL signals can be expressed as X = [X(p), X(d)] , and the received signals
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at the gNB can be rewritten as
Y, YO] = /3G X, XO] + 200, 20] an

where Y®) € CE*™ and Y@ € CE*M represent the received signals containing pilots
and the received signals containing data, respectively; Z® e CL*™ and Z@ ¢
CEM have ii.d. CN(0,1) elements. Typically, users’ UL pilots are designed to
be orthogonal to each other, and thus X® (X(p))H = mlIg could be ensured. The
elements in X (@) are uncorrelated, so E (|[X@],[?) =1(1 <k < Kand1 <1< M),
E ([(XW][XD];5) =0 (i # k or j #1).

The received signals including pilots at the gNB can be given by
= /pGXP) 4+ Z®), (5.15)

At this time, the least squares estimation of the channel matrix G can be expressed
as [93, 94]
A 1 H
G=_—"—"vYWh(xP
V(X0

= Laxe(x)" ¢ _L_gmxen? (5.16)
m

\/ﬁm
=G+W,

where W 2 —L_7(®) (X(p))H and has ii.d. CN(0,-) elements that denote the
vpm pm

channel estimation errors. In order to ensure accurate channel estimation for user

k, o < Bisy, can be assumed to be true [101, 102]. In PACE, the variance of the

elements in W is inversely proportional to transmit SNR p and the LoP m. Thus,

it can be available to obtain more accurate channel estimation with higher transmit

SNR or more pilots. On the contrary, channel estimation errors are zero under the

assumption of perfect CSI, so all the elements in W are equal to 0.

Similarly, the received signals containing data can be expressed as

= VpGX D + 2= /pGX D WX 7D, (5.17)
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When ZF detection is applied at the gNB, the detection vector is given by VZF =

(GHG)~'GH [92], so post-processing signals can be expressed as

2Py (@)

A

~Va(G7G) GTEX ¢ (GTG) G (- pWX® £Z)  (5.18)

—/pX D4 (GH G)

1,

G (- pWXW + ZD) .

The kth row of VZFY@ can be utilized to estimate the signal of user k, so the
post-processing SNR of user & when using PACE can be expressed as

Yx(m) = &

2

E ‘ [(GHG) TG (- pWX@ ¢ z(d))]

k1

= (5.19)

It can be seen that 4(m) can be determined by the number of accessed users K and
the LoP m. Thus, the post-processing SNR of user k£ can be increased by optimizing
the LoP, thereby improving the reliability of UL detection.

To derive the pdf of 4x(m) concisely, the estimation of the channel matrix can

be decomposed as follows
G =G+ W =HD:2S2 + W = HDz, (5.20)

where H = (HD%S% + W> (DS + pimIK)*% has i.i.d. CA(0,1) elements, and Dz =

(DS + ,#IK)% = diag(,/B1s1 + /ﬁ, w1/ BrSK + pim) In this sense, (5.19) can be

transformed to

Ar(m) = = BeskTr(m), (5.21)
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MU )R-
2| ()]

L« Bisp is true in PACE, 1 < pmfysi, can be obtained, and thus we have

pm

A 2(pmBrsp+1)

, and ¢(m) = (Kimif.s - As mentioned above, when

where Ti(m) =

[

s(m) = %jrﬂm Known from literature [96, 98], we can have W ~ X3y
k,k

Note that x? = I'(£,2) and al'(k,0) = I'(k,af) (@ > 0) hold, in which I'(k,0)
denotes a gamma distribution with a shape parameter & and a scale parameter
0, we can obtain 74(m) ~ I'(¢,¢(m)). Since ¢p = L=E+ when the number of
Rx antennas rises, 4x(m) monotonically increases. Besides, when the number of

accessed users increases, 9, (m) monotonically decreases. Further, the pdf of 74(m)

can be expressed as

xw’lexp(—g(fn))

sy - 0 o2

ff'k(m)(x> =

Similar to (5.12), the pdf of 4x(m) can be derived as follows,

X

>1

/°° (&) exp GW) /WP V2py e ~etnspa) dod
= — e zZ
0 Y T () (m)¥ . | Vrosap( — 1) Y

lnyfp,SfQo'g/ap«k ap In9d

2(0205 24 pgap?t) ap—1 (9] N or
0

Val($)ap(9? = 1)c(m ny-ys—aod/op
20g

(b) XD (20205 + 2ugapt)av =t [ 2 ze!
O DT =Tt ). {eXp (@5 =) [

2 2 _
orf (IH—/LS + ZUS/ap) orf (t + us + 205 /ap — ap lnz(}) ] }dt

\/50'5 \/50’3
P (20805” + 2pisap”) (K +m)Par ) I {eXp { (b + 2051yt - B mze! *m”"’et}

L(Y)ap(9? —1)(2pm)? . 2pm
() ()

The equality (a) can be established by applying the substitution method of w 2

Lplnz—us—2as2oc;1 . . . A
N . The equality (b) can be established by letting ¢ = —Iny. Note

that ¢ = £=E+L the pdf of the post-processing SNRs is decided by the LoP, the
2 g y

(5.23)
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number of accessed users, and the number of Rx antennas.

5.3 Analysis of Error Probability

5.3.1 Error Probability in Short-packet Transmission

From the aspect of an information theory, the data rate can be expressed in
bits per channel use (bpcu). In MU-MIMO, the number of CUs occupied by each
user is equal to the channel code blocklength M. To this end, the data rate can be
expressed as R = D /M bpcu. The maximum achievable rate R in the deterministic

channel can be approximated by (4.11).
When information bits are transmitted with a given blocklength M, the error

probability can be approximated by the following equation,

M

(M, D7) = Q ( T (000 - D/M)) (5.24)

5.3.2 Error Probability Under Perfect CSI

The post-processing SNR v, varies with the users’ random deployment and the
experienced shadow fading. Therefore, the error probability of user £ in the fading

channel under a given transmission latency tpg can be given by

ek(tDE) :/OO €(BtDE,D,fL’)f,yk(fL’)d[E
0

-[a ( e (e - %})E»m(z)dx-

Since Q(w) is a monotonically decreasing function of w and f,, (x) is independent

(5.25)

of tpg, implementing a greater number of CUs can effectively reduce the error prob-
ability. However, due to the strict constraint on latency tpg, it is challenging to
individually allocate a wide band to each user in IoT applications. In this way, the
average number of CUs allocated per user is small. To satisfy the strict require-
ment of reliability, all the available CUs can be reused among users by superposed

transmission, and then the channel code blocklength can be large enough.
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5.3.3 Error Probability Under Imperfect CSI

When the LoP is m, the error probability of user k£ can be expressed by

ér(m, tpg) Z/ e(Btpg —m, D, x) f5, (m)(x)dz
0

(5.26)
o BtDE —m D
= — | C - 5, Yi(m d )
/ Q( o () - m))fm \(o)d
for K <m < Btpg — 1.
On the one hand, if the LoP increases, ¢(m) = ;p—:; becomes larger, and users

are more likely to obtain higher post-processing SNRs to improve reliability. On the
other hand, when the number of CUs occupied by pilots m increases, the number
of CUs carrying information bits Btpg — m decreases, resulting in an increment in
the channel code rate and a decrement in reliability. Thus, the error probability in

short-packet transmission can be reduced with the optimized LoP.

5.3.4 Optimizing the LoP

As can be seen from the previous analysis, the error probability is closely related
to the LoP m, which needs to be optimized. To minimize the error probability of
user k, the optimal LoP can be expressed as

m*(tpg) = arg K<mr£1}3rtlDE_l éx(m, tpg). (5.27)

At this time, the minimum error probability of user k can be expressed as

éz<tDE) = ék:(WL*(tDE), tDE)- (5.28)

To determine the optimal LoP m*(tpg), a one-dimensional numerical search al-
gorithms can be applied. The exhaustive search method can be employed as a
baseline. Meanwhile, GSSM can be utilized as an effective scheme to determine
the approximate optimal LoP, and it can rapidly converge and avoid calculation of

the derivatives of the éx(m,tpg), which is extremely intricate. GSSM can search
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Algorithm 2 Implementation of GSSM

Initialize m, = K, my, = Bitpg — 1, Miolerance = 0.5, mq = my, — 0.618(my, — ma,),
me = m, + 0.618(my, — my,)

For the LoP is m = m; and m = ms, calculate the error probability ¢, =
éx(my,tpg) and €9 = éx(ma, tpg), respectively
repeat

if (¢1 > &7) then
Re-apply the parameters for the next iteration, m, = my, m; = ms, and
€1 =2¢&2
Calculate the parameters for the next iteration, my = m, + 0.618(my, — m,)
For the LoP is m = ma, calculate the error probability o = éx(ma, tpg)

else
Re-apply the parameters for the next iteration, my, = mso, ms = my, and
o2 = &1

Calculate the parameters for the next iteration, m; = my, —0.618 % (my, —m,)
For the LoP is m = m;, calculate the error probability €; = é;(my, tpg)
end if
until [my, — ma| < Miolerance
if (ék( Lmb;—maJ s tDE) > ék< [mb;—ma‘l s tDE)) then
m*(tpp) = [™egm ]
else
m*(tpr) = [ ™57
end if
Output determined optimal LoP m*(tpg).

for the minimum point of a unimodal function by iteratively narrowing the search
scope, which has a fixed narrowing ratio @ ~ 0.618 [103, 104]. The objective
function is set to é.(m,tpg) and the search scope is m € [m,, my|, where m, = K,
my, = Btpg — 1, and the unique minimum point in the range m*(tpg) is an in-
teger. With the narrowing ratio @ ~ 0.618, the selected points within range
[ma, my] are given by m; = my, — 0.618(my, — m,) and my = m, + 0.618(my, — m,).
When é(mq,tpg) > éx(ma,tpg), m*(tpg) locates in the range [my,my], and we
update the search scope by allowing m, = m; and update the selected points
by allowing m; = my and my = m; + 0.618(my, — m,). On the contrary, when
éx(my,tpg) < ér(mo,tpg), m*(tpg) locates in the range [m,, ms| and we update
the search scope by allowing my, = ms, and update the selected points by allowing
m; = my — 0.618(mg —m,) and my = my. Considering m*(tpg) is an integer, GSSM

terminates after a few iterations. When the size of the search scope my, — m, is
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Table 5.1 : MU-MIMO Simulation Parameters

Parameter Value
Bandwidth (kHz) 720
Cell range (m) 90
Minimum distance (m) 30
Packet size (bit) 30
Noise power spectral density (dBm/Hz) -170
Tx power (dBm) -50 ~ 30
Constant path loss ug (dB) -10
Path loss exponent 3

less than 0.5, we can directly select one neighbor integer of % with minimum
éx(x,tpg) as the near-optimal point [104, 105]. Furthermore, the implementation of
GSSM is given in Algorithm 2. As verified in numerical results, it is possible to dis-
cover near-optimal m*(tpg) by applying GSSM with low computational complexity

and a limited number of iterations.

5.4 Numerical Results and Analysis

This section provides theoretical calculations and simulation results to verify the
previous theoretical derivation. Users obey a uniform distribution in the cell ranging
from the minimum distance to the cell radius. They experience shadow fading and
Rayleigh fading, and the path loss exponent is set to 3. The channel coefficients are
randomly generated for 1000 times. It is assumed that the transmission occupies 12
adjacent 60 kHz subcarriers, which form a total bandwidth of 720 kHz. To evaluate
MU-MIMO conveniently, the number of Rx antennas at the gNB can be assumed to
grow with the number of accessed users to maintain reliability at a consistent level.

The parameters of the simulation are listed in Table 5.1.

5.4.1 Optimal LoP

Figs. 5.2-5.3 illustrate the error probability decided by different lengths of pilots,
when the standard deviation of shadow fading og is 4 dB and 6 dB, respectively.
The reliability of detection is highly dependent on the data rate of users and the

accuracy of estimated CSI at the receiver. Increasing the LoP improves the accuracy
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Error probability v.s. length of pilots
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Figure 5.2 : Error probability v.s. LoP: N = 120, og = 4 dB.

of estimated CSI obtained by PACE, but decreases the number of CUs allocated
to data and might reduce reliability at the same post-processing SNR. Thus, the
error probability might increase when the LoP increases in PACE. The theoretical
results comply with the simulation results, and the minimum error probability can be
reduced to the level of 107° with the optimized LoP. With larger Tx power, the error
probability can be significantly reduced in MU-MIMO. Furthermore, when severe
shadow fading (o0 = 6 dB) is encountered, it is necessary to obtain a greater number

of CUs (higher latency) and higher Tx power (maximum 30 dBm is sufficient) to
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Error probability v.s. length of pilots
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Figure 5.3 : Error probability v.s. LoP: N = 240, o5 = 6 dB.

ensure reliability.

5.4.2 Overhead of Pilots

Fig. 5.4 suggests the overhead of pilots when applying GSSM to determine the
LoP. The LoP determined by GSSM is highly consistent with the optimal LoP,
which verifies the convergence and validity of GSSM. Furthermore, the fixed-ratio
pilot allocation can be employed as a baseline, and it allocates max(K,0.2N) CUs

to pilots. As can be seen from Fig. 5.4, GSSM can reduce the overhead of pilots to
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Overhead of pilots v.s. latency
Transmit power = 10 dBm, K= 10, L = 24, Og = 4 dB
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Figure 5.4 : Relationship between latency and overhead of pilots.

less than 15% while minimizing the error probability.

5.4.3 Trade-off Between Reliability and Latency

Fig. 5.5 demonstrates the trade-off between reliability and latency, when the
number of accessed users K = 16 and the number of Rx antennas L = 32. Under
perfect CSI, the latency should be higher than 0.15 ms to achieve 1075 error proba-
bility. Under imperfect CSI, when the latency is 0.22 ms, the error probability can
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Error probability v.s. latency
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Figure 5.5 : Error probability v.s. latency, when og = 4 dB.

be lowered to 107°. Generally, as the latency decreases, the number of CUs that
can be utilized to improve channel estimation and bear information bits decreases,
and the reliability of MU-MIMO moderately declines. Consequently, the reliability

can be compensated by an affordable increment in latency (about 0.1 ms higher).

Fig. 5.6 reveals the trade-off between the reliability and latency for different
numbers of Rx antennas and different numbers of accessed users (in the following
cases: K =10, L =24; K =16, L = 32; K = 24, L = 40). Under perfect CSI,

when the latency is larger than 0.15 ms, the error probability can be lower than 1075,



96

Error probability v.s. latency
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Figure 5.6 : Trade-off between the reliability and latency for different numbers of
Rx antennas and different numbers of accessed users.

At the same time, under imperfect CSI, when the latency is no less than 0.22 ms,
the error probability reduces to lower than 107°. In general, as the latency increases,
the number of CUs that can be applied to improve channel estimation and carry

information bits increases, and the reliability of MU-MIMO NOMA moderately rises.

Fig. 5.7 reveals the trade-off between reliability and latency at different levels
of shadow fading. When og = 2 dB, ultra-high reliability can be achieved with 0
dBm Tx power. When og = 4 dB, the error probability can be reduced to 10~° by
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Figure 5.7 : The trade-off between reliability and latency at different levels of shadow
fading.

transmitting in 0.5 ms at 0 dBm Tx power.

5.4.4 Relation Between Reliability and Tx Power

As demonstrated in Fig. 5.8, the error probability decreases significantly with
increasing Tx power. When Tx power is higher than 0 dBm, the error probability can
be lowered to 107°. Moreover, GSSM can achieve a near-optimal error probability

and satisfy the requirement of reliability in MU-MIMO.
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Figure 5.8 : The relationship between reliability and Tx power when using GSSM.

At different levels of shadow fading, Fig. 5.9 provides the performance of MU-
MIMO with 0.25 ms latency. It has been verified that ultra-high reliability can be
achieved under moderate shadow fading with 0 dBm Tx power. Under severe shadow
fading (os = 6 dB), higher Tx power (more than 20 dBm) or a higher latency (more
than 0.25 ms) is required to guarantee 99.999% and above reliability.
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Figure 5.9 : The trade-off between reliability and Tx power at different levels of
shadow fading.

5.5 Summary of This Chapter

This chapter studies MU-MIMO and analyzes the error probability under con-
strained latency and fading. We derive the post-processing SNRs for ZF detection.
By assuming that shadow fading obeys a log-normal distribution, the pdf of post-
processing SNRs has also been derived. Also, this chapter implements the FBL
information theory to derive the error probability of ZF detection. Based on the

theoretical results, although it is necessary to serve multiple users simultaneously,
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MU-MIMO can ensure reliability in a severe fading channel by installing a great
number of Rx antennas. Furthermore, GSSM is studied to determine the LoP. As
has been verified in simulation results, MU-MIMO can achieve 99.999% reliability

within a less than 0.5 ms transmission latency.
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Chapter 6

Summary and Future Work

6.1 Summary of This Thesis

This thesis has studied NOMA and its key technologies for low-latency UL com-
munications in 5G. Based on the characteristics of short data packets, reliability and
latency are analyzed and optimized with the FBL information theory. This thesis
has contributed lots of effort to the analysis of NOMA and low-latency transmission,
multi-antenna enhanced NOMA, FD-SCMA, and massive MU-MIMO NOMA. We
have in-depth considered the impact of the number of accessing users, the small
packet size, the small number of Tx antennas at the users, the severe shadow fad-
ing, and imperfect CSI. The latency of simultaneous transmission of multiple users
is effectively reduced with optimized schemes from the perspectives of access de-
lay, transmission delay, and processing delay. The design of advanced MUD can

maintain the reliability of low-latency communications at a high level.

The main work of this thesis can be summarized as follows.

1. For the transmission of IoT short packets in UL, the potential key technologies
of NOMA and low-latency communications have been investigated. From the
perspective of diversity, it is suggested that the diversity gained from the
frequency and spatial domains can reduce UL transmission latency in NOMA
without a substantial loss in reliability. The emerging grant-free NOMA can
considerably shorten access latency, and processing latency can be shortened

by stable and low-complexity MUD.

2. In IoT applications, the number of Tx antennas at each user is small, while the
number of Rx antennas at the BS can be large. The combination of the rate

splitting and SIC detection techniques in MU-MIMO NOMA can guarantee
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stable demodulation and decoding in UL transmission. The minimum data
rate of accessing users has been increased, thereby reducing the maximum
transmission latency of accessing users. The number of SIC operations at
the receiver can be substantially reduced through the two-layer rate splitting
algorithm and the group SIC algorithm, thereby shortening the processing

latency.

UL users can be further reduced with the incorporation of the FD technol-
ogy into SCMA and application of simultaneous UL and DL transmission.
Considering the impact of incomplete SIS at the gNB, the emerging FBL in-
formation theory is implemented to derive the error probability. Theoretical
analysis and numerical results suggest that the proposed FD-SCMA outper-
forms the existing FD, SCMA, and OMA schemes in time-invariant fading
channels. Through DL power control, the interference from DL to UL can be
reduced to minimize the error probability in UL. Further, it can minimize the
maximum error probability in UL and DL. Moreover, FD-SCMA can reduce

access latency and transmission latency.

To overcome the severe channel fading and imperfect CSI in IoT, massive MU-
MIMO NOMA is utilized to ensure the reliability of UL low-latency transmis-
sion. According to the distribution of users and the characteristics of chan-
nel fading factors, the pdf of effective SNRs of ZF detection under perfect
and imperfect CSI is derived. Then, the FBL information theory is applied
to calculate the error probability of access users given transmission latency.
Optimizing the LoP through GSSM minimizes the error probability to allevi-
ate the effects of shadow fading and imperfect CSI. The massive MU-MIMO
NOMA can implement low-complexity ZF detection to support the reliable
transmission of short data packets for a large number of users. Furthermore,

this can shorten the access latency and processing latency.

Future Work

The following directions are listed for further study.
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1. MUD leads to a trade-off between reliability and complexity. In this thesis, the
computational complexity is mainly derived from theoretical estimation, and
the reduction in processing latency is evaluated in simulations. In practice,
accurate measurement needs to be established in actual deployment. Since the
processing latency is enormously affected by the capability of devices, with the
rapid deployment and commercialization of 5G, the large-scale applications of

advanced devices can reduce the processing latency of MUD to some extent.

2. The numerous IoT scenarios will lead to complex channel conditions, that need
to be modeled and considered in future research. Currently, some researchers
are trying to unify the mathematical expressions of various classical channel
models. Also, the blocking effect caused by body movements is modeled in [oT,
and several innovative distributions are assumed to depict SSF coefficients.
The new features of these channels may lead to modifications in the physical
layer design, especially when adopting MUD with multiple Rx antennas. Many
topics are worthy of further exploration and optimization in channel estimation
and MUD. The evaluation and optimization of various emerging technologies
and proposed algorithms are worth further study under a variety of channel

models.

3. Grant-free NOMA can remove the grant-request and the scheduling process,
thereby significantly reducing the signaling overheads and scheduling latency.
The time-frequency resources, along with a dedicated reference signal, are pre-
configured to the UE semi-statically for URLLC UL grant-free transmission.
Frequencies for hopping between initial transmission and re-transmissions should
also be provided to reduce repeated collisions. However, MUD in grant-free
NOMA requires high computational complexity. To be deployed more widely,
the process of MUD needs to be optimized. In addition, the interference
becomes more pronounced under a network supporting grant-free NOMA. As
such, grant-free NOMA needs to be further studied and more fully understood,
thereby managing the in-band and out-of-band interference that is within the

system and to other systems.
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