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Abstract
Future ﬁfth generation (5G) mobile communication systems should fulﬁll a wide range of technical
requirements to cope with the explosive growth of mobile data trafﬁ c, massive number of
connected devices and emergence of new services. Ultra-fast transmission speeds and consistent
user experience are fundamental 5G requirements. To achieve these 5G goals, a combination of
different advanced radio transmission technologies, different spectrum bands and different
networking methods is necessary. Network densiﬁ cation using millimeter-wave (mmWave)
communications, combined with massive multiple-input multiple-output (MIMO) and
beamforming techniques, provides a framework to achieve throughputs in the range of Gbps.
However, for the operators, the capital and operational expenditures increase signiﬁ cantly as the
base station (BS) de nsity incre ase s. In this re gard, a cost-e ffe ctive 5 G radio acce ss ne twork (RAN)
solution is of great interest.
In this thesis, Device-to-Device (D2D) relaying and low-complexity mmWave system architectures
are considered to fulﬁ ll this objective. The main goal of D2D relaying is to create a new type of
network connectivity to carry mobile trafﬁ c, so that user experience consistency is improved
without a need of ultra-dense BS deployment. The D2D relaying connectivity is extremely useful
in mmWave bands as mmWave signals can be easily blocked by various obstacles. D2D relaying
should be subject to network control by a RAN controller. We consider a hierarchical control
framework to perform D2D discovery, relay selection, mmWave beam selection, resource allocation
and interference management. With this framework, D2D relaying in four practical network
scenarios is considered, and low-complexity algorithms are developed to manage D2D relaying.
In addition to D2D relaying, we also consider developing low-cost mmWave BSs for ultra-dense
mmWave network deployments. A low-complexity hybrid architecture with subarrays and lowresolution phase shifters is designed, and a switch network is added into the architecture for the
channel estimation purpose. A novel grid-less compressive-sensing channel estimation method
based on atomic norm minimization, and a two-stage multi-user MIMO precoding scheme are
p ro p o s e d w i t h t h i s h y b ri d arc h i t e c t u re . S i m u l a t i o ns w i t h t h e 3G PP mmWave c h a nne l mo d e l s h o w
that the considered architecture solution can achieve comparable spectrum efﬁ ciency as the
performance given by architectures with much higher hardware costs.
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1. Introduction

1.1

Motivation

To realize a fully mobile and connected society, research and standardization for the ﬁfth generation (5G) wireless systems are currently being
carried out by the mobile industry, academic institutions and standardsmaking bodies. The 5G wireless systems should fulﬁll a wide range of
technical requirements [1, 2] to cope with the explosive growth of mobile
data trafﬁc, the massive number of connected devices and the emergence of
new services. Those requirements include ultra-fast transmission speeds,
low latency and excellent reliability. The target for peak data rate in 5G
cellular networks should be 20 gigabits per second (Gbps) for downlink
and 10 Gbps for uplink, and the target for peak spectral efﬁciency should
be 30 bps/Hz for downlink and 15 bps/Hz for uplink [2]. Apart from peak
performances, consistent user experience [3] is another challenging objective. The user experience should not change rapidly when users move in
the cells. With current cellular technologies, users at the cell edge suffer
from poor service, even when complicated coordinated multi-point (CoMP)
transmission technologies are applied [4]. From this perspective, one of
the most important improvements of 5G as compared to 4G should be in
the cell-edge user throughput.
A range of technologies have been considered to meet the 5G technical requirements [5, 6, 7, 8, 9, 10, 11, 12]. Network densiﬁcation using
millimeter-wave (mmWave) communications [9, 10], combined with massive multiple-input multiple-output (MIMO) [11, 12] and beamforming
techniques, provides a framework to achieve throughput in the range
of Gbps in 5G era. MmWave radio access technologies (RATs) can utilize large continuous radio spectra available in mmWave frequencies to
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boost the user throughput; they also rely on large-scale antenna arrays
to enable high beamforming and multiplexing gains. Designing mmWave
systems with large-scale arrays faces many practical challenges, especially
for channel estimation and multi-user precoding. For cost-effective 5G
RAN deployments, it is necessary to design channel estimation and precoding/combining solutions with low-complexity hardware architectures,
by exploiting the characteristics of mmWave channels.
Due to the short radio frequency (RF) wavelengths, mmWave RF signals
are susceptible to the blockage effects [13]. As a result, mmWave base stations (BSs) need to be densely deployed to provide full coverage [14, 15]. Deploying dense sites increases capital and operating expenditures (CAPEX
and OPEX) for operators, thus increasing the use-cost for mobile users.
To this end, extreme network densiﬁcation for providing full mmWave
coverage may not be viable. To lower the deployment cost, future mmWave
cellular networks should work tightly with conventional sub-6-GHz cellular
networks to provide both excellent coverage and enhanced throughput performances, by applying the multi-RAT multi-connectivity concept [16, 17].
Integrating mmWave RATs into legacy LTE BSs would be a wise option by
reusing existing sites. However, in such an integrated network, consistency
of user experience is jeopardized, as a large number of users outside the
mmWave coverage cannot get high throughput.
The network coverage can be improved via relaying, by applying a multihop cellular network (MCN) concept [18]. The relaying can be implemented
in mmWave or conventional sub-6-GHz bands, with ﬁxed relay stations
or mobile devices such as vehicles, cell phones and other nomadic nodes.
Network controlled device-to-device (D2D) communication [19] is currently
under consideration for future 5G cellular networks. Accordingly, D2D
relaying based on cooperation between user equipments (UEs) can be used
for coverage extension in both sub-6-GHz and mmWave bands to tackle the
problem of inconsistent user experience. As the number of mobile devices
increases, the probability that a cell-edge user can ﬁnd favorable mobile
relays increases, and the end-to-end (E2E) throughput can be boosted by
using the D2D relaying transmission.
Despite a lot of research efforts had been devoted to wireless relaying
in literature [20, 21, 22, 23, 24, 25, 26, 27, 28, 29], the implementation of
relaying in current cellular networks is still not popular. One reason is
that relaying in cellular networks complicates the network control and
management, as it introduces extra signaling overhead and interference
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issues. In addition, the need of using relays for cell-edge performance
enhancement in current and previous generation cellular systems is not so
urgent as they are working on the low-frequency bands which entail good
propagation conditions. Nevertheless, we envision that relaying will play
an important role in fulﬁlling the 5G goal of a connected world, especially
in future mmWave networks where signals are easily blocked by obstacles.

1.2

Objectives of the Thesis

Motivated by the importance of mmWave communication and mobile relaying in fulﬁlling the 5G objectives, this thesis addresses related important
problems including relay selection, radio resource allocation, cellular power
control and interference management for mobile relaying in practical network scenarios. For mmWave communication and mmWave relaying, the
related channel estimation and beam training problems for users and
relays are also considered. The main goal of this thesis is to study how
mmWave communication and D2D relaying should be implemented in
future 5G mobile networks in a cost-effective way to fulﬁll the 5G requirements. The ﬁrst main focus is to investigate whether and when
D2D relaying can improve the cell-edge performance in various practical
network settings. The second focus is on using low-complexity mmWave
architectures to serve multiple users simultaneously with high spectrum
efﬁciency. It is hoped that the research conducted in this work would provide some useful insights into designing next-generation cellular networks
with mmWave transmission and mobile relaying technologies.

1.3

Contributions and Structure of the Thesis

This work contributes to: 1) 5G cellular network design with D2D relaying on both sub-6-GHz/mmWave bands to provide consistent user experience without a need of extreme network densiﬁcation; 2) design of
low-complexity mmWave system architectures, and the development of
low-complexity mmWave beam tracking, channel estimation and multiuser hybrid precoding algorithms.
This thesis is organized as follows. In chapter 2, we give a comprehensive and up-to-date introduction on the 5G mobile communication
systems, with a focus on the standardization progresses in 5G NR and
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D2D communications. Brief reviews on mmWave channel models and
low-complexity mmWave architectures are also given. Chapter 3 provides
our contributions on D2D relaying. Four different applications of D2D
relaying in future 5G networks are investigated. In the ﬁrst application,
D2D relaying for uplink in a coverage-limited macro cellular network is
considered, where D2D transmission powers are subject to cellular uplink
power control. In the second application, D2D relaying is applied for downlink in an interference-limited multi-cell micro cellular network. Analysis
of inter-cell interference with D2D relaying, and a network-level D2D relaying management framework is presented. In the third application, a
two-hop LoS probability model is given, and a two-hop mmWave relaying
protocol considering beamforming transmission is proposed. In the last
one, a multi-RAT 5G network working with both sub-6-GHz and mmWave
spectrum bands is considered, and mobile relaying is applied to enhance
the network performance provided by multi-RAT multi-connectivity. A
hierarchical network control framework is considered to address the relay
and beam selection, resource allocation, and interference coordination
problems. In Chapter 4, we present our contributions on mmWave channel
estimation and low-complexity multi-user MIMO (MU-MIMO). A novel
off-grid compressive sensing method based on atomic norm minimization (ANM) is given for mmWave channel estimation. A hybrid MU-MIMO
precoding scheme with low-resolution phase shifters is also presented.
Finally, Chapter 5 summarizes the results and the contributions of this
thesis. Directions for future works are also outlined.

1.4

Summary of the Publications

This thesis consists of an introductory part and six original publications.
Publication I addresses the relay selection and resource allocation problems
for uplink D2D relaying in a multi-cell network. Publication II considers
two-hop D2D relaying in multi-cell downlink networks. Publication III
investigates D2D relaying for mmWave networks with radio-frequency (RF)
beamforming. Publication IV addresses the mobile relaying problems in an
integrated mmWave/sub-6-GHz 5G network. Publication V and VI focus
on mmWave multi-user transmissions, and the related system architecture
design, channel estimation and MU-MIMO precoding problems.
Concretely, in Publication I, we consider a D2D relaying approach in
a scenario where there are multiple candidate devices to be selected as
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relays for user uplink transmission. Both self-backhauling and D2D transmissions are performed in uplink cellular resources, and are subject to
cellular uplink power control. We investigate the relay selection and resource allocation problems jointly, and propose a simpliﬁed relay selection
and resource allocation scheme for the joint optimization problem. Using
this scheme in a system simulation, we demonstrate that D2D relaying
under uplink power control increases the throughput of cell-edge users
signiﬁcantly.
In Publication II, we study the aggregate co-channel interference characteristics when D2D relaying is applied in downlink. A ﬂuid network model
is used to analyze the inter-cell interference in a multi-cell network with
a minimum inter-site distance (ISD). We develop a model for capturing
the interaction between relaying decisions made in one cell and inter-cell
interferences created to other cells. We investigate the network steady
state, and optimize key parameters for network-level management. Both
simulation and analysis results are provided to help to understand the
performance of the downlink D2D relaying.
In Publication III, mobile relaying exploiting possible two-hop line-ofsight (LoS) connections is considered for coverage extension in future
mmWave cellular networks. Relaying based on opportunistic analog beamforming is applied, and sets of ﬁxed beams are used for cell discovery, relay
discovery and data transmission. A low-complexity relay & beam discovery
and selection protocol is developed. End-to-end throughput performance,
and signaling overhead are estimated. To provide good relaying performance for cell-edge users without introducing high relaying overhead, a
relay candidate set is selected by choosing a proper size, and suitable
membership based on a utility function. Simulation results show that with
a relay candidate set having a proper size, opportunistic two-hop mmWave
relaying can improve both mean user performance and user experience
consistency.
In Publication IV, we investigate the downlink of a 5G network based on
mmWave & sub-6-GHz multi-connectivity. We consider a scenario where
UEs carried by vehicles act as relays to extend the network coverage with
two-hop relaying. Opportunistic relay selection and mmWave analog beamforming are used to limit the signaling overhead. A hierarchical network
control framework is considered to address the relay and beam selection,
resource allocation, and interference coordination problems. Performances
of mmWave/sub-6-GHz multi-connectivity with and without two-hop relay-
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ing in urban outdoor scenarios with different site deployment densities are
investigated.
In Publication V, we consider MU-MIMO transmission in mmWave cellular systems and the related multi-user beam training and channel estimation problems. We formulate mmWave channel estimation as an atomic
norm minimization (ANM) problem. A continuous dictionary based on subsampling in the antenna domain via a small number of radio frequency
chains is applied. We show that mmWave channel estimation using ANM
can be formulated as a semideﬁnite programming (SDP) problem, and the
channel can be accurately estimated via off-the-shelf SDP solvers with
polynomial-time complexity.
In Publication VI, the design of large-antenna-array mmWave MU-MIMO
systems is considered. A low-complexity base station architecture comprising ﬁxed subarrays and coarsely quantized phase shifters (FS-QPS)
is proposed. We analyze the performance of hybrid linear MU-MIMO
precoders subject to the subarray geometric constraints, the coarse phase
shifter quantization, and the channel estimation errors. The multi-user
beamforming gains with different phase quantization levels and subarray
geometries are investigated. The optimal analog precoder is derived for
a typical mmWave channel model and the precoder is designed without
a need of gradient search prior to the phase quantization process. In addition, an approximated user SINR expression is given, considering the
channel estimation inaccuracy. Simulation results for multi-user spectral and energy efﬁciencies for the FS-QPS architecture are provided and
compared to other architectures, using the latest 3GPP mmWave channel
model parameters, considering channel estimation errors.
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2.1

5G Performance Requirements

The mobile communication technology has undergone revolutionary changes
every ten years starting from 1980s. The technology innovations from 2G
to 4G (LTE and LTE-Advanced) are driven by the increasing network capacity demands with the prosperity of various mobile applications and
the explosion of mobile data trafﬁc. LTE and its successor LTE-Advanced,
have been successful in the mobile communication market. By the start of
January 2018, there were 651 public LTE networks in service in 202 countries worldwide and 219 LTE-Advanced networks commercially launched
in 108 countries [30]. The explosion of mobile data trafﬁc will continue. It
is anticipated that total mobile data trafﬁc will rise at a compound annual
growth rate (CAGR) of 42 percent, and monthly global mobile data trafﬁc
will surpass 100 ExaBytes (EB) in 2023, with 8.5 billion mobile broadband
subscriptions, over 20 billion Internet of thing (IoT) devices [31] and new
emerging applications such as health care, real-time virtual reality (VR),
and smart cities. Current mobile technologies cannot sustain such a fully
mobile and connected world in the near future. In response, it is urgent
to deﬁne technical requirements of 5G mobile communication systems,
develop standards, and perform system trials. Three key use cases in 5G
had been identiﬁed by IMT 2020:
• Enhanced Mobile Broadband (eMBB): Including multi-Gbps data rates
for applications like virtual reality and the ability to support extensive
data trafﬁc growth.
• Ultra-Reliable Low-Latency Communication (URLLC): Including very
low latency and very high availability, reliability and security to support
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KPI

Use

Value

Case
Bandwidth

eMBB

At least 100 MHz; Up to 1 GHz in frequencies above
6 GHz (e.g mmWave bands)

Peak data rate

eMBB

DL: 20 Gbps, UL: 10 Gbps

Peak spectral efﬁciency

eMBB

DL: 30 bps/Hz, UL: 15 bps/Hz

5% user spectral efﬁciency

eMBB

DL: 0.225 bps/Hz, UL: 0.15 bps/Hz (Dense urban)
DL: 0.12 bps/Hz, UL: 0.045 bps/Hz (Rural area)
DL: 0.30 bps/Hz, UL: 0.21 bps/Hz (Indoor hotspot)

Average spectral efﬁciency

eMBB

DL: 7.80 bps/Hz, UL: 5.40 bps/Hz (Dense urban)
DL: 3.30 bps/Hz, UL: 1.60 bps/Hz (Rural area)
DL: 9.00 bps/Hz, UL: 6.75 bps/Hz (Indoor hotspot)

User plane latency

eMBB

4 ms for eMBB, 1 ms for URLLC, in conditions with

URLLC unloaded trafﬁc of small IP packets
Control plane latency

eMBB

A minimum requirement of 20 ms for eMBB and

URLLC URLLC; Lower latency (e.g. 10 ms) is encouraged
1,000,000 decives/km2

Connection density

mMTC

Reliability

URLLC Success probability of 0.99999 when transmitting a
layer 2 protocol data unit of 32 bytes within 1 ms
in channel quality of coverage edge for the urban
macro environment

Mobility

eMBB

0 km/h to 10 km/h (Pedestrian); 10 km/h to 120

URLLC km/h (Vehicular); 120 km/h to 500 km/h (High speed
vehicular)
Table 2.1. Technical performance requirements for IMT-2020 [1]

services such as autonomous vehicles and mobile health care.
• Massive Machine-Type Communications (mMTC): Including the ability
to support a massive number of low-cost IoT connections with wide
coverage areas.
The technical performance requirements for above usage scenarios were
approved in [1]. There are a number of Key Performance Indicators (KPIs),
their values are summarized in Table 2.1. To meet these wide-range
requirements, a combination of different advanced radio transmission technologies is necessary. In December 2017, the ﬁrst 5G non-standalone (NSA)
New Radio (NR) speciﬁcation [16] was approved by 3GPP. A scalable
Orthogonal Frequency-Division Multiplexing (OFDM) numerology with
extensible subcarrier spacing is to be used in 5G NR, which can support extremely large-bandwidth transmissions in higher frequencies (e.g.
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Sub-6GHz BS

Sub-6GHz
MmWave
Wired Backhaul
Wireless Backhaul

mmWave BS

Integrated BS

UE

D2D
Relaying

Beamforming

mmWave
Relaying

MU-MIMO
Wired Backhaul

Figure 2.1. 5G heterogenous network scenario with sub-6-GHz and mmWave frequency
bands and mobile relaying technology.

mmWave) by using large subcarrier spacings. Meanwhile, to provide lowlatency performance, a scalable Transmission Time Interval (TTI) and
self-contained integrated sub-frames are to be adopted in time domain.
The performance of a wireless communication system is ultimately limited by the spectrum bands it operates on. A combination of different bands
is essential in 5G to provide both wide-coverage and broadband services.
Previous systems are mainly working on frequencies below 6 GHz [32].
Frequency band of 1800 MHz is most popular for LTE deployments, used
by 52.6% of commercial LTE networks worldwide [33]. Low-frequency
bands entail good coverage but have limited available bandwidths, while
high frequencies can provide large and continuous spectrums but suffer
from blockage effects due to short wavelengths. In 5G NR, two frequency
ranges have been considered [34, 35], which are 450–6000 MHz (FR1) and
24250–52600 MHz (FR2). The FR1 corresponds to sub-6-GHz frequencies
while FR2 corresponds to mmWave frequencies. The most common spectrum bands being considered by operators for 5G lies in the 3400–3800
MHz and 24.25–29.5 GHz ranges [30]. A ﬁnal list of the 5G spectrum bands
will be approved by the World Radiocommunication Conference (WRC) in
2019.

2.2

Network Scenarios

In this work, we consider a 5G heterogenous network scenario in which a
new spectrum band in mmWave frequencies is introduced, working tightly
with the sub-6-GHz bands. Such a scenario is relevant to both the 5G
NSA and standalone (SA) modes. In the NSA mode, the 5G Radio Access
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Network (RAN) elements (known as gNB) are co-located with traditional
LTE eNBs and connects to the LTE core network (i.e. the Evolved Packet
Core (EPC)) over the standard S1-U interface for the user-plane trafﬁc.
Control-plane communication between the network and UEs remains on
the LTE radio and the 4G LTE EPC. In the NSA model, a gNB acts as a
secondary serving cell for the purpose of network throughput enhancement.
This is attractive to operators for early 5G deployments as it does not
require the implementation of the Next Generation Core (NGC) which is
still under development.
The considered scenario is depicted in Figure 2.1. The mmWave BSs
are assumed to be equipped with large-scale antenna arrays to support
MU-MIMO and beamforming transmissions. Mobile relaying based on
network-assisted D2D communications is adopted to improved the network
coverage and cell-edge performance (e.g. the 5% user spectral efﬁciency) on
both sub-6-GHz and mmWave bands. Those 5G KPIs in Table 2.1 related
to user data rate and spectral efﬁciency are considered in our work. We
assume that there are a large number of devices which may act as relays
to help to convey the user trafﬁc to or from the network. These relays
can be access points without wired backhaul, or other devices such as
user-deployed devices, nomadic nodes, and mobile stations.
For mmWave communications, we focus on the dense urban outdoor
environment. MmWave urban micro cellular networks (UMi) for dense
urban areas are of particular interest for future 5G deployments, to provide
eMBB outdoor services. In UMi, the mmWave BSs are expected to be
mounted below rooftops, e.g., on the walls or street lamp posts. Differing
from current cellular BSs operating at sub-6-GHz frequencies, mmWave
BSs are unable to serve indoor and outdoor users simultaneously due to
the large penetration loss at high frequencies. In this thesis, we focus on
the outdoor users in our relevant studies.

2.3

MmWave Channel Models

MmWave channel characteristics vary widely across different environments, strongly affecting the system design principles. In dense urban
outdoor, there is a high user density with pedestrians or slow vehicular
users. The scatterers include the buildings, vehicles, street furniture, and
trees. Due to the extremely short wavelengths, urban outdoor mmWave
channels are dominated by line-of-sight (LoS) and low-order reﬂection
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components, with reduced diffraction effects. As the number of dominant paths is typically smaller than the number of antenna elements,
large-dimensional mmWave MIMO channel matrices are approximately
low-rank [36]. According to the results obtained from ray tracing [37] and
measurement campaigns [38, 39, 40], a mmWave channel typically comprises a few strong multi-path components (MPCs) in the angular domain,
especially in outdoor scenarios.
On the baseband, the downlink channel matrix on an OFDM subcarrier
for a UE is given by
H=

L
l=1

αl aFDUE (θl , ψl )aH
FDBS (φl , ϕl ),

(2.1)

where L represents the number of propagation paths, and αl denotes
the complex gain of the lth path, depending on several factors including
the propagation gain, pulse-shaping ﬁlter, subcarrier index and antenna
element patterns. In addition, aFDBS (φl , ϕl ) and aFDUE (θl , ψl ) represent
the BS and UE Full-Dimensional (FD) array response vectors for the lth
path, where φl and ϕl are the DoDs at the BS in the azimuth and elevation
directions, θl and ψl are the DoAs at the UE in the azimuth and elevation
directions.
The complex gains and directions of those paths can be generated using
different channel models, such as a ray-tracing channel model [37] and a
geometric stochastic channel model (GSCM) [41, 38, 39]. The GSCM has
been widely used at frequencies below 6 GHz and above 6 GHz due to its
hybrid properties of geometric and stochastic models. In GSCM, the paths
are grouped into MPC clusters and each cluster has similar path delays
and directions. Following [38, 39], we rewrite (2.1) as
H=

Ncl 
Ln


αnp aFDUE (θn +θnp , ψn +ψnp ) aH
FDBS (φn +φnp , ϕn +ϕnp ),

(2.2)

n=1 p=1

where Ncl is the number of MPC clusters (including NLoS, LoS clusters),
Ln is the number of subpaths in the n-th cluster, θn and φn are the cluster
DoA and DoD in azimuth for the n-th cluster while θnp and φnp are the
azimuth angular offsets for the p-th subpath in the n-th cluster. For the
elevation direction, the notation is similar. In addition, αnp is the baseband
complex gain (on a subcarrier indexed by kc ) for the p-th subpath in the
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n-th cluster, and is given by

Pnp
jψ
αnp = e
g1 (θn +θnp , ψn +ψnp ) × g2 (φn +φnp , ϕn +ϕnp )
(x)κSF


S−1
j2πskc
1 
,
p(sTc −τn −τnp ) exp
×√
Nc
Nc s=0

(2.3)

where Pnp is the subpath power, ψ is a random phase, κSF is the pathloss
shadowing factor (SF), g1 (θ, ψ) and g2 (φ, ϕ) are the UE and BS antenna
patterns, (x) is the pathloss for a UE-to-BS distance x, S is the order of
the baseband pulse-shaping ﬁlter, Tc is the sampling interval and Nc is
the number of OFDM sub-carriers. The contribution of the p-th subpath in
the n-th cluster for the channel at the time instance sTc is evaluated by
sampling the transfer function p(t) of the pulse-shaping ﬁlter at sTc−τn−τnp ,
with τn the n-th cluster delay and τnp the subpath delay offset.
Currently, there is no common agreement on the parameters of mmWave
channels as they highly depend on the network environment. The distributions of these path and sub-path parameters greatly affect the principles
in designing a mmWave system. For example, if the channel power concentrates on only a few paths, comprehensive sensing methods can be applied
for channel estimation. If the delay spread is large, then longer guard
intervals should be used for mmWave OFDM.
During the past few years, a lot of efforts had been devoted to mmWave
channel measurement and modeling. Several mmWave channel models
have been developed, including the 3GPP GSCM channel model [38], the
mmMAGIC channel model [39], and the NYUSIM model [42]. In the 3GPP
model, the parameters in (2.2) and (2.3) are generated based on largescale parameters (LSPs) including the azimuth angle spread, zenith angle
spread, delay spread, power angular spectrum, shadow fading, LoS/NLoS
condition and Ricean K-factor etc. LSPs are generally modeled by lognormal distributions, except that the LoS/NLoS condition is generated
based on a distance-dependent LoS probability model. Correlations among
LSPs also need to be considered. If channel is in LoS, a LoS cluster which
comprises a strong LoS ray is added. For NLoS clusters, cluster delays
and intra-cluster delays are modeled by exponential distributions with
different means. The cluster and sub-path powers depend heavily on the
delays and are also modeled by exponential distributions. For cluster
angles and intra-cluster angle offset, the Laplacian distribution is usually
applied. The path angles are mapped to the path delays, to ensure that
the power angular spectrums follow the predeﬁned settings.
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2.4

BS and UE mmWave Hardware Architectures

Future mmWave cellular communication systems will rely on large-scale
antenna arrays to enable high beamforming and multiplexing gains. The
design of mmWave systems with such large-scale arrays, however, faces
many practical challenges, especially for the MU-MIMO channel estimation and precoding. In practice, it is necessary to design channel estimation
and precoding solutions with low-complexity hardware architectures, by
exploiting the characteristics of mmWave channels. Conventional lowfrequency cellular networks with MU-MIMO technologies typically rely
on fully-digital architectures in which all antenna elements are equipped
with high-performance Analog-to-Digital and Digital-to-Analog Converters
(ADCs and DACs). However, high-speed, high-resolution ADCs/DACs are
power-hungry, rendering fully-digital solutions impractical for large-scale
mmWave architectures. Recently, a range of low-complexity architectures
have been considered to reduce the hardware cost and power consumption. The single-stream Analog Beamforming (ABF) with a single RF
chain is the simplest one. Massive MIMO (mMIMO) systems with lowprecision ADCs/DACs [43], and hybrid precoding with a small number of
RF chains [36, 44, 45, 46, 47] have also been considered.
As mmWave BSs need to be densely deployed to provide seamless network
coverage, it is critical to keep the BS costs at a minimum. The application of silicon-based complementary metal oxide semiconductor (CMOS) in
mmWave RF electronics has paved the way to mass-produced mmWave devices [48, 49]. For instance, highly integrated CMOS single chip transceivers
for 802.11ad operating at 60 GHz are commercially available. Most
mmWave RF components such as phase shifters, low-noise ampliﬁers
(LNA), and power ampliﬁers (PA) can nowadays be implemented via the
CMOS technology. Large-scale RF phase-shifting networks, low-noiseﬁgure LNAs, and PAs with sufﬁcient output power are available for cellular communications. One of the remaining challenges is that suitable
packaging technologies are not yet available for large antenna arrays [49].
Using architectures with a low RF routing complexity and simple antenna
array geometries could potentially mitigate this packaging challenge for
the RF circuits. In principle, the hardware cost and power consumption
increase as the number of RF components, beamforming range and granularity, the digital sampling rate and ADC/DAC resolution increase. For
hybrid architectures, it is challenging to realize accurately controllable
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Figure 2.2. MmWave hardware architectures: a) Fully digital; b) Massive MIMO with
1-bit ADCs/DACs; c) Hybrid beamforming with sub-arrays; d) Analog beamforming (ABF) with a single RF chain.

large-scale RF phase-shifting networks. Instead, most reported phased
arrays for mmWave systems have a low resolution, e.g., with 2 to 4 bits,
and phase shifters are jointly adjusted to perform beam-steering.
MmWave BSs would use antenna arrays with a large number of elements,
placed inside a conﬁned area. To perform 3D beamforming, a uniform
planar array (UPA) with patch antennas can be used. UPAs are easy to
fabricate, and have a compact form factor. Lens antennas [50] are also
promising for mmWave BSs, as they enable pencil beams while reducing
the signal processing complexity for RF beamforming.
Losses between antennas and the RF electronics decrease the output
radiated power and increases the system noise ﬁgure. Thus it is advantageous to locate the RF subsystems close to the antennas. In this regard,
contiguous subarrays with adjacent antennas can help to achieve low noise
ﬁgures and high radiated powers [48].
RF phase-shifting is critical for mmWave communications to achieve
a high SNR via the RF beamforming. In contrast to the fully digital
beamforming, the RF phase-shifting network can be implemented in the
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analog RF domain before the frequency mixers, or in the local oscillator
paths [48]. Real-world mmWave RF phase-shifters are subject to a ﬁnite
resolution with a few bits. To further lower the cost, phases of the antenna
signals should be jointly controlled, e.g., using a Butler matrix [51].
In addition to phase shifters, switches can be used to perform antenna
selection in large arrays. Switching speed and intersection loss are two
key performance metrics for the switch design. With current CMOS technologies, on-chip switches are less expensive than phase shifters [48]. A
switch network may be used for low-complexity MIMO combining. However, antenna-selection-based precoding and combining would reduce the
SNR, which is problematic at mmWave frequencies as the received power
is quite low due to the small antenna apertures.
For UEs, the hardware complexity problem is more crucial. The UE
can adopt the simple ABF architecture with one RF chain to perform RF
beam-steering with low-resolution phase shifters. This solution leads to
low energy consumption, and is suitable for mobile devices. With such an
architecture, a UE using a speciﬁc RF beam acts like a single-antenna
device from the BS’s perspective. The UE may also rely on more than one
phased array to achieve a diversity gain. Since mmWave patch antennas
only radiate and receive signals from one side of the array, having both
a front and a back array would help the UE to achieve the full-range
beamforming capability.

2.5

D2D Communication and Mobile Relaying in 4G and Beyond

Device-to-Device Communication is going to be a key enabler for future
5G heterogeneous networks [5, 52]. It provides a new kind of connectivity,
which can help to boost the network capacity, reduce the end-to-end delay
for local sharing applications and reduce the device energy consumption.
In addition, the D2D technology also enables the mobile relaying function
in cellular networks. However, the introduction of D2D communication
will change the design logic of the cellular network. The problems of
interference management, resource allocation and power control should be
carefully considered for this new communication paradigm. Traditionally,
the D2D resource allocation and interference coordination problems are
considered inside a single cell, either using an underlay or overlay scheme.
However, in a dense heterogeneous network, the D2D communication,
D2D relaying can happen across multiple cells and among different public

15

5G Mobile Communication Systems

PC1

MME
S/PGW

ProSe
Application

S1
S6a

Uu

UE B

HSS

E-UTRAN
PC5

ProSe
Application

PC3

Uu

UE A

PC4a

ProSe Function

PC3

SLP

PC4-b

PC2

ProSe
Application
Server

PC1

Figure 2.3. The high-level view of LTE D2D architecture [19] in the case when UE A and
B use the same PLMN.

land mobile networks (PLMNs), and each network node will see multiple
co-channel interference victims and generators. As a result of this complex
interference interaction, the cell boundaries become vague compared to
the traditional cellular systems.
The current system architecture for D2D in 3GPP is depicted in Figure 2.3. It is called Proximity Service (ProSe) in 3GPP [19]. The term
ProSe is used when talking about D2D communication from the perspective
of high-level services. When addressing D2D communication at a lower
layer, the term SideLink (SL) is used in 3GPP. In the system architecture,
PC5 is the interface for sidelink communications between two UEs in proximity; it is the reference point between two UEs, used in the control and
user planes for 1) ProSe Direct Discovery, 2) ProSe Direct Communication
and 3) ProSe UE-to-Network Relay.
The sidelink comprises a collection of physical signals (e.g. the sidelink
synchronization signal), physical channels, transport channels and messages. The sidelink physical layer channels includes the Physical Sidelink
Shared Channel (PSSCH), Physical Sidelink Control Channel (PSCCH),
Physical Sidelink Broadcast Channel (PSBCH), Sidelink Shared Channel
(SL-SCH) and Sidelink Broadcast Channel (SL-BCH). Physical layer procedures for the sidelink are described in [53]. A sidelink resource pool is used,
which is the subset of sub-frames and resource blocks for a sidelink transmission or reception; a UE can be conﬁgured with multiple resource pools.
The resource pools are conﬁgured via Layer 3 (L3) messaging. Resource
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allocation for the sidelink is performed either using D2D transmission
mode 1 in which the serving eNodeB speciﬁes the resources, or using D2D
transmission mode 2 in which the D2D transmitter selects the resources
itself according to some predeﬁned rules aiming at reducing the collision
probability. The mode 1 can be used for a UE which is fully connected to
the network and mode 2 can be used when the UE is connected, idle or out
of the network coverage.
The physical resources on the conventional physical uplink share channel
(PUSCH) for the eNodeB-to-UE link (Uu) is reused for sidelink communications, as well as the uplink modulation scheme, the single carrier
frequency division multiple access (SC-FDMA), and sub-frames both in
TDD and FDD conﬁgurations. Using uplink resources for the sidelink
in LTE has two advantages. First, transmitters in PUSCH are UEs and
the receiver is the BS; as a result, D2D-enabled UEs are able to perform
sidelink communications concurrently with other cellular uplink transmissions, as the interference from the D2D transmitters to the BS is limited.
In contrast, if the sidelink communication is performed using downlink
radio resources, the BS would cause strong interferences to D2D receivers.
Second, SC-FDMA is adopted for the uplink data transmission in LTE,
and it entails lower peak to average power ratio (PAPR) compared to Orthogonal Frequency-Division Multiple Access (OFDMA) used in downlink;
as a result, D2D transmissions working on PUSCH can achieve a higher
energy efﬁciency.
As the sidelink transmission is performed in uplink, the traditional
open-loop transmission power control (TPC) can be performed for the
sidelink transmitters. The sidelink power control is generally based on the
compensation of the eNB-to-UE pathloss in order to minimize the potential
impact on eNB receiving. It should be noted that the existing sidelink
power control scheme does not take the sidelink pathloss into account.
Before a D2D transmission, D2D discovery is a necessary procedure. In
3GPP, two models of D2D discovery are provided, including Model A (“I am
here”) and Model B (“Who is there”/“Are you there”). Further, 3GPP also
deﬁnes other two types of D2D discovery: open discovery and restricted
discovery, depending on whether an extra permission is required to do
the D2D discovery or not. For the restricted discovery, the discovery shall
be permitted in the application layer and use a restricted code for the
discovery signal transmission. The Model A can be open or restricted;
however, the Model B can be only restricted. Announcement and moni-
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Figure 2.4. Layer-3 UE-to-Network relay in 3GPP LTE [54].

toring for D2D discovery can only performed by those UEs which have
the low-layer physical abilities to perform D2D communication and are
authorised by their PLMNs. The D2D discovery messages are broadcasted
by UEs periodically on the Physical Sidelink Discovery Channel (PSDCH).
One another important feature of D2D in 3GPP is that it supports mobile
relaying for coverage extension. A UE relay in network coverage with good
connection to BS can help a remote UE to convey its data trafﬁc to/from
the network side using both D2D and cellular links. In 3GPP Release 13, a
UE-to-Network relay working at Layer 3 was introduced, which acts like
an IP router. The procedures of UE-to-network relaying speciﬁed in [19]
are depicted in Figure 2.4. The Remote UE performs relay discovery using
Model A or Model B, and then it selects a UE relay and establishes a
connection for the one-to-one ProSe direct communication. The UE relay
should have a Packet Data Network (PDN) connection to the core network;
If not, it initiates a new PDN connection for relaying. The UE relay will
then help to convey the user information and data packages for the remote
UE.
The UE-to-network relaying function introduced in 3GPP release 13 is
targeted at the public safety applications. With the growing popularity
of IoT applications, a new Study Item [54] was launched in Release 14
and 15, with a goal of further enhancements to LTE D2D, UE-to-network
relays for IoT applications. The objective of this study is to extend the
use case of public safety to more general use cases including vehicle-to-
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everything (V2X) communications. For this purpose, a Layer-2 (L2) UE
relay is under consideration. The L2 relaying scheme enables the eNodeB to have more control over the relaying transmission, and have more
freedoms to optimize the network performance. In addition, to support
sidelink transmissions with a QoS guarantee, reliability and a low power
consumption, new sidelink power control schemes, which consider both
the sidelink and eNodeB-to-UE pathlosses, are also under consideration
by 3GPP [54].
Furthermore, to support D2D and mobile relaying functions in mmWave
frequency bands, new D2D discovery and transmission methods based on
beamforming technologies must be developed and standardized. It can be
envisioned that with more functions and features added to future 3GPP
Releases for D2D communications, mobile relaying in both sub-6-GHz
and mmWave frequencies would become appealing and implementable in
future 5G networks. One of the key enabler for D2D relaying is that UEs
in the network can discover each other when they are close in the radio
geometry and they can perform D2D channel measurements and report
channel information to a logical centralized controller which can perform
relay selection and resource allocation. For uplink and downlink relaying
in traditional cellular networks working on low-frequencies, these functions can be implemented by utilizing the various sidelink measurements
as standardized by 3GPP in the latest release (e.g. [19, 53]). For mmWave
D2D relaying, we focus on the vehicular applications where vehicular devices are selected as the relays. In this case, the cellular V2X (C-V2X)
communication protocols that are included in 3GPP Release 14 and to
be improved in 5G NR can be utilized. As the mmWave relaying applications considered in the thesis are based on beamforming transmissions,
current 3GPP C-V2X protocols which operate in traditional low-frequency
band may not be applicable to the mmWave frequency bands. In this
case, beamforming-based D2D measurements and transmissions must be
supported in the standards to make mmWave relaying a reality.

2.6

Network Control Framework based on PHY Measurements

Implementations of network functions such as radio resource management (RRM), inter-cell interference coordination (ICIC), multi-RAT multiconnectivity, load balancing and mobile D2D relaying rely on the availability of various network state information, such as Channel State Infor-

19

5G Mobile Communication Systems

mation (CSI) for each wireless link, inter-cell interference powers, neighborhood relationship among UEs, UE positions and user trafﬁc demands.
Most of the network state information comes from the physical layer (PHY)
measurements which are based on various reference signals including Demodulation Reference Signal (DMRS), Sounding Reference Signal (SRS),
CSI Reference Signal (CSI-RS), Primary Synchronization Signal (PSS),
Secondary Synchronization Signal (SSS), Sidelink Primary Synchronization Signal (SPSS) and Sidelink Secondary Synchronization Signal (SSSS).
In addition to Received Signal Strength Indicator (RSSI), Reference Signal
Received Power (RSRP) and Reference Signal Received Quality (RSRQ),
new PHY measurements have been introduced [55] in the 5G NR based
on these reference signals. For example, Signal to Interference plus Noise
Ratio (SINR) is not deﬁned and hence not reported by UEs in previous
3GPP speciﬁcations. In [55], two types of SINR have been deﬁned, which
are SINR for SSS (SS-SINR) and SINR for CSI-RS (CSI-SINR). Such new
PHY measurements can provide more information to network controllers
and will be beneﬁcial for network performance optimization purposes.
The low-layer PHY measurements will be reported to high layers and
network controllers, for performing various RAN network functions. If a
RAN functionality involves the participation of multiple UEs or multiple
RAN elements (e.g. eNBs and gNBs), compression and aggregation of these
network state information in one logical node is necessary for centralized
and optimal decision making. For example, MIMO channel covariances
for all active UEs are necessary for the BS to perform user grouping [56]
before applying MU-MIMO precoding. For mobile relaying, the CSIs for
D2D links and self-backhauling links should also be reported to the serving
BS to perform optimal relay selection and resource allocation. For network
functions involving multiple BSs, the network state information needs to
be further aggregated and reported to a high-level centralized controller,
which may be located in the core network.
The reporting and controlling are based on standardized interfaces. Figure 2.5 describes the overall Next-Generation RAN (NG-RAN) architecture
and the relevant interfaces proposed by 3GPP. The NG-RAN consists of a
network of RAN elements including gNBs and next-generation eNBs (ngeNBs). These nodes communicate with each other via an Xn interface
which is similar to the LTE X2 interface. The gNB is divided into two
logical parts, the gNB Central Unit (gNB-CU) and the gNB Distributed
Unit (gNB-DU). These two parts are interconnected over a F1 interface.
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Figure 2.5. The overall 5G standalone (SA) RAN architecture considered by 3GPP.

The gNB-DU comprises the RLC, MAC and PHY layers. The F1 is used
for reporting from the gNB-DU to the gNB-CU, and for carrying control
messages from the gNB-CU to the gNB-DU. The UEs report measurements
to and receive control messages from the RAN nodes via the traditional
Uu interface, while the RAN nodes interconnect with the Next-Generation
Core network (NGC) via a new interface called NG interface.
Compared to previous generations in 3GPP, the 5G NR system architecture is service-based and highly programmable, and the architecture
elements are deﬁned as Network Functions (NFs) which offer their services
to other NFs and use services provided by other NFs via interfaces with
a common framework. The operators or network service providers can
implement their own RAN NFs in gNB-CUs or core-network NFs in the
NGC, as long as they are comply with the speciﬁcations and can interact
with standardized NFs via the common interfaces. For example, D2D relaying can be implemented in this 5G NR architecture. In all the four D2D
relaying applications considered in Chapter 3, we assume that there is a
logical centralized controller which can collect all the reported information
from mobile UEs in the network and perform relay selection and resource
allocation. Such a centralized controller can be realized as a NF in the
NGC or in a gNB-CU.
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3. D2D Relaying in sub-6-GHz and
mmWave Cellular Networks

Consistent user experience is one of the most challenging objectives of 5G
cellular networks [3]. To achieve this goal, the user experience should be
independent from the location of the user in a cell. From this perspective, one of the most important improvements of 5G as compared to 4G
technologies should be in the throughput of cell-edge users. To achieve
such improvements, novel communication and networking technologies
are needed. For example, distributed antenna systems and Ultra Dense
Networks (UDN) [57] of small cells have been considered. By shortening the communication distance between the UE and the infrastructure
element, and using wired/wireless backhaul, UDN has the potential to
boost cell-edge throughput [57, 58]. However, as infrastructure networks
become denser, the deployment and maintenance costs become higher as
well. Using mobile relaying based on D2D communications is a natural
way to improve system capacity and coverage for future 5G wireless networks [59, 60, 61]. The underlying idea is that, in future 5G scenarios,
there is a large number of devices, such as user-deployed devices, nomadic
nodes or mobile stations, which may act as relay stations to help to convey
user trafﬁc to or from the network.

3.1

Introduction

Wireless relaying has long been considered as a technique for transmission
range extension [20, 21], achieving diversity gains [22, 23] and outage/ergodic capacity improvements [24, 62]. In the literature, various relaying
techniques had been investigated to achieve these relaying gains. Regarding whether relays decode the source messages or not, relaying could be
based on amplify-and-forward (AF), decode-and-forward (DF), or advanced
network coding methods such as compute-and-forward (CF) [63] and multi-
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way relaying [64]. Depending on whether a relay can transmit and receive
simultaneously on the same time-frequency resources or not, relaying
transmissions can be half-duplex, out-of-band full-duplex or in-band fullduplex [65, 66]. In-band full-duplex relaying can increase the spectral
efﬁciency signiﬁcantly as it requires less spectrum resources; however, its
hardware cost is relatively high and may not be commercially available
for mobile relaying in the near 5G era. Although half-duplex relaying
suffers from the half-duplex loss, it is widely adopted in practice as it can
be easily implemented. Furthermore, if the end-to-end communication
is delay-tolerant, buffer-aided relaying protocols [67, 68] can be applied
to recover the half-duplex loss, by allowing one relay listen to the source,
while another simultaneously transmit buffered data to the destination.
Prior to relaying data transmissions, relay selection, resource allocation
and power control should be considered for a speciﬁc network scenario. A
single best relay [69] or multiple relays [70] can be selected for the end-toend transmission. Multiple selected relays can perform coordinated virtual
beamforming or virtual MIMO [71] transmission to achieve a spatial diversity gain [22] if tight synchronization is guaranteed. Power and bandwidth
allocations for simple relay networks had also been widely studied, for
example in [72, 73].
Despite a lot of research had been dedicated to mobile relaying, how it
works in practical cellular network scenarios is not well investigated in the
literature. The stochastic distribution of mobile users and relays should
been taken into account for relay selection and resource allocation in the
cellular context. Channel conditions such as LoS conditions, heterogenous pathlosses among different links should also be considered. More
importantly, inter-cell and inter-relay interferences must be addressed
properly in a multi-cell network. Uplink D2D decode-and-forward relaying
performance in the cellular scenario was investigated in [26, 74], it was
shown that increasing the number of the selected relays is not always
beneﬁcial due to the effect of heterogenous geometry-based pathlosses;
a single best relay which has good channel gains on both the ﬁrst and
second hops is generally able to achieve comparable or even better endto-end throughput as compared to multiple relays. Outage performance
of uplink D2D relaying was analyzed in [75] using stochastic geometry in
a multi-cell network, it was shown that a mid-way relay selection policy
outperforms the nearest neighbor cooperation policy. System-level network
capacity and coverage performances of a Manhattan-grid cellular network
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with D2D mobile relays has also been studied in [27] for both uplink and
downlink, and signiﬁcant cell-edge throughput improvements were shown.
In these works, ﬁxed bandwidth resources and D2D transmit powers were
assumed for the D2D relay transmissions, which may not be optimal in
general for the overall network performance.
In this work, we investigate the D2D relaying problem in multi-cell
networks considering relay selection, resource allocation, power control
and interference management in a uniﬁed way. Four different applications of D2D relaying in future 5G networks are considered. In the ﬁrst
application, D2D relaying for uplink transmissions in a coverage-limited
macro cellular network is considered, where D2D transmission powers are
under cellular power control according to the 3GPP ProSe speciﬁcation.
The second application uses D2D relaying for downlink transmissions in
an interference-limited multi-cell micro cellular network; the system is
assumed to be working in the Time Division Duplex (TDD) mode, and
the inter-cell interference is analyzed and managed. In the third application, two-hop mobile relaying is applied to address the mmWave blockage
problem considering a practical LoS model and assuming that analog beamforming is used for both hops. In the last one, a multi-RAT 5G network
working with both sub-6-GHz and mmWave spectrum bands is considered, and mobile relaying is applied to enhance the network performance
provided by the multi-RAT multi-connectivity.
In all the considered scenarios, a logical centralized controller is assumed.
This controller is responsible of gathering PHY measurements reported by
UEs, performing relay selection and resource allocation algorithms, and
sending control messages to UEs and relays.
The beneﬁts of D2D relaying in these applications comes from different
aspects. For D2D relaying with the uplink power control, D2D relaying
can help the cell-edge UEs with limited power budgets to use more resource blocks (RBs) for their end-to-end transmissions to the BS. For the
interference-limited multi-cell network in the downlink, D2D relaying
can help to unload the user trafﬁc from the direct downlink to a more
energy-efﬁcient two-hop relaying path, reducing the overall BS transmission power and hence the inter-cell interference power level. For mmWave
relaying, the relaying gain comes mainly from the increasing two-hop
LoS probability and the reduced pathlosses by ﬁnding suitable two-hop
mmWave connections.
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3.2

3.2.1

Uplink D2D Relaying under Cellular Power Control

System Model

In this section, D2D relaying for uplink transmissions in a multi-cell
cellular network is considered. The network consists of Nbs BSs, indexed
by i = 1, 2, ..., Nbs . Uplink transmissions are based on SC-FDMA (known as
DFT-s-OFDM in 5G NR), and the minimum unit of spectrum resources is
one RB with a ﬁxed bandwidth Brb and a ﬁxed time duration Trb . The total
number of RBs in frequency domain is M for each cell. On average there
are K active UEs and N Relay Node (RN) candidates per cell. Locations
of UEs and RNs are modeled by a Poisson Point Process (PPP). A RN
may be either an idle UE or some other relay device. Each UE or RN
is associated to the BS that has the smallest pathloss. We use Ui and
Ri to denote the set of UEs and RNs associated to BS i. To simplify the
analysis, we only consider RN candidates that are associated to the same
BS as the cell-edge UE. The direct pathloss between UE k and its serving
BS is Ldir
k , the backhaul pathloss between RN n and the serving BS is
d2d
Lbh
n , and the D2D pathloss between UE k and RN n is Lk,n . Inside a

cell, we assume that bandwidth resources are orthogonally used by the
transmitting devices, so that there is no intra-cell interference. However,
because SC-FDMA is sensitive to the in-band emission interference, the
received powers of different devices must be kept under control to keep the
intra-cell in-band emission interference tolerable. Inter-cell interference is
introduced because that the frequency reuse factor is one. The cells are
assumed to be fully loaded such that all users need a throughput as high
as possible. All UEs and RNs are under transmission power control by the
serving BS.
The system model is depicted in Fig. 3.1. There are three kinds of links.
The direct link is used when an active UE has a good direct channel to
the BS. The D2D link is the ﬁrst hop when an active UE uses an RN for
relaying, and the backhaul link is the second hop between the RN and
the BS. The relays are half-duplex, which is taken into account when
scheduling resources to the backhaul and D2D links. Distance-dependent
path loss and shadow fading are considered for all communication links.
The pathlosses are measured and estimated by the UE or RN and reported
to the serving BS. Strict cellular transmit power control (TPC) is applied for
self-backhaul and D2D links based on the UE-to-BS pathloss. We schedule

26

D2D Relaying in sub-6-GHz and mmWave Cellular Networks

BS
Active UE
RN selected

Direct Link

BS

D2D Link

RN Candidate

Backhaul Link
Interference

Figure 3.1. Illustration of the considered system model with uplink D2D relaying transmissions, where there are multiple relay candidates, active UEs inside a cell.
a UE can choose to use direct link (with a single hop) or D2D relaying (with
two hops) for its uplink communication. Inter-cell interference is introduced
because the frequency reuse factor is 1.

resources to each ﬂow of the users, and the resources scheduled to a
relaying ﬂow can be ﬂexibly allocated between the two hops, independently
in each ﬂow.

3.2.2

Transmit Power Control for D2D Relaying

The transmission power of a UE or RN is controlled by the serving BS to
ensure that the received power per RB at the serving BS is on the right
level. This transmission power is determined by several parameters given
to the UE or RN via control channels [53]. The overall transmission power
in the uplink data channel is deﬁned as


Ptx (L, Nrb ) = min Pmax , Nrb Po Lβ ,

(3.1)

where Pmax is the maximum transmit power, which is assumed to be the
same for a source UE and an RN, Nrb is the number of RBs allocated, Po is
the target received power per RB at the serving BS, β is the cell-speciﬁc
fractional compensation factor, and L is the pathloss from the device to BS.
We assume L = L0 dα fs , where L0 is the average pathloss at the cell border,
d is the normalized distance with respect to cell radius R, α is the pathloss
exponent, fs is the log-normal shadow fading. Here, β = 1 is applied, which
corresponds to a full pathloss compensation. The actual received power
per RB at the BS is
Prx,rb (L, Nrb ) =

Ptx (L, Nrb )
= min
Nrb L



Pmax
, Po .
Nrb L

(3.2)
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Figure 3.2. Uplink power control with different values of Po when only distance-dependent
pathloss with α = 3.76 is considered and Pmax = 23 dBm. Each contour curve
shows how many RBs a direct or self-backhaul link can use to guarantee a
speciﬁed Po value at BS.

As the D2D transmitters are also subject to TPC, and the received power
per RB for a D2D link is
d2d
Prx,rb
Ldir , Nrb =

Ptx Ldir , Nrb
.
Nrb Ld2d

(3.3)

The relaying problem under cellular uplink power control differs from the
traditional relaying problems because the transmission power is not ﬁxed
but changes according to the differing pathlosses to the BS and the number
of allocated RBs according to (3.1). If the perfect pathloss compensation is
performed (with Pmax = ∞ and β = 1), relaying is counterproductive. In
reality, a UE has a maximum transmission power Pmax . When the pathloss
between a UE and the BS is too large, the UE can choose to concentrate
its power on fewer RBs, so that the BS should get right received power. To
guarantee that the received power is Po for the direct link, the maximum
number of RBs a UE can use is
Nmax




Pmax
=
,
Po L

(3.4)

where · represents the ceiling function. Fig. 3.2 depicts that, in a cell of
radius R = 1 km, to guarantee Po = −90 dBm per RB at the BS, a UE at
cell-edge can use only one RB for its direct link to the BS, while a UE or
RN at d =

1
2

R can use up to 10 RBs. Limited by the used number of RBs

and Pmax , the throughput for cell-edge users is very low when using the
direct link. If cell-edge user can exploit the availability of a large number
of relay candidates in the network to help to forward its trafﬁc, then by
allocating more resources among the D2D and self-backhaul links, the
throughput for edge users can be increased.
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The achievable throughputs for UEs not only depend on the received
powers at BSs or RNs, but also on the overall interference powers coming
from adjacent cells. We are interested in the long-term average throughputs for all UEs, so the average interference levels both at both BSs and
RNs are considered. The average SINR at the serving BS i for the direct
link of UE k is
γk =

dir
Prx,rb Ldir
k , Nk
,
Ii + PN,bs

(3.5)

where Nkdir is the number of RBs used by UE k for direct link, PN,bs is the
thermal noise power per RB at BS. For a self-backhaul link between RN n
and the serving BS, its SINR is
γn =

bh
Prx,rb Lbh
n , Nn
,
Ii + PN,bs

In (3.5) and (3.6), the average interference power per RB at BS i is
⎛
⎞
  wk Ptx,k
 wn Ptx,n
⎝
⎠,
Ii =
+
Lk,i
Ln,i
j=i

k∈Uj

(3.6)

(3.7)

n∈Rj

where wk , wn are factors related to an inter-cell channel randomization
process and the activities (both on frequency and time domain) of UE k
and RN n. For a D2D link between UE k and RN n, the average SINR is
γk,n =

d2d
Ptx Ldir
k , Nk
,
d2d
d2d
Nk Lk,n (In + PN,rn )

(3.8)

where PN,rn is the received noise power per RB at the RN and In is the
interference power per RB at the RN. The throughput for a link (with
SINR γ and Nrb RBs) can be approximated by the Shannon equation as
R = Nrb Brb log2 (1 + γ).

3.2.3

Relay Selection and Resource Allocation

Let us assume that each UE can get at most NR RBs for its transmission
ﬂow on average over time. For a relaying transmission, due to the halfduplex constraint, an RN cannot receive and transmit at the same time,
we allocate xN bh RBs for the self-backhaul link and (1 − x)N d2d RBs for
the D2D link, where x is the fraction of time duration allocated to the
self-backhaul link. It should be noticed that the transmission power of a
D2D transmitter is determined by the direct link pathloss, other than the
D2D pathloss. As a result, a cell-edge UE would use its maximum power
for its ﬁrst hop. For the self-backhaul link, under TPC, the received power
per RB at the BS would be Po . The estimated end-to-end throughput for
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the D2D relaying transmission then is


e2e
Rk,n
= min xRnbh , (1 − x)Rkd2d ,

(3.9)

where Rnbh = Nnbh Brb log2 (1 + γn ) is the capacity for the self-backhaul link,
Rkd2d = Nkd2d Brb log2 (1 + γk,n ) is the capacity for the D2D link. For the
direct link, the end-to-end throughput is
Rkdir = Nkdir Brb log2 (1 + γk ).

(3.10)

When using D2D relaying, the resource partitioning problem for the D2D
and self-backhaul links can be formulated as:
max

x,Nnbh ,Nkd2d

subject to

xRnbh

(3.11a)

(1 − x)Rkd2d = xRnbh

(3.11b)

(1 − x)Nkd2d + xNnbh ≤ NR


Pmax
bh
1 ≤ Nn ≤
Po Lbh
n


Pmax
d2d
1 ≤ Nk ≤
Po Ld2d
k,n

(3.11c)
(3.11d)

(3.11e)
(3.11f)

0 < x < 1.

To maximize (3.11a), both Nnbh , Nkd2d should be as large as possible. However, the bandwidth resource allocation should also meet with the constraints (3.11b) – (3.11f). If (3.11c) starts to take effect, then a larger
bandwidth should be allocated to the better hop. An efﬁcient resource
allocation algorithm is proposed to solve the above optimization problem,
see Algorithm 1 for full details.
Fig. 3.3 shows the gain of D2D relaying for a single UE under power
control in setting with distance-dependent pathlosses, and the UE-to-BS
distance as R = 1000m, UE-to-RN distance as
R
2.

R
2,

RN-to-BS distance as

As we can see, the capacity of the direct link is limited by the UE

transmit power, and increases slowly as the number of used RBs increases.
In contrast, if D2D relaying is applied, allocating more RBs to this UE
could increases the end-to-end capacity dramatically; a fourfold increase of
end-to-end capacity can be achieved if 10 RBs are used by this UE.
In a cell with multiple users, one has to allocate resources among users.
bh
d2d
We assume that, for each cell, the pathlosses Ldir
k , Ln and Lk,n (k ∈ Ui , n ∈

Ri ) are measured and reported to the BS. We search for a proportionally
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Algorithm 1 Resource partitioning for D2D and self-backhauling
bh
dir
INPUT: Ld2d
k,n , Ln , Lk , and average number NR of RBs for one UE
OUTPUT: Nkd2d , Nnbh




Pmax
d2d ←
,
N
; Calculate Rkd2d and Rnbh ;
Let Nnbh ← PPomax
bh
d2d
k
L
P L
o

n

Calculate time partition x ←

k,n

Rkd2d
bh .
Rkd2d +Rn

if (1 − x)Nkd2d + xNnbh ≤ NR then
break;



else if Rkd2d Nkd2d < Rnbh Nnbh then


−xNnbh
, go to 1.
Nkd2d ← NR(1−x)
 d2d

d2d
else if Rk Nk ≥ Rnbh Nnbh then


NR −(1−x)Nkd2d
, go to 1.
Nnbh ←
x
end if
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Figure 3.3. The D2D relaying gain for a cell-edge UE compared to the direct uplink
transmission; The UE-to-BS distance is R = 1000m, UE-to-RN distance is R
,
2
RN-to-BS distance is R
and the pathloss exponent is α = 3.76.
2

fair solution to the joint relay selection and resource allocation problem.
Let us use Xk to indicate whether an active UE k uses relaying or direct
transmission; Xk = 0 means that UE k communicates directly with BS,
Xk = n means that UE k uses RN n to relay its trafﬁc. For this, we need to
bh and N dir , so that the proportionally fair utility
search for Xk , Nkd2d , NX
k
k

function U = k∈Ui log Rke2e is maximized in each cell. The constraint for

this optimization problem is


bh
Nkdir + (1 − xk )Nkd2d + xk NX
= M.
k

(3.12)

k∈Ui

In general, the joint relay selection and resource allocation problem under
uplink power control is hard to be solved due to its mixed integer character
and the nonlinearity brought by the TPC.
With D2D relaying, we divide the resource allocation scheme into two
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step. Firstly, to guarantee the fairness among all the active users in one
cell, the RBs are allocated to each user ﬂow evenly. Secondly, the resources
available for each user is allocated to D2D link and self-backhaul link using
the Algorithm 1. The relay selection is done together with the resource
allocation, see Algorithm 2.
Algorithm 2 Joint relay selection and resource allocation for D2D relaying
There are K̂ UEs and N̂ RNs in current cell, the UEs in this cell are denoted by

k = 1, 2, ..., K̂, RNs are denoted by n = 1, 2, ..., N̂ ; Denote NR = M K̂ , where
M is the number of RBs in the frequency domain.
for k = 1 to K̂ do
Calculate Nmax using (3.4), Nkdir ← min (Nmax , NR ), calculate Rkdir .
for n = 1 to N̂ do
dir
d2d
dir
if Lbh
n ≥ Lk or Lk,n ≥ Lk then
e2e
Rk,n
= 0, break;

else
e2e
Calculate Rk,n
, Nkd2d , Nnbh using Algorithm 1.

end if
end for
e2e
e2e
Rke2e ← max Rkdir , Rk,1
, ..., Rk,
, and assign the best relay Xk for UE k. If
N̂

Rke2e

= Rkdir , direct link is used for UE k.

end for

3.2.4

Performance Evaluation

The simulation parameters are given in Publication I. We assume an
urban environment with a propagation exponent of β =3.76, and lognormal shadowing. The simulation area is square with wrap-around edges.
The TPC parameters Po = −90 dBm and β = 1 are used to ensure that the
multi-cell system is properly working [76].
The inter-cell interferences Ii and In are ﬁrst estimated, and then to be
reﬁned during simulation in an iterative process. The average interference
power experienced at each RN or BS is computed after the relay selection
and resource allocation have been done. For each iteration, Nbs × K UEs
and Nbs × N are dropped inside the simulation scenario, pathlosses are
calculated using distances and the generated shadow fadings. The joint RS
and RA algorithm is used to ﬁnd the best relay for each active UE and to
determine the number of RBs used by each link. Finally, the actual SINRs
at each BS and RN are calculated using the pathlosses, transmission
powers and the resource allocation results for the whole system.
Fig. 3.4 (a) shows that the best relay depends heavily on the location
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Figure 3.4. (a) Selected relays ; (b) E2E throughput performance with uplink D2D relaying.

of RN and the result is very similar to [77]. The dominant component in
pathloss comes from the locations of the nodes. In our simulation, we found
that the best relays for cell-edge users are mainly located at half-distance
locations. This is because that RNs at these places can use more RBs and
are simultaneously close enough to the cell-edge UEs to get higher D2D
SINRs.
Fig. 3.4 (b) shows the throughput performance with D2D relaying and
without D2D relaying; the results are summarized in Table 3.1. In the
scenario without D2D relaying, UEs close to BSs use more resources than
cell-edge users. Despite adopting the proportional fairness in scheduling,
cell-edge UEs simply do not have sufﬁcient power to use their fair share
of the resources. In the D2D relaying scenario, UEs close to BSs share
the RBs equally with cell-edge UEs. With D2D relaying, cell-edge UEs
can leverage the availability of multiple devices to use more RBs for their
ﬂows. Using D2D relaying, cell-edge throughput at 10th percentile shows
an improvement of more than 300%, while there is a slight loss in average
system throughput. In the scenario without D2D relaying, all RBs are
used for transmitting data to the BS, with the target P0 , whereas in the
relaying scenario, some RBs are used for D2D transmissions, which do
not contribute to E2E throughput directly. The negative average effect of
this is counteracted by the decrease in the average interference level due
to relaying—the average transmit power in a cell becomes lower, so the
co-channel interference from other cells is lower. In the simulated scenario,
these two effects almost cancel. Finally, the proportional fairness metric
shows an 90% improvement by using D2D relaying.
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Table 3.1. Network throughputs in uplink with and without D2D relaying

3.3

Scenario

Average

10th

50th

w/o D2D Relaying

5.05 Mbps

0.23 Mbps

1.8 Mbps

with D2D Relaying

4.86 Mbps

0.95 Mbps

5.0 Mbps

D2D Relaying Gain

-3.8%

313%

178%

Downlink D2D Relaying with Interference Management

In this section, the performance of D2D relaying in downlink direction
of an interference-limited multi-cell network is investigated. Different
from uplink, in downlink, the throughput performance for cell-edge UEs
is generally limited by inter-cell interferences coming from the adjacent
BSs. Traditionally, downlink D2D relaying has not been considered as
a viable solution for cell coverage extension. The reason is that the UE
transmit power is much smaller than the BS transmit power, and D2D
relaying in downlink would suffer more from half-duplex loss than in
uplink. Here, we assume that the BS will mute its transmission on those
resources which have been allocated to the selected relays. Such a muting
scheme is similar to the macro cell muting in HetNet with small cells.
This section shows that, by unloading some downlink user trafﬁc from
direct downlink transmissions to two-hop D2D relayed transmissions, the
inter-cell interference at cell-edge is reduced and the cell-edge performance
can be improved.

3.3.1

System Model

We consider a system where D2D relaying happens in multiple cells. There
are multiple active UEs inside each cell, they use orthogonal resources and
there is no intra-cell interference. The UEs close to the BS will use direct
one-hop DL transmission, while two-hop D2D relaying may be used for DL
transmission to cell-edge UEs. The pathloss is modeled by two functions,
b (x)

= Kb x−η for BS-to-UE links and

d (x)

= Kd x−ηd for D2D links.

UEs are uniformly distributed in the cells and BSs are equipped with
omnidirectional antennas. Without loss of generality, our analysis focuses
on the cell with BS0 located at the origin of the 2-D plane. Each cell
is modeled as a circular area with radius Rc . There is a ring of radius
Rr (0 < Rr < Rc ), and UEs at distance larger than Rr would be served by
D2D relaying. The D2D relays are assumed to reside in an annulus of inner
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Figure 3.5. A simpliﬁed model used in the analysis, where the triangles represent the
BSs, and squares represent the UEs.

radius r1 and outer radius r2 . To simplify analysis, D2D relays are assumed
to be uniformly distributed inside this annulus. There is a homogeneous
network of other cells around the cell at origin. The transmit power of all
BSs is Pb , and relays transmit with power Pd . We assume that there is a
minimum distance D between the BS of interest and the neighboring BSs.
To proceed with analysis, the interfering BSs are assumed to be uniformly
distributed in the 2D plane outside the circle of radius D with BS density
ρbs . Fig. 3.5 demonstrates the network model used for analysis.
The D2D relays operate in a half-duplex mode. For an active UE with twohop D2D relaying, the time resource is divided between the BS-to-relay (1st
hop) and D2D (2nd hop) transmissions, according to the achievable rates
on the two hops. The BS-to-relay link uses a fraction β of the time and
the D2D link uses a fraction 1 − β. This factor will affect the interference
spillage to neighboring cells.

3.3.2

Inter-cell Interference Characterization

We consider a UEd located at distance d from the BS0 . When D2D relaying
is not adopted, the interference to UEd comes only from interfering BSs.
We can use the ﬂuid model proposed in [78] to estimate the aggregate
DL interference for UEd . Similar to the Campbell’s theorem [79] which is
widely used in stochastic geometry for wireless network interference analysis, this ﬂuid model transforms an expectation of a random sum over the
discrete point process (PP) to an integral involving the PP intensity in the
distribution area. In the ﬂuid model, each area element dA contains ρbs dA
BSs which contribute to the aggregate DL interference. We approximate
the integration area by an annulus centred at UEd , with inner radius as

35

D2DRe
lay
inginsub
-6
-GH
zand mmW
av
eC
e
l
lu
la
rN
e
tw
o
rk
s

D −dandou
t
e
rrad
iu
s∞. A
s
sum
ingth
epa
thl
o
s
sexp
on
en
tη >2
,th
e
agg
r
ega
t
e DLin
te
r
fe
ren
cei
sde
r
ivedu
s
ingthe me
thodin[78
]
:
2πρbsPbKb
2−η
(
D−d)
d) =
.
I
d
l(
η−2

(3
.13
)

T
od
e
r
iv
eth
ein
t
e
r
f
e
r
en
c
ed
i
s
t
r
ibu
t
i
onf
r
om D2Dr
e
lay
ing
,w
eﬁ
r
s
tﬁnd
th
ed
i
s
tan
c
ed
i
s
t
r
ibu
t
i
onb
e
tw
e
enUEdandth
ein
t
e
r
f
e
r
ing D2Dr
e
layin
an
e
ighb
o
r
ingc
e
l
l
. A
ssh
ownin F
ig
.3
.6
,th
ein
t
e
r
f
e
r
ing D2Dr
e
layi
s
un
i
fo
rm
lyd
i
s
t
r
ibu
tedintheannu
lu
sw
i
thinne
rrad
iu
sr
ndou
te
rrad
iu
s
1a
r
h
ep
r
obab
i
l
i
tyd
en
s
i
tyfun
c
t
i
on(p
.d
.
f
)o
fth
erand
omd
i
s
tan
c
eX
2. T
b
e
tw
e
enUEdandth
ein
t
e
r
f
e
r
ing D2Dr
e
laycanb
eca
l
cu
la
t
edu
s
ingth
e
C
r
o
f
t
onﬁx
edp
o
in
t
stheo
rem[80
]
:
⎧
⎪
⎪
∩(
y+r
∞)
,
0,
i
f
x∈(0
,
y
−r
2)
2,
⎪
⎪
⎨
x|
y
,
r
r
f
1,
2)= f
X(
x|
y
,r
,i
f
x∈[
y−r
y
−r
∩[
y+r
y
+r
,
c(
2)
2,
1]
1,
2]
⎪
⎪
⎪
2
2
⎪ r2
r
⎩
[
f(
x|
y
,r
−r1
x|
y
,r
]
,o
the
rw
i
se.
2)
c(
1)
2f
r2−r2 c
2

1

(3
.14
)

2

He
re
,f
x|
y
,r)i
sthep
.d
.
ffo
rthed
i
s
tan
cebe
tweenarandompo
in
tin
s
ide
c(
ac
i
r
c
le(w
i
thrad
iu
sr
)andaﬁxedpo
in
t(ou
t
s
ideth
i
sc
i
r
c
le
)w
i
thd
i
s
tan
ce
yt
oth
ec
en
t
e
ro
fthec
i
r
c
le
,andi
sg
ivenby
2
2−(
2
y−x)
2r
2
x −1 x2+y2−r
≈
f
x|
y
,r)= 2co
s
,
c(
π
r
2
x
y
π
r2

(3
.15
)

w
i
thy−r≤x≤y+r
.Thein
te
r
fe
ren
cepowe
rI
x)=Pd d(
x)i
sa mono
ton
i
d(
ca
l
lyd
e
c
r
ea
s
ingfun
c
t
i
ono
fd
i
s
tan
c
ex.Th
ed
i
s
t
r
ibu
t
i
onfun
c
t
i
ono
f D2D
in
t
e
r
f
e
r
en
c
ef
r
omonene
ighbo
r
ingce
l
li
s
−1
∂
Id
(
z)
−1
g
.
z|
y
,r
r
I
z)
|
y
,r
r
1,
2)=−f
1,
2)
X(
d(
d (
∂z

(3
.16
)

A
s
sum
ingthein
te
r
fe
ren
cea
safun
c
t
iono
fd
i
s
tan
cetobeI
x)=PdKdx−ηd,
d(

−1
1
∂Id
(
z) −1/ηd
y −ηd−1
.
∂z = PdKd (
PdKd)

−1
z −1/ηd
theinve
r
sefun
c
t
ioni
sI
z)=(
and
d (
PdKd)

W
ea
s
sumetha
tthe
rei
sap
robab
i
l
i
ty prtha
ta D2Dre
layi
st
ran
sm
i
t
t
ing
inag
ivenin
te
r
fe
r
ingce
l
l
.Th
i
s D2Dre
lay
inga
c
t
iv
i
tyfa
c
to
ri
sde
te
rm
ined

X

x

y−r y−r

y+r y+r

F
igure3
.6
.D
i
s
tan
c
ed
i
s
t
r
ibu
t
ionfo
rin
te
r
ce
l
l D2Din
te
r
f
e
r
en
c
e
.

36

D2D Relaying in sub-6-GHz and mmWave Cellular Networks

by the relaying strategy, such as β, Rr , r1 and r2 . The interference experienced by UEd from a neighboring cell (either from a BS or a D2D relay) is
a random variable
I(d, yi ) = (1 − Xi )Ib (yi ) + Xi Id (yi ).

(3.17)

Here yi is the distance from BSi to UEd , and Xi ∼ B(1, pr ) is a Bernoulli
random variable indicating whether neighboring cell i is using D2D relaying or not. If shadow fading is ignored we have a deterministic value
Ib (yi ) = Pb (yi ), whereas Id (yi ) ∼ gd (z|yi , r1 , r2 ) is the D2D interference
coming from the relay in cell i. The p.d.f of I(d, yi ) is
f (x|d, yi ) = (1−pr )δ (x − Pb (yi )) + pr gd (x|yi , r1 , r2 ),

(3.18)

where δ(·) is the Dirac delta function. The ﬁrst moment of I(d, y) is
E[I(d, y)] = (1−pr )Pb (y) + pr E[Id (y)],

(3.19)

where E[Id (y)] is the average D2D interference from one cell,
E[Id (y)] =
with Φ(y, r) = r2 y −ηd 2 F1

Pd Kd (Φ(y, r2 )−Φ(y, r1 ))
r22 −r12

ηd 1+ηd
r2
2 , 2 ; 2; y 2

(3.20)

, and 2 F1 (a, b; c; z) is the hypergeo-

metric function.
If we consider the Nb closest interfering cells, then the total aggregate
interference from these cells is:
I(d) ≈

Nb


(1 − Xi )Ib (yi ) +

i=1

Nb

i=1

Xi Id (yi ) =

Nb


I(d, yi )

(3.21)

i=1

where I(d, yi ) ∼ f (x|d, yi ). I(d) is a random variable dependent on pr and
the distribution of yi , i = 1, 2, ..., Nb .
The Nb distances are not independent since the interferences are experienced at a speciﬁc UE and the positions of the Nb neighboring BSs are
spatially correlated if there is a minimum distance between interfering
BSs. Different models for BS positions result in different joint distance
distribution functions. Common models for BSs are the triangular lattice,
square lattice, Poisson Point Process (PPP), Matérn hardcore point process
etc. For analysis, we consider the network model depicted in Fig. 3.5 by
assuming that the interfering BSs are uniformly and independently distributed outside the circle of radius D for the cell of interest. Using the
ﬂuid model, we have:
E[I(d)] ≈ (1−pr )Idl (d) + pr

Md (D−d)2−ηd (φ(r2 ) − φ(r1 ))
(r22 − r12 )(ηd − 2)

(3.22)
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Figure 3.7. Distribution of DL and D2D interferences for a UE at d = 240 m in the
hexagonal network, with ISD = 500 m.

where φ(r) = r2 2 F1

ηd −2 ηd +1
r2
2 , 2 ; 2; (D−d)2

and the constant Md = 2πρbs Pd Kd .

If there is no D2D relaying (with pr = 0), the average interference is Idl (d).
When D2D relaying is employed, some transmit power is ofﬂoaded from
the BS to D2D relays which are distributed around the BS. The ofﬂoaded
power will cause random interference to UE receivers in neighboring cells.
The p.d.f of I(d) depends on several parameters including pr , Pd , r1 and r2 .
When pr , Pd and r2 increase, the variance of I(d) increases. Fig. 3.7 shows
the interference distribution for a cell-edge UE in the hexagonal network.
It shows that the major part of interference is from neighboring BSs. The
probability that D2D interference dominates is quite small (< 5%). The
aggregate DL interference distribution is concentrated while the aggregate
D2D interference distribution is long-tailed.

3.3.3

Interference-aware D2D Relay Selection and Resource
Allocation

To enable D2D relaying in cellular networks, D2D discovery, relay selection
and resource allocation must be considered. We assume that UEs can
perform channel measurements and report the channel information to
the serving BS. A realtime controller located at the BS is responsible
for relay selection and resource allocation for D2D relaying operations
in its cell. We assume that a coordinated controller in the core network
gathers information from the BSs on their interference measurements, and
accordingly designs the relaying probabilities to be used by the BSs. The BS
controller has the responsibility to keep the probability of relaying at the
target value. The BS controller has the knowledge of D2D channel pathloss
for close UE pairs, and the aggregate interference from other BSs. The
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relaying decisions in one cell are made according to the current observed
network state (e.g. aggregate interference for UEs and distribution of relay
candidates in the cell). The aggregate interference for UEd is determined
by (3.22), and is close to (1−pr )Idl (d) as the transmit power of a BS is much
larger than the transmit power of D2D relays. In an interference-limited
network, when D2D transmission probability pr increases, the time-domain
activity of BSs will decrease and the average aggregate interference will
decrease.
To perform relay selection and resource allocation, an important task
of the BS controller is to estimate the BS-to-relay and D2D spectral efﬁciencies. Assuming that Idl (d) for UEd is known by the BS0 , the direct DL
spectral efﬁciency for UEd can be estimated from the Shannon formula
and the ﬂuid network model as


Pb Kb d−η
Cdl (d) = log2 1+
,
I(d)+σ 2

(3.23)

where σ 2 is the noise power. Assuming that there is a large number of
potential relay candidates, and a cell-edge UE can always ﬁnd a D2D relay
which is close to the optimal relay position. In a circular homogeneous
geometry, the best relay is on a radial line segment connecting the UE to
the BS, at distance dr from BS0 . With UEd at d, we have 0 < dr < d. The
estimated BS-to-relay spectral efﬁciency is Cdl (dr ) and the D2D spectral
efﬁciency between the optimal relay at dr and UEd is


Pd Kd (d−dr )−ηd
Cd2d (d, dr ) = log2 1+
.
I(d)+σ 2

(3.24)

For a two-hop relaying transmission, assuming β (0 < β < 1) of the time
resources is used by the ﬁrst hop, the end-to-end throughput equals to
min{βCdl (dr ), (1 − β)Cd2d (d, dr )} . When βCdl (dr ) = (1 − β)Cd2d (d, dr ), the
end-to-end throughput is maximized. The maximum end-to-end two-hop
spectral efﬁciency is determined by the harmonic mean of Cd2d (d, dr ) and
Cdl (dr ), leading to the end-to-end throughput Ce2e (d, dr ) = βCdl (dr ) with
the D2D activity factor

β=

Cd2d (d, dr )
.
Cdl (dr )+Cd2d (d, dr )

(3.25)

For each value of d, there is an optimal relay position dopt (d) which maximizes the end-to-end throughput. If the system is interference-limited, we
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Algorithm 3 Searching for Rr and pr in equilibrium state
Initialization with Rr = Rc , pr = 0; An update step size Δ > 0;
Calculate Cε = Cdl (Rr ) − Ce2e (Rr , dopt (Rr )).
while |Cε | >  do
Rr ← Rr + Cε Δ, pr ←

Rc2 −Rr2
.
2Rc2

Calculate Cε = Cdl (Rr )−Ce2e (d, dopt (Rr )).
end while
have
dopt (d) = arg max Ce2e (d, dr ) =
0<dr <d

arg (Cdl (dr ) = Cd2d (d, dr ))

0<dr <d

p
2ηd −ln(K) + (η − 2)p−(ηd −η) ln( 2e
)
2ηd −ln(K)

d 
d,
(η−2)p+2η+2ηd
2η+2ηd

where K =

(3.26)

Pd Kd D −ηd
.
Pb Kb D −η

In the multi-cell network, D2D relaying decisions made in a cell will
affect the neighboring cell’s decisions, and vice versa. The neighboring
cells affect each other in an iterative way with a feedback loop driven
by changes in aggregate interference, depending on pr in each cell. In
the equilibrium state of a homogeneous network, all cells should have
the same D2D relaying probability pr , and the same radiuses r1 and r2 .
With the optimal relay selection considered here, these numbers can be
characterized in terms of a single radius Rr . A UE at distance d greater
than Rr would use two-hop relaying. We assume that active UEs and D2D
relay candidates are uniformly distributed in cells. The distance of the
optimal relay helping a UE at Rr would be r1 , and the distance of the relay
helping a cell-edge UE at distance Rc would be r2 . The D2D activity factor
pr depends on the probability that the active UE is in the relaying region
(d > Rr ), and the ratio (1 − β) of D2D transmission time. The relationship
between D2D transmission probability pr and Rr is
pr = P (d > Rr ) E[1−β] =

1 Rc2 −Rr2
.
2 Rc2

(3.27)

In the equilibrium, Rr and pr satisfy:
Cdl (Rr ) = Ce2e (Rr , dopt (Rr )).

(3.28)

There is no close form solution for Rr (and hence for pr ) constrained to
(3.28) with a general pathloss exponent η. Given speciﬁc values of the network parameters, one can use a ﬁxed-point method to search for Rr (and
hence for pr ), as shown in Algorithm 3. The Cdl (Rr ) and Ce2e (Rr , dopt (Rr ))
are continuous functions and monotonously decreasing with Rr . One
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has Ce2e (Rr , dopt (Rr )) < Cdl (Rr ) when Rr → 0 due to the half-duplex loss,
and Ce2e (Rr , dopt (Rr )) > Cdl (Rr ) when Rr → Rc . As a result, Cdl (Rr ) and
Ce2e (Rr , dopt (Rr )) will cross at some point in the interval of (0, Rc ). Algorithm 3 is used to ﬁnd the intersection point of the two functions. At the
initialization point Rr = Rc , we have Cε < 0 and Rr will decrease in next
iteration. Algorithm 3 will decrease Rr if Ce2e (Rr , dopt (Rr )) > Cdl (Rr ) and
increase Rr if Ce2e (Rr , dopt (Rr )) < Cdl (Rr ). As a result, Algorithm 3 can
ﬁnd a point close to the intersection point with an error less than .
After ﬁnding the equilibrium of Rr , we also get r̂1 = dopt (Rr ) and r̂2 =
dopt (Rc ) which are the estimated inner and outer borders for the annulus
where selected D2D relays are distributed.

3.3.4

Simulation Results

Two multi-cell networks for DL D2D relaying are investigated via simulation, which are a triangular lattice (hexagonal cells) and a square
lattice (square cells). Detailed parameters are given in Publication II.
Both networks have a minimum inter-site distance D = 500 m and the cell
radius used in the analysis is Rc = 250 m. The square lattice model has
a lower BS density compared to the triangular lattice. The parameters
Rr and pr in equilibrium state can be estimated using Algorithm 3. It
converges to Rr = 166 m, pr = 0.28 for the hexagonal network, and to
Rr = 170 m, pr = 0.27 for the square cells. The estimated radiuses for the
relay annulus are r̂1 = 94 m, r̂2 = 142 m for hexagonal cells and r̂1 = 96 m,
r̂2 = 142 m for square cells.
The E2E throughput performance of DL D2D relaying is evaluated. Relay
selections and resource allocation for D2D relaying are based on the actual
interference measurements. Simulations are carried out in an iterative
way. There are Nu = 10 active UEs in each cell. Each active UE in a cell
obtains

1
Nu

of radio resources to ensure proportional fairness. Each active

UE gets one resource with a speciﬁc label. This resource is used either for
direct transmission to the user, for transmission to the relay, or for D2D
relaying transmission. Without interference coordination, each active UE
will get a random resource. For each label, there is one active UE using the
resource with this label in a cell and this UE will be randomly distributed
inside the cell. The transmissions (including DL and D2D) using the same
resource in multiple cells would interfere each other. Each active UE
located at distance larger than Rr from its serving BS would select the best
relay from the relay candidates for its DL transmission. Fig. 3.8 shows
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the distribution of the selected D2D relays for 100 realizations of network
instances, which justify the assumption of relay annulus. However, the
actual outer annulus radiuses are larger than the estimated r̂2 . The reason
is that a cell edge UE can not always ﬁnd a best relay close to the optimal
relay position due to the ﬁnite density of relay candidates.









































(b) Square lattice

(a) Triangular lattice

Figure 3.8. Distribution of selected D2D relays over multiple realizations.
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Figure 3.9. Analytical and simulation results for the mean inter-cell interference.

To understand the aggregate interference powers at a speciﬁc distance
d from the serving BS, we generate 10 sample UE receivers randomly at
each distance. Fig. 3.9 shows the average DL interference (without D2D
relaying), total D2D interference, and aggregate DL & D2D interference at
different distances from the serving BS. Compared with the DL interference without D2D relaying, D2D interference is much smaller on average.
The aggregate DL and D2D interference with D2D relaying is also smaller
than the DL interference without D2D relaying.
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Figure 3.10. CDF of UE DL throughputs in hexagonal network.

Fig. 3.10 shows the CDFs of UE throughput performance for different
D2D relaying strategies in the hexagonal network. The performances in
a square network is similar, and thus is omitted. We use the optimal
Rr = 166 m according to the analysis, and compare it with other values of
Rr . D2D relaying helps to boost the performance of cell-edge UEs compared
with the strategy that no D2D relaying is used. What is more, the setting
of Rr = 166 m from the analytical equilibrium network state yields the best
cell-edge performance compared to smaller or larger settings. For Rr =
200 m, fewer cell-edge UEs adopt two-hop relaying, which increases the
aggregate interference as the relaying probability pr is smaller compared
to Rr = 166 m. For Rr = 125 m, more UEs would use D2D relaying and the
sum throughput for all active UEs is better than Rr = 166 m. However,
a portion of cell-edge UEs will be affected by the increasing inter-cell
D2D interference, which makes the cell-edge performance lower than the
strategy with Rr = 166 m.

3.4

MmWave Mobile Relaying for Blockage Avoidance

Further network densiﬁcation by using wide mmWave bands is crucial
to fulﬁll the 5G requirements [1] for eMBB services. However, mmWave
communications suffer from pathloss and blockage problems [14, 81]. It
is estimated that an ISD of 75 − 100 m is required for full mmWave coverage [15]. Extreme densiﬁcation of mmWave networks leads to high
deployment costs and may not be a commercially optimal solution in future. One way for mmWave networks to provide coverage and consistent
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user experience without implementing extremely dense mmWave BSs is
to apply mobile relaying technologies, by utilizing the mobile mmWave
devices such as vehicles. Multi-hop mmWave relaying has been considered in [82] where a stochastic geometry approach was used to capture
the statistical effects of density and size of obstacles. The analysis shows
that multi-hop relaying can improve connectivity. Recently, the performance of relay-aided mmWave networks was investigated in [83], where it
was shown that deploying relays in mmWave networks can increase the
coverage probability and transmission capacity.
Future cellular mmWave communications rely on pencil beams for increasing the received powers. This section considers the discovery and
selection problems for both relays and beams in multi-cell mmWave twohop downlink networks. Low-complexity ABF with a set of beams [84, 85]
is adopted to provide directional transmissions. Using such mmWave
beams for communications poses challenges for network control functions
such as cell discovery and initial access [86, 87, 88]. Introducing two-hop
relaying in mmWave networks further complicates network control, as
new control functions for relay discovery and selection, beam discovery
and selection [89] have to be supported. There is a tradeoff between the relaying overhead and performance in cooperative networks [90]. Overhead
problems are exacerbated in mmWave cooperative networks since relay discovery is based on directional beamforming. We propose a low-complexity
relay & beam discovery and selection protocol for two-hop mmWave downlink relaying. Practical mmWave propagation models are used, including
pathloss and multi-path channel models, as well as one-hop LoS and twohop LoS probabilities. The protocol is designed to exploit the two-hop LoS
connectivity to boost throughput performance for UEs in one-hop mmWave
outage. It controls the relaying overhead by maintaining a set of relay
candidates with a limited size. Using a utility measure which characterizes
the quality of a relay candidate set, a selection algorithm is proposed to
maintain the candidate set.

3.4.1

System Model

We consider a 5G mmWave cellular network with multiple mmWave BSs
and mobile relay stations (RS), as depicted in Fig. 3.11. The mmWave
network is covered and controlled by a sub-6-GHz macro cellular network
(as considered by the 5G NSA NR [16]). Communications on mmWaves can
provide high throughputs for UEs by using the directional transmission
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mmWaveBS
BSbeam
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Figure 3.11. The network scenario considered for two-hop mmWave relaying.

and a large mmWave bandwidth, while the sub-6-GHz network provides
reliable control for the network. Each mmWave BS has three UPAs and
one UPA has M patch antennas; Each mobile RS has a mmWave Uniform
Circular Array (UCA) with N antennas; UEs have one mmWave antenna.
RSs and UEs are assumed to be uniformly distributed in the network. For
a mmWave cell, the set of all active UEs is denoted by U , the set of all
RSs by R0 , and the set of all downlink LoS RSs by Rlos . The mmWave
network uses TDD [35] as proposed by 5G NR, and DL and UL channels
are assumed to be reciprocal.
Compared to current cellular frequencies, the pathloss in mmWave is
approximately 20−25dB higher [14]. MmWave links are vulnerable to blocking from obstacles, such as buildings, foliage and human bodies. Due to the
high penetration loss and lack of diffraction, the mmWave pathloss is estimated to be 20 dB higher in Non-Line-of-Sight (NLoS) than in LoS [14, 81].
In addition to the LoS/NLoS condition, there is a high probability that
a mmWave link is totally blocked, or in outage [14]. Assuming that the
mmWave link distance is d, the LoS/NLoS/Outage model in [14] is used.
Information of the mmWave pathloss, governed by LoS/NLoS/Outage conditions, is crucial for the network scheduler to allocate mmWave resources
to UEs or RSs. We assume that BSs, RSs and UEs can perform LoS
identiﬁcation using e.g. the Kurtosis method [91].
Each BS has LBS beams and each RS has LRS beams. The mmWave BS
and RS only need to ﬁnd their best beams to increase SNR. The beamH HH b
2
forming power gain for BS-to-RS link is w(n)
j (m)  , where Hj is the

BS-to-RS channel coefﬁcient for RS j, b(m) is the BS RF beamforming
vector of the mth beam, and w(n) is the nth RF beamforming vector at the
RS. To avoid mismatch [92] between the discoverable area and the actual
supportable area of mmWave transmission, we assume that mmWave BSs
and RSs use the same beam codebook for beam discovery and data transmission. For a proper coverage performance, the number and half-power
bandwidths (HPBW) of the beams need to be carefully designed. Differing
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Figure 3.12. Normalized beam patterns at horizontal plane.

from [83] where a simpliﬁed ﬂat-top beam pattern is used, we consider
accurate beam patterns. Beam patterns can be designed by adjusting the
antenna element spacing, the number of the elements, the geometric structure of the array and the excitation phase vector (i.e. the beam codebook).
The beam discovery overhead is proportional to NL as more discovery signals need to be transmitted with more beams. The beamforming gain is
typically smaller with wider HPBW. There is a tradeoff between the beam
discovery overhead and the beamforming gain. To provide a higher beamforming gain, we need more beams to cover the angular domain. As the
beam discovery & selection overhead is large in mmWave networks [86, 87],
we need to limit the number of beams for both the BS and RS. Fig. 3.12
shows the beams designed for the BS and RS.

3.4.2

Two-hop LoS probability

The key idea in mmWave two-hop relaying is to create a two-hop LoS
route between the source and destination when there is no one-hop LoS
connection. Two-hop LoS probability can be analyzed based on the onehop LoS probability model in [14]. Consider a mmWave cell depicted in
Fig. 3.13 (a), modeled as a disk with radius Rc . The distance between source
BS and destination UE is d. There are |R0 | RSs in the cell. Denote the
link condition between nodes i and j by ξ(i, j) ∈ {0, 1, 2}, where ξ(i, j) = 0
indicates a LoS condition, and ξ(i, j) = 1 a NLoS condition, ξ(i, j) = 2 an
outage condition. Assuming that RSs are independently and randomly
distributed inside the cell, and LoS conditions for all paths are independent,
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the two-hop LoS probability between the BS and UE is
p2los (d) = 1 −

|R0 |

P ξ(b, j) = 0 or ξ(j, k) = 0

j=1

(3.29)
|R0 |
r
(1−plos (r)plos (d2 )) drdθ
,
= 1−
2
0 0 πRc
√
where d is the BS-to-UE distance and d2 = r2 +d2 −2rd cos θ. Fig. 3.13 (b)
! 2π!

Rc

shows the two-hop LoS probability p2los (d) with Rc = 250 m and different
|R0 |. Two-hop LoS probability is higher than one-hop, and increases as the
density of RSs increases. MmWave relaying can exploit these two-hop LoS
conditions by selecting LoS RSs to increase E2E throughput for UEs.
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Figure 3.13. Twp-hop LoS probability in a circular cell. Here, the cell radius is Rc = 250 m
and the mobile relays R0 are uniformly distributed.

3.4.3

Protocol for Two-hop mmWave Mobile Relaying

In the considered mmWave network, we use directional beamforming for
network discovery [87] and data transmission. Although directional beamforming can compensate the high pathloss in mmWave bands, it increases
network management overhead because directional discovery signals must
be transmitted multiple times to cover the angular domain. In addition to
this scanning overhead, the high carrier frequency in mmWave results in
a small channel coherence time, which requires the mmWave pilot signals
to be transmitted very frequently in order to perform channel estimation
when mmWave links want to adopt multi-stream MIMO transmissions.
Considering fc = 28 GHz and the RSs speed vRS = 30 km/h, the channel
coherence time is Tc ≈ 600 μs. Fortunately, for single-stream ABF in LoS,
the LoS component is strong, and channel variation caused by multi-path

47

D2D Relaying in sub-6-GHz and mmWave Cellular Networks

effects is small. In addition to the channel coherence time, we consider a
LoS coherence time Tlos and a beam coherence time Tbeam for ABF transmissions on LoS links.
The LoS coherence time is the time interval during which the LoS condition remains unchanged. It depends on the minimum spatial range dlos
los
of a LoS area surrounding a receiver, and is deﬁned as Tlos = d2v
, where

v characterizes the speed of the receiver and/or transmitter. The beam
coherence time is the time interval during which the optimal beam for
a link is unchanged. It depends on the beam width b3dB and the link
d
π
distance d as Tbeam = b3dB
2v . For example, with dlos = 2 m, d = 10 m, b3dB = 8 ,

and v = 30 km/h, we have Tlos ≈ 120 ms and Tbeam ≈ 236 ms. For static
RSs (e.g. parked cars), LoS and beam coherence times would be longer,
and depend only on the changes in blocking in the environment. The
LoS condition, which has a strong effect on the capacity of a link, is thus
signiﬁcantly more stable than the small scale channel variations caused
by multi-path effects. ABF would use the same beams during the LoS
and beam coherence times without accounting for the small-scale channel
variation due to multi-path effect. In this respect, ABF is similar to the
long-term beamforming scheme used in [14]. The goal of a relay & beam
discovery protocol is to discover the LoS relays timely and ﬁnd the optimal
beams. The relay & beam discovery protocol must be able to track the LoS
conditions well within the LoS and beam coherence times. In this regard,
the signaling period for relay discovery should be in the order of 10 ms. In
addition, to be detected by RSs or UEs, the discovery signals transmitted
by the BSs and RSs must have a proper duration on time domain [86],
which is long enough for RSs or UEs to detect the presence of the signals
and decode the corresponding BS ID, relay ID, or beam ID.
Two kinds of discovery signals are proposed. The Directional Search
Signal for BS (BS-DSS) is transmitted by each BS using period Tb with
time duration tb . The Directional Search Signals for RS (RS-DSS) is
transmitted by selected RS candidates using period Tr and time duration tr .
RSs and UEs will monitor BS-DSSs from neighboring BSs, whereas UEs
and BSs will monitor RS-DSSs transmitted by RS candidates. The BS-DSS
is used for downlink LoS identiﬁcation performed by RSs or UEs, RS-DSS
is used for LoS identiﬁcation on RS-to-UE link performed by UEs, and for
mobility identiﬁcation and AoA estimation performed by BSs. Similar to
the Primary Synchronization Signal (PSS) and Secondary Synchronization
Signal (SSS) in LTE, each BS periodically transmits BS-DSS so that RSs
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Figure 3.14. Protocol for two-hop mmWave relaying in downlink.

and UEs can scan for to detect the presence of the BS and to estimate the
link conditions to the BS. However, BS-DSSs are transmitted on narrow
mmWave beams and must be transmitted multiple times to cover the
angular domain. UEs and RSs have to estimate the best BS beam and
inform the selected beam to the BS.
Using BS-DSS and RS-DSS, the procedure of relay & beam discovery and
selection protocol is:
1. Each BS transmits BS-DSSs using Tb , tb and a beam sequence B. All
RSs and UEs monitor BS-DSSs, and estimate the best BS beam and
the corresponding mmWave BS. Each RS performs directional scanning
using a beam sequence W and estimates the best RS beam for reception.
RSs in LoS indicate to the BS by feedback that they are in LoS. All UEs
transmit feedback indicating LoS/NLoS/outage condition to the BS. If
the mmWave connection is poor or absent, the sub-6-GHz channel can be
used for feedback.
2. Each BS maintains a RS candidate set Rc ⊆Rlos considering the utilities and dissimilarities of the LoS RSs. Initially, all RSs in LoS are in
this set. The BS updates the set by adding new RSs and deleting bad
RSs which provide a low utility. The BS broadcasts the candidate set
information and time-slot synchronization information to the RSs in the
set. Orthogonal time slots will be allocated to the RS candidates for their
transmissions of RS-DSSs.
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3. According to the time-slot synchronization information, each RS in the
candidate set transmits RS-DSSs using Tr , tr and a beam sequence W.
The BS monitors RS-DSSs from the candidate RSs and estimates the
pathloss Lj and channel covariance vj for each RSj ∈Rc . UEs in downlink
NLoS/Outage conditions monitor these RS-DSSs to perform RS-to-UE
link LoS identiﬁcation, estimation of best RS beam. UEs report LoS and
RS beam information to the BS via the feedback channel.
4. BSs performs relay selection and resource scheduling for the three kinds
of links according to the estimated link capacities and a fairness metric.
Scheduling decisions are transmitted to the selected RSs to perform
beamforming reception for the ﬁrst hop from BS to RS, and beamforming
transmission for the second hop from RS to UE.
We deﬁne the signalling overhead as the portion of time-domain resources
that are used for relay & beam discovery and selection. The LBS BS beams
and the LRS RS beams must be transmitted during periods with durations
Tb and Tr respectively. For one mmWave cell, there are Nlos = |Rlos | RSs in
LoS and Nc = |Rc | RSs in the candidate set, with Nc ≤ Nlos . The signalling
overhead for BS-DSSs is LBS tb /Tb , and for RS-DSSs is LRS Nc tr /Tr . The
total signalling overhead is thus
η=

LBS tb LRS Nc tr
+
.
Tb
Tr

(3.30)

We use tb = tr = 10μs [86] which are much smaller than the channel coherence time, and Tb = Tr = 10ms which are much smaller than min(Tlos , Tb )
to ensure that the protocol can track the LoS condition and the best LoS
beam. The overhead is linear in Nc and is quite signiﬁcant when Nc > 10.

3.4.4

MmWave Relay Selection

When there are many RSs in the network, there is a tradeoff between
increasing two-hop LoS probabilities for outage/NLoS UEs and reducing
signaling overhead for relay selection. To exploit the beneﬁt of two-hop
LoS transmission for outage/NLoS UEs and to reduce the discovery overhead, we need to ﬁnd a set of RS candidates Rc which is optimal for the
population of outage/NLoS UEs. For this, we use a relay utility function
and a dissimilarity metric. The number of active relays |Rc | is limited to
be smaller than a parameter Nmax set by a central controller at the macro
BS. The relay utility function evaluates the quality of a downlink LoS RS,
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and the dissimilarity metric evaluates the redundancy of the RS candidate
set Rc . The set size Nmax is also parameter to be optimized.
Each downlink LoS RS has an estimated utility which characterizes its
probability to be a favorable relay for the population of outage/NLoS UEs.
An optimal measure characterizing the quality of a RS candidate set is
vital for selection of RS candidates, and is a non-trivial task. Basically, a
proper RS candidate set should be able to cover the outage areas (i.e. RS
candidate set has high spatial dispersion) and give priority to cell-edge
outage UEs.
Note that the outage/NLoS probability increases with the link distance.
Most of the outage/NLoS UEs are at the cell edge. A natural relay utility
is the distance between a downlink LoS RS and its serving BS. A downlink
LoS RS with a larger downlink LoS pathloss has a higher probability to be
a favorable relay than one with a smaller downlink LoS pathloss. Based
on the measured pathloss, a simple relay utility function can be deﬁned as
u(j)  [Lj /βlos ]1/αlos , RSj ∈ Rlos .

(3.31)

The applied dissimilarity metric between two RSs is based on the difference
between their AoAs and pathlosses, as seen at the BS. Two RSs in the
same beam with similar path loss are similar. For RSi , RSj ∈ Rlos with
BS beams bi , bj and downlink pathlosses Li , Lj , we deﬁne a dissimilarity
metric
s(i, j)  1l bi = bj + 1l |u(i) − u(j)| > dmin

(3.32)

where 1l(A) = 1 if A is true, and else 1l(A) = 0. For an N -element RS
candidate set Rc ⊆ Rlos , we can compute an N × 1 utility vector [u(j)] and
an N × N dissimilarity metric matrix [s(i, j)]. To measure the quality of
candidate set Rc , we consider a heuristic utility function as

  s(i, j)
u(i) + u(j)
+1
.
U (Rc ) =
2
2

(3.33)

i,j

This is the sum of relay utilities with dissimilarity coefﬁcients. Each RS
candidate in Rc contributes to the overall set utility. Other relay utility
functions, dissimilarity metrics and candidate set utility functions may be
used.
Using the RS candidate set utility function U (Rc ), a candidate selection
algorithm can be run at mmWave BS controllers to reduce the discovery
overhead by selecting a proper set Rc with at most Nmax elements. Algorithm 4 computes the utility contribution of each RS in the set, and
greedily removes the least useful to reduce the size of the set step-by-step.
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This method is compared to a random selection of Nmax RSs out of Nlos RSs
in simulation.
Algorithm 4 MmWave relay candidate set selection algorithm.
1: Let Rc ← Rlos , and denote Rc = {RSc1 , . . . , RScN } with N = Nlos
2:

while N > Nmax do

3:

Δ ← [0, . . . , 0]1×N

4:

for k ← 1 to N do
Δ[k] = U (Rc )−U (Rc \ RSck )

5:
6:

end for

7:

[Δmin , k ∗ ] ← min(Δ), Rc ← Rc \ RSck∗ , N ← N −1

8:

end while

3.4.5

Performance Evaluation

To assess the performance of the considered two-hop mmWave relaying protocol, system simulations have been performed. Details of the simulation
parameters are given in Publication III. An urban micro cellular network
with 4 × 4 square cells is considered. The ISD is set to be 250 m, and there
are 10 active UEs and 100 RSs in each cell on average. The maximum size
of the RS candidate set is set to be Nmax = 0, 10, 20, 30 or 40. In the simulated scenario, only one third of UEs have direct LoS connections to BSs.
If no coverage extension technique is adopted, the remaining two-thirds
of the UEs would suffer from low throughput. Compared to number of
one-hop LoS UEs, the number of two-hop LoS UEs increases dramatically
when relaying is available. When Nmax = 10, 86% of the UEs can ﬁnd a
two-hop LoS connection to BSs.
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Figure 3.15. (a) CDF of E2E throughput. Different relay set sizes Nmax ; (b) CDF of E2E
throughput. Random vs. optimized relay subset selection.
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Fig. 3.15(a) shows the performance of two-hop relaying when the RS
and beam selection protocol and RS candidate set selection algorithm are
applied with different settings of Nmax . Without mmWave relaying, 35%
of the UEs enjoy E2E throughput larger than 200 Mbps, while the 52% of
the UEs that are in Outage/NLoS have E2E throughputs smaller than 20
Mbps. Compared to case without relaying, two-hop relaying with Nmax = 10
increases the percentage of UEs with E2E throughput larger than 200
Mbps to 70%, and decreases the percentage of UEs with E2E throughput
smaller than 20 Mbps to 12%. Increasing Nmax further improves cell-edge
performance, with Nmax = 30, only 2% of the UEs have throughput smaller
than 20 Mbps.
As the number of RS candidates increases, the overhead for mmWave
relaying also increases, and the resources used for data transmissions
decreases. The mean throughput starts to drop when Nmax ≥ 30. The
results show that Nmax = 20 provides the best overall network performance considering both mean and the cell-edge throughputs. Comparisons
between the candidate set selection Algorithm 4 and random candidate
selection are shown in Fig. 3.15(b). For a small Nmax , Algorithm 4 can
provide signiﬁcantly better performance than random selection. As Nmax
increases, the performances of the two methods become similar. As the
number of available LoS RS candidates is limited, there is no space for
candidate set optimization when almost all candidate relays are selected.

3.5

3.5.1

Mobile Relaying in Integrated mmWave/Sub-6-GHz Networks

Multi-RAT Multi-connectivity in 5G NR

In previous sections, mobile relaying in sub-6-GHz and mmWave bands has
been investigated separately. However, in future 5G mobile systems, BSs
and UEs are envisioned to equipped with both sub-6-GHz and mmWave
antennas for data transmissions using both sub-6-GHz and mmWave
spectrum resources simultaneously. The sub-6-GHz carrier is narrow
compared to the mmWave carrier, but has more reliable and continuous
coverage while the mmWave carrier has unreliable coverage, suffering
from poor signal qualities when signals are blocked. The sub-6-GHz and
mmWave carriers thus complement each other. The multi-RAT multi-
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connectivity technique is supported by the 5G NR [93], it helps to increase
the user throughput, link reliability and handover performance in future
5G mobile networks.
We envision three kinds of multi-connectivity scenarios in future heterogeneous 5G wireless networks, as shown in Figure 3.16. First, a cheap and
reasonable way to introduce mmWave technologies into the cellular network is to tightly integrate a mmWave network with an existing sub-6-GHz
network such as the legacy LTE/LTE-A, which results in an integrated
network [94]. The sub-6-GHz and mmWave BSs are co-located as shown in
Figure 3.16 (a). Second, for standalone mmWave UDN in Figure 3.16 (b),
multi-connectivity function can be run on multiple mmWave BSs to provide multiple mmWave connections to a user. In this case, a user can be
connected to multiple mmWave BSs. A central controller can be applied to
choose a set of mmWave BSs for a user based on the PHY measurements.
The redundancy of connections can increase the reliability as user can
switch to another mmWave BS using a new beam if the current used one is
blocked on its direction. Different from traditional cellular handover, the
switching is performed only on PHY layer and do not require high layer
signaling overheads. In the third case, future mmWave networks can be
deployed under the umbrella of a sub-6-GHz macro or micro cellular network and controlled by this underlay network. In such a two-layer network
as shown in Figure 3.16 (c), a user is always connected to a sub-6-GHz
BS, this connection provides control-plane information and reliable data
transmissions for users when no mmWave connection is available. At the
same time, a user can have multiple connections on mmWave layer just as
the case in a standalone mmWave UDN.
Integrated BS
mmWave BS

UE

(a)

Sub-6GHz BS
mmWave BS

(b)

Figure 3.16. Multi-connectivity in 5G mmWave networks.
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3.5.2

D2D Relaying in the Integrated Network

The multi-connectivity concept with the integrated sub-6-GHz/mmWave
BSs is attractive to mobile network operators, as it is the most economical
way to deploy next-generation RAN by reusing existing BS sites and other
infrastructures in the legacy 4G networks. However, cell site planning in
previous-generation networks is done for sub-6-GHz spectrum frequencies
and is not optimized for the mmWave coverage performance. In such
integrated networks, consistency of user experience is jeopardized even
when the multi-connectivity technique is applied, as a large number of
users outside the mmWave coverage cannot get high throughputs.
In this section, D2D relaying is considered for the integrated network to
enhance its cell-edge performance. In such multi-RAT RAN architectures,
D2D relaying can be applied for both RATs. The self-backhauling and
D2D hops can use one or both RATs. For example, when a UE cannot
ﬁnd a direct UE-to-BS connection for both RATs, and proper intra-RAT
two-hop connections, the inter-RAT two-hop connection may be viable for
increasing the throughput.
We investigates the downlink of the integrated network. A scenario
where UEs carried by vehicles act as relays is considered. Introducing D2D
relaying into this multi-connectivity network poses new challenges to the
network control and coordination. Compared to single-hop multi-cell networks, two-hop D2D relaying in this network will complicate the network
management. Relay selection and beam selection should be considered
together as relaying in mmWave bands would use directional beamforming
transmissions. MmWave/sub-6 GHz multi-connectivity has to be managed, and resources have to be allocated across frequencies with disparate
propagation conditions.
We propose a hierarchical architecture for scalable network management,
to efﬁciently control and coordinate multi-connectivity, relay and beam
selection, resource allocation, and interference management. The objective
is to extend coverage and achieve consistent user experience without
extreme infrastructure densiﬁcation, and to reduce the control overhead
for relay and beam selection.

3.5.3

Hierarchical Control Framework

To implement two-hop relaying for the integrated network, cell association,
relay and beam selection, resource allocation and interference coordination
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need to be considered together. Cell association in such a multi-connectivity
network with D2D relaying is more complex than in a single-hop cellular
network, especially for cell-edge UEs. The direct downlink is characterized
by both sub-6-GHz and mmWave path losses. Since sub-6-GHz pathloss
is more stable, cell association should be based on sub-6-GHz pathloss to
achieve mobility robustness, possibly subject to load balancing considerations. Meanwhile, relay and beam selection should not only consider the
own target E2E performance, but also the inter-cell interference generated
to neighboring users. Multi-user resource allocation is also challenging
due to heterogeneity in the resources and the links to be scheduled.
A scalable hierarchical control framework to address the above-mentioned
challenges is proposed in this work. The network control is based on network state information including trafﬁc loads, link qualities, and the measured interference. In a large-scale network, it is difﬁcult for a centralized
controller to access all network state information and make control decisions timely, due to the delay and overhead in transport of these network
state information. A hierarchical control framework that splits network
control into different levels according to different delay requirements is
thus necessary. Fig. 3.17 describes the proposed control framework, which
consists of three levels of control: a logical central coordinator in the 5G
Core Network (5GC) [95], local BS controllers such as the gNB-CUs [93],
and distributed coordination in the cooperative D2D network. To limit the
networking complexity and the related excessive signaling, the following
principles are followed in this hierarchical framework:
• The BS-to-relay hop always uses mmWave resources while the relay-toUE (i.e. D2D) hop can use mmWave or sub-6-GHz resources.
• A limited set of relay candidates, typically with LoS to a BS, is selected
by the BS.
• Destination UEs at cell edge select a small set of potential relays from
the relay candidates and report this set to the BSs.
• The potential relays are communicated to the BS, and the BS makes the
decision of relay selection and allocates resources to the destination UEs
and the relays.
• Interference management for relaying is performed via limiting the set
of relay candidates by the BS controller, and by distributed interference
coordination locally in the D2D network.
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As shown in Fig. 3.17, the central coordinator collects global network
state information reported by local BS controllers and sets high-level
parameters which would be used by the lower level entities. Information
collected from BSs includes: (a) the number of destination UEs and their
trafﬁc load; (b) the number of cell-edge destination UEs and their trafﬁc
load; (c) number of available relays. The central control functionalities
include: determining relay selection parameters (e.g. rules for selecting
relay candidates, rules for selecting potential relays for a UE, and the
maximum number of active D2D relaying links); interference coordination
parameters (number of resources, interference coordination thresholds)
and resource allocation parameters (e.g. scheduling metric). The central
coordinator also controls the sets of node identiﬁcation (ID) codes (for UEs
and relays) used inside each cell, so that neighboring cells have separable
sets of ID codes.
The local BS controllers are responsible for: (a) maintaining the set of
candidate relays, allocating ID codes to them; (b) collecting channel measurements for BS-to-relay, relay-to-UE and BS-to-UE links; (c) performing
relay and beam selection; (d) resource allocation for UEs and relays using
the scheduling metric deﬁned by central coordinator; (e) ICIC by dividing
resources between cell-center UEs, cell-edge UEs and relays.
The lowest level control is distributed in the D2D network of relay candidates and destination UEs. D2D discovery [19] is performed, where UEs
ﬁnd D2D neighbors periodically to activate links and measure interference.
Downlink & D2D channel qualities and interference powers are measured
on both sub-6-GHz and mmWave bands. These measurements are used
for relay and beam selection and interference coordination. Cell-edge UEs
select potential relays based on these measurements, and communicate to
the BS. UEs and relays may perform fast local interference coordination
by exchanging interference information between neighbor D2D links.
The time scales of the different control layers differ according to the
control targets and how fast the network changes. The most crucial largescale effect of the mmWave network is the variation of the LoS/NLoS/outage
conditions. If LoS correlation distance is 10 meters and the UE move at
a speed of 30 km/h, the LoS condition may change once per second. The
above-mentioned control functions on BSs, relays and UEs should be able
to respond to these changes within some tens of milliseconds. While the
low-level controllers should be able to deal with the fast and microscopic
changes of the network, the high-level central coordinator is responsible to
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Figure 3.17. A hierarchical control framework for relaying-enabled integrated
mmWave/sub-6-GHz networks.

deal with the macroscopic changes of network on time scale of seconds.

3.5.4

Beam & Relay Selection Base on PHY Measurement

In the relaying-enabled network, a high number of measurements have
to be performed for interference coordination, relay and beam selection.
The amount of measurements is proportional to the number of beams and
size of relay candidate set. A fast and scalable discovery/measurement
framework is essential for two-hop relaying. By controlling the number of
relay candidates and the periods of beam beacons according to the network
state, fast and scalable neighbor discovery and network measurements
can be achieved. The signaling procedure for D2D relaying includes:
1) BSs transmit sub-6-GHz discovery signals using omnidirectional broadcasts, and directional mmWave discovery signals using a set of beams;
2) Both destination UEs and idle UEs conduct downlink channel measurements on sub-6-GHz and mmWave bands, and associate to the best BS
on sub-6-GHz. The best mmWave TX-RX beam pairs are found for the
selected BS;
3) An idle UE will report to its serving BS if the downlink channel quality
using optimal beam pairs is larger than a threshold (determined by the

58

D2D Relaying in sub-6-GHz and mmWave Cellular Networks

central coordinator), informing that it may act as a relay;
4) BSs update and inform the candidate sets. Each candidate in these sets
gets an ID code;
5) Candidate relays transmit mmWave beams and sub-6-GHz discovery
signals for the destination UEs to perform relay and beam discovery, and
D2D channel quality measurements. Relay and beam IDs are embedded
to these transmissions, enabling identiﬁcation and collision resolution;
6) Cell-edge UEs select potential relay candidates and their best beams
based on D2D measurements on both sub-6-GHz and mmWave bands.
UEs send results to the selected potential relays together with their ID
codes. These transmissions may use a discovery code to ensure that they
are heard by candidate relays in neighboring cells.
7) The relay candidates inform the local BS if they are selected to be potential relays by cell-edge UEs, and report the related channel qualities;
8) The BSs select relays for their cell-edge UEs, perform joint mmWave/sub6-GHz resource allocation and the beam assignment for direct, BS-torelay and relay-to-UE links.
Reporting from UEs or relays and informing from BSs can be performed
on the sub-6-GHz band to provide reliable network control. Signaling
overhead is controlled by limiting the number of candidate relays and the
number of potential candidate relays.

3.5.5

Interference Coordination and Resource Allocation

An interference graph can be used to model the interaction among neighbor links. To achieve scalability, a distributed method based on a local
interference graph is considered. We deﬁne two links to be neighbors
if the interference from one link to the other is larger than a threshold
as compared to the wanted signal power for the other. To construct an
interference graph, one needs to know the local D2D channel information.
The interfere graph can be constructed based on sidelink measurements,
for example, using the sidelink channel estimation schemes as described
in 3GPP TS 36.101, Annex F [32]. Based on the sidelink channel information, an interference graph is represented by a matrix whose off-diagonal
entities represent the estimated potential interferences between TX/RX
pairs, including relay & UE, BS & relay, and BS & UE pairs.
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Using the same radio resource for neighboring links leads to a conﬂict.
When the links are dense in space, we usually cannot solve all conﬂicts,
but the strongest interference can usually be avoided. Resources reserved
for D2D relaying are partitioned into fractions, called colors. A D2D link
uses one such fraction for relaying. For both sub-6-GHz and mmWave
resources, OFDMA is used, and resources may be partitioned in both
frequency and time domains. The number of partitions (colors) in time
and/or frequency, and the resources used for relaying are determined by
the central coordinator. According to the reported channel qualities, the
local BS controller selects and assigns suitable relays for cell-edge UEs,
considering the utility and priority for each UE.
Both sub-6-GHz and mmWave resources may be allocated to a link using
carrier aggregation. In principle, UEs or relays with good mmWave channels would not use sub-6-GHz resources. The scarce sub-6-GHz resources
are allocated to those cell-edge UEs which cannot ﬁnd a proper relay, or
to the relay-to-UE transmissions. Two methods can be used for allocating
resources to the relaying transmissions.
• Random Coloring (RC): The resources used for relay-to-UE transmissions are chosen without interference information. Each relay uses a
randomly selected fraction of the resources.
• Distributed Interference Coordination (DIC): The UEs which are
victims of strong interference from neighboring D2D links calculate
improvements in channel quality if interferers with the same color were
absent. When the improvement is larger than a threshold, the UE
sends an interference avoidance request directly to the interferer via a
sub-6-GHz control channel. The interferer then evaluates the change
of channel quality on its own serving link when changing the color,
compares this to the improvement experienced by the interference victim,
and chooses a color which optimizes a local objective (e.g. proportional
fairness for these local UEs). This distributed interference avoidance
is fast as it requires only lightweight message exchanges and can be
performed locally in one iteration. The goal of DIC is to ﬁnd an efﬁcient
resource allocation solution in one single iteration locally to avoid strong
interferences among neighbor TX/RX pairs. The DIC does not try to ﬁnd
a global optimum solution which requires multiple iterations and global
network interference information. As DIC is performed in one shot only,
there is no converge problem.
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3.5.6

Performance Evaluation
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Figure 3.18. (a) Six BS deployment scenarios with different ISDs and correspondingly
different BS densities in Manhattan grid; (b) Simulation parameters.

We evaluate the performance of mmWave/sub-6-GHz multi-connectivity
and D2D relaying in Manhattan scenarios with two-lane streets and regular buildings. Six different ISDs are considered, as depicted in Fig. 3.18 (a).
The mmWave pathloss model used in [14] is adopted. UEs are uniformly
distributed along the streets, with 2 destination UEs and 12 idle UEs
per 100 m on average. As ISD decreases, the number of destination UEs
associated to each cell will decrease. No beamforming technique is used
for sub-6-GHz signals. For mmWave, the low-complexity ABF with single
RF chain is applied. Cell-edge UEs can use either sub-6-GHz or mmWave
relaying depending on their channel qualities. Simulation parameters can
be found in Fig. 3.18 (b).
Fig. 3.19 (a) shows the performance in the network with ISD as 400 m.
User experience is inconsistent in the standalone mmWave deployment
without relaying. About 24% users can achieve throughput above 100
Mbps, while 65% have throughput below 10 Mbps. Multi-connectivity via
the integrated deployment can improve both cell-edge and mean performance, as reliable sub-6-GHz resources are given to cell-edge UEs while
more mmWave resources are allocated to cell-center UEs. D2D relaying
with RC further boosts the cell-edge and mean performance, with 70%
users above 100 Mbps for integrated deployment and 60% for standalone
mmWave. Multi-connectivity combined with D2D relaying in the integrated deployment achieves 170 Mbps mean throughput, as compared to
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Figure 3.19. (a) CDF of user E2E throughput in standalone sub-6-GHz, standalone
mmWave and integrated mmWave/sub-6-GHz (Integrated) deployments with
ISD=400 m, for no relaying, relaying with random coloring (RC relaying), and
relaying with distributed interference coordination (DIC relaying); b) CDF of
user E2E throughput in the integrated deployment for six ISD alternatives.

140 Mbps in standalone mmWave. With D2D relaying, using DIC further
improves cell-edge performance as compared to RC. For example, the 5th
percentile performance is increased from 3 to 8 Mbps for the integrated
deployment.
Fig. 3.19 (b) reports the integrated deployment performance for the six
considered scenarios. For ISD = 100 m, almost all users enjoy mmWave
service, and 95% of UEs can achieve throughput above 500 Mb/s without
relaying, vs. 97% with RC relaying. For ISD = 141 m, 87% vs. 95%,
and for ISD = 200 m, 72% vs. 92% achieve this rate. With larger ISDs,
a progressively larger fraction of UEs have low throughput due to the
absence of good mmWave channels. Relaying improves the throughput
of a signiﬁcant fraction of these users. It is noteworthy that a network
with ISD 200 m (25 BSs/km2 ) using relaying can achieve nearly the same
performance in the throughput-UEC plane as one with ISD 100 m (75
BSs/km2 ) and without relaying.
It can also be observed that the larger the cells, the more relative gain
can be achieved from DIC over RC. As the network becomes denser, DIC
and uncoordinated RC have almost the same performance. Interference
conﬂicts occur mainly in sub-6-GHz resources, while there is less interference in the mmWave carrier. Due to directivity, interference spreads less in
mmWave than in the sub-6-GHz RAT which uses omnidirectional antenna.
In denser networks, most of the D2D links can use mmWave resources.
Accordingly, there is less need for interference coordination between D2D
links and less gain if it is done.
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3.6

On the Energy Efﬁciency of D2D Relaying

One of the main concerns in applying D2D relaying in 5G cellular networks
is the power consumption required for relay discovery/selection signaling
procedures, and relaying data transmissions. It is crucial to keep the
device energy expended for D2D relaying at a minimum, especially when
the relaying devices are battery-powered. However, if the relaying devices
are vehicular, this problem is alleviated. One main challenge in applying
D2D relaying in 5G cellular networks lies in ﬁnding proper incentives for
UEs to act as relays. In all the four D2D relaying applications discussed
in this chapter, we assume UEs in the networks work in a cooperative
manner and each UE is always willing to help other UEs when the relaying
transmission is beneﬁcial. One UE can be a relay for other UEs or a source
which needs relaying services provided by other UEs. In a long run, such
a UE cooperation strategy would be beneﬁcial in saving the total device
energy consumption in the network and increases the network energy
efﬁciency as compared to a network with only direct one-hop transmissions
to/from the BSs.
A useful network relaying strategy should be energy-efﬁcient. The energy efﬁciency problem is difﬁcult to be analyzed since it involves a lot
of practical factors, e.g., the signaling-related power consumption for relay discovery and relay selection, the relay power consumptions in the
receiving mode and the transmitting mode. The energy efﬁciency can
be calculated for each relaying transmission, or for the overall network.
Conventionally, the energy efﬁciency is evaluated using a metric as bits
per Joule (bits · J−1 ), where the considered power expenditure is mainly
coming from the radio transceivers at UEs and BSs. One should also notice
that the power in mobile relays is more valuable than in BSs. In this
regards, the metric of device-energy-expenditure per cell-edge data bit is
of great interest for the D2D relaying applications in 5G cellular networks
considered in this thesis.
For uplink D2D relaying, if UEs in the network can work collaboratively
by performing relaying for other UEs whenever the relaying is beneﬁcial
(i.e. the E2E performance for a cell-edge UE is increased as compared
to a direct cellular transmission), the energy efﬁciency of relaying transmissions for cell-edge users is actually higher than direct cellular transmissions without D2D relaying. The reason is that the sum transmission
power of the ﬁrst hop (i.e. D2D) and the second hop is equal or less than a
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direct cellular transmission while the E2E throughput is increased.
For downlink D2D relaying transmissions in sub-6-GHz, the total UE
power consumption in the network is increased since those selected UE
relays need to expend their energy for serving other UEs in cell edges or
blocked by obstacles. For downlink relaying in a multi-cell network with
BS muting on the radio resources used by the relays, the sum transmission
power of both UE relays and the BS is actually smaller than the traditional
one-hop downlink network as the BS can save its power by muting on
the radio resources used by mobile relays. Assuming that the device
transmitting-mode power is It , and the device receiving-mode power is
Ir , the two-hop relaying energy efﬁciency for cell-edge UEs considering
only device power consumption is Ce /(Ir + pr It ), where Ce is the cell-edge
throughput (e.g. 5% percentile throughput) and pr is the D2D relaying
probability. For direct downlink transmissions for cell-edge UEs, the
corresponding one is Cdir /Ir . The pr is smaller than 0.3 in our considered
scenario. When Ce > Cdir (Ir + pr It )/Ir , the energy efﬁciency of two-hop
downlink relaying for cell-edge UEs is higher than the direct transmission.
In the considered sub-6-GHz multi-cell downlink network as in Section 3.3,
we have Ce > 2Cdir as shown in Figure 3.10. If It < Ir /pr , one can roughly
make sure that relaying operation is more energy-efﬁcient.
For mmWave downlink relaying, the analysis of cell-edge energy efﬁciency is similar. As we can see from Figure 3.15, the mmWave cell-edge
performance with 2-hop relaying is at least 50 times of that without relaying. We can safely state that the 2-hop relaying transmission in mmWave
networks is more energy-efﬁcient than a direct transmission.

3.7

Conclusion

In this chapter, we have studied the performance of D2D relaying in uplink
and downlink for sub-6-GHz multi-cell networks. The inter-cell interference, power control, relay selection and resource allocation problems have
been considered, and efﬁcient algorithms have been presented. Simulation
results show that D2D relaying provides signiﬁcant cell-edge performance
improvement in the considered multi-cell networks. For mmWave networks, D2D relaying with the opportunistic analog beamforming has been
considered for the mmWave coverage extension purpose. A low-complexity
relay & beam discovery and selection protocol has been proposed and its
overhead is estimated. Simulation results show that choosing a proper
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size for the relay candidate set is important to achieve both high mean
user performance and consistent user experience. We have also considered two-hop downlink D2D relaying in a mmWave/sub-6-GHz integrated
network. A hierarchical control framework is considered to address the
relay selection and resource allocation problems related to mmWave/sub6-GHz multi-connectivity and D2D relaying. System-level simulations
in urban micro-cell scenarios illustrate that D2D relaying, together with
mmWave/sub-6-GHz multi-connectivity, can improve both cell-edge and
mean user performance for larger cells. Using D2D relaying, the operators
can achieve good cell-edge performance without a need of extremely dense
mmWave BS deployments.
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4. MmWave Channel Estimation and
MU-MIMO with Low-complexity
Architectures

In previous chapter, ABF with a single RF chain has been considered for
mmWave relaying transmissions, and we have assumed that the best beam
is used for a link. With the ABF architecture, the large-scale BS antenna
arrays are used for increasing the received power gain, and the BS can
support only one UE in one resource block. The ABF with a single RF
chain works well in coverage-limited mmWave systems. However, for UEs
which are close and have good channel conditions to the mmWave BS, ABF
cannot provide the spatial multiplexing gain as UEs cannot be served
simultaneously with the same time-frequency resources. To serve multiple UEs simultaneously and increase the multi-user spectral efﬁciency,
the mmWave BS can apply multiple RF chains together with the large
antenna array to perform MU-MIMO transmission/reception. However, as
the number of mmWave antennas can reach hundreds, the conventional
fully-digital MIMO architecture [96] used in current LTE-Advanced networks are economically and technically infeasible in practice, due to the
increasing power consumption and hardware cost problems. In addition,
the channel estimation problems such as beam tracking, covariance channel estimation and full CSI acquisition for large-scale antenna arrays are
also challenging. A trade-off between the system performance and the
hardware & signal processing complexities must be considered for future
mmWave systems.

4.1

Introduction

This chapter focuses on the PHY and MAC layers of cellular mmWave
communications. MmWave channels differ from traditional sub-6-GHz
channels, thus requiring new principles for PHY and MAC layer designs.
First, as the mmWave antenna aperture is small and received signal power
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per antenna is very low, using beamforming transmissions based on large
antenna arrays with dozens or hundreds of elements is indispensable to
increase the received powers for both the reference signals and the user
data signals. The BS and UE discoveries and the cell association would
rely on analog beams. As a result, beam training and tracking are necessary procedures to maintain stable mmWave connections. Second, large
antenna arrays are also needed in serving multiple UEs simultaneously
by using MU-MIMO or massive MIMO techniques. To perform MU-MIMO
transmission, accurate CSI is necessary to mitigate inter-user interference.
However, as the number of antennas is large, CSI acquisition is extremely
difﬁcult as compared to current LTE-A MIMO technologies where the
antenna number is relatively small. In addition, in order to lower the
hardware cost and the energy consumption, mmWave BSs are supposed
to use some low-complexity hardware architectures, including the hybrid
architectures [44] with few RF chains, and mMIMO architectures with
low-resolution ADC/DACs [43].
The scope of this section is to design beam training, MIMO channel
estimation and precoding/combining solutions considering the hardware
constraints and mmWave channel characteristics. For this purpose, a subarray hybrid architecture equipped with both switches and phase shifters
is introduced. Based on this architecture, a novel channel estimation
method via off-grid compressive sensing is applied to minimize channel
estimation inaccuracy and training overhead for mmWave hybrid architectures. In addition, MU-MIMO hybrid precoding, relying on low-resolution
phase shifters is also considered.
We consider a mmWave cellular system where the BS has N antennas
and Q RF chains to serve K0 UEs in DL. At a time, K out of K0 UEs are
selected and served by the BS using same RBs and K ≤ Q. We assume
that the system is working in the TDD mode and the DL and UL channels
are assumed to be reciprocal.

4.2

State of the Art

A range of low-complexity mmWave architectures have been considered to
reduce the hardware cost and power consumption at the BSs. The singlestream Analog Beamforming (ABF) with a single RF chain is the simplest
one. Massive MIMO systems with low-precision ADCs/DACs [43], and
hybrid precoding with an RF phase-shifting network and a small number
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of RF chains [36, 44, 45, 46, 47] have been considered as well.
Hybrid architectures with RF phase shifters can be generally divided
into the following three classes:
• Fully-connected architectures with phase shifters: total Q × N phase
shifters are used for RF beamforming. For a fully-connected hybrid
architecture, the number of required phase shifters is huge, making the
total power consumption comparable to a fully-digital architecture [97,
98].
• Hybrid architectures with both phase shifters and a switch network:
including 1) the dynamic subarray architecture [45] where a network
consisting of Q × N switches maps N antennas to the Q RF chains to construct optimal subarray arrangements according to channel conditions;
2) fully-connected architecture with phase shifter selection in which
phase shifters can be turn off to save power consumption [98]; and 3)
sub-connected architecture with fully-connected/sub-connected switch
networks [99].
• Fixed subarrays with sub-connected phase shifter networks: this is a
simple solution, which achieves performance comparable to dynamic
subarrays under certain channel conditions [45]. Such an architecture
can be implemented using parallel Butler matrices [51], which are more
energy-efﬁcient than a phase-shifting network with independent phase
shifters.
These hybrid precoding schemes have been studied, e.g., in [45, 46, 98,
99, 100]. The fully-connected architecture can provide performance close
to fully-digital precoding when each user channel comprises one dominant
path [46]. In [98], it was shown that it is possible to reduce the power
consumption of the fully-connected phase-shifter network by turning off
nearly half of the phase shifters while the spectral efﬁciency performance
is retained, in a Rayleigh fading channel model. Assuming user channels
comprise only a few paths, a two-stage multi-user hybrid precoding scheme
was proposed and analyzed in [46] for the fully-connected architecture; RF
beamforming vectors are ﬁrst designed to maximize received power and
a baseband precoder is then designed to mitigate inter-user interference.
Dynamic subarrays were put forward in [45]; subarrays were formed
according to channel covariance information. It was shown that forming
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Figure 4.1. Architecture candidates for mmWave cellular systems: a) the performance-cost
trade-off; b) the number of RF components required for different architectures;
Here, the RF chain number Q is much smaller than the antenna number N .
The cost of low-resolution ADCs/DACs is much lower than high-resolution ADCs/DACs. The architecture of ﬁxed subarrays with dedicated RF switches and
quantized phase-shifting networks is proposed in this work, see Section 4.3.

a subarray with correlated antenna elements typically leads to efﬁcient
solutions for the single-user case, which implies that a contiguous subarray
arrangement with adjacent antennas is applicable. Although a single-user
model is considered in [45], the ﬁndings can be generalized to a multi-user
case.
In addition to hybrid architectures, other solutions such as low-precision
ADC/DAC mMIMO, and ABF with time-division multiple access come
with their own advantages and disadvantages. ABF provides excellent
coverage performances but suffers from low multiplexing gains as users
need to be served separately in the time domain. One-bit DACs with quantized precoding [43] have low power consumptions, and spectral efﬁciency
performances comparable to a fully-digital system with high-precision
DACs in the low-SNR regime. However, nonlinear precoding methods
which entail high signal processing complexities are required for quantized
mMIMO. Fig. 4.1 illustrates the number of RF components required and
the cost-performance trade-off for some typical low-complexity mmWave ar-
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chitectures. Efﬁcient solutions are in the upper-left in the cost-performance
plane. Hybrid architectures yield satisfactory performance with moderate
complexity, making them promising for future mmWave systems.
Due the hardware constraints in these low-complexity architectures,
channel estimation for full CSI is difﬁcult. For example, in a hybrid
architecture, a phase-shifting network is applied for RF beamforming
before digital processing, and the channel estimation needs to rely on
the beamformed signals. For mMIMO systems with low-precision ADCs,
the received signals are severely distorted, and the channel estimation is
difﬁcult as well.
There are generally four types of CSIs for a mmWave link:
• Best Codeword Index (BCI) in a predeﬁned codebook to be used for a
channel;
• Channel covariance information [56, 101] depending on long-term statistical channel characteristics;
• Channel coefﬁcients for all RF chains after RF combing;
• Channel coefﬁcients for all antenna ports before RF combing (full-CSI).
The BCI is the most simple CSI, it is used in both FDD and TDD systems [96] as the estimation and feedback overhead is small. For MIMO
systems based on BCI, designing a predeﬁned codebook with a proper
size and maximum codeword distance considering practical hardware constraints is critical. The channel covariance depends on the DoDs and DoAs
of channel propagation paths; it is slowly changing compared to fast fading
coefﬁcients, and useful in designing RF beamforming vectors. For different RF architectures, different levels of CSIs should be considered. For
example, if ABF with one RF chain and a ﬁxed set of RF beams are used,
then using BCI is natural. To perform MU-MIMO transmissions, however,
full-CSI is generally necessary for inter-user interference mitigation.
How to perform CSI estimation also depends on the channel characteristics. Outdoor mmWave channels typically compromise a few strong propagation paths in the angular and delay domains. Considering that, Compressed Sensing (CS) methods have been widely considered for mmWave
channel estimation problems [46, 47, 102, 103, 104, 105]. In order to
apply CS to channel estimation, a discretization procedure is generally
adopted to reduce the continuous angular or delay spaces to a ﬁnite set
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N

Ns
Nv
Phase shifter
vertical slot

Figure 4.2. Contiguous subarray arrangement in a large-scale UPA for an outdoor
mmWave BS with 2D beamforming in azimuth directions, each vertical slot
can be treated as a single antenna.

of grid points. Assuming that the DoDs and DoAs of channel propagation
paths lie on the grid, the virtual channel representation is sparse with few
non-zero entries. The channel estimation then can be performed with a speciﬁc measurement matrix and a recovery algorithm, e.g., the Orthogonal
Matching Pursuit (OMP) algorithm [47]. However, as the actual signals
are continuous and will not fall on the discrete points in general, basis
mismatch will degrade the recovery performance [106].

4.3

Proposed Low-complexity mmWave BS Architectures

In UMi [38], mmWave channels are dominated by LoS and low-order
reﬂections. As the number of dominant paths is typically smaller than
the number of antenna elements, mmWave channel covariance matrices
are approximately low-rank. In addition, angular spreads in azimuth
and elevation domains are different [38]. In urban outdoor, the elevation
angular spread is much smaller than azimuth due to the concentration of
reﬂection directions in the elevation domain. For MU-MIMO transmissions
in outdoor UMi scenarios, users would need to be separated in the azimuth
domain to reduce the inter-user interference instead of in the elevation
domain.
We considered a UPA as shown in Fig. 4.2. There are totally N × Nv
patch antenna elements. They are put into N vertical slots and grouped
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into Q subarrays with Q as a factor of N . Patch elements in each slot can
be treated as one antenna. Each subarray has Ns slots. The beam down
tilt in elevation is ﬁxed when doing cell planning. For the MIMO channel
in this architecture, the vertical directivity is suppressed.
At the UE side, each UE is assumed to have a single RF chain with M
antennas and M phase shifters in a ULA. Such UEs are able to perform
single-data-stream ABF. This UE architecture has a low hardware complexity and energy consumption, making it suitable for mobile UEs [107].
For the kth UE, the baseband DL channel in one OFDM subcarrier is
modeled as,
Hk =

L
l=1

αl aUE (θl )aBS (φl )H ∈ CM ×N ,

(4.1)

where L represents the number of paths, and αl denotes the complex gain
of the lth path. In addition, aBS (φl ) and aUE (θl ) represent the BS and UE
array response vectors for the lth path, where φl is the azimuth DoD at the
BS side, and θl is azimuth DoA at the UE side. Considering a plane-wave
model and assuming uniform antenna spacings, for both the BS and the
UE, the array steering vectors can be written as
aBS (φ) = [1, ej

2π
d sin(φ)
λ

aUE (θ) = [1, ej

2π
d sin(θ)
λ

2π

, . . . , ej(N −1) λ d sin(φ) ]T ,
2π

, . . . , ej(M −1) λ d sin(θ) ]T ,

(4.2)

where λ is the carrier wavelength and the antenna spacing here is assumed
to be d = λ/2.
In contrast to [103, 108], a BS architecture equipped with both RF phase
shifters and switches is proposed, as shown in Fig. 4.3. Antennas in each
sub-array are associated with one particular RF chain. With the proposed
architecture, the BS can adopt two working modes: 1) the PS mode with
a partially-connected phase-shifting network (as A2 in [108]); 2) the SW
mode with a partially-connected switch network (as A6 in [108]). When
working in the SW mode, the BS contains a fully-digital architecture with
Q antennas. The switch network enables accessing the received signal from
an individual antenna, which is useful for channel estimation, especially
when the SNR is high. The cost of adding dedicated switches to the phaseshifting network is negligible as the implementation complexity of switches
is typically much lower than that of the phase shifters [108]. The phaseshifting network is used to perform analog beamforming and combining for
both beam training and data transmission. Similar hybrid architectures
with both switches and phase shifters have also been considered in [99].
However, different from [99] where the switch network is used to replace

73

MmWave Channel Estimation and MU-MIMO with Low-complexity Architectures

3$

3$

/1$
'$&
$'&

'LJLWDO

/1$

5)

5)
3$

3$

/1$

/1$

'$&
$'&

Phase shifter

%DVHEDQG

3$



3$

/1$
'$&
$'&

/1$

Switch

5)

5)
3$

3$

/1$

/1$

Subarrays

%6

'$&
$'&

8(V

Figure 4.3. System architectures for the BS and UEs, the RF part of the BS has two
modes of operation: 1) phase-shifter-based mode (PS mode) for directional
transmissions and 2) switch-based mode (SW mode) for the channel estimation
purpose.

part of phase shifters for reducing power consumption in the precoding
transmissions, the switch network in our case is used for the channel
estimation purpose.
The BS contains two kinds of RF precoders/combiners. In the SW mode,
the qth RF chain uses
fq ∈ Bq  {eiq : iq ∈ Sq },

(4.3)

where eiq has one non-zero entry at position iq , and Sq is the set of antennas
associated with the qth RF chain. In the PS mode, fq is a phase-shifting
vector. The BS and UEs are assumed to adopt quantized phase shifters
with Qpha bits. The available phase set for the quantized phase shifters
is P = {ω 0 , ω 1 , . . . , ω 2

Qpha

−1 },

with ω = ej2π/2

Qpha

[109]. If each phase shifter

can be independently adjusted, the qth RF chain applies an RF codeword
fq in the so-called independent phase-shifting codebook
#
"
Pq  1Sq f : f ∈ PN ×1 .

(4.4)

Such an RF codebook has been considered in [109]. However, independent
phase control for each phase shifter is difﬁcult to realize in practice. Practical large-scale phase-shifter networks generally have a limited number
of ﬁxed beams generated by low-complexity circuits such as the Butler
matrix [51]. To steer ﬁxed beams, the phased vector fq takes values in a
beam-steering codebook
"
#
Fq  1Sq f ω (c, N ) : c ∈ {0, 1, . . . , 2Qpha −1} ,

(4.5)

where f ω (c, X)  [1, ω c , ω 2c , . . . , ω (X−1)c ]T . For UEs, a low hardware complexity is more important. We assume that the UE precoder and combiner
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wk takes values in a UE beam-steering codebook


1/M f ω (c, M ) : c ∈ {0, 1, . . . , 2Qpha −1} .
U

4.4

(4.6)

MmWave User Beam Tracking

In multi-user mmWave systems, the channel estimates for all UEs should
be acquired without excessive training overhead. In contrast to [47, 102,
103, 104, 110] which try to estimate the full CSI of Hk , we considers a
two-stage channel estimation scheme that reduces the training overhead.
In the considered system, each UE has only one RF chain so it only needs
to ﬁnd the best UE beam to maximize the DL received power. Full CSI
of Hk is not required. Accordingly, in the ﬁrst stage, the BS transmits Q
orthogonal DL pilot signals simultaneously using Q RF chains to all UEs.
Each UE then scans these DL pilot signals using the RF codewords in the
codebook U , and ﬁnds the best UE beam based on the received signals after
combining. In the second stage, each UE transmits orthogonal UE-speciﬁc
UL pilot signals simultaneously to the BS using the estimated best UE
beam, and the BS then performs multi-user channel estimation. Compared
to [46], no explicit feedback is required from the UEs to the BS, as each UE
embeds its channel information into the used UE beam. This procedure
also simpliﬁes the multi-user channel estimation stage at the BS, since
the user channel perceived by the BS is effectively MISO, which has much
fewer coefﬁcients and signiﬁcant paths to be estimated than the full MIMO
channel.
For beam tracking, Q orthogonal pilot sequences using Q DL BS beams
are transmitted simultaneously to the UEs. Assuming U is of size P , the
received signal plus noise for UE k with a UE RF combiner wp (1 ≤ p ≤ P )
in the pth DL training slot is
ypT

=

wpH



Q

Hk f q s T
q
q=1


+ Nu ,

(4.7)

where sq ∈ CTs ×1 is qth DL pilot sequence with Ts symbols, and sH
q sq  =
ρs δq,q with ρs as a scaling factor satisﬁes the transmit power constraint.
The Kronecker delta function is δi,j , and Nu is the noise. Correlating yp
with the qth DL training sequence, the UE received signal is then
yp,q = ypT s∗q = ρs wpH Hk fq + wpH Nu s∗q .

(4.8)

Instead of estimating Hk , each UE can search for its best codeword wk
based on the estimated received power matrix P ∈ RP ×Q with elements
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Algorithm 5 UE beam tracking
Input: Received power matrix P = [p1 , p2 , . . . , pQ ] ∈ RP ×Q from UE beam
tracking; UE codebook U = {w1 , . . . , wP }.
1:

p ← [0, 0, . . . , 0]1×P

2:

for q ∈ {1, 2, . . . , Q} do

 The aggregated received powers

3:

im ← argmaxi (pq )i  For the BS beam q, ﬁnd the best UE beam im

4:

(p)im ← (p)im + (pq )im

 Increase the probability that im will be

selected
5:

end for

6:

p ← argmaxi (p)i , w ← wp

 Final best UE beam

Output: Best UE codeword w
|yp,q |2 . The objective of UE beam tracking is to ﬁnd a UE RF codeword
which maximizes the effective channel norm:
maximize wkH Hk 22 .
wk ∈U

(4.9)

This is equivalent to ﬁnding the best UE steering vector that aligns closely
with the strongest MPC cluster.
At the high-SNR regime, the best UE beam can be found based on the
received power matrix when there is a dominant path, e.g., a LoS or a
specular reﬂection path. Inspired by this, a UE beam tracking algorithm
is proposed in Algorithm 5; it ﬁrst selects the best UE beam for each DL
BS beam, and then chooses the best UE beam from those selected UE
beams considering the aggregated received powers. Noticing that DoAs
and DoDs of the propagation paths change much slower than the channel
coefﬁcients [101], the best UE beam remains the same during a period
which is much longer than channel coherence time, and the UE beam
tracking can be performed less frequently.

4.5

OMP and ANM for mmWave Channel Estimation

For channel training in UL at the second stage, we assume that the kth UE
transmits a pilot sequence sk ∈ C1×Ts using its UE beam wk . Assuming
that the baseband combiner is PBB = IQ , the received training signal at
BS is
Y = FH
RF (

K
k=1

hk sk + Nb ).

(4.10)

Here hk = HH
k wk is the effective channel for UE k. The user pilots are
assumed to satisfy sk sH
k = Ts ρUE δk,k , with δi,j the Kronecker delta function.
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Correlating Y with sk , we get
H
H
H
yk = YsH
k = Ts ρUE FRF hk + FRF Nb sk .

(4.11)

Assuming that the BS takes T snapshots of measurements with different
combining matrices, stacking the W = T × Q measurement samples gives
⎤
⎡
⎤
⎤
⎡
⎡
H
H
F
y
F
N
1,k
1,b
⎥
⎢ 1,RF ⎥
⎥
⎢
⎢ 1,RF
⎥
⎢
⎥
⎥
⎢
⎢
⎥
⎢ H ⎥
⎥
⎢
⎢ H
⎢ F2,RF ⎥
⎢ y2,k ⎥
⎢ F2,RF N2,b ⎥ ∗
⎥
⎢
⎥
⎥s ,
⎢
⎢
z = ⎢ . ⎥ = Ts ρUE ⎢ . ⎥ hk + ⎢
(4.12)
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*
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Φ

where Φ is the sensing matrix and n is the noise after combining. The
objective of BS channel estimation is to estimate the effective channel.
From (4.1), we have
hk = HH
k wk =

L
l=1

βl aBS (φl ),

(4.13)

where βl = (αl (wk )H aUE (θl ))∗. The effective channel hk contains fewer
signiﬁcant paths compared to the full MIMO channel Hk .

4.5.1

Orthogonal Matching Pursuit Algorithm

To estimate hk , one can estimate DoAs {φl } and the complex gains {βl } for
the paths and then reconstruct the channel. In grid-based CS methods, a
discrete dictionary ΨBS = [aBS (φ1 ), . . . , aBS (φGb )] with Gb bases is used to
represent the channel hk . We consider a grid in which {sin(φ1 ), . . . , sin(φGb )}
are evenly distributed in (−1, 1] [47]. The channel vector is represented as
hk = ΨBS hv ,

(4.14)

where hv ∈ CGb ×1 is the sparse virtual channel with the dictionary ΨBS .
Denoting A = ΦΨBS , to estimate the sparse virtual channel hv , one can
formulate the following optimization problem:
minimize hv 0 s.t. zk − Ahv 22 ≤ η.
hv

(4.15)

where η is an optimization parameter and typically set as the noise power
after combining. In contrast to [47] where beamforming measurements are
applied, we consider a switch-based method for constructing the sensing
matrix. Only Q individual antennas are sampled during one measurement
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Algorithm 6 OMP for effective channel estimation
Input: The sensing matrix Φ, the dictionary matrix ΨBS and A = ΦΨBS =
[a1 , a2 , . . . , aGb ], the measurement vector z, and a threshold δ.
1:

Iteration counter t ← 0, basis vector set It ← ∅, virtual channel vector
hv ← 0 ∈ CGb ×1 , residual error rt ← z

2:

while r > δ and t < Gb do

3:
4:

g ← arg maxg aH
g r t 2
.
t ← t + 1, It ← It−1 {g }

5:

x ← arg minx z−(A)It x2

 Least square (LS) method

6:

rt ← z − (A)It x

 Update the residual error

7:

(hv )It ← x

8:

 Find a new basis vector
 Update the vector set

 Update the virtual channel

end while

Output: Estimated channel ĥ = ΨBS hv
snapshot. We call this method Antenna Domain Sub-Sampling (ADSS).
The ADSS sensing matrix has the following structure:
Φ = Ts ρUE [ei1,1 , ei1,2 , . . . , ei1,Q , . . . , eiT,Q ]H ,

(4.16)

where the unit vector eit,q has one entry equal to 1 at position it,q , and
it,q is the antenna used for the qth RF chain in the tth measurement
snapshot. Deﬁning the antenna index set Ω = {i1,1 , i1,2 , . . . , i1,Q , . . . , iT,Q }
for all sampled antennas, we have
z = Φhk + n = Ts ρUE (hk )Ω + n.

(4.17)

A variety of algorithms have been proposed for obtaining an approximate
solution to (4.15) with polynomial complexities. OMP is a preferred method
due to its simplicity, fast implementation and favourable performance [47].
To solve (4.15) based on the measurement data z in (4.17), we use OMP
as in Algorithm 6. The computational complexity of OMP is proportional
to the number Gb of grid points. Step 3 in Algorithm 6 needs O(W Gb )
computations and solving the Least Square (LS) problem in step 5 requires
O(W |It |2 ).

4.5.2

Mutual Coherence of Measurement and Dictionary

The joint design of the sensing matrix Φ and dictionary matrix Ψ plays
a key role in achieving accurate channel estimates. To reconstruct hv , A
should have low mutual coherence μ(A), which is the largest normalized
inner product for two different columns of A. Speciﬁcally, when the path
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directions lie on the deﬁned grid, it can be shown that OMP can recover hv
in the noiseless case if [108]
μ(A) = max
i=j

|aH
1
i aj |
,
<
ai 2 · aj 2
2L − 1

(4.18)

where ai and aj are two different columns of A. The lower bound of μ(A)
is given by the Welch bound [108], which decrease as the number of measurements W increases. The mutual coherence of A = ΦΨBS with ADSS
is shown in Fig. 4.4. For comparison, mutual coherence for other measurement methods including random beamforming using random codewords
from {Pq } and beam-steering using codewords from {Fq } are also provided.
ADSS achieves small mutual coherence, as its measurement matrix and
the dictionary are mutually incoherent [111].
1
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Figure 4.4. Mutual coherence of A = ΦΨBS for the estimation of an effective MISO
channel using different measurement methods, where ΨBS is the 64 × 64
DFT matrix, and codewords (rows in Φ) are used without repetition. The
measurement matrix Φ is constructed by using: (i) beam-steering (Beam)
with a fully-connected array; (ii) beam-steering with contiguous subarrays;
(iii) random phase-shifting (RandBF) with a fully-connected array; (iv) random phase-shifting with contiguous subarrays, and (v) antenna domain subsampling (ADSS) via switches.

4.5.3

Atomic Norm Minimization

When using the dictionary ΨBS for channel estimation via OMP, the estimated path angles are considered to be on a discrete grid {φ1 , . . . , φGb },
which introduces the basis mismatch problem [106]. To avoid this, we
consider a continuous dictionary for estimating the effective channel. To
estimate the effective channel based on UL measurements, the following
constrained optimization problem can be formulated:
minimize M (h) subject to z − Φh22 ≤ η.
h

(4.19)

Here M(h) denotes a sparse metric to be minimized for an unknown
channel vector h. The noise is assumed to be bounded by n22 ≤ η, and h
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can be treated as the signal of interest which needs to be estimated based
on the observed data z in the context of line spectral estimation [112].
Problem (4.19) differs from (4.15) as it is formulated without a discrete
dictionary. Instead of (4.19), one can solve a regularized optimization
problem as
minimize ξM (h) +
h

1
z − Φh22 ,
2

(4.20)

where ξ > 0 is a regularization parameter related to η. There are different
choices for M(h) [106]. Here, we consider the atomic norm M(h) = hA
proposed in [106]. The atomic norm has been used in grid-less compressive
sensing for a range of applications [106, 112, 113, 114], including DoA estimation, line spectral estimation and massive MIMO channel estimation.
The continuous set of atoms used to represent h is deﬁned as


π π/
A = aBS (φ) α : φ ∈ − , , α ∈ C, |α| = 1 .
2 2

(4.21)

The atomic norm is the gauge function [115] of the convex hull conv (A).
Formally, the atomic norm can be written as
hA = inf { g > 0 : h ∈ g · conv (A)}



= inf
bi : h = bi
ai , bi > 0, ai ∈ A .
i

(4.22)

i

The atomic norm is a continuous counterpart of the

1 -norm

used in on-

grid CS methods. It can be computed efﬁciently via semideﬁnite programming [106]. Speciﬁcally, hA deﬁned in (4.22) is the optimal value of the
following matrix trace minimization problem:
⎤
⎡
T
(u)
h
1
⎥
⎢
minimize (t + u1 ) subject to ⎣
⎦  0,
u,t
2
H
t
h

(4.23)

where T (u) is a Hermitian Toeplitz matrix with the ﬁrst row as u =
[u1 , . . . , uN ]T . In the noisy case, using the atomic norm, we can rewrite the
optimization problem (4.20) as
ξ
1
minimize (t + u1 )+ z − Φh22
D0
2
2
⎤
⎡
⎢T (u) h⎥
subject to D = ⎣
⎦.
hH t

(4.24)

The above problem is a SDP which can be solved by off-the-shelf convex optimization tools in polynomial time [116]. The computational complexity is
O (N + 1)6 in each iteration using the interior point method. An efﬁcient
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solution for this ANM problem via the alternating direction method of multipliers (ADMM) [117] could be considered to accelerate the computation.
To guarantee that h can be exactly recovered via ANM, the measurement
matrix Φ and the number of atoms in h (i.e., the number of paths L in the
user channel) should satisfy a condition which is similar to the mutual
coherence condition in on-grid CS. To deﬁne this condition for ANM, a
concept called spark for the continuous set of atoms is introduced. Let us
deﬁne the transformed continuous dictionary based on the measurement
matrix Φ as


π π /
.
AΦ = ΦaBS (φ) : φ ∈ − ,
2 2

(4.25)

Similar to the deﬁnition of the matrix spark, spark(AΦ ) is deﬁned as the
smallest number of atoms which are linearly dependent in AΦ . From [115],
the problem (4.19) with η = 0 in the noiseless setting has a unique solution
if the number of paths satisﬁes
L<

spark(AΦ )
.
2

(4.26)

Note that the spark in (4.18) satisﬁes spark(A) ≥ 1 + (μ(A))−1 , so the condition above is equivalent to (4.18) in the case of discrete atoms. Thus the
spark(AΦ ) should be as large as possible so that ANM can recover a channel
with as many paths as possible. For a speciﬁc BS array, one may notice that
spark(AΦ ) depends only on Φ. For ADSS via switches, spark(AΦ ) depends
on the number of sampled antennas |Ω| and the sampled antenna indexes.
It was shown in [115] that 2 ≤ spark(AΦ ) ≤ |Ω| + 1, and a random Ω or a Ω
with |Ω| consecutive integers can achieve a sufﬁciently large spark.

4.6

Low-complexity MU-MIMO Precoding and Combining

We now consider using low-resolution phase-shifters for the BS subarrays
to lower the hardware cost. Each subarray is dedicated to one UE by
using a subarray RF precoder which maximizes the SNR performance for
the selected UE. This RF precoder is subject to both constant modulus
and quantization constraints. The effective multi-user DL MU-MIMO
channel when UEs use their best beam codewords for data reception is
H = [h1 , h2 , . . . , hK ]H ∈ CK×N , while the estimated channel is
Ĥ = [ĥ1 , ĥ2 , . . . , ĥK ]H = H + He ∈ CK×N ,

(4.27)

where He = Ĥ − H represent channel estimation errors.
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A hybrid precoder can be divided into an RF precoder FRF and a baseband
precoder PBB . They are designed according to following optimization
problem:

0
0
0
0
0ĤFD − ĤFRF PBB 0

minimize
FRF ,PBB

subject to

⎧
⎪
⎨FRF = [f1 ,. . ., fQ ], fq ∈ Pq or Fq ,

F

(4.28)

⎪
⎩FRF PBB 2 ≤ 1,
F

where FD is a reference fully-digital precoder. We consider the fully-digital
ZF precoder as the reference. The optimization problem in (4.28) can be
treated as a constrained matrix factorization problem for the targeted fullydigital precoder. This problem is difﬁcult due to the special requirements
of FRF . In addition, due to the power constraint, subarray geometric
constraints and the constraints on phase shifters, the optimal solution
given by (4.28) cannot ensure ĤFD − ĤFRF PBB F = 0 for generic channel
conditions.
We proposed a low-complexity MU-MIMO precoding/combining algorithm
as shown in Algorithm 7. It is based on beam tracking on both UE and BS
using low-resolution phase shifters, followed by a baseband ZF precoding
to mitigate inter-user interference. Its performance analysis is given
in Publication VI.

4.7

Performance Evaluation

In this section, we evaluate the performance of the proposed channel
estimation method and MU-MIMO precoding scheme via numerical simulations. Each UE has M = 8 antennas and a 4-bit phase-shifter resolution.
The BS has N = 64 antennas and Q = 8 RF chains. For channel estimation,
Zadoff-Chu sequences with length Ts = 61 for the pilot signals are applied
in both DL and UL. We consider a typical outdoor micro-cell network in the
UMi street canyon scenario discussed by 3GPP [38] and the mmMAGIC
project [39]. For the multi-user simulation, a sectorized cell with a azimuth
width of 120◦ is considered [38]. The UEs are dropped randomly in the cell
at a horizontal distance between 10 and 80 m from the BS. Based on the
GSCM mmWave channel model and following [38, 39], we rewrite (4.1) as
Hk =

Ncl 
Ln


αn,p aUE (θn +θn,p ) aH
BS (φn +φn,p ),

(4.29)

n=1 p=1

where Ncl is the number of MPC clusters, Ln is the number of subpaths
in the n-th cluster, θn and φn are the cluster DoA and DoD in azimuth for
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Algorithm 7 Joint UE RF combining and BS MU-MIMO precoding
1: BS transmits Q DL pilots using Q sub-arrays;
2:

Each UE k ∈ {1, 2, . . . , K} receives DL pilots using codewords from UE
codebook U = {w(1) , . . . , w(P ) } and calculate the received power with
the pth UE beam and qth BS DL beam, each UE then has a received
power matrix Pk = [p1 , p2 , . . . , pQ ] ∈ RP ×Q ;

3:

UE k ﬁnd its beam codeword wk using Algorithm 5;

4:

UE k transmits UL pilot to BS using wk , the BS estimates the effective
user channel hk using OMP or ANM. The BS has the estimated channel


Qpha
−1 with
Ĥ = [ĥ1 , ĥ2 , . . . , ĥK ]H ; Quantized set P = ω 0 , ω 1 , . . . , ω 2
Qpha as its phase-shifter resolution; Used RF codebooks {Pq }Q
q=1 or
{Fq }Q
q=1 depending on hardware constraints; A reﬁned beam-steering
∗

Qpha
∗
codebooks {Fq∗ }Q
 N.
q=1 with Qpha bits and 2

5:

Let FRF = [f1 ,. . ., fQ ] ← 0N ×Q

6:

for q ∈ {1, 2, . . . , Q} do

7:

The K UEs are labeled by {1, . . . , K} randomly, select a UE k = q,

8:

if Fq is used then
2
fq ← arg maxf ∈Fq |ĥH
k f|

9:
10:

else if Pq is used then

11:

2
fq ← arg maxf ∈Fq∗ |ĥH
k f|

12:

for i ∈ Sq do

 First ﬁnd a codeword in {Fq∗ }Q
q=1

(fq )i ← arg minx∈P |x−(fq )i |  Then quantize fq with Qpha bits

13:

end for

14:
15:

 The best codeword for qth RF chain

end if

16:

end for

17:

PBB ←

(ĤFRF)−1
FRF (ĤFRF)−1 F

 Baseband ZF, satisfying power constraint

the n-th cluster while θn,p and φn,p are the azimuth angular offsets for the
p-th subpath in the n-th cluster. In addition, αn,p is the baseband complex
gain (on a subcarrier indexed by kc ) for the p-th subpath in the n-th cluster,
given by

αn,p =

S−1
j2πskc
Pn,p g1 (θn +θn,p )g2 (φn +φn,p )
ejψ 
×√
p(sTc −τn −τn,p )e Nc ,
(x)κSF
Nc s=0
(4.30)

where Pn,p is the subpath power, ψ is a random phase, κSF is the pathloss
shadowing factor (SF), g1 (θ) and g2 (φ) are the UE and BS antenna patterns
in the horizontal plane, (x) is the pathloss for a UE-to-BS distance x, S is
the order of the baseband pulse-shaping ﬁlter, Tc is the sampling interval
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Table 4.1. MmWave Channel Model Parameters.
Parameter

Symbol

Value

BS hight

hBS

5m

UE hight

hUE

1.5 m

LoS probability

pLoS (d)

3GPP UMi [38]

Antenna pattern

g1 (θ), g2 (φ)

3GPP UMi [38]

LoS pathloss

(x) in dB

3GPP UMi [38]

NLoS pathloss

(x) in dB

3GPP UMi [38]

LoS SF

κSF in dB

2
N (0, σSF
), σSF = 2.00

NLoS SF

κSF in dB

2
N (0, σSF
), σSF = 7.82

Number of clusters

Ncl

Poisson(8)

Number of subpaths

Ln

20

Per cluster SF std

ζ

3 dB [38]

Delay spread (DS)

στ

in Table 7.5-6 of [38]

Angular spread (AS)

σφ , σ θ

in Table 7.5-6 of [38]

Per cluster DS

σμ

in Table 7.5-6 of [38]

Per cluster AS

cφ , cθ

in Table 7.5-6 of [38]

K-factor in LoS

κLoS

in Table 7.5-6 of [38]

Pulse-shaping

p(t)

sin πt/(πt)

and Nc is the number of OFDM sub-carriers. The contribution of the p-th
subpath in the n-th cluster for the channel at the time instance sTc is
evaluated by sampling the transfer function p(t) of the pulse-shaping ﬁlter
at sTc −τn −τn,p , with τn the n-th cluster delay and τn,p the subpath delay
offset. Currently, there is no common agreement on the parameters of
mmWave outdoor channels as they highly depend on the environment. We
follow the channel modeling method proposed in [38]. The details of the
simulation parameters are given in Table 4.1. For each UE, its channel is
generated using the following procedures:
cl
• The cluster delays {τn }N
n=1 are ﬁrst given by τn = −rτ στ ln(Un ) with

Un ∼ U (0, 1) and then updated using τn = τn − minn (τn ). Here, στ is
the delay spread and rτ is a proportionality factor to guarantee that the
actual delay spread equals στ considering cluster powers. For cluster
· 10
powers, we ﬁrst generate Pn = exp −τn rrττ −1
στ

−Zn
10

, where Zn ∼ N (0, ζ 2 )

is the per cluster SF. The powers will then be normalized using Pn =
 
Ncl

Pn
n=1 Pn .
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Ncl
cl
• The cluster angles {θn }N
n=1 and {φn }n=1 are created from Gaussian dis-

tribution using θn ∼ N (θLoS , σθ ) and φn ∼ N (φLoS , σφ ), where σθ , σφ are
the angular spreads and θLoS , φLoS are the LoS directions. If the UE is in
LoS, the ﬁrst cluster (i.e., the LoS cluster) has φ1 = φLoS and θ1 = θLoS .
n
• For each cluster, subpath delay offsets {τnp }L
p=1 are ﬁrst given by τnp =

−rμ σμ ln(Up ) with Up ∼ U (0, 1) and then updated using τnp = τnp −
minp (τnp ), where σμ is the subpath delay spread in a cluster and rμ
is a proportionality factor. The p-th subpath power is determined by
r −1

μ
 = exp −τ
Pnp
np rμ σμ , and then normalized as

1
Pnp = Pn


Pnp

2

 Ln


p=1 Pnp

(4.31)

.

If the UE is in LoS, an additional specular component is added to the
ﬁrst cluster. The power of the LoS ray is P1,LoS = κLoS /(1 + κLoS ) with
κLoS as the K-factor and other subpath powers will be scaled by a factor
of 1/(1 + κLoS ).
Ln
n
• The subpath angular offsets {φnp }L
p=1 , {θnp }p=1 can be modeled by Lapla-

cian distribution [39] with different intra-cluster angular spreads. The
DoD and DoA offsets are randomly coupled [39].
The method of equal area (MEA) [39] can be used to generated φnp as


⎧
cφ
2(p − 0.5)
⎪
⎪
√
, if p < Ln /2,
ln
⎪
⎨
Ln
2
φnp =
(4.32)


⎪
−c
2(Ln − p + 0.5)
⎪
⎪
⎩ √ φ ln
, if p ≥ Ln /2,
Ln
2
where cφ is the intra-cluster DoD spread. The generation of θnp follows
a similar way using a intra-cluster DoA spread parameter cθ . Details
of the simulation parameters are given in Table 4.1. The UE LoS/NLoS
conditions are generated according to a LoS probability model [38] which
is

⎧
⎪
⎪
⎨
pLoS (x) =

1,


18
x
18
⎪
⎪
⎩
+ exp −
1−
,
x
36
x

if x ≤ 18,
(4.33)
if x > 18,

where x in meter is the UE-to-BS distance in the horizontal plane. The
large-scale parameters (LSPs) including στ , σφ , σθ , κLoS and κSF are all
modeled by log-normal distributions.
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4.7.1

Performance of UE Beam Tracking

First, we evaluate the performance of the UE beam tracking. The DL BS
beams via BS subarrays and the UE beam set U are shown in Fig. 4.5. To
evaluate performance of UE beam tracking, we compute the normalized
H H 2 ,
norm difference (fm −f )/fm with f = wkH Hk 2F and fm = wopt
k F

where wopt is the oracle best UE codeword and wk is given by Algorithm 5.
The average norm differences for different DL SNRs are shown in Fig. 4.6,
ρBS Hk 2F
.
M N σu2

where the SNR is

As we can see, the probability that the best

codeword can be found by a UE increases as DL SNR increases. In the low
SNR regime, the noise will reduce the probability that best UE beam will
be selected by Algorithm 5.
In simulations, the best UE beam is coupled with the strongest MPC
cluster in most cases. As a result, the effective MISO channel contains only
a few signiﬁcant paths which have large powers in the angular domain.
Accordingly OMP or ANM can recover the effective channels with a high
probability and accuracy.

(a) BS Contiguous subarray

(b) UE array

Figure 4.5. Beam patterns in the horizontal plane: (a) Downlink training beams using
codebooks {Fq }Q
q=1 with N = 64 antennas, Q = 8 RF chains, and Q = 8
contiguous subarrays; (b) UE beams from codebook U with M = 8 antennas.

0.35

Norm difference

0.3
0.25
0.2
0.15
0.1
0.05
0
-10

-5

0

5

Downlink user SNR in dB

Figure 4.6. Performance of the UE beam found by UE beam tracking, compared to the
optimal beam predicted by an oracle.
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4.7.2

OMP and ANM Estimates for the Effective User Channel

After UE beam tracking, all UEs transmit orthogonal pilots to BS using
their beam codewords and BS estimates the effective channels. In this

10 0

10 0

10 -1

10 -1

10 -2

Average NMSE

Average NMSE

section, we estimate channel estimation performance, in terms of the


normalized mean square error (NMSE) E hk − ĥk 22 /hk 22 .

OMP G = N
b

OMP T=3
ANM T=3
OMPT=4
ANM T=4
OMP T=6
ANM T=6
OMP T=8
ANM T=8

10 -2

OMP Gb = 2N
OMP G = 4N
b

OMP Gb = 8N
ANM

10 -3
-5

0

5

SNR in dB

(a) ADSS, T = 4

10

10 -3
-5

0

5

10

SNR in dB

(b) ADSS, Gb = 8N for OMP

Figure 4.7. (a) The average NMSE of ADSS OMP with different number (Gb ) of grid
points; (b) The average NMSE with different number T × Q of measurement
samples, for OMP and ANM, both with ADSS measurements.

The effect of the number of grid points Gb on OMP performance, and the
effect of the number of measurement samples W = T × Q on the performance of OMP and ANM are shown in Fig. 4.7. As illustrated in Fig. 4.7
(a), increasing Gb directly results in better estimation accuracies for OMP.
In all settings, ANM outperforms OMP since it avoids basis mismatch by
using the continuous dictionary. As Gb increases, the gap between OMP
and ANM decreases at the cost of an increasing computational complexity.
When a non-redundant dictionary with Gb = N is used for OMP, OMP
suffers severely from basis mismatch; an error ﬂoor develops in the hign
SNR regime. Fig. 4.7 (b) shows how the performance of OMP and ANM
improve as the number of measurement samples T × Q increases, at the
cost of an increasing training overhead. For all values of T × Q, ANM is
superior to OMP.

4.7.3

Performance of Multi-user Hybrid Precoding

The multi-user spectral efﬁciency performance for the proposed architecture is investigated and compared to the fully-connected hybrid and fullydigital architectures. The effects of channel estimation inaccuracy and
phase-shifter resolution is studied. In each simulation iteration, 80 UEs
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are dropped in the scenario and divided into 10 groups, and 8 UEs in each
group are served at a time. The cumulative distribution function (CDF)
for user spectral efﬁciency is collected for 100 iterations. The user spectral
efﬁciency is estimated as log2 (1 + γ) from the Shannon formula with γ the
user SINR.
1

0.8

CDF

0.6

0.4

OMP Gb=N
OMP Gb=2N
OMP Gb=4N
OMP Gb=8N
ANM

0.2

0
0

2

4

6

8

10

12

14

bits/s/Hz/user

Figure 4.8. The spectral efﬁciency performance of multi-user hybrid-precoding with contiguous subarrays: effect of channel estimation error. ADSS is applied for
channel measurement and the number of measurement samples is T × Q =
32. Beam-steering codebook Fq with 4-bit phase shifters is applied for RF
precoding.

The effect of channel estimation error on spectral efﬁciency performance
is depicted in Fig. 4.8. We consider channel estimates given by OMP with
Gb ∈ {N, 2N, 4N, 8N }, and ANM, based on ADSS measurements. The
effect of channel estimation error on SE is notable. As ANM achieves
the most accurate estimation, its performance is the best. For OMP, the
precoding performance increases as the number of grid points increases.
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(a) Beam-steering codebook {Fq } with 4-bit
phase shifters
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(b) Independent phase-shifting codebook
{Pq } with 4-bit phase shifters

Figure 4.9. Multi-user spectral efﬁciency performance achieved by different BS architectures. The number of sampled antennas for channel estimation is T × Q = 32.
ZF with perfect CSI is applied for the fully-digital architecture.

Fig. 4.9 compares the performance of the contiguous-subarray architec-
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ture with those of the fully-connected hybrid and the fully-digital architectures. The architecture with contiguous subarrays and 4-bit beamsteering codebook Fq can achieve 48.6% of the mean spectral efﬁciency
of the fully-digital architecture. Interestingly, the performance for the
fully-connected hybrid architecture with 4-bit Fq is worse than the architecture with contiguous subarrays. The reason is that, to have sufﬁcient
beam-steering granularity, at least a 6-bit phase-shifter resolution is required for a fully-connected hybrid architecture using Fq . With the same
phase-shifter resolution, RF precoding with the independent phase-shifting
codebook Pq always outperforms with the Fq . However, the RF hardware
complexity of Pq is much higher than Fq , as its phase shifters require
independent control. The hybrid architecture with contiguous subarrays
and 4-bit beam-steering codebooks has low RF complexity and provides
mean spectral efﬁciency performance comparable to fully-connected hybrid
architectures, making it a viable solution for mmWave MU-MIMO systems.
Note that about half of the UEs are in NLoS condition in the simulated
scenario and their performance is limited by the large mmWave NLoS
pathloss. To increase the performance of NLoS UEs, the mobile relaying
method proposed in Section 3.4 could be considered.

4.8

Conclusion

This Chapter has considered low-complexity architectures for 5G multiuser mmWave communication systems, with a focus on hybrid architectures. To facilitate channel estimation in hybrid architectures, antenna
domain sub-sampling via RF switches has been introduced into a low-cost
subarray-based hybrid architecture. A channel estimation method via
atomic norm minimization and a two-stage MU-MIMO precoding scheme
via low-resolution phase-shifters have been presented. The multi-user
spectral efﬁciencies provided by architectures with different complexities
are compared. The simulation results show that atomic norm minimization
technique with antenna domain sampling yields higher channel estimation
accuracies compared to on-grid compressive sensing approaches. Using a
3GPP GSCM mmWave channel model in the simulations, it has been shown
that MU-MIMO precoding with contiguous subarrays and low-resolution
phase shifters provides performance comparable to the fully-connected
hybrid and fully-digital architectures, at substantially lower hardware
costs.
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5. Conclusions and Future Work

To provide consistent user experience and eMBB services in 5G era in a
cost-effective manner, this thesis has considered applying D2D relaying
and low-complexity mmWave architectures in 5G mobile cellular networks.
As was shown in this thesis using system simulations with the latest 3GPP
channel model, extremely dense mmWave infrastructure deployments
with an ISD smaller than 100 m in UMi are required to provide seamless
mmWave coverage. When D2D relaying is introduced into a mmWave UMi
network with simple analog beamforming transmissions, a deployment
with ISD as about 200 m can achieve similar cell-edge performance as
a network with ISD 100 m. To realize such D2D relaying gains, relay
selection, beam selection, resource allocation and interference management
problems have been investigated. Considering practical mmWave channel
models, a two-hop mmWave relaying protocol has been designed. The
simulation results indicate that maintaining a mobile relay candidate set
with a proper size and LoS connections to the BS is crucial in reducing the
mmWave D2D relaying signaling overhead.
In addition to mmWave coverage improvement, D2D relaying has also
been considered for the 5G sub-6-GHz network layer, which is critical in
supporting IoT and mMTC applications. Due to the limited device transmit
powers, an uplink network is generally noise-limited and DFT-s-OFDM
is used by user devices for reducing the device power consumption. As a
result, transmission power control should be performed as in the current
LTE cellular uplink. The uplink power control is applied for both the
D2D transmitters and relaying transmitters. Based on the proposed joint
relay selection and resource allocation algorithm, simulation results have
shown that D2D relaying under uplink power control can increase the user
fairness, as more resource blocks can be allocated to cell-edge users. In
downlink, the situation is different, as the performance for cell-edge users
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is limited by the inter-cell interference coming from neighboring BSs. In
the interference-limited downlink network, the D2D relaying has been
introduced to mute the BS transmissions for an interference reduction
purpose and to increase the two-hop end-to-end capacity.
Another important task of this thesis is designing low-cost mmWave BSs
in ultra dense mmWave networks which can support multi-user MIMO
transmissions. A low-complexity hybrid architecture with ﬁxed subarrays
and quantized phase shifters has been designed, and an inexpensive RF
switch network is added into the architecture to facilitate the channel
estimation. A novel grid-less compressive-sensing channel estimation
method based on atomic norm minimization, and a two-stage multi-user
precoding scheme have been presented for this hybrid architecture. Simulation results indicate that our solutions can achieve comparable spectrum
efﬁciencies as those given by architectures with much higher hardware
costs and power consumptions.
Possible directions for future research include extending ABF-based
mmWave relaying to mmWave relaying with MU-MIMO transmissions. In
this case, the mmWave relay selection problem is different and of great
interest. For example, in the mmWave multi-user downlink, the relays and
other active users are served simultaneously using MU-MIMO techniques;
the mobile relays should be selected to make sure that the performance
for the on-going direct downlink MU-MIMO transmissions is not affected.
If the mobile relays are equipped with multiple RF chains, one can also
considered using interference-rejection combining based on the channel
covariance information at the relays to mitigating the received interference.
One main challenge in implementing D2D relaying based on user devices
lies in ﬁnding proper incentives for user devices to act as relays. In this
context, future work on developing energy-efﬁcient relaying algorithms and
proper commercial modes to utilize D2D relaying in 5G mobile networks is
needed.
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