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Abstract:

This document provides a detailed overview of the Radio Link concepts being developed in
METIS as well as a detailed analysis of the related state of the art. For each of the research
topics identified for the radio link research covering flexible air interface, new waveforms,
modulation and coding techniques as well as multiple access, medium access control and
enablers for radio resource management, a detailed description of the aspects to be
investigated will be given, going beyond the limits imposed by the systems operated today
and their planned evolutions. The state of the art analysis, which is conducted for each of the
research topics separately, covers current standards, their future evolutions as well as latest
academic research. Elaborating on how the approaches followed in the radio link research
may advance this state of the art carves a promising track towards innovative solutions
addressing the challenges of future wireless communication.

Keywords:

air interface, availability, dense deployment, coding, cost, coverage, energy efficiency, fading,
faster than Nyquist, filter-bank multicarrier, flexibility, full-duplex, latency, link adaptation,
machine-to-machine, medium access control, mobility, modulation, multiple access, non-
orthogonal multiple access, orthogonal frequency division multiple access, overhead, power-
domain multiplexing, radio resource management, reliability, research topic, signaling,
spectrum efficiency, waveform
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Executive summary

This document provides a detailed overview of the Radio Link concepts being developed in
METIS together with a detailed analysis of the related state of the art. The research on Radio
Link concepts was grouped into fourteen research topics in the first deliverable D2.1, covering
a wide range of research on PHY and MAC layer, including flexible air interface design, new
waveforms, modulation and coding techniques as well as multiple access, medium access
control and enablers for radio resource management. For each of these fourteen research
topics this document provides a detailed description of the aspects to be investigated, going
beyond the limits imposed by the systems operated today and their planned evolutions. The
state of the art analysis, which is conducted for each of the fourteen research topics
separately, covers current standards, their future evolutions as well as latest academic
research. Elaborating on how the approaches followed in the radio link research may advance
this state of the art carves a promising track towards innovative solutions towards a 5G
system addressing the challenges of future wireless communication.

In particular, the document addresses three main objectives:

1. Comprehensive state of the art analysis, including current standards and their
evolutions as well as academic research. Thus, the report covers available solutions
as well as already known but not yet implemented solutions.

2. Description of the limits of the state of the art and analysis in what respect further
research is required to meet the goals of METIS.

3. Identification and detailed description of novel radio link concepts and the specific
aspects to be investigated advancing current state of the art.

While deliverable D2.1 described the problem space of the radio link research based on a
requirement analysis of the test cases identified at the beginning of the METIS project in D1.1,
this deliverable D2.2 focuses on the solution space, analysing existing solutions and detailing
novel radio link concepts and solutions in METIS addressing those requirements. For the
METIS project, different global challenges for a 5G system have been defined and overall
goals have been set. Among these are higher throughput per area and per user, lower
latency, support of massive number of devices and lower energy consumption compared to
systems of today, which are of especially high relevance for the radio link research. Moreover,
new enabling approaches for the global system design, the so called horizontal topics, have
been introduced. The radio link research will develop PHY and MAC layer solutions
addressing the above challenges, provide the appropriate technology enablers for the
horizontal topics and thus contribute to fulfil the METIS overall goals. The foundations of this
research will be laid in this document.
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1 Introduction

This deliverable provides an overview of the Radio Link concepts being developed in METIS
as well as a detailed analysis of the related state of the art. The aim of the report is to give a
complete though preliminary view on all radio link aspects investigated in METIS, coupled with
an elaboration on how these will advance the current state of the art towards a 5G system.
The content of this document will serve as a guideline and starting point for upcoming
deliverables D2.3 and D2.4, where detailed research results will be presented.

In the following, we will give a detailed description of the objective of this document, explain its
structure and briefly summarize the radio link requirements presented in the previous
deliverable D2.1, which represent the means for the overall connection of the radio link
research to the METIS test cases, overall goals and METIS Horizontal topics.

1.1 Objective of document

While D2.1 [MET13-D21] described the problem space of the radio link research in METIS,
where the requirements for the research have been deduced from the end-user requirements
defined in D1.1 [MET13-D11], this document D2.2 focuses on the solution space aiming to
fulfil those requirements. For each of the research topics, which have been briefly introduced
in D2.1, D2.2 provides a comprehensive state of the art analysis and details the new design
approaches followed to address the requirements and targets identified in D2.1.

This deliverable covers all tasks of the radio link research and will provide an outlook on the
planned research, thus defining the entire radio link solution space, which can be mapped to
the problem space defined in D2.1. The generic requirement metrics (GRMs) defined in D2.1
will be used for the evaluation and comparison of different radio link solutions introduced in
this deliverable, the results being subject of the succeeding deliverables D2.3 and D2.4.

Currently standardization bodies such as 3GPP or IEEE are planning to address some of the
new challenging requirements described in D1.1 in their future releases or amendments, and
hence these should be considered as a kind of baseline. In the past, however, these
standards mainly focussed on user-centric traffic; other use cases, like MMC or ultra-reliable
communication, were not in the main focus or were considered of secondary importance. In
contrast to this, METIS aims for a flexible air interface design providing an integrated solution
for all the use cases to be covered by future mobile and wireless communication, where many
different kinds of services with very diverse demands can be successfully delivered with the
desired quality at minimum system cost. In this respect we plan to go far beyond currently
planned amendments of 3GPP and IEEE standards, where the goal of integrating different
services to this extent is beyond their current scope.

Academia provides a huge amount of new ideas to solve certain problems, but often the target
use case is rather specific and practical application may be limited. Within METIS and
especially in radio link research, we aim to go beyond the state of the art and combine the
most promising solutions for facilitating a flexible air interface design. Solutions proposed in
the past serve as inspiration and starting point, but to achieve our challenging goals, we also
need to give room for completely new ideas and solutions. Research should thus cover the
entire space of ideas that may fuel the development of novel design approaches.

The objectives can be summarized as follows

e Comprehensive state of the art analysis with respect to the identified radio link
research topics including

o current or planned standards reflecting the available solutions

o academic state of the art describing known but not yet implemented solutions.

METIS Public 1
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o Description of the limits of the state of the art and analysis in what respect further
research is required to meet the goals of METIS.

e Detailed description of the planned research starting from a general description of the
research area and followed by an identification of the specific aspects to be
investigated and advancing current state of the art.

These objectives will be addressed for each of the 14 radio link research topic in chapter 2.

1.2 Structure of the document
The elaborations can be found as follows:

e Chapter 1: Introduction
This chapter aims to clarify the scope of D2.2 and set certain objectives of D2.2
e Chapter 2: Radio Link Research Topics

In this chapter all radio link research topics will be described in more detail with
comprehensive state of the art analysis. This analysis will include current or planned
standards reflecting the available solutions as well as academic state of the art describing
known but not yet implemented solutions. For each research topic (RT) there will be the
following subchapters

1. General description

2. Related State of the art and limits

3. Detailed description of planned research
o Chapter 3: Summary

The last chapter summarizes the main findings presented in the document.

1.3 The overall connection: Radio link requirements

While this document focuses on the solution space by describing in detail the radio link
research topics, keeping the problem space in mind is essential to steer the research
directions and ensure a harmonized work towards the overall goals of METIS. The problem
space for the radio link research has been subject of deliverable D2.1.

In order to connect the outcome of radio link research to the METIS overall goals and test
cases, a requirement and KPI mapping framework has been established and explained in
D2.1. By taking a radio link specific perspective, the most relevant challenges and
requirements were derived from the test case descriptions given in D1.1, and it was illustrated
how these will be addressed by the radio link research topics.

In D1.1, a set of test cases (TCs) has been defined to illustrate the main challenges to be
addressed in the METIS project. These TCs were defined in D1.1 from an end user
perspective, without restricting the solution space. From a radio link perspective, it is not
straightforward to derive corresponding link layer challenges, as many other aspects impact
the possible solution, such as scenario/TC specific propagation models, antenna solutions,
deployment proposals, bandwidth and carrier frequency proposals and architecture aspects.

To solve this issue we developed in D2.1 a mapping approach based on so-called general
requirement metrics (GRMs) and general requirement tags (GRTs), capturing the
requirements most relevant for the radio link research. With this approach, we can establish a
mapping between the end user requirements and the radio link requirements. Furthermore,
this approach can help us to link the radio link research topics to the radio link requirements

METIS Public 2
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METIS

as well as to METIS Horizontal Topics (HTs) as illustrated in Figure 1.1. The GRMs defined in
D2.1 will be used in the succeeding deliverables for the evaluation and comparison of the
different radio link solutions introduced and detailed in this deliverable.

-
WP2 I
|
D2.1 Radio Link Requirements
Scenarios/ - | Horizontal
TETE)::?es Interface GRMs/GRTs Interface .:g‘;';?

D2D
MMC
URC
MN
UDN

Dense urban
information
society

Traffic
efficiency
and safety System

concepts

I Work starting from test case requirements towards SOM

Figure 1.1 Illustration of requirement mapping framework in D2.1
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2 Radio Link Research Topics

In order to achieve the general goal of METIS of 1000 times data volume per area and 10 to
100 times user throughput, a threefold approach is chosen leading to a combination of

e increased spectrum, e.g. by using higher frequency bands up to and including mmw
bands,

¢ network densification by introducing a large amount of access points, possibly as an
underlay system,

¢ and, last but not least, significant improvements of spectral efficiency.

In addition also new approaches and technology enabler for fulfiling the end user
requirements are considered in METIS, like moving networks enabling moving relays, and
direct device-to-device (D2D) for further offloading. Furthermore, also new challenges are
addressed like support of massive machine communication (MMC) and ultra-reliable
communication (URC). All these challenges are reflected in the radio link research in METIS,
focusing on the PHY and MAC enablers to achieve the goals of METIS.

The METIS radio link research is structured into three tasks 2.1 — 2.3. The first 6 RT cover
task 2.1 “Flexible Air Interface Design”, followed by the 4 topics in task 2.2 “Waveforms,
Coding & Modulation and Transceiver Design” and finally 4 topics covering task 2.3 “Multiple
Access, MAC and RRM”.

The radio link research topics are related to the following topics in METIS

e METIS horizontal topics (HTs)
o Ultra dense networks
o Direct D2D
o Massive machine communication
o Moving networks
o Ultra reliable communication
e Enablers for usage of new spectrum and cognitive radio
e Improving spectral efficiency
e Flexibility and scalability, which was identified in D2.1 to be a major goal for the air
interface design

In order to provide mature integrated radio link solutions to the entire system concept, close
collaboration and coordination between the individual proposals is necessary. This
coordination will be done along different paths. Each radio link concept to be proposed, e.g.,
for a certain horizontal topic like MMC, consists of PHY and MAC layer solutions. Therefore,
already in WP2 the PHY and MAC solutions targeting a certain problem or network aspect
should be aligned and combined. Furthermore, concurrent solutions addressing the same
solutions have to be compared in a realistic environment. In this document the basis is laid by
showing relevant relations between different proposals. This is a continuous process during
the entire project and will therefore be updated and elaborated further in future deliverables.

The relation of all radio link research activities to the overall METIS HTs defined in [MET13-
D62], METIS overall goals and other radio link challenges will be briefly explained in the
following, allowing to structure the diversity of approaches which are explained in more detail
in the following subchapters and indicate planned collaboration and coordination.

Network densification is covered by the HT ultra-dense networks (UDN) and is assumed to be
one important enabler to achieve the goal of increased throughput per area. Several radio link
research topics investigate air interface aspects relevant for UDN, like transceiver design for
full duplex (2.10), and medium access control for UDN (2.12). By investigating and improving
general aspects such as latency and throughput, by providing solutions enabling wireless
backhauling for an OFDM system and together with the usage of higher and dynamic
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frequency bands, the research in section 2.1 aims to provide air interface solutions optimized
especially for dense deployment.

Another focus of METIS is the future spectrum usage, like the use of higher frequency bands
and cognitive radio (CR) approaches. Radio link research provides possible solutions for the
air interface for dynamic spectrum usage (2.3), constrained envelope modulation schemes
suited also for high frequencies including mmW (2.9), multiple access schemes for cognitive
radio (2.11) and application of Filter Bank Multicarrier (FBMC) for CR (2.8) to exploit these
new opportunities.

The challenge of providing much higher throughput per area and per user may not solely be
reached by network densification or new spectrum, but also increasing spectral efficiency
should contribute to achieve the goal. This is targeted by research activities on Faster than
Nyquist (FTN) (2.7), application of FBMC (2.8) and related multiple access techniques (2.11),
non-orthogonal multiple access (2.11), new modulation and coding techniques (2.9) and
advanced equalizers for single-carrier transmission (2.10).

The idea of direct D2D communication is to offload traffic and to enhance the frequency reuse
factor. Radio link research plans to provide specific Radio Resource Management (RRM)
enablers (2.14) and multiple access techniques for D2D (2.11).

A new application becoming relevant for future wireless networks is MMC. This is specifically
challenging for the radio link layer. To enable an efficient support of MMC, new multiple
access (2.11) and medium access control schemes (2.12), HARQ enhancements (2.13),
synchronization issues (2.12) and general signalling aspects for MMC (2.2) are to be
investigated in the radio link research. In these research topics, also URC is considered.

Last but not least, moving networks (MN) are an important enabler to extend coverage and
reliability of the network and impose a challenge for the radio link as well. Robust solutions
designed based on FBMC systems (2.8) are investigated as well as an air interface designed
for moving networks (2.6).

With all these requirements and the diversity of solutions, flexible design and interface
management are of increasing importance, as most likely a one-fits-all solution will not be able
to efficiently address all the demand of the diverse services of future wireless networks. These
aspects are also investigated in this WP by advanced link adaptation (2.4), flexible modulation
and coding (2.9) and HARQ design (2.13) as well as flexible signalling structures (2.5).

2.1 Airinterface in dense deployment

2.1.1 General description

In the METIS deliverable D2.1, the air interface design in dense deployment is described
targeting METIS goals of the future demands in terms of perceived traffic growth in dense
environment at the same time the demands of low cost and low energy consumption. The
ultra-dense networks are assumed for local area deployment with access nodes and user
terminals in the same order in density and in transmit power. Dense networks may be
integrated under so called umbrella networks or clusters to ensure seamless coverage
resulting in multi-layers of networks or clusters.

This research topic will provide efficient solutions to the low modem cost requirement, high
data-rates with large carrier bandwidth, low physical layer latency and physical layer enablers
for interference management in dense deployment environment.
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2.1.2 Related state of the art and limits

TDD LTE-A [BGPP-TS36211] and WLAN 802.11ac/ad [IEEE-802.11][PG11][IEEE-802.11ad]
physical frames are both based on OFDM. TDD LTE-A frame, presented in Figure 2.1 a)
follows the LTE frame structure type 2. One radio frame consists of 10 subframes, having 1
ms duration each. DL/UL direction switching is included in the form of the special subframe
providing support for two switching point periodicities* (5ms and 10ms) and containing three
fields: DL pilot time slot (DWPTS), guard period (GP) and UL pilot time slot (UpPTS), for which
the lengths can be configured between 3-12, 1-10 and 1-2 OFDM symbols respectively. GP
time includes sum of the switching times of both switching directions (DL-UL and UL-DL). The
UL/DL switching ratio can be adjusted only with limited flexibility; 7 UL/DL configurations have
been defined in 3GPP with DL:UL ratio varying from 2:3 to 9:1.

The WLAN systems are typically based on carrier sense multiple access with collision
avoidance (CSMA/CA). Basically, each station senses the medium for a period of time defined
as distributed coordinated function (DCF) inter-frame space (DIFS); in case the medium is idle
the station can take the ownership and begin a frame exchanging sequence. The short inter-
frame space (SIFS) is inserted between successive frames. The SIFS, mainly dominated by
the processing delays over propagation delays, is designed to accommodate for the following
actions: PHY Rx latency, MAC processing and PHY Tx latency. As the duration of DIFS has
been defined to be SIFS + 2xSlotTime, it allows the station owning the medium to finish the
transmission sequence without interruptions from the other stations. The principle of DIFS and
SIFS timings is shown in Figure 2.1 b).

Radio frame =10 ms

Subframe =1 ms

DwPTS GF UpPTS

DIFS Data frame |SIFS ——
b) frame

a) Special subframe =1 ms

Figure 2.1 Frame structure of a) TDD LTE-A, b) WLAN 802.11ac guard times

The main physical layer limits of TDD-LTE and WLAN 802.11ac/ad technologies are
summarized in Table 2.1.

Table 2.1 Main physical layer parameters and limits of TDD LTE-A and 802.11ac/802.11ad

TDD LTE-A Release 11

802.11ac/802.11ad

METIS UDN target

SC spacing 15 kHz 802.11ac: 312.5 kHz Under study (same BB
802.11ad: 5.15625 MHz | design applicable for
different SC spacing)
Carrier Varying from 699-716MHz to |802.11ac: 5 GHz >~3 GHz ...100 GHz
frequencies 3600-3800MHz 802.11ad: 60 GHz
Channel 1.4MHz, 3MHz, 5MHz, 802.11ac: 20MHz, 40 Estimated maximum
bandwidth 10MHz, 15MHz, 20MHz MHz, 80 MHz, 160 MHz, | gvailable BWSs varies

80 MHz + 80 MHz
802.11ad: 2.16 GHz

according to carrier
frequency (100 MHz ... 1-2
GHz)

UL/DL switching |5ms (and 10ms) = hard limit Not restricted by frame | Flexible
period for the physical layer latency | structure.
UL/DL ratio Varying from 2:3t0 9:1in a Not restricted by frame | Flexible

subframe

structure.

YIn 3GPP Rel'12, there is a study on enhanced interference management and traffic adaptation (eIMTA), which
may allow for more flexible switching points between radio frames.
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Minimum TDD Minimum allowed TA SIFS = 16 us Lower (should not cause
switching time adjustment = 20.3 ps too much overhead)
CP/GIl overhead |CP overhead: 6.6% (with Gl overhead: Lower (should not cause

normal CP length of 4.7us in
front of every 66.7 ps symbol)

802.11ac: 11.1% at
minimum (0.4 us Gl in
every 3.6 Us symbol)
802.11ad: 25 % (48.5 ns
Gl in 0.194 ps symbol)

too much overhead)

Frequency guard
overheads

10% at minimum (with channel
bandwidths of 3, 5, 10, 15, 20
MH2z)

802.11ac: From 5.5% at
minimum (with 160 MHz
BW), up to 12.5% (with
smaller bandwidths).
802.11ad:
approximately 19 % for
SC and OFDM PHY
(approximately 1760
MHz BW in 2.16 GHz
wide channel)

Lower (should not cause
too much overhead)

RS (Reference
Signal) & Ctrl
overheads

For DL with normal CP length:
CRS (Common Reference
Signal): 3.6-14.3% (depends
on the # of antenna ports)

UE specific DM-RS: 7.1-14.3%
(depends on the # of layers)
PDCCH: 7.1-21.4% (+
possible EPDCCH overhead in
Relll)

Overheads hard to
define since data length
can be variable.

Lower

Physical HARQ
RTT

Variant from 8ms up to 16ms
(depends on the link direction,
UL/DL configuration and
subframe number)

No support for PHY
layer HARQ

Lower (around e.g. ~1 ms)

# of HARQ
processes

DL: varies between 4 and 15
UL: varies between 1 and 7

No support for PHY
layer HARQ

Under study

Physical 2-way
control signaling
latency

213.5 ms in total (depends on
the used UL/DL configuration)

Lower (around e.g. ~1 ms)

Multi-antenna
support

8x8 MIMO (DL)
4xN (N24) MIMO (UL)

802.11ac: up to 8 layers
in DL (MU-MIMO), a
station can receive up to
4 layers.

802.11ad: beamforming,
no spatial multiplexing
(1 layer transmission
only)

Massive MIMO should be
enabled by PHY layer
solutions.

Link independent
design

Separate designs for DL, UL,
D2D

Not restricted.

UL and DL links with
symmetric elements

Cross-link Not possible to orthogonalize Under study

interference RSs over cross-links

mitigation

Standalone / Supports in-band relaying. If a | WLAN can be deployed | PHY layer should support
centrally UE is connected to a relay, the | by both standalone and | (self-)coordinated

coordinated
deployment and

eNB cannot control the
scheduling, HARQ and

centrally coordinated
manner.

operation among multiple
cells and standalone
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wireless SR/CQI/ACK for the UE. There operation, multi-hop in a
backhauling is no inherent support for mesh of access nodes to
control signaling supporting one or several aggregation
both coordinated and nodes in any spectral
standalone modes. bands and mechanisms

for switching on/off UDN
(e.g. idle) nodes on
demand and handing over
traffic from/to umbrella
cells -> need of flexible
resource management and
robust control plane.

The impact of 5G dense deployment environment and how the evolvements in component
technology may affect to the physical TDD frame numerology have been studied in [LPB+13].
Adaptive CP length is studied in [ZLO4]. The paper proposes a method for estimation of RMS
delay spread, and based on the estimate, selects the CP length. The CP length and power
allocation are jointly optimized in [DTL10]. The approach is iterative and suboptimal, but
significant improvements can be achieved. Joint bit loading and adaptive cyclic prefix is
studied in [DTLO9]. A dynamic UL-DL configuration and interference management for TDD
systems are motivated and evaluated in the context of LTE layered network with macro cells
and small cells in [SKE+12]. The effect of CP length for OFDM systems is reported in
[BBKOA4].

2.1.3 Detailed description of planned research

To meet the METIS requirements on ultra-dense deployment, the METIS UDN system is
targeting much higher data rates, spanning to much larger frequency regions with wider
bandwidths and at the same time targeting much lower energy consumption and cost
compared to the existing technologies. Also new connection types (wireless backhauling, D2D
etc.) need to be supported. As a result, an air interface to support flexibility and better (self-)
coordination among access nodes in a UDN context is needed. Moreover, a METIS UDN is
much denser than the LTE-A system resulting in more symmetric uplink and downlink in
power (compared to macro or micro cell deployments) which gives additional opportunities to
explore. The main physical layer parameters to be researched and aimed to be improved by
this RT were listed in Table 2.1 together with initial target and comparison to existing LTE-A
and WLAN 802.11ac/ad technologies.

In this RT, the air interface concept for dense deployment consists of the following building
blocks:

e OFDM-based waveform, due to good time localization enabling low latency and low cost
receiver with good MIMO/beamforming performance.

¢ Dynamic TDD, due to its capability to flexibly and dynamically allocate the available
bandwidth to any link direction, motivated by bursty traffic demand in small cells and need
to support hew connection types. In addition, TDD has lower radio component cost, it does
not require duplex filters, the amount of available bandwidth is larger for TDD (over FDD)
and it enables utilization of channel reciprocity.

e Synchronization: All nodes in a UDN should be assumed to be (locally) synchronized (e.qg.
by using a distributed synchronization algorithm), which simplifies coordination among
devices, RRM, and increases energy efficiency since a device can perform multiple
measurements simultaneously.

e Frame based access (meaning that frames of different devices and cells in the network
have concurrent timings), due to efficient usage of resources.
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e Physical layer frequency numerology optimized for UDN: the air interface needs to support
usage of different carrier frequencies, from low (~3 GHz) to very high (mmW, up to 100
GHz) frequencies with increasing amount of available BW. LTE-A technology may be
estimated to reserve the frequencies at least around 3GHz, so they (and lower
frequencies) may not be that prominent for METIS UDN. Ideally, to reduce cost and
complexity of the baseband (BB), same BB design should be reused for multiple carrier
frequencies and bandwidths. When increasing carrier frequency (towards mmW), the
available BW and SC spacing may be simultaneously increased (in step-wise manner in
order to minimize complexity), to keep the FFT size manageable and by using clock rate of
integer multiples of e.g. the LTE-A base clock. Furthermore, numerology optimized for
mmW is under study to ensure the move towards the new higher frequency region.

o Physical frame TDD numerology optimized for UDN: TDD parameters such as guard
period (GP), cyclic prefix (CP) etc. are investigated and optimized for UDN environment
together with certain expected evolvements in component technology. These aspects
enable usage of shorter GP and CP times compared to existing technologies even with
low carrier frequencies. The delay spread and therefore related frame numerology may
further be variable according to the carrier frequency (in step-wise manner in order to
minimize complexity).

e Frame structure (and control signaling) optimized for UDN environment: The UDN
optimized TDD numerology enables the usage of shorter subframe length and a physical
subframe structure design fully optimized for TDD (with potentially more frequent TDD
switching inside e.g. one scheduling interval). These aspects will provide more flexibility
and further improve e.qg. total link spectral efficiency and PHY layer latency (related to e.g.
HARQ RTT and control signaling). Moreover, related HARQ scheme and timings together
with considerations about the needed amount of soft buffering are to be investigated. More
specific design and relation to different set of carrier frequencies are also included in the
study. Flexible control signaling mechanism supporting both coordinated and standalone
modes is to be further investigated. A flexible or variable TTI length to contain a whole IP
datagram thus avoid segmentation is also under investigation.

e Modulation and coding: Given the large considered bandwidths, it is important to enable
fractional allocations of the total bandwidth to individual users (e.g. with either multi-carrier
transmission scheme). A desirable feature is to maintain the possibility of simple
frequency-domain equalization. An adaptive coding scheme which enables switching
among different code classes may be beneficial.

¢ Multi-antenna _and high-gain_beamforming: In some of the high frequency bands, radio
wavelengths are substantially smaller than those in conventional cellular networks, further
enabling a considerable number of antenna elements to be equipped inside an access
node without compromising its physical dimensions. Even though the expected
transmission distances in UDN are short, the required levels of received energy are
challenging given the envisioned high data rates. Beamforming at the access node, for
both transmitter and receiver, is one possibility to increase received energy. In general, the
amount of antenna elements can be increased as increase of carrier frequency which is
part of the study.

2.2 Optimized signaling structure for low-cost MMC devices

2.2.1 General description

The expected widespread use of low-cost MMC devices, which some forecasts [Eril0]
indicate will reach tens of billions devices world wide and span a wide application range, will
not be handled efficiently by the current wireless communication networks. Although in most
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cases, each of these individual devices will only transmit small data portions very sporadically,
it was observed that for some applications the group behavior follows one of a botnet
[SIL+12] i.e. a large amount of devices will access the network simultaneously. Current
wireless systems were neither designed to handle efficiently small data packets nor the
simultaneous access of thousands of devices, even in the case where the aggregated data
traffic demand is within the system capacity, mostly due to lack of capacity for the generated
signaling overhead. Therefore this leads to the necessity of designing a signaling structure
that is optimized to handle such a traffic profile.

The MMC devices are expected to be low-cost, which implies that these will have reduced
transceiver complexity such as lower transmission power, single antenna, reduced RF
bandwidth, and low baseband computational power. All these factors will introduce a reduction
of the coverage; therefore there is the need to investigate low-cost enhancements for
improving the coverage, which can range from alternative transmission schemes to the use of
aggregation devices. This motivates the recourse to alternative approaches that can take
advantage of legacy systems (such as the paging network) to achieve large scale downlink
coverage for MMC and the use of the coordinated relay and device-to-device paradigm to
enable reliable uplink coverage for MMC and efficient coexistence with non-MMC devices.

2.2.2 Related state of the art and limits

From the industry side, currently MMC traffic is mostly handled through solutions based on the
GSM family (GSM/GPRS/EDGE). As consequence, in 3GPP [3GPP-TR37868] there has been
an effort to not only enhance further the GSM related standards as to facilitate the serving of
this kind of traffic; as well as to set the path so that LTE related standards can take over the
MMC. This latter effort has been mostly on the reduction of complexity at the terminal side.

In 3GPP there is an on-going effort on enabling low cost LTE devices [LKH+13], [3GPP-
TR36888] for MMC, where the reduction in cost comes mainly from lowering the device
bandwidth, baseband processing complexity, and using half-duplex transceivers. From the
many challenges to enable these devices to coexist with normal LTE devices [Beal?], the
main one is the reduced coverage, which is commonly addressed by reducing the cell sizes,
introducing relays, or increasing the transmission time. The latter option is the one gaining
traction [Beal2].

The efforts related to enable cost effective MMC in LTE, have been championed by two FP7
projects the EXpAnding LTE for Devices (EXALTED) and Achieving LOw-LAtency in Wireless
Communications (LOLA).

EXALTED aimed at the specification of a communication system for MMC — denoted as LTE-
M - coexisting with LTE in the same frequency band. EXALTED was dedicated to optimize the
LTE system for a set of MMC requirements, taking backward compatibility issues into account.
The MMC requirements include improved energy efficiency and reduced cost for the MMC
devices, and efficient support of small payloads, extended coverage and support of 100-1000
active MMC devices per cell for the system. The assumed latency requirements were rather
relaxed (>100ms message delay). Optimization for stationary devices was also considered.

LOLA’s main target was the optimization of latency in LTE systems for specific MMC use
cases. LOLA provided input to 3GPP standardization directly and targeted the improvement of
LTE MAC and PHY-layers in terms of framing, scheduler design, and adaptive coding and
modulation and ACK/NACK feedback.

From the academia side, in the literature there can be found several efforts to enable efficient
MMC within GSM and LTE cellular networks [CL+13]. The current focus is mostly on the
characterization of the effect of a massive amount of Machine Type Devices requesting
access in a cell [SJL+12], [PVS11], [MSP+13], on adaptive contention and load control
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schemes to handle massive contention access [PTS+12, SPV12, LLK+12, CLW+12] and on
traffic aggregation in cellular devices from non-cellular networks [LKH+13].

Most MMC application scenarios are expected to dominate the traffic load in uplink direction,
therefore there is a concern in regards to the uplink scheduling [GLA12] and coverage
degradation due to low complexity MMC devices [Beal?].

In cellular communication systems, such as LTE, uplink scheduling takes place at the eNB
and the allocation decisions are communicated to the users (UESs) through appropriate control
channels. As the number of devices grows, so does the associated signaling load. Based on
the scheduling requests, the eNB decides the RB allocation at each TTI, and sends this to the
MMC devices through the corresponding DL control channel. Hence LTE is unable to support
hundreds of MMC devices demanding simultaneous access to the shared channel in future
MMC scenarios. Since MMC-enabled LTE is a rather recent research area, the bibliography
on MMC Scheduling is still scarce. In [LC11], [LCL11] a group based scheduling approach
reducing complexity for radio resources management and scheduling is proposed. It is based
on the formation of groups of MMC devices or “clusters”, where each cluster is associated with
a prescribed QoS profile. Then MMC devices are transparently connected to and managed by
LTE, since the eNB controls the cluster entities. Scheduling prioritization is imposed on a
cluster basis, a policy that significantly reduces complexity and overhead. Cluster formation is
dictated by the packet arrival rate and maximum tolerable jitter. In [JWM+07], [PKH+08],
[FLK+08], and [MLM+10], semi-persistent scheduling schemes have been proposed for
effectively dealing with periodic data traffic characteristics. Semi-persistent scheduling takes
an allocation decision for a longer time period, thus reducing physical layer control signaling
overhead.

The coverage of MMC devices can be enhanced through the use of the D2D communication
paradigm. Within the literature dedicated to D2D, the synergies to be gained by combining
MMC and D2D have not until now been identified, although the authors of [LK06] have
motivated that the use of relaying in the uplink direction in cellular network is one of the key
aspects to enable MMC within a cellular network. Within the D2D context, the work can be
classified in regards to how the spectrum is shared with the cellular network, i.e. either in
underlaying [DRW+09, DRJ+09, JYD+09] or in overlaying [KA08] D2D. In 3GPP it was started
a study item on proximity services based on D2D [3GPP-TR36843]. Further, it should be
noted that the approaches currently applied to D2D are also applicable to Vehicular-to-
Vehicular (V2V), as shown in [ZCY+13]. There are two main design directions currently found
in the literature:

o Network-assisted D2D. The network performs all the decisions in regards to resource
sharing mode selection (D2D or via the cellular infrastructure), power control, scheduling,
selection of transmission format (such as modulation, coding rates, multi-antenna
transmission mode, etc.);

o D2D with minimal network assistance. The network provides at most only synchronization
signals to the devices.

In [MSL+11] the authors introduce three receiving modes for reliable D2D communication
when the D2D UEs share the cellular radio resources. The first mode treats the interference
as noise, the second mode decodes the interference and then cancels it. For the transient
region between low and very strong interference, instead of the conventional approach where
resources are orthogonal, the authors propose a mode in which the interference is
retransmitted to the receiver which then cancels it from the original transmission.
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2.2.3 Detailed description of planned research

The research topics considered here are in line with the ones proposed in RT 12 dealing with
random access. Under this research topic, it is planned to pursue the following research
topics:

e Current LTE specifications were designed to cover broadband applications and a relatively
small number of served UEs per cell. To achieve a high peak data rate and enable high
mobility a certain amount of control signaling is necessary. But most M2M applications
transmit or receive only a small amount of data, which leads to high amount of control
information compared to the actual payload. In typical MMC scenarios with a huge number
of MTC devices, the overall amount of control information would easily impose a burden
on the access network that finally results in congestion situations. Hence, decreasing
signaling overhead is crucial for a METIS MMC solution. A sophisticated, traffic-aware
access management scheme can directly reduce signaling overhead, assuming that
collisions can be resolved. Therefore, we will develop and evaluate a hybrid scheme that
exploits traffic characteristics using a priori knowledge for scheduling periodically operating
devices on a quasi-statically basis and devices communicating sporadically on a random
basis. Once, the device is scheduled no additional signaling information is required. This
can lead to a reduced signaling overhead, where long-term traffic characteristics are
exploited. Using a clever random access scheme has the main advantage that exchange
of scheduling information on a TTI basis is not required for minimizing signaling overhead.

e For sporadic traffic with random arrivals a scheme based on an approach that combines
random access transmission and advanced PHY multi-devices detection transmission is
considered. Here, traditional S-ALOHA throughput is enhanced by a narrowband
spreading of the uplink signal. The spreading is performed by quasi-orthogonal codes that
are not pre-assigned, i.e. the machine randomly chooses a code in order to perform its
transmission. Therefore, when receiver complexity in the base station is allowed to
increase, a SIC-like receiver is employed and is able to simultaneously detect many
machines transmissions. This approach also supports the issue of the low power
transmission by the spreading gain imposed by the code.

e Another of the challenges that MMC poses to the cellular network, is the one of low
transmission power that can lead to outage problems for devices at the cell-edge. In this
research track it will be explored the opportunity opened by D2D links for supporting MMC
devices, since it can be desirable to carry the MMC traffic not through direct links to a base
station (BS), but through a nearby relay. The planned research includes the proposal and
analysis of schemes that allow the underlaying of low rate and low power MMC links; while
alleviating the problem of massive access through the use of local relay links facilitated by
D2D.

2.3 Air interface supporting new and dynamic spectrum usage

2.3.1 General description

In order to improve the spectrum utilization, it is important that the air interface should be able
to operate in new spectrum bands and support dynamic usage of spectrum. This research
topic focuses on the RF architecture and air interface support to dynamic spectrum sharing.
Research of air interface support to operate in new spectrum and dynamic spectrum sharing
in dense deployment is included in the research topic 2.1 “Air interface in dense deployment”.
The LTE specification has fixed allocation for control channels and true dynamic spectrum
usage or reconfigurability is not considered. LTE and LTE-A RF blocking requirements cannot
be matched for FDD operation without front end duplexers. Thus the fundamental wideband
requirement essential for dynamic spectrum usage are not met.
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The spectrum availability varies with time. No frequency range is available at all times which
leads to the requirement that the physical channel for control should be dynamically
reconfigurable. Efficient spectrum usage is possible with a reconfigurable radio necessitating a
frequency-agile front end in the hardware, wherein the front end can tune in to any frequency
band based on the spectrum considerations. Such wideband RF architecture needs a filterless
design which creates problems with the linearity and frequency selectivity of the system;
thereby challenging the SNR of the system.

2.3.2 Related state of the art and limits

For a true dynamic spectrum access the receiver should be filterless meaning without any
surface acoustic wave (SAW) based filters or duplexers and hence should be frequency agile.
Regardless of an integrated circuit being wideband, the stringent filtering requirements for LTE
limits the front end to be narrow band. Challenges such as the frequency selectivity and Tx
leakage and hence the support for legacy systems are still bottlenecks. The requirements of
such a multiband receiver are dealt in detail in the [HW11][AI13]. The system parameters of a
receiver namely the linearity (usually expressed as second and third order intercept points)
and noise figure are evaluated under the presence of in-band, out-of-band blockers and Tx
leakage. The requirements pointed out are not met in the state of art. [TSN+08] shows a state
of the art transceiver for WCDMA/HSDPA. The concerned receiver is a SAW-less tri-band
receiver. Although it is multiband, it can be seen that separate receiver chains are
incorporated to accommodate different bands rather than a single wideband front end. The
paper addresses the Tx leakage problem arising out of an FDD scenario as well as the
interference scenario in the absence of the SAW filters. As individual Rx chains are not
wideband, specifications in the presence of the interferers are met by selective Tx filtering and
high linear stages. The system mentioned above is tested with a WCDMA Tx leakage at -180
MHz and -90 MHz offset or duplex distance. But as the duplex distance becomes smaller to
30 MHz as in the case of LTE bands 12, 13, 14 and 17, filtering of Tx leakage is a big
challenge. [BTT+11] shows another state of the art SAW-less receiver supporting multiband
operation. The receiver here is designed to support WCDMA as well GSM bands. The referred
architecture uses separate eight receiver chains in order to achieve the multiband operation.

Another significant multiband architecture is published in [IGB+10]. The multiband transceiver
acts as a frontend for software defined radio and can support DVB-H, GSM/EDGE, WCDMA,
GPS, MIMO WIMAX and MIMO WLAN. The architecture is SAW-less and covering wideband
frequencies from 100 MHz to 6 GHz. As a single wideband RF front end being not optimal,
four different low noise amplifiers (LNA) covers the above said frequency range. For the FDD
scenario, the authors have used the duplexer to attenuate the TX leakage but have avoided
inter-stage SAW filters to reduce the BOM (bill of materials) and to improve the flexibility.
Hence from the state of the art RF architectures described above, dynamic spectrum access
can be provided only with multiple receiver chains occupying a large silicon area wherein
separate receiver chains support the existing bands. Besides, for an FDD scenario, an
efficient method of TX leakage cancellation under wideband operation is yet to be devised.
Hence the cost and complexity is increasing with generation and intelligent wideband
architecture such as the cognitive radio is needed to handle the ever crunching spectrum
scenario.

2.3.3 Detailed description of planned research

As explained in the state of the art chapter, present multiband architectures have separate
RX/TX chains to cover multiple frequency bands. Hence the future wireless communication
systems are expected to have numerous RX/TX chains in order to handle 2G, 3G, 4G and
above. The result is a large bill-of-materials (BOM) due to large number of SAW filters,
duplexers, switches, power amplifiers, larger than desired form factor and as well as power
consumption. The solution to such a scenario is a frequency agile front end. Such a wideband
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front end can be dynamically configured and tuned into any desired frequency band. The aim
of such architecture is not only wideband operation, but to reduce BOM by a filterless design.
A wideband architecture also has to support the legacy systems such as GSM and 3G along
with the LTE. This necessitates different duplex modes such as FDD and TDD. Under this
scenario, the receiver has to maintain the required frequency selectivity and linearity to sustain
the in-band and out-of-band blockers. Besides, the TX leakage coming from the transmitter in
an FDD is a big challenge. Design of a high linear RF front end and an investigation of duplex
modes to support legacy systems are the main challenges in the design of the frequency agile
architecture.

As a first step, a highly linear prototype is designed using of-the-shelf components and a
detailed system design is then pursued. The frequency of operation is the UHF, where in
addition to four LTE bands (bands 12, 13, 14 and 17), DVB-T2 bands are also present. The
system performance of the architecture is weighed against the LTE RF specifications. Instead
of any simulation tools, the system level plan can be done using spreadsheet tools. Such a
system design will give first hand insights to the various challenges encountered. The
frequency selectivity, interference effects and the noise performance can be qualitatively
calculated. This approach can be performed across other possible architectures. The most
suitable architecture can be then prototyped. The wideband capability, specific requirements
for frequency selectivity, linearity requirements and impact on RF performance under different
duplex methods can be identified to devise a frequency agile architecture for multiband
operation. This new architecture will be able to demonstrate wideband operation with a
simplified filter less front end. A convergence of the new approach with legacy standards
might also be possible by introducing a half duplex FDD operation.

2.4 Interface-management and advanced link-adaptation techniques

2.4.1 General description

The future wireless network needs to meet a number of new challenges. The QoS/QoE
requirements, data rate requirement, packet sizes and traffic pattern will become even more
diverse. As we evolve into a more connected lifestyle, the adoption of systems such as smart
appliances and smart vehicles mean that there will be massive number of devices connected
to the Internet wirelessly. These different terminal types will have different signal processing
capability.

Current wireless standards (e.g. LTE), while providing significant enhancements over previous
generations, will not be able to fully meet these challenges. The existing design is geared
towards a one-size-fit-all solution which is not flexible and efficient enough for the variety of
applications and services envisioned for the future. A single monolithic air interface design will
not be able to suit the competing needs of different applications. When designing the future air
interface, considerations are taken to address several key challenges, in particular:

* Latency
* Overhead
» Capacity (spectral efficiency, number of users etc.)

However, these challenges are not always equally relevant. Depending on the traffic type and
UE conditions, one challenge can be more important than another. Some applications will
have more stringent latency requirements, while other applications can tolerate more delay. It
is inefficient to transmit small packets with a high signaling overhead compared to large
packets. With large packets, one can tolerate more dynamic signaling while still keeping high
spectral efficiency, but for small packets, the overhead has to be reduced in order to obtain a
similar spectral efficiency.

METIS Public 14



Document: FP7-ICT-317669- METIS/D2.2

2 N

els ) Date: 30/10/2013 Security:  Public
N4 tatus: Fina ersion: 1
X4 S | Vv

This motivates a software configurable air interface to provide the flexibility in adapting the
diverse characteristics of future applications.

Software configurable air interface mechanisms combined with link adaptation techniques is
one of key technical challenge of Multiple Interface Management (MIM) to be addressed in the
METIS project in order to ensure seamless connectivity with desired QoS and QoE and
desired radio coverage. Flexible Air Interface (FAI) and multi-RAT CQI metrics dedicated to
FAI and multi-RAT deployments have to be designed and implemented over cross layer
mechanisms related to LA metric implementation through PHY/MAC/RRM and IP layer
mechanisms and therefore considering radio link as well as network level. In the multi-RAT
link adaptation technique current RAT and other emerging RAT from METIS including new
waveforms will be encountered.

2.4.2 Related state of the art and limits

In current air interface standards, the configurability of individual components (e.g. waveform,
TTI, retransmission mechanisms) is limited. Take an example of the LTE standard [3GPP-
TS36300], [DPS11], [Ayv13] the waveform selection is based on physical layer parameters
such as Peak-to-Average Power Ratio (PAPR) requirement. It is defined for the downlink with
OFDMA and uplink with SC-FDMA.. In terms of frame structure, the TTI duration is fixed to 1
ms regardless of the latency requirement of the traffic and channel conditions of the users.
Retransmission mechanism using HARQ in LTE is the same for all traffic types. The choice is
limited to stop-and-wait protocol with multiple HARQ processes [DPS11].

METIS aims at a variety of applications, with different traffic and channel types, including ultra
dense networks, ultra-reliable communication, D2D, M2M, and moving networks. This places
extremely high demands on the flexibility of the air interface. It is expected that a single air
interface is not enough to cater for the needs of such diverse scenarios. Also, there is a trend
towards multi-standard capable base-stations using software defined digital radio technology
to reduce the deployment and operational cost. This motivates a software-defined approach.

(,

FTTH &
Ethernet

-ty

Network Layer (IP)

Inter-MAC Layer ¥
» 4

Use of simultaneous very High bit rate flows
within the home, with guaranteed QoS
- live streaming TV programs (3D)
- record of HDTV programs and movies
- video editing and transfer to the media center
- real time multiplayer games
- HD video conference

Figure 2.2 : Home network seamless connectivity in the ICT-FP7 OMEGA project.
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Link adaptation techniques in the 3GPP standard [Pell3] [3GPP-TS36211],[3GPP-TS36213],
[BGPP-TS36214] utilize a feedback CQI information converted into a 4-bit CQI parameter from
a RSSI estimation [3GPP-TS36213]. The selection is done following a spectrum efficiency
optimization. These algorithms do not encounter Energy Efficiency criteria.

In the ICT-FP7 OMEGA project, Multiple Interface Management (MIM) has been investigated
leading to a H/W platform [OMEG2+11] for the Home Network Wi-Fi technologies, UWB and
Wireless Optic transmissions have been combined with wireline transmissions to fulfill high
QoS and multi-service deployment [OMEG1+11] into a seamless connectivity as shown in
Error! Reference source not found.. A L2.5 layer has been introduced to manage several
nterfaces considering the best path selection between devices assimilated to nodes and other
PHY/MAC link efficiency criteria. In the METIS project, complementary mechanisms will be
studied to set up low complexity MIM.

2.4.3 Detailed description of planned research

A software configurable air interface is proposed to provide the flexibility in adapting the
diverse characteristics of future applications. It is customized to best serve different
applications under different transmission and reception conditions at the same time. In
general, an air interface consists of several fundamental building blocks: waveform, frame
structure, multiple access scheme, transmission/re-transmission mechanism and
coding/modulation, as illustrated in Figure 2.3.

Frame structure

Multiple access scheme Air Interface

Transmission/re-
transmission mechanism

Coding/Modulation

Figure 2.3: Building blocks of an air interface.

The software configurable air interface consists of adaptation mechanisms for the different
building blocks as shown in Figure 2.4:

* Adaptive waveform

» Adaptive data transmission scheme
* Adaptive frame structure

* Adaptive multiple access scheme

* Adaptive coding and modulation

The steps to realize air interface adaptation are shown in Figure 2.5. The different candidate
schemes for each building block are predefined. Based on a set of input parameters such as
the traffic types (e.g. QoS) and transmit/receive conditions (e.g. channel variation, the
capabilities of transmitter and receiver), decisions are made to select the best scheme from
each building block.
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Figure 2.4: Software configurable air interface.

The signaling mechanism required to enable adaptive air interface includes information
exchange with the network on UE capability during initial access as well as informing the UEs
on the building block selection by the network. Signaling can be explicit (e.g. waveform
selection and cyclic prefix selection). Implicit signaling can also be used under some
scenarios, e.g. for a fixed mapping between a scheme of each building block and the
associated input parameters of traffic type and transmit/receive conditions. From time to time,
explicit signaling can be used to override the implicit mapping.

Air Interface

Configuration

1

Candidate
technologies for all Al
buildingblocks

Figure 2.5: Air interface adaptation mechanism.

EE metrics dedicated to multi-RAT link adaptation techniques with low complexity
implementation schemes will be investigated in METIS upon FAI and Multi-RAT architectures.
The objective in METIS is to design EE CQI metric to perform FAI LA and propose practical
set-up architectures regarding PHY and MAC signaling frames. Dedicated FAI use cases
related to advanced HET NET architectures composed of Wi-Fi components for small cell
deployments integrated into LTE-A macro cells as shown in Figure 2.6 have been designed in
Green Touch [GreenT] and will be optimized in the METIS project.

A novel CQI metric based on link budget assessments in order to ensure QoS and radio
coverage targets is being designed. This metric, denoted Green Link Budget (GLB) metric
performs multi-RAT and FAI link adaptation techniques ensuring QoS, radio coverage and
transmit power minimization [US12]. First results exhibit gain up to 16 dB in UDN and short
range scenarios.

The next step is to evaluate the GLB metric upon METIS multi-RAT use cases. Close
collaboration with the research on network level is planned to sketch the GLB metric relevance
in further multi-RAT optimizations.
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Figure 2.6 : HET NET Flexible air interface use cases

2.5 Signaling for advanced multiple-access and new waveforms

2.5.1 General description

The design of the radio air interface and multiple access for future wireless communication
systems should improve the system capacity and spectrum efficiency significantly and also
take into account the diversity of environments and requirements that need to be supported. In
addition, it is important to vastly reduce overhead while still improving the spectrum efficiency
sufficiently. To this end, new signaling concepts/schemes are of interest in order to provide:

e Further improvement of spectrum efficiency by using more advanced multiple access that
exploits new dimensions (e.g., power-domain) and utilizes additional signaling information
on desired and/or interference signals.

e More dynamic adaptation of the system configuration and interface (e.g., waveform,
numerology, reference signal density) according to the environments (e.g., low and high
mobility, local area and wide area) and requirements of diverse types of devices (e.g.,
M2M) and services, as discussed in section 2.4.

2.5.2 Related state of the art and limits

In the future, more advanced transmitter (Tx) and receiver (Rx) cooperation techniques are
required in order to further improve system capacity and spectrum efficiency. In particular, co-
channel interference, either from inter-cell or co-scheduled intra-cell users, is one dominant
limiting factor for achieving higher capacity in current networks. In 3GPP LTE Release 11, the
performance requirements were defined for practical linear interference suppression (IS)
receivers as they showed promising performance gains [3GPP-TR36829]. In another 3GPP
LTE Release 11 work item (FelCIC: Further enhancement of inter-cell interference
coordination), non-linear interference cancellation receivers that mitigate strong interference
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among reference, synchronization signals and control channels (e.g., CRS/PSS/SSS/PBCH)
have been shown to provide gains over linear receivers.

Further enhancements to intra-cell and inter-cell interference mitigation at the receiver side for
data channels could be achieved by further Tx/Rx cooperation via increasing the degree of
knowledge about interfering transmissions with possible tighter coordination in the network.
Compared to transmission-side coordination techniques whose performance degrades under
imperfect channel knowledge at the transmitter side due to limited feedback, receiver side
interference mitigation can to some extent alleviate the burden of channel feedback. The
baseline receivers for either intra-cell or inter-cell interference mitigation are linear interference
suppression (IS), and non-linear processing interference cancellation (IC), such as successive
interference cancellation (SIC) and maximum likelihood detection (MLD). However, in general
for inter-cell, the performance of SIC receivers would degrade at cell edge when interfering
signals use higher-order MCS while MLD complexity will increase exponentially with the
number of interfering signals and MCS level. In LTE Release 12, discussions are ongoing
about linear IS receivers and iterative/non-iterative explicit IC receivers with participating
transmitters coordinating and providing side knowledge of the interference.

The followings are the two main target scenarios in LTE Release 12:

1. Inter-cell interference for homogeneous and heterogeneous deployment
scenarios
2. Intra-cell interference resulting from current SU-/MU-MIMO operation

Inter-cell interference for homogeneous and heterogeneous deployment scenarios

Examples of the information exchanged between cells for inter-cell interference mitigation and
studied in LTE Release 12 are:

e The presence and characteristics of interference

e The transmission schemes of interfering signals including:
o Resource allocation

Reference symbols for possibly enabling channel estimation

Number of RS ports

Physical cell ID / Virtual cell ID

Modulation format and/or coding rate.

Slot number

Cyclic prefix length information

System bandwidth for CRS/CSI-RS

PDSCH bandwidth for DM-RS

MBSFN configuration for CRS

PDSCH start symbol

These kind of network-assisted IS/IC requires standardization efforts on the signaling aspects
that can enable more effective and robust UE-side interference cancellation and/or
suppression with possible network coordination, as well as on the physical layer changes that
can translate link-level improvements of these advanced receivers to system-level capacity
gains [3GPP13-RP130404]. It is also important to study the trade-off, in terms of performance,
complexity, and signaling overhead, when enabling feasible and robust interference
cancellation/suppression at the UE side with and without network assistance.

O O O OO O O 0 O

0]

2.5.3 Detailed description of planned research

A new non-orthogonal multiple access (NOMA) scheme is studied where intentional non-
orthogonality is introduced in the downlink. For downlink NOMA, power domain is exploited for
multi-user multiplexing at the transmitter side and successive interference cancellation (SIC) is
used at the receiver side to mitigate intra-user interference. NOMA efficiently exploits the
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power-domain by translating the channel gain/path-loss difference among users to user
multiplexing gains. In addition, differently from the ongoing discussions on network-assisted
interference cancellation and suppression (NAICS) in LTE Release 12 where the main focus is
on intercell interference, NOMA assumes SIC at the receiver side in order to mitigate intra-cell
interference that is intentionally introduced at the transmitter side. There are many key
technologies related to NOMA such as multi-user scheduling, multi-user power allocation,
MIMO extension that require new designs. These design aspects are discussed in Chapter
2.11. Signaling aspects specific to NOMA (e.g., other users MCS, etc.) are also important in
order to balance performance enhancement with signaling overhead. In particular, it is
important to clarify how much gain can be expected by additional signaling and to what level
of granularity (time/frequency/space) the signaling should be carried out to inform the receiver
about the interference from other NOMA multiplexed users.

In the following a brief description of some ideas we plan to pursue in order to reduce the
signaling overhead associated with multi-user transmit power allocation of NOMA is presented.
Because of the power-domain user multiplexing of NOMA, the transmit power allocation (TPA)
to one user affects the achievable throughput of not only that user but also the throughput of
other users. Therefore, it is important to clarify the degree of impact of user pairing and TPA
on the performance of NOMA while taking into account the issue of signaling overhead. To
this end, both exhaustive and simplified user pairing and power allocation schemes will be
explored:

e Full search power allocation (FSPA)

The best performance of NOMA can be achieved by exhaustive full search of user pairs and
transmit power allocations. In case of full search power allocation (FSPA), all possible
combinations of power allocations are considered for each candidate user set. FSPA remains,
however, computationally complex. Also, with dynamic TPA, the signaling overhead
associated with SIC decoding order and power assignment ratios increases. In order to clarify
the impact of user pairing and TPA, examples of simplified schemes to be considered are as
follows.

e Fractional transmit power allocation (FTPA)

In order to reduce further the computational complexity of FSPA, a suboptimal fractional
transmit power allocation (FTPA) [OKH12], that is similar to the transmission power control
used in the LTE uplink is adopted. FTPA decides the power allocation based on the channel
gain information of the candidate users and the weighting arrpa parameter. Note that agrpa is
fixed for all candidate user sets. It is an optimization parameter that needs to be determined a
priori via computer simulations such that the target performance evaluation metric is
maximized.

e Pre-defined user grouping and per-group fixed power allocation (FPA)

In NOMA, users with large channel gain difference (e.g., large path-loss difference) are paired
with high probability. Thus, considering practical implementations, simplification of user pairing
and TPA could be possible with limited impact on performance. To this end, a simplified
scheme where users are divided into different user groups according to their channel gains
and the pre-defined thresholds, denoted as W in Figure 2.7, will be explored. In this pre-
defined user grouping, the users can be paired together only if they belong to different user
groups. In general, dynamic TPA according to instantaneous channel conditions of
multiplexed users achieves the best performance because of its efficient utilization of the
power resources. With the pre-defined user grouping, however, TPA could also be simplified
by applying fixed power assignments to users belonging to the same group. For example, for
the user group with good channel gain, small power (e.g. 0.2P) is allocated and for the user
group with bad channel gain, large power (e.g. 0.8P) is allocated, where the total power
assigned to different user groups is kept equal to P. Pre-defined user grouping and fixed TPA
can effectively decrease the amount of downlink signaling related to NOMA. For example, the
order of successive interference cancellation (SIC) and information on power assignment do
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not need to be transmitted in every subframe but rather on a longer time scale. The impact of
such reduction of signaling on the performance of NOMA will be investigated.
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Figure 2.7 User grouping and TPA for NOMA.

In addition, we will study NOMA performance gains with frequency-domain (sub-band)
scheduling and sub-band MCS (modulation coding set) selection and compare it to NOMA
with wideband scheduling and wideband MCS selection. In LTE, the same channel coding
rate (including rate matching) and data modulation scheme are assumed over all the sub-
bands allocated to each single user, as the average SINR over all the sub-bands is used for
MCS selection. However, for NOMA, such a mismatch between MCS adaptation sub-band
unit (e.g., wideband) and power allocation sub-band unit (e.g., sub-band) may not allow to
fully exploit NOMA gains.

2.6 Air interface of moving networks

2.6.1 General description

The design of the radio air interface of future wireless communication systems should account
for V2V, V2D (vehicular-to-device), and V2| (vehicular-to-infrastructure) communications, so
that it is capable to support the provision of traffic safety applications, as well as meeting the
wireless broadband access demands of the vehicular users in the form of enabling moving
relays/cells/networks.

Nevertheless, the radio interface of future wireless communications networks cannot be
designed to support the high level of reliability required by traffic safety applications during the
100% of the time and in every reception scenario, as this would result in an overdesigned and
very inefficient system in terms of data rate and power consumption. This limitation
complicates the use of wireless communications for traffic safety applications, due to the fact
that a failure to comply with the reliability requirements at any moment can render the traffic
safety service completely useless or even harmful to the users relying on the service. This
calls for the introduction of a new framework to detect and signal the presence of an ultra-
reliable link to dependable applications, and to ensure the use of wireless links by these
applications only in those instances in which the reliability requirements can be fulfilled.

To efficiently support mobile broadband for moving relays/cells/networks efficient backhauling
and handover algorithms are essential, which calls for the incorporation of novel channel
estimation and prediction techniques into the air interface in order to cope with the
propagation channel of highly mobile users, as well as moving D2D links (i.e. V2V and V2D).
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The direct communication between mobile users can be coordinated and its reliability can
most likely be improved if a backhaul link is available to the infrastructure nodes. However, it
is highly desirable that D2D transceivers can still communicate in ad-hoc mode without
network assistance, as this would increase the availability of traffic safety applications beyond
the coverage of the network. In this case, multiple access schemes based on time-division
might be preferable due to efficiency and reliability reasons.

2.6.2 Related state of the art and limits
Framework for ultra-reliable communications

LTE incorporates retransmissions schemes based on Hybrid Automatic Repeat Request
(HARQ) as well as Adaptive Modulation and Coding (AMC) in order to counteract the
impairments of the propagation channel and ensure the correct delivery of information
[BGPP-TS36]. In the case of ultra-reliable communications, and more particularly in the case
of traffic safety applications, messages have to be delivered under very stringent delay
constraints and with very high probability. The failure to comply with the delay constraints of
this kind of applications might have serious implications for the safety of users. In this context,
the use of HARQ and AMC cannot ensure the timely delivery of information to the upper
layers during 100% of the time and in every reception scenario. Moreover, the broadcasting
nature of traffic safety messages is generally not well suited to the application of HARQ and
AMC mechanisms due to the lack of feedback information.

A very interesting technique that combines error correcting codes and ARQ techniques in the
context of reliable communications is deadline dependent coding [UWA+00] [URO5]. The
main idea behind deadline dependent coding is to make each component in the
communication protocol deadline dependent. Following the main philosophy of reliable
communications, the objective is to deliver the information correctly before a certain deadline.
By means of retransmissions, the deadline dependent coding protocol increases the
probability of receiving the information the closer we come to the deadline.

In [JKO9], the authors proposed a generic framework that combines both retransmissions and
a timing analysis in order to provide some degree of reliability and hard real-time support. This
means that transmissions after a certain deadline are acceptable neither for the first
transmission of a packet nor for any retransmission. To this purpose, the framework supports
the retransmissions of erroneous packets only as long as their deadline has not been
reached, and as long they do not jeopardized the real-time guarantees of other traffic flows.
However, the framework is not aimed at safety critical applications, and therefore, does not
consider very high reliability levels.

In the context of cellular systems, the work in [NK11] performs an end-to-end analysis of LTE
from the point of view of M2M systems, and more particularly, from the point of view of
automotive applications, among others. However, no solution for ensuring reliability in this kind
of networks is investigated.

Channel estimation

A sufficiently accurate channel model is a pre-requisite for any study or design of a
communication system; channel modeling is especially important for channel estimation. The
V2l channel is, in many cases, adequately modeled using traditional micro-cell cellular
models, since the road infrastructure often is placed at similar positions as micro-cell base
stations. However, the V2V channel is different and relatively poorly understood. The main
differences between cellular and V2V channels are that in the V2V case, both the transmitter
and receiver are mobile and their antennas are placed at approximately the same height
[MMK+11] [MTK+09a] [MTK+09b]. Cellular base station antennas are, of course, not moving
and are normally placed higher than the typical terminal. This implies that both the small-scale
fading (which is due to multipath propagation and Doppler effects) and the large-scale fading
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(which is due to shadowing effects from large objects, including buses, trucks, and other large
vehicles, in the propagation environment) differ. In fact, the established paradigm of
separating propagation effects into path loss, small-scale, and large-scale effects has been
challenged by some authors [MTK+09b]. Measurement campaigns also indicate that the
statistical properties of the channel are time-varying on a time scale that makes the
established wide-sense stationary, uncorrelated scattering (WSS-US) model questionable
[MMK+11]. Of course, a real-world channel can only be modeled as WSS-US over a certain
time interval, the so-called stationarity time. For regular cellular channels, the stationarity time
is long enough such that the MAC and physical (PHY) layers can be designed for a WSS-US
channel. This, however, will not be true for all vehicular channels, which calls for new CSI
estimation algorithms and for new MAC and PHY schemes.

Channel prediction for the backhaul link

Advanced wireless systems need accurate channel state information at the transmitters
(CSIT) to facilitate link adaptation, beamforming, multi-user scheduling and in the future also
coordinated multipoint transmission. However, channel measurements are outdated at the
time of data transmission, due to various delays in the transmission control loop. E.g. in the
3GPP Long Term Evolution (LTE) standard, there are transmission control delays of multiple
milliseconds. This is a major problem for terminals at vehicular velocities.

The use of channel predictions can improve the situation. The short-term fading can be
predicted from past and present noisy channel measurements using the fading statistics over
time and frequency. This provides adequate accuracy for a prediction range in space
corresponding to 0.1-0.3 carrier wavelengths, but can rarely offer useful predictions for longer
distances. See e.g [EASO02], [EkmO2] for early results on narrowband channels and [Due07]
for a survey of results. The recent study [Aroll] uses the best linear (Kalman) predictors on
wideband OFDM systems and has confirmed these conclusions.

Prediction 0.1-0.3 wavelengths ahead would be adequate at vehicular velocities if
transmission control loops had very low latency (1-2 ms) [SFS+05], [SSO+07], such as in the
4G system proposals investigated by the EU WINNER projects [DOM+09]. Present LTE
systems have higher delays of at least 5 ms. Prediction horizons of 0.1-0.3 wavelengths are
here adequate at pedestrian velocities, but inadequate for vehicular velocities at carrier
frequencies above one GHz. But the vehicular scenario provides an opportunity as well as a
challenge: The vehicle velocity and direction is relatively constant over the required 5 ms
prediction horizon. Predictions could then be obtained by an antenna located some distance
directly in front of the antennas used for transmission. This “predictor antenna” might be the
first antenna of a linear antenna array or a separate antenna. This concept has been
investigated and the results based on field trials show that the prediction horizon can be at
least ten-fold compared to traditional Kalman filter based prediction [SGA+12].

MAC for ad-hoc networks

Cooperative communication (distributed MIMO as well as relaying) requires that the nodes
can exchange information to set up the cooperation. Hence, a distributed medium access
method is required to allow for an efficient sharing of the wireless channel. The standard MAC
for ad-hoc networks is carrier sense multiple access with collision avoidance (CSMA/CA),
used, e.g., in the IEEE 802.11 family of wireless local area network standards. In fact, the
current standardization for V2X communications is based on 802.11p whose MAC layer is
based on CSMA [IEEE-802.11p, IEEE-802.11]. The 802.11p physical layer is based on
OFDM. 802.11-style CSMA is known to scale badly, that is, as the number of nodes per unit
area increases, the network performance degrades quite drastically [Sjol3]. Better
performance can be achieved by other schemes, e.g., self-organizing time-division multiple
access (STDMA), which is used by boats for collision avoidance (of ships, not packets) and
traffic control purposes [Sjol3]. Better performance compared to CSMA is achieved by
scheduling transmissions in time slots and, in case of data traffic congestion, by scheduling
simultaneous transmissions from nodes that are located as far away from each other as
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possible. The required network synchronization (for setting up the time slots) and the node
positions (for scheduling simultaneous transmissions) are derived from a mandatory GPS
receiver. Hence, STDMA is an excellent example of how positioning and communications can
be combined in a synergetic manner. STDMA has been proposed for use in VANETSs [Sjol13]
and is currently considered by ETSI for possible standardization. However, challenges that
remain are to devise schemes for maintaining position and network synchronization in GPS-
challenged environments. We believe that we can meet this challenge by using cooperative
positioning techniques. Moreover, it is not obvious which transmitters to schedule in the same
time slot, since the resulting interference depends only partly on geographical distance for the
V2V channel (as opposed to the relatively simple ship-to-ship channel). A first approach to
solve this problem would be to schedule the transmission based on the local estimated CSI
and current position estimates.

2.6.3 Detailed description of planned research
Framework for ultra-reliable communications

The investigation is focused on developing a novel framework for ultra-reliable
communications in the context of traffic safety applications. The concept is based on the idea
that despite the fact that it is impossible to always ensure error-free wireless communication
during 100% of the time and in every reception scenario, it is pretty much feasible to derive
boundary conditions for the transmission success. In particular, the expected presence or
absence of reliable connectivity at the time of transmission can be estimated with very high
probability by means of estimation and prediction techniques. Current LTE systems do not
possess the capability to detect and signal the presence of an ultra-reliable link on a very
short time span, which Ilimits its usability for applications based on ultra-reliable
communications such as traffic safety. As a result, a novel framework to enable ultra-reliable
communications in wireless communications systems will be developed based on three main
design principles:

e A transport-agnostic definition from the applications point of view is required in order to
allow dependable services to be deployed in a wide range of scenarios. From this
perspective, the implementation details related to the wireless communication system
should not be included in the general definition of the framework, even if they must be
considered for a particular realization of the framework in a given wireless communication
system. In this context, the use of advanced Medium Access Control (RT12) and Hybrid
Automatic Repeat Request Techniques (RT13) can be integrated into the framework in
order to improve the availability of URC in a METIS system

o Wireless communication technologies are typically not designed to provide very high
reliability in every scenario, as this would result in an overdesigned system with a very
inefficient air interface in terms of data rate and power consumption. Such an approach
would harm the acceptance of traffic safety applications in wireless communication
systems and restrict their usage. Therefore, wireless communication system should not be
designed to provide high levels of reliability everywhere and everytime.

o Dependable services such as traffic safety applications require very high and predictable
success rates (e.g., 99.999%) within low deadlines (e.g., 10 ms). Due to the sensitive
nature of these applications, it is of paramount importance to warn the service or
application about the unavailability of reliability according to the service-specific
requirements.

Channel estimation

Channel estimation for V2X channels is challenging for the reasons described above. To
increase the quality and efficiency of channel estimation, we plan to use the sparsity of the
channel in the delay-Doppler domain and extend the approach in [MMM+12a, MMM+12b] to
the time-varying case. The sparsity in delay-Doppler is motivated by the physical
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considerations (i.e., by modeling the received signal as a sum of a relatively small number of
high-power multipath components). However, we will also allow for a diffuse component of the
received signal, which has been found in numerous channel measurement campaigns, see
[MMM+12a] and the references therein. Once the single-user channel estimation algorithm
has been designed, we will extend the framework to also support multiuser detections. That is,
if more than one packet is colliding at the receiver, the channel estimation algorithm should
detect how many packets are colliding and estimate their channels.

Channel prediction

We plan to continue our research on the predictor antenna system and improve it in the
following ways:

¢ Combine with Kalman tracking, and
¢ Compensate for antenna coupling.

We are also collaborating with WP3-T3.1 on Massive MIMO, in which we are developing a
robust and energy efficient wireless backhaul for very fast moving relays, as described in
METIS deliverable D3.1 [MET13-D31] section 2.3.1.

MAC for ad-hoc networks

We will investigate if variations of time-division scheme, similar to STDMA, are suitable for
moving networks, especially in situations with limited network support. Key problems to
investigate include how to maintain network synchronization and positioning (which will be
needed in some MAC approaches).

2.7 Faster than Nyquist (FTN)

2.7.1 General description

With Faster-than-Nyquist signaling modulation symbols are transmitted either more dense in
time direction or in frequency direction or a combination of both. By doing so adjacent symbols
are not orthogonal to each other anymore, controlled (i.e. perfectly known by the receiver)
intersymbol interference is introduced at the transmitter. Detectors are to be designed taking
this into account. So, FTN is a means to better make use of the available spectrum at the cost
of a more complex detection. FTN is purely a physical layer procedure.

2.7.2 Related state of the art and limits

LTE has been designed with a focus on simple receivers and therefore an orthogonal
waveform was selected fulfilling the Nyquist criterion for ISI free transmission. METIS targets a
heavy increase in throughput compared to LTE. So, dismissing the design criteria mentioned
above, e.g. by applying Faster-than-Nyquist signaling, is one possible step towards this target
at the cost of increased receiver complexity, which may be less a bottleneck in future.

In 1975 J. E. Mazo laid the foundation for FTN signaling [Maz75]. He stated that it is possible
to exceed Nyquist’s border [Pro01] while not increasing the bit error rate. Sounding disputable
at first sight, the key aspect making this possible is the minimum Euclidean distance between
all available signal sequences not shrinking for signaling rates (BPSK using sinc pulses) up to
25% higher than when obeying Nyquist's rule. So, with implementing a more complex
reception scheme relying on sequence detection one is able to exploit this up to a given extent
— the Mazo limit. Numerous groups have taken up on this topic:

In [RAO5] Rusek and Anderson introduced the two dimensional Mazo limit by extending the
FTN principle to the frequency domain, paving the way for multicarrier-FTN (MC-FTN). Here,
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single symbol transmissions are stacked closer in frequency domain additionally to going
beyond the Nyquist rate. In [AR06] the same group stated a doubling of the spectral efficiency
of OFDM by applying MC-FTN to be possible in theory. It was shown that Mazo’s limit for two
dimensional FTN using smaller number of subcarriers is less than Mazo’s limit in the time
domain which is equal to 0.802T, thus achieving higher data rate.

Lower and upper bounds for information rates were derived by Rusek and Anderson [RAO6]
for binary, quaternary and octal FTN schemes using root raised cosine pulses. They proved
that for some cases, FTN signaling gives higher information rates compared to Nyquist
signaling, especially when the modulation order increases [RA06], because of the excess
pulse bandwidth effect obtained by the roll-off factor «. A method for computing the minimum
distance of non-binary FTN signaling was proposed in [RA08] and tested by M-algorithm
receivers which are using a reduced states version of BCJR decoding algorithm [BCJ+74]
called M-BCJR. A theoretical assessment of the achievable capacities can be found in [RAQ9].
FTN with non-sinc pulses is compared with linear transmission systems applying orthogonal
pulses. It is shown that by applying FTN the ultimate capacity can be achieved under the
constraint of an independent and identically distributed (i.i.d.) Gaussian alphabet for
bandlimited pulses over AWGN channels. This achievable capacity is due to the excess pulse
bandwidth of the non-sinc pulses. In [KB11], Kim and Bajcsy investigated the cyclostationary
FTN systems over AWGN and continuous ISI channels deriving information rates and their
upper bounds. They proved that FTN achieves higher capacities using waterfilling compared
to i.i.d. transmitted symbols over I1SI channels.

Another generalization with respect to the pulse design is presented in [LG03] and [ZLW12].
Originally FTN has been investigated for sinc-pulses. In [LGO03] the family of raised-cosine
pulses is treated within the framework of binary FTN. They have investigated the structure of
error events that reduce the minimum distance in order to extend the theoretical gains to
practical ones and they have applied constrained coding as a potential tool for improving FTN.
In [ZLW12], a generalized FTN signaling was introduced. The design of the pulses that
decrease detection complexity and achieve the required channel capacity was investigated.

MC-FTN applying FBMC using IOTA (Isotropic Orthogonal Transform Algorithm) [FAB95]
filters as pulse shapers and a look-up table with pre-calculated coefficients as a FTN mapper
was introduced in [DRO11].The receiver architecture was based on iterative decoding with
successive interference cancellation. Due to the high complexity of the BCJR decoder only
results for FTN-FBMC with a 4-state OQPSK constellation were provided.

Various publications dealing with signal reception based on sequence detection are available
(e.g. [PARO8, DRO10, DRO11, KB12, MS10]). Here, the inter-symbol interference introduced
by FTN is mapped to a trellis structure and incorporated into various variants of the well-
known BCJR algorithm. For FTN systems, three reduced states BCJR algorithms were
investigated in [AP10], backup M-BCJR, simple M-BCJR and truncated BCJR algorithms, over
additive white Gaussian noise (AWGN) channels. Further lower complex receivers for FTN
signaling were investigated in [GFP11]. An implementation of a discrete FTN system model
was proposed by McGuire and Sima [MS10] that would reduce the receiver complexity for
certain modulation schemes as it is based on matrix multiplication. Though means to reduce
complexity are investigated heavily, FTN detection is still rather extensive. So, looking for
further detector variants focusing on complexity reduction is still of relevance.

A first connection between FTN and MIMO has been made in [Rus07] and extended in
[Rus09]. The research outcomes so far regarding FTN attached to a system applying multiple
antennas are rather basic and general so far typically dealing with the existence of the Mazo
limit.
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2.7.3 Detailed description of planned research

One target of this research topic is to combine FTN signaling with FBMC/OQAM modulation.
For doing so, we aim at investigating the following aspects:

1. The capacity analysis when combining FTN and offset signaling.
2. The efficient modem design for FTN-FBMC/OQAM.
3. The efficient receiver design and performance evaluation.

The first aspect is rather a theoretical analysis which is expected to point out the ultimate limit
of this idea. The second aspect focuses on the practical implementation viewpoint. The last
aspect, which also requires the most of the resources, aims to find an efficient receiver
algorithm that, differently from the SotA, largely reduces the computational complexity;
moreover, the investigations for the channel estimation and synchronization techniques are
also planned in this aspect. FTN generates inter-symbol interference (ISI) at the receiver
which should be handled through proper equalization and coding techniques. As FBMC
systems also produce interference in wireless channels the interaction between these two is
expected to be investigated and optimized.

More generally the items to be researched are:

e Analysis of FTN signaling capacity and spectral efficiency is extended beyond the SotA, to
obtain a deeper understanding of the FTN motivation and expected gain.

¢ Investigate adaptive modulation and coding scheme in combination with FTN.

e Compare FTN to higher order modulation schemes with respect to, e.g., throughput,
complexity, etc.

¢ Investigate the receiver design and evaluate different blocks (e.g. equalizer) performance.

e Alternative receive scheme based upon maximum likelihood detection (MLD) and
interference cancellation (multicarrier one-dimensional Mazo limit).

e Boundaries of FTN w.r.t. mobility and delay spread.

¢ PAPR and non-linearity effect analysis.

2.8 FBMC related solutions
2.8.1 General description

FBMC is a multicarrier transmission scheme that provides a filter-bank (analysis and synthesis
filter) to enable efficient pulse shaping for the signal conveyed on each individual subcarrier.
Such transceiver structure usually requires higher complexity in implementation. However, the
usage of digital polyphase filter bank structures [CEO+00], [SSL02], together with the rapid
growth of digital processing capabilities in recent years had made FBMC a reasonable
approach.

As one type of modulation scheme, FBMC-Offset QAM (FBMC/OQAM), also known as
OFDM/OQAM or Staggered Multi-Tone (SMT) [Farl1], can usually achieve higher link spectral
efficiency than CP-OFDM due to the abandoning of the cyclic-prefix overhead. Further
advantage foreseeable is the robustness against fading channel conditions and imperfect
synchronizations by selecting the appropriate prototype filter.

Another type of modulation scheme, FBMC-Filtered Multi-Tone (FBMC/FMT) [CEO+00], also
known as fraction-spaced multi-carrier, oversampled OFDM or oversampled DFT modulation,
is usually less spectrally efficient than FBMC/OQAM. Nevertheless, due to the non-
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overlapping of the neighboring subcarriers, FBMC/FMT systems can offer similar orthogonality
as CP-OFDM systems, while still providing the advantages of optimized subcarrier shaping, at
the cost of increased complexity as outlined above.

2.8.2 Related state of the art and limits
General comparison with CP-OFDM

3GPP LTE/-A is based on CP-OFDM multicarrier modulation. According to Balian-Low
theorem (BLT) [FS98], CP-OFDM

1) respects the complex orthogonality;

2) butis poorly localized in frequency domain by adopting rectangular waveform;
3) does not achieve maximum spectral efficiency due to the addition of CP.

The property of 2) will usually attribute to a CP-OFDM system (including LTE/-A) with high out-
of-band leakage (large guard-bands thus have to be inserted) and poor robustness against
Doppler spread. Further possible disadvantages are found in some flexible spectrum usage
scenarios, where spectrum sharing and fragmented usage are not efficiently supported
[PWK+13].

To overcome the shortcoming 2) and 3) of CP-OFDM, FBMC/OQAM
al) relaxes to real field orthogonality;
a2) is better localized in time and frequency (depending on the waveform f);
a3) achieves maximum spectral efficiency.
And another FBMC variant, FBMC/FMT
b1) respects the complex orthogonality;
b2) is better localized in time and frequency (depending on the waveform f);
b3) does not achieve maximum spectral efficiency due to the addition of a roll-off factor

Due to the above mentioned theoretic advantages of FBMC/OQAM and FMT, these two
FBMC variants are thus the major research focus in the METIS project.

Out-of-band leakage and prototype filter design

By choosing a better frequency localized prototype filter, FBMC systems usually generate
much lower out-of-band leakage in digital baseband; however, due to non-linearities present
in radio chains, severe spectrum regrowth could happen in RF. If spectrum regrowth can be
controlled, FBMC/OQAM enables more efficient spectrum resources utilization by deploying
narrower guard-band and improved co-existence with other systems.

Moreover, the selection of prototype filter for FBMC is also closely related to the scenarios
defined in METIS, detailed transceiver designs (including synchronization, channel estimation,
equalization and MIMO) and other aspects and requirements (i.e. system coexistence
requirement, and signal transition time)

Currently, there are two major design criteria for the FBMC/OQAM system:

e Time Frequency Localization (TFL) criterion: For a better localized waveform in time
and frequency domain, it is foreseeable that FBMC systems exhibit better robustness
than CP-OFDM in doubly-dispersive channel [FAB95], synchronization/estimation in
some circumstances and some RF impairments, typically phase noises and Carrier
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Frequency Offset (CFO). Some filter designs with the optimized TFL criterion have
been proposed, such as IOTA [FAB95], TFL [PSS04].

e Lower sideband criterion: For a more condensed waveform in frequency domain to
have extremely low out-of-band leakage and improved spectrum coexistence, the
filters with this regard are proposed such as PHYDYAS [PHYD], Rossi [RZS96],
Frequency Selective [PSS04].

Nevertheless, it is so far not clear, which prototype filter design is best fitting the METIS
project requirement and if advanced waveform adaptation should be taken into consideration.
This topic is thus planned for further research.

FBMC link design SotA and limits

An efficient implementation of FBMC transceiver can be derived taking the fast Fourier
transform and polyphase components of the FIR filter as in [CEO+00].

For FBMC/OQAM, which relaxes itself to real field orthogonality, the FBMC transceiver design
algorithms are usually different from CP-OFDM.

Many contributions have been achieved in the past years. Among them, EU-FP7 project
PHYDYAS has dealt with numerous signaling aspects related to FBMC/OQAM, including

e Fast scalable synchronization and initialization (single antenna)

¢ Transmit and receive processing (single and multiple antennas)

e  Optimization of the filter bank design

e Dynamic access and cross-layer aspects

e Backward compatibility with OFDM (use case: WiMAX)

¢ Radio spectrum analysis and cognitive radio

One can refer for detail to its deliverables and publications [PHYD] produced therein.

In the environment of METIS with challenging new use cases, the SotA FBMC link transceiver
could see its limits in the aspects of channel estimation, synchronization, sensitivity against
imperfection, and precoding and equalization (including MIMO) etc.

For channel estimation, an auxiliary aided method was originally presented in [JLRO3] based
on an approximated simple transmission model. The auxiliary pilot can effectively cancel the
intrinsic interference on the reference pilot position. This idea was later extended in a general
framework [Lel08]. However, the performance is only conditioned when the channel does not
present severe frequency and time selectivity. For METIS scenarios, research is planned to
look for better channel estimation methods.

To maintain synchronization and reduce impairment distortion, reliable and efficient schemes
must be designed for FBMC systems. Many blind and data-aided synchronization algorithms
have been proposed in literature. [Bol01] exploits second-order cyclo-stationarity property of
FBMC signals. However, its slow convergence limits its applicability. An approximate
maximume-likelihood estimator was proposed in [FTO7, FIP+09] and later extended to joint
CFO and SFO estimator in [MT13]. Finally, a repetitive training sequence based method was
proposed in [FPT09]. It was shown that FMT systems require more redundancy or training
overhead to create periodic repetitions than necessary for SMT.

With the introduction of novel pulse designs in FBMC systems, the effect of imperfect
transceivers needs re-evaluation. Although a generally higher sensitivity to synchronization
loss is inherited due to multi-carrier approach, a comparative robustness and an increase in
operation region is anticipated from FBMC solutions against traditional OFDM systems. The
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effects of CFO was studied in [RHV98] for flat-fading channels and later extended to multi-
path channels in [SWB+10], both concluding that FBMC systems allow higher CFO range,
especially for large number of subcarriers. A detailed treatment of FBMC performance
evaluation in the presence of phase noise, I/Q mismatch and non-linearity can be found in
[PHYD51].

For precoding and equalization, major challenges for FBMC/OQAM are due to the intrinsic
imaginary interference. Precoding scheme based on signal-to-leakage-plus-noise ratio (SLNR)
is implemented in [JXZ09] and [STS07] which suppresses the ISI/ICI in MIMO-OFDM. In
[BKC+11] and [WC94] authors have investigated how the precoding matrix can be generated
based on zero forcing (ZF) and minimum mean square error (MMSE) equalization
respectively.

An interference mitigating technique based on the Alamouti coding scheme and maximum
likelihood detection (MLD) is presented in [ZR12]. There, they have taken the advantage of
combining FBMC with MIMO technique and its diversity gain to improve the performance of
the system. On the other hand, [ZB10] has introduced an efficient scheme based on spatial
diversity to cancel the ISI and ICI in OFDM/OQAM. Nevertheless, either performance loss or
additional overhead cost is observed by the prior arts. Further study on this topic is thus
necessary.

Packet transmission issues

A further issue in this field is the transition time of FBMC signal at the beginning and the end
and the offset symbol of OQAM, which will lead to time-inefficiency for bursty small package
and TDD transmissions [DS10]. Currently SotA includes: PHYDYAS’ approach [BRI+10] to
simply cut off the transition signal, which leads to a distortion to the original signal or the
perfect reconstruction method given in [DS10] which, unfortunately, is only valid for prototype
filters with length equal to the IFFT size.

2.8.3 Detailed description of planned research

As introduced in the current limits analysis, we will mainly focus on the investigation of the
solutions to the open issues in FBMC/OQAM research work, which are

e Synchronization technique (preamble-based and scattered pilot based)
¢ Channel estimation method (especially for the case of high velocity)

e Equalization concept (either lower-complexity with improved performance, or relatively
high complexity in some extreme cases, e.g. high velocity/MIMO)

e MIMO transmission (especially look for a solution for Alamouti-based mode)
e Precoder and decoder design for FBMC/OQAM systems

e Prototype filter and transceiver parameter selections to METIS scenario requirements
(mobility, frequency, cost, etc.)

In addition, we will also study the implementation issues of FBMC system,
e To analyze the PAPR
e To mitigate the tailing effect and enable efficient small package transmission

e To consider transceiver design implementation in regards of extended and modified
algorithms for low-complexity operation, and flexible and scalable SDR transceivers in
terms of multi-standard (OFDM / FBMC schemes) performance. This will be investigated
on existing and proposed architectures focusing on low-power operation.
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Despite of the FBMC/OQAM and FMT variants, this research topic will also investigate some
alternative approach for filtered multicarrier. While FBMC (filtering per subcarrier) and filtered
OFDM (filtering of the complete band) are two extreme cases of applying filtering to multi-
carrier systems in general, one alternative solution we will aim on is to perform the filtering
function to subsections of the complete band (e.g. a group of subcarriers alike used within a
single LTE PRB).

2.9 Modulation & coding and new channel coding concept

2.9.1 General description

A main feature of the emerging wireless communication systems concerns the increasing
number of requirements in the overall design of the system. This feature will be developed
further with current convergence trends in mobile and wireless communications. Among the
most important requirements, we can cite error probability, throughput, latency, complexity,
energy consumption. These requirements are well reflected by the GRMs in D2.1.

The multiplication of these requirements has been leading the number of parameters in
wireless communication systems to increase also drastically. Moreover, each of these
parameters has a wide range of mandatory and/or optional values: coding schemes (with
various frame sizes and many code rates), modulations (with several types of constellation),
multi-antenna configurations, multiple interleaving rules, etc.

In the following sub-section, starting from the analysis of the state of the art, four sub-topic and
their limits are described.

2.9.2 Related state of the art and limits

The physical layer of the LTE standard supports several advanced multi-antenna schemes
(such as transmit diversity, spatial multiplexing, and beam-forming), various modulation orders
ranging from QPSK to 64 QAM (and even 256 QAM in LTE Release 12), and a wide range of
turbo coding rates (from 0.12 to 0.948) with 188 information block sizes (from 40 to 6144 bits).
Together with all these multiple possible values, specific possible combinations are specified
and referred to as Modulation and Coding Schemes (MCS). MCS usually include a given
coding and modulation scheme but the concept can be extended further by including
additional parameters, such as the number of antennas for transmission and the MIMO
encoding scheme, or the error correcting code type (convolutional, recursive systematic
convolutional concatenation, turbo codes, LDPC codes, etc.), or other parameters concerning
the transmission format. As an example, 32 MCS per PRB are defined in LTE Release 11, 24
MCS in DVB-T2, and 32 MCS in 802.11n (when including the number of transmit antennas).
Table 2.2 illustrates the diversity of the parameters related to constellation sizes and code
rates specified in LTE, 802.11n, and 802.16e.

Table 2.2: constellation size and code rate ranges for some wireless standards

LTE 802.11n 802.16e
Constellation BPSK — 64 QAM BPSK — 64 QAM BPSK — 64 QAM
Code rates 0.12 - 0.948 0.5-0.83 0.083 - 0.83
UL waveform SC-OFDM SC or OFDM SC or OFDM

DL waveform OFDM

From this context, we notice the emergence of the following consequences related to this topic
on modulation & coding and new channel coding concept:

METIS Public 31



L Document: FP7-ICT-317669- METIS/D2.2

i'ﬂ > Date: 30/10/2013 Security:  Public

N4 Status: Final Version: 1
x4

D)
\

1) The first one is that a specific protocol named ACM (Adaptive Coding and Modulation)
has to be implemented, to manage all the parameters according to requirements such as
the spectral efficiency and the frame error rate (FER). ACM is related to the mechanisms
implied when changing the spectral efficiency of the transmission whenever the FER is
changing (for example in the case of channel fading [GS98]). Estimating the FER at the
receiver side is not straightforward. Therefore, a Channel Quality Indicator (CQI) is
usually sent from the receiver to the transmitter to guarantee a block error rate below
10%. Even though there is no specification on the way CQI should be estimated, it is
often based on some form of SNR or SINR estimations, after equalization, thanks to some
pilot symbol sequences, before being quantized. However, FER/BER could also be
estimated directly from the received soft values at the decoder or demodulator output.
There are several techniques for estimating the error rate of a transmission [HLS00]. They
are all based on density estimation. However, they also require the knowledge of the
channel variance.

2) The second one is that a wide range of algorithms are proposed in the literature to
encompass all the variety of parameters and requirements. Besides the optimal
algorithms for signal detection, demodulation and decoding, many suboptimal variants are
explored to reduce the computational complexity and the memory requirements
[CHPOG6][CHEQ9]. The objective is to improve the final implementation performance in
terms of throughput, latency, energy consumption, area, and error rate performance.
However, the published results often evaluate these algorithm variants on a limited set of
parameters related to the considered technique and to its system integration environment.
In addition, they often target to optimize one specific performance metric, or a very limited
set. Thus, additional research efforts are required in order to propose optimization
techniques considering the increasing set of defined parameters in emerging applications
and communication scenarios.

3) The third one is linked to the constellation symbols, varying from BPSK to 64QAM. They
are all taken from a 2-dimensional integer lattice, which does not have any coding gain
[TVZ99].

4) The last consequence is related to the uplink of LTE, which is based on SC-FDMA, but
could be extended to other standards, since energy consumption will certainly become a
major issue in the next decade. SC-FDMA generally exhibits a relatively low PAPR
because of its inherent single carrier nature [MLGO6a] and is therefore seen as an
attractive alternative to OFDMA. Two original variants of SC-FDMA have emerged, which
differ in the way the subcarriers are mapped to a particular user. These are: (1)
interleaved-FDMA (I-FDMA) [SBS97], which assigns equidistant subcarriers to each user,
and (2) localized-FDMA (L-FDMA) [MLGO6b], whereby groups of contiguous subcarriers
are assigned to a particular user. Recently, a generalized version of these two schemes
has been proposed, called block-interleaved-FDMA (B-IFDMA) [SFF+07, SFE+09]. The
LFDMA variant has been adopted for the uplink multiple access scheme of LTE.

In [WPS11], the performance of precoded SC-FDMA employing a sub-sampled Constant
Phase Modulation (CPM) encoder as precoder of SC-FDMA with I-FDMA subcarrier mapping
was investigated. This so-called CPM-SC-FDMA scheme can outperform convolutionally
encoded Quadrature Phase Shift Keying (QPSK) by up to 4 dB in end-to-end power efficiency,
taking High Power Amplifier (HPA) power backoff into account. An important property of CPM-
SC-FDMA is that it yields very good envelope properties, down to a fraction of a dB, while at
the same time maintaining the OFDMA structure. This allows for a simple multiple access
scheme through frequency division and permits coexistence with adaptive OFDMA and reuse
of the OFDMA transceiver structure currently in use in OFDMA-based systems.
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2.9.3 Detailed description of planned research

The planned researches related to this research topic are directly linked to the four
consequences identified in the state-of-the-art:

1) A new error rate estimation scheme will be investigated based on the observation of the
reliability of the decoded bits, without any knowledge of the channel variance.

2) A research effort will be planned on the digital baseband (BB) implementation and more
specifically on channel coding, modulation, and MIMO techniques. Considering the
selected scenarios and test-cases, we want to explore different system configurations and
parameters related to the above techniques and propose an adaptive flexible BB and
optimization techniques which enable to satisfy the target KPIs in terms of throughput,
latency, energy consumption, and error rate performance. This will be done in conjunction
with a careful consideration of the underlined hardware complexity (arithmetic/logic
computations and memory accesses). Novel iterative processing techniques at the
receiver side will be explored in this context.

3) An alternative to 2-dimensional integer lattices would be to increase the dimensionality
and the density of the underlying lattice to improve the error rate / spectral efficiency of
the transmission scheme. Practical modulation and demodulation schemes for lattice-
codes based modulations will be investigated and their performance will be compared to
the state-of-art, in terms of error rate performance, spectral efficiency, physical layer
latency and complexity. A focus will be especially performed on lattice codes based on
LDPC codes [SBP04, SFS08], and on lattice codes from the so-called “construction D”
[CS88], with a special emphasis on the encoding and the decoding process, including
their complexity and their flexibility.

4) Finally, research on energy-efficient constrained-envelope coded-modulation multiple-
access schemes will be investigated, based on CPM-SC-FDMA with a focus on end-to-
end energy efficiency (coding and modulation). However, we will also investigate the
impact of other key constraints besides end-to-end energy efficiency identified from the
relevant horizontal topics for which this technique might be useful. Initially the MMC
horizontal topic seems most relevant, e.g. to investigate the potential of flexible spectrum
shaping within the CPM-SC-FDMA framework. On the other hand, these kinds of
schemes might be useful also for high bandwidth and coverage limited mmW scenarios
(UDN, V2V) with high requirements on transceiver energy efficiency and robustness to
non-linear HPAs, but with modest requirements on spectral efficiency due to large
available bandwidth and dense reuse enabled by short transmission distances.

2.10 Advanced transceiver design
2.10.1 General description

Transceiver design needs to look into signal processing in base band as well as in RF.
Coupled with these, both analog and digital techniques are to be investigated addressing new
scenarios as conceptualized in proposed 5G systems. While higher frequencies may bring
new design paradigms with more analog processing needed, e.g., in beamforming, there may
be changes expected in the waveform. Improvements to existing OFDM may be considered
which cater to higher data rates, reduced latencies and as much as possible savings in
spectrum and energy.

On the topic of efficient spectrum usage, recent developments in self-interference mitigation
techniques show that full duplex (FD) communication (i.e., simultaneous transmission and
reception in the same frequency band) is feasible. Moreover, there is a growing interest within

METIS Public 33



L Document: FP7-ICT-317669- METIS/D2.2

i'ﬂ > Date: 30/10/2013 Security:  Public

N4 Status: Final Version: 1
x4

D)
\

industry and academia for the design and implementation of FD point-to-point single-antenna
and multi-antenna FD relay and FD multiuser systems. In FD systems, the self-interference
generated by own transmissions, is progressively canceled in multiple stages so that
simultaneous reception is feasible. After performing the best possible cancellation, the
residual of the self-interference limits the expected benefits of FD. Transceiver design for
these systems therefore needs careful attention as opposed to traditional ones.

On the topic of baseband signal processing, single-carrier communications can be
reconsidered for the proposed scenarios with advanced equalization algorithms, multi-rate
equalizers in particular. Although single-carrier communications suffers from inter-symbol
interference (ISI), it has various advantages over multi-carrier communications. These
advantages include lower peak-to-average power ratio (PAPR), simpler synchronization, and
improved robustness against Doppler spread. These advantages have vital importance when
MMC, D2D, and V2X communications are considered. Hence, single-carrier communications
might be a viable alternative to OFDM and FBMC for these applications in particular. With
advanced equalization algorithms, single-carrier transmission might even be considered for
other applications as well.

2.10.2 Related state of the art and limits
Full duplex (FD)

The current standards including LTE, LTE-A consider only half duplex schemes either TDD or
FDD. Bidirectional or two-way communication between two nodes, i.e., simultaneous
transmission and reception between two or more nodes at the same frequency, was first
studied by Shannon himself in [Sha61]. The question is why this should be of greater interest
today? The answer lies in the fact that as the cell size is ever shrinking enabling significant
increase of carrier center frequencies, the power difference between TX and RX is getting
reasonable due to short link range (from kilometers to meters). This can double the capacity in
theory. So far mobile cellular access has been optimized for macrocellular use and having
small cell link geometry will lead to very different system optimization and access solutions.

To give an idea of drastically new approaches of full duplex radio (FDR) in mobile cellular
context, at least the following research directions are of interest:

o Full duplex radios for short range links: Having transmitter and receiver operating at the
same frequency at the same time would theoretically double the spectral efficiency of the
link. This causes self interference, calling for TX interference cancellation at RX.

¢ Modulation for full duplex short range links: OFDM modulation has dominated as the major
modulation scheme the last few years. It is worth studying in more detail how different
non-orthogonal multicarrier based transmission schemes perform in full duplex short range
links.

o Interference cancellation in RF _and digital domains: It has been shown that utilizing
antenna polarization, TX can be reduced from RX quite efficiently. Also, the well known
interference cancellation techniques can be used after AD conversion to cancel
interference.

Full-duplex experimental demonstrations for narrowband wireless communication systems
were first reported in 1998 [CBM98]. During the past few years FDR has gained increasing
interest, e.g., due to introduction of full duplex relaying. The feasibility of full duplex
communication has been illustrated in [DDS12, JCK+12, AKS+12]. Several implementations
of single antenna [DDS12, JCK+12] and multi antenna [ADS+12, DMB+12] have been
presented. In addition relaying systems [NLS12, RWW11] and multiuser scenarios [NTP+12]
have been investigated.

METIS Public 34



L Document: FP7-ICT-317669- METIS/D2.2
i'ﬂ L Date: 30/10/2013 Security:  Public
p o 4

Status: Final Version: 1

D)
\

The main challenge is to cancel the self interference generated by the transmission of high
power signal compared to the low power received signal. The benefits are therefore limited by
the amount of residual interference left over after employing various reduction techniques.
This is in general in the region of 40-60 dB for experimental links. In [SGP+11] full duplex links
were used to combat hidden and exposed terminals but also to increase the efficiency of the
network. Also, use of interference cancellation to improve efficiency in a WiFi setting has been
recently evaluated in [HAWO08] and a general multi antenna cases shown in [Khal2, SFC11].

Single-Carrier Communications

LTE and LTE-A employ single-carrier frequency division multiple access (SC-FDMA) as the
air-interface solution for the uplink. SC-FDMA employed in these standards can be more
precisely described as DFT precoded OFDMA. Although DFT precoding alleviates PAPR
problems, SC-FDMA as employed in LTE(-A) still suffers from poor time-frequency
localization, throughput loss due to CP, and powerful side-lobes. Furthermore, the ISI
observed in SC-FDMA is dealt with linear equalizers in practice whose performance is far from
the optimal equalizer. Sub-optimal equalization causes a further loss in throughput.

A multi-rate equalization algorithm is proposed in [BJ13]. The proposed multi-rate equalizer
(MRE) decomposes the ISI channel into parallel sub-channels each of which has a fraction of
the rate of the original channel. It is demonstrated that as number of sub-channels increases
these parallel sub-channels tend to become memoryless which accomplishes the goal of
equalization. The multi-rate decomposition proposed in that work is achieved via successive
interference cancellation (SIC). It is claimed in [BJ13] that single-carrier communications with
MRE can approach independent identically distributed (i.i.d.) capacity of the ISI channel.
Furthermore, MRE has a complexity in the order of linear equalizers. Therefore, it is feasible in
a computational complexity point of view. MRE has some limitations though. Firstly, it is
applicable to single-antenna communications in its current form. Secondly, implementation of
MRE still relies on CP which leads to a loss in throughput. Thirdly, MRE has been considered
only for rectangular pulse shapes so far which leads to powerful side-lobes. Finally, MRE
might increase latency which makes it unsuitable for some METIS applications such as V2V
applications.

2.10.3 Detailed description of planned research

Going beyond the available studies on FD radio with an investigation into the limits in the
current techniques and possible isolation amounts (in dB, e.g.) quantified, it is proposed to
consider a small cell scenario with multiple users. All the studies up to now are mostly
experimental; there are no applications in cellular systems. Analysis of capacities and bit error
rates are considered for single as well as multiple links. Investigation of the fundamental
functional block design and required adaptations of new or existing waveforms to support
MIMO transmission is to be carried out. New transceiver design will be driven by new or
adaptations of existing waveforms (excluding FBMC/FTN) considering scenarios such as
higher frequencies, latency requirements, developed in this task both regarding analog and
baseband processing.

Besides analyzing the similarity between uplink and downlink conditions and its impact on the
TRX design, full duplex transmissions for short radio links will be investigated. Facilitation of
full duplex single-carrier communication with the aid of receiver-side interference cancellation
is to be considered. Mixing different physical access schemes for full duplex is to be
evaluated, e.g., how SC-OFDM works when combined with regular OFDM. An analysis will be
carried out on the additional requirements for dynamic range in the analog to digital
conversion to facilitate full duplex (for sufficient own Tx interference suppression).

The MRE can be extended and enhanced in many aspects so that single-carrier transmission
might be a serious contender for 5G systems. First of all MRE needs to be extended so that it
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becomes applicable to multi-user and multi-antenna communication systems. Secondly,
implementing MRE without cyclic-prefix will be considered to improve throughput. A solution
will be sought which does not require sacrificing from frequency domain implementation.
Keeping frequency domain implementation is necessary to keep computational complexity in
feasible levels. It is expected that the stable nature of MRE would allow employing overlap-
add and overlap-save methods. Thirdly, the MRE will be adapted for non-rectangular pulse
shapes which will allow using pulse-shaping filters with better spectral properties. To reduce
latency of the MRE alternative single-carrier waveforms will be investigated. In particular,
periodically-time-varying-modulations will be considered.

2.11 Multiple Access

2.11.1 General description

In cellular mobile communications, the design of radio access technology (RAT) is one
important aspect in improving system capacity in a cost-effective manner. Radio access
technologies are typically characterized by multiple access schemes, e.g., frequency division
multiple access (FDMA), time division multiple access (TDMA), code division multiple access
(CDMA), and OFDMA, which provide the means for multiple users to access and share the
system resources simultaneously. In the 3.9 and 4th generation (4G) mobile communication
systems such as Long-Term Evolution (LTE) and LTE-Advanced, standardized by 3GPP,
orthogonal multiple access (OMA) based on OFDMA or single carrier (SC)-FDMA is adopted
to achieve higher throughput performance in packet radio services. Its signal waveform such
as orthogonal frequency division multiplexing (OFDM), including discrete Fourier
transformation (DFT)-spread OFDM [3GPP-TS36300], provides important benefits, i.e.,
robustness against multipath interference and good affinity to MIMO technologies, that
dramatically increase the achievable data rate. In the future, however, innovative radio access
technologies are very important to further enhance the spectrum efficiency. The currently
widely used multiple access scheme, OFDMA, has a lot of advantages like simple
implementation, simple use of MIMO schemes and so on that allows a high spectral efficiency
at moderate costs. However, as bandwidth is one of the scarce resources, future systems
should make the best out of it leading to the idea of relaxing the orthogonality constraint. The
scenarios in METIS envision ultra-dense networks handling large number of simultaneous
transmissions in a small geographical area thereby posing new challenges for the multiple
access (MA) where large number of users connect to the cloud, D2D and massive set of
machine to machine (M2M) communication takes place. Massive sets of MTC devices force
great demands for current multiple access schemes, which need to be evolved to permit the
deployment of MMC. The future wireless network is also expected to support very diverse
traffic characteristics with varying latencies and packet sizes supporting thousands of devices.
Non-orthogonal design of multiple access is important in order to increase system capacity
and spectrum efficiency while exploiting the expected future evolution in the receiver
processing capability (e.g., NOMA). Also, multi-mode design is important in order to provide
opportunities to adaptively trade off link and power efficiency that can be utilized in multiple
access and multiplexing optimization. Relaxed synchronization between users/services is also
important (e.g., FBMC). A flexible system design is also desirable in order to adapt the amount
of overheads and signaling (e.g., Advanced coded multi-carrier access). Finally an
opportunistic MA is possible with a cognitive architecture. Considering the already congested
frequency spectrum, a reliable communication is possible by using the under utilized white
spaces. This needs a frequency agile front end and MA using such an architecture is
researched giving a perspective of RF front ends.
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2.11.2 Related state of the art and limits
The research topic of Multiple Access (MA) is further classified into sub-topics such as

¢ Non-orthogonal MA

e MA using FBMC

e MA for D2D and MMC scenarios

e Advanced coded multi-carrier access
¢ MA with Cognitive Radio
Non-orthogonal MA

In order to obtain more significant gains in terms of system capacity and spectrum efficiency,
the exploitation of additional domains/dimensions, that are not yet fully used, is essential. In
this regard, we envisage non-orthogonal multiple access (NOMA) which enables the
exploitation of the power domain for user multiplexing (superposition) and the evolution of
processing capability of the receiver (UE) for interference cancellation, as a candidate future
multiple access scheme. Table 2.3 shows the multiple access schemes for 3G (W-
CDMA/HSPA), 3.9/4G (LTE/LTE-Advanced), and the future radio access toward the 2020s.
Note the evolution of multiple access from non-orthogonal (W-CDMA) to orthogonal (OFDMA),
then to non-orthogonal again in future radio access. Also note that although W-CDMA utilizes
orthogonal codes in downlink, it can be seen as non-orthogonal access owing to the
frequency selectivity of the channel which results into destroying code orthogonality.

Table 2.3 Evolution of multiple access

W-CDMA LTE/LTE-Advanced | Future radio access
Radio resource | Non-orthogonal Orthogonal Orthogonal (OFDMA)
allocation (CDMA) (OFDMA) + Superposition/Cancellation
(NOMA)
Link adaptation | Fast TPC AMC MUPA/AMC

(TPC: Transmission power control) (AMC: Adaptive modulation & coding) (MUPA: Multi-user powerallocation)

Multiple access | Non-orthogonal assisted Orthogonal between users | Superposition & interference cancellation
e g | (TR, (S
f f ¢

NOMA can be a promising multiple access for the future radio access according to the
following motivations:

*  NOMA superposes multiple users in the power domain (forming a superposition coding)
so that its user separation is achieved via successive interference cancellation (SIC)
[TVO05, HK12a]. Thus, NOMA is a scheme that utilizes an additional new domain, i.e., the
power domain, which is not sufficiently utilized in 3.9/4G systems. From an information-
theoretical point of view, it is well-known that non-orthogonal user multiplexing using
superposition coding at the transmitter and SIC at the receiver not only outperforms
orthogonal multiplexing, but also it is optimal in the sense of achieving the capacity region
of the downlink broadcast channel [TV05].

+  NOMA exploits the difference in channel gains between users. When the difference in
channel gains is large the performance gain of NOMA compared to OFDMA increases.
Also, differently from OFDMA which translates channel gain difference among users into
multi-user diversity by appropriate multi-user scheduling metric, NOMA translates channel
gain difference into user multiplexing gains by user superposition in power-domain.

* Although NOMA needs channel state information (CSI), e.g., in terms of SINR at the
transmitter for power allocation and user pairing, it mainly makes use of the CSI available
at the receiver side for improving spectrum efficiency; thus, unlike schemes that rely on
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more accurate CSI at the transmitter side (e.g., MIMO, CoMP, etc.), we expect that
NOMA could provide performance gains that are robust to mobility.

In [HK12a, EKH12, UKH12, OKH12], NOMA was investigated based on the Shannon formula
in both the downlink and uplink. However, more detailed interface design and performance
evaluations of NOMA will be addressed in this work in order to clarify its potential gains under
practical system assumptions. On the other hand, SIC-based advanced receiver for inter-cell
interference mitigation is under study in LTE Release 12 [3GPP13-RP130404]. Differently
from the ongoing work in LTE Release 12 on NAICS, NOMA is a power-domain multiple
access with SIC-based advanced receiver for intra-cell interference mitigation. Thus, it can be
a good candidate scheme to further extend in the future the ongoing work of LTE Release 12
on NAICS from inter-cell to intra-cell with power-domain user multiplexing.

Multiple access with FBMC

In the LTE standard users share the resource in time and frequency with RB allocation. But,
as explained in subsection 2.8, the frequency spreading of the OFDM waveform then
constitutes a serious drawback. Indeed, firstly to satisfy the frequency transmission mask
several subcarriers at the border of the frequency channel must be non-active, which limits the
useful throughput and/or the maximum transmission power cannot be attained, which limits
the coverage. Furthermore, the poor frequency selectivity of OFDM makes the resulting
system sensitive to frequency impairments such as Doppler and Carrier Frequency Offset
(CFO). From a MA point of view towards some new scenarios envisioned in future mobile
systems, e.g. ultra crowd network, the strong overlapping resulting from the sinc frequency
shaping of OFDMA may introduce severe Multiple Access Interference (MAI), which may
require guard bands between users, i.e. loss in bandwidth efficiency. Consequently, in the
frequency domain, one can directly take advantage of the better frequency selectivity provided
by FBMC. In [RRS+10], for a WiIMAX-type system, in the single user case, the gain due to the
guard band interval is estimated to 8%. This means also that, in order to avoid MAI, with
FBMC, compared to OFDMA, less guard band can be left between users.

As explained in [SYB+11], and based on [MKPQ7], in the UL of an OFDMA system the
interference cancellation (IC) cannot perfectly cancel the MAI and IC also adds a significant
complexity cost at the base station. At the contrary for FBMC, [SYB+11] also points the fact
that for FBMC the interference is intrinsically limited when using frequency selective prototype
filters and then IC can be carried out at low cost. In the same line of idea, reference [FPT08]
analyses a DL and UL multi-user context in the presence of CFO. The authors compare
OFDMA with FBMC (FMT and OQAM). It is shown that in the UL both FBMC solutions can
provide a significant advantage over OFDMA. Furthermore, in [FPT09b], the same group
introduces a joint symbol timing and CFO estimation for a multiuser FBMC/OQAM system.
Nevertheless, this solution seems to be sensitive to the resource allocation pattern. Moreover,
since the efficiency of the solution only has been evaluated in AWGN case, it still is an open
guestion whether the degradation due to the fading is significant.

If we now consider TDMA, OFDM has the advantage with its rectangular pulse shape to
create adjacent resource blocks being non-overlapping in time. This is no longer true with
FBMC systems. Indeed, at the exception of FBMC/FMT of minimum length [RS13], all FBMC
signals naturally introduce a time overlapping, if this may be insignificant for long packets, this
may become a serious problem if the MAC layer requires the transmission of very short data
packets. The proposal in [BRI+10] which consists of a multiplication by a weighting function at
the packet’s borders cannot completely avoid interference or a loss of spectral efficiency while
the solution given in [DS10 ] is only valid for short length prototype filters, i.e. having a length
equal to the FFT size.

MA for D2D and MMC

Modern mobile communication devices have highly sophisticated features and consist of
higher processing capabilities compared to early generation mobile devices. Therefore, the
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signal processing capability of mobile devices is not expected to be a huge bottleneck in
wireless communication system design. With the higher number of mobile devices that we
expect in the future, the probability that those communicate within nearby distances will also
go higher. These can be inside the same cell. The devices can have a direct link instead of
transmitting data through the base station. This is known as device-to-device (D2D)
communication. This is a more spectrally and an energy efficient method for communication. It
reduces the number of channels used, transmit power at devices, and also saves power at the
BS. Also it requires only half of the resources as compared to the cellular communication
mode, thus offering better spectral efficiency with respect to that.

D2D communication is expected to enhance spectral and energy efficiency as well as cell-
edge coverage of cellular systems. However, many resource management and interference
coordination problems need to be taken into consideration to accommodate D2D. Majority of
recently published D2D studies assumes that direct D2D communication is an underlaying
amendment to legacy cellular network operation [DRW+09, YDR+11, FDM+12] in particular.
They use the same BS-mobile station (MS) communication frequency spectrum. This
increases the chances of frequency reuse within the same cell in a more effective manner. A
consequence, though, is that the underlay D2D transmit powers need to be constrained to
have reliable cellular communication. Therefore, the D2D communication is only possible,
when the devices are located near each other. A relay placed in between D2D pair can extend
the coverage area with less transmit power. This allows devices separated by longer
distances to communicate through D2D mode. A relay based D2D communication may
encounter the halfduplex issue in relaying. An underlay D2D system with network coding is
proposed in [ODR+09], and the authors employ network coding to achieve high diversity
order. However, devices use orthogonal channels for transmission in their scheme. As LTE-A
standard work in D2D is mainly focused on public safety applications there is need to address
other D2D use cases and impact of novel PHY techniques, e.g., FBMC in D2D MA context.

The main challenge for MMC MA is how to support potentially very large number of devices
with infrequent small data bursts (for which LTE is not optimized). Random access and
overload control techniques have been studied to solve the problem [CLW+12]. However, as
[ALG+13] shows there is much room to optimize access performance in various MMC
scenarios.

The Third Generation Partnership Project (3GPP) has already started working on evolving
LTE-Advanced to accommodate the characteristics of M2M communications. By now, it has
specified a reference architectural model [SGPP-TR23888] and addressed several open
issues [3GPP-TR23887] for M2M communications over LTE-Advanced.

But there are still issues why the existing specification of LTE cannot meet the technical
requirements and allow a proper accommodation of M2M communications.

The devices costs of current M2M networks mainly utilize (E)-GPRS because cost is low and
the achieved coverage is good. The cost of LTE devices is much higher than for GSM/GPRS
devices, which create a natural benchmark. There are several reasons why LTE devices
cause higher manufacturing costs: scalable bandwidth, overdesigned peak data rates and
high transmit powers.

The above named limits of LTE and LTE-Advanced should be considered by a Multiple
Access scheme for M2M that allows an efficient access to a large number of devices while
compensating the resulting restrictions (scalability, transmit power, etc.) given by the device
characteristics.

Advanced coded multi-carrier access

As discussed at the beginning of this subsection, LTE-Advanced is based on OFDMA
(downlink) and (SC)-FDMA (uplink), which is mainly motivated by the goal of achieving higher
throughput performance. This MA scheme has advantages for certain communication
scenarios that are typical for classical cellular deployments. However, it is not necessarily the
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best choice for the scenarios considered in METIS. For example, METIS assumes very
diverse traffic characteristics: from very low latency to very high latency, from very small
packets to very large packets. It is also expected that future network will be able to support
thousands of devices (e.g. machines and smart-phones). Many current and future applications
generate small packets. It includes real-time gaming, instant message, machine type of traffic,
and status update message. The problems of the small packet transmission on the uplink are:

. Support of massive number of terminals
. Signaling overhead
. Latency

The dynamic signaling overhead for the request/grant procedure increases specially for
smaller payload sizes. The cost of the dynamic signaling is higher for small packets since the
ratio of overhead to useful payload is high. As an example, the signaling overhead can be
around 30% for a packet size of 20 bytes (using QPSK ¥2). Such signaling overhead comes
mainly from UL grants that occupy the downlink control channel resource. Semi-persistent
scheduling (SPS), while good for periodic traffic such as VolP, cannot efficiently support
bursty small packets. It is difficult to configure SPS intervals to match the bursty arrival of
traffic and therefore it may not meet the QoE requirement of such transmission.

Another problem with the uplink LTE request/grant procedure is that the initial delay of the
packet transmission can be quite high. This is disadvantageous for delay sensitive small
packets (e.g. real-time gaming) where data should be sent most likely in one transmission
attempt.

On the other hand, in order to enable an efficient transmission of uplink small packets, the
granularity of channelization in current SC-FDMA system should be further reduced. However,
a smaller resource channelization means higher signaling overhead and potentially more
interference variation.

To combat the problems described above, a new waveform and access technology is desired
with the following features:

. removal or reduction of the overhead of small packet transmission,
. reduction of the latency of small packet transmission,

. supporting of large amount of users to enable massive connectivity,
. better spectral efficiency and link quality

Advanced coded multi-carrier access refers to a multiple access scheme based on the
overlaid multi-dimensional codewords carried over OFDM tones or any other multi-carrier
modulations. Multi-dimensional shaping gain for better link quality and overloading capability
for massive connectivity are the key features of this multiple access scheme. A more detailed
description follows in the next subsection.

Multiple Access with Cognitive Radio

In future, congestion to pre-allocated spectrum is going to rise, owing to increase in number of
user and demands for higher data rates. In such a scenario, cognitive radio with dynamic
spectrum access can be a solution. A CR can essentially sense the unused portion of the
spectrum and utilize it for congestion free, high data rate applications. In this way, multiple
access can be provided in an opportunistic way by utilizing spectrum sharing architecture.
Present efforts in the CR are focused for frequencies less than 1 GHz utilizing the white
spaces in the TV bands. A CR is essentially a software defined radio as envisaged by Mitola
[Mit95]. For a flexible CR front end it is desirable to eliminate all the external duplexers and
SAW filters and hence provides a wideband suited for a CR. Unfortunately such a wideband
architecture poses lot of problems for the linearity of a cellular communication receiver. A
METIS wireless receiver having 5G also needs to support the existing generations. Hence the
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existing stringent blocking requirements are integral part of a cognitive radio. [HW11] clearly
describes several aspects and challenges of a CR for wireless communication. The
requirements derived in the paper is well above what is achieved in the state of art multiband
receivers [TSN+08][IGB+10]. [RAE+05] describes a fully integrated 90nm CMOS software
defined radio which operates in 800MHz to 5GHz band. Such a wideband architectures needs
a power hungry ADC to satisfy the dynamic range requirement and is therefore not usable in a
battery powered user equipment. In the above work, the authors designed a wideband
receiver with a low power ADC utilizing innovative window functions for filtering. The
architecture devised covers all major standards in the above mentioned frequency range but it
does not meet the required dynamic range requirements. More over support legacy systems is
also not addressed. A wideband receiver working in FDD always faces the problem of Tx
leakage. In order to sustain the Tx leakage, the front end demands very high linearity of
26dBm which is above what is been achieved in state of art.

2.11.3 Detailed description of planned research
Non-orthogonal MA

The goal of this study is to clarify the system-level gains of NOMA over OMA assuming LTE
compliant radio interface and also establish technology enablers necessary for the support of
NOMA. Specifically, NOMA system-level gains (and link-level performance if necessary) will
be investigated and compared to existing orthogonal multiple access (OMA), with special
focus on

o Efficient transmit power allocation and user scheduling to achieve good tradeoff between
complexity and performance.

o Due to power-domain multi-user multiplexing, the transmit power allocation (TPA) to
one user affects the achievable throughput of not only that user but also the
throughput of other users. Thus, multi-user power allocation, user pairing as well as
adaptive modulation and coding (AMC) are key aspects that have impact on
performance gains of NOMA. In order to clarify this degree of impact, both exhaustive
and suboptimal schemes will be explored. Note that this topic has some overlap with
the study of section 2.5.3 but with more focus on scheduling complexity/performance
tradeoff and less focus on the signaling aspect.

e Study of the impact of scheduling granularity (wideband vs. sub-band)

o In LTE, the same channel coding rate (including rate matching) and data modulation
scheme are assumed over all the sub-bands allocated to each single user, as the
average SINR over all the sub-bands is used for MCS selection. However, for NOMA,
such a mismatch between MCS adaptation sub-band unit (e.g., wideband) and power
allocation sub-band unit (e.g., sub-band) might not allow full exploitation of NOMA
gains. Thus, we explore NOMA performance gains with sub-band scheduling and sub-
band MCS (independent MCS for each sub-band allocated to it) and compare it to
NOMA with wideband scheduling and wideband MCS selection (the whole system
bandwidth allocated to one UE using the same MCS).

e Study of the impact of error propagation in the SIC receiver

o SIC receiver is used in NOMA receiver for cell-center users (users with high channel
gains). In order to assess the impact of error propagation on system-level performance,
it is important to be able to emulate error propagation of SIC in system-level
simulations via appropriate link-to-system level mapping (i.e., mapping of link-level
performance to system-level simulations). Link-to-system mapping for different
patterns of interference (according to NOMA pairing of users with different channel
gains and power allocation ratios) is accurate but difficult to implement as extensive
link-level simulations are required. To simplify, the introduction of a worst-case error
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propagation model will be investigated. This modeling provides an emulation of error
propagation via simple link-to-system mapping. However, such a worst-case model is
only appropriate in case the impact of error propagation on performance is sufficiently
small.

o Impact of channel state information (CSIl) feedback quantization and channel estimation
error

o For NOMA, channel state information is used at the transmitter side to allocate
power to multiple users and to choose modulation coding set (MCS) of each user
and at the receiver side in order to perform signal detection and SIC. Thus, its
impact should be clarified. The performance of NOMA will also be investigated in
high mobility scenarios where CSI becomes easily outdated.

MA with FBMC

The objective is to study FBMC/OQAM based multiple access, i.e. FBMC/OQAMA. The main
focus will be put on the synchronization issue.

e Theoretical interference analysis in multi-user context.

e Synchronization technique for different resource allocation patterns under AWGN and
fading channels.

MA for D2D and MMC

Similar to OFDMA based systems, FBMC-MA systems are investigated focusing on D2D and
MMC. Optimization problems are to be formulated quantifying the interference due to FBMC in
non-ideal environments which may produce unwanted interference components.

Besides FBMC-MA focusing D2D and MMC a quasi-orthogonal MA scheme using CDMA for
the DL that is able to address a massive set of MTC devices will be developed. To
accommodate a large number of sensors and actuators with very different activity
characteristics and low data rates, a MA concept with easy addressing, low energy
consumption and low receiver complexity (such as legacy paging systems as a benchmark)
while ensuring high reliability needs to be established.

For this task CDMA in the DL with channel dependent spreading modulation is assumed,
which allows the support of heterogeneous cellular layouts and the systematic addressing of
many devices. The design target is to increase the number of available codes beyond what is
possible given by orthogonal codes. Therefore it is necessary to allow non-orthogonality
between some of the codes. The concept consists of a broadcast channel that is easy to
demodulate by all devices and orthogonal to all other codes. This broadcast channel is used
for management functionalities such as the allocation of device or group specific codes
assigned to single devices, device groups with common characteristics or groups formed by
geographical coherence.

The concept includes the code construction, where the orthogonal code space will be
enhanced by quasi-orthogonal functions which lead to acceptable correlation between the
non-orthogonal codes. This is done by using bent-sequences to expand the orthogonal code
space given gold sequences. Besides the code design the clever grouping of devices using
one code for multiple devices increasing the efficiency is another research aspect.

Advanced coded multi-carrier access

The planned research focuses on Sparse Code Multiple Access (SCMA) over OFDM or any
other multi-carrier modulations. SCMA is a promising modulation and multiple-access
technique to deal with the challenges mentioned above. MC-CDMA [HP97] is a multiple
access technique in which QAM symbols are spread out over orthogonal or non-orthogonal
code sequences and carried over OFDM tones. The sequence design is an important factor
for a MC-CDMA system in terms of the performance and the reception complexity. An MC-
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CDMA system can be overloaded to provide service for larger amount of connections,
simultaneously, at the expense of the exponential complexity of the ML reception. Low density
signature (LDS) [HRI10] is a special design of CDMA in which the complexity of reception is
reduced due to the sparsity of spreading sequences containing a few non-zero elements
within the spreading length. Like LDPC coding in the binary field, the sparsity of the overlaid
complex codewords let us to reuse the relatively low-cost message passing algorithm (MPA)
[HWTO08] in complex domain for multi-user detection with a near optimal performance in the
MAP sense. As a generalization, the QAM mapper block and the CDMA spreader can be
merged together to directly map a set of bits to a complex vector so called a codeword. The
whole process is a coding procedure from the binary domain to a multi-dimensional complex
domain. Compared to the traditional MC-CDMA, the constellation shaping gain [FW89,
BVR96, FU98, BD12] is the advantage of the multi-dimensional codeword modulation
technique. The SCMA multiple-access takes advantages of low density codewords as well as
multi-dimensional constellation. A systematic approach is desired to design multiple sets of
codebooks for multiple user access.

The proposed SCMA technique has the following properties:

e binary domain data are directly encoded to multidimensional complex domain codewords
selected from a predefined codebook set,

e multiple access is achievable by generating multiple codebooks one for each layer or
user,

e codewords of the codebooks are sparse such that the MPA multi-user detection technique
is applicable to detect the multiplexed codewords with a moderate complexity. This
facilitates near optimal ML detection with a moderate complexity.

o like LDS, the system can be overloaded such that the number of multiplex layer can be
more than the spreading factor. It enables the non-orthogonal superposition technique for
better cell throughput and/or supporting of more simultaneous connections

e Dbetter link quality and extra spectral efficiency gain due to the shaping gain of the multi-
dimensional codewords

o simplicity of OFDMA transmission specially in terms of equalization and channel
estimation.

MA using Cognitive Radio

In order to adapt cognitive radio technologies for future wireless communication systems,
devices are expected to support the dynamic use of frequency spectrum. A cognitive radio can
support both primary (licensed users) and secondary users (unlicensed). Multiple access is
possible under an opportunistic way when a free spectrum hole or white space can be sensed.
In order to achieve the cognitive functionality, a wideband RF front end receiver will be
designed. The limits can be tested by designing a prototype using commercial components.
The linearity requirements and frequency selectivity for the frequency agile front end can be
thus assessed and then an integrated version can be designed upon. Various duplex modes
such as FDD, TDD and half duplex FDD has to be investigated for the architecture and the
effects of the duplex modes on the RF performance has to be researched for a cognitive
scenario. State of art transceiver for LTE only considers full FDD and TDD and for a wideband
cognitive radio for multiple access half duplex FDD is most potential solution. Moreover with
the cognitive architecture dynamic carrier aggregation along with legacy control channels
becomes a possibility which is beyond the state of art.
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2.12 Medium Access Control

2.12.1 General description

The design of Medium Access Control (MAC) protocols that consider the novel requirements
and constraint of future applications is an important part of the overall system design of a
communication system for beyond 2020. Of the many use cases imaginable for future
systems only a subset will be addressed here explicitly. On the one hand, Massive Machine
Communication (MMC) provides a lot of challenges in MAC design to allow the access of
huge numbers of devices, which show different traffic behavior than the usually assumed
human users. On the other hand, UDN also challenge classical MAC paradigms and require
careful design especially when mmW applications are targeted. Furthermore, a more general
topic is also covered: time synchronization in networks. As synchronized time bases are at the
heart of most time division MAC procedures, this topic is of high importance especially in the
envisioned highly connected networks of the future.

2.12.2 Related state of the art and limits

The state of the art is structured by subtopics beginning with MMC, followed by UDN and
finally network synchronization. A general overview of the state of the art per topic is given
including a limit analysis that prepares the research topic detailed in the following section.

MAC for Massive Machine Communication

Current systems like LTE have been designed for large data rates and a limited number of
connected devices, which is contrary to the envisioned requirements of Massive Machine-
Type communication (MMC). To keep the massive number of nodes with small payloads
manageable, the signaling overhead required to communicate with those nodes has to be
kept as low as possible. Current activities in LTE-A are focusing on cost reduction and
coverage enhancement. Regarding signaling the focus is on a “light mode” without paging and
mobility measurements for static devices and only light radio link monitoring, which does not
address the design of an efficient MAC for MMC. Besides LTE-A, IEEE 802.11ah
standardization is also targeting to include “sensors and meters” in terms of a MAC managing
at least 6000 connected devices, which is still far too low considering the massive access
envisioned for the future. For further details, please refer to the state of the art of Section 2.2,
optimized signaling structure for low-cost MMC devices, which is tightly connected to this
research topic.

Overall current standardization activities do not fully address the challenges of MMC due to
compatibility issues, e.g. the signaling overhead or advanced random access methods.
Therefore, in the following three potential solutions will be discussed in terms of the state of
the art: Coded random access addresses efficiency enhancements in random access
exploiting successive interference cancellation, coded access reservations is concerned with
the improvement of contention based schemes and finally advanced physical layer processing
for MAC deals with novel algorithms on the PHY layer to facilitate enhanced MAC schemes.

Coded random access and successive interference cancellation

A toy example that illustrates the concepts of coded random access is presented in Figure
2.8a), showing a graph representation of slotted ALOHA; the left-side nodes represent
contending users, the right-side nodes represent the slots and the edges connect the users
with the slots in which their transmissions take place. All transmissions performed by a user
carry the same message and a pointer to the other replicas. In standard ALOHA framework,
only the slot s4 would be considered usable, as it is the only singleton slot.
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Figure 2.8 Coded random access example

The execution of successive interference cancellation (SIC) for the same example is depicted
in Figure 2.8. In the first step singleton slots are identified, i.e., slot s4, and the corresponding
transmissions, i.e., the transmission of u2, resolved. Using pointers contained in the resolved
transmissions, the replicas are removed, potentially resulting in new singleton slots. In the
example, the replica transmitted by u2 is removed from s1, which becomes singleton. SIC
iterates in the same way, until there are no new singletons slots or all transmissions have
been resolved. The result of the SIC application is that the throughput can be substantially
increased.

The above operation is analogous to the iterative belief-propagation erasure-decoding, which
motivated the application of the theory and tools from codes-on-graphs to improve the
throughput of framed ALOHA [Liv11]. In [Liv11] it was shown using numerical optimization that
the strategy that maximizes the throughput is analogous to the encoding of left-irregular LDPC
codes. This initial work was followed by papers that applied doubly generalized LDPC codes
[PLC11a, PFC10], derived the capacity bounds [PLC11b], and applied spatially coupled codes
[LPL+12]. Rateless codes [BLM+98] inspired so-called frameless ALOHA [SPV12, STP+13],
where frame length is not fixed, but its termination is adaptive and performed when a criterion
related to throughput maximization is satisfied.

Coded access reservation

Access reservation protocols, [BG97], enable users to connect and transmit asynchronously to
a multiuser communication system, e.g. a cellular system such as GSM, UMTS and LTE-A
[BGPP-TS36201, TPS+13]. The first phase of the access reservation protocol, the contention
phase, is susceptible to overload whenever the amount of contending users far surpasses the
amount of contention resources. The traditional complementary approaches to avoid overload
is to either restrict access or to increase the amount of contention resources. The former leads
to the delay of the users access, while the later transfers the resources that could be used
elsewhere in cellular system to the contention phase, leading to reduced resources available
for actual communication.

Recently a new class of access reservation protocols, denoted as coded reservation [PTS+12,
TPSP2-13], has been proposed in the literature, where the contention phase is redefined
through the introduction of coded reservation tokens, which allows the expansion of the
contention space to the code domain. These coded reservation tokens are obtained by
combining multiple contention frames in a virtual contention frame, and then allowing these
users to select up to one orthogonal resource per contention frame, as depicted in Figure 2.9.
Through this procedure the users create a coded reservation token, which the length
corresponds to the number of frames within the contention frame and the set of possible
codewords is denoted as codebook.
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One of the drawbacks of this approach is the introduction of phantom codewords, which is the
result of the non-orthogonally of the generated codewords. In [PTS+12, TPS+13b] was
reported that by doing blind restriction of the amount of codewords according with the amount
of users contending it is possible to minimize the generation of phantom codewords. The
efficiency of this sub-optimal scheme has been reported to reach 38% in the high load range,
although it might be possible to achieve higher efficiency through the proper coding of the
coded reservation tokens and phantom cancellation techniques, which so far have not been
reported in the literature.

Advanced physical layer processing for enhanced MAC: joint detection of node activity and
data

In order to achieve a minimal signaling overhead for communication setup random access
(RA) is often employed, e.g. coded random access. Combining RA with non-orthogonal
schemes like CDMA or SCMA described in Section 2.11 allows for collision handling by multi-
user detection (MUD), which can be exploited to enhance the throughput of such systems as
detailed before. However, from a PHY perspective the set of active users is usually unknown
which is contrary to classical MUD setups employing explicitly allocating resources, e.g. LTE.
This severely limits the performance of standard multi-user detectors. To determine the active
terminals various schemes have been suggested to approach the ideal performance of known
active users, e.g. sub-space based activity detection [WC98, LL0O4] and code based
approaches [BDL0O3]. However, these schemes are mostly limited to systems with a relatively
low number of nodes compared to the available resources. For the massive amount of
associated users to be expected for future MMC applications, novel approaches like
Compressive Sensing (CS) [Don06] are required to provide the means to jointly detect active
devices and their data. In order to allow the application of CS it is required that the overall
system can be formulated as a linear equation system with sparse coefficients, which has
been shown in a CDMA context [HG11, SD11].

MAC for UDN and mmW

A MAC solution is considered in the METIS UDN research for frequency bands in mmw and
self-backhauling which are not parts of the LTE-A standard. WiGig (Wireless Gigabit Alliance)
[Hanll] has developed a medium access control (MAC) layer, a physical (PHY) layer, and
several protocol adaptation layers (PALs) for wireless communications in 60GHz band.
Typically, WiGig systems will operate at 10 dB higher received power than IEEE 802.11n
systems because the total noise power from the wider bandwidth is much higher. 60 GHz
stations need to find each other, coordinate operation, and optimize antenna settings. WiGig
addresses these challenges in its MAC/PHY specification with a scheduled MAC protocol
different to other WLAN standards with contention based MAC protocol, integrated with a
specific beamforming protocol.
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Network synchronization

TDMA requires, by definition, network synchronization with sub-frame accuracy. For networks
without a central controller or with only limited contact with a central controller, the nodes need
to agree on a common clock in a distributed fashion. This is a more challenging problem and
could be needed in METIS to manage D2D links when the D2D nodes have limited or no
contact with the fixed infrastructure.

Existing protocols on network synchronization can be mainly classified into two categories:

reference-based clock synchronization and distributed clock synchronization. In the reference-

based clock synchronization [GKS03], [MKS+04], all the nodes are required to synchronize to

a reference node by building a spanning tree through the network. If the network is static, the

spanning tree can be maintained and the synchronization can be achieved easily. However,

this mechanism is sensitive to the changing topology and node failure.

On the other hand, in distributed clock synchronization, all nodes implement the same

algorithm individually without relying on a network hierarchy. The distributed nature can often

result in improved robustness to node failures and mobility in dynamic networks. There are
two basic design approaches.

o Converge-to-max [IEEE-802.11], where a node only synchronizes to the transmitter which
has greater clock value than the node’s own clock. The scalability is a main issue of
converge-to-max schemes, since the faster clock might do not have the opportunities to
broadcast when there are a large number of nodes.

e Arbitrary-consensus [SAO05][SF11], where the goal is to synchronize all the clocks in the
network to a common value. Note that it does not matter what this common value is. There
are mainly two limitations in the existing arbitrary-consensus synchronization algorithms.
Firstly, some schemes, e.g., [SA05], require a scheduled medium access protocol for the
broadcast of timing messages, which is hard to implement in distributed networks.
Secondly, the delays during the timing message transmission are not considered in some
synchronization algorithms, e.g., [SF11].

2.12.3 Detailed description of planned research

In the following the planned research for all MAC topics is outlined following the same order of
the topics as in section 2.12.2.

MAC for Massive Machine Communication

Due to the tight connection of the MAC MMC research in this research topic Section 2.2,
optimized signaling structure for low-cost MMC devices, the following approaches can be seen
as components of an overall MMC PHY/MAC design. Coded random access and coded
access reservation are alternative approaches, while the joint device activity and data
detection can principally be combined with both. In terms of Section 2.2, these solutions will
be designed for compatibility with the chosen signaling approaches and higher level design
choices.

Coded Random Access

The coded random access approach can, in the asymptotic case, nearly reach the
performance of a scheduled scheme, without the associated scheduling overhead. In non-
asymptotic conditions this approach performance still needs further optimization. Therefore,
under the coded random access research topic, the following research tracks will be pursued:

1. Design of adaptive mechanisms to terminate the random access with an aim of throughput
maximization.

2. Design of coded random access mechanisms when the users are divided into classes with
different access strategies.

3. Design of coded random access schemes taking into account constraints of the
successive interference cancellation.
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4. Design of random access schemes taking into account and the existence of the capture
effect.

Coded Access Reservation

Through the application of the coded reservation approach, it is possible to enable a multiuser
communication system to receive successfully the reservation requests generated
simultaneously from a massive amount of users. One of the main issues in coded reservation
is the phantom codewords (false positives), which if not properly dealt with, can affect
significantly the efficiency on how the system resources are used. We plan to tackle the
adverse effects of the phantom codewords, as follows:

1. The study and formalization of the generalized coded reservation principles:

2. Study and definition of ordered sequences of codewords from a given codebook which
when truncated lead to a minimal generation of phantom codewords:

3. Comparative study on the performance of coded reservation in real time access
reservation systems and with backlogging.

4. Phantom minimization and collision resolution procedures based on SIC at the data
phase.

Joint device activity and data detection for MMC

In contrast to human communication most MMC devices are expected to be only sporadically
active, which leads to a large number of devices that are associated with a base station, but
only a fraction is actually transmitting data. In LTE-A this requires management of a large
number of connections and possibly a large signaling overhead for mobility management,
paging, etc. In order to identify the active nodes without further signaling, and to jointly
estimate the transmitted payload, novel detection schemes at the base station are required.
To this end, the recently emerging compressive sensing theory provides theoretical bounds
and algorithms applicable to the joint activity and data detection problem arising in MMC
scenarios.

To benefit from compressive sensing from a system view, many open questions like (1)
measures of system impact, (2) channel estimation, (3) channel coding aspects, and (4)
effects of imperfections still have to be addressed. Regarding the first point different activity
error classes have been identified which will be employed as a basis to control the system
impact of CS-MUD systems on higher layers. Moreover, channel estimation either pilot based
or blind for unknown activity will be addressed. To this end, ideas and concepts from blind
channel estimation will be considered to decrease the required amount of signaling as much
as possible. Furthermore, first results for the application of channel coding to CS-MUD have
shown considerable gains [BSD13], which will be extended to state of the art channel coding.

MAC for UDN and mmwW

The goal is a MAC design including understanding of the potential benefits of a hybrid MAC
approach (a hybrid of contention based and scheduled based protocols), to leverage the
advantages and avoid the disadvantages of the contention based and the scheduled based
protocols for UDN and mmW, with larger antenna arrays and beamforming. Depending on the
outcome of the wireless self-backhauling study in WP3, we may also study interactions
between routing and MAC.

Distributed network synchronization

The following two directions will be considered for network synchronization:

1. When there is no reference clock in the network, the objective is to let all the clocks in the
whole network converge to a common value. Under this scenario, by using a practical
random broadcast mechanism for message transmission, we will propose distributed
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consensus clock synchronization algorithms, which jointly adjust clock frequencies and
offsets, for dynamic networks.

2. When there are reference clocks in the network, the objective is to let all the ordinary
clocks synchronize to the reference clocks. Under this scenario, we will analyze the
theoretical relationship between the convergence speed and the number of the reference
clocks. Moreover, we will propose robust distributed clock synchronization algorithms
when there are delays and distortions during the message transmission.

2.13 Hybrid Automatic Repeat Request (HARQ)

2.13.1 General description

HARQ retransmission schemes are applied on the MAC layer in order to compensate for
incorrect link adaptation so as to ensure timely and reliable packet delivery to the higher
layers. With HARQ, incorrectly received packets are stored in the receiver as soft information.
This soft information is combined with retransmitted information prior to the decoding in order
to improve error rate performance. HARQ schemes can be characterized along the following
research aspects:

¢ Caoding principles including soft combining and soft decision decoding algorithms,
e Feedback mechanisms including ACK/NACK and reliability information,

e Protocol issues including synchronous/asynchronous HARQ protocols or maximum delay
requirements.

Within the METIS project, HARQ is particularly relevant in the context of ultra-reliable
networks and to achieve the overall technical goal of reduced End-to-End latency, where it is
particularly related with the design of an air interface for dense deployment. In the context of
moving networks, HARQ can help to improve the robustness of the link due to the inherent
time diversity.

2.13.2 Related state of the art and limits
There exists a wide variety of HARQ solutions, and a brief overview is given in the sequel.

HAROQ coding technigues

HARQ schemes often use puncturing of a mother codeword to derive multiple redundancy
versions, e.g. in LTE [3GPP-TS36]. With Incremental Redundancy (IR) HARQ, e.g. [Che03],
the redundancy versions are altered for the packet retransmissions. This reduces the effective
code rate after soft combining in the receiver and leads to a coding gain in addition to the
combining gain [Che03]. Chase Combining HARQ [Cha85] denotes a subset of IR HARQ,
where the redundancy versions are not altered for the retransmissions. Puncturing is
applicable with FEC schemes such as Convolutional Codes or Convolutional Turbo Codes,
e.g. [RMO0Q]. Also the suitability of punctured Low Density Parity Check Codes (LDPC) for IR
HARQ is reported, e.g. [VSWO05].

A HARQ technique using the Turbo principle was introduced by Narayan and Stuber in 1997
[NS97]. Basic idea is to introduce an interleaver prior to the retransmission. In this way a
Turbo Code is constructed by means of the first transmission and the interleaved
retransmission.

Multi-user (H)ARQ is a technique based on the Network Coding principle, where a user
decodes its own packets as well as packets of another user [LJO6], [LSK+10]. The basic idea
introduced in 2006 [LJO6] is to create a single retransmission packet by Exclusive OR (XOR)
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combining of multiple packets previously transmitted to multiple users, the retransmission
packet being broadcast to the multiple users involved.

A single user HARQ technique using the Network Coding principle was introduced by Lang et
al. in 2012 [LWD+12, LWD+13]. Basic idea is to create a single retransmission packet by XOR
combining of multiple incorrectly transmitted packets. This results in a concatenated code
construction with compressed size of the retransmission. A performance comparison of HARQ
schemes using the Network Coding principle versus puncturing based HARQ schemes can be
found in [WWD+13]. A similar single user HARQ technique, using a network coded
superposition of a retransmitted packet with a new packet was presented in [MOS12].

Also a variety of HARQ transmission schemes using Rateless Codes have been presented.
Some schemes use a Rateless Code as a physical layer channel code, typically in conjunction
with reliability feedback [SVWO06][SPP+08]. Other HARQ approaches use Network/Rateless
Coding like an outer block code for burst error correction, similar as applied for 3GPP MBMS,
for both unicast and multicast, on the MAC layer or on higher layers, e.g. [JMM93], [LHW09],
[LLF210].

HARQ feedback mechanisms

A baseline feedback mechanism for HARQ is to transmit a single bit ACK/NACK feedback per
transmitted packet. In LTE [3GPP-TS36], this baseline scheme is applicable. Further options
include ACK/NACK bundling in case of LTE/TDD, where multiple ACK/NACKs of multiple
packets can be combined by means of an AND operation. LTE further allows the mapping of
multiple ACK/NACK messages to a single modulation symbol, e.g. to support spatial multiplex
transmission of packets.

ACK/NACK is often derived from a check sum involving a Cyclic Redundancy Check (CRC)
code. Alternatively, a CRC can be omitted and ACK/NACK be derived from reliability
information in the decoder, e.g. [FHO9].

With Segment HARQ [SC04], a packet is partitioned into multiple segments, similar to code
block segmentation in LTE [3GPP-TS36], and an ACK/NACK feedback message can be
transmitted per segment. Apparently this leads to increased overhead for ACK/NACK
signaling or to reduced reliability of the ACK/NACK messages.

Reliability-based HARQ allows the receiver to transmit soft reliability information quantifying
the quality of an incorrectly received packet, and depending on the reliability information the
transmitter can adapt the format of the retransmission, such as size (in terms of physical
resources), modulation or coding of the retransmission. An overview of reliability-based HARQ
schemes can be found in [TVP+03] and the references therein.

HARQ protocols

A variety of HARQ protocols exist and the design of the HARQ protocol has impact on the
control signaling requirements, e.g. [DKNO1]. Often a set of concurrent stop-and-wait
protocols, also called HARQ processes, are implemented to enable packet exchange with a
user in consecutive subframes without interrupts.

Adaptive HARQ allows to adapt the format of the retransmitted packets, i.e. parameters such
as modulation and coding scheme, redundancy version or packet size may be adapted for a
retransmission. This gives some flexibility for the formatting of the retransmissions so as to
improve, for example, reliability or spectrum efficiency. A performance assessment of adaptive
HARQ for a WCDMA/HSDPA system can be found in [CWPO03]. In the LTE system, adaptive
HARQ can be applied in uplink and downlink, but the sequence of redundancy versions is
predefined in uplink [3GPP-TS36]. In LTE uplink also non-adaptive HARQ is applicable, where
a retransmission can be triggered by sending NACK only, without sending a scheduling grant
for the retransmission [3GPP-TS36].
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Asynchronous HARQ allows the packet be retransmitted with a variable delay relative to the
first transmission, while with synchronous HARQ this delay is fixed. Synchronous and
asynchronous HARQ protocols are applied in LTE uplink and downlink, respectively [3GPP-
TS36]. Asynchronous HARQ typically offers more scheduling flexibility at the expense of
signaling overhead as compared to synchronous HARQ.

Commonly used HARQ protocols further allow to constrain the maximum retransmission
delay, e.g. by defining a maximum number of retransmissions or by discarding a pending
retransmission after expiry of a timer [3GPP-TS36].

Limits

The LTE/LTE-A system is supporting HARQ in UL and DL, each using a fixed number of eight
HARQ processes, which leads to a minimum HARQ RTT (i.e. the period from a first
transmission of a packet until the first retransmission for that packet) of 8ms. HARQ RTT

needs to be reduced in a METIS system, e.g. by reducing TTI, by reducing the number of
HARQ processes or by enabling un-interrupted ACK/NACK transmission with TDD.

LTE is further not supporting advanced HARQ schemes such as multi-user HARQ, Network
Coding principles, segment HARQ or reliability-based HARQ, thus valuable spectral efficiency
enhancements versus LTE on the order of, say, 30%, may be achievable.

2.13.3 Detailed description of planned research

HARQ is an essential  functionality of a link  adaptation scheme.
In particular for ultra-reliable links where the successful delivery of packets has to be
guaranteed within a predefined deadline, new deadline-driven HARQ concepts are required.
In order to increase the efficiency of HARQ implementations, fractional retransmission
implementations where data of several independent links are combined - in particular in case
of different BLER targets - will also be investigated.

Also HARQ protocol aspects taking into account protocols such as adaptive HARQ, reliability-
based HARQ and possibly Network Coded HARQ may be studied. Such protocols may
improve spectrum efficiency, in particular for delay-insensitive services such as video
downloads.

A particular aspect to be investigated is the feedback transmission with reliability-based
HARQ. A link-level performance assessment of reliability-based HARQ schemes when used in
the LTE system was presented in [WWD+14]. It was shown that reliability-based HARQ can
lead to throughput improvements over conventional HARQ on the order of 35%. It was further
shown in [WWD+14] that throughput gains of such order can be achieved also when
constraining the possible size of a retransmitted packet to within a small set, e.g. 1.0x, 0.5x
and 0.25x the size of the initially transmitted packet. This motivates the usage of multi-level
ACK/NACK for reliability feedback, e.g. a 2bit ACK/NACK would allow for the above set of
retransmission packet sizes with one ACK level and three NACK levels (NACK;,i € {1, 2,3})
indicating different reliabilities of the received packet. In [WWD+14] also the impact of
ACK/NACK transmission errors on throughput was studied with reliability-based HARQ, where
it was found that with increasing NACK; » NACK; error rate the resulting throughput
degradation is more graceful than with increasing ACK - NACK or NACK — ACK error rates.
This motivates the usage of asymmetric modulation schemes for conveying the multi-level
ACK/NACK feedback with unequal error protection for the ACK and NACK levels,
respectively. The potential of such modulation schemes will be investigated by means of link
level simulations.

Furthermore, enhanced protocol concepts may be designed, for example, to reduce latency,
signaling overhead, or buffering requirements, or to allow for more flexibility, etc.
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2.14 Radio link enablers for RRM

2.14.1 General description

In general, radio resource management is in charge of dynamically controlling the utilization of
transmit resources, such as channels, power, codes, etc., given load condition and service as
well as terminal requirements. Especially the new HTs such as D2D require the integration of
new/enhanced RRM solutions with today’s network management strategies.

Therefore, new and appropriate enablers on link layer (PHY) are mandatory for improving
RRM efficiency. Since the expected large diversity of terminal classes, QoS requirements, and
traffic characteristics need to be taken into account for optimizing RRM strategies, this
research topic focuses on the development of such enablers.

2.14.2 Related state of the art and limits

Considering for example the HT D2D, the reusing of cellular networks’ spectrum for D2D
communication in uplink or downlink requires taking care of possible negative effects
introduced by underlaying D2D operation. Since D2D communication is not allowed to disturb
the cellular system performance meaning that cellular communication has priority and D2D
links should only be established when the interference introduced is below a certain threshold,
proper sensing, scheduling, and handling of interference is mandatory. When considering
network-assisted D2D including RRM, a certain amount of context information beyond what is
conventionally used by LTE needs to be frequently exchanged between UEs and network in
particular in mobile D2D scenarios, although a D2D is not always possible or beneficial. This
increased amount of signaling induces overhead which needs to be handled in an efficient
manner so that the system performance is not degraded due to the introduction of D2D.

2.14.3 Detailed description of planned research

We assume network-assisted D2D in underlay mode where the focus lies on signaling for
RRM including mode selection, power control, and resource allocation. We will evaluate the
required RRM enablers from link level perspective and develop a concept for how to derive
and exchange link level context information in an efficient manner. This concept includes a
velocity-dependent signaling scheme that uses the available context sources a modern UE
possesses, such as motion sensors, accelerometers, gyroscopes, and speedometers (in case
of vehicular UEs), to improve/optimize signaling for RRM on terminal side according to the
current conditions of the UE.

Besides the research activity listed above, this RT will serve as a “pool” to collect aspects from
other radio link technology components that have relevance for RRM. It is thus expected that
the list of research activities will be filled up with further details during the progress of the
project as soon as the impact on RRM becomes more concrete and tangible.
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3 Summary

This deliverable provides a detailed overview of the radio link research topics and their
specific aspects to be investigated as well as a detailed analysis of the related state of the art.

In particular, the document addressed three main objectives:

1. Comprehensive state of the art analysis with respect to the radio link research topics
identified in the first deliverable on radio link research D2.1, including current
standards and their evolutions as well as academic state of the art. Thus, we reflect
the available solutions as well as already known but not yet implemented solutions.

2. Description of the limits of the state of the art and analysis in what respect further
research is required to meet the goals of METIS.

3. Identification and detailed description of novel radio link concepts and the specific
aspects to be investigated advancing current state of the art.

These objectives are addressed for each of the identified radio link research topics. This
document thus motivates the radio link research conducted in METIS from a scientific
perspective and connects the proposed radio link aspects and concepts to today’s existing
solutions as well as to the horizontal topics and the overall research challenges identified in
METIS.

In order to achieve the general goal of METIS towards 5G of 1000 times data volume per area
and 10 to 100 times user throughput, a threefold approach is chosen leading to a combination
of increased spectrum, e.g. by using higher frequency bands up to mmwW bands, network
densification (UDN) by introducing a large amount of access points and, last but not least,
significant improvements of spectral efficiency. In addition, also new approaches and
technology enablers for fulfiling the end user requirements are considered in METIS, like
moving networks enabling moving relays and D2D for further offloading. Furthermore, also
new challenges are addressed like support of MMC and URC. All these challenges are
reflected in the radio link research focusing on the PHY and MAC enablers to achieve the
goals of METIS as summarized below.

Several air interface aspects relevant for UDN are investigated, like transceiver design for full
duplex, medium access control for UDN, and also general aspects such as latency and
throughput, wireless backhauling and usage of higher and dynamic frequency bands which
are especially suited for dense deployment. To exploit the new opportunities of higher
frequency bands and cognitive radio (CR) approaches, possible solutions for an air interface
for dynamic spectrum usage, modulation schemes suited also for mmW, multiple access
schemes and waveform design for cognitive radio are described. Increasing spectral efficiency
is targeted by research activities on new waveforms including related multiple access
techniques, non- and quasi-orthogonal multiple access, new modulation and coding
techniques and advanced equalizers. Radio link research plans to provide specific RRM
enablers and multiple access techniques for D2D. MMC is specifically challenging for the radio
link layer. To enable an efficient support of MMC, new multiple access and medium access
control schemes, HARQ enhancements, synchronization issues and general signaling aspects
for MMC are investigated. In these research topics, also aspects of URC are considered.
Moving networks (MN) are an important enabler to extend coverage and reliability of the
network and impose a challenge for the radio link as well. Robust solutions designed based
on FBMC systems are investigated as well as an air interface designed for moving networks.

With all these requirements and the diversity of solutions, flexible design and interface
management become of increasing importance, as most likely a one-fits-all solution will not be
able to efficiently address all the demand of the diverse services of future wireless networks.
Aspects of flexible design and interface management are also investigated in the radio link
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research by advanced link adaptation, flexible modulation, coding and HARQ design as well
as flexible signaling structures.

METIS Public 54



L Document: FP7-ICT-317669- METIS/D2.2
el ) Date: 30/10/2013 Security:  Public

\'l.j Status:  Final Version: 1

4 References

[BGPP-TR36829] 3GPP TR 36.829, Enhanced performance requirement for LTE User
Equipment (UE), Available: www.3gpp.org.

[B3GPP-TR23887] 3GPP TR 23.887 v1.2.0, Architectural Enhancements for Machine Type and
other mobile data applications Communications, Available: www.3gpp.org.

[BGPP-TR23888] 3GPP TR 23.888 v11.0.0, System improvements for Machine-Type
Communications (MTC), Available: www.3gpp.org.

[BGPP-TR36843] 3GPP TR 36.843 v0.1.0, Feasibility Study on LTE Device to Device
Proximity Services - Radio Aspects, Available: www.3gpp.org

[B3GPP-TR36888] 3GPP TR 36.888, Study on provision of low-cost Machine-Type
Communications (MTC) User Equipments (UES) based on LTE, Available:
Www.3gpp.org.

[BGPP-TR37868] 3GPP TR 37.868 V11.0, Study on RAN Improvements for Machine-type
Communications, Available: www.3gpp.org.

[BGPP-TS36] 3GPP TS 36.xxx, Evolved Universal Terrestrial Radio Access (E-UTRA);
Available: www.3gpp.or

[BGPP-TS36201] 3GPP TS 36.201, Evolved Universal Terrestrial Radio Access (E-UTRA);
LTE physical layer; General description, Available: www.3gpp.org.

[BGPP-TS36211] 3GPP TS 36.211, Evolved Universal Terrestrial Radio Access (E-UTRA);
Physical channels and modulation, Available: www.3gpp.org.

[BGPP-TS36213] 3GPP TS 36.213 v.10.8.0, Physical layer procedures for Evolved Universal
Terrestrial Radio Access (E-UTRA). Available: www.3gpp.org.

[BGPP-TS36214] 3GPP TS 36.214, Evolved Universal Terrestrial Radio Access (E-UTRA);
Physical layer; Measurements, Available: www.3gpp.org.

[BGPP-TS36300] TS36.300, Evolved Universal Terrestrial Radio Access (E-UTRA) and
Evolved Universal Radio Access Network (E-UTRAN); Overall description,
Available: www.3gpp.org.

[3GPP13-RP130404] 3GPP, RP-130404, MediaTek, Renesas Mobile Europe, Broadcom
Corporation, “Study on network-assisted interference cancellation and
suppression for LTE,” Feb. 2013, Available: www.3gpp.org.

[ADS+12] V. Aggarwal, M. Duarte, A. Sabharwal, and N. Shankaranarayanan, “Full- or
half-duplex? A capacity analysis with bounded radio resources,” in Proc. of
IEEE Inform. Theory Workshop, Sep. 2012, pp. 207-211.

[AI13] A. Ashok, | Subbiah, S Heinen, System Design for Experimental Cognitive
Transceiver, Conference on PhD Research in Microelectronics and Electronics
(PRIME) 2013, pp. 229 - 232.

[AKS+12] E. Aryafar, M. A. Khojastepour, K. Sundaresan, S. Rangarajan, and M. Chiang,
“‘MIDU: enabling MIMO full duplex,” in Proc. ACM MobiCom, 2012, pp. 257—
268.

[ALG+13] S. Andreev, A. Larmo, M. Gerasimenko, V. Gerasimenko, V. Petrov, O.
Galinina, T. Tirronen, J. Torsner, and Y. Koucheryavy, “Efficient small data
access for machine-type communications in LTE,” in Proc. IEEE ICC 2013, pp.
2162-2167.

METIS Public 55


http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/
http://www.3gpp.org/

Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[ARO6]

[Aroll]

[Ayv13]

[BBKO4]

[BCJ+74]

[BD12]

[BDLO3]

[Beal?2]

[BG97]
[BJ13]

[BKC+11]

[BLM+98]

[Bol01]

[BRI+10]

J .Anderson and A. Prlja, “Turbo equalization and an m-bcjr algorithm for
strongly narrowband intersymbol interference”, IEEE International Symposium
on Information Theory and its Applications (ISITA), Oct. 2010, pp. 261-266.

J. Anderson and F. Rusek, “Improving OFDM: Multistream Faster-than-Nyquist
Signaling”, 6th International ITG-Conference on Source and Channel Coding
(TURBOCODING), April 2006.

D. Aronsson, Channel Estimation and Prediction for MIMO OFDM Systems -
Key Design and Performance Aspects of Kalman-based Algorithms. Ph.D.
Thesis, Signals and Systems, Uppsala University, March 2011.
www.signal.uu.se/Publications/pdf/al12.pdf

B. Ayvazian, “LTE Deployment Strategies: Network Overlay vs. Single RAN.”
Heavy Reading White Paper. Feb. 2013.

M. Batariere, K. Baum, and T. P. Krauss, “Cyclic Prefix Length Analysis for 4G
OFDM Systems,” in Proc. IEEE Veh. Technol. Conf. (VTC Fall), Los Angeles,
CA, USA, pp. 543-547, 2004.

L. Bahl, J. Cocke, F. Jelinek and J. Raviv, “Optimal decoding of linear codes for
minimizing symbol error rate”, IEEE Transactions on Information Theory, vol.
20, no. 2, pp. 284-287, Mar. 1974.

M. Beko and R. Dinis, “Designing Good Multi-Dimensional Constellations,”
IEEE wireless communications letters, vol. 1, No. 3, pp. 221-224, June 2012.

S. Buzzi, A. De Maio and M. Lops. “Code-aided blind adaptive new user
detection in DS/CDMA systems with fading time-dispersive channels”, In: IEEE
Transactions on Signal Processing, vol. 51, no. 10, pp. 2637-2649, 2003

M. Beale, “Future challenges in efficiently supporting m2m in the Ite standards,”
in Wireless Communications and Networking Conference Workshops
(WCNCW), 2012 IEEE, pp. 186-190, 2012.

D. P. Bertsekas and R. G. Gallager, Data Networks. Prentice-Hall, 1987.

M. F. Bayramoglu and M. J. Juntti, “A Multirate Equalizer for Inter-Symbol
Interference Channels Based on Successive Interference Cancellation”,
Proceedings IEEE Personal IndoorMobile Radio Communications (PIMRC)
2013, September 2013, London, UK.

D. Ben Cheikh, J.-M. Kelif, M. Coupechoux, P. Godlewski, “Multicellular Zero
Forcing Precoding Performance in Rayleigh and Shadow Fading,” Vehicular
Technology Conference (VTC Spring), 2011 IEEE 73rd ,vol., no., pp. 1-5, 15-18
May 2011.

J. Byers, M. Luby, M. Mitzenmacher, and A. Rege, “A Digital Fountain
Approach to Reliable Distribution of Bulk Data,” in Proc. of ACM SIGCOMM
1998, Vancouver, BC, Canada, Sep. 1998.

H. Bolcskei, "Blind estimation of symbol timing and carrier frequency offset in
wireless OFDM systems,” Communications, IEEE Transactions on , vol.49,
no.6, pp.988,999, Jun 2001

M. Bellanger, M. Renfors, T. lhalainen and C. A. F. da Rocha, “OFDM and
FBMC transmission techniques: a compatible high performance proposal for
broadband power line communications”, in Proceedings of the IEEE
international symposium on Power Line Communication (ISPLC), pp. 154-159,
BolognaRio de Janeiro, Brazil, March 2010.

METIS

Public 56



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:

Status: Final

Public
Version: 1

[BSD13]

[BTT+11]

[BVRO6]

[CBMOS]

[CEO+00]

[Cha85]

[Che03]

[CHPO6]

[CHEO09]

[CL+13]

[CLW+12]

[CS88]

[CWPO3]

[DDS12]

[DKNO1]

[DMB+12]

[DOM+09]

C. Bockelmann, H. F. Schepker and A. Dekorsy, “Compressive Sensing based
Multi-User Detection for Machine-to-Machine Communication,” Transactions on
Emerging Telecommunications Technologies: Special Issue on Machine-to-
Machine: An emerging communication paradigm, 2013.

F. Beffa, Tze Yee Sin; A. Tanzil, D. Ivory, B. Tenbroek, J. Strange and W. Ali-
Ahmad, "A receiver for WCDMA/EDGE mobile phones with inductorless front-
end in 65nm CMOS," Solid-State Circuits Conference Digest of Technical
Papers (ISSCC), 2011 IEEE International , vol., no., pp.370,372, 20-24 Feb.
2011

J. Boutros, E. Viterbo, C. Rastello, et. al, “Good lattice constellations for both
Rayleigh fading and Gaussian channels,” IEEE trans. on information theory,
vol. 42, issue 2, pp. 502-518, 1996.

S. Chen, M. Beach, J. McGeehan, “Division-free duplex for wireless
applications”, IEEE Electronics Letters, vol.34, no. 2, 1998, pp. 147-148.

G. Cherubini, E. Eleftheriou, S. Oker, J.M. Cioffi, “Filter bank modulation
techniques for very high speed digital subscriber lines,” Communications
Magazine, IEEE ,vol. 38, no. 5, pp. 98-104, May 2000.

D. Chase, “Code Combining—A Maximum Likelihood Decoding Approach for
Combining an Arbitrary Number of Noisy Packets,” IEEE Trans. Commun., Vol.
COM-33, No. 5, pp. 385-393, May 1985

J. Cheng, “On the coding Gain of Incremental Redundancy over Chase
Combining,” IEEE Globecom 2003

H.-M. Choi, J.-H. Kim, and 1.-C. Park, “Low-power hybrid turbo decoding based
on reverse calculation,” IEICE Trans. Fund. Electron.Comm. Comput. Sci., vol.
E89-A, no. 3, pp. 782-789, Mar. 2006.

L. Cheng-Hung,C et al., “Low-power memory-reduced traceback MAP decoding
for double-binary convolutional turbo decoder’, IEEE Trans. on circuit and
systems-| Vol. 56, No. 5, May 2009.

K.-C. Chen and S.-Y. Lien, “Machine-to-machine
Technologies and challenges,” Ad Hoc Networks, 2013.

M.-Y. Cheng, G.-Y. Lin, H.-Y. Wei, and A.-C. Hsu, “Overload control for
machine-type-communications in Ite-advanced system,” Communications
Magazine, IEEE, vol. 50, pp. 38 —45, june 2012.

J. H. Conway and N. J. A. Sloane, “Sphere Packings, Lattices and Groups",
Springer-Verlag, NY, 1988.

J. Cheng, Y. Wang and S. Parkval, “Adaptive Incremental Redundancy,” IEEE
VTC 2003 Fall.

M. Duarte, C. Dick, and A. Sabharwal, “Experiment-driven characterization of
full-duplex wireless systems,” IEEE Trans. Wireless Commun., vol. 11, no. 12,
pp. 4296—-4307, Dec. 2012.

A. Das, F. Khan and S. Nanda, “A2IR: An Asynchronous and Adaptive Hybrid
ARQ Scheme for 3G Evolution,” IEEE VTC 2001 Spring.

B. Day, A. Margetts, D. Bliss, and P. Schniter, “Full-duplex bidirectional MIMO:
Achievable rates under limited dynamic range,” IEEE Trans. Signal Process.,
vol. 60, no. 7, pp. 3702-3713, Jul. 2012.

M. Doéttling, A. Osseiran and W. Mohr ed., Advanced Radio Technologies and
Concepts for IMT-Advanced Wiley, 2009.

communications:

METIS

Public 57



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[Don06]

[DPS11]

[DRJ+09]

[DRO10]

[DRO11]

[DRW+09]

[DS10]

[DTLO9]

[DTL10]

[Due07]

[EAS02]

[EKH12]

[EkmMO2]

[Eri10]

[Farl1]

[FABOS]

D. Donoho, “Compressed sensing,” IEEE Transactions on Information Theory
vol. 52, no.10, pp. 1289-1306, 2006.

E. Dahlman, S. Parkvall and J. Skold, 4G LTE/LTE-Advanced for Mobile
Broadband, Elsevier, 2011.

K. Doppler, M. Rinne, P. Janis, C. Ribeiro, and K. Hugl, “Device-to-device
communications; functional prospects for Ite-advanced networks,” in
Communications Workshops, 2009. ICC Workshops 2009. IEEE International
Conference on, pp. 1-6, 2009.

D. Dasalukunte, F. Rusek and V. Owall, "An Iterative Decoder for Multicarrier
Faster-Than-Nyquist Signaling Systems,” Communications (ICC), 2010 IEEE
International Conference on , 23-27 May 2010

D. Dasalukunte, F. Rusek and V. Owall, “Multicarrier faster-than-Nyquist
transceivers: hardware architecture and performance analysis”, IEEE
Transactions on Circuits and Systems, vol. 58, no. 4, pp. 827-838, April 2011.

K. Doppler, M. Rinne, C. Wijting, C. B. Ribeiro, and K. Hugl, “Device-to-device
communication as an underlay to LTE-Advanced networks,” IEEE Commun.
Mag., vol. 47, pp. 42-49, Dec. 2009.

Y. Dandach and P. Siohan, “Packet Transmission for Overlapped Offset QAM”,
IEEE Int. Conf. on Wireless Communications and Signal Processing, Suzhou
(China), October 21-23, 2010.

S. D’Alessandro, A. M. Tonello, and L. Lampe, “Bit-loading algorithms for
OFDM with adaptive cyclic prefix length in PLC channels,” in Proc International
symposium on Power Line Communications and Its Applications, Dresden,
March 2009.

S. D’Alessandro, A. M. Tonello, and L. Lampe, “On power allocation in adaptive
cyclic prefix OFDM,” in Proc. International symposium on Power Line
Communications and Its Applications, Rio de Janeiro, March 2010.

A. Duel-Hallen, “Fading channel prediction for mobile radio adaptive
transmission systems,” Proc. of the IEEE, vol. 95, no. 12, pp. 2299-2313, Dec.
2007.

T. Ekman, A. Ahlen and M. Sternad, “Unbiased power prediction on Rayleigh
fading channels,” IEEE Vehicular Techn. Conf. VTC2002-Fall, Vancouver,
Canada, Sept. 2002.

Y. Endo, Y. Kishiyama, and K. Higuchi, “A study on transmission power control
considering inter-cell interference for non-orthogonal access with MMSE-SIC in
cellular uplink,” IEICE RCS2012-46, pp. 19-24, June 2012.

T. Ekman, Prediction of Mobile Radio Channels: Modeling and Design. Ph.D.
Thesis, Signals and Systems, Uppsala Univ., 2002. Available:
www.signal.uu.se/Publications/pdf/a023.pdf.

Ericsson, “Towards 50 billion connected devices”, Ericsson Discussion Paper,
Nov. 2010

B. Farhang-Boroujeny, "OFDM Versus Filter Bank Multicarrier,", IEEE
Signal Processing Magazine, vol.28, no.3, pp.92ff, 2011.

B. Le Floch, M. Alard and C. Berrou, “Coded orthogonal frequency division
multiplex”, Proceedings of the IEEE, vol. 83, no. 6, pp. 982-996, June 1995.

METIS

Public 58



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[FDM+12]

[FHO9]

[FIP+09]

[FLK+08]

[FPTO8]

[FPTO9]

[FPTO9b]

[FS98]

[FTO7]

[FU9S]

[FW89]

[GFP11]

[GLA12]

[GKSO03]

[GreenT]
[GS98g]

[Han11]

G. Fodor, E. Dahlman, G. Mildh, S. Parkvall, N. Reider, G. Miklés, and Z.
Turanyi, “Design aspects of network assisted device-to-device
communications,” IEEE Commun. Mag., vol. 50, pp. 170-177, Mar. 2012.

J. Fricke and P. Hoeher, “Reliability-Based Retransmission Criteria for Hybrid
ARQ,” IEEE Trans. Commun., Vol. 57, No. 8, pp. 2181-2184, Aug. 2009

T. Fusco, L. 1zzo, A. Petrella and M. Tanda, "Blind Symbol Timing Estimation
for OFDM/OQAM Systems," Signal Processing, IEEE Transactions on , vol.57,
no.12, pp.4952,4958, Dec. 2009

Y. Fan, P. Lunden, M. Kuusela and M. Valkama, "Efficient Semi-Persistent
Scheduling for VoIlP on EUTRA Downlink," Vehicular Technology Conference,
2008. VTC 2008-Fall. IEEE 68th, 21-24 Sept. 2008.

T. Fusco, A. Petrella, and M. Tanda, “Sensitivity of multi-user filterbank
multicarrier systems to synchronization errors”, in Proc.|IEEE ISCCSP, Malta,
March 2008.

T. Fusco, A. Petrella and M. Tanda, “Data aided symbol timing and CFO
synchronization for filter bank multicarrier systems”, IEEE Transactions on
Wireless Communications, Vol. 8, N° 5, pp. 2705-2715, May 2009.

T. Fusco, A. Petrella, and M. Tanda, “Joint symbol timing and CFO estimation
in multiuser OFDM/OQAM systems’, in Proc.lEEE SPAWC, Perugia, Italy,
2009.

H. G. Feichtinger and T. Strohmer, Gabor analysis and algorithms, Birkhduser,
1998.

T. Fusco and M. Tanda, "Blind Frequency-Offset Estimation for OFDM/OQAM
Systems," Signal Processing, IEEE Transactions on , vol.55, no.5,
pp.1828,1838, May 2007.

G.D. Forney Jr; G. Ungerboeck, “Modulation and coding for linear Gaussian
channels,” IEEE trans. on information theory, vol. 44, issue 6, pp. 2384-2415,
1998.

G.D. Forney Jr, L.F. Wei, “Multidimensional constellations. |. Introduction,
figures of merit, and generalized cross constellations,” IEEE journal on selected
areas in communications, vol. 7, issue 6, pp. 877-892, 1989.

G. Colavolpe, D. Fertonani and A. Piemontese, “Siso detection over linear
channels with linear complexity in the number of interferers”, IEEE Journal of
Selected Topics in Signal Processing, vol. 5, no. 8, pp. 1475-1485, Dec. 2011.

A.G. Gaotsis, A.S. Lioumpas and A. Alexiou, "M2M Scheduling over LTE:
Challenges and New Perspectives,"” Vehicular Technology Magazine, IEEE ,
vol.7, no.3, pp.34,39, Sept. 2012

S. Ganeriwal, R. Kumar, and M. B. Srivastava, “Timing-sync protocol for sensor
networks,” in Proc. SenSys 03, Nov. 2003, pp. 138-149.

GreenTouch Consortium. http://www.greentouch.org

A.J. Goldsmith, C. Soon-Ghee, "Adaptive coded modulation for fading
channels,” Communications, IEEE Transactions on , vol.46, no.5, pp.595,602,
May 1998

C. J. Hansen “WIGIG: Multi-Gigabit Wireless Communications in the 60 GHz
Band”, IEEE Wireless Communications, December 2011

METIS

Public 59



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[HAWO08]

[HG11]

[HK12a]

[HLS00]

[HP97]

[HRI10]

[HW11]

[HWTO8]

D. Halperin, T. Anderson, and D. Wetherall. Taking the sting out of carrier
sense: interference cancellation for wireless lans. In MobiCom '08: Proceedings
of the 14th ACM international conference on Mobile computing and networking,
pages 339-350, New York, NY, USA, 2008. ACM.

Z. Hao and G.B. Giannakis, "Exploiting Sparse User Activity in Multiuser
Detection," IEEE Transactions on Communications, vol.59, no.2, pp.454-465,
February 2011.

K. Higuchi and Y. Kishiyama, “Non-orthogonal access with random
beamforming and intra-beam SIC for cellular MIMO downlink,” IEICE RCS2012-
89, vol. pp. 85-90, July 2012.

P. Hoeher, I. Land, U. Sorger, “Log-Likelihood Values and Monte Carlo
Simulation -- Some Fundamental Results”, 2nd International Symposium on
Turbo Codes and Related Topics, 2000, pp. 43-46.

S. Hara and R. Prasad, “Overview of Multicarrier CDMA,” IEEE
Communications Magazine , pp. 126-133, Dec. 1997.

R. Hoshyar, R. Razavi and M. AL-Imari, LDS-OFDM an Efficient Multiple
Access Technique, in proceeding of 71st IEEE vehicular technology conference
(VTC 2010-Spring), pp. 1-5, 2010.

S. Heinen and R. Wunderlich, "High Dynamic Range RF Frontends from
Multiband  Multistandard to  Cognitive  Radio" (978-1-4577-0431-4),
Semiconductor Conference Dresden (SCD), 2011, 1 - 8, 2011

R. Hoshyar, F.P. Wathan, R. Tafazolli, “Novel Low-Density Signature for
Synchronous CDMA Systems Over AWGN Channel,” IEEE trans. on signal
processing, vol. 56, No. 4, pp. 1616, Apr. 2008.

[[EEE-802.11] IEEE Standard 802.11. Wireless LAN Medium Access Control (MAC) and

Physical Layer (PHY) specification, 1999 edition.

[[EEE-802.11ad] IEEE Standard 802.11ad-2012: Telecommunications and information

exchange between systems— Local and metropolitan area networks— Specific
requirements—Part 11: Part 11: Wireless LAN Medium Access Control (MAC)
and Physical Layer (PHY) Specifications, Amendment 3: Enhancements for
Very High Throughput in the 60 GHz Band.

[[EEE-802.11p] IEEE Standard 802.11p-2010: Telecommunications and information exchange

[IGB+10]

[JLRO3]

[IMMO3]

[JCK+12]

between systems— Local and metropolitan area networks— Specific
requirements—Part 11: Wireless LAN Medium Access Control (MAC) and
Physical Layer (PHY) Specifications, Amendment 6: Wireless Access in
Vehicular Environments.

M. Ingels, V. Giannini, J. Borremans, G. Mandal, B. Debaillie, P. Van
Wesemael, T. Sano, T. Yamamoto, D. Hauspie, J. Van Driessche and J.
Craninckx, "A' 5 mm 40 nm LP CMOS Transceiver for a Software-Defined
Radio Platform," IEEE Journal of Solid-State Circuits, vol.45, no.12, pp.2794-
2806, Dec. 2010.

J.P. Javaudin, D. Lacroix and A. Rouxel, “Pilot-aided channel estimation for
OFDM/OQAM”, VTC’03 spring, Apr. 2003

M. Jolfaei, S. Martin and J. Mattfeld, “A New Effcient Selective Repeat Protocol
for Point-To-Multipoint Communication,” IEEE ICC 1993

M. Jain, J. I. Choi, T. Kim, D. Bharadia, S. Seth, K. Srinivasan, P. Levis, S.
Katti, and P. Sinha, “Practical, real-time, full duplex wireless,” in Proc. ACM
MobiCom, 2011, pp. 301-312.

METIS

Public 60



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[JKO9]

[JWM+07]

[JXZ09]

[JYD+09]

[KAO8]

[KB11]

[KB12]

[Khal2]

[Livi1]

[LC11]

[LCL11]

[Lelog]

[LGO3]
[LHWO9]

[LKO6]

[LKH+13]

M. Jonsson and K. Kunert, “Towards reliable wireless industrial communication
with real-tiem guarantees,” IEEE Transactions on Industrial Informatics, vol. 5,
No. 4, pp. 429-442, Nov. 2009.

Dajie Jiang; Haiming Wang; Malkamaki, E.; Tuomaala, E.; "Principle and
Performance of Semi-Persistent Scheduling for VoIP in LTE System," Wireless
Communications, Networking and Mobile Computing, 2007. WiCom 2007.
International Conference on, pp.2861-2864, 21-25 Sept. 2007.

Wang Jingjing, Xianzhong Xie, Qian Zhang, “A Way to Reduce ICI of Multi-user
MIMO-OFDM System with Precoding,” International Conference on Advanced
Computer Control, 2009. ICACC '09., pp. 134- 137, 22-24 Jan. 2009.

P. Janis, C.-H. Yu, K. Doppler, C. Ribeiro, C. Wijting, K. Hugl, O. Tirkkonen,
and V. Koivunen, “Device-to-device communication underlaying cellular
communications systems,” Int. J. Communications, Network and System
Sciences, vol. 3, pp. 169-178, Jun. 2009.

B. Kaufman and B. Aazhang, “Cellular networks with an overlaid device to
device network,” in Signals, Systems and Computers, 2008 42nd Asilomar
Conference on, pp. 1537-1541, 2008.

Kim, Y. and Bajcsy, J., “Information rates of cyclostationary faster-than-Nyquist
signaling”, IEEE 12th Canadian Workshop on Information Theory (CWIT) , May
2011.

Y. Kim, J. Bajcsy, "lterative receiver for faster-than-Nyquist broadcasting,"
Electronics Letters , vol.48, no.24, pp.1561 -1562, November 22 2012

A.M. Khandani “Two-Way Wireless”, 15th May 2012, available:
http://cst.uwaterloo.ca/twoWayWireless.php.

G. Liva, “Graph-Based Analysis and Optimization of Contention Resolution
Diversity Slotted ALOHA,” IEEE Trans. Commun., vol. 59, no. 2, pp. 477-487,
Feb. 2011.

Shao-Yu Lien; Kwang-Cheng Chen;, "Massive Access Management for
QoS Guarantees in 3GPP Machine-to-Machine  Communications,"
Communications Letters, IEEE , vol.15, no.3, pp.311-313, March 2011.

S.-Y. Lien, K.-C. Chen and Y. Lin, “Toward Ubiquitous Massive Accesses in
3GPP Machine-to-Machine Communications,” IEEE Communications
Magazine, vol. 49, no. 4, pp. 66-74, April 2011.

C. Lélé, “OFDM/OQAM modulation: Channel estimation methods, and
applications to Multicarrier CDMA and multi-antenna transmission”, PhD thesis
from CNAM, November 18, 2008.

A. Liveris and C. Georghiades, “Exploiting faster-than- nyquist signaling”, IEEE
Transactions on Communications, vol. 51, no. 9, pp. 1502-1511, Sep. 2003.

J. Li, Z. Hu and Y. Wang, “Compressed Multicast Retransmission in LTE-A
eMBMS,” IEEE VTC2009-Spring

D. Lee and Y. H. Kwon, “Performance benefits of uplink packet relay protocols
for cellular-like systems: quantitative analysis,” Wireless Communications, IEEE
Transactions on, vol. 5, no. 7, pp. 1569-1574, 2006.

H.-K. Lee, D. Kim, Y. Hwang, S. Yu, and S.-L. Kim, “Feasibility of cognitive
machine-to-machine  communication using cellular bands,” Wireless
Communications, IEEE, vol. 20, no. 2, pp. 97-103, 2013.

METIS

Public 61


http://cst.uwaterloo.ca/twoWayWireless.php

Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[LLK+12]

[LJO6]
[LLO4]

[LLF10]

[LPB+13]

[LPL+12]

[LSK+10]

[LWD+12]

[LWD+13]

[Maz75]

[MET13-D11]

[MET13-D21]

[MET13-D31]

[Mit95]

[MKPO7]

[MKS+04]

[MLGO63]

[MLGO6b]

[MLM+10]

S.-Y. Lien, T.-H. Liau, C.-Y. Kao, and K.-C. Chen, “Cooperative access class
barring for machine-to-machine communications,” Wireless Communications,
IEEE Transactions on, vol. 11, january 2012.

P. Larsson and N. Johansson, “Multi-User ARQ,” IEEE VTC 2006-Spring

D.D. Lin and T.J. Lim, “Subspace-based active user identification for a collision-
free slotted ad hoc network,” IEEE Transactions on Communications, vol. 52,
no. 4, pp. 612-621, 2004.

Z- Li, Q. Luo and W. Featherstone, “N-in-1 Retransmission with Network
Coding,” IEEE Trans. Wireless Commun., Vol. 9, No. 9, pp. 2689-2694, Sept.
2010

E. Lahetkangas, K. Pajukoski, G. Berardinelli, F. Tavares, E. Tiirola, |. Harjula,
P. Mogensen, B. Raaf, “On the Selection of Guard Period and Cyclic Prefix for
Beyond 4G TDD Radio Access Network”, European Wireless 2013, April 2013.

G. Liva, E. Paolini, M. Lentmaier, and M. Chiani, “Spatially-coupled random
access on graphs,” in Proc. of IEEE ISIT 2012, Boston, MA, USA, Jul. 2012.

P. Larsson, B. Smida, T. Koike.Akino and V. Tarokh, “Analysis of Network
Coded HARQ for Multiple Unicast Flows,” IEEE ICC 2010

Y. Lang, D. Wuebben, A. Dekorsy, V. Braun and U. Doetsch, “Improved HARQ
based on Network Coding and its Application in LTE”, IEEE WCNC 2012, April
2012

Y. Lang, D. Wuebben, A. Dekorsy, V. Braun and U. Doetsch, “A Turbo-Like
Iterative Decoding Algorithm for Network Coded HARQ”, IEEE/ITG SCC 2013,
Jan. 2013

J. Mazo, “Faster-than-Nyquist signaling”, Bell Syst. Tech J., vol. 54, no. 8, pp.
1451-1462, Oct. 1975.

ICT-317669-METIS/D1.1: Scenarios, requirements and KPIs for 5G mobile and
wireless system.

ICT-317669-METIS/D2.1: Requirements analysis and design approaches for
5G air interface

ICT-317669-METIS/D3.1: Positioning of multi-node/multi-antenna transmission
technologies

J. Mitola, “The Software radio architecture”, Communications Magazine, IEEE;
vol 33, no: 5, May 1995.

B. M. Morelli, C. C. J. Kuo and M. N. Pun, "Synchronization techniques for
orthogonal frequency division multiple access (OFDMA): A tutorial review,"
Proceedings IEEE, Vol. 45, N° 7, pp. 1394-1427, July 2007.

M. Maroti, B. Kusy, G. Simon, and A. Ledeczi, “The flooding time
synchronization protocol,” in Proc. 2004 International Conf. Embedded
Networked Sensor Systems, pp. 39—-49.

H. G. Myung, J. Lim, and D. Goodman, “Peak-to-average power ratio of single
carrier FDMA signals with pulse shaping,” in Proc. IEEE PIMRC, Sept. 2006.

H. Myung, J. Lim, and D. Goodman, “Single carrier FDMA for uplink wireless
transmission,"” IEEE Veh. Tech. Mag., vol. 1, pp. 30-38, Sept. 2006.

Monghal, Guillaume; Laselva, Daniela; Michaelsen, Per-Henrik; Wigard,
Jeroen; , "Dynamic Packet Scheduling for Traffic Mixes of Best Effort and VolP

METIS

Public 62



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[MMK+11]

[MMM+12a]

[MMM+12b]

[MOS12]

[MSP+13]

[MS10]

[MSL+11]

[MT13]

[MTK+09a]

[MTK+09b]

[NK11]

[NLS12]

[NS97]

[NTP+12]

Users in E-UTRAN Downlink," Vehicular Technology Conference (VTC 2010-
Spring), 2010 IEEE 71st, 16-19 May 2010.

C. Mecklenbrauker, A. Molisch, J. Karedal, F. Tufvesson, A. Paier, L. Bernado,
T. Zemen, O. Klemp, and N. Czink, “Vehicular channel characterization and its
implications for wireless system design and performance,” Proceedings of the
IEEE, vol. 99, no. 7, pp. 1189-1212, 2011.

N. Michelusi, U. Mitra, A. F. Molisch, and M. Zorzi, “UWB Sparse/Diffuse
Channels, Part |: Channel Models and Bayesian Estimators,” IEEE
Transactions on Signal Processing, vol. 60, no. 10, pp. 5307--5319, Oct. 2012
doi: 10.1109/TSP.2012.2205681

N. Michelusi, U. Mitra, A. F. Molisch, and M. Zorzi, “UWB Sparse/Diffuse
Channels, Part II: Estimator Analysis and Practical Channels,” IEEE
Transactions on Signal Processing, vol. 60, no. 10, pp. 5320--5333, Oct. 2012
doi: 10.1109/TSP.2012.2205682

J. Manssour, A. Osseiran, and S.B. Slimane, “A Unicast Retransmission
Scheme Based on Network Coding,” IEEE Trans. On Vehicular Technology,
Vol. 61, No. 2, Feb. 2012.

G. Madueno, C. Stefanovic, and P. Popovski, “How many smart meters can be
deployed in a GSM cell?,” in Proceedings of ICC 2013, 2013.

M. McGure and M. Sima, “Discrete time faster-than-nyquist signaling”, IEEE
Global Telecommunication Conference (Globecom 10), Dec. 2010.

H. Min, W. Seo, J. Lee, S. Park, and D. Hong, “Reliability improvement using
receive mode selection in the device-to-device uplink period underlaying
cellular networks,” Wireless Communications, |IEEE Transactions on, vol. 10,
no. 2, pp. 413-418, 2011.

Mattera, D.; Tanda, M., "Blind Symbol Timing and CFO Estimation for
OFDM/OQAM Systems," Wireless Communications, IEEE Transactions on,
vol.12, no.1, pp.268,277, January 2013.

A. Molisch, F. Tufvesson, J. Karedal, and C. Mecklenbrauker, “Propagation
aspects of vehicle-to vehicle communications — an overview,” in IEEE Radio
and Wireless Symposium, Jan. 2009, pp. 179-182.

A. Molisch, F. Tufvesson, J. Karedal, and C. Mecklenbrauker, “A survey on
vehicle-to-vehicle propagation channels,” IEEE Wireless Communications, vol.
16, no. 6, pp. 12-22, Dec. 2009.

N. Nikaein and S. Krco, “Latency for real-time machine-to-machine
communication in LTE-Based System Architecture,” in Proc. European Wireless
2011, Vienna, Austria, April 2011.

D. Ng, E. Lo, and R. Schober, “Dynamic resource allocation in MIMO OFDMA
systems with full-duplex and hybrid relaying,” IEEE Trans. Commun., vol. 60,
no. 5, pp. 1291-1304, May 2012.

K.R. Narayanan and G.L. Stuber, “A Novel ARQ Technique using the Turbo
Principle”, IEEE Comm. Letters, Vol. 1, No. 2, March 1997.

D. Nguyen, L.-N. Tran, P. Pirinen, and M. Latva-aho, “Transmission strategies
for full duplex multiuser MIMO systems,” in Proc. IEEE Int. Conf. Commun.,
Jun. 2012, pp. 6825-6829.

METIS

Public 63



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[ODR+09]

[OKH12]

[OMEG1+11]

[OMEG2+11]

[PAROS]

[Pel13]

[PHYD]
[PHYD51]
[PFC10]

[PG11]

[PKH+08]

[PLC11a]

[PLC11b]

[Pro01]

[PSS04]

[PTS+12]

[PVS11]

A. Osseiran, K. Doppler, C. Ribeiro, M. Xiao, M. Skoglund, and J. Manssour,
“‘Advances in device-to-device communications and network coding for IMT-
advanced,” ICT Mobile Summit, Jun. 2009.

N. Otao, Y. Kishiyama, and K. Higuchi, “Performance of non-orthogonal access
with SIC in cellular downlink using proportional fair-based resource allocation,”
ISWCS, pp. 476-480, Aug. 2012.

ICT FP7 OMEGA project, Deliverable 2.7 “Radio Final Evaluation Report”,
March 2011.

ICT FP7 OMEGA project, Deliverable 5.5 “Inter-MAC Final Evaluation Report”,
March 2011.

Prlja, A.; Anderson, J.B.; Rusek, F.; , "Receivers for Faster-than-Nyquist
signaling with and without turbo equalization," Information Theory, 2008. ISIT
2008. IEEE International Symposium on, pp.464-468, 6-11 July 2008

M. Pelcat et al., Physical Layer Multi-Core Prototyping, 9, Lecture Notes in
Electrical Engineering 171, DOI: 10.1007/978-1-4471-4210-2_2,, © Springer-
Verlag London 2013

PHYDYAS Project. http://www.ict-phydyas.org.
http://www.ict-phydyas.org/delivrables/PHYDYAS-D5-1.pdf.

E. Paolini, M. P. C. Fossorier, and M. Chiani, “Generalized and Doubly
generalized LDPC Codes With Random Component Codes for the Binary
Erasure Channel,” IEEE Trans. Inf. Theory, vol. 56, no. 4, pp. 1651-1672, Apr.
2010.

E. Perahia, M.X. Gong: “Gigabit wireless LANs: an overview of IEEE 802.11ac
and 802.11ad”, Mobile Computing and Communications Review, vol. 15, no. 3,
July 2011.

Puttonen, J.; Kolehmainen, N.; Henttonen, T.; Moisio, M.; "Persistent packet
scheduling performance for Voice-over-IP in evolved UTRAN downlink,"
Personal, Indoor and Mobile Radio Communications, 2008. PIMRC 2008. IEEE
19th International Symposium on, 15-18 Sept. 2008.

E. Paolini, G. Liva, and M. Chiani, “High Throughput Random Access via Codes
on Graphs: Coded Slotted ALOHA,” in Proc. of IEEE ICC 2011, Kyoto, Japan,
Jun. 2011.

E. Paolini, G. Liva, and M. Chiani, “Graph-Based Random Access for the
Collision Channel without Feed-Back: Capacity Bound,” in Proc. of IEEE
Globecom, Houston, TX, USA, Dec. 2011.

J. G. Proakis, “Chapter Nine: Signal Design for Band-Limited Channels,” in
Digital Communications, 4th ed. McGraw-Hill, Singapore 2001

D. Pinchon, P. Siohan, and C. Siclet, “Design Techniques for Orthogonal
Modulated Filterbanks Based on a Compact Representation”, |EEE
Transactions on Signal Processing, vol. 52, no. 6, June, 2004.

N. K. Pratas, H. Thomsen, C. Stefanovic, and P. Popovski, “Code-expanded
random access for machine-type communications,” in Globecom Workshops
(GC Wkshps), 2012 IEEE, pp. 1681-1686, 2012.

R. Paiva, R. Vieira, and M. Saily, “Random access capacity evaluation with
synchronized mtc users over wireless networks,” in Vehicular Technology
Conference (VTC Spring), 2011 IEEE 73rd, pp. 1-5, 2011.

METIS

Public 64


http://www.ict-phydyas.org/delivrables/PHYDYAS-D5-1.pdf

Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public
Status: Final Version: 1

[PWK+13]

[RAO5]

[RAO6]

[RAOS]

[RA09]

[RAE+05]

[RHV98]

[RMOO]

[RRS+10]

[RS13]

[Rus07]

[Rus09]

[RWW11]

[RZS96]

[SAOS]

S. Premnath, D. Wasden, S. Kasera, N. Patwari, and B. Farhang-Boroujeny,
“‘Beyond OFDM: Best- Effort Dynamic Spectrum Access Using Filterbank
Multicarrier’, IEEE/ACM Transactions on Networking, vol. 21, no. 3, June 2013

F. Rusek, J.B. Anderson, "The two dimensional Mazo limit," Information Theory,
2005. ISIT 2005. Proceedings. International Symposium on, pp.970-974, 4-9
Sept. 2005.

F. Rusek and J. Anderson, “On information rates for faster-than-Nyquist
signaling”, IEEE Global Telecommunication Conference (Globecom 06), Nov.
2006.

F. Rusek and J. Anderson, “Non binary and precoded faster-than-Nyquist
signaling”, IEEE Transactions on Communications, vol. 56, no. 5, pp. 808-817,
May 2008.

F. Rusek and J. Anderson, “Constrained capacities for faster-than-Nyquist
signaling”, IEEE Transactions on Information Theory, vol. 55, no. 2, pp. 764-
775, Feb. 2009.

Bagheri, Rahim; Mirzaei, A.; Heidari, M.E.; Chehrazi, S.; Minjae Lee; Mikhemar,
M.; Tang, W.K.; Abidi, A.A., "Software-defined radio receiver: dream to reality,"
Communications Magazine, IEEE , vol.44, no.8

Remvik, P.K.; Holte, N.; Vahlin, A., "Fading and carrier frequency offset
robustness for different pulse shaping filters in OFDM," IEEE VTC, 1998. ,
vol.2, no., pp.777,781 vol.2, 18-21 May 1998

D. Rowitch and L. Milstein, “On the Performance of Hybrid FEC/ARQ Systems
Using rate Compatible Punctured Turbo (RCPT) Codes,” IEEE Trans.
Commun., Vol. 48, No. 6, pp. 948-959, June 2000

V. Ringset, H. Rustad, F. Schaich, J. Vandermot and M. Najar, “Performance of
a filterbank multicarrier (FBMC) physical layer in the Wimax context”, in Proc.
Future Network & Mobile Summit, Florence, Italy, June, 2010.

D. Roque and C. Siclet, “Performances of weighted cyclic prefix OFDM with low
complexity equalization”, leee Communications letters, Vol. 17, N° 3, March
2013..

Rusek, F.; , "A First Encounter with Faster-than-Nyquist Signaling on the MIMO
Channel," Wireless Communications and Networking Conference,WCNC 2007,
pp.1093-1097, 11-15 March 2007

Rusek, F.; , "On the existence of the Mazo-limit on MIMO channels," Wireless
Communications, |IEEE Transactions on, vol.8, no.3, pp.1118-1121, March
2009

T. Riihonen, S. Werner, and R. Wichman, “Mitigation of loopback self
interference in full-duplex MIMO relays,” IEEE Trans. Signal Process., vol. 59,
no. 12, pp. 5983-5993, Dec. 2011.

M. Rossi, J. Zhang, and W. Steenaart, “lterative constrained least squares
design of near perfect reconstruction pseudo QMF banks”, CCECE’96, May,
1996,”

W. Su, and I. F. Akyildiz, “Time-diffusion synchronization protocol for wireless
sensor netowrks,” IEEE/ACM Trans. on Networking, vol. 13, no. 2, pp. 384—
397, Apr. 2005.

METIS

Public 65



Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public
Status: Final Version: 1

[SBP04]

[SBS97]

[SC04]

[SD11]

[SF11]

[SFC11]

[SFE+09]

[SFF+07]

[SFS+05]

[SFS08]

[SGA+12]

[SGP+11]

[Sha61]

[SIL+12]

[Sjo13]

Sadeghi, M.-R.; Banihashemi, A.H.; Panario, D., "Construction of lattices from
LDPC codes," Electrical and Computer Engineering, 2004. Canadian
Conference on , vol.3, no., pp.1393,1396 Vol.3, 2-5 May 2004

U. Sorger, I. D. Broeck, and M. Schnell, IFDMA-A New Spread spectrum
Multiple-Access Scheme in Multi-Carrier Spread Spectrum. Netherlands:
Kluwer Academic Publishers, 1997.

T. Shi and L. Cao, “Combining Techniques and Segment Selective Repeat on
Turbo Coded Hybrid ARQ”, IEEE WCNC 2004, Mar. 2004

H. Schepker, A. Dekorsy, “Sparse Multi-User Detection for CDMA Transmission
using Greedy Algorithms,” 8th International Symposium on Wireless
Communication Systems (ISWCS 11), Aachen, Germany, 6. - 9. November
2011.

L. Schenato and F. Fiorentin, “Average timesynch: A consensus-based protocol
for clock synchronization in wireless sensor networks, Automatica,vol. 47, no. 9,
pp. 1878-1886, Sep. 2011.

T. Snow, C. Fulton, W.J. Chappell, “Multi-antenna Near Field Cancellation
Duplexing for Concurrent Transmit and Receive”, IEEE International Microwave
Symposium 2011, June 5-10, 2011, Baltimore, USA.

T. Svensson, T. Frank, T. Eriksson, D. Aronsson, M. Sternad, and A. Klein,
“Block interleaved frequency division multiple access for power efficiency,
robustness, flexibility and scalability,” EURASIP J. Wireless Commun., Special
Issue 3GPP LTE and LTE Advanced, Nov. 2009.

T. Svensson, T. Frank, D. Falconer, M. Sternad, E. Costa, A. Klein, "B-IFDMA -
A Power Efficient Multiple Access Scheme for Non-frequency-adaptive
Transmission”, IST Mobile Summit 2007, Budapest, July 2007.

M. Sternad, S. Falahati, T. Svensson and D. Aronsson, “Adaptive
TDMA/OFDMA for wide-area coverage and vehicular velocities,” IST Summit,
Dresden, June 19-23, 2005.

Sommer, N.; Feder, M.; Shalvi, O., "Low-Density Lattice Codes," Information
Theory, IEEE Transactions on , vol.54, no.4, pp.1561,1585, April 2008.

M. Sternad, M. Grieger, R. Apelfrojd, T. Svensson, D. Aronsson and A. Belen
Martinez, "Using predictor antennas for long-range prediction of fast fading of
moving relays," IEEE WCNC12 Workshop on 4G Systems, Paris, France, April
2012.

Nikhil Singh, Dinan Gunawardena, Alexandre Proutiere, Bozidar Radunovi,
Horia Vlad Balan, Peter Key, Efficient and Fair MAC for Wireless Networks with
Self-interference Cancellation, 2011 International Symposium of Modeling and
Optimization of Mobile, Ad Hoc, and Wireless Networks.

C.E. Shannon, “Two-way communication channels,” in Proc. 4th Berkeley
Sympos. Math. Statist. Prob. Berkeley, Calif.: Univ. California Press, 1961,
vol.1, pp.611-64.

M. Z. Shafiq, L. Ji, A. X. Liu, J. Pang, and J. Wang, “A first look at cellular
machine-to-machine traffic: large scale measurement and characterization,”
SIGMETRICS Perform. Eval. Rev., vol. 40, pp. 65-76, June 2012.

K. Sjoberg, “Medium access control for vehicular ad hoc networks,” Ph.D.
dissertation, Chalmers University of Technology, 2013, ISSN 0346-718X, ISBN
978-91-7385-832-8. [Online]. Available:

METIS

Public 66



FP7-ICT-317669- METIS/D2.2
30/10/2013 Security:

Final

Document:
Date:

Status:

Public
Version: 1

[SKE+12]

[SPP+08]

[SPV12]

[SSLO2]

[SSO+07]

[STP+13]

[STS07]

[SVWO6]

[SWB+10]

[SYB+11]

[TVZ99]

[TPS+13]

[TPS+13b]

[TSN+08]

http://publications.lib.chalmers.se/publication/174782-medium-access-control-
for-vehicular-ad-hoc-networks

Z. Shen, A. Khoryaev, E. Eriksson, X. Pan; "Dynamic uplink-downlink
configuration and interference management in TD-LTE” IEEE Communications
Magazine, Nov. 2012

D. Sejdinovic, V. Ponnampalam, R. Piechocki and A. Doufexi, “The Throughput
Analysis of Different IR-HARQ Schemes Based on Fountain Codes,” IEEE
WCNC 2008

C. Stefanovic, P. Popovski, and D. Vukobratovic, “Frameless ALOHA protocol
for Wireless Networks,” IEEE Comm. Letters, vol. 16, no. 12, pp. 2087-2090,
Dec. 2012.

P. Siohan, C. Siclet and N. Lacaille, "Analysis and design of OFDM/OQAM
systems based on fillterbank theory”, IEEE Trans. on Signal Processing, vol.
50, pp. 1170-1183, May 2002.

Sternad, M, T. Svensson, T. Ottosson, A. Ahlen, A. Svensson and A.
Brunstrom, “Towards systems beyond 3G based on adaptive OFDMA
transmission,” Proceedings of the IEEE, vol. 95, no. 12, pp. 2432-2455, Dec.
2007.

C. Stefanovic, K. F. Trilingsgaard, N. K. Pratas, and P. Popovski, “Joint
Estimation and Contention-Resolution Protocol for Wireless Random Access,”
IEEE ICC 2013, accepted for presentation

M. Sadek, A. Tarighat, A.H. Sayed, “A Leakage-Based Precoding Scheme for
Downlink Multi-User MIMO Channels,” Wireless Communications, |EEE
Transactions on, vol. 6, no. 5, pp. 1711-1721, May 2007.

E. Soljanin, N. Varnica and P. Whiting, “Punctured vs Rateless Codes for
Hybrid ARQ,” IEEE ITW 2006

Sourck, H.S.; Yan Wu; Bergmans, J. W M; Sadri, S.; Farhang-Boroujeny, B.,
"Effect of Carrier Frequency Offset on Offset QAM Multicarrier Filter Bank
Systems over Frequency-Selective Channels," IEEE WCNC, vol., no., pp.1,6,
18-21 April 2010

H.S. Sourck, Y. Wu; J.W. Bergmans, S. Sadri and B. Farhang-Boroujeny,
"Complexity and performance comparison of filter bank multicarrier multiple
access networks," IEEE Transactions on Signal Processing, Vol. 59, N° 4, pp.
1907-1912, April 2011.

Vahid Tarokh, Alexander Vardy and Kenneth Zeger, “Universal Bound on the
Performance of Lattice Codes”, Information Theory, IEEE, Transactions on, vol.
45, no. 2, pp. 670-681, 1999.

H.Thomsen, N.K.Pratas, C.Stefanovic and P.Popovski,”Analysis of the LTE
Access Reservation Protocol for Real-Time Traffic’, to appear in IEEE
Communication Letters, 2013.

H. Thomsen, N. K. Pratas, C. Stefanovic, and P. Popovski, “Code-expanded
radio access protocol for machine-to-machinecommunications,” Transactions
on Emerging Telecommunications Technologies, 2013.

Tenbroek, B.; Strange, J.; Nalbantis, D.; Jones, C.; Fowers, P.; Brett, S.;
Beghein, C.; Beffa, F., "Single-Chip Tri-Band WCDMA/HSDPA Transceiver
without External SAW Filters and with Integrated TX Power Control,” Solid-
State Circuits Conference, 2008. ISSCC 2008. Digest of Technical Papers.
IEEE International , vol., no., pp.202,607, 3-7 Feb. 2008.

METIS

Public 67



FP7-ICT-317669- METIS/D2.2
30/10/2013 Security:

Final

Document:
Date:

Status:

Public
Version: 1

[TVO5]

[TVP+03]

[UKH12]

[URO5]

[US12]

[UWA+00]

[VSWO05]

[WBO01]

[WC94]

[WC98]

[WPS11]

[WWD+13]

[WWD+14]

[YDR+11]

[ZCY+13]

[2B10]

D. Tse and P. Viswanath, Fundamentals of Wireless Communication,
Cambridge University Press, 2005.

V. Tripathi, E. Visotsky, R. Peterson and M. Honig, “Reliability-Based Type I
Hybrid ARQ Schemes”, IEEE ICC 2003, May 2003.

J. Umehara, Y. Kishiyama, and K. Higuchi, “Enhancing user fairness in non-
orthogonal access with successive interference cancellation for cellular
downlink,” Proc. of ICCS, Nov. 2012.

E. Uhlemann and L. K. Rasmussen, ‘Incremental redundancy deadline
dependent coding for efficient wireless real-time communications,” in Proc. 10"
IEEE Conf. Emerging Technol. Factory Autom. (ETFA ‘05), Catania, Italy, Sep.
2005, vol. 2, pp. 417-424.

A.M. Ulmer-Moll, I. Siaud, Orange Labs, “A green link budget CQIl metric for
multi-RAT HET-NETS”, software demo, TIA’2012, Green Touch Dallas meeting,
June 2012.

E. Uhlemann, P.-A. Wiberg, T.M. Aulin, and L. R. Rasmussen, “Deadline
dependent coding — A framework for wireless real-time communication,” in
Proc. 7" Int. Conf. Real-Time Comput. Syst. Appl. (RTCSA ‘00), Cheju Isl. S.
Korea, Dec 2000, pp. 135-142.

N. Varnica, E. Soljanin and P. Whiting, “LDPC Code Ensembles for Incremental
Redundancy Hybrid ARQ,” IEEE ISIT 2005

P.-A. Wiberg and U. Bilstrup, “Wireless technology in industry-applications and
user scenarios,” in Proc. 8" IEEE Conf. Emerging Technol. Factory Autom.
(ETFA ‘01), Antibes, France, Oct. 2001, vol. 1, pp. 123-131.

R.D. Wesel, J.M.Cioffi, “Precoding and the MMSE-DFE,” Signals, Systems and
Computers, 1994. 1994 Conference Record of the Twenty- Eighth Asilomar
Conference on ,vol.2, no., pp. 1144-1148, Nov 1994.

W.-C. Wu and K.-C. Chen, “ldentification of active users in synchronous CDMA
multiuser detection,” IEEE Journal on Selected Areas in Communications, vol.
16, no. 9, pp. 1723-1735, 1998.

M. Wylie-Green, E. Perrins, T. Svensson, “Introduction to CPM-SC-FDMA - A
Novel Multiple-Access Power-Efficient Transmission Scheme.” |IEEE
Transactions on Communications, (7) pp. 1904-1915, 2011.

M. Woltering, D. Wuebben, A. Dekorsy, V. Braun and U. Doetsch,
“Performance of HARQ with Reduced Size Retransmissions using Network
Coding Principles,” IEEE VTC 2013-Spring, June 2013.

M. Woltering, D. Wuebben, A. Dekorsy, V. Braun and U. Doetsch, “Link Level
Performance Assessment of Reliability-Based HARQ Schemes in LTE/
submitted to IEEE VTC 2014-Spring, May 2014.

C.-H. Yu, K. Doppler, C. B. Ribeiro, and O. Tirkkonen, “Resource sharing
optimization for device-to-device communication underlaying cellular networks,”
IEEE Trans. Wireless Commun., vol. 10, pp. 2752-2763, Aug. 2011.

R. Zhang, X. Cheng, Q. Yao, C.-X. Wang, Y. Yang, and B. Jiao, “Interference
graph based resource sharing schemes for vehicular networks,” Vehicular
Technology, IEEE Transactions on, vol. PP, no. 99, pp. 1-1, 2013.

Nizar Zorba, Faouzi Bader, “Spatial Diversity Scheme to Efficiently Cancel ISI
and ICI in OFDM-OQAM Systems,” Journal of Computer Systems, Networks,
and Communications, vol. 2010, 10 pages, 2010.

METIS

Public 68



e

€7

Document: FP7-ICT-317669- METIS/D2.2
Date: 30/10/2013 Security:  Public

Status: Final Version: 1

[ZL04]

[ZLW12]

[ZR12]

Z. Zhang and L. Lai, “A novel OFDM transmission scheme with length-adaptive
cyclic prefix,” Journal of Zhejiang University Science, 2004. Available at
http://www.zju.edu.cn/jzus/2004/0411/041105.pdf

Jing Zhou; Daoben Li; Xuesong Wang; , "Generalized faster-than-Nyquist
signaling," Information Theory Proceedings (ISIT), 2012 IEEE International
Symposium on, pp.1478-1482, 1-6 July 2012

R. Zakaria,D. Le Ruyet, “A Novel Filter-Bank Multicarrier Scheme to Mitigate
the Intrinsic Interference: Application to MIMO Systems,” Wireless
Communications, IEEE Transactions on , vol. 11, no.3, pp. 1112- 1123, March
2012.

METIS

Public 69



