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Guest Editorial
Fa-Long Luo

5G New Radio (NR): Standard and Technology

» Fa-Long Luo ed by 3GPP, industry and research communities are now investing
tremendous efforts to develop advanced technologies in order to
Dr. Fa-Long Luo is an IEEE Fellow and meet all related requirements of ITU “IMT 2020 and Beyond” for
the Chief Scientist of Micron Technology . . . .
; - 5G wireless communications in terms of enhanced mobile broad-
Inc., USA. He is now also an Affiliate . . 3 ) )
Full Professor of EE Department at Uni-  band (eMBB), massive machine-type communications (mMTC) and ultra-reli-

versity of Washington, Seattle. USA. the  ahle and low latency communications (URLLC). 3GPP has defined a new name
chairman of IEEE Industry DSP Standing

Committee and & technical board member 0T its planned standard proposal of 5G as “New Radio” (NR), which will be

of IEEE Signal Processing Society. He submitted to ITU for the official international 5G standard. The related technol-
has served as an associate editor of IEEE

Access and IEEE Internet of Things Jour- . . . . . . .
nal. He has 33 years of research and industrial experience in ~ Ulation and coding algorithms including multi-user superposition and shared ac-

ogies for 5G NR can mainly be categorized into four areas, namely, 1) new mod-

multimedia, communications and broadcasting with real-time  cess, enhanced waveform generation and advanced error- correction coding; 2)
implementation, applications and standardizations areas with
receiving worldwide attention and recognition. Including his . o .
well - received Wiley-IEEE book “Signal Processing for 567,  vice (D2D) communications, cloud radio access network (C-RAN), and ultra-
Dr. Luo has published 5 books, more than 100 technical pa-  dense network (UDN); 3) new spatial-domain processing such as massive multi-
pers and 30 patents in these and closely related fields. He was
awarded the Fellowship by the Alexander von Humboldt Foun-
dation of Germany. antenna diversity; 4) new spectrum opportunities including millimeter - wave

band and license assisted access (LAA).
According to the 3GPP plan, the 5G NR standard has two phases. Phase 1
(Release 15) will be completed in 2018, mainly addressing a more urgent sub-

new system and network architectures including network slicing, device to de-

ple-input multiple-output (massive-MIMO), adaptive 3D beamforming and multi-

set of the commercial needs, which could make it possible to deploy the first 5G
network by around 2020. Phase 2 (Release 16) will be completed for the IMT-
2020 submission in March of 2020 by addressing all identified use cases and
requirements. More importantly, 5G NR design should be forward compatible at
its core so that features can be added in later releases in an optimal way. It can
be seen that the development of 5G NR standard in each stage will be very chal-
lenging tasks and require the huge efforts of the related industry, research, alli-
ances and regulatory authorities so as to bring the success in a high quality and
a timely manner.

From practice, technology and standard points of view, this special issue
aims to provide a unique and timely forum to address all technology issues relat-
ed to 5G NR standardization. The call - for - papers of this special issue has
brought excellent submissions in both quality and quantity. After two-round re-
views, seven excellent papers have been selected for publication in this special
issue which is organized into the following two category groups.

Consisting of four papers, the first group of this special issue mainly address-
es technology aspects of the physical layer for 5G NR by covering new modula-
tion, channel coding, waveform generation, multi-user superposition and shared
access, multiple antennas, frame structures, numerology, hybrid automatic re-
peat request (HARQ) and duplex. As its title “5G New Radio: Physical Layer
Overview” exactly means, the first paper presents a comprehensive introduc-
tion to all the above key components of the physical layer of 5G NR by address-
ing basic principles, mathematical models, step-by-step algorithms, implemen-
tation complexities, schematic processing flow and the corresponding applica-
tion scenarios. Moreover, a more detailed roadmap and timeline of the 3GPP
5G NR standard development is presented in this paper.
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Orthogonal frequency division multiplexing (OFDM) based
waveform generation has become the dominant technology in
many existing wireless and broadcasting standards and is actu-
ally also considered as one of key technologies in 5G radio ac-
cess network (RAN). Titled as “Enhanced OFDM for 5G
RAN”, the second paper provides an overview on the various
improved versions of OFDM for 5G NR in terms of waveform
characteristics and parameters, out of band leakage, peak to av-
erage power, cyclic prefix, pilot signals, inter-carrier interfer-
ence (ICI), inter - symbol interference (ISI), multipath distor-
tion, the orthogonality and the related effect of frequency offset
and phase noises, synchronization requirement in both the
time domain and frequency domain, latency, mobility, signal-
ing, compatibility, co-existence and integration with other pro-
cessing such as massive MIMO.

The title of the third paper is “An Overview of Non-Orthogo-
nal Multiple Access”. Being considered as a novel and promis-
ing multiple access scheme, NOMA has been proposed and
proved by NTT DOCOMO to be able to contribute to a signifi-
cant improvement of the compromise among system capacity,
spectrum efficiency and user fairness by introducing power-do-
main user multiplexing on the basis of channel difference
among users. This paper provides an excellent overview on var-
ious technical aspects of NOMA by covering concept, design,
performance, combination with MIMO and comparisons over
orthogonal multiple access. More importantly, the status and
open issue of 5G NR standardization related to NOMA in
3GPP are provided in this paper with emphasis on the multi-us-
er superposition transmission (MUST).

As pointed out in the fourth paper titled as “Uplink Multiple
Access Schemes for 5G: A Survey”, signal transmitter and re-
ceiver are jointly optimized in a non-orthogonal multiple ac-
cess (NMA) system, which suggests that multiple layers of data
from more than one user can be simultaneously delivered in
the same resource. As a matter of fact, uplink NMA is becom-
ing a key candidate technology for 5G NR standard and a num-
ber of uplink NMA schemes from different companies have
been proposed in recent 3GPP meetings. This paper reviews
the key features, characteristics and standardization process
status of these proposed NMA systems for 3GPP 5G NR by
classifying them into three major categories in terms of their
basic technique principles, namely: scrambling based NMA
schemes, interleaving based NMA schemes and spreading
based NMA schemes.

Organized into the second group, the fifth paper through the
seventh paper included in this special issue deal with techni-
cal aspects related to massive MIMO in different frequency
bands, D2D based cooperative relaying and a practical use of

02 | ZTE COMMUNICATIONS ~ June 2017 Vol.15 No. S1

URLLC, respectively. “Massive MIMO 5G Cellular Networks:
mm-Wave vs. -Wave Frequencies” is the fifth paper, which
provides a comprehensive comparison between massive MIMO
systems at mm-waves and at p-waves (frequencies in the sub-6
GHz range) due to different propagation mechanisms in urban
scenarios. All key differences between mm-waves and p-waves
are given in this paper in terms of channel modeling, antenna
size, beam-steering , channel matrix rank, channel estimation,
pre-coding design, pilot contamination and antenna diversity.
It is believed that the comparisons and analyses given in this
paper are very useful to the corresponding 3GPP working
groups in addressing the massive MIMO part of the 5G NR
standard.

“Novel MAC Layer Proposal for URLLC in Industrial Wire-
less Sensor Networks” is the title of the sixth paper. Taking in-
dustrial wireless sensor network (IWSN) as a representative
case of the URLLC, this paper proposes a new hybrid multi-
channel scheme so as to deliver a better performance in terms
of enhanced throughput, increased reliability and reduced la-
tencies. With the utilization of the multiple frequency chan-
nels, the proposed scheme defines a special purpose frequency
channel that facilitates failed communications by retransmis-
sions where the retransmission slots are allocated according to
the priority level of failed communications of different nodes.
The presented results show the accurateness of the theoretical
analyses and the effectiveness of the proposed scheme.

Featured into the “Review” section of this special issue, the
seventh paper is titled as “Device-to-Device Based Coopera-
tive Relaying for 5G Network: A Comparative Review”. As the
author of this paper pointed out, the concept of cooperative
communications opens a possibility of using multiple terminals
to cooperatively achieve spatial diversity and hence the utiliza-
tion of D2D-based cooperative relaying is promising in the era
of 5G. By first proposing a new opportunistic space-time cod-
ing scheme, this paper then presents a comparative study on
several cooperative multi-relay schemes in the presence of im-
perfect channel state information. The numerical results prove
that the proposed scheme is the best up-to-date cooperative so-
lution from the perspective of multiplexing-diversity trade-off.

As we conclude the introduction to this special issue and
the contents of seven papers, we would like to thank all au-
thors for their valuable contributions. We also express our sin-
cere gratitude to all the reviewers for their timely and insight-
ful comments on all submitted papers. It is hoped that the con-
tents in this special issue are informative and useful from vari-
ous aspects related to 5G NR standardization and technology
development.
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5G New Radio: Physical Layer Overview

YUAN Yifei and WANG Xinhui
(ZTE Corporation, Shenzhen 518057, China)

' Abstract

This paper provides an overview of the physical layer of 5G new radio (NR) system. A general framework of 5G NR is first de-

scribed, which glues together various key components, all of them helping to fulfill the requirements of three major deployment

scenarios: enhanced mobile broadband (eMBB), ultra-reliable low latency communications (URLLC) and massive machine type

communications (mMTC). Then, several key components of the 5G NR physical layer are discussed in more detail that include

multiple access, channel coding, multiple antennas, frame structures, and initial access. The two-phase approach of NR is also dis-

cussed and the key technologies expected to be specified in Phase 1 and Phase 2 are listed.

'A Keywords

5G; IMT-2020; new radio (NR)

1 Introduction

fter years of research on 5G by various promotion

groups around the world, such as METIS, IMT -

2020, and 5G Forum, 5G finally arrived in 3GPP,

the most influential standard development body on
cellular communications in the world. In September 2015, the
first 5G workshop was held in Phoenix of USA, which marks
the start of 5G in 3GPP. The channel model work for 5G was
then started, suitable for spectrum bands up to 100 GHz. This
is the foundation of technology study of 5G. At the same time,
3GPP kicked off the study on deployment scenarios for radio
access network (RAN) and key performance indicators (KPIs)
of 5G. This study provides the guidance on potential technolo-
gies that may fulfill the performance requirements and applica-
tions expected for 5G. In January 2016, the actual work on the
5G channel model was moved to 3GPP WG1 whose mission is
to specify the physical layer features of 5G, LTE, and Univer-
sal Mobile Telecommunications System (UMTS)/high - speed
packet access (HSPA) system. Significant progress was
achieved over the three working group level meetings till
March 2016 and a stochastic model was chosen as mandatory
and a hybrid model as optional. Both the models were captured
in the technical report for channel modeling [1]. By March
2016, most of the work on requirements [2] had been finished
at the RAN level. The three most important deployment scenar-
ios for the requirements were identified: enhanced mobile
broadband (eMBB), ultra-reliable low latency communications
(URLLC) and massive machine type communications (mMTC).

Performance metrics were also agreed, which include peak da-
ta rates, user experienced throughput, cell average and edge
spectral efficiency, control and user plane latency, reliability,
connection density and efficiency, and etc. The actual num-
bers of KPIs for 5G are still in discussion in 3GPP.

In March 2016, a study item was approved by 3GPP to inves-
tigate the potential technologies for 5G new radio (NR) [3]. The
reason of naming it “new radio” is that this air interface will
not be backward compatible with any 4G standards such as
LTE-Advanced-pro. This new radio interface can be deployed
stand-alone, i.e., an independent network not relying on other
networks. NR can also be deployed in non-stand-alone fashion,
i.e., along with LTE-Advanced-pro, since LTE evolution is also
considered part of 5G. At the physical layer, potential techni-
cal areas of NR include multiple access, waveform, channel
coding, frame structure, multiple - input multiple - output (MI-
MO), device-to-device (D2D), vehicle-to-vehicle (V2V), unli-
censed spectrum, etc. This study item (Phase 1) of NR will be
finished by March 2017, followed by the work item stage
(Phase 2). Phase 1 aims to specify basic functionalities of NR
that can partially fulfill the performance requirements of 5G.
Its specification work will be completed by June 2018 and this
would make it possible to deploy the first 5G network by
around 2020. It became clear that not all the technologies can
be specified in Phase 1, because some of features are not con-
sidered as so urgent until 2020. The RAN plenary decided in
September 2016 to postpone the specification of some technolo-
gies or deployment scenarios, such as D2D, V2V, carrier fre-
quency over 40 GHz, unlicensed spectrum, and mMTC, so that

June 2017 Vol.15 No. 1 ZTE COMMUNICATIONS | 03
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the work groups of RAN and Services & System Aspects (SA)
could focus on the specification of frame structure, channel
coding, MIMO, etc. in Phase 1.

The rest of this paper is organized as follows. In section 2,
we discuss the framework of NR physical layer. In section 3,
key components of the NR physical layer are described. The
phased approach of NR specification is discussed in Section 4.
Some conclusions are drawn in Section 5.

2 Framework of NR Physical Layer

Technologies

NR is a new air interface that is not backward compatible
with LTE, LTE-Advanced or LTE-Advanced-pro. NR networks
can be independently deployed without relying on any 2G, 3G
or 4G networks. This means that NR should have a complete
set of RAN functionalities to be able to work alone. Similar to
previous generations of cellular networks, NR should have ba-
sic frame structure, numerology, initial access procedures, and
scheduling for operation. In some sense, these basic compo-
nents for 5G NR system may inherit lots of design of previous
generations, in particular 4G standards. It is apparent that mul-
tiple access schemes for NR would be at least based on orthog-
onal frequency division multiple access (OFDMA). Moreover,
the fundamental waveform of NR is cyclic prefix-orthogonal fre-
quency division modulation (CP-OFDM), while the frame struc-
ture and numerology would share some characteristics of LTE.

Innovations in areas of multiple access, channel coding and
MIMO will play important roles in achieving 5G performance
requirements. They serve as the main technical drivers to pro-
pel the work on basic functionalities listed above such as nu-
merology, frame structures, initial access, and scheduling.

Fig. 1 shows the framework of NR physical layer technolo-
gies. To be more specific, new multiple access schemes such
as those based on non-orthogonal properties would introduce a
“scheduling-light” and/or “light initial access” mechanism to
significantly reduce the control overhead and access latency in
order to efficiently support mMTC.

New channel coding schemes such as low - density parity
check (LDPC) and polar codes can significantly reduce the de-
coding complexity for scenarios with large block sizes and/or
high coding rates, and improve the performance for those with

Frame structure, initial access
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A Figure 1. Framework of NR physical layer technologies.
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short block sizes. It is known that the decoding of channel
codes would consume a lot of processing power of a receiver.
Codes with efficient decoding algorithms can shrink the timing
budget for processing at the receiver. With these advance-
ments, the frame structure can be made more “self-contained”.
Fast decoding also facilitates the design and specification for
URLLC. With the super-wide bandwidth expected for 5G, i.e.,
up to 1 GHz, channel codes efficient for large block sizes be-
come an imperative, rather than an option. Without it, frame
structure of NR would be merely a hollow place holder.

MIMO techniques help to differentiate NR from 4G in many
aspects. NR would operate up to 100 GHz bands. At such high
carrier frequency, MIMO or beamforming is a must-have fea-
ture. Otherwise, the severe path loss and penetration would
render NR useless, even indoor. Hence, beamformed transmis-
sion would widely be employed, not only for traffic channels,
but also for control signaling, random access signal, synchroni-
zation signal, and broadcast channels carrying system informa-
tion. Beamforming is also used at the receiver. Because of
these, initial access and frame structure of NR would have
many footprint of beamforming, which is seldom seen in LTE.

3 Key Components of NR Physical Layer

3.1 Multiple Access and Waveform

Multiple access has become a landmark technology for each
generation of cellular communications; 1G is frequency divi-
sion multiple access (FDMA), 2G is time division multiple ac-
cess (TDMA), 3G is code division multiple access (CDMA),
and 4G is OFDMA. The extensive study so far has shown that
OFDMA can deliver reasonably high system throughput for
eMBB both for downlink and uplink. Tt is also well recognized
that orthogonal transmission in general requires less sophisti-
cated receivers. Therefore, OFDMA is mandatory at least for
eMBB. On the other hand, non-orthogonal multiple access will
be an important complementary feature to further enhance the
system throughput for eMBB services in NR, similar to multi-
user superposition transmission (MUST) feature for LTE.

A more important use of non-orthogonal transmission in NR
is mMTC uplink. 5G should support up to 1 million devices
per square kilometer. With such dense connections, the system
has to handle huge volume of users’ data simultaneously. This
puts significant constrain on control signaling where using tra-
ditional grant-based transmission becomes highly inefficient,
simply due to the excessive overhead of signaling. To solve this
issue, grant-free transmission is proposed where no explicit dy-
namic grant is signaled to terminal devices. Non - orthogonal
multiple access is often grant-free so that multiple devices can
share resources at the same time and frequency. Grant-free non
-orthogonal multiple access also reduces the latency. As illus-
trated in Fig. 2, a device can immediately start the transmis-
sion when it has data to send, without the need to wait until the
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OFDM (W -OFDM), filtered-OFDM (F-OFDM),

Small
packet

Grant-free/

RACH-free

® Randomly choose spreading code
® Grant-free/RACH-free

UE ® No power control

filter - bank - OFDM (FB - OFDM), and universal
OFDM (UFDM). These waveforms are able to
make the spectrum more localized, i.e., less out-
of-band emission, which is important to the sce-

Sensor NR NB

DL Synch. eNB

® SIC receiver

® Blind multi-user detection

® Blind channel estimation

narios where different numerologies are frequen-
cy division multiplexed (FDM). An extensive

simulation campaign has been done, and it was

Grant-free/RACH-free data

transmission

DL: downlink NR: new radio
eNB: evolved node B RACH: random access channel
NB: node B SIC: successive interference cancellation

UE: user equipment

decided that the study on NR waveform was to
be moved to 3GPP WG4 whose mission is to set
the radio frequency requirements. The rationale
is that all the above mentioned waveforms are

based on CP - OFDM and the receiver do not

AFigure 2. Grant-free and RACH-free transmission.

full-blown random access is completed, nor limited to radio-re-
source-control (RRC)-connected state only. For mMTC servic-
es that are characterized by small packets of infrequent arriv-
als, significant power saving is expected at the terminal devic-
es.

Grant - free transmission is autonomous and contention -
based. Different users can use different signatures to facilitate
the detection and decoding at the receiver. One option would
be that each device randomly selects the signatures, resulting
in certain signature collisions. The other option would be that
the signatures of users are pre-defined. Multiple access signa-
tures can be sequence, code, interleaver pattern, demodulation
reference signal, preamble, etc. They can roughly be catego-
rized as follows:

1) Type 1 signatures: short codes and sequences that have
more structures

® Type la: short codes and sequences that have low cross
correlation or better inter-distance property

® Type 1b: short codes and sequences that have low density
property
2) Type 2: long codes, sequences, or interleaver patterns that

have less structure

Here, long or short is of relative sense. In general, if a code
or sequence length is much less than the code block length, it
is considered as “short”. The low cross correlation property of
Type la signatures facilitates the successive interference can-
cellation (SIC) at the receiver. The low density property of
Type 1b signatures helps to reduce the receiver complexity of
message passing algorithm (MPA), a type of parallel interfer-
ence cancellation (PIC) scheme. In 3GPP, so far about 15 grant
-free schemes have been proposed. Each of them uses one or
two types of signatures listed above. For example, Multi- User
Shared Access (MUSA) [4] and Non-Orthogonal Coded Access
(NOCA) [5] use Type la, Sparse Code Multiple Access (SC-
MA) and Pattern Defined Multiple Access (PDMA) [5] use
Type 1b, and Resource Spread Multiple Access (RSMA) and
Interleave Division Multiple Access (IDMA) [5] use Type 2.

Several waveforms have been proposed, such as windowed -

need to know the exact filtering process at the
transmitter. To improve the link budget, discrete-
Fourier-transform-spread OFDM (DFT-S-OFDM) is also sup-

ported for uplink with single-stream transmission, at <40 GHz.

3.2 Channel Coding and Modulation

In NR, four major types of channel coding are being studied:
low density parity check (LDPC) codes, turbo codes, polar
codes, and tail-biting convolutional codes (TBCC). LDPC was
originally proposed by Gallager in early 1960s [6]. After experi-
encing over 30 years of obscurity, its potential performance
and uniqueness of parallel decoding process were re - discov-
ered by the channel coding society in late 1990s. LDPC was
adopted as the optional feature in IEEE standards. However, it
lost the battle to turbo codes for the channel codes of LTE,
mainly because that the block size and code rate were not high
enough for LDPC to be mandatory. The situation in NR be-
comes more favorable to LDPC: the code block size can be
greater than 10,000 and the code rate can reach 8/9, so that
the advantage of parallel processing of LDPC is more pro-
nounced. Since the adoption in IEEE standards, quite a lot of
studies have been carried out to make LDPC more flexible to
different block sizes and to more efficiently support hybrid au-
tomatic repeat request (HARQ). There have been many imple-
mentations of LDPC in WiMAX and proprietary microwave
backhaul from which plenty of experience has been accumulat-
ed in the hardware and firmware development. In another
word, LDPC has been tested and now reaches certain a level of
maturity in the wireless industry. Main stream LDPC schemes
have the quasi-cyclic structure outlined in Fig. 3. Basically,
all the low density parity check matrices (H) are derived from
the proto - matrix (Hb), by the process of either “lifting”, or
“shortening”. Lifting process helps to construct different block
sizes of LDPC. Permutation matrix (P) is used during the “lift-
ing”. “Shortening” process can tune the LDPC to different
code rate. The HARQ can be achieved by fetching the system
bits and parity bits from circular buffer. In November RAN1
meeting of 2016, LDPC was chosen as the channel code for
eMBB data channel.

Turbo codes have been widely used in 3G and 4G standards,
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short block sizes. In November RAN1 meet-
ing of 2016, the polar code was chosen as the
channel code for eMBB control channel, ex-
cept for very short length.

Convolutional codes have been used for
over 60 years. Normally, tail bits are reserved
to bring the trellis state back to zero. In tail -
biting convolutional codes (TBCC), the tail

. bits are saved to reduce the overhead, with a
Amb.

litle more processing at the decoder. Even
with maximal likelihood (ML) decoding such
as Viterbi algorithm, the decoder of TBCC is
the simplest among the four major channel
codes. Due to the weak code structure, the

mh

A Figure 3. Basic concept of quasi-cyclic LDPC.

due to their good performance and flexibility to different block
sizes. Apparently turbo codes are the most mature of all the
four types mentioned above. However, the core of turbo decod-
ing is the extrinsic information exchange between the two con-
stituent soft-input and soft-out decoders [7]. Each runs maxi-
mum a posterior (MAP) based BCJR algorithm that is funda-
mentally a serial process. While windowing operation can be
employed at the decoder to improve the decoder’s throughput,
it comes at the cost of performance degradation and hardware
complexity. This issue becomes a show-stopper when the code
block size reaches 6000 and the code rate is higher than 2/3
where turbo codes can no longer compete against LDPC. Cer-
tain enhancement of LTE turbo has been proposed, e.g., to ex-
tend the quadratic permutation polynomials (QPP) to around
8000. However, above that, turbo is still inferior to LDPC. An-
other enhancement of LTE turbo includes mother code rate < 1/
3, for example, 1/5 turbo, so that the performance can be im-
proved at low SNR operating points.

The polar code was first proposed by Erdal Arikan in 2009
[8]. The advent of polar code is seminal in the sense that it is
the first channel code that constructively builds and reaches
channel capacity. The original channel is binary symmetric
channel (BSC) which can be considered as the simplest form of
“polarized channel”. This “polarization” would be extended to
more sophisticated channels, so that channels are categorized
into “good” channels and “bad” channels. Good channels
have the maximal capacity and can carry the information bits,
while bad channels have the least capacity and can carry the
known bits. The basic decoding algorithm of polar is succes-
sive cancellation (SC) which is fundamentally serial. To im-
prove the performance, list decoding is normally needed whose
decoding complexity linearly increases with the list size (L). L
can be 4, 8, 16 or 32. The polar code is relatively new and the
most of study to date has still been in academia. Limited imple-
mentation has been conducted for polar. Nevertheless, the po-
lar code show better performance than turbo and LDPC for
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performance of TBCC is the worst when the
block size becomes larger, i.e., > 100 bits.
Hence, TBCC is suitable for control chan-
nels, or small packets, low latency and low cost scenarios. Re-
cently, list-decoding was proposed to improve the TBCC s per-
formance by utilizing CRC bits, although the corresponding de-
coding complexity could be increased.

Conventional Quadrature Phase - Shift Keying (QPSK) and
Quadrature Amplitude Modulation (QAM) constellation (with
Gray mapping property) will be used for NR. Other low-Peak to
Average Power Ratio (PAPR) modulation schemes are to be
studied.

3.3 MIMO Technologies

MIMO in NR has to work for high frequency where beam-
forming would be widely used to compensate for the adverse
propagation environment like severe path loss over the air and
more attenuation when penetrating the building. Beamforming
becomes more feasible for high frequency due to the shorter
wavelength, and therefore the size of antenna array can be kept
small even with a large number of elements. At high frequen-
cy, a high sampling rate and various imperfections at RF
makes digital processing more expensive. Analog beamforming
is more cost-effective. On the other hand, digital beamforming
is preferred at low frequency bands due to its flexibility of re-
source scheduling and better performance. Hence, unified de-
sign is preferred so that common architecture is used for both
low frequency bands (< 6 GHz) and high frequency bands (> 6
GHz), so that the systems can adaptively support analog/hybrid/
digital beamforming, as well as the dynamic switching between
various transmission schemes.

Similar to coordinated multi - point processing (CoMP) in
LTE, group-based transmit/receive (Tx/Rx) beam selection can
be considered where multiple links for MIMO is supported in
flexible manner. It would follow a semi - transparent architec-
ture.

Reference signaling and control signaling can be made more
flexible. For example, multi-level or multi-shot designs are po-
tential features. More specifically, in LTE, quite a number of



transmission modes were introduced to individually optimize
the MIMO performance for each deployment scenario. The
switching between those transmission modes is semi-static and
cannot dynamically adapt to the changing environment. In NR,
it is preferred to allow dynamic adaptation of transmission
schemes. The experience from LTE MIMO study and specifica-
tion has proved that channel state information (CSI) feedback
is vital for MIMO to deliver its promised throughput gain. One
of the reasons that multiple transmission modes are defined in
LTE MIMO is the challenging task of accurate CSI feedback.
Advanced CSI framework is currently considered to solve this
issue. For instance, the aperiodic reference signal is to be trig-
gered for channel measurement and interference measurement,
only when needed. The feedback CSI is based on linear combi-
nation of selected beams. Orthogonal basis based beam selec-
tion can be considered when both quantized amplitude and
phase coefficients are used to combine the selected beam. CSI
would be fed back in multiple levels, as illustrated in Fig. 4.

3.4 Numerology, Frame Structures, HARQ and Duplex
CP - OFDM would be the fundamental waveform for NR.
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A Figure 4. CSI feedback.

Hence, the LTE numerology can largely be reused. In August

2016, it was decided that the reference numerology of NR is
LTE, i.e., 14 OFDM symbols in 1 ms subframe (SF), 15 kHz
for each subcarrier and 12 subcarriers in a physical resource
block (PRB). The scaling of subcarrier spacing is to the power
of 2, for example, 3.75 kHz, 7.5 kHz, 30 kHz, 60 kHz. Conse-
quently, the symbol duration is shrunk to 1/2, and 1/4 of refer-
ence symbol duration. Subframe duration is fixed to 1 ms, and
symbol level alignment should be enforced, in the case of same
overhead of cyclic prefix. The symbol structures of 3.75 kHz,
7.5 kHz, 15 kHz, 30 kHz and 60 kHz for normal CP family are

shown in Fig. 5.

Figure 5.»>
NR frame structure.

It is observed in the cases of 30 kHz and 60 kHz that other
than the first OFDM symbol, all the other OFDM symbols with-
in 0.5 ms have the same size.

NR faces the issue of how to multiplex different numerolo-
gies. To reduce the complexity and resource fragmentation,
nested structure is adopted which can be applied to the cases
where physical resource blocks (PRBs) of different numerology
are multiplexed in TDM or FDM (Fig. 6).

The frame structure of NR should give the networks more
flexibility in scheduling, regardless of frequency division du-
plex (FDD) or time division duplex (TDD) spectrum bands. In
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fact, the design principle of NR frame structure would be gen-
eral for FDD and TDD. This is quite different from the case of
LTE where seven subframe configurations are defined for LTE-
TDD, leading to very complicated HARQ timing. In particular,
the all downlink or all uplink subframes of LTE-TDD cause
longer round-trip time for HARQ and severely degrade the us-
er experience. In NR, self - contained subframe structure be-
comes the prevailing view. This is also made possible because
of the fast growing processing power of terminal devices. As il-
lustrated in Fig. 7, 1 ms subframe can contain downlink con-
trol at the beginning of a subframe, followed by downlink data.
This arrangement would give more time budget for the terminal
receiver to decode the data, and be able to provide the feed-
back within this subframe. Reference signal for demodulation
can be placed at the beginning of this subframe to facilitate in-
time channel estimation. After the gap for Tx/Rx switching, the
last symbol can be used for uplink control channel. Note that
the structure in Fig. 7 represents the normal coverage situation
where downlink and/or uplink control channel can be carried
in partial subframe (i.e., one or several OFDM symbols). If the
scenario is coverage limited, the entire 1 ms subframe can be
used for uplink control, or OFDM symbols of multiple sub-
frames are used for downlink control.

Due to self - contained frame structure, HARQ timing be-
comes more flexible. For instance, for downlink, NR supports
both same-slot scheduling and cross-slot scheduling. The tim-
ing relationship between downlink (DL) data and the corre-
sponding acknowledgement in uplink (UL) can be dynamically
or semi - statically indicated. Uplink supports asynchronous
HARQ. The timing offset between the UL assignment and the

Self-contained scheduling frame

A

DL ctrl DL data Gap UL ctrl

[ !

TypeO NR_SF Typel NR_SF

DL: downlink  UL: uplink

A Figure 7. Self-contained scheduling frame.
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corresponding UL data can also be dynamically or semi-stati-
cally indicated.

Another key principle of frame structure is to minimize the
resource allocation for common channel. Here, it is more re-
flected as the control channel and reference signals are dedi-
cated to each user. Control channel does not need to span over
the entire system bandwidth, and can occupy one or several sub

-bands.

3.5 Initial Access and Mobility

Generally speaking, initial access and mobility support of
different generations of cellular communications would share
many common functions such as synchronization, system infor-
mation broadcasting, and random access. Nevertheless, initial
access of NR has its own characteristics, for example, exten-
sive use of beamforming for common channels, super wide
bandwidth for initial cell searching, minimum usage of re-
source for common channels, and introduction of a new RRC
state.

For high frequency bands, analog beamforming would be
more often used. Due to the limited number of transmit and re-
ceive unit (TXRU), signals may have to be transmitted or re-
ceived along only one beam direction in one sweeping block
(SB). Fig. 8a shows an example of uplink SB determination
when Tx/Rx reciprocity is available. The base station (transmit/
receive point, TRP) can indicate to the UE in the system infor-
mation that there is a one-to-one mapping between sweeping
blocks in DL sweeping time interval (STI) and UL STI. The UE
should send physical random access channel (PRACH) pream-
ble in the UL SB corresponding to the DL SB in which the best
or acceptable signal strength is detected.

If the Tx/Rx reciprocity at the TRP is not reliable and TRP
Rx beam sweeping is needed, the TRP can request the UE (e.
g. in SI) to repeat the preamble transmission on multiple UL
SBs, as seen in Fig. 8b. When Tx/Rx reciprocity is not avail-
able at UE, the UE can send preambles with different UE Tx
beam directions in different UL SBs and/or in different UL
STTIs, as seen in Fig. 8c.

The super wide system bandwidth means that multiple nu-
merologies may coexist in FDM fashion. Ideally for numerolo-
gy, one synchronization signal would be defined. However, this
may lead to excessive overhead. Right now, RAN1 is striving
for minimizing the number of subcarrier spacings for synchroni-
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zation signals and primary broadcast channels.

4 Phased Approach for NR

® MIMO techniques
® Beam management for initial access
® HARQ and scheduling.

It is noted that the links in consideration are primarily be-

tween the base station and the UE. The frequency bands are li-

4.1 Technologies and Scopes for NR Phase 1

Apart from the basic frame structure, numerology and initial
access to be defined for a network to be operable, NR phase 1
should also specify a few other key technologies that hopefully
help to fulfill some KPIs of 5G. They are:

® Channel coding scheme for eMBB and URLLC

censed bands and up to 40 GHz.

4.2 Technologies and Scope for NR Phase 2

Technologies and the scope in Phase 2 will extend the use

cases of 5G and help to fulfill all KPIs of 5G. They are:

® Waveform above 40 GHz
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* mMTC

® [lexible duplex of FDD

® [nterworking with non-3GPP systems

® Wireless relay

® Satellite communications

® Air-to-ground and light air craft communications

® Extreme long distance coverage

® Sidelink

® Vehicle-to-Vehicle (V2V) and Vehicle-to-X (V2X)
® Multimedia broadcast/multicast service

® Shared spectrum and unlicensed spectrum

® [ocation/positioning functionality

® Public warning/emergency alert

® New self-organized network (SON) functionality

® 2-step RACH process

® Uplink based mobility

® Analog CSI feedback and explicit CSI feedback for MIMO.

S Conclusions

In this paper we provided an overview of new radio (NR)
physical layer for 5G, which is currently in the study phase in
3GPP. This survey starts from the framework of NR physical
layer, followed by more detailed description of each key tech-
nology and functionality. The items to be specified in Phase 1
and Phase 2 are also listed.
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'A Abstract

Support of many different services, approximately 1000x increase of current data rates, ultra-low latency and energy/cost efficiency
are among the expectations from the upcoming 5G standards. In order to meet these expectations, researchers investigate various
potential technologies involving different network layers and discuss their tradeoffs for possible 5G scenarios. As one of the most
critical components of communication systems, waveform design plays a vital role here to achieve the aforementioned goals. Basic
features of the 5G waveform can be given in a nutshell as more flexibility, support of multiple access, the ability to co-exist with
different waveforms, low latency and compatibility with promising future technologies such as massive MIMO and mmWave com-
munications. Orthogonal frequency division multiplexing (OFDM) has been the dominant technology in many existing standards
and is still considered as one of the favorites for broadband communications in 5G radio access network (RAN). Considering the
current interest of industry and academia on enhancing OFDM, this paper drafis the merits and shortcomings of OFDM for 5G
RAN scenarios and discusses the various approaches for its improvement. What is addressed in this paper includes not only en-
hancing the waveform characteristics, out of band leakage and peak to average power ratio in particular, but also methods to re-
duce the time and frequency redundancies of OFDM such as cyclic prefix and pilot signals. We present how the requirements of
different 5G RAN scenarios reflect on waveform parameters, and explore the motivations behind designing frames that include
multiple waveforms with different parameters, referred to as numerologies by the 3GPP community, as well as the problems that
arise with such coexistence. In addition, recently proposed OFDM-based signaling schemes will also be discussed along with a

brief comparison.

'A Keywords

5G waveform; 5G RAN; eMBB; multicarrier systems; OFDM

1 Introduction

xponential growth in the variety and the number of

data-hungry applications along with mobile devic-

es leads to an explosion in the need for higher data

rates, and this is definitely the main driving factor
in 5G [1]. Therefore, a wide range of data rates up to gigabits
per second are targeted in 5G technologies which are expected
to be deployed around 2020. In order to achieve these goals,
academia has been in a great collaboration with industry as ob-
viously seen in European Union projects as SGNOW [2], ME-
TIS [3], MiWaveS [4] and FANTASTIC - 5G [5]. Along with
those, standardization has been started in 3GPP to deliver the
demanded services timely.

One of the most challenging parts of achieving targeted high
data rates is physical scarcity of the spectrum, and researchers
have been putting an extensive effort to this challenge. One
popular approach is to extend existing spectrum towards virgin
higher frequencies up to 100 GHz [6]. Another approach is to
increase spectral efficiency for a given spectral resource. Milli-

meter wave (mmWave) communications and massive multiple-
input multiple-output (MIMO) are the representative concepts
of these two approaches and very promising technologies for fa-
cilitating 5G goals, especially for enhanced mobile broadband
(eMBB) services which constitutes one of the main service
groups considered for 5G radio access network (RAN).

Even though not considered as the revolutionary part of 5G,
one of the most fundamental components of any communica-
tion system is the waveform design. Therefore, intensive discus-
sions are being conducted in academia and industry, in order
to select the proper waveform meeting 5G requirements.
Among all the candidates, multicarrier techniques are promi-
nent especially for broadband wireless communications due to
several advantages such as immunity against frequency selec-
tivity, multiuser diversity support and adaptive modulation/cod-
ing techniques. Orthogonal frequency division multiplexing
(OFDM) has been the dominating technology so far and suc-
cessfully deployed in many of the current standards such as
Long Term Evolution (LTE) and Wi-Fi. In the transition from
existing technologies (4G) to the next generation, waveform se-

June 2017 Vol.15 No. S1 ZTE COMMUNICATIONS | 11



MY Special Topic

Enhanced OFDM for 5G RAN
Zekeriyya Esat Ankarali, Berker Pekoz, and Hiiseyin Arslan

lection ramifies to two paths for 5G RAN. The first one is re-
considering OFDM based methods by improving its character-
istics and handling its drawbacks with proper solutions. The
second one, on the other hand, is to implement alternative mul-
ticarrier technologies and redesign everything based on a dif-
ferent rationale. Fig. 1 shows transceiver block diagrams for
OFDM and other popular multicarrier schemes including fil-
tered multi-tone mode of filter bank multicarrier (FBMC), uni-
versal filtered multicarrier (UFMC) and generalized frequency

division multiplexing (GFDM). Let us firstly provide the merits
and challenges of the multicarrier technologies considered as
an alternative to OFDM in the context of 5G expectations.

1.1 FBMC

FBMC is one of the most well-known multi-carrier modula-
tion formats in wireless communications literature which is al-
so discussed as a 5G waveform in [7]. It offers a great advan-
tage of shaping each subcarrier and facilitating a flexible utili-
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zation of spectral resources along with meeting various system
requirements, e.g., low latency, multiple access, etc. This is al-
so an advantage for making signal robust against channel ef-
fects, i.e., dispersion in time and frequency domains. For exam-
ple, rectangular filters are preferable for time dispersive chan-
nels while raised cosine filters are more robust against frequen-
cy dispersion. Many other pulse shaping filters are also investi-
gated to cope with various effects of the channel and provide a
reliable system design based on different scenarios [8].

Despite all the advantages of FBMC, the significantly long
filter lengths resulting in colossal symbol durations not only be-
come a problem if low latency applications or short bursts of
machine type communications are in focus [9], but also intro-
duce an excessive computational complexity for MIMO detec-
tion as the channel coherence bandwidth would fall below the
subcarrier bandwidth [10], which would mean problems in all
main applications of 5G.

1.2 UFMC

UFMC is a generalized version of filtered multicarrier tech-
niques where groups of subcarriers, i.e., sub-bands, are filtered
rather than filtering each subcarrier individually [11]. By doing
so, interference between neighboring sub - bands is decreased
compared to conventional OFDM. Also, sub-band based filter-
ing operation, when compared to the subcarrier filtering opera-
tion performed by FBMC, aims to increase the efficiency for
short-burst type communications such as IoT scenarios or very
low latency packets by reducing the filtered symbol duration
and outperforms both cyclic prefix (CP)- OFDM and FBMC for
such use cases [9]. A similar scheme is also presented as re-
source block (RB)-filtered OFDM in [12]. On the other hand,
while UFMC aims to solve the problems of FBMC while main-
taining its advantages, the increased fast Fourier transforma-
tion (FFT) length introduces complexity issues at the transmit-
ter and receiver operations.

1.3 GFDM

GFDM is a block - based multicarrier filtered modulation
scheme, designed to address the challenges in the vast usage
scenarios of the fifth generation by providing a flexible wave-
form [9]. GFDM allows reuse of techniques that were originally
developed for OFDM, as circular convolution is employed to fil-
ter the individual subcarriers, making the GFDM frame self -
contained in a block structure. For tactile internet scenarios,
GFDM can be distinguished from other multicarrier waveforms
by how it achieves robustness over highly mobile channels.
This is accomplished via taking the advantage of the transmit
diversity provided by the easy generation of impulse responses
simply obtained with circularly shifting the single prototype fil-
ter in time and frequency. To improve the reliability and laten-
cy characteristics even further, the GFDM waveform can be
combined with the Walsh - Hadamard transform for increased
performance in single-shot transmission scenarios. When com-
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bined with offset quadrature amplitude modulation mapping,
GFDM avoids self-generated interference if non-orthogonal fil-
ters are employed for next generation multiple accessing.

In a different point of view, GFDM can be considered as a
highly parameterizable waveform that is flexible across frames
rather than a single waveform. By choosing the parameters of
the GFDM waveform appropriately, one can obtain different
waveforms such as OFDM, single carrier - frequency domain
equalization (SC-FDE), FBMC and Faster-Than-Nyquist at the
output, as demonstrated in [9]. In spite of these type of interest-
ing flexibilities, GFDM is a computationally extensive scheme
mainly because FFT/inverse FFT (IFFT) could not immediate-
ly be employed at the GFDM based transceiver [13]. Further-
more, the circular convolution used in the filtering process, re-
ferred to as tail - biting in [14], introduces non - orthogonality
across subcarriers as explained in [8]. Therefore, a successive
interference cancellation at the receiver side is required so as
to remove inter-carrier interference (ICI) [15].

Unlike the aforementioned technologies, OFDM has been
widely and successfully used in wireless digital communica-
tion systems such as LTE and Wi-Fi due to its numerous ad-
vantages such as low-complexity implementation with FFT and
the robustness against multipath channels with single - tap
FDE. However, plain OFDM signals suffer from the distortions
due to the non-linear characteristics of power amplifier (PA).
At the same time, the block nature of OFDM symbols may re-
sult in a high out-of-band (OOB) leakage and cause severe ad-
jacent channel interference. Considering these issues, alterna-
tive schemes, GFDM, UFMC and FBMC definitely offer some
advantages over OFDM. However, backward compatibility of
OFDM with the existing technologies along with the other ad-
vantages makes enhancement of OFDM more appealing for the
industry rather than going for a new waveform, as far as seen in
the current standard discussions [16]-[18]. Therefore, in this
paper, we draft various approaches addressing the shortcom-
ings of OFDM and discuss how OFDM fits the envisioned 5G
concepts and technologies.

Organized into the following five sections, this paper first
presents the methods that enhance the spectral compactness,
robusiness against nonlinear effects of radio frequency (RF)
front-end and spectral efficiency of OFDM. We provide exam-
ples of transmitter algorithms that lower peak-to-average power
ratio (PAPR) and OOB leakage of OFDM without requiring ma-
jor modifications at the receiver side. Secondly, considering
newly introduced 5G RAN applications such as massive MI-
MO, we discuss the methods that address reducing the redun-
dancies of OFDM in time (CP duration) and frequency (pilots)
in order to increase spectral efficiency. Following that, we de-
scribe one of the main goals of 5G, which is to make all the di-
verse applications requiring different waveforms co-exist in the
same frame, as addressed by 3GPP community within numerol-
ogy contributions. The motivations and challenges of this con-
cept are briefly investigated. Finally, new OFDM-derived ap-
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proaches that aim to overcome the drawbacks of OFDM are pro-
vided along with the issues they encounter.

2 Improvements in Waveform

Characteristics

In a general sense, the key terms characterizing a basic
OFDM waveform are multicarrier modulation and rectangular
pulse shape', and the majority of the advantages and disadvan-
tages of OFDM are stemming from these features. In this sec-
tion, we discuss how to improve characteristics of OFDM and
make it a more convenient waveform for 5G RAN in terms of

high PAPR, OOB leakage and redundancy introduced by CP.

2.1 OOB Leakage Suppression

High OOB leakage is a major issue in OFDM due to the in-
herent rectangular shape of OFDM symbols. In the frequency
domain, subcarriers are shaped by sinc functions and addition
of their sidelobes results in a considerable energy leakage on
the neighboring channels as shown in Fig. 2. Although there
are well-known filters emitting less energy on side bands, e.g.,
raised cosine and Gaussian filters, OFDM does not allow pulse
shaping unlike FBMC and GFDM, and therefore, a severe in-
terference might be inevitable for users operating on the neigh-
boring frequencies, especially for asynchronous scenarios.
Leaving sufficient guard bands between the users might be con-
sidered as a practical solution, but this would not be an effi-
cient way of utilizing spectral resources. In 5G scenarios, as
far as envisioned so far, a huge number of asynchronous and
data-hungry users should co-exist within a limited spectrum.
Therefore, OFDM signals should be more localized in the fre-
quency domain by handling OOB leakage problem in a practi-
cal way to adapt OFDM to such scenarios.

For the aforementioned purpose, OOB leakage of OFDM sig-
nals has been extensively addressed with numerous techniques
in the literature as reviewed and compared in [19]. For in-
stance, a time domain windowing approach is proposed in [20],
which can make the transitions between the OFDM symbols
smoother and avoid signal components at higher frequencies.
Hence, the OOB leakage of OFDM symbols is significantly re-
duced. This approach became very popular due to its simplici-
ty, effectiveness and requirement of no modification at the re-
ceiver side. However, the introduction of an extra redundancy
as much as the windowing duration remained a problem. In
[21], while the total duration for CP and windowing is kept con-
stant for all subcarriers, windowing is mostly applied to the
edge subcarriers since the leakage of edge subcarriers causes
more interference on the adjacent frequencies. In a practical
multiuser scenario where users need different CP sizes, this ap-
proach can decrease the windowing redundancy compared to

' CP deployment can also be considered among these terms, however,
that will be discussed in later sections.

14 | ZTE COMMUNICATIONS = June 2017 Vol.15 No. S1

Amplitude (dB)

Sinc (Plain OFDM) |

-40 ¢ | | I. i
=50 ! L1 1 | |

—— RC («=0.5) | I
-60 | II Gaussian (0=38) N
|| —— Gaussian (0=4) || |
-70 . i I ‘ | ‘
S 4 3 2 -1 0 1 2 3 4 5

Frequency (F)

OFDM: orthogonal frequency division multiplexing ~ RC: raised cosine

AFigure 2. Frequency responses of an OFDM subcarrier (sinc) and
various filters.

the classical approach via a convenient user scheduling. Users
with low time-dispersive channels are assigned to the edge sub-
carriers and users having highly time-dispersive channels are
assigned to the inner subcarriers. Thus, the total duration re-
quired for CP and windowing could be shorter without causing
any problem. In [22]-[25], the OOB leakage is addressed from
frequency domain perspective. A set of subcarriers, named as
cancellation carriers, are allocated for canceling the sidelobes
in [22], [23]. However, such approaches also introduce redun-
dancy in the frequency domain and degrade spectral efficiency
similar to classical windowing approach. In [24], sidelobe sup-
pression is done by weighting subcarriers in such a way that
sidelobes are combined on adjacent frequencies as destructive-
ly as possible. However, weighting leads to a pre-distortion of
subcarriers and bit-error rate (BER) performance naturally re-
duces. In order to limit this distortion, a frequency domain pre-
coder is proposed in [25], which only maintains the spectrum
of OFDM signals under the prescribed mask rather than fore-
ing OOB leakage to zero. By doing so, interference on the adja-
cent frequencies is kept on a reasonable level at the expense of
a smaller degradation BER performance.

2.2 PAPR Mitigation

As a consequence of multicarrier transmission, i.e., transmit-
ting multiple signals in parallel, high PAPR is inevitable for
OFDM signals due to the probable constructive combination of
signals in time domain. In Fig. 3, a comparison between SC
signals having various modulation orders up to 256-QAM, and
OFDM signals having a different number of subcarriers (V) is
provided. Obviously, there is a huge difference in PAPR even
when the number of subcarriers is as low as 32. It could be ig-
nored for users requiring low power transmission. However, in
many scenarios such as the mobile users on cell edges, a reli-
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AFigure 3. PAPR comparison between single carrier signals with
different modulation orders and OFDM with different number of
subcarriers (N).

able transmission requires high power and high PAPR of the
signal for this scenario makes the signal vulnerable to non-lin-
ear effects of RF front-end components. These components typ-
ically have a limited linear range, and any part of the signal ex-
ceeding the linear range is non - linearly scaled. Non - linear
scaling of a signal can also be referred as multiplying a part of
signal components with various coefficients. This makes a time-
varying channel effect on the signal, and the signal is distorted
as if it is exposed to a Doppler spread effect at the transmitter.
As a result, non-linearity of RF components may lead to severe
interference not only in the user’s band but also for the others
operating on neighboring frequencies due to the spectral re-
growth. At this point, one may notice that the OOB leakage is
not only the function of the waveform itself but also the spec-
tral regrowth of the ideal waveform signals due to the high PA-
PR in practice. Then, even if the OOB suppression perfor-
mance of the related studies in the literature is quite satisfacto-
ry, a good scheme needs to address PAPR and OOB leakage
jointly for fixing these two shortcomings, practically.

PAPR suppression techniques are surveyed well in [26],
however, many of them tackle with PAPR individually without
considering OOB. On the other hand, some existing studies use
PAPR reduction concepts for suppressing OOB. This is
achieved by actively selecting some predesigned sequences,
i.e., selected mapping (SLM) sequences in [27]. Another well -
known PAPR reduction method, partial transmit sequences are
applied on OFDM signals partitioned into contiguous blocks in
the frequency domain in [28]. Additionally, the optimized
phase rotations are multiplied by each sub-block to provide a
contiguous transition between the OFDM symbols to suppress
OOB leakage along with PAPR. Another joint suppression
method is presented in [29], where the constellation points are
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dynamically extended. For the similar purpose, a method
called CP alignment is proposed in [30] similar to the interfer-
ence alignment method presented in [31]. The key idea in this
method is to add a perturbation signal, called alignment signal
(AS), to the plain OFDM symbols in order to reduce the PAPR
and OOB leakage such that the AS aligns with the CP duration
of the OFDM symbols after passing through the channel. How-
ever, this method completely relies on the perfect channel esti-
mation and any error might result in an interference on the da-
ta part. In order to fix this problem, a recent method called stat-
ic CP alignment is proposed in [32] where the AS is designed
according to a pre-determined filter independent of the chan-
nel. These methods also provide physical layer security to
some extent by using additional signals that confuse the unau-
thorized users [33].

Joint PAPR and OOB leakage suppression techniques are
definitely offering a comprehensive solution in enhancing char-
acteristics of OFDM signals. However, they require symbol
based active optimization, which introduces complexity issues
at the transmitter side. Therefore, simpler solutions such as
windowing are still needed in this field.

3 Reducing Redundancies of OFDM

Classical CP-OFDM is known as one of the most spectrally
efficient transmission schemes and sufficiently satisfying the
requirements of LTE-Advanced Pro and currently used IEEE
802.11 systems. However, it still suffers from redundancies, in
both time and frequency domains. The redundancy in time
comes from the use of CP while the redundancy in frequency
domain comes from the use of pilot subcarriers and guard
bands. In order to adopt OFDM for future radio access technol-
ogies and to achieve the aforementioned goals in data rate,
these redundancies should be reduced, significantly.

3.1 CP Reduction

In communication channels with multipath delay spread, a
guard interval (GI) is required to prevent leakage in time be-
tween the successive symbols. CP is a smart way to utilize the
guard interval by copying the samples from the end of a symbol
and pasting them to its beginning. Thus, the linear convolution
of the channel becomes a circular convolution, which makes
the channel matrix diagonalizable only by taking its Fourier
transform and enables a simple equalization in the frequency
domain. The length of the CP is chosen to be larger than the ex-
pected delay spread to avoid any inter - symbol interference
(ISI) and ICI. Also, in order to maintain orthogonal coexistence
of neighboring transmission blocks, predefined values have
been used for the length of the CP and applied to all the
blocks. For example, two CP rates are defined in LTE where
the normal CP duration in terms of symbol duration (Tsyy) is
given as Ty, X97128 while the extended CP duration is
Ty, x32/128 .
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Recent works have shown that extending the CP duration
might not be the best approach to combat against long delay
spreads [34]-[36]. The newly proposed 5G scenarios have in-
troduced their own methods for ISI mitigation. An example is
mmWave MIMO systems that employ highly directional trans-
mission using beamforming. For such systems, beam switching
reference signals are broadcasted so that the receivers can de-
termine which predefined beam is directed to their way, result-
ing in higher signal to interference plus noise ratio for all re-
ceivers. Inventors have shown in [34] that such signals not only
provide support for beam switching but can also be used to esti-
mate delay spread exceeding CP duration. Then, ISI could be
canceled from received symbols, which reduces the required
CP. In [35], authors claim that MIMO receivers can identify
the presence of any residual interference after equalization by
evaluating the channel matrix. It was shown that decreasing
the modulation and coding index instead of extending the CP
length, would increase the throughput. In addition to these
methods, advanced signal processing techniques can be em-
ployed to mitigate the interference. A good example of that is
the bi-directional M - algorithm based equalizer proposed in
[36]. It has shown that a system which experiences a delay
spread six times longer than the CP duration exhibits the same
performance of a conventional system with sufficient CP. It is
achieved at only the expense of performing two iterations of the
proposed algorithm referred to as trellis-based interference de-
tection and mitigation.

In some scenarios, the maximum excess delay might be
much less than the duration of normal CP which makes the
minimum CP overhead of 7% a pointless guard for LTE sys-
tems. To reduce this overhead, the authors of [37] present the
idea of a flexible frame design. A wider range of options in
terms of subcarrier spacing and CP length are used for the
OFDM symbols inside the proposed frame structure. Then, the
users experiencing similar channel dispersions are grouped
and the proper symbol parameters are determined for each
group within the frame. Thus, overall efficiency is enhanced by
avoiding inconvenient parameter selection. An extension of
this approach to mmWave single user MIMO systems can also
be found in [34], where the use of additional subframe configu-
rations is presented independently for each user. Increasing
the number of options for the CP duration is also recommended
in the 3GPP standard contributions [38], [39].

CP overhead also constitutes a disadvantage for the low la-
tency required applications as it introduces delays in the trans-
mission which might cause drawbacks for 5G services such as
ultra reliable low latency communications (URLLC). In the al-
gorithm proposed in [40], the author removed the CPs entirely
from all symbols except the first one for reducing total trans-
mission delay. In the proposed method, the CP used by the
first symbol is utilized to obtain a detailed estimation of the
channel time and frequency characteristics. Afterwards, the
subcarrier spacing is reduced to Afl(Ngyy = 1), where Af de-
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notes the subcarrier spacing used in the first symbol and Ny
denotes the total number of symbols including the first one. All
symbols sent later are combined to fit in the same bandwidth
used by the first
(NSW— I)XN(W,M , and sent as a single symbol without CP.
Thus, the total transmission time is reduced by
(NSYM - 1) XT.,, where T¢p is the CP duration.

symbol using an IFFT size of

3.2 Pilot Decontamination

Another redundancy that has been with OFDM since it be-
came practical is the use of pilots within the subcarriers. In
time domain duplexing (TDD) systems, inside a cell, the mo-
bile stations transmit mutually orthogonal pilot sequences to
the base station (BS) so that the BS can estimate the channel in
the uplink (UL), and assuming channel reciprocity, precode ac-
cordingly for the downlink (DL). In the case of frequency do-
main duplexing (FDD) systems, because the channel state for
the UL and DL is different, a two-stage procedure is required.
The BS first transmits pilot symbols and then, the users feed-
back their channel state information to the BS. For the massive
MIMO concept with the TDD case, many beams are estab-
lished for a vast number of users compared to the past. Each
beam requires a different mutually orthogonal sequence, which
increases the length of the sequences immensely and decreas-
es the resources available to transmit data symbols. For the
FDD case, the same situation happens as the number of trans-
mit antennas at the BS goes to infinity. A proposed method to
reduce this overhead is reusing pilot sequences of nearby
cells, which introduces inter-cell-interference and gives rise to
the “pilot contamination” effect [41]. The high number of
lengthy pilots also increases the latency and makes Internet of
Things (IoT)-type sporadic and short messages inefficient.

Some researchers allow the use of the pilots but try to re-
duce the overhead, which can be referred to as soft pilot mitiga-
tion. In [42], the authors propose using only the amplitudes of
the subcarriers as the pilots, and the phase of the same subcar-
riers can be used to transmit information in an effort to in-
crease the data rate. In [43], the author proposes many tech-
niques to mitigate pilot contamination for the TDD case. The
terminals are suggested to match the DL reference signal pow-
ers in the UL, in order to reduce both the overall pilot interfer-
ence in the neighboring cells and the pilot overhead required
for closed loop power control. Another suggestion is reusing pi-
lots softly to avoid inter-cell-interference. Some pilot sequenc-
es are proposed to be assigned for use only at the cell edge
whereas the same groups of pilot sequences can be transmitted
with less power near the BSs. Even further, the author suggests
that the angular resolution provided by the massive number of
antennas can be used to coordinate pilot allocation between
cells and safely reuse the pilot sequences for spatially separat-
ed terminals. In [44], the authors have aligned the Power Delay
Profiles (PDPs) of the users served by the same BS to orthogo-
nalize the pilots sent within the common OFDM symbol. By



aligning the PDPs for the same number of users that can be
sounded within the same symbol, it has been shown that the av-
erage signal-to-noise ratio (SNR) can increase by half.

Another group of researchers has proposed blind channel es-
timation or signal detection techniques to remove pilots com-
pletely, which would be appropriately called hard pilot mitiga-
tion. In [45], the authors have shown that pilots can completely
be removed as the singular value decomposition of the re-
ceived signal matrix projects the received signal onto an inter-
ference -free subspace governed by an easily predictable non-
linear compound. The authors have demonstrated that the pro-
posed subspace projection method outperforms linear channel
estimation if a power margin between the users of interest and
interfering users are provided, especially when the base station
antennas outnumber the coherence time (in number of symbol
durations). In [46], the authors have treated the detected UL
data as pilot symbols to obtain the least squares estimate of the
channel. Also, by estimating the channels of all users sequen-
tially, they obtained extracting vectors that accurately extract
the desired data from the mixture signal.

4 Numerology

Wireless users have different requirements in waveform
based on the service that they get or channel conditions that
they experience. Therefore, there is not any one-size-fits-all so-
lution for waveform design. The ongoing discussions on the us-
age of different numerologies also confirm this argument and
consequently, one crucial expectation from future standards is
the allowance to use multiple waveforms in one frame. This
would definitely constitute a great relaxation in selecting the
most proper waveform based on user needs. However, manag-
ing their coexistence is a critical issue. Especially, inter-user
interference management for uplink/downlink, synchronous
and asynchronous scenarios should be carefully investigated to
utilize spectral resources efficiently.

In the context of 3GPP 5G standardization contributions, the
term numerology refers to the configuration of waveform param-
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eters, and different numerologies are considered as OFDM -
based sub-frames having different parameters such as subcarri-
er spacing/symbol time, CP size, etc. [47]. By designing such
numerologies based on user requirements, industry targets to
meet the aforementioned user - specific demands to some ex-
tent. A general illustration of such numerologies is provided in

Fig. 4. Here, numerology-I would be properly assigned to high-

ly mobile users having more time - variant channels and the

ones with low latency requirement. On the other hand, numer-
ology - Il offers more robustness against frequency selectivity
and includes less redundancy due to low CP rate.

Let us give more details on the parameters and the impor-
tance of their selection for designing different numerologies:

1) CP length: The basic function of CP is to avoid inter-symbol
interference and in-band interference. In order to achieve
that, CP length should be specified as longer than the maxi-
mum excess delay of the channel impulse response. There-
fore, users experiencing a wireless channel causing high dis-
persion in time (or more selectivity in frequency) should
have longer CP lengths compared to the users with low dis-
persive channels. In addition, CP makes the signal robust
against time synchronization errors. This might be very criti-
cal especially for asynchronous UL scenarios and low laten-
cy demanding services.

2) Subcarrier spacing: It can also be referred to as subcarrier
bandwidth and is directly related to the duration of an
OFDM symbol. When the CP size is determined on the ba-
sis of the channel conditions and application requirements,
decreasing subcarrier spacing increases spectral efficiency
as the CP rate decreases. However, for highly mobile users,
channel responses might vary within a symbol duration
which leads to ICI. Therefore, symbol time should be kept
smaller by increasing subcarrier spacing in order to make
the transmission robust against time-varying, i.e., frequency
dispersive channels. Additionally, a proper choice of subcar-
rier spacing is very critical for immunity against phase
noise, which is specifically important for users operating on
high frequencies such as mmWave frequencies.

Frequency
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In the light of aforementioned facts, the coexistence of differ-
ent numerologies offers a great advantage in serving users with
different requirements. However, such a design obviously re-
moves the orthogonality between the numerologies, i.e., sinc
shaped subcarriers with different spacings as illustrated in Fig.
4, and inter-numerology interference becomes inevitable. This
is a major issue in numerology design and guard band determi-
nation between numerologies. Therefore, for the sake of com-
munication performance and spectral efficiency, minimization
of OOB leakage of each numerology or keeping their orthogo-
nality with various methods should be investigated carefully.

5 Other OFDM-Based Signaling Schemes

While many researchers take a stand on enhancing the char-
acteristics of OFDM without changing its conventional struc-
ture, alternative OFDM based approaches, e.g., Unique Word-
OFDM (UW -OFDM), discrete Fourier transformation - spread -
OFDM (DFT-s-OFDM), etc., are also very popular. In this sec-
tion, we will discuss the advantages and disadvantages of these
technologies, illustrated in Fig. 5, along with a comparison

with the classical CP-OFDM.

5.1 Utilizing GI with UW

In Subsection 3.1, we have denoted that CP is a smart way
of utilizing the GI. There are other methods that utilize the GI
as good as CP, which have recently been gaining attention. The
most prominent one among these methods is UW-OFDM [48].
In UW-OFDM, the GI is filled with a deterministic sequence
called the unique word. To obtain the UW, data subcarriers are
multiplied by a precoding matrix, which depends on the de-
sired UW, before the IFFT operation. This multiplication gen-
erates data dependent redundant subcarriers. Then, these re-

dundant subcarriers are given as input to the IFFT along with
the data symbols. At the output of the IFFT, UW is obtained in

CP DFT -s-OFDM
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UW DFT-s-OFDM
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CP: cyclic prefix

DFT: discrete Fourier transformation
Gl: guard interval

[FFT: inverse FFT

OFDM: orthogonal frequency division multiplexing
UW: Unique Word
ZT: zero tail

AFigure 5. The modified structures’ symbols in time below the OFDM
symbol in time, to scale according to LTE extended CP specifications.
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the time symbol, without needing any other operations such as
copying and pasting as performed for CP.

The advantages of UW-OFDM comes from the fact that the
UW is a natural part of the IFFT interval. Due to this property,
symbols with different unique words can be multiplexed in
time and frequency without destroying the orthogonality among
various users and applications as long as the IDFT length is
kept the same. Therefore, UW length can be adjusted by select-
ing the number of redundant subcarriers and UW-OFDM sym-
bols can be flexibly designed based on the delay spreads expe-
rienced by different receivers [49]. Furthermore, the corre-
sponding correlation introduced between the redundant and da-
ta subcarriers can be exploited to improve the BER perfor-
mance [50]. However, due to the increased complexity
stemmed from the precoding and decoding processes, UW -
OFDM suffers from the complicated receiver and transmitter

structures [51].

5.2 Quasi-Single Carrier Structures

DFT-s-OFDM can be obtained by adding an M-DFT block
before the conventional N-IFFT operation where M < N. It is a
midway between multicarrier and single carrier (SC), and is
usually categorized as a quasi-single carrier structure due to
this generation process. There are two main reasons this well -
known modification of OFDM has been used in the UL of LTE
[52]. Firstly, although higher from pure SC, it exhibits lower
PAPR compared to the CP-OFDM and requires much lower
power amplifier back-off resulting in a higher power efficiency.
Secondly, since it is an OFDM-based structure, the scheduling
flexibility provided by orthogonal frequency division multiple
access (OFDMA) can still be used [53].

The circularity of DFT-s-OFDM symbols is also satisfied
with the help of CP just like the conventional OFDM imple-
mented in LTE. Recently, methods that fill the GI with differ-
ent sequences have also been proposed for DFT-s-OFDM. De-
spite the similarity to the UW-OFDM approach discussed in
the previous subsection, filling the GI with specific sequences
does not require any precoding operation in DFT-s-OFDM be-
cause of its inherent structure [54]. When the sequence, de-
sired to fill the GI, is appended to the data symbols at the in-
put of the M-DFT, the interpolated form of this sequence is ob-
tained at the output of the N-IFFT at no expense of complexity.
Furthermore, these schemes can be used by existing DFT -s-
OFDM receivers without any modifications as the guard se-
quences do not impact the data symbols [55]. Considering
these facts, a popular alternative to the CP-based DFT -s -
OFDM is zero tail (ZT)-based DFT-s-OFDM [56]. The main mo-
tivation behind using a ZT is the ability of adaptation to differ-
ent channel conditions and data rates just by modifying the
number of zeroes [57]. Compared to conventional CP-DFT-s-
OFDM, this scheme offers a better BLER performance and re-
duced OOB leakage as the interference power leaking to the
consecutive symbols is reduced and the zeroes are a natural



part of the IFFT output [57]. Having a ZT, however, decreases
the average power of the transmitted signal, resulting in a PA-
PR penalty [55]. This penalty recently forced this approach to
evolve into what is called Generalized DFT-s-OFDM, and ZT
DFT-s-OFDM remained as a special case where the head and
tail are set to zeroes [58].

The UW concept can also be combined with ZT DFT -s -
OFDM and gives rise to UW DFT-s-OFDM. It replaces the ZT
with nonzero low energy redundant symbols that further reduce
the OOB leakage, PAPR and energy in the tail compared to
both UW-OFDM and ZT-DFT-s-OFDM [55]. An enhanced ver-
sion of UW DFT-s-OFDM concept is given in [59], where an
additional perturbation signal is introduced to suppress the ISI
energy between the consecutive symbols, which remains even
less than the ISI between ZT-DFT-s-OFDM symbols. However,
this scheme suffers from the increased receiver complexity and
transmitter complexity due to the linear precoding [55].

6 Conclusions

In this paper, we discussed various aspects of OFDM as the
strongest candidate waveform technology for 5G RAN. After
providing a brief discussion on other candidate waveform
schemes (FBMC, UFMC and GFDM), we firstly addressed the
two major shortcomings of OFDM, high PAPR and OOB leak-
age, and reviewed the potential solutions for handling them in-
dividually or jointly. Then, we discussed the redundancies in
OFDM, e.g., CP and pilots, and provided the proposed meth-
ods in the literature for reducing them. They are specifically
critical for massive-MIMO applications and majority of the pro-
posed techniques are presented in this context. Following the
redundancy reduction techniques, we discussed the concept of
numerology which plays an important role for 5G technologies
in terms of delivering reliable service to the users with various
requirements. Since OFDM is the most prominent waveform
considered in the standard contributions, we just focused on
how OFDM related parameters can meet different user require-
ments stemming from personal and environmental conditions,
and from the types of provided service. However, authors be-
lieve the concept of numerology will evolve to a more general
and flexible notion that encompasses any waveform technolo-
gy, not limited to OFDM. We finally went through the other
OFDM-based waveforms along with their pros and cons in com-
parison with classical OFDM.
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' Abstract

In recent years, non-orthogonal multiple access (NOMA) has attracted a lot of attention as a novel and promising power-domain us-

er multiplexing scheme for Long-Term Evolution (LTE) enhancement and 5G. NOMA is able to contribute to the improvement of

the tradeoff between system capacity and user fairness (i.e., cell-edge user experience). This improvement becomes in particular

emphasized in a cellular system where the channel conditions vary significantly among users due to the near-far effect. In this arti-

cle, we provide an overview of the concept, design and performance of NOMA. In addition, we review the potential benefits and is-

sues of NOMA over orthogonal multiple access (OMA) such as orthogonal frequency division multiple access (OFDMA) adopted

by LTE, and the status of 3GPP standardization related to NOMA.
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1 Introduction

ignificant gains in system capacity and quality of us-

er experience (QoE) are required to respond to the

anticipated exponential increase in the volume of

mobile traffic in the next decade and the merge of en-
hanced mobile broadband (eMBB) services [1]. In cellular mo-
bile communications, the design of the radio access technology
(RAT) is one important aspect for improving system capacity in
a cost-effective manner. Radio access technologies are typical-
ly characterized by the radio frame design, waveform design,
multiple - input and multiple - output (MIMO) transmission
scheme, and multiple access scheme. In particular, the design
of the multiple access scheme is of great importance from a sys-
tem perspective, since it provides the means for multiple users
to access and share the system resources efficiently and simul-
taneously, e.g., frequency division multiple access (FDMA),
time division multiple access (TDMA), code division multiple
access (CDMA), and orthogonal frequency division multiple ac-
cess (OFDMA). In the 3.9G and 4G mobile communication sys-
tems such as Long-Term Evolution (LTE) and LTE-Advanced
[2], standardized by the 3rd Generation Partnership Project
(3GPP), orthogonal multiple access (OMA) based on OFDMA
for downlink and single carrier (SC)-FDMA for uplink are ad-
opted. Orthogonal multiple access is a good choice for achiev-
ing good system-level throughput performance in packet-do-
main services with a simplified receiver design. However, non-
orthogonal designs become of interest toward further enhance-

ment of the system efficiency and QoE especially at the cell
edge.

Recently, there have been several investigations on ad-
vanced schemes for non-orthogonal signal transmission within
a user and non - orthogonal user multiplexing among multiple
users. For example, Faster-than-Nyquist (FTN) signaling [3] is
one approach for non -orthogonal signal transmission within a
user by exploiting the excess bandwidth of the signal. Inter-
leaved division multiple access (IDMA), where the channeliza-
tion of respective user is achieved by the user-specific channel
interleaver and multiuser detection at the receiver, is investi-
gated to accommodate a large number of low-rate users [4], [5].
However, these schemes do not exploit the channel difference
among users and generally require high complexity receivers
for signal separation.

As a novel multiple access approach, a non-orthogonal mul-
tiple access (NOMA) scheme was proposed by NTT DOCOMO
[6]-[18] including the author of this article. In the proposed
NOMA, multiple users of different channel conditions are mul-
tiplexed in the power-domain on the transmitter side and multi-
user signal separation on the receiver side is conducted. From
an information-theoretic perspective, it is well-known that by
using superposition coding at the transmitter and successive in-
terference cancellation (SIC) at the receiver, non-orthogonal us-
er multiplexing not only outperforms orthogonal multiplexing,
but also can achieve the capacity region of the downlink broad-
cast channel [12], [19], [20]. NOMA can be also applied to the
uplink (multiple access channel) [12], [15], [19]. For uplink, al-
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though both NOMA and OMA can achieve the capacity region,
NOMA also provides improvements in the tradeoff of system
capacity and user fairness (i.e., the cell-edge user experienced
data rate) [12], [19].

Assuming a proportional fairness (PF) scheduler, the perfor-
mance of NOMA has been heavily investigated for downlink
and uplink from the system-level and link -level perspectives
[6]-[18]. In addition, the transmitter and receiver designs for
NOMA were considered for both closed-loop and open-loop MI-
MO and for both successive interference cancellation and non-
SIC receivers [16], [17]. When applied to either downlink or
uplink, NOMA is shown able to contribute to the improvement
of the tradeoff between system capacity and user fairness. This
improvement becomes in particular emphasized in a cellular
system where the channel conditions vary significantly among
users due to the near-far effect.

In this article, we introduce an overview of the concept, the
design with a combination of MIMO and the performance of
NOMA. We also review the potential benefits and issues of NO-
MA over orthogonal multiple access, and the status of standard-
ization related to downlink NOMA, known as multi-user super-
position transmission (MUST ) in 3GPP.

The rest of this paper is organized as follows. Section 2 de-
scribes the concept. Section 3 discusses the expected benefits
and issues of NOMA. Section 4 explains the combination of
NOMA with MIMO. Section 5 reviews the performance of NO-
MA from link-level and system-level evaluations and trial re-
sults. In addition, the status of NOMA standardization in 3GPP
LTE Release 14 is briefly summarized. Finally, Section 6 con-
cludes the paper.

2 NOMA Concept

2.1 Downlink
Fig. 1 illustrates downlink NOMA with SIC for the case of

one base station (BS) and two user equipments (UEs).

For the sake of simplicity, we assume in the following de-
scriptions the case of single transmit and receive antennas.
The overall system transmission bandwidth is assumed to be 1
Hz. The base station transmits a signal for UE-i (i = 1, 2), «x,,
where E[lxl’] = 1, with transmit power P; and the sum of P; is
equal to P. In NOMA, x; and x, are superposed in the power-
domain as follows:

x= [Px + [P,x, . (1)

Thus, the received signal at UE-i is represented as
¥, =hx+w,, (2)

where h; is the complex channel coefficient between UE-i and
the BS. The variable w; denotes additive white Gaussian noise
(AWGN) including inter-cell interference. The power spectral
density of w: is No,. In downlink NOMA, the SIC process is im-
plemented at the UE receiver for the case where the decoding
of the signal of desired UE and that of the superposed signals
of other UEs are needed. The optimal order for SIC decoding is
in the order of decreasing channel gain normalized by noise
and inter - cell interference power, |hI’/Ny; (called as simply
channel gain in the following). Given this decoding order and
assuming that any user can correctly decode the signals of oth-
er users whose decoding order comes before the corresponding
user, each UE-i can remove the inter-user interference from
the j-th user whose Ih*/Ny; is lower than |hl*/Ny;. In a 2-UE
case, assuming that |h,"/No, > 1h:I’/No,, UE-2 does not perform
interference cancellation since it comes first in the decoding
order. UE-1 first decodes x, and subtracts its component from
the received signal y,, then next, x,; is decoded without interfer-
ence from x,. Assuming successful decoding and no error prop-
agation, the throughput of UE-7, R;, can be represented as

P h [ P.IhI
R =log,| 1+ | R, =log,| 1 + — 22— |. 3
1 ng[ NO,I J 2 ng( Pllhzlz"'No,zJ A3)

From (3), it can be seen that power allocation for each UE

Power-domain user multiplexing

Power

Frequency

BS -]
UE-1 with SIC receiver

UE-1

signal decoding

SIC of UE-2 signal

— el

Smaller power allocation

for UE-1 (cell-center UE)

Larger power allocation

for UE-2 (cell-edge UE)

UE-2 without_SIC receiver

UE-2
signaldecatling [ the cell-edge UE signal is decodable at cell-edge UE

greatly affects the user throughput performance and
thus the modulation and coding scheme (MCS) used
for data transmission of each UE. By adjusting the
power allocation ratio, Pi/P», the BS can flexibly con-
trol the throughput of each UE and also optimize trad-
eoff between the system capacity and user fairness.
By flexibly adjusting power allocation, the BS can
control the throughput of each UE such that the sig-
nal designated to each UE is decodable at its corre-
sponding receiver. Also, since the channel gain of the
cell-center UE is higher than cell-edge UE, as long as

receiver, its decoding at the cell -center UE receiver

BS: base station ~ SIC: successive interference cancellation  UE: user equipment

can be successful with high probability.

A Figure 1. Illustration of downlink NOMA with SIC.
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For OMA as orthogonal user multiplexing, the
bandwidth of @ Hz (0 < a < 1) is assigned to UE-1



and the remaining bandwidth, 1—a Hz, is assigned to UE-2.
The throughput of UE-i, R, is represented as

_ P h,f 3 P,h,¢
R,= alog{l + an,, R, =(1-alog,| 1 + m C

In NOMA, the performance gain compared to OMA increas-

es when the difference in channel gains, e.g., path loss be-
tween UEs, is large. For example, as shown in Fig. 2, we as-
sume a 2-UE case with a cell-interior UE, and a cell-edge UE,
where |hiI"/No, and I’/ Ny, are set to 20 dB and 0 dB, respec-
tively. For OMA with equal bandwidth and equal transmission
power are allocated to each UE (a = 0.5, P, = P, = 1/2P), the
user rates are calculated according to (4) as R, = 3.33 bps and
R, = 0.50 bps, respectively. On the other hand, for NOMA,
when the power allocation is conducted as P, = 1/5P and P, =
4/5P, the user rates are calculated according to (3) as R, =
4.39 bps and R, = 0.74 bps, respectively. The corresponding
gains of NOMA over OMA are 32% and 48% for UE-1 and UE-
2, respectively. According to this example where a 20 dB signal
-to-noise ratio (SNR) difference between the 2 UEs is assumed,
it can be seen that NOMA provides a higher sum rate than
OMA.

2.2 Uplink

Fig. 3 illustrates uplink NOMA where two UEs transmit sig-
nals to the BS on the same frequency resource and at the same
time, and SIC is conducted at BS for UE multi-user signal sepa-

'f" UE-2 (SNR =0 dB)
i'hﬁ"‘" L]

UE-1 (SNR =20 dB)

OFDMA NOMA
BWx1/2  BWx1/2 $

o e
| UE-1 % UE-2 L. | &7 UE2 Pxdis
Ri=4.39 bps/Hz (+32%) Freq.

R.=0.74 bps/Hz (+48%)

Power
Power

R=3.33 bps/Hz Freq.
R,=0.50 bps/Hz

BW: bandwidth
NOMA: non-orthogonal multiple access
OFDMA: orthogonal frequency division multiple access

SNR: signal-to-noise ratio
UE: user equipment

A Figure 2. Simple comparison example between NOMA and OFDMA
for downlink.

Received signal

? e 5
-1 el e 2 ] F of UE-1
b &= —~Received signal

| : L] i of UE-2 |
% UE-2 & Fee Freq. A

UE-1 . SIC of . UE-2
-8 signal & UE-1 _.‘_‘ signal s

decoding | signal | decoding

BS: base station ~ SIC: successive interference cancellation  UE: user equipment

AFigure 3. Uplink NOMA with SIC applied at BS receiver.
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ration. Similar to downlink, we assume the case of single trans-
mit and receive antennas, and the overall system transmission
bandwidth is 1 Hz. The signal transmitted by UE-i (i = 1, 2) is
denoted as x;, where E[lx/*] = 1, with transmit power P,. In up-
link NOMA, the received signal at BS is a superposed signal of
x1 and x, as follows:

y=h1\/ﬁlxl+h2\/P72x2+w, )

where h; denotes the complex channel coefficient between UE-
i and the BS. The variable w denotes inter - cell interference
and noise observed at the BS with a power spectral density of
No. We assume UE-1 is the cell-center user and UE-2 is the
cell-edge user, i.e. Ih\I/N; > |h:I’/Ny, and the BS conducts SIC
according to the descending order of channel gains. The
throughput of UE-i, denoted as R;, assuming no error propaga-
tion can be calculated as

P|h,
P2|h2|2+No

2
P.h
| JV : ©)

‘2

R, =log,| 1+ ,R,=log,| 1+

If the BS conducts SIC according to the ascending order of

channel gains, the throughput of UE-i can be calculated as
2 2
| Po| |

2
P 1| hl’ +N,

1|1

R, =log,| 1+ N,

,R,=log,| 1+ (7)

Interestingly, the total UE throughput is the same regardless
of the SIC order of descending order or ascending order of
channel gain, i.e.

o h P|h,[+P,|h,[
1+R2—10g2 1 +—N . (8)

0

However, the conclusion that the total UE throughputs of dif-
ferent SIC orders are equal only holds under the assumption of
no error propagation. In practical systems where we have error
propagation, the best SIC order is in the decreasing order of
channel gains.

For OMA, we assume the bandwidth of & Hz (0 < a < 1) is
assigned to UE-1 and the remaining bandwidth, 1—a Hz, is as-
signed to UE-2. The throughput of UE-i can be calculated as

Ph,[
alN,

! ‘h ’2
R=(1-a)l 1+ 22 .
2 ( O‘) 08, (]_ )No (9)

R =alog, 1+

One comparison example of OMA and NOMA is shown in
Fig. 4 by assuming a 2-UE case with a cell-center UE and a
cell-edge UE, where |h*/N, and Ih,*/N, are set to 20 dB and 0
dB, respectively. For OMA, we assume equal bandwidth is allo-
cated to each UE (i.e., @ = 0.5), the user rates are calculated
according to (9) as R; = 3.33 bps and R, = 0.50 bps, respective-
ly. On the other hand, in NOMA the total transmission power
of each UE is assumed the same as that in OMA, the user rates

are calculated according to (6) as R, = 5.10 bps and R, = 0.59
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$ UE-2 (SNR = 0 dB)

L |
UE-1 (SNR = 20 dB)

still be achieved. In fact, user demultiplexing is en-
sured via the allocation of large power difference be-
tween paired UEs and the application of SIC in pow-
er-domain. The UE with high channel gain (e.g., UE-
1 in Figs. 1 and 2) is allocated less power and the
UE with low channel gain (e.g., UE-2 in Figs. 1 and

SC-FDMA ) NOMA ) ' )
-4 - (Assuming the total power of UE-1 and 2) is allocated more power. Such large power differ-
% g UE-2 is the same as that in SC-FDMA) . .
g UE-1 g ence facilitates the successful decoding and the can-
5 ; UE-2 Al UE-1 2 ) : . .
= (BY_=112) (BW = 1/2) =|[ UE-2 1 cellation of the signal designated to UE-2 (being al-

1= 0.5log,(1+100)=3.33 bps/Hz
R>=0.5log,(1+1)=0.05 bps/Hz

Ri+R,=3.83 bps/Hz Ri+R,=5.69 bps/Hz (+46%)

BW: bandwidth
NOMA: non-orthogonal multiple access
SC-FDMA: single-carrier frequency division multiple access

Ry =1ogy(1+100/(0.5+1)) = 5.10 bps/Hz (+53%)
R>=1og,(1+0.5/1) = 0.59 bps/Hz (+18%)

SNR: signal-to-noise ratio
UE: user equipment

located high power) at UE-1 receiver and thus less
complex receivers such as SIC can be used. In addi-
tion, at UE-2 receiver, the signal designated to UE-
2 is decoded directly by treating the interference
from the signal designated to UE-1 (being allocated

low power) as noise.

A Figure 4. Simple comparison example of NOMA and SC-FDMA for uplink.

bps, respectively. The total UE throughput gain of NOMA over
OMA is 46%. Therefore, for uplink NOMA, we can obtain simi-
lar performance gain as that for downlink NOMA.

3 Expected Benefits and Issues of NOMA

3.1 Benefits

NOMA is a promising multiple access scheme for the future
owing to the following expected benefits.

1) Exploitation of channel gain difference among users

Unlike OMA (OFDMA) where the channel gain difference
among users is translated into multi-user diversity gains via fre-
quency-domain scheduling, in NOMA the channel gain differ-
ence is translated into multiplexing gains by superposing in
the power-domain the transmit signals of multiple users of dif-
ferent channel gains. As shown in Figs. 1 and 2, by exploiting
the channel gain difference in downlink NOMA, both UEs of
high and low channel gains are in a win-win setup. Indeed,
UEs with high channel gain (bandwidth-limited UEs) lose a lit-
tle by being allocated less power, but can gain much more by
being allocated more bandwidth, while UEs with low channel
gain (power-limited UEs) also lose only a little by being allocat-
ed little less power and “effective” bandwidth (because of be-
ing interfered by the signal designated to the other UEs with
high channel gain) but gain much more by being allocated
more bandwidth. This win-win situation is also the main reason
why NOMA gains over OMA increase when the difference in
channel gains between NOMA paired UEs becomes larger [8].

2) Intentional non-orthogonality via power-domain user mul-
tiplexing and advanced receiver processing

NOMA is a multiplexing scheme that utilizes an additional
new domain, i.e., the power domain, which is not sufficiently
utilized in previous systems. For downlink NOMA, non-orthog-
onality is intentionally introduced via power-domain user mul-
tiplexing as shown in Fig. 5; however, quasi-orthogonality can
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On the other hand, NOMA captures well the evo-
lution of device processing capabilities, generally
following Moore” s law, by relying on more advanced receiver
processing such as SIC. In the same spirit, but for the purpose
of inter-cell interference mitigation, network -assisted interfer-
ence cancellation and suppression (NAICS), including SIC, is
being discussed in LTE Release 12 [21]. Thus, NOMA is in
fact a natural direction to extend the work in 3GPP on NAICS
in LTE Release 13 and beyond, as it should be much easier to
apply advanced receiver to deal with intra- cell interference
than inter - cell interference. Moreover, the issue of the in-
creased overhead is common to both intra-cell and inter-cell
SIC since the signaling the information related to the demodu-
lation and decoding of other UEs is needed. The signaling over-
head issue is discussed later.
3) Robust performance gain in practical wide area deploy-
ments and high mobility scenarios
NOMA relies on power-domain instead of spatial domain for
user multiplexing. Therefore, the knowledge of the transmitter
of the instantaneous frequency-selective fading channels such
as the frequency - selective channel quality indicator (CQI) or
channel state information (CSI) is mainly used at the receiver
for user pairing and multi-user power allocation. Thus, NOMA
does require less fine CSI feedback compared to multi-user MI-
MO (MU -MIMO) and a robust performance gain in practical
wide area deployments can be expected irrespective of UE mo-
bility or CSI feedback latency.
In [9], downlink NOMA is shown to maintain good gains

OFDMA NOMA

!_Pfﬂ ‘::> gmﬁm

Freq. Freq.
NOMA: non-orthogonal multiple access
OFDMA: orthogonal frequency division multiple access

A Figure 5. User multiplexing in power and frequency domains using
NOMA.



compared to OMA in particular with wideband scheduling.
Thus, NOMA can be a promising multiple access to provide a
good robustness to mobility by mainly relying on receiver side
CSI and signal processing.

3.2 Issues
In the following, we discuss several issues regarding down-
link NOMA, such as signaling overhead and receiver design.

3.2.1 Signaling Overhead

1) Multi-user scheduling

For OFDMA, both subband and wideband multi-user sched-
uling can be generally considered for frequency-domain sched-
uling. For the case of LTE which adopts OFDMA, irrespective
of subband or wideband scheduling, the same channel coding
rate (including rate matching) and data modulation scheme are
assumed over all the subbands allocated to each single user.
Thus, MCS selection is always wideband. However, when NO-
MA is applied over LTE and the user pairing and power alloca-
tion are conducted over each subband, a mismatch occurs be-
tween MCS selection granularity (i.e., wideband) and power al-
location granularity (i.e., subband). Such a mismatch prevents
the full exploitation of NOMA gains [14]. Thus, MCS selection
over each subband, if introduced in 5G, could be beneficial for
NOMA. On the other hand, when the NOMA user pairing and
power allocation are conducted over each subband, the signal-
ing overhead increases linearly with the number of subbands.
Therefore, considerations on signaling overhead and perfor-
mance tradeoffs need to be taken into account in the design of
NOMA.

2) Multi-user power allocation

Because of the power-domain user multiplexing of NOMA,
the transmit power allocation (TPA) to one user affects the
achievable throughput of that user and also the throughput of
other users. The best performance of downlink NOMA can ob-
viously be achieved by exhaustive full search of user pairs and
dynamic transmit power allocations. In case of full search pow-
er allocation (FSPA), all possible combinations of power alloca-
tions are considered for each candidate user set. However, FS-
PA remains computationally complex. Moreover, with such dy-
namic TPA, the signaling overhead associated with decoding
order and power allocation ratio increases significantly. In or-
der to reduce the signaling overhead associated with multi-us-
er transmit power allocation of NOMA and to clarify the degree
of impact of user pairing on the performance of NOMA, both
exhaustive and simplified user pairing and power allocation
schemes were explored [9]. In NOMA, users with large channel
gain difference (e.g., large path-loss difference) are paired with
high probability; thus, considering practical implementations,
user pairing and TPA, could be simplified by using pre - de-
fined user grouping and fixed per - group power allocation
(FPA), where users are divided into multiple user groups ac-
cording to the magnitude of their channel gains using pre-de-
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fined thresholds or according to their selected MCS level [15].
Pre-defined user grouping and fixed TPA can be promising in
practical usage when the potential saving in signaling over-
head is taken into account. For example, the order of SIC and
information on power assignment do not need to be transmitted
in every sub-frame but rather on a longer time scale.

For uplink NOMA, since the user separation process is im-
plemented at the base station, we do not see a significant in-
crease in the signaling overhead. In addition, the conventional
control signaling assumed in LTE or LTE-Advanced may be re-
used in a straightforward manner.

3.2.2 Receiver Design and Resource Alignment

In practice, the impact of the receiver on NOMA perfor-
mance remains as one concern. For the cell - edge UE, ad-
vanced receiver technologies may not necessarily be applied
since the received signal power for this UE is greater than that
for the cell-center UE, i.e., interfering UE. On the other hand,
in order to decode the received signal for the cell-center UE,
the application of interference cancellation is inevitable since
the signal for the cell-center UE is significantly contaminated
by that for the cell-edge UE in the same time and frequency re-
sources. There are two types of interference cancellation re-
ceivers: symbol - level interference cancellation (SLIC) and
codeword level interference cancellation (CWIC). For both re-
ceivers, the received data symbols for the cell -edge UE are
first de-modulated by multiplying the received signal with the
maximal ratio combining (MRC) weight or minimum mean
squared error (MMSE) receiver, then the Log-likelihood ratio
(LLR) corresponding to those de-modulated symbols are calcu-
lated.

For the CWIC, a sequence of LLRs which is called code-
word is input to the Turbo decoder and a sequence of posteriori-
LLRs is generated. After interleaving the sequence of posteri-
ori - LLRs, the interleaved LLRs are used to calculate a soft
symbol replica for the cell-edge UEs. On the other hand, for
the SLIC, those LLRs are directly used to generate a symbol
replica for the cell-edge UE.

The decoding performance of CWIC is basically better than
that of SLIC. However, it is important to note that resource
alignment and transmission power alignment highly impact the
system performance and largely affect the receiver complexity
and signaling overhead. For example, resource alignment
among the paired UEs would be needed to facilitate the CWIC;
however such a scheduling restriction may degrade the system-
level performance due to reduction in scheduler flexibility and
thus in the gains of frequency-domain scheduling. Also, some
limitations on the UE pairing for the retransmissions need to
be taking into account. On the other hand, when SLIC (e.g., re-
duced complexity ML, (R-ML)) is applied, such restrictions re-
lated to resource allocation and retransmission can be relaxed
and the frequency - domain scheduling gain can be obtained
[25]. These tradeoffs need to be taken into account in the re-
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ceiver choice.

4 Combination of NOMA and MIMO

MIMO is one of the key technologies to improve spectrum ef-
ficiency in LTE/LTE-Advanced. In general, MIMO techniques
can be categorized into single-user MIMO (SU-MIMO), where
only one UE is served in data transmission, and MU - MIMO,
where more than one UE are served in data transmission. Be-
cause MIMO technology exploits spatial domain and NOMA ex-
ploits power domain, these two technologies can be combined
to further boost the system performance. In single-input single-
output (SISO) and single-input multiple -output (SIMO) down-
link, the broadcast channel is degraded where superposition
coding with SIC and dirty paper coding (DPC) are equivalent
and optimal from the viewpoint of the achievable capacity re-
gion. However, for the downlink MIMO case, the broadcast
channel is non - degraded and the superposition coding with
SIC receiver becomes non-optimal, although DPC remains opti-
mal [12], [19], [20]. These aspects need to be taken into ac-
count when NOMA is combined with MIMO.

4.1 Downlink
There are two major approaches to combine downlink NO-
MA and MIMO technologies (Fig. 6).

One approach is to use NOMA technique to create multiple
power levels and apply SU-MIMO and/or MU-MIMO technique

inside each power level. For example for NOMA with SU-MI-
MO (2x2), with up to 2 user multiplexing in the power-domain,
non-orthogonal beam multiplexing enables up to 4 beam multi-
plexing using only 2 transmit antennas. In addition, the combi-
nation of NOMA with SU-MIMO can involve both open -loop
MIMO (e.g., space frequency block coding (SFBC), large delay
cyclic delay diversity (CDD)) and closed-loop MIMO (based on
CSI such as the precoder indicator, channel quality indicator
(CQI), rank indicator feedback by users)). Open - loop MIMO
schemes when combined with NOMA are expected to provide
robust performance in high mobility scenarios.

The other approach is to convert the non-degraded 2x2 MI-
MO channel into two degraded 1x2 SIMO channels, where NO-
MA is applied over each equivalent 1x2 SIMO channel sepa-
rately, as shown in Fig. 7 [10]. For this scheme, multiple trans-
mit beams are created and superposition coding of signals des-
ignated to multiple users is applied within each transmit beam
(i.e., intra-beam superposition coding). At the user terminal,
the inter-beam interference is first suppressed by spatial filter-
ing only by using multiple receive antennas, then multi-signal
separation (e.g., SIC) is applied within each beam. This
scheme can be considered as a combination of NOMA with MU-
MIMO where fixed rank 1 transmission is applied to each user;
thus, a large number of users would be required to obtain suffi-
cient gains [11].

The combination of NOMA with SU-MIMO is illustrated in
Fig. 8 [20]. At the left side is the case of 2x2 SU-MIMO and at

BS: base station
IRC: interference rejection combining

MIMO: multiple-input and multiple-output
MU-MIMO: multi-user MIMO

NOMA: non-orthogonal multiple access
SIC: successive interference cancellation
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AFigure 6. NOMA extension from 1x2 SIMO to 2x2 MIMO.
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A Figure 8. Downlink NOMA with SIC combined with SU-MIMO
(2x2 MIMO, 2-UE).

the right side is the combination of NOMA with 2x2 SU-MIMO
(N: = N, = 2), where the number of multiplexed UEs is 2. UE-1
and UE-2 are NOMA paired cell-center and cell-edge users, re-
spectively.

By combining NOMA with SU - MIMO, up to 4-layer (4-

beam) transmission is enabled using only 2 transmit antennas.

4.2 Uplink

Examples about uplink NOMA combined with MIMO assum-
ing 2x2 antenna configuration are shown in Fig. 9. For the
case of NOMA combined with SU-MIMO (left side), the UEs
are separated in the power domain, and the spatial domain is
used to multiplex multiple data streams of a single UE. For the
case of NOMA combined with MU-MIMO (right side), UEs are
separated in both power and spatial domains, i.e., within each
user group of {UE-1, UE-2} and {UE-3, UE-4)}, users are sepa-
rated in the power domain. Among the {UE-1, UE-2} and {UE-
3, UE-4} user groups, MU-MIMO transmission is applied to

ing link - level simulations. The number of
transmit and receive antennas are both set
to 2 and open - loop transmission mode 3
(TM3) is assumed as SU-MIMO transmission [16]. It is shown
that almost the same BLER performance is obtained for NOMA
with ideal SIC and CWIC. In addition, the power ratio (UE-1:
UE-2 = Pi:P,, P, + P, = 1.0, P, < P») for which the error propa-
gation becomes dominant was investigated. The SIC error prop-
agation increases for power sets with larger power ratio. In ad-
dition, the performance degrades with smaller values for the
power ratio due to the increase of channel estimation error for
the cell-center UE. Therefore, it would be important to limit
the power sets to be used by the scheduler in order to maxi-
mize NOMA gains by limiting error propagation and the impact
of channel estimation error, and ensuring that all chosen MCS
combinations are decodable.

5.2 NOMA System-Level Performance

NOMA system - level performance has been investigated
heavily with and without MIMO for both downlink and uplink.
The multi-cell system-level simulation parameters are basical-
ly compliant with existing LTE specifications for an urban mac-
ro (UMa) scenario. The cell radius of the macro cells is set to
289 m (inter-site distance (ISD) = 500 m). 10 UEs are dropped
randomly following a uniform distribution and full buffer traffic
is assumed. Assuming proportional fairness scheduling, the
performance gains of NOMA are measured in terms of cell

NOMA+SU-MIMO NOMA+MU-MIMO

22 i MU MU
BS f: ! |
= Bive BS ML iUE-1 | gMUE-2 NOMA
a—_, |&a&EL
L ) e TR N
| S o ! . UE-4 NOMA

SIC: successive interference cancellation
SU: single-user
UE: user equipment

BS: base station
MIMO: multiple-input and multiple-output
MU: multi-user
NOMA: non-orthogonal multiple access

AFigure 9. Uplink NOMA combined with 2x2 MIMO.

June 2017 Vol.15 No. S1 ZTE COMMUNICATIONS | 27



MY Special Topic

An Overview of Non-Orthogonal Multiple Access
Anass Benjebbour

throughput (Mbps) and cell-edge user throughput (Mbps). The
cell throughput is defined as the average aggregated through-
put for users scheduled per a single cell, while the cell-edge
user throughput is defined as the 5% value of the cumulative
distribution function (CDF) of the user throughput.

The proportional fairness scheduler maximizes the geomet-
ric mean of the user throughputs, thus the tradeoff between us-
er fairness and system throughput as shown in (10):

L
HRL = 1 . X EZRl ’ (10)

where U is the set of users scheduled. The first term on the
right hand is the geometric mean of the user throughputs nor-
malized with their arithmetic mean, representing a metric for
user fairness, while the second term is the arithmetic mean of
user throughputs, representing a metric for total system
throughput.

5.2.1 Downlink

In [14], the user throughput of downlink NOMA is compared
to that of OFDMA for both 1x2 SIMO and 2x2 MIMO. For MI-
MO, a comparison is made between the NOMA with SU-MIMO
case and the OFDMA with SU-MIMO case for open-loop TM3
and closed-loop transmission mode 4 (TM4) MIMO. It is shown
that NOMA with SU-MIMO provides gains over OMA with SU-
MIMO by covering the entire user throughput region for both
TM3 and TM4. The performance gains increase with the num-
ber of power sets. However, a hefty portion of the gains could
be still achieved even with a few power sets.

5.2.2 Uplink

In [15], single-carrier frequency division multiple access (SC-
FDMA) and NOMA are compared for uplink while taking up-
link power control and resource contiguity constraint into ac-
count. A large performance gain in cell throughput is achieved
for NOMA with very practical assumptions. This gain can be
further increased by applying larger number of multiplexed us-
ers and/or enhanced schemes, e.g., advanced transmit power
control (TPC). The large gain of NOMA mainly comes from the
non - orthogonal multiplexing of users with large channel gain
difference, which improves the resource utilization efficiency
compared to SC-FDMA where only one UE exclusively occu-
pies the radio resources.

When the user throughputs of SC-FDMA and NOMA are
compared, it is observed that NOMA can achieve higher UE
throughput than SC - FDMA for the most region of the CDF
curve. However, for the cell-edge user throughput, i.e. 5% UE
throughput, NOMA performance is worse than that of SC-FD-
MA. This is mainly due to two reasons. One reason is the in-
crease of inter-cell interference in NOMA compared with SC-
FDMA because more than one UE can be scheduled for simul-
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taneous uplink transmission. The other reason is that the used
TPC algorithm [8] is not fully optimized, where the total trans-
mission power is controlled by a predefined parameter and the
UEs in non-orthogonal transmission get less transmission pow-
er than what they get in SC-FDMA. Furthermore, the transmis-
sion power of the UEs is determined from large scale fading
without considering instantaneous channel conditions.

To further balance between cell throughput and cell - edge
throughput, three approaches are possible as listed below:

1) Introduction of weighted PF scheduling such that more re-
sources are allocated to cell-edge user [12].

2) Combination of NOMA with other cell-edge performance
enhancing technologies such as fractional frequency reuse
(FFR) [15].

3) Introduction of sophisticated TPC algorithms designed for
NOMA.

Taking the second approach above as an example, reference
[15] shows that NOMA with FFR improves both the cell-edge
throughput gain and the overall cell throughput gain. This pos-
sible improvement is due to the reduction in the inter-cell in-
terference for both the cell-center UEs and cell-edge UEs.

5.2.3 NOMA Experimental Trial

A test-bed was developed to conduct experimental trials on
NOMA, and to confirm NOMA performance with a real SIC re-
ceiver taking into account hardware (RF) impairments such as
error vector magnitude (EVM) and the number of quantization
bits of analog/digital (A/D) converter, etc. The test-bed as-
sumed two UEs and used a carrier frequency of 3.9 GHz and
bandwidth per user of 5.4 MHz for NOMA and of 2.7 MHz for
OFDMA (a total bandwidth of 5.4 MHz for 2 users). LTE Re-
lease 8 frame structure is adopted and channel estimation is
based on cell-specific reference signal (CRS). At the transmit-
ter side, for each UE data, Turbo encoding, data modulation
and multiplication by precoding vector are applied, then the
precoded signal of the two UEs is superposed according to a
predefined power ratio and goes through digital/analog (D/A)
converter before up conversion to the carrier frequency of 3.9
GHz and transmission from two antennas. For MIMO transmis-
sion, LTE TM3 is utilized for open-loop 2-by-2 single user MI-
MO transmission. At the receiver side, two receive antennas
are used to receive the RF signal, which is first down-convert-
ed and then goes through a 16-bit A/D converter. At the cell-
center UE (UE-1), CWIC is applied. Using the fading emula-
tor, for simplicity we set each link of the 2-by-2 MIMO chan-
nel to a 1-path channel with maximum Doppler frequency of
0.15 Hz. Fig. 10 shows that the user throughputs of the cell-
center UE, UE-1 (green color), with NOMA and SIC applied
(29 Mbps) and with OFDMA only applied (18 Mbps). The user
throughput of cell-edge UE, UE-2 (pink color) was adjusted for
NOMA to be equal to the case of OFDMA. The measured gains
of NOMA over OFDMA are the result of enabling three-layer
transmission over a 2X2 MIMO channel while using twice the
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® Case 1: Superposed data channels (i.
e., Physical Downlink Shared Channels (PD-

SCHs)) are transmitted using the same trans-

OFDMA

mission scheme and the same spatial pre-

Receiver #1

coding vector.
® Case 2: Superposed PDSCHs are trans-
mitted using the same transmit diversity

Receiver #2
scheme.

BS: base station
NOMA: non-orthogonal multiple access
OFDMA: orthogonal frequency division multiple access
QAM: Quadrature amplitude modulation

Throughput of UE-1
(cell-center UE)

QPSK: Quadrature Phase Shift Keying
SIC: successive interference cancellation
SNR: signal-to-noise ratio
UE: user equipment

® Case 3: Superposed PDSCHs are trans-
mitted using the same transmission scheme,
but their spatial precoding vectors are differ-
ent.

During the WI phase, what was consid-
ered is up to 2 transmitter (Tx) CRS-based
transmission schemes for cases 1 and 2,
and up to 4 Tx CRS-based or up to 8 Tx
DMRS - based transmission schemes for all
three cases. The RAN1 agreements with
RANI specification impacts made within
the Release 14 WI are summarized in [31].
For example, for MUST Case 1 and Case 2,

A Figure 10. NOMA test-bed.

bandwidth compared to OFDMA.

5.3 NOMA Standardization

NOMA was proposed to 3GPP LTE Release 13 [22] and a
new study item (SI) under the name of “downlink multi-user su-
perposition transmission (MUST)” was approved [23]. In 3GPP
RANT1, the target scenarios, evaluation methodology, and the
candidate non-orthogonal multiple access were discussed dur-
ing the SI phase [24]-[26]. NOMA system-level performance
with non-full buffer traffic and link-level performance for dif-
ferent receivers were evaluated [27], [28]. Based on Gray -
mapped composite constellation with the same precoder but
different transmit powers being applied to the superposed UEs,
another NOMA multiplexing scheme is also considered in or-
der to reduce signaling overhead and the receiver complexity
compared to NOMA with SIC [26]. In such a scheme, coded
bits for both the superposed UEs are jointly mapped onto the
signal constellation based on Gray mapping, and then a re-
duced-maximum likelihood (R-ML) receiver is used for symbol-
level interference cancellation [17]. The outcome of the SI in
Release 13 was summarized under a technical report [29]. Lat-
er in Release 14, a work item (WI) was established to specify
the necessary mechanisms to enable LTE to support downlink
intra- cell multiuser superposition transmission for data chan-
nels with assistance information from serving BS to a UE re-
garding its experienced intra-cell interference [30]. In the WI,
a MUST UE receiver is assumed to be capable to cancel or sup-
press intra-cell interference between co-scheduled MUST us-
ers for the following three cases:

the higher layer and dynamic signaling
mechanisms of MUST ON/OFF and of the
power information of MUST users are speci-

fied.

6 Conclusions

This article presents an overview of the NOMA concept, de-
sign and its potential performance. Different from OFDMA,
NOMA superposes multiple users in the power-domain, exploit-
ing the channel gain difference between multiple UEs. NOMA
contributes to the maximization of the tradeoff between system
performance and user fairness. NOMA involves several aspects
that need careful design, including the granularity in time and
frequency of multi-user scheduling and multi-user power allo-
cation, signaling overhead, receiver design, and combination
with MIMO. NOMA can also be applied to uplink. For uplink,
new issues arise including power control design to balance in-
tra-cell and inter-cell interference and the design of the sched-
uling algorithm in case of single carrier transmission where
consecutive resource allocation of non - orthogonally multi-
plexed UEs is taken into account.

From performance perspective, NOMA has shown promising
gains for both downlink and uplink. These gains were investi-
gated by link-level simulations, system-level simulations, and
in experimental trials. Downlink NOMA was studied and speci-
fied in 3GPP RANT as MUST during LTE Release 13 and 14.

The design of sophisticated uplink power control schemes
and of uplink reference signal for channel estimation to enable
multiple user transmissions within the same frequency block is
of interest to the future work.

Moreover, NOMA gains are expected to increase with more
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users, which correspond to the case of massive machine type
communications (mMTC), i.e., massive sensors and devices
with small packets being simultaneously transmitted over the
cellular network. Further investigations and optimizations of
NOMA for mMTC are also of interest.
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' Abstract

In non-orthogonal multiple access (NMA) system, signal transmitter and receiver are jointly optimized, so that multiple layers of

data from more than one user can be simultaneously delivered in the same resource. To meet the 5G requirements on the number

of connections and spectral efficiency, uplink NMA is becoming an important candidate technology and has been extensively stud-

ied in 3GPP. A number of uplink NMA schemes from different industrial companies have been proposed in recent 3GPP meet-

ings. In terms of their basic technique principles, this paper classifies these NMA schemes into three categories, namely: scram-

bling based NMA schemes, interleaving based NMA schemes, and spreading based NMA schemes. Moreover, the key characteris-

tics of these schemes are summarized, and the detailed introduction of each scheme is provided according to the comprehensive

survey of the latest progress in 3GPP 5G standardization work.
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1 Introduction

n wireless communications, multiple access technology
allows several user devices to share one radio transmis-
sion resource. Over the past twenty years, the innova-
tion on multiple access technology has been an essen-
tial part for each new generation of cellular mobile systems.
Long-Term Evolution (LTE) and LTE - Advanced networks
are now being more and more widely deployed by global mo-
bile operators. Meanwhile, the 5G research towards the year
2020 and beyond has been started in the academia and indus-
try worldwide. ITU has defined three usage scenarios including
enhanced mobile broadband (eMBB), massive machine type
communications (mMTC), and ultra - reliable and low latency
communications (URLLC), as well as the key technology capa-
bilities for IMT-2020 (5G) [1]. Moreover, 3GPP launched the
study on 5G core network (CN) and radio access network
(RAN) in October 2015 and March 2016, receptively [2].
Compared with 4G system, two of the key 5G capabilities
are to provide higher connection density and spectral efficien-
cy [1], [3]. As seen in Fig. 1, the 1G to 4G cellular systems are
mainly based on orthogonal multiple access (OMA) technolo-
gies. In recent years, non - orthogonal multiple access has at-
tracted more and more interests and has become an important
candidate technology for 5G system [4], [5].
Non-orthogonal multiple access (NMA) allows the simultane-
ous transmission of more than one layer of data for more than
one piece of user equipment (UE) without time, frequency or

spatial domain separation. Different layers of data can be sepa-
rated by utilizing interference cancellation or iterative detec-
tion at the receiver. On one hand, the point-to-point link perfor-
mance of LTE is quite close to the single UE channel capacity,
thus the improvement in link performance would be limited.
On the other hand, NMA can be used to further enhance the
spectral efficiency over OMA, in order to achieve the multiple
UE channel capacity, as shown in the previous research in [6]
and [7]. Furthermore, NMA can significantly increase the num-
ber of UE connections, which is quite beneficial for MTC ser-
vices. In addition, NMA does not rely on the knowledge of in-
stantaneous channel state information (CSI) of frequency-selec-
tive fading, and thus a robust performance gain in practical
wide area deployments can be expected irrespective of UE mo-
bility or CSI feedback latency.

Uplink NMA schemes have been studied in 3GPP RAN
WGI1 (working group 1) since March 2016. It has been agreed
that NMA should be investigated for diversified 5G usage sce-
narios and use cases [8], and 5G should target to support up-

L6 =22 |23 = 4« > [ 56
TDMA/ Candidates:
[ FDM [ _ [CDMA [OFDMA TN

OMA

OFDMA: orthogonal frequency-division multiple access
OMA: orthogonal multiple access
TDMA: time division multiple access

CDMA: code division multiple access
FDM: frequency division multiplexing
NMA: non-orthogonal multiple access

A Figure 1. Multiple access technology for cellular systems.
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link NMA, at least for mMTC scenario [9].

A number of NMA schemes have been proposed to 3GPP by
different industrial companies, including operators, base sta-
tion (BS) and UE vendors as well as chipset vendors. This pa-
per gives a comprehensive survey on these candidate NMA
schemes, and provides an insight on the latest progress in
3GPP 5G standardization work.

The rest of this paper is organized as follows. Section 2 out-
lines all the candidate NMA schemes submitted to 3GPP. The
three categories of NMA schemes, namely scrambling based
NMA, interleaving based NMA, and spreading based NMA
schemes are presented in Section 3, Section 4 and Section 5,
respectively. Conclusions are drawn in Section 6.

2 Uplink NMA Schemes

In an uplink NMA system, signal transmitter and receiver
are jointly optimized, so that multiple layers of data from more
than one UE can be simultaneously delivered in the same re-
source (Fig. 2). At the transmitter side, the information of dif-
ferent UEs can be delivered using the same time, frequency
and spatial resource. At the receiver side, the information of
different UEs can be recovered by advanced receivers such as
interference cancellation or iterative detection receivers.

As mentioned above, a number of uplink NMA schemes
have been proposed in the recent RAN1 meetings [10]-[21].
The difference of these schemes is mainly on UE’ s signature
design, i.e., whether the scrambling sequence, interleaver or
spreading code is used to differentiate UEs. Therefore, these
schemes can be classified into the following three categories:

® Category 1: scrambling based NMA schemes

® Category 2: interleaving based NMA schemes

® Category 3: spreading based NMA schemes.

The key characteristics of the three categories are summa-
rized in Table 1. The general descriptions on the 12 candidate
schemes are given in Table 2, while the detailed introduction
is provided in Section 3 to Section 5.

3 Scrambling Based NMA Schemes

As discussed in Section 2, a key characteristic of scram-

VTable 1. Categories of NMA schemes

BS: base station

UE: user equipment

A Figure 2. Illustration of uplink NMA.

bling based NMA schemes is that different scrambling se-
quences are used to distinguish different UEs, and that an suc-
cessive interference cancellation (SIC) algorithm is applied at
the BS receiver to separate different UEs’ information. In the
following, we will introduce three typical scrambling based

NMA schemes proposed in 3GPP 5G study phase.

3.1 Non-Orthogonal Multiple Access (NOMA)

In NOMA, the improvements in UE spectral efficiency and
the number of connection can be expected by sharing the same
radio resources among multiple UEs and allocating more radio
resource per UE (Fig. 3 [10]). These multiplexed UEs can be
separated by assigning different scrambling sequences to dif-
ferent UEs and creating received power difference among
paired UEs. An advanced baseband demodulation receiver, e.
g., SIC receiver, is employed at the receiver side as shown in
Fig. 4. Note that the received power difference can be created
through either large - scale channel difference or small - scale
channel variance, i.e., NOMA is also applicable for multiple
UEs with similar wideband signal to interference plus noise ra-
tio (SINR) thanks to the variation in small-scale channel.

3.2 Resource Spread Multiple Access (RSMA)

In RSMA, a group of different UEs’ signals are super-posi-
tioned on top of each other, and each UE’s signal is spread to
the entire frequency/time resource assigned for the group [11].
Different UEs’ signals within the group are not necessarily or-
thogonal to each and could potentially cause inter-UE interfer-

Category 1: Scrambling based

Category 2: Interleaving based

Category 3: Spreading based

® Use different scrambling sequences to
distinguish different UEs
® Can be used together with low code rate FEC

Key characteristics different UEs

® NOMA[10] ® IDMA [13]
Candidate schemes : ESSQIJI\A[EIZ}] ¢ IGMA [14]

® Use different interleavers to distinguish

® Can be used together with low code rate FEC LDS code based

Use different spreading codes to distinguish different UEs

Non-LDS code based

e SCMA [15] o MUSA [18]

e PDMA [16] e NOCA [19]

¢ LDS-SVE [17]  NCMA [20]
¢ LCRS [21]

FEC: forward error correction
IDMA: interleave division multiple access
IGMA: interleave-grid multiple access
LCRS: low code rate spreading

LDS: low density signature

MUSA: multiple user shared access
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LDS-SVE: low density signature-signature vector extension
LSSA: low code rate and signature based shared access

NCMA: non-orthogonal coded multiple access
NOCA: non-orthogonal coded access

NOMA: non-orthogonal multiple access
PDMA: pattern defined multiple access

RSMA: resource spread multiple access
SCMA: sparse code multiple access
UE: user equipment
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NMA scheme Description Standardization impact Receiver algorithm
® Multiple UEs with different scrambling sequences are transmitted on the same resource Define new scrambling sequence if needed
NOMA ® NOMA can also bring in performance gain for multiple UEs with similar wideband 6 seque SIC
. ® Power control enhancement if needed
SINR, thanks to the fast fading
® Define scrambling sequence and interleaver
Category. L RSMA Use combination of low rate channel codes and scrambling codes if needed sic
Scrambling based 3 (and optionally different interleavers) with good correlation properties ® Define single carrier based new waveform for
asynchronous transmission
1SSA Each UE’s data is b}t or symbol level multiplexed with UE specific Define signature pattern sic
signature pattern which is unknown to others
IDMA  Use bit level interleavers to separate UEs Define bit-level interleaver ESE
Category 2:
Interleaving based © Define b .
. . . . Define bit-level interleaver ESE or
IGMA  Use bit level interleavers and/or grid mapping pattern to separate UEs o Define sparse symbol-o-RE grid mapping patiem  chip-by-chip MAP
SCMA The coded bits of a data stream are directly mapped to a codeword from a codebook Define LDS code and multi-dimensional MPA,
built based on a multi-dimensional constellation, and low density spreading is utilized constellation or MPA with SIC
A code is used to define sparse mapping from data to a group of resources . . BP based iterative
D ? 9
POVA and different codes may have different diversity orders Define LDS code matrix detection and decoding
LDS-  For LDS spreading, consider UE signature vector extension, e.g., transforming ® Define LDS code MPA
SVE  and concatenating two element signature vectors into a larger signature vector ® Define signature vector extension method
Category 3: Use random complex spreading codes with short length, and the real part and
Spreading based ~ MUSA  imaginary part of each element in the complex spreading code are drawn from Define spreading code SIC
a multi-level real value set uniformly, for example, {-1, 1} or {-1, 0, 1}
NOCA Use LTE defined low correlation sequences as spreading codes, e.g., Reuse the LTE defined sequence sic
LTE defined sequences for uplink reference signal for 1 RB case as spreading code
NCMA  Spreading codes are obtained by Grassmannian line packing problem Define spreading code PIC
LCRS Apply direct spreading of modulation symbols and to transmit the spread symbols Define spreading code sic

in time-frequency resources allocated for non-orthogonal transmission

BP: belief propagation
ESE: elementary signal estimator
IDMA: interleave division multiple access
IGMA: interleave-grid multiple access
LCRS: low code rate spreading
LDS: low density signature

LTE: Long-Term Evolution
MAP: maximum a posteriori
MPA: message passing algorithm

MUSA: multiple user shared access

LDS-SVE: low density signature-signature vector extension
LSSA: low code rate and signature based shared access

RE: resource element
RSMA: resource spread multiple access
SCMA: sparse code multiple access
SIC: successive interference cancellation
SINR: signal to interference plus noise ratio
UE: user equipment

NCMA: non-orthogonal coded multiple access
NOCA: non-orthogonal coded access
NOMA: non-orthogonal multiple access
PDMA: pattern defined multiple access

PIC: parallel interference cancellation

RB: resource block

Total bandwidth Total bandwidth
a 1-a
Rx power P, Rx power density for user 1 P,
density “a IRX power P, -
density 1-a Rx power density for user 2 P,
User 1 User2 Frequency Frequency

(cell-interior user) (cell-edge user)
a) Orthogonal multiple access

b) NOMA

NOMA: non-orthogonal multiple access Rx: receiver

A Figure 3. Comparison of orthogonal multiple access and NOMA in uplink.

ence. Spreading of bits to the entire resources enables decod-
ing at a signal level below background noise and interference.

RSMA uses the combination of low rate channel codes and
scrambling codes (and optionally different interleavers) with
good correlation properties to separate different UEs’ signals.
Depending on application scenarios, the RSMA to be dis-
cussed includes:

® Single carrier RSMA: optimized for battery power con-
sumption and coverage extension for small data transactions by
using single carrier waveforms and very low peak to average

Received
power

| Frequency

N &

UE #2

i

I ———————— I
_:___ UE #1 s‘ignal i | SIC o-f UE #1 '_'] UE #2 signal Ill

1 decoding L signal || decoding

1 1g

i

B L S G O O N N SN . G

SIC: successive interference cancellation  UE: user equipment

A Figure 4. Uplink NOMA.

power ratio (PAPR) modulations. Moreover, an asynchronous
access is potentially allowed in this case.
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® Multi-carrier RSMA: optimized for low latency access for
radio resource control (RRC) connected state UEs (i.e., timing
with BS already acquired).

In Fig. 5 that shows these two modes, “TDM pilot insertion”
indicates inserting pilot which is time domain multiplexing
(TDM) with the data, “Option CP” indicates that cyclic prefix
(CP) is optional for single carrier RSMA, “IFFT” indicates the
inverse fast Fourier transform( IFFT) operation, which is simi-
lar to that used in LTE.

RSMA will prioritize the usage of low rate channel codes to
fully leverage the coding gain, except in the very low spectral
efficiency region where capacity scales linear with power and
repetition accounts for most of the gain. Also, the SIC receiver
is used at the receiver side. For scrambling, the uplink scram-
bling sequence designed for uplink WCDMA system can be re-
used.

3.3 Low Code Rate and Signature Based Shared Access
(LSSA)

In LSSA (Fig. 6), each UE’ s information is encoded with
very low rate channel coding [12]. The channel encoding part
can be optionally replaced with slightly higher channel coding
rate with non-orthogonal spreading sequence. Then the output

jontet

€

Variable rate TDM pilot Spreader/ Optional Low PAPR
encoder insertion scrambler CP modulation

a) Single carrier RSMA

Pilot Spreader/ Serial
coder g . to
insertion scrambler
parallel

b) Multi-carrier RSMA

o/

Parallel Cyclic
o *»%_.

serial prefix

—>

RSMA: resource spread multiple access
TFFT: inverse fast Fourier transform

TDM: time domain multiplexing
CP: cyclic prefix

PAPR: peak to average power ratio

A Figure 5. RSMA block diagrams.

of channel encoder is bit or symbol level multiplexed with UE
specific signature.

A UE’s signature is a set that consists of complex or binary
sequence and permutation pattern of a short length vector. The
short length signature vector, however, does not mean that the
number of multiplexed uplink UEs is limited to the length of
the signature. UE overloading feature can well be supported
since the receiver separates the targeted UE signal from other
UE’s contribution to multi-UE interference without relying on
orthogonal multiplexing codes.

4 Interleaving Based NMA Schemes

The key characteristic of interleaving based NMA schemes
is that different interleavers are used to distinguish different
UEs, and a low code rate forward error correction (FEC) can be
applied together. At the receiver side, an elementary signal es-
timator (ESE) with or without iteration is used [22], and maxi-
mum a posteriori (MAP)/message passing algorithm (MPA) can
also be used if there exists zero entries. In the following, we
will introduce two typical interleaving based NMA schemes

proposed in 3GPP 5G study.

4.1 Interleave Division Multiple Access (IDMA)

IDMA was proposed in [22], which originally targeted to the
performance enhancement for asynchronous code division mul-
tiple access (CDMA) system. Further studies revealed that 1D-
MA exhibits strong robustness against asynchronicity and toler-
ance upon UEs’ overloading. Meanwhile, the IDMA receiver,
denoted as ESE and recognized in literature, turns out to be
simple and effective.

In Fig. 7, a scenario for performance comparison between
frequency division multiple access (FDMA) and IDMA is pre-
sented [13]. In the FDMA scheme, each UE is allocated to a
relatively narrow frequency bandwidth F/K, considering an
FEC rate R. and temporal frame-length T, and mapping My bits

Optional
r—-————-— 1/
Bit/symbol | . |
User 0 FEC QAM symbol level §ignaFure I A lll‘dl‘ép |
data encoding mapping multiplexing I ad
|
I
Userl | FEC || QAM symbol Bit/symbol
data encoding mapping level signature IFFT
s o | add CP
multiplexing |
| Receiver
° |
.
o I
|
I
Usern-1___J  FEC QAM symbol Bit/symbol |
data encoding mapping level signature i IFFT
- A I add CP
multiplexing | |
L a <Figure 6.
FEC: forward error correction ~ QAM: quadrature amplitude modulation ~ TFFT: inverse fast Fourier transform  CP: cyclic prefix Examp!e of LSSA
transmitter structure.
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to a modulated symbol. The achievable throughput per UE is
R. My (FIKXT). In the IDMA scheme, all of the UEs are allowed
to share the complete bandwidth F, by reducing the FEC rate
to R/K, optionally deploying M; bits to a modulated symbol
and a repetition code with rate R,. The achievable throughput
per UE is thus R/K MiR. (FT).

4.2 Interleave-Grid Multiple Access IGMA)
Basically, this IGMA scheme could distinguish different
UEs on the basis of:

® Different bit-level interleavers

® Different grid mapping patterns

® Different combinations of bit-level interleaver and grid
mapping pattern.

The typical transmitter system structure using IGMA is
shown in Fig. 8 [14].

The channel coding process can be either using simple repe-
tition (or spreading) of a moderate coding rate FEC or directly
using low coding rate FEC. The sufficient source of bit-level in-
terleavers and/or grid mapping patterns is able to provide

enough scalability to support different connection densities,
and also provide flexibility to achieve good balance between
channel coding gain and benefit from sparse resource map-
ping. By proper selection, the low correlated bit-level interleav-
ers could be achieved.

In the grid mapping process, sparse mapping based on zero
padding and symbol - level interleaving is introduced, which
could provide another dimension for UE multiplexing (Fig. 9).
Moreover, the density p of the grid mapping pattern is defined
as the occupied resource elements(REs) N, dividing the total
assigned REs N, ie., p=N,,/N,.
could be flexibly configured. It is noted that the symbol se-

Different densities

quence order will be randomized after the grid mapping pro-
cess due to symbol -level interleaving. This may further bring
benefits in terms of combating frequency selective fading and
inter-cell interference in comparison with resource mapping us-
ing direct code-matrices/codebooks.

At the receiver side, the low complexity multi-UE detector, i.
e., ESE, takes advantage of the special property of interleaving
[22], and can be utilized with a simple de-mapping operation

User Channel
data coding

Bit-level
interleaving

> Modulation [—>

Grid mapping

]

Baseband
to RF

Carrier
modulation

. -

| |
‘ FEC }—’i Repetition i

Zero padding H

Symbol-level

FEC: forward error correction

interleaving <Figure 8.
N Schematic of IGMA
RF: radio frequency .
transmitter.
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modulation and spreading [15]. SCMA uti-
lizes low density spreading, also named as
sparse spreading, which has been used in
the LDS technique in CDMA system. An
introduction of multi-dimensional modula-
tion for 5G New Radio (NR) can be found
in [25].

The SCMA mapping and multiple ac-
cess procedures are explained as follows.

1) Codebook mapping

Similar to LTE, SCMA supports layer
mapping, i.e. one or multiple SCMA layers

AFigure 9. Example of grid mapping process.

on the top. Note that lower density of the grid mapping pattern
could further reduce detection complexity of ESE for IGMA. In
addition, MAP and MPA detectors are applicable for IGMA
and they can significantly improve the detection performance
in comparison to ESE at the cost of complexity. The complexity
of MAP/MPA for IGMA can probably be alleviated when
sparse grid mapping is used, due to the similar property of low
density signature (LDS).

S Spreading Based NMA Schemes

The key characteristic of spreading based NMA schemes is
that different spreading codes are used to distinguish different
UEs. Depending on whether there exist zero entries in the
spreading code, spreading based NMA schemes can be further
classified into two sub-categories, i.e., the LDS based and non-
LDS based. For LDS spreading based NMA schemes, an MPA
or belief propagation (BP) receiver is usually employed; while
for non-LDS spreading based NMA schemes, SIC or parallel in-
terference cancellation (PIC) is applied at the receiver. Orga-
nized into these two groups, seven typical spreading based
NMA schemes proposed in 3GPP 5G study are presented in
this section. More specifically, LDS spreading based NMA
schemes include sparse code multiple access (SCMA), pattern
defined multiple access (PDMA), low density signature - signa-
ture vector extension (LDS-SVE).

Non-LDS spreading based NMA schemes consists of multi-
ple user shared access (MUSA), non-orthogonal coded access
(NOCA), non - orthogonal coded multiple access (NCMA), low
code rate spreading (LCRS).

5.1 SCMA

Fig. 10 illustrates a basic system model with SCMA [23],
[24] where the coded bits of a data stream are directly mapped
to a codeword from a built codebook according to a multi-di-
mensional constellation. As can be seen in Fig. 10, the basic
structure of SCMA implementation would be similar to LTE
transmission model, with a key difference of joint design of
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can be assigned to a data stream. Different
from LTE, the SCMA also conducts map-
ping from information bits to codewords at
each SCMA layer, i.e. the SCMA modulator maps input bits to
a complex multi-dimensional codeword selected from a layer-
specific SCMA codebook. SCMA codewords are sparse, i.e. on-
ly few of their entries are non-zero and the rest are zero. All SC-
MA codewords corresponding to a SCMA layer have a unique
location of non-zero entries, referred to as sparsity pattern for
simplicity.

Fig. 11 shows an example of a codebook set containing 6 co-
debooks for transmitting 6 data layers. As can be seen, each of
the codebook has 8 multi-dimensional complex codewords that
correspond to 8 points of constellation, respectively. The
length of each codeword is 4, which is the same as the spread-
ing length. Upon transmission, the codeword of each layer is se-
lected on the basis of the input bit sequence.

2) Multiple access procedure

Fig. 12 shows an example of multiple access of 6 UEs with
the SCMA layer - specific codebooks illustrated in Fig. 11.
Each UE is assigned with one SCMA codebook. In the exam-
ple, UE i takes codebook for layer i, 1 = 1, 2, -+, 6. After the
FEC encoder, each UE’ s coded bits are then mapped to the
SCMA codeword according to its assigned codebook. The SC-
MA codewords are further combined over OFDM tones and
symbols are transmitted in terms of SCMA blocks, similar to re-
source block concept in LTE.

The main characteristics of multiple access with SCMA can
be summarized as follow:
® Code domain non-orthogonal signal superposition: It allows

superposition of multiple symbols from different UEs on

each RE. For example, in Fig. 12, on RE 1, symbols from

Joint design of multi-dimensional modulation
& low density spreading

‘*{ FEC }‘4’{ SCMA sparse codebook mapping H OFDM modulator }—’

FEC: forward error correction
OFDM: Orthogonal frequency-division multiplexing
SCMA: sparse code multiple access

AFigure 10. SCMA codebook mapping.
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UE 1, 3, and 5 are overlapped with each other. The superpo-
sition pattern on each RE can statically be configured or
semi-statically.

® Sparse spreading: SCMA uses sparse spreading to reduce
the number of symbol collisions. For example, in Fig. 12,
there are 3 symbols from different UEs are colliding over
each RE, instead of 6 in the case of non-sparse spreading.

® Multi-dimensional modulation: SCMA uses multi-dimension-
al modulation instead of linear spreading as in CDMA [25].

5.2 PDMA

A code is used to define sparse mapping from data to a
group of resources. The code could be represented by a binary
vector. The dimension of the vector equals to number of re-
source in a group. Each element in the vector corresponds toa
resource in a resource group. A ‘1’ means that data shall be
mapped to the corresponding resource. Actually, the number of
‘1’ in the code is defined as its transmission diversity order.
A code matrix is constructed by all codes sharing on the same
resource group. BP based iterative detection and decoding (BP-
IDD) is applied at the receiver.

Assuming six users multiplexing on four REs, Fig. 13 shows
an example of code matrix and related resource mapping. User
1’s data is mapped to all four resources in the group, and user
2’ s data is mapped to the first three resources, etc. The order
of transmission diversity of the six users is 4, 3, 2, 2, 1, and 1
respectively.

It can be seen that a code with heavier weight (i.e., number
of ‘1’ elements in the pattern) provides higher diversity order,
more reliable data transmission can be anticipated, and detec-
tion complexity is also increased. Moreover, codes shall have
as many different diversity orders as possible to fasten conver-
gence of BP receiver.

5.3 LDS-SVE

LDS-SVE is also one type of LDS spreading based NMA
schemes. The main difference of LDS-SVE from the basic LDS
spreading based NMA schemes is to consider UE signature
vector extension, e.g., transforming and concatenating two ele-
ment signature vectors into a larger signature vector for LDS
spreading. Moreover, the MPA receiver is applied at the BS re-
ceiver side.
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To combat inter-UE interference or collision, there is actual-
ly implicit information dependency, i.e., some kind of informa-
tion replication within one UE signature vector. Typically, a
UE transmits a block of signature vectors; If dependency can
be further introduced among these vectors, more robustness
against inter- UE interference or higher order of diversity can
be obtained. UE signature vector extension is one way to
achieve this. The extension can be accomplished by transform-
ing and concatenating e.g. two element signature vectors into a
larger signature vector. Assuming LDS type of multiple access,
(1) shows an example of UE signature vector extension. Define
S; as a real number vector obtained by stacking the real and
imaginary parts of signature vector 1 8, and vector 2 S, into
one column. Similarly, define #%j as a real number vector ob-
tained by stacking the real and imaginary parts of the extended
UE signature vector x . UE signature vector extension can be
achieved by multiplying sz with a transformation matrix U .

s, =[real(s,) real(s,) imag(s,) imag(sz)]T}x _Us

%, =[real(x) imag(x)]"

(1)

5.4 MUSA

MUSA is a non-orthogonal multiple access scheme operat-
ing in the code domain. Conceptually, each UE’ s modulated
data symbols are spread by a specially designed sequence
which can facilitate robust SIC implementation compared to
the sequences employed by traditional direct-sequence CDMA
(DS-CDMA). Then each UE’s spread symbols are transmitted
concurrently on the same radio resource by means of shared ac-
cess, which is essentially a superposition process. Finally, de-
coding of each UE’s data from superimposed signal can be per-
formed at the BS side using SIC technology.

By determining the interference between different UEs and
system performance, the design of spreading sequence is cru-
cial to MUSA. The spreading sequences should have low cross-
correlation and can be non-binary.

For MUSA, a family of complex spreading sequence can be
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studied to achieve relatively low cross-correlation at very short
length. The complex sequence exhibits lower cross-correlation
than traditional pseudo random noise (PN) due to the utiliza-
tion of additional freedom of the imaginary part. The real and
imaginary parts of the complex element in the spreading se-
quence are drawn from a multi-level real value set with uni-
form distribution. For example, for a 3-value set {-1, 0, 1}, ev-
ery bit of the complex sequence is drawn from the constellation
depicted in Fig. 14 with equal probability.

5.5NOCA

Similarly with other spreading based NMA schemes, the ba-
sic idea of NOCA is that the data symbols are spread using non-
orthogonal sequences before transmission. The spreading can
be applied in frequency domain and/or time domain based on
configuration. The basic transmitter structure of NOCA is
shown in Fig. 15, where SF denotes the spreading factors and
C is the spreading sequence of the jth UE. The original modu-
lated data sequence is first converted into P parallel sequenc-
es, then each sequence is mapped onto SF subcarriers. The to-
tal number of subcarriers is therefore P X SF for transmitting
the data stream.

The sequences used for NOCA shall have good properties
like constant modulus, good auto-correlation and cross-correla-
tion, and low memory and complexity requirements. Multiple
spreading factors for flexible adaptation might also be support-
ed in this scheme. As a starting, the sequences could be LTE
defined sequences for uplink reference signal for 1 RB case,
and the spreading factor equals to 12 [26]. For the case in
which the spreading factor equals to 12, there are 30 available

-1 0 1
Figure 14. > - . .
Elements of complex
spreading sequence.
c/
o
1 :
’ IFFT | —s
Data Serial/Parallel . SF
stream converter : s g F—
| ) T :
Cy —>
PxSF

IFFT: inverse fast Fourier transform

A Figure 15. NOCA transmitter structure.
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roots as specified for LTE system; therefore, together with 12
available cyclic shifts for each root, the number of available se-
quences for spreading is 360. Besides, these sequences are
QPSK sequences, and thus have constant modulus and low cu-
bic metric.

5.6 NCMA

For NMA, multi-UE interference is inherently induced. NC-
MA is proposed to minimize the multi-UE interference theoreti-
cally, based on the spreading codes with the minimum correla-
tion. NCMA is a NMA scheme based on the resource spreading
by using non-orthogonal codewords, which is composed of the
codewords obtained by Grassmannian line packing problem
[27].

The transceiver structure of NCMA is illustrated in Fig. 16,
where the UE specific non-orthogonal code cover (NCC) repre-
sents a non-orthogonal codeword allocated to each UE.

NCMA can provide the additional throughput or improved
connectivity with a small loss of block error rate (BLER) in spe-

cific environments, by exploiting additional layers through su-
perposed symbol. It can also satisfy quality of service (QoS)
constraints. Since the receiver of NCMA system is available for
PIC, the multi-UE detection can be implemented with low com-
plexity.

5.7 LCRS

The basic idea of LCRS is to spread information bits over
the entire non-orthogonal transmission zone with repetition and
rate matching, i.e. combining channel coding with spreading
via low rate codes to maximize the coding gain. In this case, a
UE-specific channel interleaver [22] can be further employed
for improved multi-UE signal separation at the receiver. Fig.
17 shows a block diagram of transmitter processing at the UE.

6 Conclusions
Uplink NMA is identified as an important candidate 5G
technology to provide higher spectral efficiency and support
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connection of more user devices. Based on the latest standard-
ization progress, this paper gives a comprehensive survey on
the twelve NMA schemes being considered in 3GPP. As a mat-
ter of fact, extensive investigations on these NMA schemes are
still ongoing in 3GPP and it is believed that only one or a few
NMA schemes will be selected to the final stage of the 5G New
Radio (NR) standard according to the consensus reached
among the individual members of 3GPP organization.
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' Abstract

Enhanced mobile broadband (eMBB) is one of the key use-cases for the development of the new standard 5G New Radio for the
next generation of mobile wireless networks. Large-scale antenna arrays, a.k.a. massive multiple-input multiple-output (MIMO), the

usage of carrier frequencies in the range 10-100 GHz, the so-called millimeter wave (mm-Wave) band, and the network densifica-

tion with the introduction of small-sized cells are the three technologies that will permit implementing eMBB services and realiz-

ing the Gbit/s mobile wireless experience. This paper is focused on the massive MIMO technology. Initially conceived for conven-

tional cellular frequencies in the sub-6 GHz range (p.-Wave), the massive MIMO concept has been then progressively extended to

the case in which mm-Wave frequencies are used. However, due to different propagation mechanisms in urban scenarios, the re-

sulting MIMO channel models at p-Wave and mm-Wave are radically different. Six key basic differences are pinpointed in this

paper, along with the implications that they have on the architecture and algorithms of the communication transceivers and on the

attainable performance in terms of reliability and multiplexing capabilities.

'A Keywords

millimeter wave; microwave; channel modeling; massive MIMO; doubly massive MIMO

1 Introduction

ifth-generation (5G) wireless networks are expected

to provide 1000x improvement on the supported da-

ta rate, as compared to current LTE networks. Such

an improvement will be mainly achieved through
the concurrent use of three factors [1]: (a) the reduction in the
size of the radio-cells, so that a larger data-rate density can be
achieved; (b) the use of large-scale antenna arrays at the base
stations (BSs), i.e., massive multiple-input multiple-output (MI-
MO) [2], so that several users can be multiplexed in the same
time-frequency resource slot through multiuser MIMO (MU-MI-
MO) techniques; and (c) the use of carrier frequencies in the
range 10 GHz-100 GHz, a.k.a. millimeter-waves (mm-Waves)
[3], so that larger bandwidths become available. The factor (a),
i.e. the densification of the network, is actually a trend that we
have been observing for some decades, in the sense that the
size of the radio cells has been progressively reduced over time
from one generation of cellular networks to the next one. Differ-
ently, factor (b) can be seen as a sort of 4.5G technology, in the
sense that the latest 3GPP LTE releases already include the

' Strictly speaking, the mm-Wave bands correspond to carrier frequencies
larger than 30 GHz.

possibility to equip BS with antenna arrays of up to 64 ele-
ments. This trend will certainly continue in the future 5G New
Radio standard, since the potentialities of massive MIMO are
currently being tested worldwide in a number of real-world ex-
periments (for instance, [4] and [5]). The use of mm-Waves, on
the contrary, is a more recent technology, at least as far as wire-
less cellular applications are concerned, and, although there is
no doubt that future cellular networks will rely on these tech-
nologies, mm-Waves can be certainly classified as a true 5G
technology.

Focusing on the massive MIMO technology, most of the re-
search and experimental work has mainly considered its use at
conventional cellular frequencies (e.g. sub-6 GHz). We denote
here such a range of frequencies as p-Wave, to contrast them
with the above - 6 GHz frequencies that we denote as mm -
Wave'. Only recently, the combination of the massive MIMO
concept with the use of mm-Wave frequency bands has started
being considered [6], [7]. As a matter of fact, the channel prop-
agation mechanisms at p-Wave frequencies are completely dif-
ferent from those at mm-Waves. As an instance, the rich-scat-
tering environment at |- Wave in urban environments is ob-
served [8], thus implying that the MIMO channel is customari-
ly modeled as the product of a scalar constant when the shad-
owing effects and path loss times a matrix with independent
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and identically distributed (i.i.d.) entries are taken into ac-
count. At mm-Waves, instead, propagation is mainly based on
Line - of - Sight (LOS) propagation and on one-hop reflections,
and blockage phenomena are more frequent. To capture these
mechanisms, a finite-rank clustered channel model is usually
employed [9]-[11]. This paper compares massive MIMO sys-
tems at - Waves with massive MIMO systems at mm-Waves.
We observe that these two different channel models have key
implications on the achievable performance, on the multiplex-
ing capabilities of the channels themselves, on the beamform-
ing strategies that can be employed, on the transceiver algo-
rithms and on the adopted channel estimation procedures. Six
key differences between massive MIMO systems at - Waves
and massive MIMO systems at mm-Waves are thus identified
and critically discussed.

The rest of this paper is organized as follows. Section 2 de-
scribes the considered transceiver model and the massive MI-
MO channel models at p-Waves and at mm-Wave frequencies.
Section 3, the core of the paper, is divided in six subsections,
each one describing a key difference between the massive MI-
MO channels at p-Wave and at mm-Wave frequencies; numeri-
cal results are also shown here in order to provide experimen-
tal evidence of the theoretical discussion. Finally, concluding
remarks are given in Section 4.

2 System and Channel Models

In this section, we briefly illustrate the considered transceiv-
er architecture and review the main characteristics of the MI-
MO wireless channel at - Wave and mm-Wave carrier fre-
quencies.

We consider a MIMO wireless link with V; antennas at the
transmitter and N; antennas at the receiver. We denote by d
the distance between the transmitter and receiver, and by M
the number of transmitted parallel data streams (i.e., the multi-
plexing order). The considered transceiver model is shown in

Fig. 1.

2.1 p -Wave Channel Model

Assuming frequency-flat fading (i.e. either multipath may be
neglected or it is nulled through the use of OFDM modulation),
at channel frequencies below 6 GHz, the propagation channel
is customarily modelled through an (NzXN;) - dimensional

matrix, whose (i,j)Ih entry, [Hﬂ]i,,- , has the following structure

[12], [13]:
[H#]iﬂj: B, 1)

where &i; represents the small-scale (fast) fading between the
i™ receive antenna and the jlh transmit antenna, and B repr-
esents the (slow) large-scale fading (shadowing) and the path-
loss between the transmitter and the receiver. In a rich scatter-
ing environment, the coefficients &:t=1,""*,Ng.j=1,--+,Ny
are i.i.d. CN (0,1) random variables. The factor B is assumed
constant across the transmit and receive antennas (i.e., it does

not depend on the indices ,] ), and is usually expressed as:

B=PL10™ ", 2)
where PL represents the path loss and 10”7 represents the
shadow fading with the standard deviation 0, and z~N(0, 1).
With regard to the path loss PL , several models have been de-
rived over the years, based on theoretical models and/or on em-
pirical heuristics. According to the popular three-slope model
[13], [14], the path loss in logarithmic units is given by:

~L-35log,,d, ifd>d,
PL=1{-L-15log,,d, - 20log,d, if d, < d<d, . 3)
~L—15log,,d, — 20 log,od,, if d<d,

where

L=46.3+33.9log,,/—13.82log,,h, -
(1.11og,, f=0.7)h, +1.56 log,, /- 0.8, @

with f the carrier frequency in MHz, h; the transmitter an-
tenna height in meters, and /1 the receiver antenna height in
meters. Given the fact that the small-scale fading contribution
to the entries of the matrix H, are i.i.d random variates, the
channel matrix has full-rank with probability 1, and its rank is
equal to the minimum value between N, and Ng.

2.2 mm-Wave Channel Model

At mm - Waves, propagation mechanisms are different from
those at w-Waves. Indeed, path loss is much larger, while dif-
fraction effects are practically negligible, thus implying that
the typical range in cellular environments is usually not larger
than 100 m, and the non-LOS component is mainly based on
reflections. Moreover, signal blockages, due to the presence of

macroscopic obstacles between the transmit-

] { } ter and the receiver, are much more frequent

o | : Cﬁ‘;g : : Ci zsi:g o than those at - Wave frequencies. In order

Data k ’ ’ ’ o | sl smbol | 1O catch these peculiarities, general consen-
symbols — @ { } estimates sus has been reached on the so-called clus-
M N, N, tered channel model [7], [15]- [18]. This

A Figure 1. The considered transceiver model.
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tering clusters, each of which contributes with V.., propagation
paths, plus a possibly present LOS component. Apart from the
LOS component, the transmitter and the receiver are linked
through single reflections on the N, scattering clusters. As-
suming again frequency-flat fading and focusing on a bi-dimen-
sional model for the sake of simplicity, the baseband equiva-
lent of the propagation channel is now represented by an

(N % N;) -dimensional matrix expressed as:

' @ L(ru) ar(d);l)at"(d)ﬁ,l) +H . (5)

In the above equation, we denote by ¢, and ¢;, the a-
ngles of arrival and departure of the [™ ray in the ;™ scattering
cluster, respectively. The quantities &;; and L(r,,;) are the co-

mplex path gain and the attenuation associated to the (i,l)lh
propagation path. Following [10], the attenuation L(r L-,,) of the

. h . N . . . .
(L,l)l path is written in logarithmic units as:

L(ri,l) =-20 loglo(%) - 10n|:1 -b+ /i)co:|10g10(ri,l) -X,, (6

with A the wavelength, ¢ the speed of light, n the path loss
exponent, X, the zero-mean, ¢* —variance Gaussian-distrib-
uted shadow fading term in logarithmic units, b a system pa-
rameter, and f; a fixed reference frequency, the centroid of all
the frequencies represented by the path loss model. The values
for all these parameters for the four-different use-case scenari-
os discussed in [10] (Urban Microcellular (UMi) Open-Square,
UMi Street - Canyon, Indoor Hotspot (InH) Office, and InH
Shopping Mall) are reported in Table 1.

The complex gain ai,[~CN(O,a'i) , with O'i‘ =1[15]. The fa-
ctors a,(d);l) and at(‘i’;.z) represent the normalized receive

and transmit array response vectors evaluated at the corre-
sponding angles of arrival and departure; for an uniform linear
array (ULA) with half - wavelength inter - element spacing we

T
L1 —jmsin, (N, = 1)sin s, o
have a’t(d)i,l)_ |:1,€ '€ . A similar e-

N,

VTable 1. Parameters for the path loss model at mm-Waves for four
different use-case scenarios

Scenario Model Parameters

UMi Street Canyon LOS n=198,0=3.1dB,b=0

UMi Street Canyon NLOS n=3.19,0=82dB,b=0
UMi Open Square LOS n=1850=42dB,b=0
UMi Open Square NLOS n=2.89,0=7.1dB,b=0
InH Indoor Office LOS n=1.73,0=3.02dB,b=0
InH Indoor Office NLOS n=3.19,0=8.29dB, 6=0.06, f,=24.2 GHz
InH Shopping Mall LOS n=1.73,0=2.01dB,b=0

InH Shopping Mall NLOS n=2.59, 0 =7.40dB, b=0.01, f,=39.5 GHz

Stefano Buzzi and Carmen D’ Andrea

N, N,
Ncl Nmy

xpression can be also given for a,(d)ﬁ,l) . Finally, y=

is a normalization factor that ensures the received signal power
scales linearly with the product N;N;. Regarding the LOS
component, the arrival and departure angles corresponding to
the LOS link are denoted by ¢}, and ¢}, and we assume
that

H, = L()s(d)W‘fﬂar(‘bZ()s)azH((thos) . (7)

In the above equation, HNU(O,%T) and st(d) is a ra-
ndom variate indicating the existence of a LOS link between
transmitter and receiver. A detailed description of all the pa-
rameters needed for the generation of sample realizations for
the channel model in (5) is reported in [9]. Comparing the
channel model in (5) for mm-Wave frequencies with the one in
(1) for w-Wave frequencies, it is immediately evident that the
channel in (5) is a parametric channel model whose rank is
tied to the number of clusters and reflectors contributing to the
transmitter-receiver link. The next section will provide an ac-
curate description of the implications that these two radically
different channel models have on the architecture and on the
attainable performance of massive MIMO multiuser wireless
systems operating at p.-Wave and at mm-Wave frequencies.

3 mm-Wave vs. p -Wave Massive MIMO

In the following, we highlight and discuss six key differenc-
es between p-Wave and mm-Wave massive MIMO systems.

3.1 Doubly Massive MIMO at mm-Waves

The idea of a large scale antenna array was originally
launched by Marzetta in his pioneering paper [12] with refer-
ence to BSs. The paper showed that in the limit of a large num-
ber of base station antennas small-scale fading effects vanish
by virtue of channel hardening, and that channel vectors from
the BS to the users tend to become orthogonal; consequently,
plain channel-matched beamforming at the BS permits serving
several users on the same time - frequency resource slot with
(ideally) no interference, and the only left impairment is imper-
fect channel estimates due to the fact that orthogonal pilots are
limited and they must be re-used throughout the network (this
is the so-called pilot contamination effect, discussed in the fol-
lowing). Reference [12] considered a system where mobile us-
ers were equipped with just one antenna. Successive studies
have extended the massive MIMO idea at p.-Wave frequencies
to the case in which the mobile devices have multiple anten-
nas, but this number is obviously limited to few units. Indeed,
at - Wave frequencies the wavelength is in the order of several
centimeters, and it is thus difficult to pack many antennas on
small - sized user devices. At - Waves, thus, massive MIMO
just refers to BSs. Things are instead different at mm-Waves,
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wherein multiple antennas are necessary first and foremost to
compensate for the increased path loss with respect to conven-
tional sub—6 GHz frequencies. At mm-Waves, the wavelength
is on the order of millimeters, and, at least in principle, a large
number of antennas can be mounted not only on the BS, but al-
so on the user device. As an example, at a carrier frequency of
30 GHz the wavelength is 1 cm, and for a planar antenna array
with A/2 spacing, more than 180 antennas can be placed in an
area as large as a standard credit card (8.5 em x 5.5 e¢m); this
number climbs up to 1300 at a carrier frequency of 80 GHz.
This consideration leads to the concept of doubly massive MI-
MO system [7], which is defined as a wireless communication
system where the number of antennas grows large at both the
transmitter and the receiver. Of course, there are a number of
serious practical constraints—e.g., large power consumption,
low efficiency of power amplifiers, hardware complexity, ADC
and beamformer implementation—that currently prevent the
feasibility of a user terminal equipped with hundreds of anten-
nas. Mobile devices with a massive number of antennas thus
will not be available in a few years, but, given the intense pace
of technological progress, sooner or later they will become real-
ity. As far as long-term forward-looking theoretical research is
concerned, we believe that doubly - massive MIMO systems at
mm-Waves will be a popular research topic for years to come.

3.2 Analog (Beam-Steering) Beamforming Optimal

One problem with massive MIMO systems is the cost and
the complexity of needed hardware to efficiently exploit a so
large number of antennas. If fully digital beamforming is to be
made, as many RF chains will be needed as the number of an-
tennas; consequently, energy consumption will also grow lin-
early with the number of antennas. In order to circumvent this
problem, lower complexity architectures have been proposed,
encompassing, for instance, 1-bit quantization of the antenna
outputs [19] and hybrid analog/digital beamforming structures
[11], [18], [20], wherein an RF beamforming matrix (whose en-
tries operate as simple phase shifters) is cascaded to a reduced-
size digital beamformer. The authors of the paper [21] has
shown that if the number of RF chains is twice the multiplex-
ing order, the hybrid beamformer is capable of implementing
any fully digital beamformer. Now, while at w-Waves the use
of hybrid beamformer brings an unavoidable performance deg-
radation, at mm-Waves something different happens in the lim-
iting regime of large number of antennas by virtue of the differ-
ent propagation mechanisms. Indeed, the channel matrix in (5)
can be compactly re-written as:

H=yY, aa(¢)e/(#). )

where we lump the coefficients ¢; into the path-loss term, and

% This is a quite reasonable assumption for sufficiently spaced mobile
user locations.
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group the two summations over the clusters and the rays in just
one summation, with NV being the number of propagation paths
from the transmitter to the receiver. Given the continuous ran-
dom location of the scatterers, the set of arrival angles will be
different with probability 1, i.e. there is a zero probability that
two distinct scatterers will contribute to the channel with the
same departure and arrival angles. Since, for a large number of

antennas, we have ax"(d)x)ax(d)x)_’o, provided  that

P q
b, #d,, x={r,t} , we can conclude that for large Ny, the ve-

ctors al(qbi) for all i=1,-+-,N converge to an orthogonal set,

and, similarly, for large N, the vectors ar((l);) for all
i=1,---,N converge to an orthogonal set as well. Accordingly,
in the doubly massive MIMO regime, the array response vec-
tors @,(*) and @,(*) become the left and right singular vectors
of the channel matrix, i.e. the channel representation (8) coin-
cides with the singular-value-decomposition of the channel ma-
trix. Under this situation, purely analog (beam-steering) beam-
forming becomes optimal. Otherwise stated, we have two main
consequences. First, in a single-user link, the channel eigendi-
rections associated to the largest eigenvalues are just the beam-
steering vectors corresponding to the arrival and departure an-
gles and associated with the predominant scatterers. This sug-
gests that pre-coding and post-coding beamforming simply re-
quire pointing a beam towards the predominant scatterer at the
transmitter and at the receiver respectively. Second, in a mul-
tiuser environment, assuming that the links between the sever-
al users and the BS involve separate scatterers and different
sets of arrival and departure angles’, beam - steering analog
beamforming automatically results in no - cochannel interfer-
ence (in the limiting regime of infinite number of antennas)
since the beams pointed towards different users tend to be-
come orthogonal. Fig. 2 provides some experimental evidence
of the above statements. We have considered a single-user MI-
MO link at mm-Waves; the carrier frequency is 73 GHz, the
transmitting antenna height is 15 m, while the receiving anten-
na height is 1.65 m. All the parameters needed for the genera-
tion of the mm-Wave channel matrix in (5) are the ones report-
ed in [9] for the “open square model”. Fig. 2 shows the system
spectral efficiency measured in bit/s/Hz, versus the received
signal to noise ratio (SNR), and it compares the performances
of the channel matched (CM) fully digital beamforming and the
analog (AN) beam-steering beamforming. With CM beamform-
ing the pre-coding and post-coding beamformers are the left
and singular eigenvectors of the channel matrix in (5) associat-
ed to the M largest eigenvalues respectively; with AN beam-
forming, instead, the pre-coding and post-coding beamformers
are simply the array responses corresponding to the departure
and arrival angles associated to the M dominant scatterers re-
spectively. From the figure it is seen that AN beamforming
achieves practically the same performance as CM beamforming
for multiplexing order M =1, even in the case of not-so-large
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¥

Spectral efficiency (bit/s/Hz)

SNR (dB)

AN: analog  CM: channel matched ~ SNR: signal to noise ratio

AFigure 2. Spectral efficiency of a mm-Wave MIMO wireless link vs. re-
ceived SNR for CM-FD beamforming and AN (beam - steering) beam-
forming, for two different values of the number of transmit and receive
antennas and of the multiplexing order of the system.

number of antennas, while there is a small gap for M=3; this
gap is supposed to get reduced as the number of antennas in-
creases.

3.3 Rank of the Channel Not Increasing with V, and N,

At w-Wave frequencies, the i.i.d. assumption for the small-
scale fading component of the channel matrix H guarantees
that with probability 1 the matrix has rank equal to min
(NT,NR). Consequently, as long as the rich-scattering enviro-
nment assumption holds and the number of degrees of freedom
of the radiated and scattered fields is sufficiently high [22], the
matrix rank increases linearly with the number of antennas. At
mm - Wave frequencies, instead, the validity of the channel
model in (5) directly implies that, including the LOS compo-
nent, the channel has at most the rank VNV, + 1 since it is e-
xpressed as the sum of NyNV,,, +1 rank-1 matrices. This rank
is clearly independent of the number of transmit and receive
antennas, so, mathematically, as long as min (NT,NR) >N(,,Nmy
+1, increasing the number of antennas has no effect on the
channel rank. However, it is also suggested that, for increasing
number of antennas, the directive beams become narrower and
narrower and more scatterers can be resolved, which implies
that the channel rank increases (even though probably not lin-
early) with the number of antennas. However, this is still a con-
jecture that would need experimental validation.

With respect to the number of antennas, the described differ-
ent behavior of the channel rank has a profound impact on the
multiplexing capabilities of the channel. Indeed, for pu-Wave
systems, the increase in the channel rank leads to an increase
of the multiplexing capabilities of the channel; on the other

Stefano Buzzi and Carmen D’ Andrea

hand, the multiplexing capabilities depend on the number of
scatterers in the propagation environment in mm- Wave sys-
tems, while the number of antennas just contributes to the in-
crease of the received power that can increase proportionally to
the product NNy . Fig. 3 provides experimental evidence of
such a different behavior. The figure shows the system spectral
efficiency for mm-Wave and p-Wave wireless MIMO links, for
two different values of the number of receive and transmit an-
tennas, and for three different values of the multiplexing order
M . The parameters of the mm-Wave channel are the same as
those in Fig. 2. Regarding the p.-Wave channel, a carrier fre-
quency equal to 1.9 GHz is considered and the standard devia-
tion of the shadow fading 0, is taken equal to 8 dB, while the
parameters of the three - slope path loss model in (3) are
d,=50 m and d,=100 m. It is clearly seen from Fig. 3 that
the w-Wave channel has larger multiplexing capabilities than
the mm-Wave channel; the gap between the two scenarios is
mostly emphasized for the large values of M and for

Ny XN, =100x1000 .

3.4 Channel Estimation Simpler

In p-Wave massive MIMO systems, channel estimation is a
rather difficult and resource-consuming task, since it requires
the separate estimation of each entry of the matrix H . It thus
follows that in a multiuser system with K users equipped with
Ny antennas each, the number of parameters to be estimated is
KNyN; , where N; denotes the number of antennas at the BS.
The attendant computational complexity needed to perform
channel estimation is a growing function of the number of used

150 150

100

100

50

Spectral efficiency (bit/s/Hz)
Spectral efficiency (bit/s/Hz)

SNR (dB) SNR (dB)
a) b)

—8— ;X N; =20x50, M =1 == N, xN,=20x50, M =10 = NeX Ny =100x1000, M =5

—a= N X N; =20X50, M =5 NiXNp=100x1000, M =1 NXNy=100x1000, M =10

SNR: signal to noise ratio

A Figure 3. a) Spectral efficiency vs. received SNR for an mm - Wave
channel varying the number of transmit and receive antennas and multi-
plexing order, and b) spectral efficiency vs. received SNR for an p.-Wave
channel varying the number of transmit and receive antennas and multi-
plexing order.
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antennas. Additionally, the increase of the number of antennas
Ny at the mobile devices has a direct impact on the network ca-
pacity. Indeed, let 7, denote the duration (in discrete sam-
ples) of the channel coherence time and 7, the length (again in
discrete samples) of the pilot sequences used on the uplink for
channel estimation; since the length of pilot sequences must
be a fraction (typically no more than 1/2) of the channel coher-
ence length, and since the use of orthogonal pilots across users
requires that KNy <7,<7 it is readily seen that we have a
physical bound on the maximum number of users and the num-
ber of transceiver antennas at the mobile device. Such a bound
is the main underlying motivation for the fact that a consider-
able share of the available literature on massive MIMO sys-
tems at p-Waves focuses on the case of single-antenna mobile
devices, and with V=1 the number of users K can be taken
larger. Additionally, to increase the number of supported us-
ers, pseudo - orthogonal pilots with low cross - correlation are
used, even though this leads to the well-known pilot contamina-
tion problem that, as discussed in the sequel, is the ultimate
performance limit in p-Waves massive MIMO systems [12].

At mm - Wave frequencies, instead, the clustered channel
model of (5) is basically a parametric model, and the number
of parameters is essentially independent of the number of an-
tennas. Based on this consideration, the computational com-
plexity of the channel estimation schemes at mm-Waves may
be smaller than that at pw-Waves. Channel estimation for mm-
Wave frequencies is a research track that is currently under de-
velopment, whereas for p-Waves this is a rather mature area.
Among the several existing approaches to perform channel esti-
mation at mm-Waves, the most considered ones rely either on
compressed sensing or on subspace methods. As an example,
reference [23] shows that at mm-Waves, for increasing number
of antennas, the most significant components of the received
signal lie in a low-dimensional subspace due to the limited an-
gular spread of the reflecting clusters. This low-dimensionality
feature can be exploited in order to obtain channel estimation
algorithms based on the sampling of only a small subset rather
than of the whole number of antenna elements. Consequently,
channel estimation can be performed using a reduced number
(with respect to the number of receive antennas) of required
RF chains and A/D converters at receiver front-end. Reference
[24], instead, develops subspace - based channel estimation
methods exploiting channel reciprocity in TDD systems, using
the well-known Arnoldi iteration and explicitly taking into ac-
count the adoption of hybrid analog/digital beamforming struc-
tures at the transmitter and at the receiver. Subspace methods
are particularly attractive in those situations where it is of inter-
est to estimate the principal left and right singular eigenvectors
of the channel matrix H , which, in the doubly massive MIMO
regime, are well - approximated by the array response vectors
corresponding to the dominant scatterers. As done in [25], ap-
plying fast subspace estimation algorithms such as the Oja’ s
one [26], the dominant channel eigenvectors can be directly ob-
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tained by the sample estimate of the data covariance matrix,
with no need to directly estimate the whole channel matrix H .
Figs. 4 and 5 show numerical results concerning channel es-
timation at p-Wave and at mm-Wave channel frequencies. In
particular, both figures report the spectral efficiency vs. the re-
ceived SNR for two different antenna configurations and by
contrasting the case of perfect channel state information (CSI)

40

i N X N =20%50, perfect CSI

e N, X N; =20%50, LS-MMSE estimation

== N xN; =50%200, perfect CSI
NpxNy=50x200, LS-MMSE estimation

35F

Spectral efficiency (bit/s/Hz)

SNR (dB)

CSI: channel state information
LS: Least Square

MMSE: Minimum Mean Square Error

SNR: signal to noise ratio

A Figure 4. Spectral efficiency vs. received SNR with perfect CSI and im-
perfect CSI, with LS-MMSE algorithm for the estimation of .- Wave
channel. The multiplexing order is 3.

351
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= Ny XNy =20x50, AML algorithm
30 - —s— N,xV,=20%50, 00JA algorithm
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25 L === NpXN;=50%200, AML algorithm
NiXNy=50%200, O0JA algorithm

Spectral efficiency (bit/s/Hz)

SNR (dB)

OOJA: orthogonal Oja

SNR: signal to noise ratio

AML: approximate maximum likelihood
CSI: channel state information

AFigure 5. Spectral efficiency vs. received SNR with perfect CSI and im-
perfect CSI, with AML algorithm and OOJA algorithm for the estima-
tion of mm-Wave channel. The multiplexing order is 3.
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with the case in which the channel is estimated based on train-
ing pilots. In both figures a single-user MIMO link is consid-
ered, and channel estimation is carried out assuming that each
transmit antenna sends an orthogonal pilot. The number of sig-
naling intervals devoted to channel estimation coincides with
the number of transmit antennas. Note that this is the mini-
mum possible duration in order to be able to send orthogonal
pilots. Channel estimation at - Wave frequencies (Fig. 4) is
made using the linear minimum mean square errors criterion
([27]), while at mm-Wave frequencies (Fig. 5) the approximate
maximum likelihood (AML) algorithm of [23] and the orthogo-
nal Oja (OOJA) algorithm [25] are used. Comparing the fig-
ures, it is clearly seen that the gap between the case of estimat-
ed channel and the case of perfect CSI is smaller at mm-Wave
frequencies, especially when the OOJA algorithm is consid-
ered. Conversely, this gap is larger at - Waves, and it grows
with the dimension of the user antenna arrays. This behavior
can be intuitively explained by virtue of the parametric form of
the mm-Wave channel model in (5), which permits the develop-
ment of efficient channel estimation algorithms.

3.5 Pilot Contamination Less Critical

Pilot contamination is the ultimate disturbance in massive
MIMO systems operating at .-Waves. As already discussed in
the previous paragraphs, the impossibility to have a number of
orthogonal pilots larger than the number of signaling intervals
devoted to channel estimation leads to the use of pseudo-or-
thogonal, low cross - correlation sequences. Accordingly, in a
massive MIMO system, when the MSs transmit their own pilot
sequences in the uplink training phase to enable channel esti-
mation at the BSs, every BS learns the channel from the intend-
ed MS, and also small pieces of the channels from the other
MSs using pilots that are correlated to the one used by the in-
tended MS. This phenomenon, in turn, causes a saturation in
the achieved Signal - to-Interference plus Noise-Ratio (SINR)
both in the downlink and in the uplink. The deceitful nature of
pilot contamination was unveiled by Marzetta in his landmark
paper [12] and since then, many authors have deeply investi-
gated its effects and proposed strategies to counterbalance its
effects [28], [29], [30]. All of these papers deal with the case of
a p-Wave massive MIMO system.

Pilot contamination at mm - Wave frequencies is instead a
much less - studied topic (some initial results are reported in
[31]). This is in part due to the fact that massive MIMO at mm-
Waves is a more recent research topic than massive MIMO at -
Waves. On the other hand, it may be envisioned that pilot con-
tamination may be less critical at mm-Waves than it has re-
vealed at w-Waves, mainly for the short-range nature of mm-
Wave links. In particular, while the range of p-Wave links can
be in the order of thousands of meters, the range for mm-Wave
links will be more than one order of magnitude smaller, due to
the increased path loss and a larger relevance of signal block-
ages. mm-Wave frequencies will be used for short-range com-
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munications in small cells, which, by nature, usually serve a
smaller number of users than conventional micro - cells and
macro-cells. Therefore, on one hand, the signals transmitted by
the MSs during uplink training fade rapidly with the distance,
and thus they should not be a serious impairment to surround-
ing BSs learning the channel from their intended MSs; on the
other hand, the reduced number of users in each cell will lead
to a less severe shortage of orthogonal pilots. The results in
[31] seem to confirm such increased resilience of mm-Waves
to the pilot contamination problem.

3.6 Antenna Diversity/Selection Procedures Less Effective
The i.i.d. nature of the fast fading component in the MIMO
channel matrix at - Waves in (1) leads to a monotonic in-
crease with the number of antennas, of the diversity order that
can be attained. In particular, an N XN, channel brings a di-
versity order equal to Vg XNy | thus implying that the average
error probability decreases to a zero, in the limit of large Signal -
to-Noise Ratio (SNR), as SNR™"

be attained through a simple antenna selection procedure by

. Such a diversity order can

picking the transmit and receive antennas corresponding to the
entry with the largest magnitude in the channel matrix H .
Looking at this fact from a different perspective, we can recall
the well-known probability result stating that the maximum of
a set of positive i.i.d. random variables taking value in the in-
terval [0,+%), becomes unbounded as the cardinality of the
set diverges. As a consequence, for increasing number of an-
tennas, the probability of observing a very large entry in the
channel matrix rapidly increases. The open literature is rich of
studies exploiting this peculiarity of p-Wave MIMO channels
and proposing diversity techniques based on antenna selection
procedures (e.g. [32] and [33]).

At mm-Waves, instead, given the parametric channel model
of (5), a different behavior is observed. In particular, the en-
tries of the matrix channel have no longer an i.i.d. component,
and this implies that the maximum of the magnitudes of the en-
tries of H grows at a much reduced pace. As a consequence,
diversity techniques using antenna selection procedures are
less effective.

As an experimental evidence of this fact, Fig. 6 compares
the parameter 1 in (9), for different values of NpXN;, and
for both the p-Wave and mm-Wave channel models.

2

max‘ H. .
iy iy

= - 9
K tw(H"H)IN,N, ©)

The quantity M is the ratio between the largest squared
magnitude among the entries of H , and the average squared
magnitude. The larger 1 is, the more unbalanced are the mag-
nitudes of the entries of the channel matrix, since M basically
measures how far is the largest entry in H from the average
magnitude. Fig.6, shows that the parameter 7 is in general an
increasing function of the number of antenna elements, but it
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A Figure 6. Values of the performance measure 7 defined in (9) for sev-
eral antenna array sizes for the mm-Wave and p-Wave channels.

grows much more rapidly in the case of p-Wave channels.

4 Conclusions

This paper outlined a critical comparison between massive
MIMO systems at mm-Waves and at - Waves. Six key differ-
ences were outlined, and their implications on the transceiver
architecture and on the attainable performance were discussed
and validated also through the result of computer simulations.
Among the discussed differences, we believe that the most dis-
ruptive one is the first difference, i.e. the fact that MIMO sys-
tems may be doubly massive at mm-Waves. Indeed, while it
has been shown that the use of large-scale antenna arrays does
not have an as beneficial impact on the system multiplexing ca-
pabilities as it has at - Wave frequencies, the availability of
doubly massive MIMO wireless links will enable the genera-
tion of very narrow beams, resulting in reduced co-channel in-
terference to other users using the same time - frequency re-
sources. Another key advantage of doubly massive MIMO sys-
tems at mm-Waves is the fact that the computational complexi-
ty of channel estimation weakly depends on the number of an-
tennas, especially for the case in which analog (beam-steering)
beamforming strategies are used. While massive MIMO at -
Wave frequencies is gradually entering in 3GPP standards, mm
-Waves and in particular massive mm - Wave MIMO systems
are still under heavy investigation, both in academia and indus-
try. It is however anticipated that sooner or later a technology
readiness level will be reached such that they will be included
in 3GPP standards. The authors of this paper hope that this ar-
ticle will help to move us forward along this road.
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'A Abstract

Ultra-reliable and low-latency communications (URLLC) has become a fundamental focus of future industrial wireless sensor net-
works (IWSNs). With the evolution of automation and process control in industrial environments, the need for increased reliability
and reduced latencies in wireless communications is even pronounced. Furthermore, the 5G systems specifically target the URLLC
in selected areas and industrial automation might turn into a suitable venue for future IWSNs, running 5G as a high speed inter-
process linking technology. In this paper, a hybrid multi-channel scheme for performance and throughput enhancement of IWSNs
is proposed. The scheme utilizes the multiple frequency channels to increase the overall throughput of the system along with the
increase in reliability. A special purpose frequency channel is defined, which facilitates the failed communications by retransmis-
sions where the retransmission slots are allocated according to the priority level of failed communications of different nodes. A
scheduler is used to formulate priority based scheduling for retransmission in TDMA based communication slots of this channel.
Furthermore, in carrier-sense multiple access with collision avoidance (CSMA/CA) based slots, a frequency polling is introduced
to limit the collisions. Mathematical modelling for performance metrics is also presented. The performance of the proposed scheme
is compared with that of IEEE802.15.4e, where the performance is evaluated on the basis of throughput, reliability and the num-
ber of nodes accommodated in a cluster. The proposed scheme offers a notable increase in the reliability and throughput over the
existing IEEE802.15.4e Low Latency Deterministic Networks (LLDN) standard.

'A Keywords

industrial wireless sensor network (IWSN); IEEE802.15.4e; Low Latency Deterministic Network (LLDN); low latency communica-
tions (LLC); ultra-reliable low latency communication (URLLC)

. limitations for dynamic industrial environments. On top of that,
1 Introduction . . : ) )
the high price tag in the wired networks also comes as a set-
back. As an alternate to the wired feedback systems in the in-

dustrial infrastructure, industrial wireless sensor networks

he past couple of decades have witnessed a rela-
tively perpetual rise in industrialization and auto-

mation of the processes [1]. In the competitive in-

dustrial world, automation is the key to cost reduc-
tion whether it is a production, nuclear power, oil refinement
or chemical plant [2]. These industrial plants can greatly bene-
fit from technological advancements and can implement suc-
cessful process control with efficient and effective formation of
a close loop control system. However, to introduce a suitable
process control, a reliable communication infrastructure is
needed which should also offer scalable architecture for future
enhancements and permits infrastructural extension in the ever
-changing industrial plants [3]-[6]. To cope with the first objec-
tive (reliability), wired networks offer suitable solutions but
some intrinsic properties of these networks do not sit very well
with the present-day industries. The lack of scalable architec-
ture and flexibility of industrial wired networks poses serious
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(IWSNs) are also sometimes considered as a more cost-effec-
tive approach. However, the less predictable wireless commu-
nication links in IWSNs appear to be a major challenge [7].
Therefore, in order to establish a wireless feedback network,
the reliability and real-time data delivery must be ensured in
such networks.

The TWSNs offer a suitable reduction in the deployment cost
as well as the maintenance cost of the feedback communica-
tion loop and in some cases these wireless networks offer a cost
reduction by a factor of ten or even more [5], [8]. The IWSNs
also offer other significant benefits over traditional wired net-
works. These benefits include scalability, cost efficiency, self-
healing ability, reduced planning overload for network forma-
tion, and relatively less time for new installations of TWSNs
[7]. All these benefits have encouraged the use of INSNs in in-
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dustries, eventually leading to an extensive increase in re-
search and development activities to ensure suitable IWSN so-
lutions for enabling it for wider variety of applications in the in-
dustries.

In the past couple of decades, the use of IWSNs has expo-
nentially increased and can primarily be credited to the im-
provements in Micro Electro Mechanical Systems (MEMS)
technology, which enabled the cost and size reduction of the
sensor nodes and an increase in processing capabilities and
memory capacity as well. The present IWSNs are capable of
taking in account the channel conditions, sensor readings, net-
work specifications and suitable responses to the sampled sen-
sor data. These abilities if properly utilized can also serve as a
tool to overcome uncertainty in wireless links and timely deliv-
ery of the information. All these improvements in IWSNs have
encouraged their use in industrial environments. In past few
years many industrial protocols and IEEE standards surfaced,
which include Zighee, WirelessHart, 6LoWPAN, WiaPA,
ISA100.11a, IEEE802.15.4, and IEEE802.15.4¢ [9]-[16]. The
time - division multiple access (TDMA) based channel access
was introduced in IWSNs over traditional carrier-sense multi-
ple access with collision avoidance (CSMA/CA) based access
for guaranteed channel access and improved reliability. The re-
search community also contributed in many research oriented
solutions targeting improved reliability, network lifetime en-
hancement and real - time data delivery. A few priority based
schemes were also defined to offer hierarchical access to the
wireless channel resources. In some cases, the use of multiple
channels for enhanced data rates was also considered as well.

Despite these benefits and the recent improvements, the re-
searchers are still struggling to offer substantial solutions for
the improved reliability and real-time data delivery in IWSNs
to match the strict deadlines as needed for the close loop pro-
cess control and ultra - reliable and low - latency communica-
tions (URLLC) [17], [18]. URLLC is mandatory for INSNs, es-
pecially when dealing with emergency communications and
regulatory and supervisory control feedback systems. To im-
prove the overall acceptability of IWSNs, and to cope with fast
paced improvements in industry and protocol stack develop-
ments, restructuring and procedural changes for URLLC in
IWSNs are very important. Furthermore, the inclusion of Ma-
chine-to-Machine (M2M) communications in 5G offers poten-
tially benefitting framework, targeting three main aspects of
IWSNs: 1) supporting for large number of low-rate network de-
vices, 2) sustaining a minimal data rate in all circumstances to
satisfy the feedback control requirements, and 3) enabling very
low - latency data transfer [19]. Further architectural improve-
ments and procedure restructuring are necessary for 56 M2M
infrastructure to address such requirements in IWSNs.

In this paper, a multi-channel TDMA based hybrid scheme
is proposed, which benefits from the use of multiple-channels
and short frame communication for the communication of time
critical data. The proposed scheme targets real-time data deliv-
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ery with improved data reliability. The effectiveness of the
scheme is demonstrated with a test case with two frequency
channels: one is used for the slotted access of the medium of
communication for low latency networks, and the other channel
used for the communication of the urgently required or critical-
ly needed information to be delivered to the control center with-
in a specified time deadline. The second channel is also used
for the retransmission of the failed communications to improve
reliability of the communication taking place in the network.
The time deadline enforced by the control society is taken into
consideration to offer a reliable solution for close loop control
systems in industrial plants.

The performance of the proposed work is also presented in
this paper in comparison with the IEEE802.15.4e LLDN, spe-
cifically defined for industrial automation. Since the proposed
scheme considers typical IWSNs, the work can further be ex-
tended to certain specific 5G network application areas. Com-
munications for ubiquitous machine type devices, Moving Net-
works (MNs) and Ulira Reliable Communication (URC) [20]
are some of the examples. Besides, as demonstrated in the re-
sults, the proposed protocol is able to use multi-channel diver-
sity to incorporate a large number of nodes. This ability en-
ables it to be considered for applications in 5G ultra dense net-
works (UDNs) [21].

The rest of the paper is organized as follows. Section 2 pres-
ents literature review. The proposed system model is presented
in Section 3. Section 4 discusses the results and presents per-
formance analysis. Finally, Section 5 gives conclusions and fu-
ture directions.

2 Literature Review

The TWSNs are now widely used in various industrial pro-
cesses. Different industrial wireless protocols are also defined
to facilitate certain industrial applications and to encourage
the use of IWSNs in these applications. Most of the industrial
protocols presently used in the industry are CSMA/CA based
and the core functionalities of physical and media access con-
trol (MAC) layers are inherited from TEEE802.15.4. Zighee
and 6LoWPAN are examples of such protocols. Although the
specified protocols offer flexibility of operation and can be
used to establish ad-hoc on-demand networks with the ability
of active network formation and handling runtime changes,
these protocols are more suitable for monitoring traditional
wireless sensor networks (WSNs) applications. Since the suit-
ability of WSNs in time insensitive applications is widely ac-
cepted, this paper is focused on time sensitive and reliable
IWSNs.

In 2012, the IEEE 802.15.4e standard was launched, which
mainly targets the critical applications of WSNs and primarily
focuses on industrial environments where time - sensitive and
information - critical data are to be routed [15]. It uses TDMA
based channel access to ensure collision free access to the
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wireless resources on pre-specified and dedicated time slots.
This standard also takes into consideration the low latency de-
mands of the industrial processes and so a special framework,
Low Latency Deterministic Network (LLDN) is introduced to
meet the critical time deadlines for the emergency and close
loop control applications. Some widely used industrial proto-
cols (ISA100.11a, WirelessHART, etc.) also use TDMA based
channel access.

Some recent researches have also targeted the priority based
communications in IWSNs. In [22], the authors established pri-
ority levels based on the critical nature of information. The en-
tire traffic in the network is divided in four levels where the
highest priority nodes get instant channel access and its com-
munication is facilitated by allocating the channel bandwidth
of low priority nodes to it. In other words, based on the as-
signed priority level, a high priority node can hijack the low
priority traffic bandwidth. The protocol offers an improved QoS
for high priority nodes at the price of the low priority node’ s
communication sacrifice. In [23], the authors present an arbi-
tration based protocol where each node is assigned with a
unique frequency. The frequency assignment is linked to the
priority of the node and hence, on the basis of these preas-
signed frequencies a priority -wise schedule of transmission is
created. The protocol executes in two phases, an arbitration de-
cision period and an arbitration execution period. In the arbi-
tration decision period, each node that wants to communicate
broadcasts its preassigned frequency to determine a determin-
istic channel access order. This allows each node participated
in the arbitration decision period to know how many time slots
it has to wait before its transmission can take place, thus, the
node assigned with arbitration frequency of the highest priority
communicates instantly, while the node with the lowest priority
arbitration frequency waits until all the other nodes have com-
municated. The scheme allows multilevel priority system, how-
ever, it requires a special coordinator to identify the received
arbitration frequencies and respond to them accordingly. The
frequencies are also preassigned on the basis of the pre-speci-
fied priority system which implements static priority system.
Furthermore, with the increase in number of nodes, the prob-
lem in defining orthogonal frequencies also surfaces.

The multi-channel schemes in IWSNs for MAC optimization
offer improved medium utilization. Many schemes are present-
ed in literature which use multi - channels to offer improve-
ments in the existing scenarios. In [24], the authors demonstrat-
ed the effectiveness of the multi-channel schemes in improving
throughput over other schemes. In [25], the authors took into
account the benefit of the availability of multiple channels, de-
fined a scalable media access and considered the limitation of
the presently available sensor nodes. However, this scheme re-
quires frequent channel hopping and has relatively high sched-
uling overhead. In [26], the authors used TDMA based channel
access in a multi-channel scenario. The scheme is relatively
static and does not exploit the available resources. In [27], a
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pseudo random scheduling was introduced where each node
randomly decides two factors, the wakeup time and the chan-
nel sequence. The primary aim of the protocol is to distribute
the traffic in the available communication resources. However,
the scheme fails to offer an efficient traffic scheduling and re-
source sharing mechanism. In [28], the authors used multiple
channels to increase the network throughput. The proposed al-
gorithm eliminates collisions by establishing coordinated trans-
missions. The scheme schedules both periodic and event based
traffic using reinforcement learning to establish collision free
transmissions on parallel data streams using multiple chan-
nels. However, the scheme fails to offer a differentiated treat-
ment for different datasets of different priorities. It also fails to
suggest a suitable alternate in case of communication failure.
In [29], the authors proposed a multi-channel scheme where
the network is divided into sub-trees. Once divided, each sub-
tree is allocated a unique channel. In [30], the authors present
a multi - channel scheme for the static networks. The scheme
benefits from the TDMA based source aware scheduling. How-
ever, the scheme fails to give satisfactory assurance on reliabil -
ity of the scheme. In [31], the multichannel overhead reduction
was achieved using the regret matching based algorithm. For
the evaluation of the proposed scheme, both software and hard-
ware based analyses were presented. In [32], the authors pro-
posed a hybrid scheme that uses both TDMA and CSMA/CA
for communication purposes. The proposed work offers a mech-
anism to switch between the two access schemes based on the
traffic density. The proposed protocol also considers multi -
channel scenario. However, in this proposed scheme suitable
reliability and QoS can only be achieved using much higher de-
lays acceptable in ecritical industrial processes, making the
scheme unsuitable for time critical and information sensitive
industrial processes.

The discussed schemes though offer suitable improvements
in the existing scenarios, almost all of the encountered
schemes fail to offer suitable plans for retransmission of failed
communications. In most of the cases, the importance of re-
transmission is ignored, which results in extended delay and
failure in deterministic behavior of the network. The proposed
scheme in this paper focuses on how to ensure the retransmis-
sion of failed communications up to certain desirable extent
within the superframe and time deadline, which helps in im-
proving both the overall delay and communication reliability.

3 Proposed System Model

Feedback control systems play a very important role in auto-
mation and process control. In such applications, the IWSNs
serve as the feedback path for the sensory information. For bet-
ter control of the processes, the reliability of the feedback link
is very important and can be termed as an integral ingredient
for smooth running of control processes. The deadline in the
discrete feedback systems also alters the performance of the
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implemented process control, hence, making the processes
more time sensitive.

The proposed scheme uses TDMA based channel access to
minimize interference and to ensure URLLC. Apart from this,
the scheme also considers a multi - channel scenario where
channels are effectively used to offer improved throughput, reli-
ability and timely delivery. The proposed scheme focuses on
short burst communications where a dedicated channel is used
to facilitate the retransmissions and urgently required data. A
detailed description of the network topology, superframe struc-
ture, channel specifications and system modelling is presented
as follows. Before this, the frequently used parameters in the
discussion are first listed in Table 1.

3.1 Superframe Structure

The proposed scheme targets improvement in MAC layer ar-
chitecture by taking in account the availability of multiple
channels. More specifically, the frequency and time division
multiple access is utilized so as to improve the QoS and meet
the time and reliability requirements of critical industrial pro-
cesses. From the available frequency channels, a Special Pur-
pose (SP) channel is specified which is dedicated for the short
frame communications for highly time sensitive or erroneous
packet communications. Any failures in transmissions from
Regular Communication (RC) channels which require urgent
retransmission due to sensitive nature of the data are facilitat-
ed by the SP channel. Superframe structure for the proposed
system is presented in Fig. 1, where the superframe structure
for RC and SP channels are presented. Except for the SP chan-
nel, all the channels use TDMA based access scheme for colli-
sion free communications. The SP channel, however, is imple-
mented using CSMA/CA based as well as TDMA based access.

3.2 Network Architecture and Multi- Channel Scenario

In the proposed scenario, a star topology is considered,
where the coordinator (cluster-head) considers the nodes’ suit-
ability for association and disassociation with a cluster (Fig.
2). Each node affiliated to a cluster is assigned a local id start-

VTable 1. Description of frequently used variables in the paper

Parameters Variables

Total nodes w

High priority nodes K

Time slots in a superframe N

Total RC channels H

Total high priority nodes communicating in a single superframe w
Frequency bands for RC channels fi, b, oo Ly

TDMA based time slots in SP channel n-k

Probability of successful communication of a node P

RC: Regular Communication SP: Special Purpose  TDMA: time-division multiple access
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ing from 1 to w, where W is the maximum number of nodes in
the cluster. All the TDMA based channels maintain a uniform
superframe duration (7) in which the synchronization takes
place at the start of every frame with a synchronization beacon
transmitted by the cluster-head. In each superframe, the com-
munication takes place in n time slots, each of duration i.
These time slots are preassigned to the nodes in the cluster in
sequence of the highest priority node to lowest priority node.
Each time slot is further divided into data transmission and ac-
knowledgement section. Note that in Fig. 2, the cluster repre-
sented is only with respect to a single frequency channel and
there can exist more than n nodes in a cluster. The incorpora-
tion of multiple channels can be used to either improve the da-
ta rate of the individual nodes in a cluster or increase the num-
ber of affiliated nodes to the cluster head. Time slotted channel
hopping (TSCH) is also considered for low latency and lossy
networks by imposing a maximum limit on number of channels
to C., where u is the total number of channels available and s
is the number of channels selected for communications at cer-
tain time.

The SP channel is used to offer both contention based and
TDMA based channel access, where the initially first % -slots
are used for contention based access and the remaining (n-k)
slots are used for TDMA based communications. In the conten-
tion based time slots, the nodes in the cluster get the flexibility
to transmit time sensitive information by using CSMA/CA.
Since the communication failures from the same time frame
(with possibly different channels) are used so at the start, the
number of contenders trying to access the channel in first cou-
ple of time slots, using a CSMA/CA based channel access
mechanism, is relatively low and hence most of the nodes get
access to one of the first k-slots. The scheme also allows re-
transmission of failed communications in RC channels using
the SP channel by implementing instant retransmission. The
delayed synchronization beacon in SP channel serves to syn-
chronize the upcoming TDMA based communications in this
channel. Along with synchronization the transmission schedule
of urgently required or failed communications in last £ time
slots is also broadcasted. In other words, the TDMA based time
slots of SP channel are used for rescheduling failed communi-
cations in the other RC channels. In Fig. 3, a broadcasted
schedule for retransmission of selected nodes’ information is
presented. The schedule is part of SYNP as represented in Fig.
2. The schedule consists of a sequence of 0’ s and 1’ s, where
one bit is specified for each node. The position of the bit from
left to right is assigned as per the nodes’ id. In this sequence,
the left most bit is for node 1, next for node 2, and so on until
the rightmost bit specified for node w. The total 1’ s in the se-
quence cannot exceed n-k, the total number of TDMA based
slots in the current superframe of SP channel.

In the proposed scheme a hierarchical architecture is used
to offer suitable scalability features. The number of RC chan-
nels (H) are also limited to a maximum of 10 with one SP chan-
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<Figure 1.
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nel. Each superframe in RC channels is divided in 20 time
slots and the time duration of the superframe is limited to 10
milliseconds (ms) to establish low latency and deterministic
networks. Apart from this, the communication from all the RC
channels and the SP channel are aligned as represented in
Fig. 4 and all superframes are of the same duration. Note that
the start of the superframe in case of SP channel is shifted by
exactly one time slot (¢ duration) after the beacon of all the RC
channels. In this way every node in the cluster is synchronized
with SP channel. For the evaluation purposes, the scope of this
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paper is limited to the cases where multiple channels are used
for the increase in the number of nodes affiliated to single clus-
ter head. Other multi - channel diversity improvement tech-
niques including throughput enhancement, data replication,
etc. and relevant investigations are not presented in this paper.
The superframes at different frequency channels are syn-
chronized in a manner represented in Fig. 4, which allows the
allocation of first three time slots in superframes of all RC
channels to highest priority nodes in the cluster. Furthermore,
the priority of these nodes is also distinguished by affiliating a
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priority factor based on frequency of the channels. To further
elaborate, please consider the scenario where, after the beacon
synchronization, the communication of first time slot in super-
frame of all RC channels takes place. In this time slot, all the
nodes to whom this time slot is allocated try to communicate.
Out of these communications, one or more communications can
fail. As represented in Fig. 4, the nodes with unsuccessful com-
munications (communicating at f, and fj; ) will try to access
the CSMA/CA based time slot of the SP channel (marked with
V) and try to get hold of it during Contention Access Period
(CAP). A magnified view of this slot is also presented in the fig-
ure, where based on frequency, the access to the slot is divid-
ed. Each node based on its channel frequency will sense the
channel first and if vacant will initiate its access beacon giving
a signal for the rest of the nodes that the Contention Free Peri-
od (CFP) of this slot is reserved for its communication. In the
presented case, the node operating at frequency channel f,
will sense the channel and finds no other access beacons, so
its beacon is broadcasted. The node communicating at frequen-
cy fu, due to higher frequency is allowed to access the chan-
nel later in CAP and finds beacon of node operating at f, and
hence withdraws its access till the next time slot. Any node,
which fails to access CSMA/CA based communication slots for
retransmission of its information, is scheduled for transmission
by the coordinator and its transmission schedule is included in
the SYNP for retransmission on TDMA based time slots in SP
channel. Doing so improves the communication reliability and
timely delivery of information to the coordinator. Since this

scheme tries to improve the reliability and real time data deliv-
ery of high priority nodes, the total number of nodes benefitting
from this scheme are limited to w, where w=FkXH.

3.3 Mathematical Formulation

The proposed scheme considers the impact of multiple chan-
nels compared to single channel schemes and evaluates im-
provements in number of nodes per cluster, communication re-
liability and overall throughput. To evaluate the performance
of the proposed scheme, a mathematical formulation of the pos-
sible scenarios for typical IWSNs as well as for the proposed
scheme in IWSNs is presented as follows.

The communication from all the affiliated nodes in a cluster
periodically originates in a specified time slot of every super-
frame. The success of each individual communication is depen-
dent on the channel conditions and probability of success of an
individual communication, which is represented with p where-
as the total successes in every time slot are modelled as bino-
mial (p, w) distribution.

In a typical IEEE802.15.4€ system, using a single frequency
channel, the frame error rate depends on several factors includ-
ing the number of high priority nodes, multipath fading, disper-
sion, reflection, refraction, jitter, interference, distance, conges-
tion, transmission power restrictions, and receiver sensitivity.
To demonstrate the frame error rate for various number of high
priority nodes, a mathematical formulation is presented in (1),
where k is the number of high priority nodes and changes from
1 to 10. The total communications in a single frame are limited
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to n.
k "
P( frame_error_ratelH = 1) = Z(l;)(l —p)xpk_x . (1)
x=1

The use of multiple channels introduces a significant im-
provement in the throughput of the system but the reliability in
such cases is dependent on the number of RC channels and ra-
tio of RC and SP channels. A mathematical expression for the
frame error rate in case of multiple channel scenarios is given
in (2) to (4). The maximum number of high priority nodes are
limited to £ per RC channel whose maximum numbers are lim-
ited to H. Based on the total number of the high priority nodes
permitted (k) and total communications in a single frame (n),
limits can be generalized to w, and w, for (2) to (4), where
w=kXH, w,=n/2 and w,=n .

P(fmme_error_rate |(H> 1)&(w = “’1)) =

[Z:‘x(j:)(l ) (T —p)ﬁ‘p“j?j

7] ’ ©)

P froame_error_rate [(H > )& (w0, € esw.)) =

ﬂ-}:-‘ (*J=p¥u=x X M -p) 6]

+

IE' = IIi !: :|ll _I”_l..l"- ' :IIE : '4-" ||:| ‘.r'F.f’ .| &

' O =il ]-l .-'II
| 2o M =p) g _Iilll-h- ", (3)

o )

| frame_error_rate § B > 1) &0 >0, )=
| E_r.:".: l=p)px E -|': i(1=p) p |'!*

'IE'.._ A =pypx :: et i) (L B

(3. i5t-p) p I‘ 2 (- |l| 0 @

4 Results and Discussion

The performance of the proposed multiple channel scheme
with a dedicated retransmission channel (SP channel) is evalu-
ated as a function of probability of successful communication
of an individual node, total number of parallel data streams, i.e.
the number of communication channels (RC channels) and the
number of high priority nodes (k) trying to communicate in a
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single superframe duration. For the evaluation purposes, the
maximum number of RC channels (H) and & are limited to 10.
Twenty transmissions in a single superframe are used (n = 20),
so wi and w are set to 10 and 20 respectively.

In Fig. 5, the probability of successful communication of a
node is presented as a function of received signal strength indi-
cator (RSSI), and the packet reception rate (PRR) is plotted
against the RSSI. The plot is acquired using a communication
established between the SunSPOT sensor node and SunSPOT
base - station. The nodes use CC2420 radio, which operates at
24 GHz and uses offset quadrature phase - shift keying
(OQPSK) modulation with a chip rate of 2 Mchips/s. The plot
in Fig. 5 represents the percentage of successfully received
packets for different values of RSSI, with blue line represent-
ing polynomial curve fitting of scatter plot. As can be seen in
the figure, if the received RSSI is maintained above —87 dBm,
90% or more successful transmissions are expected. To coun-
ter the effect of uncertainty of the wireless channel, 10 dBm
margin is suggested when establishing a link between the coor-
dinator/cluster -head and sensor nodes. For communication, a
superframe duration of 10 ms is used. The maximum number
of parallel data streams is limited to 10 and synchronized in
time domain. To evaluate the performance of the proposed
scheme, the performance of typical IEEE802.15.4e system
with single a channel is presented as a reference in Fig. 6. The
performance is evaluated, based on the number of high priority
nodes (k) communicating within the superframe where the total
number of nodes trying to attempt a communication in a single
superframe is limited to 20. The frame error rate is evaluated
for different channel conditions under which the probability of
communication failure (1-p) is represented by ¢.

By introducing a SP channel in the typical IEEE 802.15.4¢
system as expressed in the proposed scheme, a significant er-
ror rate reduction can be seen in the communication of high
priority nodes. Since the rest of the n-k nodes communicating
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AFigure 5. Packet reception rate as a function of RSSI using CC2420 [33].
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AFigure 6. Frame error rate for typical IEEE802.15.4e (LLDN) with
one RC channel and no SP channel.

in the network are considered as low priority nodes, so the fail-
ure in communication of these nodes is not critical and will not
affect the performance of feedback control systems. With the
retransmission of failed communication in RC channel through
SP channel, a significant improvement in the reliability of com-
munication can be seen. Similar conclusion can be deducted
by comparing the error - rate of IEEE802.15.4e presented in
Fig. 6, and proposed multi-channel scheme with one RC chan-
nel and one SP channel, presented in Fig. 7. To further evalu-
ate the effect of using multi-channel scheme for a higher num-
ber of parallel data streams, the error rate is evaluated for the
cases with one SP channel and 3, 5 and 10 RC channels, as
presented in Figs 8, 9 and 10 respectively.

Due to the introduction of multi-channel scheme, the overall
throughput of the network greatly increases along with the po-
tential rise in the total number of nodes which can affiliate to a
single cluster. In a scenario where the single channel scheme
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is compared with the two-channel scheme (one SP and one RC
channel), the throughput is relatively the same as in the case
the single channel scheme because only one channel is used
for communication. However, a notable improvement in the
communication reliability can be seen. The use of more than
one RC channels, however, strongly influences the overall
throughput and with the increase in these communication chan-
nels the throughput is increased several times. The overall
throughput for different number of frequency channels is repre-
sented in Fig. 11. As represented in this figure the overall
throughput of the network can increase up to 900 percent with
additional ten frequency channels in use. Apart from the
throughput, as discussed earlier the reliability of the communi-
cation also improves along with the throughput.

The total number of nodes that can communicate to the clus-
ter-head in time T with different number of frequency channels
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AFigure 8. Frame error rate for proposed scheme with three RC
channels and one SP channel.
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AFigure 7. Frame error rate for proposed scheme with one RC channel
and one SP channel.

AFigure 9. Frame error rate for proposed scheme with five RC channels
and one SP channel.
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A Figure 10. Frame error rate for proposed scheme with ten RC
channels and one SP channel.
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AFigure 11. Accumulated throughput of the proposed multi-channel
scheme with reference to single channel low data-rate WPAN.

is presented in Fig. 12. Since the short burst communication is
used for urgent delivery of information, the time duration of su-
perframe 7T is limited to 10 ms. A communication overhead of
3.84 ms is considered, leaving the connected nodes a relatively
short duration for communication. Each node in a cluster is as-
signed at least one time -slot in the 10 ms window enabling
fast, frequent, and reliable communication to the central con-
trol unit, well within the specified times.

5 Conclusions and Future Directions

The paper presents a multi - channel performance and
throughput enhancement scheme for INSNs. The primary ob-
jective of the scheme is to enhance the reliability of the com-
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munication between the sensor nodes and the cluster-head. A
SP channel is also defined which ensures suitable reliability
enhancement in the communication over the traditional single
channel schemes. In the scheme, the performance is evaluated
using throughput, reliability and the number of nodes accom-
modated in a cluster. The scheme offers a notable increase in
the reliability and throughput over the existing IEEE802.15.4e
standard. The overall improvement in reliability is directly de-
pendent on the SP channels to RC channels ratio. The through-
put however is more dependent on the number of RC channels
and the probability of successful communication.

For the evaluation purposes, the scheme considers one SP
channel and can further be realized for multiple SP channels
and give a more suitable venue for performance improvement.
In this paper the SP/RC channels ratio is limited to the cases
ranging from 1:1 to 1:10. However, a more generic approach
may be considered, where ratios 1:1 to 10:1 are evaluated for
study purposes. Investigating the whole range of channel ratios
enables the use of the scheme in different challenging scenari-
os and a predefined projected or predicted output can also be
formulated to better meet the desired requirements.
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1 Introduction

ue to the proliferation of mobile internet access, the

cellular traffic experienced an exponential growth

in the past years, which imposes a high pressure on

the current networks and urges the industry to de-
velop a new generation wireless system [1]. A consensus for
the 5G system is that mobile traffic will increase 1000 times in
the second decade of the 21th century [2], [3]. In addition to
other cutting-edge paradigms, protocols and architectures (Li-
censed-Assisted Access [4], Device-to-Device (D2D) communi-
cations [5], software - defined networking [6], network function
virtualization [7], etc.), the 5G system has to adopt New Radio
(NR) transmission techniques to substantially increase spectral
efficiency and reliability so as to meet such a huge capacity de-
mand. However, a multi-path channel suffers from a severe fad-
ing due to constructive and destructive interferences of re-
ceived signals in wireless communications [8]. At a high data
transmission rate, it is challenging for a receiver to correctly
detect a signal without some form of diversity. Since the time
and frequency resources in a wireless system are tightly limit-
ed, the exploitation of spatial resource is of great importance.
A particularly appealing approach is the utilization of antenna
array, such as Multiple-Input Multiple-Output (MIMO) [9] and
massive MIMO [10], which can achieve higher diversity by
means of simply installing additional antennas.

Until now, the technical discussions on the application of an-
tenna array in a wireless system are mainly focused on the
base station side. Due to the limitations of power supply, cost
and hardware size, a mobile terminal is traditionally hard to be
equipped with multiple antennas. Recently, the millimeter
wave (mmWave) band [11] has been intensively investigated
and the size of antenna at this band is small enough to be mas-
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Due to the proliferation of mobile internet access, the cellu-

lar traffic is envisaged to experience a 1000-fold growth in
the second decade of the 21st century. To meet such a huge
traffic demand, the Fifth Generation (5G) network have to
adopt new techniques to substantially increase spectral effi-
ciency and reliability. At the base station side, available re-
sources (power supply, equipment size, processing capability,
etc.) are far more sufficient than that of the terminal side,
which imposes a high challenge on the uplink transmission.
The concept of cooperative communications opens a possibili-
ty of using multiple terminals to cooperatively achieve spa-
tial diversity that is typically obtained by means of multiple
antennas in the base station. The application of Device-to-
Device (D2D) communications in the 3GPP LTE system fur-
ther pushes the collaboration of terminals from the theory to
the practice. The utilization of D2D-based cooperative relay-
ing is promising in the era of 5G. In this paper, we compara-
tively study several cooperative multi-relay schemes, includ-
ing the proposed opportunistic space - time coding, in the
presence of imperfect channel state information. The numeri-
cal results reveal that the proposed scheme is the best coop-
erative solution until now from the perspective of multiplex-
ing-diversity tradeoff.

Dy

cooperative communications; Device -to - Device (D2D); Dis-

tributed Space - Time Coding (DSTC); outdated chanel state
information; opportunistic relaying

sively integrated in a mobile terminal. However, due to the se-
vere propagation characteristics of radio signals at the higher
frequencies, an mmWave -based system cannot independently
form a wide-area-covered network in a cellular manner. Com-
plementary to macro-cell coverage, it suits to provide ultra-
high data access at hot spots [12]. Taking into account the re-
quirement of ubiquitous signal coverage, especially the provi-
sion of control signaling and system information broadcasting
[13], the carrier frequencies below 6 GHz is still the main-
stream for macro-cell transmission and plays a vital role from
the perspective of a holistic wireless system. In a nutshell, the
working assumption of a signal antenna at the mobile terminal
for macro-cell transmission is practically meaningful.

With a single antenna, it is infeasible to exploit multi-anten-
na diversity for mobile terminals in a cellular system. In this
context, the concept of cooperative communications [14] has
been proposed to solve this problem by means of making full
use of the broadcast nature of wireless signals in a relay chan-
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nel [15], where multiple single - antenna terminals can form a
virtual antenna array to collaboratively transmit their signals.
Once a terminal sends a signal to its destination (a base sta-
tion), its neighboring terminals that overhear this signal are ca-
pable of decoding and retransmitting. By means of combining
multiple copied versions of the original signal at the receiver,
an inherent spatial diversity referred to as cooperative diversi-
ty [16] can be achieved.

Currently, it is still impossible to commercially implement a
full - duplex [17] mobile terminal to simultaneously transmit
and receive signals at the same frequency. A terminal has to
operate in a half-duplex mode where Time- or Frequency-Divi-
sion Multiplexing (TDD/FDD) is applied. Without loss of gener-
ality, we are allowed to use TDD as an example to analyze the
cooperative relaying. Basically, an end-to-end signal transmis-
sion happens in two phases [18]. In the broadcast phase, a ter-
minal (the source) transmits its signal in the source-relay chan-
nels while all neighboring terminals listen. Those neighboring
terminals who have overheard and successfully decoded this
signal can act as the relays. In the relaying phase, all or a sub-
set of the relays retransmit this signal in the relay-destination
channels. However, a scheduling problem occurs in the scenar-
io of multi-relay cooperative transmission. That is which relays
should be selected and how the regenerated signals should be
transmitted by the selected relays. In the literature, several co-
operative multi - relay schemes have been proposed. General-
ized Selection Combining (GSC) [19] choosing multiple relays
to orthogonally retransmit suffers from a substantial loss of
spectral efficiency. To avoid this penalty, the distributed Beam-
Forming (BF) [20] based on simultaneous transmission has
been taken into account. Given a perfect channel knowledge,
the relays adjust the phases of their transmit signals for coher-
ently combining at the receiver. As we know, BF is very sensi-
tive to phase noise [21]. That is why co-located antennas in an
MIMO system must apply an antenna calibration scheme to
align phase distortions on different radio - frequency (RF)
chains. However, the RF -chain calibration schemes designed
for co-located antennas cannot be applied among spatially-dis-
tributed terminals. In practice, the performance degradation
from the phase distortions overwhelms the expected BF gain.
In [22], an approach called Distributed Space - Time Coding
(DSTC) has been proposed to transmit space-time -coded sig-
nals by multiple relays. Although a full diversity can be
achieved, designing such a code is infeasible since the number
of distributed antennas is unknown and randomly varying.
Moreover, the synchronization among simultaneously transmit-
ting relays becomes challenging when the number of relays is
large. In a nutshell, the aforementioned multi-relay transmis-
sion methods are hard to be applied for practical systems.

In [23], Bletsas et al. revealed that the multi-relay synchroni-
zation problem can be avoided while keeping full cooperative
diversity by opportunistically selecting the best relay to retrans-
mit. They proposed an approach referred to as Opportunistic
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Relaying System (ORS), which has been extensively verified as

a simple but efficient cooperative relaying scheme. Although

only a single terminal with the best channel (in accordance to a

given selection criterion) is selected to serve as a relay, a full

spatial diversity with the number of all cooperative relays can
be available. Its achieved performance is about the same as
that of the DSTC scheme, which uses an all-participating strat-
egy [24]. From the perspective of multiplexing-diversity trad-
eoff, the ORS scheme provides no performance loss in compari-

son with the DSTC scheme, while avoiding the complicated im-

plementation.

From the practical point of view, the channel state informa-
tion (CSI) at the time instant of relay selection may substantial-
ly differ from the CSI at the instant of using the selected relay
to retransmit owing to the channel fading and feedback delay.
The imperfect CSI imposes a possibility of wrongly selecting
the best relay in the ORS scheme, which drastically deterio-
rates its performance. The impact of the outdated CSI on the
performance of opportunistic relaying has been extensively an-
alyzed in the previous works. In [25], a closed-form expression
of outage probability for Decode - and - Forward (DF) ORS has
been derived. Seyfi et al. [26] investigated the impact of feed-
back delay and channel estimation error on the relaying selec-
tion. Kim et al. evaluated the performance degradation in
terms of symbol error probabilities in [27]. Regarding Amplify-
and-Forward (AF) ORS, Torabi et al. presented a lot of results
through [28]-[30]. The impact of the outdated CSI on partial re-
lay selection has also been reported in [31] and [32]. The error
probabilities of ORS considering channel estimation errors
have been derived in [33]. Based on the outcomes presented in
the literature, the following conclusions can be drawn:

1) The relay selection is very vulnerable to the imperfect chan-
nel quality, where its achieved diversity is limited to one (no
diversity).

2) Regardless of the number of relays participating in a cooper-
ation, there is no diversity, even if correlation coefficient of
the actual and outdated CSI tends to one (p—1).

3) From a practical point of view, it is worth designing a robust
cooperative strategy to combat the outdated CSI.

To the best knowledge of the author, a few cooperative
schemes to tackle the outdated CSI problem have been pro-
posed until now. Taking advantage of Geo -location informa-
tion, a scheme has been proposed in [34]. However, it makes
sense only in a fixed wireless system, where the relays’ loca-
tions do not change, rather than a mobile network. Another
scheme taking into account the statistical knowledge of chan-
nel has been given in [35]. In spite of a remarkable increase of
the implementation complexity, this scheme achieves merely a
marginal performance gain and its diversity is always limited
to one. Generalized selection combining [19] and its enhanced
version called N plus Normalized Threshold Opportunistic Re-
lay Selection (N+NT-ORS) [36] have also been applied. Howev-

er, they require at least N orthogonal channels to retransmit, re-
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sulting in a large loss of spectral efficiency.

In this context, we proposed a simple but effective scheme
called Opportunistic Space-Time Coding (OSTC) [37] to allevi-
ate the effect of the outdated CSI while avoiding an unneces-
sary loss of spectral efficiency. A predefined number N of re-
lays, rather than a single relay in the conventional ORS, are op-
portunistically selected from K cooperating relays according to
instantaneous CSls of the relay-destination channels. At these
selected relays, N -dimensional orthogonal space - time block
coding (OSTBC) [38] is employed to encode the regenerated
signals. IV branches space-time coded signals are simultaneous-
ly transmitted from the selected relays to the destination, fol-
lowed by a simple maximum - likelihood decoding based only
on linear processing at the receiver. In contrast to DSTC where
all relays participate in the signal’ s retransmission without a
process of relay selection, only a subset of relays are opportu-
nistically activated. Therefore, opportunistic space-time coding
can be regarded as a combination of opportunistic relay selec-
tion and distributed space-time coding. Our research outcomes
[39], [40] further recommend that the optimal number of relays
to be selected is N=2. A pair of relays with the strongest and
second strongest CSI at the relay-destination channels are se-
lected, and the Alamouti scheme [41] is applied to encode the
original signal. Since the Alamouti scheme is a unique space-
time code achieving both full-rate and full-diversity with com-
plex signal constellations, there is no spectral efficiency loss in
comparison with the case of N>2. Another consideration of us-
ing N=2 is that the less number of relays can simplify the dis-
tributed synchronization. The practical timing and frequency
synchronization schemes [42], [43] proposed for cooperative
systems can help two relays to achieve a satisfied level of syn-
chronization, whereas the time and frequency offsets become
unacceptable with the increased number of relays.

This paper gives a comparative review of the cooperative
multi - relay transmission schemes. The rationale of different
schemes, as well as their performance in terms of outage proba-
bility and channel capacity, are presented. The rest of this pa-
per is organized into the following four sections. Section 2 in-
troduces the system model of DF cooperative system. Section 3
illustrates the aforementioned cooperative schemes. In Section
4, simulation results are given. Finally, Section 5 concludes
this paper.

2 Sytem Model

2.1 Multi-Relay Cooperative Network

A dual-hop decode-and-forward cooperative network is con-
sidered, where a terminal (the source) communicates with a
base station (the destination) with the help of neighboring ter-
minals (relays). Due to the line-of-sight blockage, a direct link
between the source and the destination is assumed to be ne-
glected. Because of severe signal attenuations in radio chan-
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nels, a strong self-interference will be generated if a relay si-
multaneously transmits and receives signals at the same fre-
quency. Currently, it is impractical to commercially implement
a full-duplex mobile terminal. Hence, the relays have to oper-
ate in a half - duplex mode and the TDD scheme can be ap-
plied. It is generally assumed that the relays are equipped with
a single antenna due to the limitations of cost, power supply
and hardware size on mobile terminals. Although the spatially-
distributed terminals with independent oscillators give rise to
multiple timing offset and multiple carrier frequency offset,
this multi - relay synchronization problem has been well - ad-
dressed and reported in the literature [42]-[45]. For simplicity,
as most of papers in this field, we assume perfect synchroniza-
tion throughout the rest of this paper.

As illustrated in Fig. 1, a base station provides cell cover-
age to a number of mobile terminals. A terminal may suffer
from an out-of-coverage problem due to the blocking of build-
ings or a weak received signal when it locates at the cell edge.
Besides, in the scenarios of disaster relief or emergency events
as investigated in Aerial Base Stations with Opportunistic
Links for Unexpected & Temporary Events (ABSOLUTE) proj-
ect [46], this base station might be rapidly deployed without
any network planning and optimization. In this case, the cover-
age is not good enough while the requirement of link reliability
and system robustness is quite high. To improve the spectral ef-
ficiency at the cell edge, extend the signal coverage and im-
prove the link reliability, cooperative communications can be
applied by exploiting the broadcast nature of wireless signals.
The mobile terminals cooperate with one another to communi-
cate using the cooperative relaying. As shown in Fig. 1, the sig-
nals are first transmitted from the source terminal outside the
coverage area of base station to its neighboring terminals
through D2D communications. Those neighboring terminals
that overheard this signal are capable of decoding and retrans-
mitting. The distributed antennas at the terminals form a virtu-

D2D: Device-to-Device

ATFigure 1. Principle of cooperative communications.
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al antenna array. By means of combining multiple copied ver-
sions of the original signal at the receiver, an inherent spatial
diversity referred to as cooperative diversity can be achieved
without any need of physical antenna array.

2.2 Outdated CSI

From a practical point of view, the channel information is
imperfect due to the feedback delay and channel estimation er-
ror. In a traditional system such as the MIMO system, this im-
perfect CSI has a neglect effect mainly on the performance of
signal detection. However, the relay selection scheme is far
more vulnerable since the CSI is applied to not only detect a re-
ceived signals but also select the best relay(s). The CSI at the
time instant of relay selection denoted by h may substantially
differ from the actual CSI } at the instant of data retransmis-
sion. Using the relays selected according to the outdated ver-
sion of CSI rather than the actual CSI may make the wrong se-
lection decision. To quantify the impact of imperfect CSI on
the system, the envelop of correlation coefficient is defined as

~ ‘cov(h,/;)‘
T "

where cov(*) and & stand for the covariance of two random
variables and the standard deviation, respectively. The detail
modeling of the outdated CSI and its statistics can be found in

[47] and [48].

3 Cooperative Multi-Relaying Schemes

This section introduces mechanisms of different cooperative
schemes, including ORS, GSC and OSTC. Because of the se-
vere attenuation of radio signals, a single-antenna relay has to
operate in a half-duplex mode to avoid harmful self-interfer-
ence between the transmitter and receiver. Without loss of gen-
erality, the end-to-end signal transmission can be divided into
two time slots: the broadcast and relaying phases. In the broad-
cast phase (Time Slot 1 indicated in Fig. 2), the source trans-
mits and those relays that can correctly decode the original sig-
nal constitute a decoding subset:

DS {k%logz(l 94 BR} , 2

where 7V is the Signal-to-Noise Ratio (SNR) of source-relay
channel, and R stands for an end-to-end target data rate for
the dual-hop relaying. Note that the required rate for each hop
doubles to 2R owing to the half-duplex mode.

In the ORS scheme, the relay having the strongest SNR (in-
terchangeable with CSI if the given transmit power for each re-
lay is equal) in the relay-destination channels is selected from
the decoding subset to serve as the best relay, i.e.,

k=argmaxy,, 3)

S
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where 7V, denotes the instantaneous SNR of relay-destination
channel at the instant of selecting relay, which may be outdat-
ed in comparison with the actual SNR 7¥,, at the instant of us-
ing the selected relay to retransmit.

Instead of only a single relay, the GSC scheme selects N re-
lays with the largest SNRs to retransmit the original signal in
the second phase. In the relaying phase, as shown in Fig. 2,
the time resource is divided into N sub -slots. Following the
time - division multiplexing, each selected relay occupies one
different slot to orthogonally retransmit the original signal.
Equivalently, the frequency - division multiplexing can be ap-
plied to orthogonally retransmit the signal over relay - destina-
tion links, i.e., N subcarriers or sub-channels are used by N se-
lected relays at the same time. Its enhanced version, the N+NT-
ORS scheme, introduces a normalized threshold to further se-
lect qualified relays from the remaining K- N relays. Although
the number of selected relays may be different, the N+NT-ORS
scheme still relays the signal in an orthogonal manner. These
two schemes require at least V orthogonal channels to retrans-
mit, resulting in a large loss of spectral efficiency.

In the DSTC scheme, no relay selection process is per-
formed, but all relays within the current decoding subset are
used to simultaneously retransmit by means of space-time cod-
ing. In this case, the number of participating relays is unknown
and randomly varying since the decoding subset dynamically
changes with the fluctuation of radio channels. Neither select-
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ing a single relay in ORS nor all - participating in DSTC, the
OSTC scheme chooses a predefined number N of relays. In the
relaying phase, an N-dimensional orthogonal space-time block
code is applied to encode the regenerated signals at the select-
ed relays in a distributed manner. N branches coded signals
are simultaneously transmitted by the selected relays at the
same frequency, followed by a simple maximum-likelihood de-
coding based only on linear processing at the receiver. If the
number of relays in the current decoding subset is denoted by
L, we have O0<L<K . It is possible that L<N . In this case,
all of L relays participate in the signal retransmission directly
in combination with an L -dimensional orthogonal space -time
block code.

For illustration purposes, we select N=2 and use the Ala-
mouti scheme to clarify the OSTC scheme. In the broadcast
phase, as illustrated in Fig. 2, the source sends a pair of sym-
bols (xl,xz) to all relays within two consecutive symbol peri-
ods. Those relays that correctly decode the original signal con-
stitute a decoding subset. In accordance to instantaneous
SNRs of the relay-destination channels, a pair of best relays
are opportunistically selected. In the relaying phase, the regen-
erated symbols are space-time encoded as:

(xl,xz)ﬁ[xl _xZJ , (4)

.
Xy Xy

where the superscript * denotes the complex conjugate. Then,
a relay transmits the first branch of coded symbols (x,,—x,),
while another relay sends (x,,%,) simultaneously at the same
frequency, analogous to the Alamouti scheme applying for two
co-located antennas in the MIMO system.

4 Performance Comparisons

The Monte-Carlo simulations are setup in order to compara-
tively get the performance results in terms of outage probabili-
ty and ergodic capacity. Given i.i.d. Rayleigh channels with a
normalized gain, performance comparisons of ORS, GSC and
OSTC in the absence and presence of imperfect channel quali-
ty are carried out. The numerical results are obtained by iterat-
ing 10° channel realizations into Monte-Carlo simulations, and
the target rate is set to R=1 bps/Hz.

We first investigate the impact of the outdated CSI on a co-
operative network with K=9 decode-and-forward relays. A sin-
gle relay is selected for ORS, whereas N=2 relays are selected
for OSTC in combination with the Alamouti scheme. During
the simulation, it can be observed that GSC and OSTC achieve
the same outage probability in any value of P . It is also theo-
retically proved in the literature that GSC and OSTC have the
same performance in terms of outage probability. Hence, only
the curves of OSTC is given in Fig. 3 for simplicity. As shown
in the figure, OSTC suffers from a little bit performance loss
compared to ORS at the perfect channel quality. This is be-
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cause a single relay with the strongest SNR transmits the regen-
erated signal in ORS, while a pair of relays with the strongest
and second strongest SNR are utilized in OSTC. The relay with
the second strongest SNR causes this performance gap. In the
case of p=1, the curve of OSTC is in parallel with its counter-
part in ORS that has a full diversity. It can be therefore con-
cluded that OSTC also achieves the diversity of d=9, namely
its outage probability decays at a rate of 1\/? in the high
SNR. In addition, OSTC’s curves in the cases of p=0,
p=0.9 and p=0.99 are also provided. These curves are para-
llel among others in the high SNR with the diversity of 2, while
the curves of ORS have the diversity of 1. That is to say, the di-
versity of ORS is one in the presence of outdated CSI, whereas
an order of 2 is still kept by OSTC thanks to using N=2 select-
ed relays. It can be observed that even in the case of 0.99, the
outdated CSI brings an obvious performance degradation com-
pared to the case of perfect CSI. When the correlation coeffi-
cient is reduced to 0.9, at the SNR of 20 dB, the outage proba-
bility is increased from 107 to 10, which proves that vulnera-
bility of the relay selection.

To shed light on the channel capacity of different schemes
in the absence and presence of outdated CSI, their capacities
as a function of the average SNR in the cases of p=0 and
p =1 are shown in Fig. 4. The number of cooperating relays is
assumed to be K=8 and the number of selected relays for
OSTC and GSC is N=4. At the perfect CSI, OSTC suffers from
a small capacity loss since the applied 4-dimensional OSTBC
supports a maximal rate of only 3/4 in relay - destination link.
The capacity loss of GSC is more severe due to the use of 4 or-
thogonal channels, equivalent to a rate of 1/4 in comparison
with that of the ORS scheme. For example, ORS, OSTC and
GSC achieve the spectral efficiencies of 4.3 bps/Hz, 3.4 bps/
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A Figure 3. Outage probabilities of ORS and OSTC as a function of the
average SNR. GSC and OSTC have the same performance in terms of
outage probability.
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Hz and 1.6 bps/Hz, respectively, at a given SNR of 25 dB. In
the case of p=0, the spectral efficiency of OSTC closes to
that of ORS with a loss of less than 0.2 bps/Hz. That is to say,
despite a diversity gain of d=4 achieved by OSTC in the pres-
ence of outdated CSI, the price on the spectral efficiency loss
is negligible. In comparison, GSC’ s spectral efficiency is
around 1.5 bps/Hz at a given SNR of 25 dB, less than a half of
ORS and OSTC. On the other hand, ORS is vulnerable to the
outdated CSI because its spectral efficiency is reduced from
4.3 bps/Hz to 3.3 bps/Hz when the correlation coefficient is de-
creased to 0 from 1, equivalent to a loss of 1.0 bps/Hz. In con-
trast, the spectral efficiency loss is less than 0.3 bps/Hz for
OSTC and GSC, implying their effectiveness of combatting the
outdated CSI and their robustness feature.

S Conclusions

The exponential growth of mobile traffic imposed a high
pressure on the 5G system, where NR technologies have to be
applied to substantially improve transmission performance, es-
pecially in the uplink. Taking advantage of D2D links, the co-
operative communication can provide a remarkable perfor-
mance gain in terms of spectral efficiency and reliability by
means of collaborating the neighboring terminals. In this pa-
per, we comparatively reviewed several cooperative multi-relay
schemes in the presence of imperfect channel state informa-
tion. The ORS scheme is easy to implement, and can achieve
the full diversity, i.e., the number of all cooperating relays, at
the perfect CSI. But in the presence of outdated CSI, the out-
age probability of ORS drastically deteriorates and its diversity
degrades to one, i.e., no diversity. The GSC scheme is robust to
the outdated CSI, while its capacity loss is large due to the or-
thogonal transmission. The proposed OSTC scheme opportunis-
tically selects multiple relays, rather than a single relay, to de-
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code and simultaneously retransmit the original signal by
means of space -time coding. When the knowledge of CSI is
perfect, it can achieve the full diversity. In the presence of out-
dated CSI, the diversity of N can still be kept. Besides, OSTC
has a negligible capacity loss in comparison with that of ORS.
Compared to DSTC, a fixed number of relays is used, instead
of a random number, which makes sense for the practical sys-
tems. From the perspective of both performance and complexi-
ty, the OSTC scheme has been considered as the best solution
until now.
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