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Abstract
The current demands for extremely high data rate wireless services and

the spectrum scarcity at the sub-6 GHz bands are forcefully motivating the
use of the millimeter-wave (mmWave) frequencies. The main characteristics of
mmWave communications are severe attenuation, sparse-scattering environment,
huge bandwidth, vulnerability to obstacles and antenna misalignment, massive
beamforming, and possible noise-limited operation. These characteristics constitute
a major difference with respect to legacy communication technologies, primarily
designed for the sub-6 GHz bands, and are posing major theoretical design
challenges that have not been sufficiently addressed so far. Motivated by these
challenges, this doctoral thesis considers mmWave communications and investigates
medium access control (MAC) layer design principles and performance analysis.
Specifically, we focus on fundamental performance metrics, including coverage,
fairness, robustness, throughput, and delay, which we address by three main
research threads of increasing complexity.

The first thread of the thesis analyzes the interference behavior in mmWave
networks. We first propose a new index for assessing the accuracy of any interference
model under any network scenario, which helps us develop a simple interference
model of adequate accuracy. We then derive closed-form expressions for the
throughput of mmWave ad hoc networks. The new analysis reveals that mmWave
networks may exhibit a non-negligible transitional behavior from a noise-limited
to an interference-limited behavior, depending on the system parameters such as
density of transmitters , transmission power, and operating beamwidth.

The second thread of this thesis builds on the previous one and addresses
resource allocation in mmWave networks. For the short-term resource allocation,
we establish a mathematical framework to investigate the impact of beam-training
(alignment) overhead on the network throughput. For the long-term resource
allocation, we formulate a series of optimization problems that address relaying
capability, frequent handovers, small multiuser interference, and load balancing.

The third thread of this thesis extends the second one toward spectrum sharing
in mmWave networks and characterizes the gains of beamforming and coordination
in spectrum sharing via several optimization problems. We analyze these problems
in the asymptotic regimes when the number of antennas becomes large and conclude
that spectrum sharing with light on-demand coordination is feasible, especially at
higher mmWave frequencies (for example, 73 GHz).

The original analysis proposed in this thesis gives novel insights to many MAC
layer issues such as resource allocation, interference management, random access,
mobility management, and synchronization in future mmWave networks. The thesis
also highlights that the design of mmWave networks poses open problems at the
intersection of optimization and learning theories. Given the recent interest in the
standardization of mmWave cellular networks and the highly sub-optimal nature of
the existing standards for mmWave short-range networks, the results of this thesis
may have the potential to substantially steer future standardizations.





Sammanfattning
Millimeterv̊agskommunikation är en lovande teknik för att tillhandah̊alla

extremt högt datahastighet i framtida tr̊adlösa nätverk och ger en signifikant
förbättring av användarnas genomströmning, nätverkskapacitet samt spektral- och
energieffektivitet jämfört med traditionella tr̊adlösa nätverk. Huvudegenskaperna
hos ett mmV̊ag-system är mycket hög dämpning, sparsam spridningsmiljö, stor
bandbredd, känslighet mot hinder och antennjustering, massiv str̊alformning och
begränsad störning. Dessa egenskaper skiljer mmV̊ag-system fr̊an befintliga system
som arbetar vid mikrov̊agsband. Denna avhandling undersöker grundläggande
prestanda för grundläggande medium-access control (MAC), inklusive täckning,
robusthet, genomströmning och fördröjning.

Den första uppsatsen av denna avhandling fokuserar p̊a analysen av
störningen i mmV̊ag-nätverk. För detta ändam̊al föresl̊ar vi ett nytt index för
att bedöma noggrannheten hos lämpliga störningsmodell under representativa
nätverksscenarier. Vi använder detta index för att utveckla en enkel
interferensmodell med tillfrädstellande noggrannhet. Vi erh̊aller även ett slutet
uttryck för MAC-skiktets genomströmning av mmV̊ag ad hoc-nätverk, som
tillämpar slitsad ALOHA. Den nya analysen avslöjar att mmV̊ag-nätverk kan
uppvisa ett icke-försumbart överg̊angsbeteende fr̊an ett brusbegränsat till ett
interferensbegränsat beteende, beroende p̊a systemparametrar som täthet hos
sändare, överföringseffekt och str̊alvidd.

Den andra uppsatsen fokuserar p̊a resursallokering i mmV̊ag-nät. För kortfristig
resursallokering skapar vi ett matematiskt ramverk för att undersöka effekterna
av str̊alkursutbildning (justering) överhead p̊a genomg̊angen. För den l̊angsiktiga
resursfördelningen formulerar vi optimeringsproblem som adresserar relä, frekventa
överlämningar, multiuserinterferens och lastbalansering.

Den tredje uppsatsen fokuserar p̊a spektrumdelning i mmV̊ag-nätverk. I
synnerhet karakteriserar vi vinsterna av str̊alformning och samordning till
spektrumdelning. Vi analyserar dessa optimeringsproblem i asymptotiska regimer
när antalet antenner är stort. V̊ar analys visar att 1) spektrumdelning med lätt
efterfr̊agekoordination är möjlig, särskilt vid högre mmV̊agfrekvenser (till exempel
73 GHz). Den ursprungliga analysen som föresl̊as i den här avhandlingen tyder
p̊a nya insikter om resursallokering, interferenshantering, slumpmässig åtkomst,
mobilitetshantering och synkronisering i framtida mmV̊ag-nätverk. Med tanke p̊a
att standardiseringen av mmV̊ag tr̊adlösa mobilnät ännu inte har börjat och att
befintliga standarder för mmV̊ag ad hoc-nätverk är icke optimal, kommer resultaten
av denna avhandling att ge grundläggande design riktlinjer som är användbara för
framtida nätverksstandarder.
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Chapter 1

Introduction

1.1 Millimeter-wave Networks Overview

Increased demands for higher data rates in wireless communication systems, a
long with new applications such as massive wireless access, and limited available
spectrum at the microwave1 bands have motivated enhancing spectral efficiency
by using advanced technologies such as full-duplex communications, cognitive
and cooperative networking, interference cancelation, and massive multiple input
multiple output (MIMO). As these enhancements are reaching the fundamental
capacity limits, the millimeter-wave (mmWave) band is becoming an alternative
and promising option to support extremely high data rate wireless access [1–6].
The main reasons are simple: the aggregated bandwidth of most current (main)
commercial wireless systems is less than two percent of the bandwidth available at
the mmWave spectrum, see Figure 1.2; there are several unlicensed channels at the
mmWave band, e.g., around 60 GHz, for short range wireless services, each having
more than 2 GHz bandwidth. This huge bandwidth, even if utilized with a very low
spectral efficiency, can easily provide gigabit-per-second data rate.

Currently, mmWave spectrum is primarily used for satellite communications,
long-range point-to-point communications, military applications, local multipoint
distribution service, and recently short-range networks [2, 7]. Due to severe
attenuation of the signal at the mmWave band, especially at certain frequency bands
such as 60 and 180 GHz, see Figure 1.1, mmWave communications were thought to
be only suitable either for especial applications with especial hardware, mentioned
above, or for “whisper radios” for wireless personal area networks (WPANs) with
coverage distances of a few meters [3, 8] . However, recent studies on mmWave
mobile networks have convinced the Federal Communications Commission (FCC)
to publish notice of inquiries in late 2014 and early 2015, to evaluate the viability of
mmWave bands for mobile radio services [9,10]. These notice of inquires were about
technology specifications, bandwidth allocations, and health effects of mmWave
communications, among others. In early 2015, Ofcom in UK also published similar
public comments [11]. In all the answers to those inquiries, provided by numerous

1Throughout this thesis, we use microwave and sub 6-GHz bands interchangeably.
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Figure 1.1: Atmospheric absorbtion of electromagnetic waves. High absorption have
resulted in unlicensed short-range applications in the 60 GHz. See www. mm Wconcept s. com
for useful attenuation factors caused by rain, dust, and fog at mmWave bands. This figure
is a modification of [12, Figure 2].

corporations and academic institutions, there was a common part: it is better to
repurpose the mmWave band for future wireless networks.

MmWave communications are particularly attractive for ultra short range/high
rate communications and gigabit wireless applications such as wireless gigabit
ethernet and uncompressed high quality video transmission, see Table 1.1.
The commercial potential of mmWave networks initiated several standardization
activities within WPANs and wireless local area networks (WLANs), such as
IEEE 802.15.3c [13], IEEE 802.11ad [14], WirelessHD consortium, wireless gigabit
alliance (WiGig), and recently IEEE 802.11ay study group on next generation
60 GHz.2 Although there has been no dedicated standardization activity for
mmWave in cellular networks so far, there are several ongoing discussions within
research projects such as FP7 EU Project METIS [6] (2012-2015) on how to
incorporate mmWave networks in 5G. The special propagation features [7] and
hardware requirements [15] of mmWave systems bring multiple challenges at the
physical, medium access control (MAC), and routing layers. These challenges are
exacerbated due to the expected spectrum heterogeneity, that is, integration of
and coexistence with the microwave communication standards. MmWave systems
exhibit orders of magnitude higher attenuations, oxygen absorbtion, vulnerability

2Detailed information about these projects can be found at the following addresses: http://
www.wirelesshd.org (WirelessHD), http://wirelessgigabitalliance.org (WiGig), and http:
//www.ieee802.org/11/Reports/tgay_update.htm (802.11ay), respectively. IEEE 802.11ay was
approved in May 2015, and the study group has not released any stable document so far.
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Figure 1.2: United States frequency allocations chart as of 2011. Below 6 GHz (microwave
bands) are shaded by green color. Important commercial applications such as TV broadcast,
WiFi, and cellular applications together have less than 1 GHz bandwidth. Areas colored
by blue are 6 GHz free-licence channels around 60 GHz. The bandwidth of all existing
commercial systems, shaded by green color, is equivalent to part of unlicensed bands
available in the mmWave bands, shaded by blue color.



4 Introduction

Table 1.1: Application scenarios for mmWave networks. This table is deduced from
ongoing discussions inside IEEE 802.11ay study group. “NS” means not specified yet.

Usage models
Delay

(s)
Availability

Range
(m)

Rate
(Gbps)

Application scenarios

Ultra short range
communications

< 1 NS < 10 10 Wireless tollgate and kiosks to transfer
e-magazine, picture library, 4K movie
trailers, 4K movies

8K Video transfer
at smart home

< 0.005 NS < 5 28
8K video stream between a source device
(e.g., set-up box, tablet) and a sink device
(e.g. smart TV, split TV), replacement of
wired interface

Augmented
reality

< 0.005 NS < 10 20 Interface between a constantly moving
high-end wearable devices and its
managing device to deliver 3D video

Data center < 0.1 99.99% < 5 40 Inter-rack connectivity
Vehicular
networks

< 0.1 NS < 1000 NS Inra- and inter-car connectivity,
intersection collision avoidance, public
safety

Video
on-demand

< 0.1 NS < 100 NS Broadcast in crowd public places (e.g.,
classroom, in flight, train, ship, bus,
exhibitions)

Mobile
offloading

< 0.1 99.99% < 100 20 Offload video traffic from cellular
interface to the mmWave interface

Mobile
fronthauling

< 0.035 99.99% < 200 20 Wireless connections between remote
radio heads and base band unit

Mobile
backhauling

< 0.035 99.99% < 1000 20 Small cell backhauling, mutihop
backhauling, inter-building
communications

to obstacles, sparse-scattering environments, smaller wavelength, higher number of
antenna elements, high antenna gains, and possible noise-limited operation. These
unique features distinguish mmWave systems from legacy microwave systems and
demands a significant reconsideration in the design principles of the communication
architecture and protocols.

1.2 Contributions of the Thesis

This thesis investigates MAC layer design principles and performance analysis of
mmWave networks. A summary of the main contributions of this thesis is as follows:

1.2.1 Analysis of Interference
Chapter 3 focuses on the analysis of multiuser interference in mmWave networks
and its effects on the MAC layer design. The cornerstone of such study is the
establishment of mathematically tractable yet accurate models for interference and
for blockage.
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In the first part of this chapter, we propose a new index for assessing the
accuracy of any interference model under any network scenario. This index
takes on real values between 0 and 1, where higher values correspond to higher
similarity. Specifically, it quantifies the ability of any interference model in correctly
predicting harmful interference events, that is, link outages. We consider the specific
wireless scenarios of both conventional sub-6 GHz and mmWave networks and
demonstrate how our index yields insights into the possibility of simplifying the
set of dominant interferers, replacing a Nakagami or Rayleigh random fading by
an equivalent deterministic channel, and ignoring antenna sidelobes. Our analysis
reveals that in highly directional antenna settings with obstructions, even simple
interference models (such as the classical protocol model) are accurate, while with
omnidirectional antennas, more sophisticated and complex interference models
(such as the classical physical model) are necessary. We further use the proposed
index to develop a simple interference model for mmWave networks that can
significantly simplify design principles of the important procedures for wireless
communication, such as beamforming, interference management, scheduling, and
topology control.

In the second part of this chapter, we use our simple interference model
to derive closed-form expressions for multiuser interference, collision probability,
MAC layer throughput, and area spectral efficiency of mmWave ad hoc networks,
operating under slotted ALOHA and time division multiple access (TDMA). The
new analysis reveals that the pseudowired abstraction [16] may not be accurate
even for a modest-sized ad hoc network, and that mmWave networks may exhibit
a transitional behavior from a noise-limited regime to an interference-limited
regime, which depends on the density of transmitters, density and size of obstacles,
transmission probability, operating beamwidth, and transmission power. We show
that spatial TDMA (STDMA) is impractical due to massive signaling and
computational overheads. A simple slotted ALOHA may achieve the performance of
STDMA and significantly outperform TDMA in terms of network throughput/delay
performance, while TDMA is still necessary to guarantee communication without
any collision. We conclude that the transitional behavior of mmWave networks
necessitates a novel collision-aware hybrid resource allocation procedure, containing
both contention-based and contention-free phases with flexible phase duration.
In particular, the contention-based phase with an on-demand execution of the
collision avoidance substantially improves throughput/delay performance of the
network. Moreover, on-demand use of the contention-free phase to deliver only the
collided packets guarantees a reliable physical layer with minimal drop in network
throughput/delay performance.

Detailed analyses of this chapter clarify the collision level and throughput
performance of mmWave networks, and thereby provide required guidelines for
designing proper interference management and resource allocation protocols for
future mmWave networks. This chapter is based on the following published papers
or submitted manuscripts.

[J1] H. Shokri-Ghadikolaei, C. Fischione, and E. Modinao, “Interference
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model similarity index and its applications to mmWave networks,”
submitted for journal publication, Feb. 2017

[J2] H. Shokri-Ghadikolaei and C. Fischione, “The transitional behavior
of interference in millimeter wave networks and its impact on medium
access control,” IEEE Trans. Commun., vol. 64, no. 2, pp. 723–740, Feb.
2016

[C1] H. Shokri-Ghadikolaei, C. Fischione, and E. Modiano, “On the
accuracy of interference models in wireless communications,” in Proc.
IEEE International Conference on Communications (ICC), Kuala
Lumpur, Malaysia, May 2016

[C2] X. Jiang, H. Shokri-Ghadikolaei, C. Fischione, and Z. Pang, “A
simplified interference model for outdoor millimeter wave networks,” in
Proc. 9th EAI International Wireless Internet Conference (WICOM),
Haikou, China, Dec. 2016.

[C3] H. Shokri-Ghadikolaei and C. Fischione, “Millimeter wave ad hoc
networks: Noise-limited or interference-limited?,” in Proc. IEEE Global
Communications (GLOBECOM) Workshop, San Diego, Dec. 2015

[R1] H. Shokri-Ghadikolaei, “Fundamentals of medium access control
design for millimeter wave networks,” Licentiate Thesis, KTH, Royal
Institute of Technology, Sept. 2015

1.2.2 Resource Allocation
Resource allocation is among the most important procedures at the MAC layer.
In Chapter 3 we have observed that small interference footprint facilitates the
design of resource allocation. That analysis, however, had three weaknesses: 1) it
was based on the average (and not instantaneous) signal-to-interference-plus-noise
ratio (SINR) values, averaged over all random realizations of the topology, 2) the
beam-searching overhead was not considered, and 3) long-term resource allocation
and the frequent handover problem of mmWave networks were not addressed. Given
one topology, we may need a more careful handling of the interference as a few links
may cause strong interference. Moreover, beam-searching overhead may forbid the
use of narrow beams, so the multiuser interference may not become arbitrarily
small. In Chapter 4, we address these aspects.

In the first part of this chapter, we focus on short-term resource allocation
and identify a new tradeoff between the alignment time and the achievable
throughput, called alignment-throughput tradeoff. That is, on the one hand,
narrower beamwidths enhance the beam resolutions, so increase the alignment
overhead and leave less time for data transmission. On the other hand, it provides
higher antenna gains, leading to higher transmission rates. In the multiuser scenario,
the problem becomes more complicated as narrow beamwidth, besides boosting
the link budget, reduces multiuser interference, so increases SINR and thereby
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achievable transmission rate. However, the price of this rate enhancement is higher
alignment overhead per-link and possibly complicated scheduling procedures. We
capture the alignment-throughput tradeoff by a unifying optimization problem
that brings together beam-searching and transmission scheduling. We evaluate
the computational and protocol complexities of solving the proposed optimization
problem and argue that it cannot be solved optimally, due to both NP-hardness
and the need for knowing precise network topology a priori. To alleviate these
issues, we propose two low-complexity and standard-compliment protocols that
rely on overestimation and underestimation of interference. The overestimation
approach activates only a small subset of non-interfering links to ensure no
harmful interference for active links. This overprotection under-utilizes the available
spatial resources, yet doubles the network throughput of the existing standards.
The underestimation approach uses possible noise-limited behavior of a mmWave
network and neglects the interference, yielding a close to the optimal performance
with light computational complexity for small to modest size mmWave networks.

In the second part of this chapter, we focus on long-term resource allocation,
namely association of clients to access points (APs) and balancing the load
throughout the network. The results are applicable to the problem of associating
user equipment (UEs) to base stations (BSs) in a cellular network. The current
association approaches are highly sub-optimal for mmWave networks due to 1) the
frequent handover problem, 2) lack of relaying capability, which is of importance
in mmWave networks, and 3) their assumption of having an interference-limited
network, where the interference level hinders the benefits of load balancing for
networks with an ultra dense APs deployment. To address this research gap,
we formulate a joint association and relaying problem for mmWave networks, in
which a logarithmic utility, resource allocation for APs, association for clients,
relay selection, and imperfect channel state information (CSI) are considered all
together. After a series of transformations, we reformulate the joint association
and relaying problem above as an assignment problem, and establish a distributed
solution approach based on the auction algorithm. We characterize the convergence
properties of the proposed distributed auction algorithm and show that it provides
a near-optimal solution in polynomial time.

Detailed analyses of this chapter address short-term and long-term resource
allocation for mmWave networks, exhibiting deafness, blockage, directional
communications, and small interference footprint. This chapter is based on the
following published papers or submitted manuscripts.

[C4] H. Shokri-Ghadikolaei, L. Gkatzikis, and C. Fischione,
“Beam-searching and transmission scheduling in millimeter wave
communications,” in Proc. IEEE International Conference on
Communications, London, UK, Jun. 2015

[C5] H. Shokri-Ghadikolaei, Y. Xu, L. Gkatzikis, and C. Fischione, “User
association and the alignment-throughput tradeoff in millimeter wave
networks,” in Proc. IEEE Research and Technologies for Society and
Industry (RTSI), Torino, Italy, Sept. 2015
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[C6] Y. Xu, H. Shokri-Ghadikolaei, and C. Fischione, “Auction-based
dynamic distributed association in millimeter wave networks,” in Proc.
IEEE Global Communications (GLOBECOM) Workshop, Washington,
DC, USA, Dec. 2016

[J3] Y. Xu, H. Shokri-Ghadikolaei, and C. Fischione, “Distributed
association and relaying with fairness in millimeter wave networks,”
IEEE Trans. Wireless Commun., vol. 15, no. 12, pp. 7955–7970, Dec.
2016

1.2.3 Spectrum Sharing

Despite its promising advantages, spectrum sharing is not typically used in
current cellular networks due to heavy coordination requirements both within
one operator (hereafter called intra-operator coordination) and among multiple
operators (hereafter called inter-operator coordination). Moreover, higher multiuser
interference leads to only a slight performance improvement by spectrum sharing.
These problems can be potentially overcome in mmWave networks, thanks to
beamforming both at BSs and at UEs.

In Chapter 5, we investigate the extent to which spectrum sharing in mmWave
networks with multiple cellular operators is a viable alternative to traditional
dedicated spectrum allocation. To this end, we develop a general mathematical
framework based on a joint beamforming design and BS association, with
the objective of maximizing the long-term throughput with fairness guarantees
(load balancing). We initially focus on an analog beamforming architecture
and formulate a multi-objective optimization problem that finds the optimal
association and beamforming when full coordination is available. We then apply
this optimization problem to the cases when either only intra-operator coordination
or no coordination is available. These optimization problems give lower bounds
for the performance of spectrum sharing. We then extend this study to a
digital beamforming architecture and consider different coordination options, which
characterize upper bounds for the performance gain. Our proposed framework
makes it possible to incorporate any scenario in terms of the amount of spectrum
shared and sharing architecture, and also any spatial distributions of the UEs
and the BSs. We also analyze these optimization problems in the asymptotic
regimes when the number of antennas, either at the BSs or at the UEs, becomes
large. We assess the performance of inter-operator coordination in those regimes.
In addition to the analysis of asymptotic performance, we discuss how limited
feedback, imperfect CSI knowledge, and quantized beamforming codebooks affect
the sharing performance.

The main conclusions of our work are as follows: 1) spectrum sharing with
a light on-demand intra- and inter-operator coordination is feasible, especially at
higher mmWave frequencies (for example, 73 GHz); 2) directional communications
at the UEs substantially alleviate the potential disadvantages of spectrum
sharing; 3) larger antenna sizes or equivalently narrower beams reduce the
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need for coordination and simplify the realization of spectrum sharing; 4)
while inter-operator coordination can be neglected in the large antenna regime,
intra-operator coordination can still bring gains by balancing the network load; and
5) critical control signals should be protected from the adverse effects of spectrum
sharing, for example by means of exclusive resource allocation.

We believe that this work provides important contributions to answer the
following fundamental questions related to future mmWave networks: for a given
amount of contiguous mmWave spectrum for mobile applications, what is the
spectrum allocation/access scheme that allows the optimal utilization of the
spectrum and the highest benefit to society? How much intra- and inter-operator
coordination is required to make spectrum sharing work in mmWave bands? What
are the parameters affecting the feasibility of spectrum sharing? How should those
parameters be chosen? This chapter is based on the following published papers or
submitted manuscripts.

[J4] H. Shokri-Ghadikolaei, F. Boccardi, C. Fischione, G. Fodor, and
M. Zorzi “Spectrum sharing in mmWave cellular networks via cell
association, coordination, and beamforming,” IEEE J. Sel. Areas
Commun., vol. 34, no. 11, pp. 2902-2917, Nov. 2016

[J5] F. Boccardi, H. Shokri-Ghadikolaei, G. Fodor, E. Erkip, C. Fischione,
M. Kountoris, P. Popovski, and M. Zorzi, “Spectrum pooling in mmWave
networks: Opportunities, challenges, and enablers,” IEEE Commun.
Mag., vol. 54, no. 11, pp. 33-39, Nov. 2016

[C7] H. Shokri-Ghadikolaei, F. Boccardi, E. Erkip, C. Fischione, G. Fodor,
M. Kountouris, P. Popovski, and M. Zorzi, “The impact of beamforming
and coordination on spectrum pooling in mmWave cellular networks,” in
Proc. IEEE Asilomar Conference, Pacific Grove, CA, USA, Nov. 2016

1.2.4 Network Architectures
In Chapter 6, we use the technical analyses and insights of the previous chapters
to discuss the MAC layer design aspects of both mmWave cellular networks and
short-range mmWave networks.

For the cellular networks, we focus on initial access (synchronization and
random access), handover, channelization, interference management, scheduling,
and association. In particular, we show novel design approaches for three aspects:
Control channel architecture: We develop fundamental design methods to
realize an efficient physical control channel for mmWave cellular networks and
provide application areas for each option. An omnidirectional channel on microwave
bands is an imperative option wherever robustness to deafness, high channel
reliability, and long range are necessary, e.g., in coordination among BSs during
handovers. Directional physical control channels are more energy efficient and seem
to be mandatory in cell search procedure to alleviate the possible mismatch between
coverage of control and data channels. Considering advantages of all options,
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we propose a combination of both omnidirectional microwave and directional
millimeter-wave control channels to realize efficient control plane for mmWave
cellular networks.
Initial access: We use our novel hybrid architecture of the control plane to propose
a two-step synchronization procedure that realizes macro-level time-frequency
synchronization with an omnidirectional microwave channel and micro-level spatial
synchronization with a directional mmWave channel. Performance evaluation
confirms that a relatively small number of pilot transmissions guarantees discovery
of a user with high probability.
Resource allocation and interference management: We argue that the
current interference-limited architecture of cellular networks should be revisited
to leverage the potential of mmWave systems to improve the complex tradeoffs
among throughput enhancement, fair scheduling, and high connection robustness.
We formulate an optimization problem based on long-term resource allocation,
which shows that additional radio frequency (RF) chains at the BS (or user) open
new opportunities to redefine cells so as to better balance the total load of the
network. This brings significant improvements in the network sum rate as well as
enhancements in the minimum rate offered to a user and in fairness. We also discuss
the limits on these gains when we use directionality at the BS and/or the users.

For the short range mmWave networks, we raise the need for new collision-aware
hybrid resource allocation protocols. Then, we discuss the prolonged backoff time
problem, which happens due to directional communication, and propose a new
MAC layer signal to alleviate this problem. We challenge the applicability of
current mmWave MAC layer functions in dense deployment scenarios due to the
significant mismatch between transmission rates of signaling and data packets
and highlight the need for an on-demand control plane. Finally, we discuss the
potential of multihop communication techniques to compensate the error-prone
mmWave physical layer and to provide reliable mmWave connections. Throughout
this chapter, we identify critical MAC layer aspects of existing mmWave standards
that may limit the efficiency and use cases of short range mmWave communications
and propose MAC design guidelines accordingly.

This chapter is based on the following published papers or submitted
manuscripts.

[J6] H. Shokri-Ghadikolaei, C. Fischione, G. Fodor, P. Popovski, and M.
Zorzi, “Millimeter wave cellular networks: A MAC layer perspective,”
IEEE Trans. Commun., vol. 63, no. 10, pp. 3437-3458, Oct. 2015

[J7] H. Shokri-Ghadikolaei, C. Fischione, P. Popovski, and M. Zorzi,
“Design aspects of short range millimeter wave networks: A MAC layer
perspective,” IEEE Netw., vol. 30, no. 3, pp. 88-96, May 2016

[R1] H. Shokri-Ghadikolaei, “Fundamentals of medium access control
design for millimeter wave networks,” Licentiate Thesis, KTH, Royal
Institute of Technology, Sept. 2015
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1.2.5 Contributions not Covered in the Thesis

The following publications are not covered in this thesis, but contain related
materials and applications:

[J8] S. Zhuo, H. Shokri-Ghadikolaei, C. Fischione, and Z. Wang,
“ACC-CSMA: Adaptive congestion control in cognitive wireless sensor
networks,” submitted for journal publication, Jan. 2017

[J9] Y. Xu, H. Shokri-Ghadikolaei, and C. Fischione, “Adaptive
distributed association in time-variant millimeter-wave networks,”
submitted for journal publication, Nov. 2016

[J10] N. N. Moghadam, H. Shokri-Ghadikolaei, G. Fodor, M. Bengtsson,
and C. Fischione, “Pilot Precoding and Combining in Multiuser MIMO
Networks”, IEEE J. Sel. Areas Commun., Accepted for publication, To
appear

[J11] H. Shokri-Ghadikolaei, I. Glaropoulos, V. Fodor, C. Fischione, and
A. Ephremides, “Green sensing and access: Energy-throughput tradeoffs
in cognitive networking,” IEEE Commun. Mag., vol. 53, no. 11, pp.
199-207, Nov. 2015

[J12] H. Shokri-Ghadikolaei and C. Fischione, “Analysis and optimization
of random sensing order in cognitive radio networks,” IEEE J. Select.
Areas Commun., vol. 33, no. 5, pp. 803-819, May 2015

[C8] N. N. Moghadam, H. Shokri-Ghadikolaei, G. Fodor, M. Bengtsson,
and C. Fischione, “Pilot precoding and combining in multiuser MIMO
networks,” in Proc. IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP), New Orleans, USA, Mar. 2017

[C9] R. Congiu, H. Shokri-Ghadikolaei, C. Fischione, and F. Santucci,
“On the relay-fallback tradeoff in millimeter wave wireless system,”
in Proc. IEEE Conference on Computer Communications (INFOCOM)
Workshop, San Francisco, CA, USA, April, 2016

[C10] S. Zhuo, H. Shokri-Ghadikolaei, C. Fischione, and Z. Wang,
“Adaptive congestion control in cognitive wireless sensor networks,”
in Proc. IEEE International Conference on Industrial Informatics
(INDIN), Cambridge, UK, Jul. 2015

[C11] H. Shokri-Ghadikolaei and C. Fischione, “Distributed random sensing
order analysis and optimization in cognitive radio systems,” in Proc.
IEEE International Conference on Communications (ICC), Sydney,
Australia, Jun. 2014
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[C12] H. Shokri-Ghadikolaei, F. Yaghoubi, C. Fischione, “Analysis and
optimization of centralized sequential channel sensing in cognitive
radio networks,” in Proc. IEEE European Wireless (EW) Conference,
Barcelona, Spain, May 2014

[C13] H. Shokri-Ghadikolaei and C. Fischione, “Random sensing order
in cognitive radio systems: Performance evaluation and optimization,”
in Proc. IEEE Conference on Computer Communications (INFOCOM)
Workshop, Toronto, Canada, May 2014

1.2.6 Contributions by the Author
The contributions of this Ph.D. thesis’ author on the mentioned above publications
are the outcomes of the author’s own work, in collaboration with the listed
co-authors. The order of the name of the author reflects the contribution level
in the papers. The author of this Ph.D. thesis, when being the first author of the
paper, has given the substantial and vast majority of the contributions, especially
in terms of theoretical analysis, computer simulations, and paper writing.



Chapter 2

Background

In this chapter, we overview the essential properties of mmWave communications
and briefly review the literature. In particular, Section 2.1 provides a general
overview on the main propagation characteristics of mmWave communications,
Section 2.2 presents important MAC layer aspects of mmWave networks, Section 2.3
reviews the MAC layers of IEEE 802.15.3c and IEEE 802.11ad, and Section 2.4
summarizes this chapter.

2.1 Millimeter-wave Communications

2.1.1 Wireless Channel

Millimeter-wave communications use the part of the electromagnetic spectrum in
the range 30–300 GHz, which corresponds to wavelengths from 10 mm to 1 mm.
In the literature, however, mmWave frequencies casually refer to the frequency
band between 6–300 GHz [7,17,18]. The main characteristics of mmWave are short
wavelength/high frequency, large bandwidth, high interaction with atmospheric
constituents such as oxygen (see Figure 1.1), and high penetration loss due to most
solid materials. These characteristics lead to a sparse scattering environment, where
the majority of the channel directions of arrivals are below the noise floor [7,18–20].
Very small wavelengths allow implementation of a large number of antenna elements
in the current size of radio chips. Using proper beamforming, the large antenna array
provides high antenna gain both at the transmitter and at the receiver, which
can largely compensate for the high path-loss (that is, the distance-dependent
component of the attenuation) without any extra transmission power. Due to
directional transmissions, mmWave communication encounters a directed spatial
channel, that is, a communication link can be established in a specific direction
with a range that varies according to the directionality level.

13



14 Background

RxTx

Obstacle

(a) Blockage

Rx

Tx

(b) Deafness

Figure 2.1: Illustration of blockage and deafness in mmWave networks.

2.1.2 Blockage and Deafness
Vulnerability to obstacles and directional communications in mmWave networks
result in two consequences [2]: 1) blockage and 2) deafness, see Figure 2.1.

Blockage refers to very high attenuation due to obstacles. As some examples,
the penetration loss of mmWave signals due to a human body, brick, and glass is as
much as 35 dB, 80 dB and 50 dB, respectively [18, 21–25]. This severe loss cannot
be compensated by just adding a few dB more transmission power or extra antenna
gain using narrower beams. Instead, a mmWave connection may find alternative
directed spatial channels that are not blocked or fall back to microwave band, if
possible [14].

Deafness refers to the situation in which the main beams of the transmitter and
the receiver are not aligned toward each other. Therefore, the link budget will not
be boosted enough to establishment a high-quality mmWave link. The consequences
of deafness are threefold from a MAC layer perspective: 1) interference and collision
avoidance mechanisms may be secondary design factors, as a receiver listens
only to specific directed channel; 2) concurrent transmissions enables substantial
increment in the spectral efficiency; and 3) complicated beamforming (alignment)
and beam-tracking procedures may be necessary to establish and maintain a
mmWave link, as we discuss in the next chapter.

2.1.3 Network Architecture
A mmWave network can be deployed either with infrastructure, where a centralized
entity, usually called BS or AP, manages all tasks in the network, or ad hoc,
where there is no such a predefined network manager. Cellular networks, adopt
the first architecture, whereas most of the short range networks adopt the second
architecture. The fundamental difference from MAC layer perspective is that the
roles are predefined in the infrastructure networks, for instance a terminal that
wants to connect always waits for a beacon signal from the infrastructure node,
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while the roles in ad hoc networks are dynamically assigned. Besides, short-range
networks may rely on carrier sensing among terminals, they may use multihop
communications, which may also affect traffic patterns, and WPAN/WLAN devices
generally have much less capabilities compared to smart phones and base stations
in cellular networks.

2.1.4 Heterogeneity
To overcome the physical limitations of mmWave, the MAC mechanisms may
have to exploit both microwave and mmWave bands simultaneously [18] and also
facilitate co-existence of several communication layers with different coverage.
Consequently, there will be two types of heterogeneity in mmWave cellular networks:

Spectrum heterogeneity: Millimeter-wave UEs may use both high (above 6 GHz)
and low frequencies (microwave, such as the LTE band). While higher frequencies
provide a massive amount of bandwidth for data communications, enabling very
high data rates, the lower frequencies may be exploited for control message
exchange, which demands much lower data rates but higher reliability than data
communications. This facilitates the deployment of mmWave networks due to
possible omnidirectional transmission/reception of control messages, as well as
higher link stability, at lower frequencies.

Deployment heterogeneity: There will be macrocells, microcells, femtocells, and
even picocells, all working together in 5G. This heterogeneity introduces two
deployment scenarios for mmWave cellular networks: stand-alone and integrated
networks [26]. In the stand-alone scenario, a complete mmWave network (from
macro to pico levels) will be deployed in the mmWave band, whereas the integrated
solution is an amendment to existing microwave networks for performance
enhancement, and may be considered as an intermediate step in the migration from
existing microwave networks to future mmWave networks. The integrated network
includes mmWave small cells and/or mmWave hotspots [17].

2.1.5 Interference Model
Due to the shared nature of a wireless media, interference plays a critical role in
the design and performance analysis of wireless networks, where the intended signal
is combined with other undesired wireless signals transmitted at the same (time,
frequency, spatial) channel. The receiver typically decodes the received signal by
canceling parts of the interference and treating the rest as noise. Successful decoding
at the receiver depends on the desired signal strength, the ambient noise level
accumulated over the operating bandwidth, and the interference level. SINR is a
common metric to evaluate the outage probability (or the probability of successful
decoding) of a transmission. However, performance analysis using the SINR
expression is complex as it depends on the transmission strategies (transmission
power, antenna pattern, and MAC protocol), often unknown or hard to estimate
random channel attenuation, receiver design, and the (often partially unknown)
network topology. Due to this overwhelming complexity, the design and analysis
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of wireless networks based on the actual SINR expression, while being accurate,
is very challenging. This difficulty is further exacerbated in mmWave networks,
where penetration loss, first-order reflection, and antenna pattern introduce further
elements of randomness [27–29]. This motivates developing different techniques
to mathematically model (abstract) various components of the SINR, e.g., the
transmission strategy, wireless channel, and network topology.

We define a link as the pair of a transmitter and its intended receiver, where
transmitter (receiver) i refers to the transmitter (receiver) of link i. Without loss
of generality and for brevity, we assume that there is no interference cancellation,
so all unintended transmitters act as potential interferers to any receiver. Consider
a reference receiver and label its intended transmitter by subscript 0. Denote by I
the set of its interferers (all active transmitters excluding the intended transmitter),
by pi the transmission power of transmitter i, by σ the power of white Gaussian
noise, by di the distance between transmitter i and the reference receiver, and by
gCh
i the channel gain between transmitter i and the reference receiver. We denote
by gTx

i the antenna gain at transmitter i toward the reference receiver, and by gRx
i

the antenna gain at the reference receiver toward transmitter i. Then, the SINR at
receiver i is

γi = pig
Tx
i gCh

i gRx
i∑

k∈Ii
pkgTx

k gCh
k gRx

k + σ
. (2.1)

The SINR depends on the transmission powers, antenna patterns, set of active
transmitters, channel model, and network topology. Let β > 0 denote the SINR
threshold corresponding to a certain target bit error rate. An outage on the reference
link occurs when γ < β. Different interference models attempt to approximate the
outage probability by ignoring certain components of the interference. In particular,
the well-known protocol and physical models [30] characterize the set of interferers
I. Neglecting various components of the channel model translates into different
distributions for gCh

i . Power allocation affects pi, and various scheduling protocols
further affect I.

Define an interference model as a set of deterministic or stochastic functions that
model various components of the SINR expression. There have been many attempts
in the literature to design interference models (equivalently, to approximate the
SINR expression) that accurately capture the effect of interference while being
tractable for the mathematical analysis. These interference models largely try to
answer the following questions under various network settings:

Q1. How can we model the set of interferers, whose contributions in the aggregated
interference term are dominant?

Q2. How can we simplify the transmission/reception and propagation models to
enhance tractability of the interference model with a marginal loss in its
accuracy?

The proper choice of interference model depends on many parameters such as
the receiver design, antenna directionality, network topology, channel model, and
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Figure 2.2: General hybrid beamforming architectures. Disabling analog (digital)
beamformer and detector blocks and adopting proper number of RF chains result in a
completely digital (or analog) beamforming architecture.

the choice of medium access protocol [31–33]. To the best of our knowledge, there
has been no systematic method to analyze the accuracy of various interference
models, choose the proper interference model, and quantify the amount of error due
to adopting other interference models for a given network scenario. The accuracy
of different interference models has been mostly evaluated qualitatively, without
fully understanding the mutual impacts of different parameters of the physical,
medium access, and network layers. This qualitative analysis, however, is often
overly simplistic and may result in the use of interference models that are only
marginally more accurate, yet significantly more complex than needed. As we will
show in Chapter 3.3.5, in mmWave networks, even the simplest interference models
are sufficiently accurate and can be used to provide significant insights into the
network performance and to enable efficient protocol design.

2.1.6 Beamforming
Beamforming is the key technique to compensate for the severe channel attenuation
in mmWave systems. It enables multiplexing to increase data rate and spatial
diversity to achieve robustness to blockage in mmWave networks. Generally,
a wireless link can be established in omnidirectional (both transmitter and
receiver are omnidirectional), semi-directional (either transmitter and receiver
is omnidirectional, the other directional), or fully-directional (both transmitter
and receiver are directional) communication modes. Moreover, there are three
beamforming architectures, namely digital, analog, and hybrid, all illustrated in
Figure 2.2.

Digital beamforming, as the defacto scheme in modern MIMO systems, provides
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the highest flexibility in beamforming at the expense of one baseband-to-RF
chain (in short RF chain) per antenna. While this expense may be affordable in
today’s wireless systems with a relatively small number of antenna elements, future
mmWave devices are envisioned to have orders of magnitude more antenna elements.
This large number of antenna elements each having one RF chain, operating in very
wide bandwidth, increases the cost, complexity, and power consumption, which
may limit the applicability of mmWave systems in low-cost energy-efficient future
wireless networks [5, 6, 34–36]. Moreover, to have a proper digital beamforming,
the channel between every pair of antenna elements of the transmitter and the
receiver should be estimated, which may be formidable in mmWave bands due to
a coherence time that is an order of magnitude smaller than that of microwave
bands.1 This limitation restricts the application of mmWave systems to only
low-mobility scenarios, where coherence time is sufficiently large to first estimate the
channel and then operate with the formed beams. Low-resolution analog-to-digital
converters (ADCs) and sparse channel estimation are recently proposed to address
the aforementioned challenges (see [37,38] and references therein).

Analog beamforming forms the beam with only one RF chain, but a series
of phase shifters that are connected to individual antenna elements [36, 39].
Analog beamforming, besides having low complexity and cost, replaces complicated
beamforming based on instantaneous CSI by a simple beam-searching procedure,
as already established in existing mmWave WPAN and WLAN standards [13, 14].
Analog beamformer at the transmitter and at the receiver can sweep, by a sequence
of pilot transmissions, all directions with a predefined resolution to find the pair
of beams that maximize SNR. These directions along with the corresponding
resolutions are defined in a beamforming codebook. However, analog beamforming
forms only one beam at a time without being able to multiplex within the beam,
implying that this architecture provides only antenna gain. Although this might
not be a big challenge in applications where one device communicates with only
one device (typical ad hoc and device-to-device (D2D) scenarios),2 applications
where one device serves multiple devices (a typical cellular network) require several
RF chains to serve devices that are separated geographically. This diminishes the
advantages of this architecture such as low complexity and low power consumption.

A two-stage hybrid digital-analog beamforming is a promising architecture for
future mmWave networks, both cellular [36,38,40] and short range in IEEE 802.11ay.
This architecture allows the use of a very large number of antennas with a limited
number of RF chains [40–42], typically 8–16 times fewer RF chains than the number
of antenna elements [43]. Analog beamforming layer provides spatial division and
antenna gains, whereas digital beamforming layer may be used to further reduce
intra-beam interference and provide multiplexing gain inside one beam. To this
end, the digital beamformer is applied on the effective channel consisting of the

1The Doppler shift scales linearly with the operating frequency, and the operating frequency
of mmWave systems is an order of magnitude higher than that of microwave systems.

2Study group of IEEE 802.11ay suggests the use of multiple RF chains per device to
substantially improve the achievable throughput of the legacy IEEE 802.11ad with multiplexing
gain.
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Technological enabler:  
Beamforming (analog, digital, hybrid) 

Information sharing:  
Coordination (no, partial, full) 

Amount of spectrum shared (no, partial, full) 

Sharing architecture (infrastructure, core network, ...) 

Performance gain

Protocol overhead 

Figure 2.3: Four aspects have major impacts on the performance of spectrum sharing
scenarios, namely the choice of beamforming, the amount of information exchange
(coordination), the amount of spectrum shared, and the sharing architecture. This thesis
focuses on the first three aspects. For a given scenario, there is a tradeoff between
performance gain and protocol overhead.

analog beamforming weights and the actual channel matrix. This complicates
the estimation of CSI, as the CSI is available only after being processed by the
analog beamformer. To address this problem, some recent works couple channel
estimation and analog beamforming design [43, 44]; however, different time-scales
over which analog and digital beamforming should be designed challenges these
solutions. Digital beamformer requires instantaneous CSI while analog beamformer
can be designed based on long-term CSI [28]. [45] shows when the second-order
statistics (long-term CSI) of the channel is available a priori, precoding the pilot
signals substantially improves the performance of channel estimation and data
beamforming design, and such performance enhancement are more prominent in
large antenna systems like mmWave networks.

In Section 6.1, we will discuss this tradeoff and show how the hybrid
beamforming architecture interplays with handover and scheduling decisions.

2.1.7 Spectrum Sharing
Sharing the spectrum increases the bandwidth available to each communication link
at the expense of a possibly higher interference. Numerous classical studies confirm
the possibility of a significant performance improvement by spectrum sharing [46–
49].

There are four aspects with major impacts on the performance of spectrum
sharing: the choice of beamforming, the amount of information exchange
(coordination), the amount of spectrum shared, and the sharing architecture; see
Figure 2.3:

• Beamforming, both at the transmitter and at the receiver, is the
main technological enabler of spectrum sharing in mmWave networks.
Digital, analog, and hybrid beamforming (formally introduced in the next
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section) are prominent options to realize directional communications. The
most appropriate strategy depends on the required flexibility in beam
formation, processing and power consumption constraints, cost, and feedback
limitations [50–53].

• The level of coordination, both within an operator (hereafter called
intra-operator coordination) and among different operators (hereafter called
inter-operator coordination), also has a substantial influence on the feasibility
of sharing. Coordination includes the exchange of channel estimation and
precoding vectors. Without any coordination (either inter- or intra-operator),
spectrum sharing may not even be beneficial in general, especially in
traditional sub-6 GHz networks. Full coordination may bring substantial
performance gains in terms of throughput and energy, especially because
it enables complementary techniques such as joint precoding and load
balancing [54]. From a technical perspective, the challenge is the high overhead
of channel estimation and the unaffordable complexity in the core networks
in a multi-operator scenario.

• Another important parameter is the amount of spectrum shared among the
operators. Increasing the bandwidth (for example, by sharing the spectrum of
more operators) may improve the achievable capacity by a prelog factor (that
is, a factor outside the log function), but usually reduces the SINR value, due
to higher noise and interference powers. Spectrum sharing is beneficial if the
contribution of the prelog factor overweighs the resulting SINR reduction.

• Sharing architecture is another aspect that affects the performance of
spectrum sharing. Infrastructure sharing is an example of architecture that
increases the gain of spectrum sharing.

For a given scenario, the tradeoff between performance gain and protocol
overhead determines whether spectrum sharing is beneficial.

2.2 MAC Layer Procedures

2.2.1 Physical Control Channels
Reliable control channels are essential for synchronization, cell search, user
association, channel estimation, coherent demodulation, beamforming procedures,
and scheduling grant notifications, as well as multi-antenna transmission and
reception configuration. While control channels are defined as logical channels,
they have to be mapped to some physical channels to be transmitted over the
radio interface, thus the special characteristics of mmWave bands affect the control
channel performance from several aspects. Two types of tradeoffs arise when
realizing a physical control channel (PHY-CC) in mmWave bands, namely fall-back
and directionality tradeoffs, which do not exist in traditional cellular networks on
microwave bands, see Figure 2.4.



2.2. MAC Layer Procedures 21

Control plane in microwave band

Control plane in mmWave band

(a)

(b)

Figure 2.4: Fall-back and directionality tradeoffs in realizing a PHY-CC. Microwave bands
provide a reliable channel with much larger coverage compared to mmWave channels (a).
Directional control channel increases coverage and may provide more efficient PHY-CC (in
terms of energy and spectral efficiency) at the expense of extra spatial search (b). Different
options of realizing a PHY-CC are various combinations of these tradeoffs.

The fall-back tradeoff is the tradeoff between sending control messages over
microwave or mmWave frequencies. While realizing a PHY-CC in mmWave bands
enables the use of a single transceiver, the established channel is subject to high
attenuation and blockage. On the other hand, a microwave PHY-CC facilitates
broadcasting and network synchronization due to larger coverage and higher link
stability compared to its mmWave counterpart at the expense of higher hardware
complexity and energy consumption, since a dedicated transceiver should be tuned
on the microwave PHY-CC. IEEE 802.15.3c and IEEE 802.11ad support mmWave
PHY-CCs [13,14] whereas ECMA 387 supports a microwave PHY-CC [55].

The directionality tradeoff, from another perspective, refers to the option of
establishing a PHY-CC in omnidirectional, semi-directional, or fully-directional
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communication modes. Although an omnidirectional PHY-CC has a shorter
communication range, all devices within that range can receive the control
messages without any deafness problem. The semi-directional option increases the
transmission range while introducing less interference to the network. However,
mitigating the deafness problem of this case may require a spatial search that
introduces extra delay. Finally, the fully-directional communication mode further
increases coverage and decreases the interference caused to the network at the
expense of even higher spatial search overhead.3

To have a better sense of the interplay between directionality and transmission
range, we consider the simple distance-dependent path-loss model of [18, Equation
(1)]. Fixing transmission power and required SNR at the UE, we depict in
Figure 2.5 the coverage enhancement factor in the downlink as a function
of the combined antenna gains of the transmitter and receiver for three
attenuation scenarios (good, fair, and severe attenuation). From Figure 2.5,
with a path-loss exponent of 3, a semi-directional communication with 16 dBi
antenna gain increases the communication range roughly by a factor of 3.5
compared to omnidirectional communication. More interestingly, fully-directional
communication further enhances the coverage gain to a factor of 10 with only
30 dBi transmitter and receiver combined gains, which can be readily achieved in
practice.4 This means that we need to have up to 100 BSs with omnidirectional
communications to cover an area that one BS with fully-directional communication
can cover by itself. The coverage gain will be reduced as the attenuation factor
increases, however, even in a severely attenuated outdoor propagation environment
(path-loss exponent 5), the coverage gain is still quite significant (2 and 4 with semi-
and fully-directional communications, respectively). This significant gain comes at
the expense of the alignment overhead, addressed in Chapter 4.

2.2.2 Initial Access

Initial access and mobility management are fundamental MAC layer functions that
specify how a UE should connect to the network and preserve its connectivity. In
this section, we identify the main differences and highlight important design aspects
of initial access that should be considered in mmWave cellular networks using an
illustrative example, depicted in Figure 2.6. In the example, we have a macrocell
with three microcells, two UEs, and one obstacle. UE1 aims at running an initial
access procedure, whereas UE2 requires multiple handovers. Note that coverage
boundaries and possible serving regions of the BSs, shown by dashed lines, do not

3Alternatively, we can increase the transmission range of omnidirectional communication in
the mmWave bands by using lower-rate or more efficient coding techniques [56].

4Note that a 16 dBi gain at the transmitter and a 14 dBi gain at the receiver, which yield a
30 dBi combined gain, can be achieved by adopting 3D beams with 32° horizontal and vertical
half-power beamwidths at the transmitter and 40° at the receiver, respectively, see [57, p. 1402]
Reducing half power beamwidths to 10°, the antenna gain increases to 25 dBi, providing 50 dBi
combined gains, which is already being used for mmWave channel measurements in New York
City [18].
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Figure 2.5: Coverage gain against antenna gain for target SNR of 10 dB at the
receiver and 15 dBm transmission power. The left vertical dashed line corresponds to a
semi-directional communication with 16 dBi antenna gain at the BS. The right vertical
dashed line corresponds to a fully-directional communication with 16 dBi and 14 dBi
antenna gains at the BS and UE, respectively. Directional communications substantially
increase transmission range, as expected.

necessarily follow regular shapes due to randomly located obstacles and reflectors.
However, for the sake of simplicity, we neglect this aspect in the figure.

Synchronization and Cell Search

In LTE systems, acquiring time-frequency domain synchronization during cell
search is facilitated by the so-called primary and secondary synchronization
signals, transmitted omnidirectionally in the downlink [58]. Hence, current cellular
networks use beamforming only after omnidirectional synchronization and cell
search procedure. However, as pointed out in [59], performing cell search on
an omnidirectional physical control channel while having antenna gain in data
transmission causes a mismatch between the ranges at which a link with reasonable
data rate can be established and the range at which a broadcast synchronization
signal along with cell identity can be detected, known as the problem of asymmetry
in gain in ad hoc networks [56,60]. For the example considered in Figure 2.5, the data
range can be at least 4 times larger than the synchronization range with only 30 dBi
combined antenna gains even in a severely attenuated propagation environment. In
Section 6.1.2, we propose a two-step synchronization procedure that address this
challenge.

Extraction of System Information

System information includes cell configurations such as downlink and uplink
bandwidth, frequency band, the number of transmit antennas, cell identity,
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Figure 2.6: Initial access and mobility management in mmWave cellular networks. UE1
starts the initial access procedure, and UE2 requires handover. Dashed lines show coverage
boundaries (idealized to ease the discussion).

and random access procedure. LTE embeds system information in the so-called
master and system information blocks that are transmitted in the physical
broadcast channel, dedicated to control signaling, and physical downlink shared
channel, respectively. While dedicated control channels can be established with
omnidirectional communications, a UE still needs to decode a directional shared
channel to extract system information in a mmWave cellular network. This is
a fundamental MAC layer issue, which is not a problem in microwave cellular
networks, as all the rendezvous signaling is done over omnidirectional control
channels. Determining the exact information that should be transmitted over an
omnidirectional control channel at microwave frequencies and a directional control
channel at mmWave frequencies depends heavily on the initial access procedure. In
Chapter 6, we provide preliminary suggestions for an initial access procedure for
mmWave cellular networks.

2.2.3 Random Access

At the very beginning, a UE has no reserved channel to communicate with the
BS(s), and can send a channel reservation request using contention-based or
contention-free channel access. The contention-based requests, however, may collide
due to simultaneous transmissions in the same cell, or not be received due to
deafness. The comprehensive analysis of the next chapter shows that small to
modest size mmWave networks operating with the slotted ALOHA protocol (a
simple contention-based strategy) have a very small collision probability. In the
contention-free scheme, the network defines and broadcasts multiple access signals
that uniquely poll the individual UEs to avoid collisions. These signals should have
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spatial scheduling information to avoid deafness. Upon decoding a signal, each UE
knows its uplink parameters: analog beam, random access preamble, and allocated
resource for transmission of the preamble. Embedding all this information a priori
is a challenging task especially due to the lack of spatial synchronization at the very
beginning. As transmission and reception beamwidths become narrower, a reduced
contention level makes contention-based procedures more justifiable than complex
and wasteful contention-free ones [61].

In the contention-based random access procedure of LTE, a UE triggers a timer
after sending a preamble, and if no response is received from the BS, it retransmits
the preamble with an increased transmission power and/or after a random waiting
(backoff) time. In a mmWave cellular network, the deafness problem cannot be
solved by increasing the transmission power or waiting for a random backoff time.
A UE may unnecessarily undergo multiple subsequent backoff executions in the
deafness condition, resulting in a prolonged backoff time. We address this problem
in Chapter 6.

2.2.4 Mobility Management and Handover
The suppression of interference in mmWave systems with pencil-beam operation
comes at the expense of more complicated mobility management and handover
strategies. Frequent handover, even for fixed UEs, is a potential drawback of
mmWave systems due to their vulnerability to random obstacles, which is not
the case in LTE. Dense deployments of short range BSs, as foreseen in mmWave
cellular networks, may exacerbate frequent handovers between adjacent BSs [62], if
only the received signal strength indicator (RSSI) is used as a reassociation metric.
Loss of precise beamforming information due to channel change is another criterion
for handover and reassociation, since the acquisition of that information is almost
equivalent to making a handover. For the example of Figure 2.6, UE2 requires two
subsequent handovers; one due to a temporary obstacle and the other due to the
increased distance from BS2. Every handover may entail a spatial synchronization
overhead.

To alleviate extra handovers due to random blockage, we can adopt the following
association options in mmWave networks: i) multiple parallel connectivities, and
ii) single sequential connectivity. In the first approach, a client adopts multi-beam
transmissions toward several APs (relays) at the same time to establish multiple
paths. This approach provides seamless handover, robustness to blockage, and
continuous connectivity. The prices are an SNR loss for each beam if we
consider a fixed total power budget for every transmitter5, more complicated
resource management and relay selection, and higher signaling and computational
complexities for beamforming. To enable multi-beam operation, we may need
to have hybrid beamforming [36].6 To reduce the computational and signaling

5Advanced joint scheduling and beamforming strategies such as CoMP may compensate for
this SNR loss. The required signaling overhead, however, may be overwhelming in mmWave
networks [28].

6Complete digital beamforming with high-resolution analog-to-digital-converters may be
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overhead of the beamforming with many antenna elements, current mmWave
standards adopt an analog beamforming, avoiding the realization of multiple
parallel connectivities. Instead, a client may be associated with several APs (relays)
with several paths, but the connection will be established using only one of these
paths at a time, whereas the others are used as backup. This single sequential
connectivity scenario is standard-compliant and mitigates disadvantages of the
multiple parallel connectivities scenario, see [28] for detailed comparisons.

2.2.5 Hybrid MAC for Short-range Networks
Short-range wireless networks are designed to serve diverse applications with
different constraints and quality-of-service (QoS) requirements, ranging from
low-data-rate event-driven monitoring applications to high data rate real-time video
streaming applications. Adding different reliability requirements into the picture,
most of the existing standards incorporate several resource allocation protocols
to ensure supporting different QoS levels. Carrier sense multiple access/collision
avoidance (CSMA/CA) is one of the most celebrated protocols in wireless
networks due to its simplicity, flexibility, and robustness. Without network-wide
synchronization or global topology information, CSMA/CA can handle dynamic
device registration, almost avoid interference, realize spatial reuse, and provide
fairness among the devices. The price is high overhead due to constant collision
avoidance procedure, which can cause as high as 75% throughput reduction for
wireless applications with short packets [63]. The TDMA protocol is the simplest
and most used contention-free resource allocation that activates only one link at
a time to avoid any interference. TDMA requires tight synchronization among all
devices and a coordinator that activate different links (transmitter-receiver pairs)
at different times. To enable spatial reuse, the original TDMA is extended to the
STDMA protocol that activates a set of links with negligible mutual interference
at a time. STDMA offers the maximum throughput for every link and for the
network [64–67]; however, it requires precise knowledge of the network topology a
priori. Scheduling based on partial topology information also leads to a substantial
loss on the network throughput, around 33% is reported in [68]. Even for a
given network topology, finding the optimal STDMA scheduling is an NP-hard
problem [67–69], which may be impractical to solve in a wireless network with
fast rescheduling requirements due to time-varying channel conditions, physical
environmental changes, battery outage, and device failures.

It is well-established that TDMA provides substantially lower channel utilization
and higher delays than CSMA/CA, in low contention regimes. Still, TDMA can
ensure certain QoS levels, which is usually very important for specific applications
such as video streaming. Pros and cons of individual resource allocations motivate
many hybrid MAC protocols to combine the strengths of TDMA and CSMA/CA
while offsetting their weaknesses. Examples include IEEE 802.15.3, 802.15.4, and
802.11 (various versions) [70, Table 5.8], and many other protocols such as

impractical in mmWave networks with huge bandwidth and with a massive number of antenna
elements both at the transmitter and at the receiver.
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Figure 2.7: Illustration of the hidden and exposed node problems: (a) hidden node problem
with omnidirectional communications, (b) exposed node problem with omnidirectional
communications, (c) hidden node scenario with directional communications, and (d)
exposed node scenario with directional communications. Circles and circle sectors show
the transmission/reception ranges and directions. Solid lines show reception, and dashed
lines show transmission. Similar colors correspond to similar transmitter-receiver pairs.
Directional communications of mmWave networks alleviate the hidden and exposed node
problems, and reduce the necessity of collision avoidance procedure of CSMA/CA.

Z-MAC [71] and T-MAC [72]. Current mmWave standards are also using a hybrid
MAC with a CSMA/CA phase, mostly to register channel access requests, followed
by a TDMA phase to provide guaranteed QoS levels [13,14].

2.2.6 Hidden and Exposed Node Problems
Hidden and exposed node problems are amongst the most important problems
in contention-based multiple access strategies, which demands to add protocol
complexity to the MAC layer. The hidden node problem occurs when a transmitter
is visible from a receiver, but not from other transmitters communicating with that
receiver, see Figure 2.7(a) where node A is hidden from node C. Exposed node
problem occurs when a wireless device is prevented from sending packets to other
devices due to a neighboring transmitter [73], see Figure 2.7(b) where nodes B
and C mistakenly think their transmission will collide at their intended receivers.
The widespread solution is incorporating collision avoidance signals, introducing
multiple access with collision avoidance (MACA), firstly introduced in the seminal
work of Karn [74]. As will be discussed later, current mmWave standards [13,
14, 55] adopt similar collision avoidance mechanisms as those of the legacy
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standards, developed for microwave band and primarily with an omnidirectional
operation. However, the high directionality of mmWave communications both at
the transmitter and at the receiver lead to negligible hidden and exposed node
problems compared those legacy technologies, see Figures 2.7(c) and (d).

Note that we can have those problems for the contention-based control
channel(s) on microwave band, if any; however, the short size of control messages
and their rare frequency make the hidden and exposed node problems of secondary
importance. With very limited collisions, along with negligible hidden and exposed
node problems, the essence of having proactive collision avoidance mechanisms for
distributed multiple access in mmWave communications is challenged, especially
because those mechanisms are a source of huge throughput loss in dense wireless
networks [63,75]. We discuss in the second part of this thesis how to solve collision
problem (and in general manage the interference) in an on-demand manner. This
leads to a substantially higher throughput compared to the existing resource
allocation with a proactive collision avoidance strategy.

2.3 Standardization in mmWave Communications

In this section, we shortly review the recent IEEE standardization activities
of mmWave MAC in the 60 GHz band for personal and local area networks.
Broadly speaking, the standards define a network with one coordinator and several
mmWave devices.7 The coordinator, which can be a device itself, is responsible for
broadcasting synchronization beacons and managing radio resources.

2.3.1 Personal Area Networks: IEEE 802.15.3.c

The IEEE 802.15.3c standard [13] has been considered as one of the prominent
MAC candidates to support mmWave wireless personal area networks, known as
piconets. Supporting up to 5.78 Gbps data rate at carrier 60 GHz8 it enables
several applications such as high-speed internet access, streaming content, video
on demand, and high-definition TV.

Among a group of devices, one will be selected as a piconet coordinator (PNC),
broadcasting beacon messages. Time is divided into successive super-frames, each
consisting of three portions: beacon, contention access period (CAP), and channel
time allocation period (CTAP), as shown in Figure 2.8(a). In the beacon, the
coordinator transmits an omnidirectional beacon or multiple quasi-omnidirectional
beacons to facilitate the discovery procedure. In the CAP, devices contend to
register their channel access requests at the PNC, based on CSMA/CA. Although
some devices with low QoS requirements may use this period for data transmission,
PNC serves requests with high QoS demands, registered in CAP, during CTAP.

7ECMA 387 supports distributed network architecture as well [55].
8More precisely, ITU-R recommended channelization defines four options of possible carrier

frequency for communications in 60 GHz: 58.32 GHz, 60.48 GHz, 62.64 GHz, and 64.80 GHz.
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Figure 2.8: Network timing structure of existing IEEE mmWave standards. In
IEEE 802.15.3c, beacon messages are transmitted in the Beacon phase. Channel access
requests are made in CAP and served in CTAP using TDMA. Similar procedures are
adopted in IEEE 802.11ad.

Resource allocation in CTAP is based on TDMA. CTAP consists of several channel
time allocations (CTAs), serving data transmission with guaranteed QoS level.

2.3.2 Local Area Networks: IEEE 802.11ad
IEEE 802.11ad adds modifications to the IEEE 802.11 physical and MAC layers to
enable mmWave communications at 60 GHz. It provides up to 6.7 Gbps data rate
using spectrum bands of 2.16 GHz over a short range. IEEE 802.11ad supports many
applications including uncompressed high-definition multimedia transmissions and
wireless docking stations.

IEEE 802.11ad defines a network as personal basic service set (PBSS) with one
coordinator, called PBSS control point (PCP), and several stations. A superframe,
called beacon interval, is divided into beacon header interval (BHI) and data
transfer interval (DTI). BHI consists of beacon transmission interval (BTI),
association beamforming training (A-BFT), announcement transmission interval
(ATI). DTI consists of contention-based access period (CBAP) or service period
(SP). In BTI, PCP transmits directional beacon frames that contain basic timing
for personal BSS, followed by beamforming training and association to PCP
in the A-BFT period. AT is allocated for request-response services where PCP
sends information to the stations. Depending on the required QoS level, a device
will be scheduled in the CBAP to transmit data using CSMA/CA, or in the
SP to access using contention-free TDMA. This schedule is announced to the
participating stations prior to the start of DTI. Figure 2.8(b) illustrates generic
timing segmentation of a superframe in IEEE 802.15.3c and a beacon interval in
IEEE 802.11ad.

2.4 Summary

In this chapter, we presented the essential characteristics of mmWave
communications, including sparse-scattering environment and directional
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communications and briefly surveyed the literature. We also reviewed the
recent IEEE standardization activities of mmWave MAC. In the next chapters, we
show that the unique characteristics of mmWave systems challenge the classical
design constraints, objectives, and available degrees of freedom and make it
necessary to revisit most of the current MAC layer design principles.



Chapter 3

Analysis of Interference

In wireless communication networks, interference models are routinely used for
tasks such as performance analysis, optimization, and protocol design. These tasks
are heavily affected by the accuracy and tractability of the interference models.
Yet, quantifying the accuracy of these models remains a major challenge. In this
chapter, we propose a new framework to assess the distance of two arbitrary SINR
distributions. We use this framework to develop an interference model similarity
index that takes on real values between 0 and 1, where higher values correspond
to higher similarity. This index builds a universal method to assess the accuracy
of any interference model under any network scenario. In other words, instead
of introducing a new interference model or a new approach to analyze SINR
distribution, we propose a novel framework to investigate the accuracy of the
existing interference models. Therefore, our study is complementary to the rich
literature of interference analysis.

To exemplify the abilities of the proposed index, we consider three scenarios: 1)
Rayleigh fading channel and omnidirectional communications (a typical sub-6 GHz
system); and 2) Rayleigh fading channel and directional communications; and
3) deterministic wireless channel, directional communications, and existence of
impenetrable obstacles in the environment (a typical mmWave system). Although
the applications of the proposed index is general and goes beyond the examples
provided in this chapter, we use these examples to illustrate fundamental properties
of this index and also to provide insights on the mutual effects of various network
parameters on the accuracy of the interference model, thus commenting on the
proper model for a given network scenario. We show that directionality and blockage
of mmWave networks allows a significant simplification of the set of interferers; see
design question Q1 given in Section 2.1.5. We further use our index to observe
marginal impacts of the first-order reflection and sidelobe transmissions on the
accuracy of the interference model, which inspire us to propose a tractable and
accurate interference model for mmWave networks.

Using the proposed tractable interference model, we focus on investigating
the fundamental performance indicators that will help in deciding which MAC
is the best for which situation. To this end, we first introduce a novel blockage
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model that, unlike the existing models [29,76–79], captures the angular correlation
of the blockage events as a function of size and density of the obstacles.
We drive tractable closed-form expressions for collision probability, per-link
throughput, and area spectral efficiency. We analytically evaluate the impact of
the transmission/reception beamwidth, transmission power, and the densities of the
transmitters and obstacles on the performance metrics. The new analysis shows that
the pseudowired abstraction may not be accurate even for a modest-sized ad hoc
network, and mmWave networks exhibit a transitional behavior from a noise-limited
regime to an interference-limited regime.

Using the established collision analysis, we investigate if either a
contention-based or contention-free resource allocation protocol is a good option
for a mmWave ad hoc network. To this end, we derive the exact expressions
and tight bounds on the MAC layer throughput of a link, area spectral
efficiency, and delay performance of STDMA, TDMA, and slotted ALOHA
protocols. Comprehensive analysis reveals that STDMA is impractical due to
massive signaling and computational overheads. A simple slotted ALOHA may
achieve the performance of STDMA and significantly outperform TDMA in terms
of network throughput/delay performance, while TDMA is still necessary to
guarantee communication without any collision. We conclude that the transitional
behavior necessitates a new framework of adaptive hybrid resource allocation
procedure, containing both contention-based and contention-free phases with
on-demand realization of the contention-free phase. The contention-based phase
may significantly improve network throughput performance with light signaling
overhead, whereas a contention-free phase may deliver collided packets, so to
guarantee a reliable physical layer. Moreover, conventional collision avoidance
procedure in the contention-based phase should be revisited, due to the transitional
behavior of interference, to maximize throughput/delay performance of a mmWave
network.

The rest of this chapter is organized as follows. In Section 3.1, we provide a
literature review. We formally introduce our index in Section 3.2 and provide several
illustrative examples in Section 3.3. For a random mmWave network, we analyze the
collision probability in Section 3.4 and throughput and delay analyses in Section 3.5.
Finally, we summarize the chapter in Section 3.6.

3.1 Literature Review

3.1.1 Interference Models
Recall the definition of an interference model and two main design questions given
in Section 2.1.5. Answering Q1 demands a careful balance between the accuracy and
the simplicity of the interference model. Considering the effects of more interferers
in the SINR model generally increases the accuracy but also the complexity. In this
regard, the simplest model is the primary interference model [80], which is extended
to the interference range model (IRM) [32], and the protocol model (PRM) [30].
Although the IRM and PRM are very simple, they fail to capture the effect of
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interference aggregation (i.e., the sum of the interference power from multiple
interferers). It might be that, while there is no interferer inside the interference
range, the aggregated interference from several transmitters outside the interference
range downs the perceived SINR below the threshold. Thus, these models are
generally considered to be overly simplistic. Nonetheless, due to their mathematical
tractability, the IRM (including the primary interference model) and PRM are
extensively adopted for the performance analysis and for the system design; e.g.,
transport capacity [30, 81, 82], delay [83, 84], fairness [85], throughput [16, 86, 87],
topology control [88,89], routing [90], and backoff design [91].

To alleviate the aforementioned problem of IRM and PRM, the interference ball
model (IBM) considers the aggregated impacts of near-field interferers, located no
farther than a certain distance. The price is higher complexity of the IBM compared
to the IRM and PRM. Nonetheless, the IBM has been extensively adopted in the
performance evaluation of wireless networks [29,92–94]. The topological interference
model (TIM) [95] is a natural extension of the IBM that considers the aggregated
impact of all the transmitters whose individual interference level at the receiver
side is not below a certain threshold. In other words, this model neglects weak
links based on the “topological” knowledge. The TIM is adopted for capacity and
degree-of-freedom analyses [95, 96]. The most accurate and complex answer to Q1
of page 16 is the physical model (PhyM) [30], which considers the aggregated
interference of all transmitters in the entire network.1 The PhyM, also known
as the SINR model, is adopted mostly at the physical layer; e.g., beamforming
design [98, 99], capacity evaluation [30, 100, 101], power control [102, 103], coverage
analysis [29], and energy efficiency characterization [104].

The answer of Q2 of page 16 depends heavily on the transmission and
reception strategies and propagation environment. For instance, approximating
the random wireless channel gain with its first moment (average) is a common
technique to simplify the SINR expression and to design MAC and networking
layers [16,31,33,57,89,93,105]. Reference [106] replaced a Nakagami fading channel
by a Rayleigh one for mathematical tractability and numerically concluded from
its Figure 5 that such approximation preserves the main properties of the rate
coverage performance. Yet, the impact of these mathematical approximations on
the accuracy of the performance analysis is not well understood. To address
this research gap, we need a framework that allows comparing the accuracy
of two different interference models, for instance, one with a random fading
channel and another with a deterministic wireless channel. Recently, [107] considers
the impact of such approximation on the scheduling. In particular, they show
that, if we design scheduling for n transmitters based on a proper non-fading
channel model (deterministic approximation of the random channel gain), the
network throughput will be within O(logn) of the optimal scheduler, designed
based on the actual random channel gain. This result, however, is limited to the

1Under very special network settings (e.g., homogenous Poisson field of interferers exhibiting
Rayleigh fading channel), the PhyM may be mathematically more tractable than both PRM and
IBM [97]; however, the PRM and IBM are yet more desirable models for protocol design and for
network optimization [94].
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Rayleigh fading model. As another example, for mmWave communications with
many antenna elements, [16] and [108] assume no emissions from the antenna
sidelobe, which affects the SINR distribution. This assumption is relaxed in [29],
where the antenna sidelobe is modeled by a small constant value, adding further
complexity into the interference model. As a result, the final derivations, while
being more accurate, are less tractable and provide less insights. However, without
having a mathematical framework that allows assessing the impact of neglecting
sidelobe transmission/receptions, it is not clear which approach better balances the
simplicity-accuracy tradeoff of mathematical analysis.

3.1.2 Interference Analysis

To design a proper hybrid MAC for mmWave networks, the main steps are
analyzing the multiuser interference, evaluating performance gain (in terms of
throughput/delay) due to various resource allocation protocols, and investigating
the signaling and computational complexities of those protocols. Roughly speaking,
as the system goes to the noise-limited regime, the required complexity for
proper resource allocation and interference avoidance functions at the MAC layer
substantially reduces [16, 66, 109–112]. For instance, in a noise-limited regime,
a very simple resource allocation such as activating all links at the same time
without any coordination among different links may outperform a complicated
independent-set based resource allocation [66]. Instead, pencil-beam operation
complicates negotiation among different devices in a network, as control message
exchange may require time consuming antenna alignment procedure to avoid
deafness; see Section 2.1.2.

The seminal work in [16] shows the existence of pseudowired abstraction
(noise-limited network) in outdoor mmWave mesh networks. However, as shown
in [66, 112–114], indoor mmWave WPANs are not necessarily noise-limited. In
particular, activating all links causes a significant performance drop compared to the
optimal resource allocation [66], indicating that there may be situations in which
a non-negligible multiuser interference is present; the noise power is not always
the limiting factor. Such a performance degradation increases with the number of
devices in the network [66]. This indeed means that the accuracy of the noise-limited
assumption to model the actual network behavior reduces with the number of
links. Similar conclusions are also made in mmWave cellular networks [29]. The
increased directionality level in a mmWave network reduces multiuser interference;
however, this reduction may not be enough to take an action (e.g., resource
allocation) based on the assumption of being in a noise-limited regime. It follows
that a pseudoweired assumption may be detrimental for proper MAC layer design.
However, the interference footprint may not be so large that we need to adopt very
conservative resource allocation protocols such as TDMA, which activates only one
link at a time, as already adopted by the current mmWave standards [13,14].
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3.2 Interference Model Similarity Index

Consider reference interference model y under a given set of parameters/functions
describing the wireless network. Define γy as the SINR of a reference receiver
under this model, see (2.1). Consider a test interference model x under any set
of parameters/functions describing our wireless network, which are not necessarily
equal to those of the reference model y. These differences result in possible deviation
of the SINR of the reference receiver under x, denoted by γx, from γy. In this
section, we define an index that quantifies this deviation, so as to characterize the
accuracy of performance analysis using x instead of y. We compare our index with
two well-known statistical distance measures, and the present some of its potential
applications.

3.2.1 Formal Definition
We define a binary hypothesis test, where hypothesesH0 andH1 denote the absence
and presence of outage under reference model y, respectively. That is,{

H0, if γy ≥ β ,
H1, if γy < β .

(3.1)

From the outage point of view, irrespective of the differences between individual
parameters/functions of x and y, we say model x is similar to model y if it gives
exactly the same outage result as y. Assume interference model x is a detector of
outage events under y. To evaluate the performance of this detector compared to
reference model y, we can use the notions of false alarm and miss-detection. A false
alarm corresponds to the event that x predicts outage under hypothesis H0 (i.e.,
y declares no harmful interference); whereas a miss-detection corresponds to the
event that x fails to predict outage under hypothesis H1. Now, the performance of
any interference model x can be evaluated using the false alarm and miss-detection
probabilities, namely px|y

fa and px|y
md. Formally,

p
x|y
fa = Pr [γx < β | γy ≥ β] , (3.2)

and

p
x|y
md = Pr [γx ≥ β | γy < β] . (3.3)

The false alarm and miss-detection probabilities quantify the similarity of any
interference model x in detecting outage events compared to any reference model
y. Next, we define our index to be a convex combination of these probabilities.

Definition 3.1 (Interference Model Similarity Index). For any constant 0 ≤ ξ ≤ 1,
any SINR threshold β, any test interference model x, and any reference interference
model y, we define similarity of x to y at β as

Sβ,ξ (x‖y) = ξ
(

1− px|y
fa

)
+ (1− ξ)

(
1− px|y

md

)
= 1− ξ px|y

fa − (1− ξ) px|y
md , (3.4)
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where px|y
fa and px|y

md are given in (3.2) and (3.3), respectively. Notice that random
variables γx and γy must have a common support.

Sβ,ξ (x‖y) is a unit-less quantity ranging within [0, 1], where higher values
represents higher similarity between x and y in capturing outage events at SINR
threshold β. Setting ξ = Pr [γy ≥ β], ξpx|y

fa + (1− ξ) px|y
md is the average error

in detecting the outage events; therefore, Sβ,Pr[γy≥β] (x‖y) shows the probability
that interference model x has similar decision as reference interference model y in
detecting the outage events.

Remark 3.1 (Accuracy of an Interference Model). Let reference model y perfectly
capture the outage events in reality, namely the model y does not make any
approximation/simplification. The accuracy of any interference model x is then
Sβ,ξ (x‖y), and we call it the accuracy index throughout the thesis.

The proposed index is a universal metric that can be used to quantify the
accuracy of any interference models, proposed in the literature, as we exemplify in
the following sections.

3.2.2 Comparison to the Existing Statistical Distance Measures

Interference model similarity index, formulated in (3.4) is measuring the distance2

of the PDF of γx compared to that of γy. Let fX denote PDf of random variable X.
In the following, we highlight three main advantages of using our index with respect
to the existing standard distance measures, such as the Bhattacharyya distance and
the Kullback-Leibler (KL) divergence [115].

First, the existing standard distance measures mostly map the distance between
fγx and fγy in their entire support to only one real value. It might be that two
distribution are very similar in the meaningful ranges of the SINR values (0–10 dB),
but very different outside this range. Still, the classical statistical distance measures
may result in a high distance between two distributions, as they compare fγx to fγy

in the entire SINR range. This is indeed a misleading result that may mistakenly
avoid the use of the simplified interference model x in practice. However, our
similarity index allows us to investigate whether or not x is accurate at any given
SINR threshold.

Second, both the Bhattacharyya distance and the KL divergence may fail in a
comparative analysis. In particular, fγy might be more similar to fγx than fγz with
point-wise comparison, but the Bhattacharyya distance and the KL divergence of
fγx from fγy become higher than that of fγz from fγy , as shown in the following
toy example.

Example 3.1. Consider discrete random variables X, Y, and Z with common
support of [1, 2, 3] with probability mass functions
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t fX(t) fY (t) fZ(t)
1 0.05 0.1 0.25
2 0.25 0.45 0.2
3 0.7 0.45 0.55

Distributions fX ,fY fX ,fZ
Euclidean distance 0.324 0.255
Bhattacharyya distance 0.033 0.045
KL divergence 0.059 0.098

Then, we have the following metrics (fX is the reference in the KL divergence):
In this example, neither the Bhattacharyya distance nor the KL divergence can
identify higher point-wise similarity of Z to X than Y to X.

Last, but not least, unlike the existing statistical distance metrics that are not
necessarily intended for communication systems, our similarity index is developed
for these systems so that it has a physical meaning and can provide practical
insights. Specifically, setting ξ = Pr [γy ≥ β], our index Sβ,ξ (x‖y) evaluates the
probability of correct decision of outage events under interference model x.

Note that other distance metrics may still be useful to evaluate the accuracy of
an interference model, and they may also have some relationship to our proposed
index; see the following remark as an example.

Remark 3.2 (Relationship to the Bhattacharyya Coefficient). By noting that
Sβ,Pr[γy≥β] (x‖y) is the probability of having no hypothesis detection error, the
bounds given in (3.5) follow from [115, Equation (48)],

3
2 − Pr [γy ≥ β]− ρ

√
Pr [γy ≥ β] Pr [γy < β] ≤ Sβ,Pr[γy≥β] (x‖y) ≤

1− Pr [γy ≥ β] +
√

1
4 − Pr [γy ≥ β] Pr [γy < β] ρ2 ,

(3.5)

where ρ =
∫
fγx(t)fγy(t)dt is the Bhattacharyya coefficient.

3.2.3 Applications of the Interference Model Similarity Index

In the following, we provide two class of illustrative examples where our index
can be used either to simplify the mathematical analysis or to justify the existing
interference models. Use cases of our index, however, goes beyond these examples.

2Rigorously speaking, our similarity index is not a distance measure, as it does not satisfy the
subadditivity property. Moreover, we are measuring the similarity, which could be in general a
decreasing function of the distance.
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Simplifying the Set of Interferers

This is one of the first steps in choosing an interference model for performance
analysis, protocol design, and network optimization. With omnidirectional
transmission/reception and without interference cancelation, an outage occurs
under

• PRM: if there is an active transmitter no farther than an interference range
rPRM = (1 + ∆)d0, where ∆ is a constant real positive value [30];

• IBM: if its SINR due to all active transmitters located no farther than an
interference range rIBM is less than β [94];

• TIM: if its SINR due to all active transmitters with strong links (with
individual channel gains higher than ε) toward receiver i is less than β [95];
and

• PhyM: if its SINR due to all active transmitters is less than β [30].

To present a unified view, we associate three random variables aPRM
i , aIBM

i , and
aTIM
i to the link between each transmitter i and the typical receiver. aPRM

i is set
+∞ if di ≤ (1 + ∆)d0, and otherwise 0. aIBM

i is set 1 if di ≤ rIBM, and otherwise 0.
Finally, aTIM

i is set 1 if gCh
i > ε, and otherwise 0. We define a virtual channel gain

for those interference models as

gx
i = ax

i g
Ch
i , for interference model x , (3.6)

where x is a label denoting PRM, IBM, TIM, or PhyM, and aPhyM
i , 1. Despite

the virtual channel gain, all other parameters of interference models x and y are
identical. The SINR at the typical receiver under interference model x is given by

γx = p0g
Tx
0 gCh

0 gRx
0∑

k∈I
pkgTx

k gx
kg

Rx
k + σ

. (3.7)

The design of many key functions of a wireless network such as scheduling [116] or
power allocation [102] need an estimate of (3.7). To this end, a receiver may need
to coordinate with a set of interferers to estimate their individual instantaneous
contributions to the SINR expression, namely pkgTx

k gx
kg

Rx
k for all k ∈ I. The PhyM

may imply that every receiver should coordinate with all the interferers in the entire
network (global information) whose cost, complexity, and delay may be unaffordable
in many networking scenarios. Using IBM implies that each nodes should coordinate
with all transmitters within a certain radius (local information), and the PRM
necessitates coordination only with the closest unintended transmitter, which are
appealing from energy and protocol overhead perspectives. Our proposed index
gives a quantitative insight on the accuracy of various interference models, used for
protocol development and for network optimization, and allows the use of the right
interference model for a given channel model and network scenario.
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Simplifying the Channel Model

Our accuracy index can be used to adopt tractable channel models (gCh
i for every

transmitter i) of adequate accuracy. This is specially important for mmWave
networks, where LoS and non-LoS conditions have different channel models,
non-LoS (blockage) probability follows a rather complicated function, the LoS
channel may follow a Nakagami fading in general, and realistic antenna patterns
might be a complicated non-linear function. Various researches tried to simplify
those complications without rigorous analysis on the validity of such simplifications.
For instance, [16] assumed impenetrable obstacles (so communication only in the
LoS conditions) and neglected antenna sidelobe, [29] approximated the non-LoS
stochastic function by a deterministic LoS ball in which there is no obstacle
within a certain range of the receiver and there is no LoS links outside the circle,
and [106] replaced the Nakagami fading channel by a Rayleigh fading that facilitates
mathematical analysis. Due to lack of a systematic approach to simplify the channel
model, the understanding of the cross-layer dynamics between MAC and physical
layers of most of the existing standards is a largely open problem, and the existing
frameworks such as the one in [117] are not usually mathematically tractable.

In the following, we illustrate the utility of our index for four example scenarios.
Although our index poses no limitation to these example scenarios, we may simplify
some parameters of the system model to avoid unnecessary complications. In the
first three examples, we focus on simplifying the set of interferers for various
network settings and derive closed-form expressions for the accuracy index to
highlight its fundamental properties. In the last example scenario, we use our
index to numerically assess the accuracy of various approaches in simplifying the
channel model. For the rest of this chapter, without loss of generality, we assume
ξ = Pr [γy ≥ β], so Sβ,ξ (x‖y) evaluates the probability of correct decision under
interference model x.

3.3 Illustrative Examples

3.3.1 Rayleigh Fading Channel with Omnidirectional
Communications

Consider a wireless network with Rayleigh fading channel and omnidirectional
transmission/reception. Assume that the PhyM can perfectly capture the outage
events. In this section, we evaluate the accuracy of IBM, PRM, and TIM for such
scenario.

System Model

We consider a reference receiver (called the typical receiver) at the origin of
the Polar coordinate, and its intended transmitter having geometrical/spatial
length d0. We consider a homogeneous Poisson network of interferers (unintended
transmitters) on the plane with intensity λt. We assume that all the transmitters
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are active with transmission power p (no power control), and that there is no
interference cancellation, which are natural assumptions in personal and local area
networks. With omnidirectional transmission and reception, there is no antenna
gains, so gTx

k = gRx
k = 1, k ∈ I∪{0}. Note that, under these assumptions, the PhyM

is more tractable for coverage and rate analyses than other models (PRM, IBM,
and TIM) [97]; however, we still use this example to derive closed-form expression
for the new accuracy index and thereby illustrate its fundamental properties that
hold in general. Nonetheless, even in this network setting, the PRM and IBM are
more appealing than PhyM for protocol design and for network optimization [94].

We define by B(θ, rin, rout) a geometrical annulus sector with angle θ, inner
radius rin, and outer radius rout, centered at the location of the typical receiver
(origin of the Polar coordinate). To model a wireless channel, we consider a
constant attenuation c at reference distance 1 m, a distance-dependent attenuation
with exponent α, and a Rayleigh fading component h. To avoid the physically
unreasonable singularity that arises at the origin under power law attenuation, we
change the path loss index to α1B(2π,0,a), where 1· is the indicator function taking
value 1 over set · and zero otherwise. This modified power law model implies that
the signal of all transmitters located outside a disk with radius a will be attenuated
by traditional power law method; however, the transmitters inside this disk will
observe no channel attenuation. Therefore, the channel gain between transmitter
i at radial distance di and the typical receiver is gCh

i = chid
−α1B(2π,0,a)
i . To avoid

unnecessary complications while illustrating the utility of our index, we eliminate
the shadow fading from our channel model.

We are now ready to illustrate the utility of our proposed index using the SINR
expression (3.7).

3.3.2 Analysis of the Accuracy Index
For mathematical tractability, we assume that rIBM ≥ a, rPRM ≥ a, and d0 ≥ a,
and the extension to the general case is straightforward. The false alarm probability
can be reformulated as

p
IBM|PhyM
fa = Pr

[
γIBM < β | γPhyM ≥ β

]
=

Pr
[
γIBM < β

]
Pr
[
γPhyM ≥ β | γIBM < β

]
1− Pr [γPhyM < β] . (3.8)

Although the PhyM considers the impacts of all the interferers in the entire network,
the IBM considers only the effects of the near-field ones. Consequently, γPhyM ≤
γIBM, and thus Pr

[
γPhyM ≥ β | γIBM < β

]
= 0 in the nominator of (3.8). This

results in pIBM|PhyM
fa = 0.

For the miss-detection probability, we have

p
IBM|PhyM
md = Pr

[
γIBM ≥ β | γPhyM < β

]
= 1− Pr

[
γIBM < β | γPhyM < β

]
= 1−

Pr
[
γIBM < β

]
Pr
[
γPhyM < β | γIBM < β

]
Pr [γPhyM < β]
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= 1−
Pr
[
γIBM < β

]
Pr [γPhyM < β] , (3.9)

where the last equality is from γPhyM ≤ γIBM. In [118, Appendix A], we have derived
Pr
[
γIBM < β

]
and Pr

[
γPhyM < β

]
, and thereby the accuracy index using (3.4).

In [119], we have also analyzed the accuracy index when d0 is a random variable.
We have the following results:

Result 3.1 (Perfect Interference Ball Model). For any constant 0 ≤ ξ ≤ 1 and any
β, Sβ,ξ (IBM‖PhyM)→ 1 as rIBM →∞.

Result 3.1 indicates that the IBM becomes more accurate with higher rIBM,
and it can be arbitrary accurate for sufficiently large rIBM. The price, however, is
more complicated IBM as its approximations at a receiver demands coordination
with more interferers.3 Also, negotiation with other transmitters (e.g., for MAC
layer design) within this larger rIBM becomes more challenging in terms of power
consumption, signaling overhead, delay, and processing overhead.

In [118], we have derived Sβ,Pr[γPhyM≥β] (PRM‖PhyM) for Rayleigh fading
channel with omnidirectional transmission/reception and proved that the following
results hold:

Result 3.2 (Miss-detection–False Alarm Tradeoff). Consider the protocol model of
interference with Rayleigh fading channel. Increasing the interference range rPRM
reduces the false alarm probability and increases the miss-detection probability.
Decreasing the interference range increases the false alarm probability and reduces
the miss-detection probability.

Result 3.3 (Asymptotic Accuracy of the Protocol Model). For any 0 ≤ ξ ≤ 1 and
any β > 0, we have the following asymptotic results:

rPRM → a, a→ 0 ⇒ p
PRM|PhyM
fa → 0 , p

PRM|PhyM
md → 1 , Sβ,ξ (PRM‖PhyM)→ ξ .

rPRM →∞ ⇒ p
PRM|PhyM
fa → 1 , p

PRM|PhyM
md → 0 , Sβ,ξ (PRM‖PhyM)→ 1− ξ .

Result 3.3 further confirms the tradeoff between the miss-detection and false
alarm probabilities.

Numerical Illustrations

To illustrate the accuracy index in Scenario 1 with Monte Carlo simulation, we
consider a spatial Poisson network of interferers and obstacles with density λt
and λo per unit area. Length of the typical link is d0 = 20 m. We simulate a
traditional outdoor microwave network [29] with average attenuation c = 22.7 dB

3Note that for special settings of this section, considering the impact of all interferers (PhyM)
simplifies the analysis. However, this does not hold in general, e.g., if we change the spatial
distribution of the interferers to a determinantal point process.
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Figure 3.1: Impact of the interference range on the accuracy of interference models under
Rayleigh fading channel and omnidirectional communications.

at the reference distance a = 1 m, path-loss index α = 3.6, and noise power
σ = −111 dBm (around 2 MHz bandwidth). We consider p = 20 dBm transmission
power and β = 5 dB minimum SINR threshold. For the ease of illustration, we
define the notion of the average inter-transmitter distance as dt = 1/

√
λt.

Figure 3.1 illustrates the impact of the interference range on the accuracy
of both IBM and PRM under Scenario 1. From Figure 3.1(a), increasing rPRM

increases pPRM|PhyM
fa and reduces pPRM|PhyM

md , highlighted as the tradeoff between
the miss-detection and false alarm probabilities in Result 3.2. This tradeoff may
lead to increment (see dt = 30) or decrement (see dt = 80) of the accuracy index
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of the PRM with the interference range. The IBM has zero false alarm probability,
not depicted in Figure 3.1(a) for sake of clarity of the figure. Moreover, as stated
in Result 3.1, pIBM|PhyM

md decreases with rPRM, leading to a more accurate IBM, as
can be confirmed in Figure 3.1(b). Note that with the same transmitter density and
interference range, the PRM has lower miss-detection probability than the IBM;
however, better false alarm performance of the IBM leads to less errors in detecting
outage events and therefore higher accuracy index, see Figure 3.1(b). The TIM, not
depicted in the figure, has a very high accuracy in all simulations. In particular,
with ε = −130 dB, its accuracy is about 0.99. However, the corresponding TIM
considers many interferers inside an irregular geometrical shape, which substantially
decreases the tractability of the resulting interference model.
Figure 3.2 shows the accuracy of the IBM and PRM against the average

inter-transmitter distance. Again, we can observe enhancement in the accuracy of
the IBM with rIBM, whereas the accuracy index of the PRM shows a complicated
behavior as a function of rPRM. By adopting the optimal rPRM that maximizes the
accuracy index, as shown in Figure 3.2(b), we can maintain a good performance
for the PRM. Both interference models are very accurate at extremely dense
transmitter deployments. The main reason is the very high interference level
(ξ = Pr

[
γPhyM ≥ β

]
is almost 0 in this case), implying that the accuracy index

is determined only by the miss-detection probability. Increasing the transmitter
density through reducing dt decreases the miss-detection probability for both IBM
and PRM, see Figure 3.1(a), improving their accuracy. For ultra sparse transmitter
deployments, again, both interference models work accurately, as ξ goes to 1 in this
case and therefore only the false alarm probability determines the accuracy index.
This probability is zero for the IBM, and it gets smaller values (asymptotically zero)
for the PRM with higher dt, see Figure 3.1(a). Finally, the TIM with ε = −130 dB,
not shown in Figure 3.2, has a very high accuracy in modeling the interference. Its
accuracy for the same ranges of dt is higher than 0.98.

3.3.3 Rayleigh Fading Channel, Directionality, and Obstacles
In this section, we analyze the accuracy of IBM and PRM in modeling a wireless
network with Rayleigh fading channels, where all transmitters and receivers use
directional communications to boost the link budget and to reduce multiuser
interference. We also consider impenetrable obstacles. The application areas of this
scenario include modeling and performance evaluation of mmWave networks, where
directional communication is inevitable and extreme penetration loss due to most
of the solid materials (e.g., 20–35 dB due to the human body [18]) justifies the
impenetrable obstacle assumption. In Section 3.3.5, we will comment on the impact
of assuming impenetrable obstacles on the accuracy of the interference model.

System Model

We assume a homogenous Poisson network of interferers as in Section 3.3.1. If
there is no obstacle on the link between transmitter i and the typical receiver
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Figure 3.2: Impact of transmitter density on the accuracy of the interference models
under Rayleigh fading channel and omnidirectional communications. The accuracy of the
TIM with ε = −130 dB is higher than 0.98.

located at the origin, we say that transmitter i has line-of-sight (LoS) condition
with respect to the typical receiver, otherwise it is in non-LoS condition. We assume
that transmitter of every link is spatially aligned with its intended receiver, so there
is no beam-searching phase [66]. We model the antenna pattern by an ideal sector
model [29], where the antenna gain is a constant in the main lobe and another
smaller constant in the side lobe. We assume the same operating beamwidth θ for
all devices in both transmission and reception modes. Then, the antenna gain for
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each transmitter/receiver is [66, Equation (3)]
2π − (2π − θ) e

θ
, inside the main lobe

e, inside the side lobe ,
(3.10)

where 0 ≤ e � 1 is the side lobe gain. For mathematical tractability, we assume
negligible side lobe gain (i.e., e = 0) throughout this section, and numerically assess
the impact of this simplification in Section 3.3.5.

Consider the link between transmitter i and receiver j with distance dij . It is
shown that with a random number of obstacles, each having random location and
size, this link is in the LoS condition with probability e−ελodij , where λo is the
intensity of the obstacles and ε is a constant value that depends on the average
size of obstacles in the environment [120]. Due to exponential decrease of the
LoS probability with the link length (also see [7, Figure 4]), very far interferers
are most likely blocked. For mathematical simplicity, we assume independent
LoS conditions among the typical receiver and all other transmitters, and also
impenetrable obstacles. Nonetheless, the following analysis can be extended for
more realistic blockage models, introduced in [108]. Notice that we are using this
simplified model to investigate the effects of directionality and blockage on the
accuracy of the interference models and to characterize fundamental properties of
the proposed accuracy index. The exact value of the accuracy index with a more
realistic mmWave channel can be readily numerically calculated under any system
model, as we highlight in the next sections.

To evaluate the accuracy of IBM and PRM, we first notice that an intended
transmitter can cause a significant interference contribution to the typical receiver
if: (a) the typical receiver is inside its main lobe, (b) it has LoS condition
with respect to the typical receiver, and (c) it is inside the main lobe of the
typical receiver. Due to random deployment of the transmitters and receivers, the
probability that the typical receiver locates inside the main lobe of a transmitter
is θ/2π. Moreover, we have independent LoS events among the typical receiver
and individual transmitters. Therefore, the interferers for which conditions (a)–(b)
hold follow an inhomogeneous Poisson point process I with intensity of λI (r) =
λtθe

−ελor/2π at radial distance r. Condition (c) reduces the angular region that a
potential interferer should be located to contribute in the interference observed by
the typical receiver. We note that I∩B(θ, 0, rPRM) is the set of potential interferers
inside the vulnerable region of the PRM, shown by red triangles in Figure 3.7, and
I ∩ B(θ, rPRM,∞) shows the set of potential interferers outside that region, shown
by green circles in Figure 3.7. Also, I∩B(θ, 0, rIBM) is the set of potential interferers
for IBM (near-field interferers).

Impact of Directionality and Blockage

Before deriving the accuracy of IBM and PRM, we first evaluate the impact of
directionality and blockage on the number of the interferers. We define by ΛB(θ,0,R)
the measure of the region B(θ, 0, R), i.e., the average number of interferers inside
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Figure 3.3: Illustration of the vulnerable area.

the region. We have

ΛB(θ,0,R) =θ

∫ R

0
λI(r)r dr= θ2λt

2πε2λ2
o

(
1− (1 + ελoR) e−ελoR

)
. (3.11)

Then, for any real R > 0, the number of potential interferer inside the region
B(θ, 0, R), denoted by NB(θ,0,R), is a Poisson random variable with probability mass
function

Pr[NB(θ,0,R) = n] = e−ΛB(θ,0,R)

(
ΛB(θ,0,R)

)n
n! . (3.12)

Result 3.4 (Impact of Directionality). Consider (3.11), and let ελo → 0. The
average number of potential interferers converges to

θ2λt
4π R2 =

(
θ

2πλt
)(

θ

2R
2
)
. (3.13)

To interpret Result 3.4, with no obstacle in the environment (ελo → 0), we will
have a homogenous Poisson network of interferers with density λtθ/2π. Therefore,
the average number of interferers over B(θ, 0, R) is the product of the density per
unit area and the area of B, which is θR2/2. It can be concluded that adopting
narrower beams reduces the average number of potential interferers within a certain
distance R; however, it still tends to infinity almost surely as R→∞.

Result 3.5 (Impact of Blockage). Consider (3.11), and let R→∞. The average
number of potential interferers converges to

θ2λt
2πε2λ2

o

, (3.14)

which is less than infinity almost surely if ελo > 0.

Result 3.5 implies that any receiver observes a finite number of potential
interferers almost surely if there is a non-negligible blockage. This unique feature
holds for the mmWave bands, as most of the obstacles can severely attenuate the
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signals.4 Therefore, not only the farther transmitters will contribute less on the
aggregated interference (due to higher path-loss), but they will be also thinned
by directionality and blockage such that only a finite number of spatially close
transmitters can cause non-negligible interference to any receiver. Note that, these
fewer interferers may still cause strong interference, if they are located very close
to the receiver. The point is that the thinning process due to directionality and
blockage makes the SINR distribution under PhyM closer to that of the IBM,
which considers only the near-field interferers. We have the following result:

Result 3.6. Directionality and blockage can substantially increase the accuracy of
the interference ball model.

We can argue similar accuracy improvement in the PRM, as we numerically
illustrate in the next subsections.

Analysis of the Accuracy Index

Again, assume rIBM ≥ a, rPRM ≥ a, and d0 ≥ a. Using similar claims
as in Section 3.3.2, it is straightforward to show p

IBM|PhyM
fa = 0. To find

the miss-detection probability for the IBM, we derive Pr
[
γIBM < β

]
and

Pr
[
γPhyM < β

]
in [118, Appendix B] and substitute them into (3.9). Then,

Sβ,ξ (IBM‖PhyM) can be readily found using (3.4). Similar to Remark 3.1, for
any 0 ≤ ξ ≤ 1, Sβ,ξ (IBM‖PhyM)→ 1 as rIBM →∞.

Taking similar steps, we can derive the accuracy index for the PRM, ad done
in [118], and show that Results 3.2 and 3.3 hold here.

Numerical Illustrations

To numerically illustrate the accuracy index in Example Scenario 2, we use the same
simulation environment of Section 3.3.2. We independently randomly mark some
wireless link to be blocked by obstacles, with the exponential blockage probability
with ελo = 0.008 [120]. We then assume infinite penetration loss for the blocked
links, and use the large scale LoS path loss model at 28 GHz [27, Table I]. System
bandwidth is 1 GHz (noise power σ = −84 dBm). Without loss of generality, we
assume rPRM = 40 m and rIBM = 80 m.

Figure 3.4 illustrates the impact of the operating bandwidth and average
inter-transmitter distance on the accuracy index of both IBM and PRM
under Scenario 2. As expected, the IBM outperforms PRM. More importantly,
directionality and blockage improve the accuracy of both interference models. We
show in the following section that changing the underlying channel model from a
Rayleigh fading model to a deterministic model further enhances their accuracies.
Moreover, the accuracy of the TIM with ε = −130 dB, not depicted for the sake
of clarity in Figure 3.4, is nearly 1 in our simulations. Notice that a simplified

4In the conventional microwave systems where the transmission is less sensitive to blockage,
the number of potential interferers is almost surely infinite, as highlighted in Result 3.4.



48 Interference Analysis

20 30 40 50 60 70 80 90 100
0.92

0.94

0.96

0.98

1

Average inter-transmitter distance [m]

A
cc
ur
ac
y
in
de
x

IBM: θ = 20°
IBM: θ = 40°
PRM: θ = 20°
PRM: θ = 40°

Figure 3.4: Accuracy of IBM and PRM under Rayleigh fading channel and directional
communications with obstruction.

interference model (e.g., PRM, IBM, or TIM) may not be of sufficient accuracy
for all range of parameters, still it is substantially improved by directionality and
blockage, as highlighted by Results 3.4–3.6.

3.3.4 Deterministic Channel, Directionality, and Obstacles
In this section, we investigate how accurately the IBM and PRM can model
a wireless network with directional communications, blockage, and deterministic
wireless channel.

Analysis of the Accuracy Index

Again, it is straightforward to show p
IBM|PhyM
fa = 0. However, unlike previous cases,

we cannot derive closed-form expression for the miss-detection probability, and
consequently for the accuracy index. In [118, Appendix C], we have derived upper
bounds on the miss-detection probability using the Chernoff bound. Nevertheless,
we can show that both Results 3.2 and 3.3 holds here. Moreover, we have the
following statements:

Result 3.7 (Zero False Alarm Probability). Under the deterministic channel
model, the false alarm probability is zero for any rPRM ≤ ζ−1/α, where

ζ = d−α0
β
− σ

pc

(
θ

2π

)2
. (3.15)

The following proposition characterizes bounds for the accuracy index for the
Example Scenario 3 (mmWave networks):
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Proposition 3.1. For ξ = Pr
[
γPhyM ≥ β

]
and any 0 < rPRM ≤ ζ−1/α, we have

1− exp
{
− ΛB(θ,0,rPRM)

}
≤ Sβ,ξ (PRM‖PhyM) ≤ 1 .

The following scaling laws are implied by Proposition 3.1 and inequality ex ≥
1 + x for any x ≥ 0:

Result 3.8 (Scaling laws for the PRM). For any constant rPRM ≤ ζ−1/α, we have

• Scaling with θ: limθ→0 Sβ,ξ (PRM‖PhyM) ≥ 1− e−θ2C , for some constant
C ≥ 0.

• Scaling with λt: limλt→∞ Sβ,ξ (PRM‖PhyM) ≥ 1 − e−λtC for some constant
C ≥ 0.

• Scaling with λo: limλo→0 Sβ,ξ (PRM‖PhyM) ≥ 1 − e−C for some constant
C ≥ 0, and limλo→∞ Sβ,ξ (PRM‖PhyM) ≥ 1 − e−λ

−2
o D for some constant

D ≥ 0.

Numerical Illustrations

Using similar setting as in Section 3.3.3, Figure 3.5 shows the accuracy index of both
IBM and PRM under Scenario 3 against dt. Comparing this figure to Figure 3.4, we
observe that directionality and blockage can further boost the accuracy index when
we have a deterministic wireless channel. Surprisingly, the PRM is accurate enough
to motivate adopting this model to analyze and design of mmWave networks instead
of the PhyM, TIM, and even IBM. For relatively pencil-beams (e.g., θ = 10 ∼ 20°),
which may be used in wireless backhauling applications [121], the accuracy of the
PRM in detecting outage events is almost 1 in all our simulations. Compared to the
PRM, the PhyM and IBM respectively have less than 5% and 2% higher accuracy
in modeling the interference and detecting the outage events, but with substantially
higher complexities. These complexities often result in limited (mostly intractable)
mathematical analysis and little insight. More interestingly, the relative difference
between the average rate of the typical link computed by the PRM and that of
computed by the PhyM, namely E[log2(1 + γx)] and E[log2(1 + γy)] is less than
0.002%, implying the accuracy of the simple PRM to analyze long-term performance
metrics (such as throughput and delay).

Figure 3.5 together with Results 3.4-3.7 support the validity of the previously
proposed pseudo-wired model [16], at least for sparse networks like mmWave mesh
networks [121]. This highlights the importance of having quantitative (not only
qualitative) insight of the accuracy of different interference models we may face in
different wireless networks. Thereby, we can adopt a simple yet accurate enough
model for link-level and system-level performance analysis.

So far, we have observed how we can simplify the set of dominant interferers and
how much accuracy loss they entail under three network scenarios. Besides the set of
interferers I, computing the SINR expression requires modeling the wireless channel
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Figure 3.5: Accuracy of IBM and PRM under deterministic channel and directional
communications. rPRM = ζ−1/α where ζ is given in (3.15), and rIBM = 2rPRM. The
relative difference between the average per-user rate computed by the PRM and that of
computed by the PhyM is less than 0.002%.

and the antenna patterns. More accurate models generally reduce tractability of
the SINR expression and therefore the interference model. In the next section, we
analyze the possibility of adopting simple models for the wireless channel and for
the antenna pattern.

3.3.5 Example Scenario 4: Impact of Other Components of the
SINR Expression

In this part, we analyze the accuracy loss due to simplifying wireless channel model
and antenna pattern of the SINR expression. In particular, we use the proposed
accuracy index to investigate the feasibility of modeling a random fading channel
with a constant value without affecting the long-term performance of the real system
(with random fading). The importance of this scenario is due to that numerous
studies develop protocols and optimize the network based on deterministic wireless
channels, yet no study focuses on the accuracy and validity of this underlying model.
In the following, we comment on what this deterministic channel gain should be
to maximize its similarity to the actual random wireless channel. We then use the
proposed accuracy index to assess the impact of neglecting the reflections, assuming
impenetrable obstacles, and neglecting sidelobe gain of the directional antenna on
the accuracy of the resulting interference model. We consider the PhyM for both x
and y throughout this subsection.
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Figure 3.6: Impact of modeling a fading channel by a deterministic one on the accuracy
of the resulting interference model (dt = 80 m).

Table 3.1: Accuracy of the mathematical analysis when we replace fading channels with a
deterministic one (dt = 80 m). “AI” refers to our accuracy index, shown also in Figure 3.6.
“BC” refers to the Bhattacharyya coefficient of the SINR distributions of x and y, and
“TD” refers to the deviation of the throughput obtained by interference model x from that
of y.

Fading type α = 2 α = 3 α = 4 α = 5

Rayleigh
AI 0.68 0.881 0.939 0.956
BC 0.275 0.048 0.014 0.005
TD 13% 9.3% 6.7% 4.5%

Nakagami (m = 3)
AI 0.951 0.985 0.995 0.998
BC 0.01 0.004 0.003 0.002
TD 5.8% 4.1% 3.2% 2%

Nakagami (m = 9)
AI 0.997 0.9991 0.9996 0.9999
BC 0.001 0.0008 0.0006 0.0003
TD 1.4% 1% 0.7% 0.3%

Approximating a Fading Channel with a Deterministic One

To design many protocols for wireless networks (such as power control, scheduling,
and routing), it is often preferable to use deterministic channel gains that depend
only on the distance among the transmitters and receivers [16,31,57,89,105]. In this
subsection, we investigate the accuracy of approximating the fading gain between
transmitter i and the reference receiver (hi) in y by a deterministic value c0 in x.
After this approximation, the channel gain in x becomes gCh

i = ac0d
−α
i , and all

other parameters of x are identical to those of y. For sake of simplicity, we consider
omnidirectional communications without blockage, as in Section 3.3.1.
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Using the same simulation setup as of Section 3.3.1, we numerically find
c0 in x that gives the highest similarity between x and y, averaged over all
β ∈ [0, 10] dB. Figure 3.6 shows the accuracy index, obtained by the optimal
c0, for Rayleigh and Nakagami fading. Moreover, we report in Table 3.1 the
Bhattacharyya coefficient between SINR distribution of x and that of y, and also
the relative difference in corresponding average throughput. From Figure 3.6 and
Table 3.1, interference model x (with deterministic channel) becomes more similar
to y (with fading channel) as the path-loss index grows. This higher similarity
manifests itself in higher accuracy indices, in lower Bhattacharyya coefficients,
and also in lower errors in the rate analysis. Moreover, approximating a random
wireless channel gain with Rayleigh fading and a small path-loss index (outdoor
environment) by a constant value5 may lead to a non-negligible inaccuracy in the
final throughput analysis (up to 13% error in our example). However, a Nakagami-m
fading channel with high m can be well approximated by a deterministic channel
gain, substantially simplifying the mathematical analysis and protocol development.
The error due to this approximation will be reduced with m. To highlight the
importance of this observation, we note that the directional communications will
be largely applied in future wireless networks [4]. Therefore, wireless networks
with Nakagami-m fading channels will play a major role in future of wireless
networks. For mmWave communications, for instance, we are already using narrow
beams [28, 121], which result in high m in the corresponding Nakagami-m fading
channel. The following result states how we can approximate a Nakagami-m fading
channel by a deterministic channel gain.

Result 3.9. Consider a 2D network. Assume that the wireless channel attenuation
consists of a constant attenuation at a reference distance, a distance-dependent
attenuation with path-loss index α, and a random fading h. If h has a Nakagami-m
distribution with m ≥ 3, the wireless channel can be well approximated by a
deterministic LoS channel without significant drop in the accuracy of the resulting
interference model or in the analysis of the ergodic performance metrics such
as spectral efficiency, energy efficiency, throughput, and delay. If h has Rayleigh
fading distribution, replacing h by its 2/α-th moment, namely Eh[h2/α], results in
sufficiently accurate analysis of the ergodic performance metrics.

In the following, we further exemplify the proposed index to investigate the
accuracy drop due to simplifying other parameters of the SINR expression.

Other Components of the SINR

Here, we focus on mmWave networks and propose a very simple yet accurate
interference model. In particular, we consider a PRM wherein we assume that
i) obstacles are impenetrable, ii) there is no reflection, and iii) there is no

5We observed in our simulations that c0 = Eh[h2/α] = Γ(1 + 2/α) is roughly the optimal
constant that provides the highest similarity index in Rayleigh fading channel. Notice that it is
2/α-th moment of random variable h.
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sidelobe transmissions/receptions. Although these assumptions do not generally
hold in practice, we show that this simple interference model can be very
accurate abstraction of real mmWave networks. Previously, references [16,57] used
this interference model for performance evaluation and protocol development for
mmWave networks. Therefore, the following discussions are a complementary study
of those works.

We consider a random number of obstacles in the environment each with
penetration loss lo. The obstacles are assumed to have rectangular shape whose
centers follow a spatial Poisson distribution with density λo on the plane,
independent of the Poisson process of the interferers. To each rectangle, we associate
a random width that is independently uniformly taken from [0, 4] meters, a random
length that is independently uniformly taken from [0, 3] meters, and a random
orientation that is independently uniformly taken from [0, 2π]. The obstacles can
represent small buildings, human bodies, and cars. We independently randomly
mark some obstacles to be reflectors with coefficient r ≤ 1. Without loss of
generality, we mark the obstacles as reflectors with probability 0.1. We also assume
that the links can be established either by the direct path or by a first-order reflected
path. We consider a large scale path loss model at 28 GHz [27], which consists
of a constant attenuation, a distance dependent attenuation, and a large scale
log-normal fading. Besides these attenuation sources, we consider the penetration
and reflection losses. Consider path k between transmitter i and the reference
receiver. Let dik be the distance of this path (path length), nk be the number
of obstacles in this path, lo be the penetration loss due to any obstacle in dB, and
lr = −10 log r be the reflection loss in dB. Let 1k denote an indicator function
that takes 1 if path k contains a reflector, otherwise 0. Then, the channel gain in
k-th path between transmitter i and the reference receiver is modelled as

gCh
ik [dB] = −61.4− 20 log dik + 1k10 log r − nj lo − Z , (3.16)

where Z is a zero mean i.i.d. Gaussian random variable with standard deviation
5.8 [27]. Note that the atmospheric absorbtion is almost negligible (0.15 dB/Km)
at the 28 GHz [18]. Moreover, changing the carrier frequency will change the
parameters of channel model (3.16), without affecting the generality of the results
of this subsection. Again, we consider ideal sector antenna pattern, formulated
in (3.10), at all transmitters and receivers.

We consider a realistic reference physical model y with finite penetration loss
(lo < ∞), first-order reflections (r > 0), and non-zero antenna side lobe (e > 0).
We execute several experiments in which we change the type of the reflectors,
type of obstacles, side lobe gain, operating beamwidth, and the average number of
interferers and obstacles. We execute four sets of experiments. For each experiment,
we compute the average accuracy index over 105 random topologies and report the
result in Table 3.2.

Effects of no reflection assumption: In the first set of experiments (1–3),
we consider three materials for the reflectors: drywall with reflection coefficient
0.63, clear glass with reflection coefficient 0.74, and the tinted glass with reflection
coefficient 0.9 [122]. All parameters of interference models x and y are similar
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Table 3.2: Effects of assuming infinite penetration loss, no reflection, and no sidelobe
gain on the accuracy of the resulting interference model. The shown parameters are for
reference model y. SINR threshold is β = 5 dB. dt = 1/

√
λt and do = 1/

√
λo.

Experiment lo r e θ dt do Accuracy
1 10 0.63 -10 20° 50 20 0.9998
2 10 0.74 -10 40° 30 20 0.9992
3 20 0.9 -10 40° 50 50 0.9993
4 10 0.74 -10 20° 50 50 0.9614
5 20 0.74 -10 20° 30 50 0.9856
6 20 0.74 -10 20° 30 20 0.9588
7 15 0.74 -5 20° 50 20 0.9235
8 15 0.74 -5 20° 20 50 0.7090
9 15 0.74 -10 40° 30 20 0.9311
10 25 0.9 -10 10° 30 30 0.8810
11 15 0.63 -15 30° 50 50 0.9473
12 15 0.74 -10 20° 100 50 0.9718

(reported in the table), except that r = 0 in x. From Table 3.2, the accuracy index
is near 1 for all scenarios. The accuracy marginally decreases with the density of the
transmitters, yet it is high enough for typical transmitter densities (dt > 30 m in
downlink cellular networks). Increasing the operating beamwidth has similar effect
as increasing the transmitter densities.

Effects of infinite penetration loss assumption: In the second set of
experiments (4–7), we consider different penetration losses for the obstacles. All
parameters of x and y are similar (reported in the table), except that lo = ∞ in
x. From the table, the accuracy index reduces with the density of the obstacles, as
more obstacles correspond to higher source of errors in x. Moreover, the assumption
of impenetrable obstacles is more accurate for higher penetration loss values.
Moreover, denser mmWave networks (dt = 30) are less sensitive to assuming infinite
penetration loss. The main reason is that densifying the network increases the
probability of having interferers with LoS condition to the reference receiver. The
contribution of those non-blocked interferers in the aggregated interference term
dominate that of blocked interferers.

Effects of no side lobe gains assumption: In the third set of experiments
(7–9), we investigate the impact of neglecting antenna side lobes e in interference
model x. All parameters of x and y are similar (reported in the table), except that
e = 0 in x. Expectedly, neglecting higher e lowers the accuracy of x, and this error
increases also with the number of interferers in the network. Unlike the previous
parameters, neglecting side lobe gain may lead to a large deviation of x from y. From
the numerical results, not shown in this chapter due to the space limitations, if we
have either a typical dense network 6 with dt = 30 or enough side lobe suppression

6Note that using scheduling, we can reduce mutual interference by controlling the number of
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(at least 10 dB), we are safe to ignore side lobe gains from the interference model.
Increasing the operating beamwidth increases the chance of observing an aligned
interferer (which contributes in the link budget with its main lobe gain). As such
interferers have dominant role in the aggregated interference term, increasing the
operating beamwidth can improve the accuracy of x.

Joint effects of all parameters: In the last set of experiments (10–12), we
analyze joint effects of all those parameters by considering infinite penetration loss,
zero reflection coefficient, and zero side lobe gain in x. Other parameters of x are
similar to those of y, reported in Table 3.2. From the results, our simple interference
model x is sufficiently accurate for typical mmWave network scenarios. On the
negative side, larger number of interferers magnifies the small error due to neglecting
antenna side lobes. This magnified error together with other approximations leads
to 12% error in detecting outage event by the simplified interference model in
Experiment 10. On the positive side, this higher transmitter density reduces the
error due to both neglecting reflection and assuming impenetrable obstacles.

3.4 Collision Analysis

In this section, we use the simple interference model of mmWave networks, proposed
in the last section, to analyze the collision probability of mmWave ad hoc networks,
operating under slotted ALOHA.

3.4.1 System Model
We assume a homogenous Poisson network of interferers as in Section 3.3.1.
Table 3.3 summarizes a list of the main symbols used throughout the following
sections. We use the protocol model of interference with impenetrable obstacles
and negligible antenna side lobes; see (3.10) for the antenna gain. In this model,
for a given distance between a reference receiver and its intended transmitter, a
collision7 occurs if there is at least another interfering transmitter no farther than
the interference range.

We consider a slotted ALOHA protocol without power control to derive a
lower bound on the performance.8 That is, the transmission power of all links
is p. We let every transmitter (interferer) be active with probability ρa, so the
probability of transmitting in a slot is ρa. In the slotted ALOHA, the transmissions
are regulated to start at the beginning of a time slot. Although for analytical

simultaneous active transmitters. Therefore, the number of transmitters in the environment is not
necessarily equal to the number of interferers; rather, it is usually much higher than that.

7Note that “collision” is defined as the outage event due to strong interference from other
transmitters. Note that an outage can also occur due to low signal-to-noise ratio (SNR) even
without any interference.

8The Kleinrock’s seminal work shows that simple CSMA protocols easily outperform both pure
and slotted ALOHA protocols [123]. As will be shown in this chapter, there is a non-negligible
contention on the channel access, making it imperative to add a simple carrier sense functionality
to the slotted ALOHA. However, as the system goes to the noise-limited regime, the performance
gain due to this additional functionality vanishes.
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Table 3.3: Summary of main notations

Symbol Definition
Ad Area of circle sector with radius d and angle θc

ASES-ALOHA Area spectral efficiency of slotted ALOHA
ASETDMA Area spectral efficiency of TDMA
dmax Interference range
d0 Geographical/spatial length of the typical link
nI The number of interferers
no The number of obstacles

rS-ALOHA Average throughput of a link in slotted ALOHA
rTDMA Average throughput of a link in TDMA
θ Transmission/reception beamwidth
θc Coherence angle
λI Density of potential interferers per unit area
λt Density of transmitters (links) per unit area
λo Density of obstacles per unit area
ρa Transmission probability of slotted ALOHA

ρc|d0 (`) Conditional collision probability given d0

ρs|d0 (`) Conditional probability of successful transmission given d0

tractability we choose slotted ALOHA, the analysis of this section can be readily
extended to the pure ALOHA case. Further, similar to [124, 125], we assume that
transmitter of every link is spatially aligned with its intended receiver, so there is
no beam training overhead. The adverse impacts of the beam training overhead
on per-link and network throughput performance are investigated in Section 4.
In this chapter, instead, we have assumed pre-aligned transmitter-receiver pairs
to analyze the impact of other parameters (such as density of the transmitters,
operating beamwidth, density and size of the obstacles, and the blockage model)
on the performance of mmWave networks.

Due to the sensitivity of the mmWave links to any obstacle, the first step
in analyzing the system-level performance of mmWave networks is introducing a
blockage model. A proper blockage model should capture the following properties:
1) obstacles may randomly appear in a communication link and 2) one obstacle
may block multiple angularly close communication links (angular correlation).
Using the random shape theory, [120] proposes a simple blockage model for urban
mmWave cellular networks that addresses property 1). In this model, the event
of having obstacles in the link between any transmitter-receiver is independent
of all other links and increases exponentially with the link length. This model is
approximated by a LoS ball model [79], wherein all transmitters within a certain
distance of any receiver (inside a ball centered at the location of that receiver)
observe the LoS condition, and all other transmitters outside the ball observe the
non-LoS condition with respect to the reference receiver. [78] augments the LoS
ball model by a Bernoulli process, i.e., each transmitter inside the ball is in the
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non-LoS condition with a constant (non-zero) probability, still outside transmitters
are always in the non-LoS condition. [29] extends this model to a two-ball model,
in which the transmitters located outside the outer ball are always in outage. [27]
models the blockage with a random attenuation with a given density, whose
parameters are derived from the channel measurements. Though being used for
performance evaluation, all these blockage models share the same drawback: they
fail to capture angular correlation of the LoS events. As the operating beamwidth
becomes narrower, the events of observing obstacles on the link between a receiver
and individual interferers have an increased correlation, so the LoS condition for
different interferers becomes correlated. Many interferers that are angularly closely
located from the point of view of the receiver can be blocked by an obstacle
between them and the receiver. The accuracy of the assumption of independent LoS
conditions on the links among the typical receiver and different interferers decreases
either if we increase the density of the transmitters or if the transmitters appear
in spatial clusters. The consequence is that those blockage models may sometimes
prevent deriving correct conclusions, especially for dense mmWave networks.
Blockage model: In this chapter, assuming that the centers of the obstacles9

follow a homogeneous Poisson point process with density λo independent of the
communication network, we use the following model to capture the aforementioned
angular correlation among LoS conditions: we define a coherence angle θc over which
the LoS conditions are statistically correlated. That is, inside a coherence angle,
an obstacle blocks all the interferers behind itself, so there is no LoS condition in
distances d ≥ l with respect to the receiver of the typical link and consequently no
LoS interferers if there is an obstacle at distance l. However, there is no correlation
between LoS condition events in different coherence angle intervals, i.e., in different
circle sectors with angle θc. The coherence angle increases with the size and density
of the obstacles in the environment. In this chapter, we assume that θc is constant
and given. An exact characterization of the coherence angle as a function of the
size and density of the obstacles and interferers is the subject of our future studies.
Note that different obstacles with different sizes and locations can cause different
intervals θc of the angular correlation of blockage events. However, we suggest
using the average value of θc to simplify the analysis, which otherwise would be
intractable. We made this proposal inspired by the classic concepts of the coherence
time and the coherence bandwidth for wireless channels. The coherence time and
coherence bandwidth are different for different users with different speeds and
different surrounding environments; still, the common approach is assuming the
same values for all users to simplify the analysis (see [126] and references therein).
Using the average coherence angle in the proposed blockage model indeed imply
that this model is suitable for ergodic system-level performance analysis, where
the achieved performance metrics are averaged over a sufficiently large number of
realizations of the obstacle process. In other words, to derive ergodic performance
metrics, we can consider the proposed blockage model to well approximate the

9For sake of simplicity, we may use obstacle to refer the center of that obstacle throughout
the chapter.
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individual realizations of the actual blockage process.
For mathematical tractability, we need the following main assumptions: i)

protocol model of interference, ii) constant coherence angle for all realizations of
the obstacle process with a given average size and density of the obstacles, and iii)
independent number of LoS interferers in different coherent angle intervals. With
these simplifying assumptions, in the following, we derive closed-form expressions
for the collision probability, per-link throughput, and area spectral efficiency.

3.4.2 Main Results
In this subsection, we investigate the collision probability in a mmWave network
working with slotted ALOHA protocol. We consider a typical receiver at the origin
of the Polar coordinates and its intended transmitter at distance d0 and evaluate the
collision probability due to other transmitters’ operation located inside the circle
sector with angle θ and radius of the interference range. It is easy to see that dmax =
ζ−1/α is the maximum distance an interferer can be from the receiver and still cause
collision/outage, where ζ is defined in (3.15). Note that changing the channel model
affects only dmax and all the following expressions will be valid by substituting the
new dmax. For instance, to consider 60 GHz communications and introduce the
exponential atmospheric absorption (16 dB/Km extra attenuation [18]) into the
analysis, we only need to multiply our channel attenuation by e−0.0037d and find
dmax from the new SINR expression, see [16, Equations (1) and (9)].

A transmitter at distance d from the typical receiver can cause collision provided
that the following conditions hold: (a) it is active, (b) the typical receiver is inside
its main lobe, (c) it is inside the main lobe of the typical receiver, (d) it is located
inside the interference range d ≤ dmax, and (e) it is in the LoS condition with respect
to the typical receiver. These conditions are illustrated in Figure 3.7, where the
tagged transmitter, interferers, and obstacles are represented by a green circle, red
triangles, and blue rectangles, respectively. Also, the highlighted part is the sector
from which the typical receiver is receiving signal. Interferers 1, 2, and 3 cannot
cause collision at the typical receiver due to condition (c), (d), and (e), respectively.
Due to random deployment of the devices, the probability that the typical receiver
locates inside the main lobe of an active transmitter is θ/2π. Therefore, if the density
of transmitters per unit area is λt and if the average probability of being active for
every transmitter is ρa, the interferers for which conditions (a) and (b) hold follow
a homogeneous Poisson point process with density λI = ρaλtθ/2π per unit area.
Conditions (c) and (d) reduces the area of which a potential interferer can cause
collision. For condition (e), we need to elaborate the blockage model. The typical
receiver observes k = dθ/θce sectors, each with angle θc, where d·e is the ceiling
function. For the sake of simplicity, we assume that θ/θc is an integer; however, the
analysis can be extended, with more involved calculations, to the general case. We
take the general assumption that the tagged transmitter is uniformly distributed in
the circle sector with angle θ that the typical receiver is pointing to, as shown by
hashed lines in Figure 3.7. Having a fixed coordinate for the tagged transmitter is a
special case of our analysis. It is straightforward to see that the tagged transmitter
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Figure 3.7: Hatched lines show potential interference zone. Operating beamwidth θ is
divided into k sectors of angle θc. The typical receiver is on the origin. The tagged
transmitter, shown by a green circle, is on sector k at distance d0 of the typical receiver. Si
shows sector 1 ≤ i ≤ k−1. SS1 and SS2 are two sub-sectors of sector k. Zones with orange
hatched lines have both random interferers and obstacles, represented by a red triangle and
a blue rectangle. Zones with green hatched lines have only random interferers. dmax is the
interference range.

is located in one of these k sectors with uniform distribution and its radial distance
to the typical receiver d0 is a continuous random variable with density function
fd0(`) = 2`/d2

max. Without loss of generality, we assume that the tagged transmitter
is in sector k. It means that we have a combination of interferers and obstacles in the
first k−1 sectors. In the last sector, we cannot have any obstacle in the circle sector
with angle θc and radius d0, as the tagged transmitter in d0 should be in the LoS
condition, otherwise, the typical link will not be established and collision cannot
happen. Dividing the last sector into two sub-sectors, corresponding to the distances
(0, d0] and (d0, dmax], the first sub-sector contains only interferers, whereas the
second one has both interferers and obstacles. We have the following propositions:

Proposition 3.2. Consider the blockage model, described in Figure 3.7. We have

Pr[LoS interference from sector s, 1 ≤ s ≤ k − 1] = λI
λo + λI

(
1− e−(λo+λI)Admax

)
,

(3.17)
and

Pr[LoS interference from sector k] = 1− e−λIAd0 + λIe
λoAd0

λo + λI

(
e−(λo+λI)Ad0−

e−(λo+λI)Admax

)
,

(3.18)
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where λI = ρaλtθ/2π and Ax = θcx
2/2 ,

Proposition 3.3. Let λt and λo denote the density of the interferers and obstacles
per unit area. Let ρa be the probability that an interferer is active. Consider blockage
and interference models, described in Figure 3.7. Let d0, dmax, θ, and θc be the
length of the typical link, interference range, operating beamwidth, and coherence
angle, respectively. The collision probability given d0 = `, denoted by ρc|d0(`), is

ρc|d0 (`) = 1−
(
λo + λIe

−(λo+λI)Admax

λo + λI

)dθ/θce−1

×(
e−λIA` − λIe

λoA`

λo + λI

(
e−(λo+λI)A` − e−(λo+λI)Admax

))
,

(3.19)

where λI = ρaλtθ/2π, Ax = θcx
2/2.

We can draw several fundamental remarks from the closed-form expression of
the collision probability given by (3.19).

Corollary 3.1. The collision probability, formulated in (3.19), implies the following
asymptotic results:

λI → 0 ⇒ ρc|d0 (`)→ 0 ,

λo → 0 ⇒ ρc|d0 (`)→ 1−
(
e−λIAdmax

)dθ/θce
,

λI →∞ , λo <∞ ⇒ ρc|d0 (`)→ 1 ,
λo →∞ , λI <∞ ⇒ ρc|d0 (`)→ 1− e−λIA` ,

θ → 0 , θ = θc ⇒ ρc|d0 (`)→ 0 ,

θc → 0 , θ � θc ⇒ ρc|d0 (`)→ 1− e−λId
2
maxθ/2 .

Note that the last corollary, which can be simply proved by relaxing ceiling
function in (3.19) and using a Taylor expansion, is basically equivalent to assume
that different interferers experience independent LoS events, as considered in [79].
Corollary 3.1 shows asymptotic performance bounds on the conditional collision
probability and provides benchmarks for the analysis.

The last step of characterizing the collision probability is taking an average
of (3.19) over the distribution of d0, which is fd0 (`) = 2`/d2

max, namely

ρc =
∫ dmax

`=0
ρc|d0 (`) 2`

d2
max

d` . (3.20)

The following proposition bounds the collision probability.
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Proposition 3.4. The collision probability, formulated in (3.20), is bounded as

1−
(
λo + λIe

−(λo+λI)θcd2
max/2

λo + λI

)dθ/θce
≤ ρc ≤ 1− e−λIθcd

2
max/2×

(
λo + λIe

−(λo+λI)θcd2
max/2

λo + λI

)dθ/θce−1

.

(3.21)

3.4.3 Numerical Illustrations
We simulate an ad hoc network with a random number of mmWave links, operating
at 60 GHz. The transmission probability of every link is 1, so all links are always
active. We assume 2.5 mW transmission power, 16 dB/Km atmospheric absorption,
coherence angle θc = 5°, and interference range dmax = 15 m. Using Monte Carlo
simulations, we evaluate the average probability of having a LoS interference over
106 random topologies. Changing λt, λo, θ, and dmax we can cover a wide variety
of future mmWave applications, including:

• long range, low mobility, low-density applications such as mobile fronthauling
and backhauling use cases, which correspond to high dmax and small θ, λo,
and λt; and

• short range, high mobility, massive wireless access applications such as
crowded public place use case, which correspond to small dmax, relatively
wide θ, and high λo and λt.

Figure 3.8 depicts the collision probability as a function of λt and λo. Not
surprisingly, increasing the link density increases the collision probability, but in
a saturating manner. Also, higher obstacle density increases blockage probability,
so reduces the collision probability. From Figure 3.8(a), collision probability is not
negligible even for a modest size mmWave network. For instance, for 1 transmitter
in a 3x3 m2 area and 1 obstacle in a 20x20 m2 area, the collision probability is as
much as 0.26. Increasing the density of the obstacles to 1 obstacle in a 3x3 m2

area, which is not shown in Figure 3.8(a) for the sake of clarity, the collision
probability reduces to 0.17, which is still high enough to invalidate the assumption
of being in a noise-limited regime. This conclusion becomes even more clear in
Figure 3.8(b), where the green curve represents a collision probability as high as
0.48 for not so dense WPANs (1 transmitter in a 2x2 m2). Moreover, as can be
observed in all curves of Figure 3.8(a), there is a transition from the noise-limited
regime to the interference-limited one. For benchmarking purposes, we also simulate
a network with omnidirectional communications. Fixing all other parameters, we
only increase the transmission power to achieve the same interference range as the
corresponding directional communications and investigate the collision probability.
As shown in Figure 3.8, traditional networks with omnidirectional communications
always experience an interference-limited regime without any transitional behavior.
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Figure 3.8: The probability of collision as a function of (a) link density and (b) obstacle
density. The length of the typical link is 5 m.

Figure 3.9 depicts ρc|d0 (`) against `. As stated in Proposition 3.4, the conditional
collision probability is an increasing function of ` with lower and upper bounds,
formulated in (3.21). First, Proposition 3.3 holds for all curves, and there is a
perfect coincidence between numerical and analytical results. Moreover, both upper
and lower bounds are tight for all examples considered in the figure, implying
that the approximated closed-form expressions (3.21) can be effectively used for
pessimistic/optimistic MAC layer designs, instead of the exact but less tractable



3.5. Throughput and Delay Analysis 63

0 1 2 3 4 5 6 7 8 9 10
0.02

0.04

0.06

0.08

0.1

0.12

upper bound

lower bound
λt = 0.11, θ = 20°

λt = 0.11, θ = 15°

λt = 0.04, θ = 20°

Length of the typical link

C
ol
lis
io
n
pr
ob

ab
ili
ty

Figure 3.9: The probability of collision as a function of the length of the typical link,
as computed by Equations (3.19) and Monte Carlo simulations, marked by filled circles.
Upper and lower bounds are computed by Equation (3.21).

expression. For the example of 1 transmitter in a 3x3 m2 area and operating
beamwidth of θ = 20°, the maximum error due to those approximations, that
is, the difference between upper and lower bounds is only 0.005. This error reduces
as the operating beamwidth or the link density reduces, see Figure 3.9.

In the next section, we will use the collision probability to characterize the
throughput and delay performance of a mmWave ad hoc network.

3.5 Throughput and Delay Analysis

3.5.1 Main Results
To compute per-link throughput, we note that the tagged transmitter is active
with probability ρa, located at distance d0 of the typical receiver. The following
proposition characterizes throughput of the slotted-ALOHA protocol:

Proposition 3.5. Assuming transmission of one packet per slot, the average
per-link throughput of slotted-ALOHA is

rS-ALOHA =
∫ dmax

`=0
ρae
−λoA`

(
1− ρc|d0 (`)

) 2`
d2

max
d` , (3.22)

and its area spectral efficiency (ASE) is

ASES-ALOHA = 1 +Aλt
A

rS-ALOHA = 1 +Aλt
A

∫ dmax

`=0

2`ρa
d2

max
e−λoA`

(
1− ρc|d0 (`)

)
d` ,

(3.23)
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for any large region with area A.

Corollary 3.2. Per-link throughput of slotted-ALOHA is bounded as

rS-ALOHA ≤ ρa

(
λo + λIe

−(λo+λI)θcd2
max/2

λo + λI

)dθ/θce
, (3.24a)

rS-ALOHA ≥ ρae−(λo+λI)θcd2
max/2

(
λo + λIe

−(λo+λI)θcd2
max/2

λo + λI

)dθ/θce−1

, (3.24b)

and the ASE can be tightly approximated by λtrS-ALOHA if Aλt � 1.

Regarding the ASE approximation, notice that Aλt � 1 for networks with
high density of the transmitters (high λt) or for those with large size (high A).

Define delay as the difference between the time a new packet is inserted into
the transmission queue of the transmitter and the time it is correctly received
at the receiver. We can use the derived collision probability to analyze the delay
performance of slotted ALOHA. In the following, we only show the main steps
and leave the exact calculations for future studies. Let ρs denote the probability of
successful transmission, derived in (3.22). Let nr be the number of retransmissions
in the typical link until a successful reception. nr can be accurately approximated
by a geometric distribution [127], that is,

Pr[nr = nr0 ] = ρs (1− ρs)nr0 .

Let wi be the contribution of i-the transmission/retransmission on the total delay,
where w0 is the delay due to initial transmission. Each wi contains round-trip
propagation, packet transmission, and backoff delays [127]. Then, the delay is∑nr
i=0 wi. Detailed analysis of the delay is out of the scope of this work, and we

use Monte Carlo simulations to find the delay performance.
Unlike slotted ALOHA, TDMA protocol activates only one link at a time,

regardless of the number of links. This guarantees a collision-free communication.
We derive the throughput of a link and ASE of TDMA in the following proposition:

Proposition 3.6. Average per-link throughput under TDMA scheduler is

rTDMA =
(

1− e−λtA

λtA

)(
1− e−λoAdmax

λoAdmax

)
, (3.25)

where Admax = θcd
2
max/2. Moreover, ASE under TDMA scheduler is

ASETDMA = 1− e−λoAdmax

AλoAdmax

. (3.26)

Corollary 3.3. Consider (3.22) and (3.25). We have

lim
λt→0

rS-ALOHA = lim
λt→0

rTDMA = 1− e−λoAdmax

λoAdmax

.
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Corollary 3.3 implies that, in sparse networks the slotted-ALOHA protocol offers
the same per-link throughput as of TDMA. Moreover, even without any interferer
in the network (λt → 0), per-link throughput of 1 packet per slot is not achievable
if λo > 0. The main reason is the non-zero probability of having obstacle(s) on the
typical link.

Corollary 3.4. Upper bounds on the throughput performance of TDMA scheduler
are

rTDMA ≤
1− e−Aλt
Aλt

, ASETDMA ≤
1
A
,

which can be achieved if λoAdmax → 0.

Corollary 3.5. Per-link throughput under TDMA scheduler goes to zero as the
average number of links in the network, Aλt, grows large. Moreover, ASE of TDMA
protocol goes to zero as the network size, A, grows large.

Corollaries 3.4 and 3.5 explicitly show the inefficiency of TDMA protocol to
share resources among a massive number of devices in a mmWave network. Besides
poor throughput performance, the delay of TDMA increases with the number of
activate transmitters, as a transmitter should wait for accessing the channel [128].
In the following, we numerically compare the throughput and delay performance of
slotted ALOHA to those of TDMA.

3.5.2 Numerical Illustrations
We use the same simulation parameters as of Figure 3.8. To validate the blockage
model as well as the assumption of independence of ρc and the number of
transmitters, introduced in the throughput analysis, we build an ns3-based mmWave
emulator. We consider a random number of aligned mmWave links (aligned
transmitter-receiver pairs) in 2D space, all operating with the same beamwidth
at 60 GHz. The transmitters and receivers are uniformly distributed in a 10x10 m2

area. We also generate a random number of obstacles with density λo and uniformly
distribute them in the environment. The obstacles are in the shape of lines with
random orientations and their lengths are uniformly distributed between 0 and 1 m.
Every transmitter generates traffic with constant bit rate 384 Mbps, the size of all
packets is 10 kB, time slot duration is 50 µs, the transmission rate is 1 packet per slot
(link capacity around 1.5 Gbps), the transmitters have an infinite buffer to save and
transmit the packets, and the emulation time is 1 s. We also simulate CSMA/CA of
IEEE 802.11ad [14], where each transmitter sends a request-to-send (RTS) before
channel access and the corresponding receiver sends back clear-to-send (CTS) to
reserve the channel. A sequence of random backoffs may be executed by every
transmitter to solve possible collisions. To increase the robustness, IEEE 802.11ad
adopts peak transmission rate of 27.7 Mbps for signaling messages. Moreover, every
device should wait for an SIFS duration (2.5 µs) before sending every RTS, CTS,
and ACK, and should wait for a DIFS duration (5.5 µs) before every regular data
frame. We consider 30 Bytes for RTS, CTS, and ACK messages.
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Figure 3.10: Per-link throughput against transmission probability ρa. All curves are
computed by Equation (3.22), except the one one labeled by “Emulation”, which is derived
by our emulator. The obstacle density is λo = 0.11 per unit area. The coherence angle in
analytical figures is θc = 5°.

We first start with a mmWave network operating with slotted ALOHA protocol.
Figure 3.10 shows the per-link throughput as a function of transmission probability.
First of all, there is an excellent match between the results obtained from the
emulator and those from Equation (3.22) with θc = 5°, which confirms the
validity of both blockage model. Moreover, for relatively not dense networks, for
instance, 1 transmitter in a 1.5x1.5 m2 area (λt = 0.44), increasing the transmission
probability is always beneficial, as the multiuser interference level is small enough
that activating more links will not substantially reduce the average throughput of a
link but increases the number of time slots over which the link is active. As the link
density increases, higher collision probability introduces a tradeoff on increasing the
transmission probability and reducing the interference. In a very dense network, for
instance, with λt = 4, we should adopt a very small transmission probability to
maximize the per-link throughput.

Figure 3.11 illustrates the achievable regions of per-link throughput and ASE
of slotted ALOHA with ρa = 1 and λo = 0.11. Brighter colors correspond to
higher values. For instance, with operating beamwidth θ = 50° and on average 2
transmitters in a square meter, a per-link throughput of 0.5 packets per slot is not
achievable. To achieve that, we should reduce either the operating beamwidth or the
link density (or equivalently the transmission probability). The per-link throughput
is always less than 1 packet per slot due to blockage on the typical link, see
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Figure 3.11: Achievable regions of (a) per-link throughput and (b) area spectral efficiency
of slotted ALOHA with ρa = 1.

Corollary 3.3. From Figure 3.11, there is a tradeoff between operating beamwidth
and link density. To maintain a certain level of per-link throughput or ASE, we can
either increase the operating beamwidth or the link density. Furthermore, these
figures confirm that without alignment overhead, mmWave networks benefit from
narrower operating beamwidth and denser deployment. However, as mentioned in
Chapter 4, adopting extremely narrow beams is not throughput optimal in general
due to the alignment overhead.
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Figure 3.12 shows the behavior of the optimal transmission probability of slotted
ALOHA (that maximizes per-link throughput) as a function of link density λt
and operating beamwidth θ. Thanks to this figure, we can explicitly answer why
there is a throughput degradation, as observed in [66], if we activate all links at
the same time and under which conditions such a degradation will disappear.
From Figure 3.12(a), in many cases, the optimal transmission probability is 1,
implying that we can simply activate all links and still achieve the maximum
MAC throughput. In fact, negligible multiuser interference of those cases makes
the performance of one of the simplest collision-based resource allocation scheme
(slotted ALOHA) almost equivalent to the optimal collision-free resource allocation
scheme (STDMA) with much lower signaling and computational overheads.
However, as the operating beamwidth or the link density increases, we should
think of more intelligent resource allocation strategies as the mmWave network may
transit to the interference-limited regime. This further invalidates the generality
of the noise-limited mmWave networks and indicates that we may adopt a very
small transmission probability to decrease the contention level in an ultra-dense
mmWave network. Figure 3.12(b) demonstrates the maximum throughput of a link
in slotted ALOHA, associated with the optimal transmission probability. In the
first set of curves of this figure, we fixed the interference range dmax to 15, whereas
in the second set we let dmax change according to θ. Fixing either link length or
dmax (only the latter is depicted for the sake of clarity in the figure), the per-link
throughput in slotted ALOHA will monotonically increase with decreased θ. That
is because, according to (3.19), narrower beams reduce the collision probability,
so increase ρs|d0 (`), leading to a higher average rS-ALOHA . Therefore, with fixed
dmax, we always have lower beamwidth higher throughput rule. However, if we do
not manually fix dmax (e.g., by changing the transmission power), lower θ causes
another effect, namely extended length at which a link can be established. This
extended communication range, in turn, increases the blockage probability and
may consequently reduce the average throughput. In other words, two parameters
with a non-trivial interplay affect the average throughput: blockage and collision.
For sparse networks, the reduced blockage probability due to a higher θ dominates
the increased collision probability, and we can observe higher beamwidth higher
throughput rule. However, higher link density introduces more collisions to the
network and highlights the impact of the collision term on the average throughput.
After a critical link density, the reduced blockage probability due to a higher θ
cannot compensate for the increased collision probability, so we can observe lower
beamwidth higher throughput rule.

As illustrated in Figure 3.12(a), slotted ALOHA significantly outperforms
TDMA. The main reason is that TDMA realizes an orthogonal use of time resources,
irrespective of the collision level, whereas slotted ALOHA re-uses all the time
resources and benefits from the spatial gain. This gain leads to 390% and 4270%
throughput enhancements over TDMA for the cases of 1 transmitter in a 10x10 m2

and in a 3x3 m2 area with θ = 25°, respectively. Note that, from Figure 3.12(a),
the optimal transmission probability is 1 in both cases, further highlighting the
simplicity of the corresponding slotted ALOHA. Per-link throughput in TDMA is
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strictly decreasing with the transmitters density, whereas that of slotted ALOHA
remains almost unchanged as long as the collision term, shown in (3.22), is almost
negligible. As stated in Corollary 3.5, the throughput of TDMA goes to zero
very fast. Although slotted ALOHA shows the same asymptotic zero throughput
behavior, it has much slower rates of convergence to this asymptotic point.
Considering any arbitrary small ζ for the per-link throughput, from Figure 3.12(b),
the per-link throughput of both TDMA and slotted ALOHA become lower than ζ
for sufficiently large λt; however, slotted ALOHA reaches that point with almost
two orders of magnitude more links in the network (e.g., see ζ = 0.1), indicating
its efficiency on handling massive wireless access in mmWave networks.

We use the developed mmWave emulator to find ASE and the average delay
performance. Figure 3.13(a) illustrates ASE of slotted ALOHA and that of TDMA
as a function of link density. Again, there is a perfect coincidence between the
analytical results obtained from Equations (3.23) and (3.26) and those of the
emulator. Increasing the number of links in the network does not affect ASE of
TDMA.10 The average network throughput of TDMA is slightly lower than one
packet per slot, and it achieves the upper bound if the obstacle density goes to zero,
see Corollary 3.4. Slotted ALOHA with transmission probability ρa = 1 provides
the highest ASE, which is firstly increasing with the link density and then shows
a strictly decreasing behavior once the throughput loss, due to the collision term,
overweighs the throughput enhancement due to the first term of (3.23). For the
example of ρa = 1 and θ = 10°, the optimal density of transmitters that maximizes
ASE is, on average, 3.5 transmitters per square meter. This example number indeed
means that, from the perspective of ASE, mmWave networks benefit from dense
deployment. Slotted ALOHA with ρa = 0.1 outperforms that with ρa = 1 in
ultra-dense WPANs (λt > 9 in Figure 3.13(a)), as lower transmission probability
leads to fewer active links. Moreover, narrower beams provide higher ASE.

Figure 3.13(b) reports ASE and the corresponding delay of TDMA, slotted
ALOHA, CSMA, and CSMA/CA. Slotted ALOHA with transmission probability
1 is the best strategy from both ASE and delay perspectives. It introduces
only one slot delay, that is, a packet transmission time. However, if a link
observes a collision at its first transmission attempt, it cannot successfully transmit
anymore, as we do not have any randomness in the transmission time (e.g., with
random backoff techniques). To solve this issue, we can use slotted ALOHA with
transmission probability less than 1 (e.g., 0.9), but at the expense of extra delay
with exponential growth at very high network throughput (equivalently high ASE).
Note that this delay is still around 2 slots for a very dense mmWave WPAN
with 2 transmitters in a unit area, in the example considered. Moreover, slotted
ALOHA with transmission probability 0.9 avoids transmissions of each link with
probability 0.1, even for a sparse mmWave network with negligible multiuser

10Note that TDMA can increase the network throughput if individual transmitters do not have
enough payload to occupy the whole time slot. In this case, TDMA divides one long time slot to
smaller pieces, each for one transmitter, leading to higher channel utilizations. However, in this
chapter, we have assumed that every packet of a transmitter requires one time slot, so the TDMA
channel is already saturated if the transmitters have always packets to transmit.
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Figure 3.12: (a) The optimal transmission probability and (b) the maximum
per-link throughput against link density. “S-ALOHA” stands for slotted ALOHA, and
“S-ALOHA-15” refers to slotted ALOHA with dmax = 15.

interference, introducing unnecessary extra delay compared to slotted ALOHA with
transmission probability 1. CSMA/CA can address the problems of slotted ALOHA,
though introduces a serious problem in mmWave networks: the massive overhead
of proactive collision avoidance procedure. Virtual channel reservation with the
traditional RTS/CTS mechanism imposes a substantial delay in the channel access
and therefore significantly reduces the network throughput (and thus ASE)l. The



3.5. Throughput and Delay Analysis 71

10−3 10−2 10−1 100 101 102 10310−4

10−3

10−2

10−1

100

Link density

A
re
a
sp
ec
tr
al

ef
fic

ie
nc
y
[p
ac
ke
ts
/s
lo
t/
m

2 ]

S-ALOHA, ρa = 1, θ = 20° S-ALOHA, ρa = 0.1, θ = 10°
S-ALOHA, ρa = 1, θ = 10° TDMA, θ = 10°
Emulation

(a)

10−3 10−2 10−1 10010−1

100

101

102

103

104

Area spectral efficiency [packets/slot/m2]

Av
er
ag
e
de
la
y
[s
lo
ts
]

S-ALOHA, ρa = 0.1
S-ALOHA, ρa = 0.9
S-ALOHA, ρa = 1
TDMA

(b)

Figure 3.13: Area spectral efficiency and delay performance of slotted ALOHA and those
of TDMA. Area size is 10x10 m2. Operating beamwidth in (b) is 10°. Different points of
(b) represent different link densities (up to 2 links per square meter). The obstacle density
is λo = 0.25 per unit area. Slotted ALOHA provides substantially higher ASE with lower
delay. These performance gains may improve with the number of links.

main reason is the significant mismatch between transmission rates of the data
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(up to 6.7 Gbps in IEEE 802.11ad) and control packets (up to 27.7 Mbps in
IEEE 802.11ad). This initial channel reservation delay, formally characterized in
Section 6.2.2, is visible in Figure 3.13(b) at very low ASE values, where instead
of having 1 slot delay to send a data packet, the total delay is around 1.6 slots.
Altogether, with almost negligible hidden and exposed node problems in mmWave
networks [129] and comparatively very low transmission rate of control messages,
the use of the conventional collision avoidance procedure becomes less justifiable.
For ultra-dense mmWave networks, not shown in Figure 3.13(b), the hidden and
exposed node problems may start again to be non-negligible and reduce the network
throughput, justifying the use of CSMA/CA. CSMA with random backoff, as an
alternative approach, not only can solve the problems of slotted ALOHA without
introducing any extra delay to the interference-free links, also can efficiently handle
a few collisions that may happen in mmWave networks without using costly collision
avoidance procedure. A detailed comparison of CSMA and CSMA/CA is out of
the scope of this chapter and left for future studies. Finally, with TDMA, the
delay increases with the link density with no significant network throughput gain.
Considering traffic generation rate of this example, which is 0.25 of the link capacity,
the network will be saturated roughly with 4 links in the environment, and further
increasing the number of links will not improve the network throughput, but reduces
the time share of every link and consequently reduces the average throughput of
a link. Note that with a fixed packet generation rate, effective link capacity (link’s
capacity multiplied by its time share) in TDMA reduces with the number of links
in the network, so the queues of the transmitter may become unstable. The delay
in slotted ALOHA is not significantly affected by the total number of transmitters;
rather it depends on the number of transmitters in the collision domain of the typical
receiver –those that can cause collision to the typical receiver. This number may be
much smaller than the total number of transmitters in mmWave networks, thanks
to directionality and blockage. Furthermore, due to the time-reuse, the effective link
capacity of slotted ALOHA is significantly higher than that of TDMA. Superior
throughput and delay performance of slotted ALOHA is due to the spatial gain.
As the network goes to the noise-limited regime, spatial gain and consequently
throughput/delay gains improve.

Inspired by the results of this chapter, in Section 6.2, we raise the need for a
new collision-aware hybrid CSMA/CA-TDMA MAC for future mmWave standards,
where not only the TDMA phase should be realized in an on-demand fashion, but
also the collision avoidance procedure of CSMA/CA should be reactively executed
to maximize the throughput and delay performance of mmWave networks. The
on-demand transmission of the collision avoidance messages can be further extended
to the on-demand transmissions of many other control messages to minimize the
signaling overhead.
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3.6 Summary

We developed a new mathematical framework to address very fundamental
questions in analysis and design of wireless networks: how accurate interference
models can be and how to select the right one. We proposed a new accuracy index
that quantifies the ability of any interference model in correctly predicting outage
events, under any network setting. We analytically and numerically illustrated
the use of our index via many example scenarios. In particular, we evaluated the
accuracy of the prominent techniques that model the set of dominant interferers.
We then showed that directional antenna and obstructions (basic characteristics
of mmWave networks) substantially enhance the accuracy of any interference
model, making the simple classical protocol model accurate enough for analysis
and optimization of such networks. Furthermore, we measured the accuracy of
approximating a random fading wireless channel with a deterministic channel.
Numerical results suggested that a Nakagami-m fading channels with m ≥ 3 can
be well approximated by a deterministic value without introducing a significant
gap in the ergodic performance metrics (e.g., throughput and delay); whereas, such
gap is generally non-negligible under Rayleigh fading channels. Finally, we showed
high-accuracy of a simple interference model that assumes 1) infinite penetration
loss, 2) no reflection, and 3) no antenna side lobes in modeling a typical mmWave
network where none of those assumptions hold.

We then used this simple interference model to derive a closed-form expression
for collision probability in a mmWave ad hoc network operating under slotted
ALOHA. This derivation allowed investigation of the MAC layer throughput
of a mmWave network, as a function of the transmitter density, obstacle
density, transmission probability, operating beamwidth, and transmission power,
among the main parameters. Our comprehensive analysis revealed that mmWave
networks exhibit a transitional behavior from a noise-limited network to an
interference-limited network. This transitional behavior of interference necessitates
novel frameworks of collision-aware hybrid MAC, containing both contention-based
and contention-free phases with adaptive phase duration. Mathematical and
numerical analysis of the per-link throughput, area spectral efficiency (network sum
throughput divided by the network size), and the delay performance, indicated
inefficiency of TDMA in mmWave network with small multiuser interference.
Instead, slotted ALOHA efficiently leverages spatial gain and provides substantially
higher throughput with lower average delay. These gains increase with the number
of links in the network, making the contention-based strategies more justifiable in
massive mmWave access scenarios. Moreover, the results highlighted a significant
performance drop due to the conventional proactive execution of collision avoidance
procedure, which imposes unnecessary overhead to many links that experience no
multiuser interference.

This chapter defined the interference model accuracy index, illustrated it via
several example scenarios, introduced the notion of coherence angle, proposed
a novel blockage model for mmWave networks, provided a new framework to
analyze the performance of mmWave networks with blockage and deafness, derived
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closed-form expressions for the collision probability in mmWave networks along
with per-link throughput and area spectral efficiency of slotted ALOHA as well
as those of TDMA, clarified the collision level in a mmWave network with
uncoordinated transmitters, discovered the transitional behavior of interference
in mmWave networks, and identified the inefficiency of the resource allocation
approaches of the existing mmWave standards.



Chapter 4

Resource Allocation

As we have observed in the previous chapter, narrow-beam operations may
substantially reduce the interference footprint of a mmWave network. That analysis,
however, had two main weaknesses:

• It was based on statistical analysis, obtained over many random realizations
of the topology. This approach provides sufficient information to design a
long-term resource allocation policies (like association). However, even if
mmWave networks are noise-limited in a statistical sense, there are significant
realizations of network topologies at given times where some links receive
strong interference. We cannot use statistical noise-limited arguments when
we have to optimize in real-time resource allocations or routing.

• The cost of beam-searching was not considered. Without this cost adopting
narrower beams is always beneficial, as we observed, for example, in
Fig. 3.11. Nevertheless, the alignment of transmitter and receiver beams is a
time-consuming operation, and as we argue in this chapter, it may forbid the
use of narrow beams, so the multiuser interference may not become arbitrarily
small.

In this chapter, we show the existence of an alignment-throughput tradeoff.
That is, a narrower beamwidth leads to significant alignment overhead, since
many directions have to be searched, but provides a higher transmission rate
due to higher antenna gains and lower interference. Larger beamwidths speed up
alignment process at the expense of reduced transmission rate. In order to address
those problems, we propose a joint optimization of the beamwidth selection and
transmission scheduling with the objective of maximizing network sum-rate. The
resulting optimization problem requires exact knowledge of network topology, which
may not be available in practice. Therefore, two standard-compliant approximation
algorithms are developed, which rely on underestimation and overestimation of
interference. The first one aims to maximize the reuse of available spectrum, whereas
the second one is a more conservative approach that schedules together only links
that cause no interference. Extensive performance analysis provides useful insights

75
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on the directionality level and the number of concurrent transmissions that should
be pursued. Interestingly, extremely narrow beams are in general not optimal.

We then focus on long-term resource allocation problem and show that the
reduced multiuser interference help better balance the network load among APs
(BSs), adding relaying capability can substantially improve connection robustness
throughout the network, and a proper backup association can alleviate the frequent
handover problem. We formulate a joint association and relaying problem for
mmWave networks, in which a logarithmic utility, resource allocation for APs,
association for clients, relay selection, and imperfect CSI are considered all together.
After a series of transformations, we reformulate the joint association and relaying
problem above as an assignment problem and establish a solution approach based on
the the primal-dual decomposition. We then develop a distributed solution approach
based on the auction algorithm. We characterize the convergence properties of the
proposed distributed auction algorithm and show that it provides a near-optimal
solution in polynomial time.

The rest of this chapter is organized as follows. Section 4.1 presents a literature
review. Sections 4.2 and 4.3 focus on short-term and long-term resource allocation
problems, followed buy concluding remarks provided in Section 4.4.

4.1 Literature Review

4.1.1 Beam-searching and Concurrent Transmission
As mentioned in Section 2, current standardization activities suggest a two-stage
beam-search technique, to reduce alignment overhead and power consumption.
Initially, a coarse grained sector-level sweep is performed, followed by a beam-level
alignment phase. An exhaustive search over all possible transmission and reception
directions is applied in each level. For a given beamwidth (fixed granularity of
searching), [130] suggests a new search technique as a replacement of the two-stage
exhaustive search to reduce the alignment overhead. Here, we suggest that the
alignment-throughput tradeoff should be addressed by optimizing beamwidth per
se. Thus, our work and [130] are complementary.

The option of concurrent transmissions scheduling to optimally exploit the
directionality of mmWave communications was proposed only recently. The authors
of [113] consider the problem of maximizing the number of scheduled flows such that
their quality of service requirement is not violated. A greedy scheduling scheme is
proposed, where in each time slot an additional link is activated if its contribution to
total throughput is positive, i.e., throughput gain from this additional link is larger
than the interference caused. A similar greedy heuristic is proposed in [131], where
a priority ordering of links is assumed. Additional links are activated according to
this priority order and as long as SINR at all receivers exceeds a threshold. The
main issue of those approaches is that they are reactive protocols, i.e., a link has to
be activated to deduce if it is compatible with other transmissions. Instead, here we
demonstrate that directionality and high attenuation in mmWave communications
can be exploited to derive accurate scheduling mechanisms.
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4.1.2 Association

Due to high penetration loss, blockage in mmWave networks cannot be efficiently
solved by just increasing the transmit power or by adding antenna gain using
narrower beams [2], but only by re-association or relaying procedures.1 The
association and relaying is particularly important in mmWave networks due to the
limited size of the cells and dense AP deployment [57,132]. Relaying techniques can
provide more uniform quality of service by offering robust mmWave connection,
load balancing, coverage extension, indoor-outdoor coverage, efficient mobility
management, and smooth handover operation [1,2,18,28,57,132]. In [57], it is shown
that having an alternative path using relays in mmWave networks can increase the
connectivity by about 100%. Further, extensive analysis in [132] demonstrates that
relays can effectively extend the range to support high quality live video streaming
over 300m. Therefore, in mmWave networks, the association of a client or user to
an AP (or base station) and relaying are some of the first and most important
routines.

Given the association may govern the long-term resource allocation policies of
conventional wireless networks [133], it has been the focus of intense research in the
last years [62,133–143]. The current mmWave standards use the minimum-distance
association, which leads to a simple association metric based on the RSSI [13,
14, 55]. Although RSSI association metrics are suitable for an interference-limited
homogenous network, they may lead to poor use of the available resources in the
presence of non interference-limited environments, non-uniform spatial distribution
of clients, and heterogenous APs/relays with a different number of antenna elements
and different transmission powers [133]. These standardized association approaches
lead to an unbalanced number of clients per AP, which limits the available resources
per client in highly populated areas [28], while wasting resources in sparse areas.
This poor load balancing indeed decreases network-wide fairness, since overloaded
APs cannot provide their associated clients as much resource as less-loaded APs.
Thus, it is possible for the clients to associate with farther APs for the better load
sharing, without suffering from a huge path loss drop.

Beside mmWave association techniques from the standards, there are many more
solutions for association and relaying from the literature of microwaves networks.
In [134], a client association policy is investigated to ensure network-wide max-min
fair bandwidth allocation to the clients in WLANs. The network throughput
maximization using load balancing is proposed in [135] by using a fluid model
of client population. In the seminal work of [137], a joint association and resource
allocation problem is formulated for a heterogenous cellular network. The authors
ensure network-wide proportional fairness via a logarithmic utility maximization
and propose a distributed solution approach via dual decomposition. Dynamic
association and reassociation procedures are introduced in [139]. The procedures

1Alternatively, a blockage can be addressed by using reflections. However, the existence of such
reflectors with sufficiently large reflection indices is not guaranteed in all environments. Moreover,
there will be always some additional loss due to any reflection, which may be intolerable for high
quality mmWave links.
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use the uplink/downlink channel conditions and the traffic load in the network.
Unfortunately, the association procedures of the literature above are highly

sub-optimal for mmWave networks due to frequent handovers of mmWave networks;
see Section 2.2.2. Moreover, the major limitation of the aforementioned approaches
is that they are primarily designed for interference-limited microwave networks,
where the interference level hinders the benefits of load balancing for networks
with ultra dense APs (BSs) deployment [133]. However, interference is not the major
limitation of mmWave networks. The high directionality level in mmWave both at
the transmitter and at the receiver is a distinguishing feature, which may provide
a new interference footprint: a noise-limited regime [108]. These fundamental
differences between mmWave networks and the conventional microwave ones
demand novel association metrics and procedures. Reducing the overhead of
frequent reassociation, together with the natural need of load balancing among
the APs, justifies that a client in mmWave networks may be advantageously served
by a farther but less-loaded and easy-to-find AP [28]. Robustness of the association
to random blockage should be improved to reduce the number, and thereby the
overhead/delay, of reassociation and to provide a seamless handover [2,28]. In this
chapter, we focus on the single sequential connectivity to address blockage, namely
a client is served by only one AP while being connected to several backup APs; see
Section 2.2.2 for more detail.

References [62, 140] were among the first studies to address the association
problem in 60 GHz mmWave communications. However, those approaches did not
consider relays, a vital part of mmWave networks, which substantially increases the
difficulty of the association and relaying problem. As commonly assumed in the
mmWave literature [57,144,145], a receiver can receive signal either from the direct
path or from the relay path, not both. The relays therefore act as virtual APs. In
particular, once a client transmits the signal to a relay, then the relay forwards the
signal together with its own signal to an AP. [57,144] propose a cross-layer approach
to select either direct transmission mode (without relays) or two-hop mode (with
a random relay selection). The decision criteria is only the existence of LoS on the
direct link.

None of the previous approaches studied jointly the association and relaying
problems in mmWave networks with possible negligible multiuser interference.
Random relay selection, as proposed in [57, 144], while improves the robustness to
blockage, may lead to significant throughput drop in a cooperative network [146].
In fact, relay selection affects heavily the ability of a terminal to reach a farther
AP and the interference footprint of the network, and also determines how the
available resources should be distributed among the clients (resource allocation).
As an association problem can be transformed into a long-term resource allocation
instance [133], association and relaying are strongly interconnected and a joint
solution, where clients are also candidates for relaying other client’s traffic is of
great importance in mmWave wireless networks.
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4.2 Short-term Resource Allocation

4.2.1 System Model and Problem Formulation
Consider a mmWave network consisting of one coordinator and N
transmitter-receiver pairs (links). As shown in Figure 4.1, a time slot consists of
two phases: i) alignment and ii) data transmission. Without loss of generality, we
assume that sector-level alignment has been established prior to the alignment
phase, i.e., as a part of routing [57]. In the first phase, the transmitter and receiver
of each link i have to decide on the optimal refined beams within their sectors, by
searching over all possible combinations to find the one of maximum SNR. This
exhaustive search is compliant with IEEE 802.15.3c.

Alignment Overhead

Let Tp denote the time required for a pilot transmission, which has to be performed
for every possible direction, and {ψTx

i , θTx
i } and {ψRx

i , θRx
i } be sector-level and

beam-level beamwidths at the transmitter and receiver sides of link i, respectively.
Therefore, under exhaustive search, the total duration of this searching (alignment)
procedure within a given sector is

τi
(
θTx
i , θRx

i

)
=
⌈
ψTx
i

θTx
i

⌉⌈
ψRx
i

θRx
i

⌉
Tp , (4.1)

where d·e is the ceiling function, returning the smallest following integer, since the
number of pilots has to be integer. In practice, we may adopt different beam-search
strategies; however, the proposed framework can still be applied by revising (4.1).
Once the optimal directions for transmission and reception have been determined,
the communication link can be established, and the data transmission phase starts.
We assume that after the alignment procedure, any transmitter/receiver pair finds
a path to establish data communications, e.g., through a reflection if the direct
link is not available. By discarding the noncontinuous ceiling function, we derive a
continuous approximation of alignment time τi. The latter cannot exceed total time
slot duration T , and hence a lower bound on feasible beamwidths can be derived:

θTx
i θRx

i ≥
Tp
T
ψTx
i ψRx

i . (4.2)

Besides, since alignment takes place within the sector-level beamwidths, we have
θTx
i ≤ ψTx

i and θRx
i ≤ ψRx

i . Table 4.1 summarizes the main notations used
throughout the section.

Effective Transmission Rate

Let ϕTx
ij be the angle between the positive x-axis and the direction in which

transmitter i sees receiver j, and let ϕRx
ij be similarly defined by changing the

roles of transmitter i and receiver j; see Figure 4.2. Note that these angles are
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Figure 4.1: The time slot segmentation of link i. Increasing alignment time τi reduces
time available for data transmission, but increases achievable rate.
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Figure 4.2: Illustration of the angles between transmitters and receivers ϕTx
ij and ϕRx

ij .
Solid arrows correspond to the boresight directions.

imposed by the network topology. For analytical tractability, we approximate the
actual antenna patterns by a sectored antenna model [125], whose antenna gain
is characterized by (3.10). Specifically, let gTx

ij and gRx
ij be the transmission and

reception gains at transmitter i and receiver j toward each other. Then,

gTx
ij

(
ϕTx
ij , θ

Tx
i

)
=
{

2π−(2π−θTx
i )e

θTx
i

, if |ϕTx
ij | ≤

θTx
i

2

e , otherwise
, (4.3)

and

gRx
ij

(
ϕRx
ij , θ

Rx
i

)
=


2π−(2π−θRx

j )e
θRx
j

, if |ϕRx
ij | ≤

θRx
j

2

e , otherwise
, (4.4)

where 0 ≤ e � 1 is the gain in the side lobe. By treating interference as noise
and using the SINR model of (2.1), link i can achieve a rate of log2 (1 + γi) for
the remaining T − τi seconds, which can be normalized by time slot duration T to
derive the normalized throughput within a time slot.

Narrower transmission and reception beamwidths lead to higher antenna gains
and hence a higher data rate. As dictated by (4.1), this gain is obtained at the cost
of higher alignment time τi that leaves less time for data transmission. This reveals
a tradeoff between the time devoted to alignment phase and the effective data rate.
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Table 4.1: Summary of main notations

Symbol Definition
T Time slot duration
Tp Pilot transmission time
N Number of transmitter-receiver pairs (links)

ϕTx
ij

Angle between transmitter i and receiver j
relative to transmitter boresight direction

ϕRx
ij

Angle between receiver j and transmitter i
relative to receiver boresight direction

θTx
i Beam-level transmitter beamwidth of link i
θRx
i Beam-level receiver beamwidth of link i
ψTx
i Sector-level transmitter beamwidth of link i
ψRx
i Sector-level receiver beamwidth of link i
τi Alignment delay

Notice also that decisions of different links are coupled through SINR, and hence
scheduling multiple parallel transmissions within a time slot is non-trivial.

Maximizing Network Throughput

In this chapter, we consider the problem of joint beamwidth selection and
transmission scheduling that has to be solved by the coordinator in every time
slot. In particular, we consider a generalized version of the latter where the optimal
transmission power of each transmitter has to be selected such that the effective
network throughput (or equivalently spectral efficiency) is maximized. If we collect
all control variables θTx

i , θRx
i , and pi, 1 ≤ i ≤ N , in vectors θTx, θRx, and p,

respectively, the problem under consideration can be formally stated as:

maximize
θTx,θRx,p

R =
N∑
i=1

(
1− τi

T

)
log2 (1 + γi) , (4.5a)

s.t. θTx
i ≤ ψTx

i , 1 ≤ i ≤ N , (4.5b)
θRx
i ≤ ψRx

i , 1 ≤ i ≤ N , (4.5c)
ψTx
i ψRx

j TP /T ≤ θTx
i θRx

j , 1 ≤ i, j ≤ N , (4.5d)
0 ≤ pi ≤ pmax , 1 ≤ i ≤ N . (4.5e)

Notice that for notational simplicity, function arguments have been discarded.
Antenna beamwidths affect both τi and γi, whereas transmission powers only affect
the latter. Optimization problem (4.5) is generally non-convex. In addition, γi and
consequently the objective function depend on the physical network topology, as
dictated by ϕTx

ij and ϕRx
ij in (4.3) and (4.4). Such information cannot be available

at the coordinator in most of WPAN and WLAN systems. In the next section, we
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investigate structural properties of problem (4.5), which enable us to propose two
standard-compliant and easy to implement algorithms.

4.2.2 Main Results

The optimization problem formulated in (4.5) is generally non-convex and difficult
to solve. To derive some insight on the arising tradeoffs, we first focus on the single
link case (N = 1), which is also the case of existing mmWave standards [13]. Next,
we consider the general problem of concurrent transmissions and demonstrate how
it can be reduced to multiple parallel single link instances.

Remark 4.1. Consider optimization problem (4.5) for a single link scenario. For
parameters in the region of interest, the optimal antenna beamwidths

(
θTx
i

)∗ and(
θRx
i

)∗ can be accurately approximated by a hyperbola
(
θTx
i

)∗ (
θRx
i

)∗ = θ∗i , where θ∗i
is determined by system parameters ψTx

i , ψRx
i , Tp, T , pmax, e, noise power σ, and

channel gains gCh
ij .

The above results imply that the dimension of the optimization problem in
the single link scenario can be reduced from 3 variables, namely pi, θTx

i and θRx
i ,

into a single one, namely θi , θTx
i θRx

i . Next, we derive an additional property
of the objective function, which validates the existence of a tradeoff between the
alignment overhead and the achievable throughput. Detailed proofs of the remarks
and propositions of this section can be found in [66].

Proposition 4.1. Consider optimization problem (4.5) for a single link scenario.
For system parameters in the region of interest, the optimal antenna beamwidth θ∗i
is the unique solution of ∂R/∂θi = 0. Moreover, the optimal transmission power is
pmax.

Proposition 4.1 implies that generally adopting extremely narrow beams (or
excessively increasing the beamforming codebook size) is not optimal in terms of
throughput due to the huge alignment overhead. Also, wide beams devastate the
antenna gains, and hence they do not provide the maximum throughput. Given
channel gain gCh

ii , the network coordinator can find the optimal beamwidths θ∗i
through a simple gradient descent algorithm [147]. Next, we consider the multiple
links case and we demonstrate how the coordinator can obtain an estimation of the
channel gain between transmitter and receiver i.

Optimization problem (4.5) provides the maximum network throughput, under
the assumption that the coordinator knows the exact network topology. In the
following, we propose two topology-independent approaches. The first one is a
conservative approach that generally overestimates the interference experienced by
each link. In the second approach, we schedule transmissions under the assumption
that the resulting interference would be negligible. In both cases, we show how a
multiple links scenario can be decomposed into multiple single link scenarios.
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Overestimation of interference

The main idea behind this approach is to estimate interference at the sector
level, which is generally higher than interference experienced at the beam-level.
A mmWave standard-compliant device has to be equipped with an orthogonal
frequency division multiplexing (OFDM) transceiver, which enables different links
to operate in different frequency channels at the same time. Inspired by the
FlashLinQ protocol proposed in [131], we can derive the following low-overhead
protocol to estimate interference. First, the coordinator assigns orthogonal channels
to different links, one to each link. Each transmitter i transmits with power
pmax inside its sector and on its dedicated channel, without introducing any
interference to other links. Here, we assume that the sector of the intended
receiver/transmitter can be derived from a local table [57]. Each receiver i measures
SNR in link i, denoted by SNRi, and also overhears the received power from
every transmitter j with sector-level beam. The latter serves as an estimate of
the interference-to-noise-ratio from transmitter j, denoted by INRji. Then, we
need to check if a link can be activated concurrently with other links without
receiving/causing harmful interference. From the analysis provided in [148], the
sufficient condition for link i to be independent of link j (treating interference as
noise) is √

SNRi ≥ INRji and
√

SNRi ≥ INRij . (4.6)

Each receiver i evaluates the interference level from transmitter j and according
to sufficient conditions (4.6) creates the set of interferers, i.e., the set of links
with which link i should not be activated simultaneously. Notice that interference
has been estimated at sector level, whereas actual transmissions take place over
fine-grained beams. Thus, this is an overestimation of the actual interference
during communications with pencil beams, providing a conservative approach to
ensure that no collisions occur. The receivers feedback their interferer sets to the
coordinator. The coordinator then derives a conflict graph that shows the links
that cannot be activated concurrently. Next, we provide a detailed description of
the proposed scheme.

A conflict graph G = (V, E) is defined by a set of vertices V and edges E . A
vertex i ∈ V represents communication link i and an edge (i, j) ∈ E indicates that
links i and j cannot be activated simultaneously due to high mutual interference.
In fact, the interferer set of link i, which is reported to the coordinator by receiver
i, represents the set of neighbors of vertex i in the conflict graph. Finally, an
independent set of graph G is a subset of V that contains no adjacent vertices,
indicating that those vertices (links) can be concurrently activated without any
harmful interference. This enables transformation of power allocation subproblem
of (4.5) to a transmission scheduling instance. Thus, the coordinator, out of all
independent sets, should activate at maximum power the links of the independent
set that achieves maximum throughput. For a given independent set and due
to mutual independency of its links, the coordinator can optimize each link
individually using a simple gradient descent, as already discussed in the single
link scenario.
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Let Sk be independent set k, and S be the set of all independent sets. Then,
problem (4.5) can be cast as the following scheduling problem that activates the
links of the independent set that maximizes the network throughput,

maximize
Sk⊆S,θTx,θRx

∑
i∈Sk

(
1− τi

T

)
log2 (1 + SNRi) ,

subject to (4.5b)–(4.5d) ,
(4.7)

where
SNRi = gCh

ii

σ
pi

(
2π − (2π − θTx

i )e
θTx
i

)(
2π − (2π − θRx

i )e
θRx
i

)
, (4.8)

with pi = pmax, since there is no interference inside an independent set of
links, and therefore transmission with maximum power is optimal according to
Proposition 4.1.

Given the independent sets, problem (4.7) can be solved efficiently by using
gradient descent algorithms. However, finding all independent sets is an NP-hard
problem in general [149]. For sparse conflict graphs, which is the case in
mmWave networks with pencil beams, efficient solutions exist [150]. Protocol I
describes the required steps to convert the joint beamwidth selection and power
allocation problem (4.5) to a joint beamwidth selection and transmission scheduling
problem (4.7).

Apart from the computational complexity, which is mostly due to step 7 of
Protocol I, steps 1, 6 and 7 impose signaling overheads between the coordinator
and individual receivers. In addition, steps 2–5 altogether require one pilot
transmission. Assuming that a signaling between the coordinator and a receiver
takes around one pilot transmission, which is the case in common mode signaling
of IEEE 802.15.3c [151], we may replace T in Figure 4.1 by T − 4Tp, over which
the alignment followed by data transmission operations should be conducted. This
modification, however, does not affect the existence of the alignment-throughput
tradeoff.

Underestimation of interference

Alternatively, according to the pseudo-wired abstraction of mmWave
communications [16], that is, a relatively small number of active links operating
with narrow beams do not cause interference to each other, as we observed in
the previous chapter, we may neglect interference. Thus, we may optimize each
link independently, as if it was operating on its own. Then, the problem of
joint optimization of antenna beamwidth and transmission power for N links
can be decomposed into N parallel single link problems, and each of them can
be solved in polynomial time. Protocol II describes the steps of the proposed
underestimation approach. Its computational complexity is significantly lower
than the overestimation approach, since step 7 of Protocol I is not applied.
Both approaches have almost the same signaling overhead, except that the
underestimation one alleviates overhearing requirement.
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Protocol I Interference-aware scheduling in mmWave communications
1: Initially, the coordinator assigns orthogonal channels to different links. A single

channel is assigned to each.
2: Each transmitter i transmits with power pmax with sector-level beam on its

dedicated channel.
3: Each receiver i measures received power from transmitter i with sector-level

beam and computes SNRi.
4: Each receiver i overhears the received power from each transmitter j with

sector-level beam and computes INRji.
5: Each receiver i evaluates sufficient conditions (4.6) and creates the set of

interferers.
6: All receivers feedback their interferer sets to the coordinator.
7: The coordinator creates a conservative conflict graph, and schedules links based

on (4.7).

Protocol II Interference-agnostic scheduling in mmWave communications
1: Initially, the coordinator assigns orthogonal channels to different links. A single

channel is assigned to each.
2: Each transmitter i transmits with power pmax with sector-level beam on its

dedicated channel.
3: Each receiver i estimates channel gain of link i, that is, gCh

ii .
4: All receivers feedback their channel gains.
5: The coordinator optimizes beamwidth of every link individually, and each

transceiver adjusts its beamwidth accordingly. All transmissions take place at
maximum power pmax.

4.2.3 Numerical Illustrations

We consider a WPAN scenario with several mmWave devices, randomly located in
an area of 10×10 m2, operating in 60 GHz with maximum power of 2.5 mW, which
are typical values in bluetooth-based WPAN. According to IEEE 802.15.3c, a single
pilot transmission time Tp is 20 µs [151], and the time slot duration T can be as
high as 65, 535 µs [13]. We will mention the exact pilot transmission overhead Tp/T
in every figure. We assume 90◦ sector-level beams both at transmitter and receiver
side and e = 0.05 antenna gain on the side lobe. Using Monte Carlo simulations, we
evaluate the network throughput, in bits per time slot per hertz, over 100 random
topologies.

Figure 4.3 illustrates Remark 4.1 by depicting contours of the throughput of a
single link against transmission and reception beamwidths. The bold black curve
shows the optimal beamwidth region for which throughput is maximized. This
corresponds to θTx

i θRx
i = 240, for the example considered. Based on this result, for

the rest of simulations, we assume that θTx
i = θRx

i for all i.
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Figure 4.3: Optimal region of transmission and reception beamwidths.

Figure 4.4 demonstrates the alignment-throughput tradeoff for a single link
mmWave network. For narrow beamwidths, beam-searching overhead is dominating,
whereas as operating beamwidths increase, antenna gain becomes more important.
Generally, the optimal point is a balance between antenna gain over the benefit
of additional transmission time. Moreover, reduced overhead for single pilot
transmission Tp/T allows executing more beam-searching iterations with the same
time budget. As a result, performance is improved, and narrower beams are more
beneficial.

Figure 4.5 compares the performance of the proposed schemes in multiple
links scenarios for Tp/T = 0.002. For benchmarking purposes, we depict also
the performance of Oracle, which is the solution of optimization problem (4.5),
as well as Single Link Activation, which is the network throughput achieved if
only the link of the highest SNR is activated. The following points can be made
from this figure. First, allocating only one channel per time slot, which is the
case in the existing standards, does not fully exploit the time slots of mmWave
networks. This inefficiency increases with the number of links. In particular, with
10 links, 525%, 401%, and 177% performance enhancement can be achieved by
the Oracle, interference under-estimator, and over-estimator, respectively. Given
that the number of links in local networks is limited, typically less than 20, the
underestimation approach can provide low complexity solutions that are close
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Figure 4.4: Alignment-throughput tradeoff in mmWave networks.
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Figure 4.5: Comparison of different concurrent transmission schemes in multiple links
scenarios.

to the optimal. Good performance is expected for small scale networks, where
users operate with narrow beams. For ultra dense networks, however, high levels
of interference invalidate the basic pseudo-wired assumption, based on which the
proposed underestimation approach has been developed. Instead, the conservative
approach guarantees that no harmful interference arises at the cost of a significant
throughput reduction; yet it outperforms the current single link activation scheme.
This gain increases also with the number of links, since a higher number of
links increases the probability of having more independent links. In general,
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Table 4.2: Summary of main notations.

Symbol Description
A set of APs
C set of clients

C+ ⊆ C set of clients with relaying capability
C− = C \ C+ set of clients without relaying capability

cij achievable rate between entities i and j
r (peak) rates
x binary association indicator
y resource fraction
nk number of clients connecting to AP k

ε desired accuracy for auction algorithms

deciding which is the most appropriate scheme depends heavily on the computation
complexity that can be tolerated, the number of links, and quality of service
requirements of individual links.

4.3 Long-term Resource Allocation

4.3.1 System Model And Problem Formulation
Denote by A and C the set of APs and clients, respectively. The clients must be
associated with one of the available APs to establish a communication. Moreover,
each client may skip the direct association to an AP and establish a connection
via one of the available relays, where a relay is a client that can help other clients
to be served by APs in addition to its own transmissions. Denote by C+ ⊆ C the
set of the relays (clients with relaying capability), and define set C− = C \ C+ for
the rest clients (clients without relaying capability). In the rest of chapter, to avoid
heavy notation, we use “client” and “relay” to name the entities in set C− and
C+, respectively, when not stated in the description. Moreover, denote by cij the
achievable rate between mmWave entities i and j. We let cij = 0, if there is an
obstacle between entities i and j.

Each entity of the network (such as client, relay, and AP) is equipped with
steerable directional antennas to make the typical pencil-beams of mmWave
communications. In this chapter, we adopt the single sequential connectivity
scenario and assume that every client can make only one beam, as standardized
in [13, 14], due to the huge complexity of making several beams. Moreover, an
entity is only able to transmit to (receive from) another entity. This is compatible
with the existing mmWave standards [13, 14], where unicast is mainly supported
and virtual broadcast (e.g., synchronization) is realized by scanning all directions.
Extension to multiple parallel connectivity using multi-beam operation, which is a
complex and promising approach for mmWave cellular networks, is left for future
studies.
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We further assume that clients operate in the half-duplex mode, whereas relays
can operate in the full-duplex mode. Due to the validity of the negligible multiuser
interference assumption in small to modest-size networks [16, 108], we may ignore
the interference and approximate the achievable rates of individual link between
client i ∈ C− and AP k ∈ A as

cik = log2 (1 + SNRik) , (4.9)

where SNRik is the signal-to-noise ratio of the link between client i and AP k.
Similarly, we define achievable rates cij and cjk for i ∈ C−, j ∈ C+, and k ∈ A.
We also assume that the alignment overhead is negligible while formulating the
association and resource allocation problem; however, we use backup connections,
as we will see later in next sections, to alleviate frequent handover and re-association
problem.

Logarithmic Utility Maximization

Let real variables ri and rj be the rates of client i and relay j, respectively. Denote
by yik the fraction of the resources allocated to serve client i in AP k. Let xik,
xij , and xjk be binary association indicators. In particular, xik = 1 if client i is
associated with AP k, otherwise xik = 0. xijxjk = 1 if client i is served by AP k
via relay j. Thus, rixik is the rate of client i towards AP k once AP k grants the
direct channel access to this client (peak rate), and riyik is the effective (average)
rate of client i if it is served by AP k.

Note that the peak rate of every link must be lower than the link capacity.
Moreover, each relay j transmits its own data at rate rj and may opportunistically
assist one client. Therefore, from each client i to each relay j or to each AP k, we
have

rixij ≤ cij rixik ≤ cik ∀i ∈ C−, j ∈ C+, k ∈ A , (4.10)

and from each relay j to each AP k, considering superposition coding, we have∑
i∈C−

rixij + rj

xjk ≤ cjk ∀j ∈ C+, k ∈ A . (4.11)

Constraints (4.10) and (4.11) require precise SNR values to determine the achievable
rates (channel capacities) by (4.9). However, in practical systems, a client/AP
cannot have precise SNR values due to imperfect channel estimation and also limited
feedback channel [152], which affects the general design principles of mmWave
systems [51], as well as the relay selection performance [153]. In particular, we
assume that a client estimates SNR values, namely S̃NRij for the individual link
between client i and relay j, which is defined as

S̃NRij = SNRij + eij ,
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where eij is the error due to estimation and limited feedback channel. The statistical
properties of the error eij can be derived using the similar technique as in [51].
In this chapter, we assume that the statistical knowledge of eij is available a
priori. Therefore, we have the cumulative distribution function of SNR given its
corresponding estimates at clients, namely we have

F γij(z) = Pr
(
SNRij ≤ z |S̃NRij = γ

)
=
∫ ∞
γ−z

feij (x)dx , (4.12)

where feij is the probability density function of the estimation error eij . For
example, suppose we have F 10

ij (10) = 0.9, which implies that if client i obtains
S̃NRij = 10 dB for the link toward relay j, then we have the probability of
SNRij ≤ 10dB is 90% from (4.12). Considering both (4.9) and (4.12), for i ∈ C−,
j ∈ C+ and k ∈ A, constraint (4.10) becomes

Pr
(
rixij ≥ cij |S̃NRij

)
≤ η, (4.13)

Pr
(
rixik ≥ cik|S̃NRik

)
≤ η , (4.14)

where η is the design parameter. Similarly, for all j ∈ C+ and k ∈ A,
constraint (4.11) becomes

Pr

∑
i∈C−

rixij + rj

xjk ≥ cjk

∣∣∣∣∣S̃NRjk

 ≤ η . (4.15)

With one beam per client, each client i must be associated either with an AP or is
connected to a relay, i.e.,∑

j∈C+

xij +
∑
k∈A

xik = 1, ∀i ∈ C− , (4.16)

whereas each relay j can assist at most one client, i.e.,∑
i∈C−

xij ≤ 1
∑
k∈A

xjk = 1, ∀j ∈ C+ . (4.17)

Furthermore, once a relay assists a client, it sends both the client’s and its own
traffic over the same time-frequency-spatial resource block (see [154, 155]) by
superposition coding schemes, as illustrated in Figure 4.6. Therefore, the resource
fraction for client i is the same as that for relay j, if xij = 1, i.e.,

(yik − yjk)xij = 0, ∀i ∈ C−, j ∈ C+, k ∈ A . (4.18)

Last but not least, recall respectively the binary variables xij , xik and xjk:

xij , xik, xjk ∈ {0, 1}, ∀i ∈ C−, j ∈ C+, k ∈ A , (4.19)
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Client

Relay

AP

Resource

Block

Figure 4.6: An illustration of the resource sharing at one AP. One sector represents a
resource fraction assigned by the AP. Note that once a client is associated with a relay,
then the resource fraction for this client is same as that for the relay.

and the resource allocation fraction variables yik:∑
i∈C

xikyik ≤ 1, yik ≥ 0, ∀i ∈ C, k ∈ A . (4.20)

Note that, roughly speaking, association is a long-term resource allocation problem.
How to allocate the long-term resource share of individual clients to guarantee
certain level of delay and to handle bursty traffics are focus of short-term resource
allocations, which is out of the scope of this work.

Suppose the objective is to maximize the aggregate utility function:

∑
i∈C−

fi

ri∑
k∈A

yik

xik +
∑
j∈C+

xijxjk

+
∑
j∈C+

fj

(
rj
∑
k∈A

yjkxjk

)
(4.21)

where utility fi : R → R for i ∈ C is a continuously differentiable, monotonically
increasing, and strictly concave function. These conditions hold for most of the
practical utility functions, for instance, a logarithmic utility. The utility of client
i ∈ C− associated with AP ki is

fi

ri∑
k∈A

yik

xik +
∑
j∈C+

xijxjk

 = fi(riyiki) , (4.22)

no matter whether it is directly associated with AP ki or is connected to the AP
via a relay. Moreover, defining 0 := 0 · fi(0) for i ∈ C, (4.22) becomes

fi(riyiki) =
∑
k∈A

xikfi(riyik) +
∑
j∈C+

∑
k∈A

xijxjkfi(riyik) ,
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for all i in C−. With similar derivation for relay j ∈ C+, we have

fj

(
rj
∑
k∈A

yjkxjk

)
=
∑
k∈A

xjkfj(rjyjk) , ∀j ∈ C+ . (4.23)

Then, (4.21) becomes∑
i∈C

∑
k∈A

xikfi(riyik) +
∑
i∈C−

∑
j∈C+

∑
k∈A

xijxjkfi(riyik) , (4.24)

due to binary variables xik, xij , xjk, and constraints (4.16), (4.17). The first term
in (4.24) is the aggregate utility of both the clients associated directly with APs,
and the relays, whereas the second term is that of the clients assisted by relays.
Using a logarithmic utility function, which is naturally used for load balancing and
proportional fairness provisioning among the clients [133], the resulting objective
function (4.24) becomes∑

i∈C

∑
k∈A

xik log (riyik)+
∑
i∈C−

∑
j∈C+

∑
k∈A

xijxjk log(riyik), (4.25)

where we define 0 := 0 · log 0, which is the limit of u log u as u approaches to 0.
Note that the logarithm utility encourages to the proportional fairness among the
clients, which naturally satisfies a realistic resource allocation strategy.

Let x, r, and y denote the vectors that collect association indicators xij , xik
and xjk, the rates ri, and the fraction variables yik, respectively. Considering
constraints (4.13)∼(4.20), we can pose the following stochastic optimization
problem to jointly optimize the association and resource allocation in mmWave
networks:

max
x, r, y

∑
i∈C

∑
k∈A

xik log (riyik) +
∑
i∈C−

∑
j∈C+

∑
k∈A

xijxjk log(riyik) (4.26)

s.t. (4.13) ∼ (4.20) ,

where stochastic constraints (4.13)∼(4.15) are considered. Problem (4.26) is
a stochastic and mixed-integer optimization problem. Moreover, as shown in
Section 4.3.2, (4.26) can be transformed into a multi-dimensional assignment
problem with nonlinear objective function, thus it is in general NP-hard [156]. In this
chapter, our main contributions are proposing solution approaches for optimization
problem (4.26).

Multiple Associations

To avoid frequent handovers and reduce the overhead/delay of reassociation, we let
each client reserve a backup association with APs. This backup path is activated
only upon vanishing the original path, and therefore it requires periodical checking
of the availability of the backup paths. The overhead of this signaling is much less
than the overhead of periodical pilot transmissions for channel estimation and for
beam-training. To establish the backup path, we propose a two-step procedure.
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1. In the first step, we solve optimization problem (4.26) by the methods
proposed later in the chapter. Denote by τ ∗ its optimal association.

2. In the second step, we solve another optimization problem, which uses τ ∗ as
input, and aims to maximize the average number of clients having LoS at the
backup connection. Thus, its objective function is given as∑

i∈C

∑
k∈A

ωikxik +
∑
i∈C−

∑
j∈C+

∑
k∈A

ωijωjkxijxjk, (4.27)

where ωij = qij(1 − τ∗ij), in which qij is the probability of having LoS
from client i to relay j. These probabilities can be characterized by
experimental [157] and analytical [120] models, and thus we assume that
they are known a priori. Note that we let ωij = 0, if (i, j) is in the optimal
association τ ∗. Similarly define ωik and ωjk. Suppose each AP can serve at
most sk clients as backup association, i.e.,

∑
i∈C−

xik +
∑
j∈C+

2xijxjk

 ≤ sk , ∀k ∈ A . (4.28)

Therefore, we pose the following optimization problem:

max
x

∑
i∈C

∑
k∈A

ωikxik +
∑
i∈C−

∑
j∈C+

∑
k∈A

ωijωjkxijxjk (4.29)

s.t. (4.16) ∼ (4.19), and (4.28) ,

which is a variation of optimization problem (4.26), and the solution
approaches for (4.26) could be used for (4.29). Thus, we mainly focus on
optimization problem (4.26) for the rest of the chapter.

Moreover, note that our proposed framework could also capture the coverage
issue by letting utility function fi be the coverage probability, which is a function
in SNR. The nature of coverage problem alleviates the necessity of considering the
resource sharing at access points, which will substantially simplify the problem.
This coverage oriented problem could be solved by similar approaches proposed in
this chapter, and we leave it for future studies.

4.3.2 Centralized Solution Approach

In this section, we present the solution approach for optimization problem (4.26).
The approach is centralized as a first fundamental step to derive a fully distributed
solution method later in Section 4.3.3.
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Optimal Resource Allocation

Consider random variable γ and its estimate γ̃. Let γ̂η denote the threshold such
that

Pr(γ ≤ γ̂η|γ̃) = η . (4.30)

We assume that the cumulative distribution function (4.12) of the estimates is
known. Then, given the estimates of SNR, ĉηij , ĉ

η
ik and ĉηjk can be determined from

random variables cij , cik and cjk by (4.30). Then the following lemma provides the
optimal rate r∗ for optimization problem (4.26).

Lemma 4.1. Consider optimization problem (4.26) and suppose the association
variables x are fixed and feasible. Then, the optimal rate r∗ for problem (4.26) in
association x is

(a) r∗i = ĉηik, if xik = 1, ∀i ∈ C−, k ∈ A,

(b) r∗j = ĉηjk, if
∑
i∈C− xij = 0 and xjk = 1, ∀j ∈ C+, k ∈ A,

(c) r∗i = min
(
ĉηij , ĉ

η
jk/2

)
and r∗j = ĉηjk−r∗i , if xijxjk = 1, ∀i ∈ C−, j ∈ C+, k ∈ A.

Detailed proofs of the lemmas and propositions of this section can be found
in [87]. Before we present the optimal resource allocation strategy for resource
allocation fraction y∗, let us introduce the following useful definition:

Definition 4.1. Denote nk the number of the clients and the relays that are
associated with AP k:

nk =
∑
i∈C

xik +
∑
i∈C−

∑
j∈C+

xijxjk . (4.31)

The following lemma establishes the optimal resource allocation at APs.

Lemma 4.2. Consider optimization problem (4.26) and suppose the association
variables x are fixed and feasible. Then, the optimal resource allocation y∗ is:

(a) y∗ik = 1/nk, if xik = 1, ∀i ∈ C −, k ∈ A,

(b) y∗jk = 1/nk, if
∑
i∈C− xij = 0 and xjk = 1, ∀j ∈ C+, k ∈ A,

(c) y∗ik = y∗jk = 2/nk, if xijxjk = 1, ∀i ∈ C−, j ∈ C+, k ∈ A.

Based on Lemmas 4.1 and 4.2, let aik and aijk be the utility weights that
correspond to the association indicator xik and xijxjk as:

1. for all client i ∈ C and AP k ∈ A,

aik = ĉηik , (4.32)
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2. for all client i ∈ C−, relay j ∈ C+, and AP k ∈ A,

aijk =


ĉηjk if 2ĉηij ≥ ĉ

η
jk ,

4(ĉηjk − ĉ
η
ij)ĉ

η
ij

ĉηjk
if 2ĉηij < ĉηjk ,

(4.33)

where log aijk = log(2r̄i)+log(2r̄j)− log r̃j , in which r̄i and r̄j are the optimal
rates if xijxjk = 1 (case (c) in Lemma 4.1), whereas r̃j is the optimal rate if
xjk = 1 and

∑
i∈C− xij = 0 (case (b) in Lemma 4.1).

Then, optimization problem (4.26) can be rewritten as

max
x,n

∑
k∈A

∑
i∈C

xik log aik +
∑
i∈C−

∑
j∈C+

xijxjk log aijk

−∑
k∈A

nk lognk (4.34a)

s.t. nk =
∑
i∈C

xik +
∑
i∈C−

∑
j∈C+

xijxjk , ∀k ∈ A (4.34b)

(4.16), (4.17), and (4.19) ,

where decision variables are binary indicator x and integer variable n = {nk|k ∈ A}.
Next, we present how to solve this problem. Note that constraint (4.34b) is due to
the joint association and relaying mechanism, where a client can have access to
an AP either directly or via a relay. Such a constraint is coupled among decision
variables, and is not considered in previous works in [137, 141]. Moreover, since
equality constraint (4.34b) is not affine, problem (4.34) is not convex even if binary
variable xij be relaxed to real values [147]. In the following sections, we will develop
a novel solution approach for this mixed-integer non-convex optimization problem.

Multi-dimensional Assignment Problem

In the section, we transform problem (4.34) into a special case of multi-dimensional
assignment problems. Although the multi-dimensional assignment problems in
general have no closed-form solutions [156], they are convex and possess useful
properties that allow to efficiently compute numerical solutions.

Let introduce virtual client u and relay v that can associate with every relay
j ∈ C+ and with every client i ∈ C−, respectively. Denote C−′ = C− ∪ {u} and
C+
′ = C+ ∪{v}. Let introduce binary variable zijk ∈ {0, 1} for all i ∈ C−′, j ∈ C+

′,
k ∈ A. Let zivk = xik to imply whether client i is directly associated with AP k,
whereas let zujk = xjk to imply whether relay j is associated with AP k without
assisting clients. Define zijk = xijxjk. Now define the corresponding utility weight
bijk for all i ∈ C−′, j ∈ C+

′, and k ∈ A by letting bivk = log aik, bujk = log ajk, and
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bijk = log(aijkajk). Then, (4.34a), (4.16), and (4.17) become∑
i∈C−′

∑
j∈C+′

∑
k∈A

bijkzijk −
∑
k∈A

nk lognk , (4.35)

∑
k∈A

∑
j∈C+′

zijk = 1 ,∀i ∈ C− , (4.36)

∑
k∈A

∑
i∈C−′

zijk = 1 ,∀j ∈ C+ , (4.37)

respectively, where the number of clients associated with AP k becomes

nk =
∑
i∈C−′

∑
j∈C+′

wijzijk , ∀k ∈ A , (4.38)

in which constant parameter wij = 2, if client i ∈ C−′ and relay j ∈ C+
′, otherwise

wij = 1. Let z denote the binary variables {zijk | ∀i ∈ C−′, j ∈ C+
′, k ∈ A}. Thus,

we are now in position to transform optimization problem (4.34) into a variant
multi-dimensional assignment problem with nonlinear objective:

max
z,n

∑
k∈A

∑
i∈C−′

∑
j∈C+′

bijkzijk −
∑
k∈A

nk lognk (4.39a)

s.t. zijk ∈ {0, 1} , ∀i ∈ C−′, j ∈ C+
′, k ∈ A (4.39b)

(4.36), (4.37), and (4.38) .

We remark that the solution to (4.39) gives the solution to optimization
problem (4.34). One could solve problem (4.39) by brute-force search algorithms.
However, the complexity of a brute force algorithm exponentially increases with
the number of clients, relays, and APs, making it impractical even for a modest
size mmWave network. An alternative solution approach could relax optimization
problem (4.39), in which binary variable zijk is allowed to take any real value
in [0, 1]. Then, optimization problem (4.39) is relaxed to a convex optimization
problem, which can be solved by centralized methods, and has the same solution
of (4.39) on the condition given by Proposition 4.2 in the following Section 4.3.3.
However, the centralized approach needs global network information. This requires
a centralized coordinator for client association and relaying, which is hard or
impossible to have in practice. In the following section, we propose a distributed
algorithm to solve (4.39) without any central coordinator.

4.3.3 Distributed Solution Approach
In the previous section, we considered the joint association and relaying
optimization problem (4.26) whose optimal solution returns the transmission rate,
the resource allocation, and the association-relay variables. To derive the optimal
solution, we developed a solution method by first deriving the solution to the rates
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(Lemma 4.1), then the solution to the resource allocation (Lemma 4.2), and finally
we arrived at optimization problem (4.39) whose solution returns the association
variables. Such a solution method is centralized, which is impractical in many
applications. In this section, we build on these fundamental results and present
our distributed solution approach.

Lagrangian Dual Decomposition

In this section, we develop the first step to arrive at a distributed solution method.
In particular, the step consists of a primal-dual decomposition for optimization
problem (4.39) via Lagrangian duality considering real variable zijk. We show that
the dual problem of (4.39) is decoupled into two sub-problems, which can be solved
on clients’ (and relays’) side and AP’s side, respectively.

Consider the relaxation of (4.39), in which binary variable zijk can take any
real value in [0, 1]. Let λ = {λk|k ∈ A} denote the dual variables corresponding
to constraint (4.38) in the relaxed (4.39), then the dual problem of the relaxed
problem (4.39) is

min
λ

gn(λ) + gz(λ) , (4.40)

where gn(λ) and gz(λ) are

gn(λ)=max
n≥0

∑
k∈A

nk (λk − lognk) (4.41)

gz(λ)=


max

z

∑
k∈A

∑
i∈C−′

∑
j∈C+′

(bijk−λkwij) zijk

s.t. zijk∈ [0, 1] ,∀i∈C−′, j∈C+
′, k∈A

(4.36) and (4.37) .

(4.42)

Now we are in the position to give the condition for which the relaxation does
not give a suboptimal solution.

Proposition 4.2. Denote by n∗(λ∗) and z∗(λ∗) the maximizers of subproblems
(4.41) and (4.42), respectively, where λ∗ the optimal solution to dual problem (4.40).
If maximizer z∗(λ∗) of (4.42) is unique, then n∗(λ∗) and z∗(λ∗) are the optimal
solutions for optimization problem (4.39).

The previous proposition suggests that the relaxation of the binary constraints,
with the dual problem (4.40), can be useful to derive the solution to problem (4.39).
Specifically, if the condition given by the previous proposition is satisfied, then these
two optimization problems have exactly the same solution. Instead, if the condition
given in the previous proposition is not fulfilled, we still can find sub-optimal
solutions by solving dual problem (4.40). The sub-optimal solution is very close
to the optimal one, as studied via extensive numerical simulations. In the next
subsection, we develop a solution algorithm for dual problem (4.40).
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Algorithm 4.3a Distributed Algorithm for Clients and Relays
1: Measure the SNR by using pilot signals, and receive λk broadcast by each AP
2: Solve (4.42) by the distributed auction algorithm summarized in Algorithm 4.4a

and Algorithm 4.4b (described in Section 4.3.3).

Algorithm 4.3b Distributed Algorithm for AP k

1: Solve (4.41) by setting nk(t+ 1) = exp (λk(t)− 1)
2: Update λk by letting

λk(t+ 1) = λk(t)− δ(t)
(
nk(t)−

∑
i∈C−

∑
j∈C+

wijzijk

)
. (4.43)

The Distributed Algorithm

Optimization problem (4.40) is convex and can be solved in a distributed
manner. To this end, we propose Algorithm 4.3a and Algorithm 4.3b. In the
algorithm, the clients measure the SNR by using pilot signals from all relays and
APs, while each AP k initializes and broadcasts the price of each AP k, λk(t) at each
discrete time t. This price is determined by the load situation as stated in (4.43).
After receiving λk(t), the clients and the relays solve multi-dimensional assignment
problem (4.42) by the distributed auction algorithm, which will be presented in
the following. These steps are shown in Algorithm 4.3a. Then, each AP k updates
λk(t+ 1) by the gradient method, and broadcasts λk(t+ 1) to the clients, as shown
in Algorithm 4.3b. Note that step size δ(t) is properly chosen according to [147]
to guarantee the convergence. We remark here that in each iteration of Algorithm
4.3a and Algorithm 4.3b, only the current values of dual variable λ are required for
the clients.

Distributed Auction Algorithm

Contrary to the works in [137,141], it is not trivial to find the optimal association
for clients given dual variable λ, since sub-optimization problem (4.42) (with binary
variables) is a multi-dimensional assignment problem, which is in general NP hard to
solve [156]. In this section, sub-optimization problem (4.42) is first transformed into
an asymmetric assignment problem. Then, we propose a novel distributed solution
approach based on the auction algorithm [156]. Given λ by (4.43), consider the
following derivations

k̃ij = argmax
k∈A

(bijk − λkwij) , (4.44a)

αij = bijk̃ij − λk̃ijwij , (4.44b)
z̃ij = zijk̃ij , (4.44c)
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and let αuv = 0. Those derivations are to associate the relays with their best APs.
Note that AP k̃iv, obtained by (4.44), is the best AP for client i without assistance
from relays. Therefore, problem (4.42) can be transformed to a variant assignment
problem [156]:

max
z̃

∑
i∈C−′

∑
j∈C+′

αij z̃ij (4.45a)

s.t.
∑
j∈C+′

z̃ij = 1 , ∀i ∈ C− (4.45b)

∑
i∈C−′

z̃ij = 1 , ∀j ∈ C+ (4.45c)

z̃ij ≥ 0 , ∀i ∈ C−′, j ∈ C+
′ (4.45d)

where z̃ = {z̃ij |i ∈ C−′, j ∈ C+
′} is the decision variable. The solution of (4.42) can

be obtained from those of (4.44) and (4.45).
The classic centralized auction algorithm established in [156] needs sufficient

extension before it could be used to solve (4.45), not only because two entities
(virtual client u and relay v) could be associated with multiple other entities (relays
and clients respectively), but also because it has the drawback of needing a central
coordinator to manage the prices and the bids. In the following, we develop a novel
distributed auction algorithm, comprised of Algorithm 4.4a and Algorithm 4.4b,
for assignment problem (4.45).

In Algorithm 4.4a and Algorithm 4.4b, the vector Pi ∈ RN denotes the prices
vector for the relays (stored in client i), where N is the cardinality of C+. Let pj
denote the price of a relay j (stored in relay j), and virtual relay v represents the
best AP k̃iv obtained from (4.44) for client i. In what follows, we present the basic
steps of Algorithm 4.4a and Algorithm 4.4b.

Initially, we set the prices of all the relays to zero, and choose desired value for
the design parameter ε (we show below that it can be chosen to ensure a desired
optimality). On the client side (Algorithm 4.4a), every client i fulfilling the condition
in Line 8 finds the best relay ji using the local knowledge of the prices. In Lines
9∼12, client i calculates the largest bid for the relay ji. Then, it sends the request
to ji. On the relay side (Algorithm 4.4b), when relay ji receives the request from
clients with different bids, it chooses the best client ij that provides the highest
bid and higher price compared to the old price pj . Relay ji updates its price and
feedbacks the latest price to the clients, as described in Lines 4∼6 and Line 8.
The auction algorithms terminate when there are no client requests. We remark
here that in each iteration, the bids β to the relays, the prices p of relays, and the
decision (yes or no) are exchanged in the mmWave networks.

Definition 4.2. Let ε > 0 be a fixed scalar. An association S and a price vector p
satisfy ε-Complementary Slackness (ε-CS) if

αij − pji ≥ max
j∈C+
{αij − pj} − ε , ∀(i, ji) ∈ S ,
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Algorithm 4.4a Distributed Auction Algorithm for Client i
1: Initialize ji = v, Pi = 0
2: while true do
3: if receive no and new price pji from ji then
4: Disconnect to relay ji, connect to AP k∗i , [Pi]ji ← pji , and ji ← k∗i
5: end if
6: if ji = v 6= argmax

j∈C+′
{αij − [Pi]j} then

7: j′i ← argmax
j∈C+′

{αij − [Pi]j}, θi ← max
j∈C+′

{αij − [Pi]j},

8: ωi ← max
j∈C+′,j 6=ji

{αij − [Pi]j}, and βiji ← pji + θi − ωi + ε

9: Send request with βiji to relay j′i, receive respond, (yes or no) and p′ji
10: if respond contains yes then
11: Connect to object j′i, and ji ← j′i
12: end if
13: pji ← p′ji
14: end if
15: end while

Algorithm 4.4b Distributed Auction Algorithm for Relay j
1: Initialize the client ij = ∅, and price pj = αuj
2: if receive request from clients i and βi then
3: if βi − pj ≥ ε then
4: Send yes and pj , to client i, send no and pj , to client ij , and connect to

client i, and ij ← i, pj ← βi
5: else
6: Send no and pj , to client i
7: end if
8: end if

pj ≥ αuj , ∀j ∈ C+ .

Proposition 4.3. Let ε be a desired positive constant. Denote by M , N and K the
cardinalities of sets C−, C+ and A, respectively. Algorithm 4.4a and Algorithm 4.4b
terminates within MN2d∆/εe iterations, where ∆ = maxαij −minαij.

Remark 4.2. The bound of Proposition 4.3 may not be tight as it is based on the
absence of broadcast control channel. If every relay j can broadcast its latest prices
to clients, then we can show that the iterations are bounded by N2d∆/εe.

Proposition 4.4. Let ε be a desired positive constant. The final assignment
obtained by Algorithm 4.4a and Algorithm 4.4b is within Mε of the optimal
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assignment benefit of problem (4.45). The final assignment is optimal if αij,
∀i ∈ C−, j ∈ C+, is integer, and ε < 1/M .2

Proposition 4.5. If a feasible association S satisfies the ε-CS conditions together
with a vector p, then S is within Mε of being optimal for the optimization
problem (4.45).

Propositions 4.3–4.5 show that the proposed distributed auction algorithm
provides the sub-optimal solutions in finite iterations without any central
coordinator for a variant assignment problem (4.45), and equivalently for a special
multi-dimensional assignment problem (4.42).

Load Biasing

Algorithm 4.3a and Algorithm 4.3b, proposed in Section 4.3.3, need a few iterations
to converge, which may be time consuming. In this subsection, we introduce a simple
approach, namely load biasing, which provides near optimal performance compared
to Algorithm 4.3a and Algorithm 4.3b. The load biasing scheme is inspired by the
range expansion [137]. In the load biasing scheme, each AP k broadcasts biasing
factor µk to all the available clients and relays, instead of the dual variable λk.
According to Algorithm 4.3a and Algorithm 4.3b, the optimal µ∗k equals to λ∗k,
namely it is the optimal solution λ∗k = logn∗k + 1. The load biasing consists in
estimating µ∗k in advance. After running Algorithm 4.3a and Algorithm 4.3b a
number of iterations, then a good estimation is given by the empirical mean, i.e.,
we let µ̂k = log n̄k + 1, where n̄k is the average number of clients associated with
AP k.

4.3.4 Numerical Illustrations
In this section, we numerically evaluate the performance of the proposed solution
algorithms for optimization problem (4.26), namely Algorithm 4.3a and Algorithm
4.3b and their sub-routine Algorithm 4.4a and Algorithm 4.4b.

We consider a mmWave network operating at 60 GHz, with 150 clients, 50 relays,
and 5 APs. The narrowband geometrical channel model with one path for every
transmitter-receiver pair is used. The channel model between transmitter i and
receiver j contains a zero mean complex normal random variable with variance
10−0.1Lij , where Lij is the corresponding path loss and consists of a constant
attenuation, a distance dependent attenuation, and a large scale Lognormal fading.
Parameters of the channel model depend on being in LoS or in NLoS and are
adopted from [27, Table I]. In the first set of experiments, we fix the locations
of APs, whereas the clients and relays are uniformly distributed at random over
this area. The carrier frequency is 60 GHz, path-loss exponent is 2.5, and system
bandwidth is 2.16 GHz. To evaluate the performance of the proposed algorithms,

2If all benefits are rational numbers, they can be scaled up to integer by multiplication with
a suitable common number.
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we run Monte-Carlo simulations over 100 experiments. We run at most 200 and
500 iterations in Algorithm 4.3a and Algorithm 4.3b and in Algorithm 4.4a
and Algorithm 4.4b, respectively. In the following, we use ε = 0.01 and assume
perfect estimates of the achievable rates (link capacities) when not stated in the
description. For benchmarking purpose, we consider the following algorithms:

• RAND: Random association policy;

• RSSI: RSSI-based association policy [13];

• DST: Our proposed approach, namely Algorithm 4.3a, Algorithm 4.3b,
Algorithm 4.4a, and Algorithm 4.4b;

• DST-R: DST without relaying;

• LB: DST modified by our proposed load biasing policy;

• OPTM: The optimal association policy, which is the solution of the
optimization problem (4.26) obtained by using a centralized binary integer
programming solver intlinprog in Matlab.

Furthermore, we compute the well known Jain’s fairness index [158] for every
realization of every scenario, and find its average. To evaluate the load balancing
performance, we consider two definitions for fairness:

• association fairness: the closeness of the number of clients associated to
different APs,

• throughput fairness: the closeness of the throughput of clients.

For both definitions, we evaluate Jain’s fairness index. We analyze the performance
of our proposed association and the existing association policies from the literature
in terms of network throughput and fairness.

Figure 4.7(a) illustrates the load distribution among different APs and the
average Jain’s fairness index for different association and relaying algorithms,
reported beneath the corresponding algorithm’s name. The RAND and the RSSI
associations result in very unbalanced loads. In particular, AP 5 serves around
the half of the clients, whereas AP 3 serves far fewer than 10 clients in both
schemes. This unbalanced number of clients per AP, besides resulting in a poor
network throughput performance, devastates the association fairness. Moreover,
our proposed optimization problem (4.26) substantially improves the throughput
fairness compared to RAND and RSSI-based associations. Note that at every AP,
we have equal allocation to maximize network-wide proportional fairness, as shown
in Lemma 4.2. It indeed means that a closer client to the AP receives the same
share of resources as a very far away one, so we do not have fairness in rate
allocation inside every AP, imposed by the objective function (4.25). The DST
provides almost the same load balancing performance as that obtained by the
OPTM, which is consistent to the theoretical analysis in Section 4.3.3. Furthermore,
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Figure 4.7: (a) Illustration of the average number of clients per AP, where APs 1∼5
correspond to different AP in the mmWave network. The values beneath the algorithms’
names are the corresponding Jain’s fairness indexes: (i) is association fairness, (ii) is
throughput fairness. (b) Illustration of a sample solution of DST in Figure 4.7(a).

the LB provides near optimal load balancing with lower complexity compared to the
DST. Adding more APs increases the degree of freedom we have for load balancing
and throughput enhancement in the network. While the DST, the LB, and the
OPTM solutions optimally leverage these extra degree of freedoms, the performance
enhancement of the RAND and the RSSI approaches are not similar to load-aware
association and resource allocation policies.

Figure 4.7(b) shows one sample association of the scenarios used in Figure 4.7(a),
and confirms loose meaning of the regular-shape non-overlapping serving areas
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Figure 4.8: Comparison of the rates of different association approaches: (a) the
cumulative distribution functions of the rates, (b) the radio of rate χ versus the probability
of the rates less than χ.

of the APs in mmWave networks. The clients prefer to be served by farther but
less-loaded APs, instead of having higher peak rate per channel use but lower
number of the channel uses (being served by a closer but over-loaded AP), as it is
clear from the green clients in Figure 4.7(b). In fact, the green AP (roughly) prefers
to serve closer clients, and relays connect farther clients to the less-loaded APs.

Figure 4.8 compares achievable rate of different association and resource
allocation policies. Specifically, Figure 4.8(a) illustrates the cumulative distribution
functions (CDF) for the rates. DST and LB substantially decrease the number
of clients with low rates compared to the RAND and the RSSI policies, which
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Figure 4.9: Average value of the objective function against the number of clients with
M/N = 3: (a) considers all the clients and relays, (b) considers half of the clients and
relays with lower rates.

provides proportional fairness among the clients. Figure 4.8(b) depicts the gain of
rate χ versus the probability Pr(r ≤ χ) for the OPTM, the DST, the LB and the
RAND approaches compared to the RSSI. As can be observed that OPTM, DST
and LB provide 30%∼ 80% higher rates than RSSI, and 20%∼ 50% higher rates
than DST-R at lower rates. Furthermore, in both Figures 4.8(a) and 4.8(b), the
outputs of the OPTM and the DST almost overlap, whereas the LB provides a
near optimal performance.

Figure 4.9 illustrates the average objective value,
∑
i∈C
∑
k∈A log(riyik)/(M +

N), obtained by the different association policies, when we fix the ratio of the
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Figure 4.10: Illustration of the average objective value as a function of the variance of
the SNR measurement noise σ.

numbers of clients and relays, namelyM/N = 3. As shown in Figure 4.9, the average
of the resulting objective value decreases with the number of clients. Consistent to
Figure 4.8(b), as shown in Figure 4.9(b), the proposed DST provides substantially
larger objective than the DST without relaying for the clients and relays with lower
rates. Again, the OPTM and DST almost overlap. Furthermore, the LB has the
worst performance when the number of clients is less than 30, as shown in Figure 4.9.

To evaluate the impact of imperfect channel state information on the association
performance, we assume that the measured S̃NRij = SNRij + eij , where eij is the
error due to estimation and limited feedback channel. We further assume that eij
follows a zero-mean Gaussian distribution with variance σ. We denote σ as SNR
measurement noise. Figure 4.10 illustrates the average objective value as a function
of the SNR measurement noise σ. Clearly, when σ is large, constraints (4.13)∼(4.15)
force the clients to adopt a conservative data rate. Higher measurement noise
variance increases the uncertainty on the final association and consequently
increases the gap between the solution of (4.26) and the optimal solution, once
precise SNR values are available. However, for relatively high error in order of 0.1,
the optimality gap is almost negligible.

In the following, we show that by a proper choice of the desired convergence
error, the number of iterations for the proposed algorithms is small. Thus, these
algorithms can be easily implemented on top of the beaconing mechanisms of
existing mmWaves standards [13, 14]. Figure 4.11(a) shows the average number
of iterations required by Algorithm 4.3a and Algorithm 4.3b in DST to converge
to the optimal solution within 1% error bound. From the figure, a moderate
number of iterations is enough for Algorithm 4.3a and Algorithm 4.3b to achieve
convergence. Figure 4.11(b) illustrates the convergence performance of Algorithm
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Figure 4.11: (a) Illustration the average numbers of iterations required by Algorithm
4.3a and Algorithm 4.3b to converge to the optimal solution within 1% (red circle), 0.1%
(blue diamond), and 0.01% (green square) error bound varying the number of the clients,
respectively. (b) Illustration of the performance of Algorithm 4.4a and Algorithm 4.4b
varying the value of ε.

4.4a and Algorithm 4.4b in the DST by varying the value of ε. When the value of ε
decreases, the final solution becomes closer to the optimal solution at the expense of
a lower convergence speed, as predicted by Proposition 4.3: the auction algorithms
are faster for larger ε values. To elaborate more, we report in Figure 4.12 the average
error of the final solution of Algorithm 4.4a and Algorithm 4.4b. The results indicate
that the error between the optimal objective values and that obtained by Algorithm
4.4a and Algorithm 4.4b raises with ε. Moreover, the errors are always less than
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Figure 4.12: Illustration of the errors between the optimal objective values of optimization
problem (4.39) and that obtained by Algorithm 4.4a and Algorithm 4.4b, where the blue
curve corresponds to the theoretical bound proposed by Proposition 4.5.

the upper bound provided in Proposition 4.5.

4.4 Summary

This chapter addressed the problem of optimal resource allocation for a
mmWave network. For short-term resource allocation, we formulated a joint
beamwidth selection and power control problem, which results in identifying
an alignment-throughput tradeoff. Two low-complexity solution approaches were
proposed that rely on an overestimation and underestimation of interference and
substantially improve the performance of existing standards. For the long-term
resource allocation, we formulated a joint optimization of user association,
relays selection, and resource allocation in the APs. Using a sequence of
transformations, we transform this combinatorial and non-convex problem into a
multi-dimensional assignment problem, for which we developed an auction-based
distributed algorithm. Comprehensive theoretical and numerical analyses show that
optimizing short-term and long-term resource allocation can substantially improve
the performance of mmWave networks in terms of throughput, robustness, and
fairness.



Chapter 5

Spectrum Sharing

Spectrum sharing is not typically used in current cellular networks because it only
provides a slight performance improvement while requiring a heavy coordination
among different cellular operators. However, these problems can be potentially
overcome in mmWave networks, thanks to beamforming both at BSs and at
UEs. This chapter investigates the extent to which spectrum sharing in mmWave
networks with multiple cellular operators is a viable alternative to traditional
dedicated spectrum allocation.

Specifically, we develop a general mathematical framework by which to
characterize the performance gain that can be obtained when spectrum sharing
is used, as a function of the underlying beamforming, operator coordination,
bandwidth, and infrastructure sharing scenarios. The framework is based on joint
beamforming and cell association optimization, with the objective of maximizing
the long-term throughput of the users. Our asymptotic and non-asymptotic
performance analyses reveal five key points: 1) spectrum sharing with light
on-demand intra- and inter-operator coordination is feasible, especially at higher
mmWave frequencies (for example, 73 GHz); 2) directional communications at the
user equipment substantially alleviate the potential disadvantages of spectrum
sharing (such as higher multiuser interference); 3) large numbers of antenna
elements can reduce the need for coordination and simplify the implementation
of spectrum sharing; 4) while inter-operator coordination can be neglected in the
large-antenna regime, intra-operator coordination can still bring gains by balancing
the network load; and 5) critical control signals among base stations, operators, and
user equipment should be protected from the adverse effects of spectrum sharing, for
example by means of exclusive resource allocation. The results of this chapter and
their extensions obtained by relaxing some ideal assumptions can provide important
insights for future standardization and spectrum policy.

The rest of this chapter is organized as follows. Section 5.1 presents a
brief literature review. Section 5.2 introduces the system model. Sections 5.3
and 5.4 formulate optimization problems to study the gains of coordination and
beamforming in spectrum sharing schemes in mmWave networks. Section 5.5
analyzes the performance of spectrum sharing in the asymptotic regimes. We
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present numerical results in Section 5.6, followed by design insights in Section 5.7
and concluding remarks in Section 5.8. Detailed proofs of the propositions and
remarks of this chapter can be found in [159].

5.1 Literature Review

Spectrum sharing between multiple operators was recently proposed as a way
to allow a more efficient use of the spectrum in mmWave networks. Preliminary
studies have shown that the specific features of mmWave frequencies, including the
propagation characteristics and the narrow beams due to directional beamforming,
are important enablers for spectrum sharing. In [160], a mechanism that allows two
different IEEE 802.11ad access points to transmit over the same time/frequency
resources was proposed. This mechanism is realized by introducing a new signaling
report, which is broadcast by each access point to establish an interference database
that facilitates scheduling decisions. A similar approach was proposed in [161]
for mmWave cellular systems, with both centralized and distributed coordination
among operators. In the centralized case, a new architectural entity receives
information about the interference measured by each network and determines which
links cannot be scheduled simultaneously. In the decentralized case, the victim
network sends a message to the interfering network with a proposed coordination
pattern. The two networks can further refine the coordination pattern via multiple
iterations.

Reference [162] investigated the feasibility of sharing the mmWave spectrum
between the D2D/cellular and access/backhaul networks and proposed a new MAC
layer in order to regulate concurrent transmissions in a centralized manner. In
Chapter 3, we investigated the interference in uncoordinated ad hoc mmWave
networks and showed that, under certain conditions, simple scheduling policies with
no coordination can be as good as the complicated ones with full coordination. The
main reason is the sporadic presence of strong interference that requires on-demand
handling. This is in agreement with the recent analysis of the MAC layer of
mmWave cellular networks, which shows the need for only on-demand inter-cell
interference coordination [28]. In [160], a mechanism for allowing two different
802.11ad access points to transmit over the same time-frequency resources is
proposed. This is realized by introducing a new signaling message that is broadcast
by each access point so as to establish an interference database and make scheduling
decisions. A similar approach is proposed in [161] for mmWave cellular systems, with
both a centralized and a distributed inter-operator coordination. Reference [106]
investigated the feasibility of spectrum sharing in mmWave cellular networks and
showed that, under certain conditions such as idealized antenna pattern, spectrum
sharing may be beneficial even without any coordination in the entire network.
Reference [163] showed that infrastructure sharing in mmWave cellular networks
is also beneficial and its gain is almost identical to that of spectrum sharing.
Reference [164] discussed the architectures and protocols required to make spectrum
sharing work in practical mmWave cellular networks and provided preliminary
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results regarding the importance of coordination. Reference [165] studied the
performance of a hybrid spectrum scheme in which exclusive access is used at
frequencies in the 20/30 GHz range while spectrum sharing (or even unlicensed
spectrum) is used at frequencies around 70 GHz.

In this chapter, we focus on three aspects with major impacts on the performance
of spectrum sharing: the choice of beamforming, the amount of information
exchange (coordination), the amount of spectrum shared. In [164], we have
also discussed various supporting architectures for spectrum sharing in mmWave
networks, including interfaces at the radio access networks and at the core network,
infrastructure sharing, core network sharing, and spectrum broker.

5.2 System Model

5.2.1 Network Model
We consider the downlink of a multi-operator cellular network with total bandwidth
W to be shared among Z operators in the network. Let Bz be the set of BSs of
operator z, and B = B1 ∪ B1 ∪ . . . ∪ BZ be the set of all BSs in the network. Note
that the spatial distribution of the BSs of each operator z and also infrastructure
sharing are embedded in Bz. For instance, with no infrastructure sharing, {Bz}Zz=1
are disjoint sets. We denote by U the set of all UEs, by Uz the set of all UEs of
operator z, and by Wz the bandwidth of operator z. Without loss of generality, we
assume universal frequency reuse within an operator, so all the non-serving BSs
of an operator cause interference to every UE of that operator in the downlink.
Table 5.1 lists the main symbols used in the chapter.

We denote by xbu a binary variable that is equal to 1 if UE u ∈ U is served
by (or associated with) BS b ∈ B, and by Nb =

∑
u∈U xbu and Ab the number

and the set of UEs that are being served by BS b, respectively. We also call Nb
the load of BS b. Note that without national roaming, each BS can serve only UEs
of the same operator. Namely, xbu = 0 for all b ∈ Bz, u ∈ Uk where z 6= k. We
define the association period as the consecutive coherence intervals over which an
association remains unchanged, see Figure 5.1. For a given association, beamforming
should be recomputed every coherence time, and short-term scheduling should be
recalculated after a small number of coherence intervals (e.g., 10 ms in LTE [58]),
whereas association is a long-term process in the sense that it is fixed over many
coherence time intervals [62, 87, 133, 140, 166]. In this chapter, we investigate the
performance of optimal association; i.e., we find the optimal Ab for all BSs and all
operators. Using these associations, the BSs and UEs recalculate their beamforming
vectors every coherence time. For short-term scheduling, we ensure that each BS
can serve all its UEs simultaneously (by assuming a sufficiently large number
of RF chains at each BS). By this assumption, we avoid the interplay between
the short-term resource allocation problem and the association problem, which
should be handled at different time scales. This simplification leads to simpler
mathematical formulations, whose extension to the general case is left for future
work.
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Table 5.1: Summary of main notations.

Symbol Definition
NBS, NUE Number of antennas at every BS and UE

Nb Number of UEs that are associated with BS b
Z Number of operators
Nbu Number of paths between BS b ∈ B and UE u ∈ U
Nr Number of RF chains at each BS
U Set of all UEs of all operators
Bz Set of BSs of operator z
Uz Set of UEs of operator z
Wz Bandwidth of operator z
Hbu Channel matrix between BS b and UE u

Hb Effective channel from the perspective of BS b
H Effective channel for precoding

aBS(φ) Vector response function of the BSs’ antenna arrays to φ
aUE(φ) Vector response function of the UEs’ antenna arrays to φ
xbu Binary association variable of UE u to BS b
Ab Set of UEs that are associated with BS b
b An index denoting a tagged BS
u An index denoting a tagged UE
i An index denoting a BS
j An index denoting a UE
k, z Indices denoting an operator

· · ·

Coherence time

Association period

Figure 5.1: An association period. Beamforming vectors are fixed only for one coherence
time and should be recomputed afterward. Association is fixed over a block of many
coherence time intervals, denoted as association period.

5.2.2 Antenna and Channel Model
We consider a half-wavelength uniform linear array (ULA) of NBS antenna elements
for all BSs and a ULA of NUE antennas for all UEs, albeit our mathematical
framework can be easily extended to other antenna models. We consider a
narrowband cluster channel model [51], with a random number of paths between
every BS and every UE. This model can be transformed into the well-known virtual
channel model of [167]. Let Nbu be the number of paths between BS b ∈ B and UE
u ∈ U , and gbun be the complex gain of the n-th path that includes both path loss
and small scale fading. In particular, gbun is a zero-mean complex Normal random
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variable with E[|gbun|2] = Lbu for n = 1, 2, . . . , Nbu, where Lbu in the path loss
between BS b and UE u and is the product of a constant attenuation, a distance
dependent attenuation, and a large scale lognormal fading [27]. The channel matrix
between BS b and UE u is given by

Hbu =
√
NBSNUE

Nbu

Nbu∑
n=1

gbun aUE
(
φUE
bun

)
a∗BS

(
φBS
bun

)
, (5.1)

where aBS ∈ CNBS and aUE ∈ CNUE are the vector response functions of the BSs’
and UEs’ antenna arrays to the angles of arrival and departure (AoAs and AoDs),
φBS
bun is the AoD of the n-th path, φUE

bun is the AoA of the n-th path, and (·)∗ is the
conjugate transpose operator. For a ULA with half wavelength antenna spacing at
the BS, we have

aBS (φ) = 1√
NBS

[
1, e−jπ sin(φ), . . . , e−j(NBS−1)π sin(φ)

]∗
. (5.2)

The parameters of the channel model depend both on the carrier frequency and
on being in LoS or non-LoS conditions and are given in [27, Table I]. The AoAs
and AoDs depend on the spatial distribution of the BSs and the UEs, and on the
scattering in the environment. For instance, if they follow independent homogenous
Poisson point processes, φUE

bun and φBS
bun (for all b, u, and n) will be independent

random variables with uniform distribution in [0, 2π]. The path loss, AoAs, and
AoDs depend on the second-order statistics of the wireless channel, which remains
unchanged as long as the scattering geometry relative to the corresponding user
remains unchanged. Even if the user changes its position by some meters, the
channel second order statistics remain unchanged [168].

5.2.3 Beamforming Model

To reduce UE power consumption while providing sufficiently good performance,
we consider an analog combiner using phase shifters at the UE side (only one RF
chain per UE). With these phase shifters, each UE can only change its antenna
boresight based on a predefined codebook WUE, whose cardinality mainly depends
on the feedback size. For example, 4-bit feedback allows 16 different vectors in the
codebook. Supposing that UE u will be served by BS b, its combining vector is
wUE
bu ∈ CNUE . Let WBS

b ∈ CNBS×Nb be the precoding matrix at BS b whose u-th
column wBS

bu ∈ CNBS is the precoding vector for UE u. In the following, we introduce
the precoding strategies considered in the next sections. In short, all the UEs always
use an analog combiner, whereas the precoder at the BSs can be either analog or
digital.
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Analog Precoding

We assume Nr RF chains at each BS, where 1 ≤ Nr � NBS.1 Each RF chain can
serve only one UE at a time; however, a BS can serve multiple UEs at the same
time by exploiting different RF chains. To avoid unnecessary complications due to
short-term scheduling, we assume that all the UEs will always be served by their
BSs. To ensure this, we put condition Nb ≤ Nr for all BSs and all operators in the
next sections.

We assume that the total transmission power p will be divided equally among
all active RF chains, so the transmission power of BS b toward its individual UEs is
p/Nb, where Nb is the BS load (number of its active RF chains). The received power
of UE u from BS b is p|

(
wUE
bu

)∗HbuwBS
bu |2/Nb. The RF precoding and combining

vectors try to maximize the received power. Formally, they are the solution of the
following optimization problem:

maximize
wUE
bu
, wBS

bu

∣∣∣(wUE
bu

)∗ Hbu wBS
bu

∣∣∣2 , (5.3a)

subject to wUE
bu ∈WUE , (5.3b)

wBS
bu ∈WBS , (5.3c)

where WBS and WUE are the precoding codebooks of the BSs and the UEs,
respectively. For a given channel matrix, solving optimization problem (5.3)
requires, in the worst case, an exhaustive search over

∣∣WUE
∣∣∣∣WBS

∣∣ choices of the
BS precoders and UE combiners. The solution of (5.3) may vary in every coherence
time. However, as we show in Section 5.5, asymptotically, the optimal analog
precoder and combiner depend only on the second order statistics of the channel,
as also suggested in [52,169]. This property allows asymptotic performance analysis
for spectrum sharing.

Digital Precoding

Here, we assume Nr = NBS RF chains at all BSs. Again, we allow a total
transmission power p at each BS. As the beamforming and association problems
should be handled at different time scales, we optimize the user association
problem in Section 5.4 given a reasonable precoding scheme. First we note that the
transmitted symbols of BS b are sb =

√
λbWBS

b db, where db ∈ CNb ∼ CN (0, INb)
are the data symbols for the Nb UEs of this cell. The parameter λb normalizes the
average transmit power of the BS to p, namely

λb = p

E

[
tr WBS

b

(
WBS

b

)∗] . (5.4)

1The difference with respect to the hybrid precoder is the lack of digital precoder. In other
words, signals of individual RF chains will not be jointly processed here, giving a lower bound for
the achievable performance.
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The precoding matrix depends on the precoding scheme and also on the amount of
information available at the BS. In this chapter, we consider two digital precoding
strategies of practical interest: maximum ratio transmission (MRT) and regularized
zero forcing (RZF). Define H as the effective channel that contains the effect of
analog combiners of some of the UEs; see Section 5.4 for the formal definition of
H. Given H, the combining vectors are the solution of the following optimization
problem:

maximize
wUE
bu

∣∣∣(wUE
bu

)∗ Hbu wBS
bu

∣∣∣2 , (5.5a)

subject to wUE
bu ∈WUE , (5.5b)

wBS
bu =


[
H∗
]
u
, MRT[(

H + cI
)†]

u
, RZF ,

(5.5c)

where c is an arbitrary positive number, I is the identity matrix of the same size as
H, [A]u is the u-th column of matrix A, and (·)† is the pseudo-inverse operation.
In Section 5.4, we characterize H based on the information available at each BS.

5.2.4 Methodology
To investigate the gains of beamforming and coordination for spectrum sharing
schemes in mmWave networks, we note that although the information theoretic
foundations of wideband communications (implying the SNR approaching zero)
have been the topic of intensive research (see, e.g., [170–172]), their applications in
practical scenarios are less understood. The problem becomes even more challenging
when we take spectrum sharing and various coordination schemes into account. Our
approach using a network optimization framework can alleviate such problems.

In the following, we formulate the relevant optimization problems to optimize
the performance of spectrum sharing for different beamforming and coordination
strategies. The comparison of the solutions of these optimization problems, though
not in closed-form, enables us to quantify the gains of different coordination
levels (inter-operator, intra-operator, or uncoordinated) with different beamforming
schemes (analog or digital). Pursuing closed-form results is an interesting topic for
future work.

5.3 Spectrum Sharing with Analog Beamforming

In this section, we evaluate the gain of spectrum sharing with analog precoding at
the BSs when considering different coordination scenarios.

5.3.1 SINR and Rate Models
The received power at each UE u ∈ Uz when the serving BS is b ∈ Bz is the
summation of five components: desired power P , intra-cell interference I1, inter-cell
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interference I2, inter-operator interference I3, and noise power spectral density
σ2. I1 corresponds to the signals transmitted to other UEs by the same BS.
I2 corresponds to the interference from the signals transmitted by other BSs of
the same network operator. I3 corresponds to the interference from the signals
transmitted by all BSs of other operators B \ Bz toward their own UEs.

We first note that the received power of UE u from BS b is
p|
(
wUE
bu

)∗HbuwBS
bu |2/Nb. To calculate the interference terms, recall the definitions

of the binary association variables xij , the set of associated UEs Ai, and the load
of a BS Ni, for each BS i and UE j. It follows that

I1 =
∑

j∈Ab\{u}

p

Nb

∣∣∣(wUE
bu

)∗HbuwBS
bj

∣∣∣2 = p
∑

j∈Uz\{u}

xbj∑
m∈Uz xbm

∣∣∣(wUE
bu

)∗HbuwBS
bj

∣∣∣2 ,
(5.6)

where p/Nb is the transmit power of BS b toward UE u. Similarly, we have

I2 = p
∑

i∈Bz\{b}

∑
j∈Uz

xij∑
m∈Uz xim

∣∣∣(wUE
bu

)∗HiuwBS
ij

∣∣∣2 . (5.7)

For each UE u, inter-operator interference I3 depends on the set of operators
(and BSs) that share the same bandwidth. Without loss of generality of the
developed mathematical framework, we consider only a full bandwidth sharing
scenario, namely the total bandwidth W is reused by all operators, i.e., Wz = W .
With universal frequency reuse, each UE u receives interference from all BSs of all
operators, and the inter-operator interference can be expressed as

I3 = p

Z∑
k=1
k 6=z

∑
i∈Bk

∑
j∈Uk

xij∑
j∈Uk xij

∣∣∣(wUE
bu

)∗HiuwBS
ij

∣∣∣2 . (5.8)

Using the special characteristics of mmWave networks, such as high penetration
loss and directional communications, interference components (5.6)–(5.8) can be
substantially simplified for mathematical tractability with almost negligible loss in
the accuracy of the SINR model; see Chapter 3 and also [173]. In this work, we keep
the general form of the interference terms, though their simplified versions can also
be substituted in the following expressions.

The average rate that UE u can get from BS b conditioned on the network
topology is

rbu = E

[
W log

(
1 + P

I1 + I2 + I3 +Wσ2

)]
, (5.9)

where the expectation is over all random channel gains. The long-term rate that
UE u will receive from all BSs of operator z is equal to ru =

∑
b∈Bz xburbu. Sharing

the spectrum increases the bandwidth available to each operator (with a prelog
contribution to the rate in high SINR regimes); however it also increases the
interference power. We collect all control variables xbu in matrix Xz for all operators
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1 ≤ z ≤ Z, and let X = diag(X1,X2, . . . ,XZ). For each operator z, the intra- and
inter-cell interference terms, I1 and I2, are only functions of Xz. However, the
inter-operator interference I3 is a function of the association solutions of other
operators {Xi}Zi=1,i6=z. Therefore, ru depends on the association solutions of all
operators X.

Note that the association solution remains unchanged in the calculation of (5.9).
This solution might not be optimal over some coherence time intervals; however, it
leads to the maximum average rate in the long run. We note the following:

Remark 5.1. Equation (5.9) provides a lower bound for the average rate that
BS b gives to UE u. After finding the association solution based on this objective
function, intra-operator and inter-operator coordination in designing time-frequency
scheduling can further reduce I2 and I3, respectively. These short-term adaptations
statistically improve the rate of individual UEs.

5.3.2 Optimal Association with Sharing and Full Coordination
To ensure both high network throughput and some level of fairness among individual
UEs, we consider proportional fairness as the network utility of each operator. In
particular, the objective function of operator z is

fz(X) =
∑
u∈Uz

log ru =
∑
u∈Uz

log
(∑
b∈Bz

xburbu

)
. (5.10)

Given that the beamforming is recomputed in every coherence time based on (5.3),
we can formulate the following multi-objective optimization problem to find the
optimal association:

P1 :maximize
X

[f1(X), f2(X), . . . , fZ(X)] , (5.11a)

subject to beamforming design (5.3) , (5.11b)∑
b∈Bz

xbu = 1 , ∀u ∈ Uz, 1 ≤ z ≤ Z , (5.11c)

∑
u∈Uz

xbu ≤ Nr , ∀b ∈ Bz, 1 ≤ z ≤ Z (5.11d)

xbu ∈ {0, 1} ,∀b ∈ B, u ∈ U , (5.11e)
xbu = 0 ,∀b ∈ Bk, u ∈ Uz, k 6= z, 1 ≤ z, k ≤ Z. (5.11f)

Constraint (5.11c) guarantees association of each UE to only one BS, mitigating
joint scheduling requirements among BSs. Constraint (5.11d) ensures that Nb ≤ Nr,
so all Nb UEs that are associated with BS b can be served together with MU-MIMO.
If Nb < Nr, some RF chains will be off, and the BS gives higher transmit power
to the active RF chains. Constraint (5.11f) ensures that the UEs of operator z can
be only served by BSs of the same operator (no national roaming). Notice that
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optimization problem (5.11) can be easily extended to allow national roaming by
just removing (5.11f) and making simple modifications of (5.11c)–(5.11d).

Finding the Pareto optimal solution of P1 directly from the optimization
problem is difficult. The general approach to address multi-objective optimization
problems is to transform them into a scalar problem (scalarization). Among all
the scalarization approaches, the weighted Tchebycheff method can provide the
complete Pareto optimal solutions with low computational complexity and is
effective even for non-convex objective functions [174]. Therefore, we adopt it as the
scalarization method in this chapter. Note that the main aim of this chapter is to
understand the feasibility of spectrum sharing in mmWave networks, and efficient
solution methods for P1 are left for future work. In the following subsections,
we pose other variations of optimization problem P1 when we have different
coordination levels and beamforming schemes. By analyzing the solutions of these
optimization problems, we characterize the gains of coordination and beamforming
for spectrum sharing schemes in mmWave cellular networks.

The solution of P1 provides long-term resource allocation policies for the
network. This solution is valid as long as the input of the optimization problem, i.e.,
the network topology, remains unchanged. Once either a UE loses its connection
(for instance, due to a temporary obstacle), or the channel statistics changes (for
instance, due to mobility) optimization problem P1 has to be re-executed.

Remark 5.2 (Operating Frequency). Changing the frequency band affects the
parameters of the channel model formulated in (5.1). It also changes the number of
antenna elements that we can manufacture on the same antenna size, changing the
antenna pattern and thereby the interference terms.

Remark 5.3 (Antenna Pattern). Changing the antenna array affects only aUE and
aBS in (5.1), and thereby the optimal precoding and combining vectors in (5.3).

Remark 5.4 (Complexity of P1). To optimally solve P1, we need CSI toward all
UEs at all BSs of all operators. Given such knowledge, full intra- and inter-operator
coordination is required to solve P1. In particular, all BSs should exchange their
loads, current association solutions, and objective values.

According to Remark 5.4, the BSs of every operator should be able to send and
receive some pilot signals of all UEs of all operators and exchange a huge amount of
information with a central controller, which should then solve P1. The complexity
and cost of such level of channel estimation and coordination grow large with the
number of BSs and UEs and is in general overwhelming for mmWave networks
with dense BS deployment. Moreover, if BSs or UEs belong to different network
operators, a huge inter-operator signaling via the core networks is required for
synchronization and for the calculation of I3, see also [175, 176]. We address these
issues in the next subsection. Nonetheless, the solution of P1 gives a theoretical
upper bound for the performance gain of spectrum sharing with analog precoders,
which we further use as a benchmark for the performance of more practical sharing
scenarios.
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5.3.3 Optimal Association with Sharing and No Inter-operator
Coordination

Inter-operator coordination is the main source of complexity of P1, which manifests
itself in both calculating I3 and exchanging the values of the objective functions. To
alleviate the cost and complexity of P1, we enforce the following design constraints.
First, each operator maximizes only its own benefit without taking the objective of
other operators into account. Second, the inter-cell interference I3 is approximated
by a quantity Î3 that depends only on Xz for each operator z. Consequently, fz can
be calculated without any inter-operator coordination. By substituting Î3 into (5.9),
and the resulting rbu into (5.10), we pose the following optimization problem for
each operator z:

P2 : maximize
Xz

fz(Xz) , (5.12a)

subject to beamforming design (5.3) , (5.12b)∑
b∈Bz

xbu = 1 , ∀u ∈ Uz , (5.12c)

∑
u∈Uz

xbu ≤ Nr , ∀b ∈ Bz , (5.12d)

xbu ∈ {0, 1} , ∀u ∈ Uz, b ∈ Bz , (5.12e)

which can be independently solved by individual operators. In the following, and
without loss of generality, we assume Î3 = 0.

Remark 5.5 (Complexity of P2). Optimization problem P2 requires neither
inter-operator CSI knowledge nor inter-operator coordination. However, it still
needs full CSI knowledge and coordination within one operator. Moreover, P2 can
be solved by individual operators in parallel and has substantially fewer dimensions
than P1, thus its computational complexity is significantly less than that of P1.

Remark 5.6 (Optimality of P2). If I3 is small compared to the noise power, which
occurs under large antenna regimes or sparse mmWave networks, the solution would
not be too sensitive to the estimation error, namely |I3|. However, as I3 increases,
deriving the optimal solution of P1 becomes more sensitive to the approximation
error, making inter-network cooperation more important in order to avoid heavily
suboptimal performance.

Remark 5.6 implies that interference-limited networks require a very good
estimation of I3, and without it, their performance can be severely degraded
after spectrum sharing. This indeed reduces the benefits of spectrum sharing in
traditional “interference-limited” cellular networks, as we will observe in Section 5.5.
However, a coarse estimation of interference may be enough for mmWave networks,
especially if the interference shows a binary behavior, as we observed in Chapter 3.
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5.3.4 Practical Association with Sharing and No Coordination

Many practical systems consider an RSSI-based association rule, which requires
neither inter- nor intra-operator coordination for the association phase. Besides
this lack of coordination, RSSI-based association cannot balance the network load,
which may lead to a substantial drop in both per-user throughput and fairness [133].
In short, each UE will be associated with the BS that can provide the highest
received power. For benchmarking purposes, we will also consider this spectrum
sharing option in the numerical results.

5.3.5 Optimal Association with No Sharing

In the no spectrum sharing scenario, we assume that the bandwidth W is equally
divided among all Z operators. With universal frequency reuse, the bandwidth
available to each BS is then Wz = W/Z. Due to non-overlapping bandwidths, the
inter-operator interference is I3 = 0. Then, similar to the previous subsection, for
each operator z, fz depends only on Xz. By substituting Wz and I3 = 0 into (5.9),
and the resulting rbu into (5.10), we can formulate an association optimization
problem for every operator z. This optimization problem, hereafter called P3, is very
similar to (5.12), the only difference being the calculation of the objective function.
Remarks 5.5 and 5.6 hold for P3 as well. In particular, as I3 = 0, inter-operator
coordination will bring no gain to spectrum sharing.2

So far, we derived optimization problems that can characterize lower bounds for
the performance gain of spectrum sharing, as their solutions are feasible. On the
other hand, these solutions are suboptimal in general, since 1) analog precoders
are used, which may not effectively cancel the multiuser interference and lack
multiplexing gain, and 2) optimal short-term time-frequency scheduling (which
would further decrease the interference) is not applied. In order to provide an
upper bound for the sharing performance, in the next section we consider digital
precoding at the BS.

5.4 Spectrum Sharing with Digital Beamforming

In this section, we characterize the gain of spectrum sharing with digital precoding
at the BSs when considering different coordination scenarios.

5.4.1 SINR and Rate Models

A digital precoder at the BSs enables MU-MIMO gain, namely a BS can serve all
its UEs in the same time and frequency resources, as UEs are separable in the signal
domain. The intra-cell interference to UE u ∈ Uz when being served by BS b ∈ Bz

2Actually, the allocation of disjoint bands to different operators can be seen as a form of a
priori and static inter-operator coordination.
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is
I1 = λb

∑
j∈Ab\{u}

∣∣∣(wUE
bu

)∗HbuwBS
bj

∣∣∣2 . (5.13)

Assuming that all the BSs are always concurrently serving all their own UEs
(with MU-MIMO), we have that

I2 =
∑

i∈Bz\{b}

λb
∑
j∈Ai

∣∣∣(wUE
bu

)∗HiuwBS
ij

∣∣∣2 . (5.14)

Clearly, inter-cell coordination can affect the choice of set Ai and thereby I2.
However, as we will show in Section 5.6, I2 is very small in general for sufficiently
large NBS and NUE. This interesting property reduces the importance and necessity
of inter-cell coordination in large-antenna regimes.

The inter-operator interference is

I3 =
Z∑
k=1
k 6=z

∑
i∈Bk

λi
∑
j∈Ai

∣∣∣(wUE
bu

)∗HiuwBS
ij

∣∣∣2 . (5.15)

Then, the average rate that UE u can get from BS b can be computed from (5.9),
and the long-term rate of UE u is again ru =

∑
b∈Bz xburbu.

5.4.2 Optimal Association with Sharing and Full Coordination
Suppose full CSI knowledge in the entire network and full information sharing (e.g.,
all BSs know the analog combiners of all the UEs). Define the following effective
channel matrix (processed by an analog combiner) between BS b and UE u

Hbu =


...(

wUE
bu

)∗Hiu

...

 ∈ C|B|×NBS ,
∀k ∈ {1, . . . , Z},
∀i ∈ Bk .

(5.16)

Then, define

Hz =
[
H∗11 · · · H∗1|A1| H∗21 · · · H∗2|A2| · · · H∗bu · · ·

]∗
, (5.17)

for all b ∈ Bz and u ∈ Ab. Finally, define the following effective channel matrix
H ∈ C|U||B|×NBS :

H =


H1

H2
...

HZ

 . (5.18)
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Suppose that UE u is being served by BS b, and that Hbu has appeared in row m
of H. In MRT, the precoding vector of UE u is the transpose conjugate of row m
of H. In RZF, the precoding vector of UE u is column m of (H + cI)†. The analog
combiners at the UEs are then calculated using (5.5).

As in Section 5.3.2, we consider a logarithmic utility function fz for each
operator z to ensure both high network throughput and fairness among its
individual UEs, namely fz(X) =

∑
u∈Uz log

(∑
b∈Bz xburbu

)
. To find the optimal

association, we can formulate the following multi-objective optimization problem:

P4 : maximize
X

[f1(X), f2(X), . . . , fZ(X)] , (5.19a)

subject to beamforming design (5.5) , (5.19b)
(5.11c), (5.11d), (5.11e), and (5.11f) , (5.19c)

where Nr = NBS in constraint (5.11d). The solution of P4 regulates long-term load
balancing of the network.

Remark 5.7 (Complexity of P4). To optimally solve P4, we need full coordination
among all operators as well as knowledge of CSI toward all UEs at all BSs.

Remark 5.7 indicates that finding the optimal solution of P4 may require
formidable complexity and cost for channel estimation and for coordination.
Nonetheless, it gives a benchmark on the performance of spectrum sharing schemes
with digital precoders. In particular, in the case of RZF precoding, it is easy to show
that I1, I2, and I3 can be made arbitrarily close to zero in the large antenna regime
by properly choosing the regularization term c in Equation (5.5c), as suggested
by [177].

5.4.3 Optimal Association with Sharing and No Inter-operator
Coordination

To mitigate the necessity of inter-operator CSI knowledge and coordination, we
apply similar modifications to P4 as in Section 5.3.3. Let Î3 denote an approximation
to the inter-cell interference I3. Using CSI knowledge and information exchange
within one operator, each BS b calculates

Hbu =


...(

wUE
bu

)∗Hiu

...

 ∈ C|Bz|×NBS ,∀i ∈ Bz , (5.20)

and each operator z independently calculates its own effective channel Hz

using (5.17). Then, it computes the digital precoder vectors similar to the previous
subsection assuming H = Hz. The analog combiners are then calculated using (5.5).
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Therefore, the beamforming design of each operator becomes independent of the
others. The price, however, is a higher inter-operator interference, compared to the
full information sharing scenario. We pose the following optimization problem for
each operator z:

P5 : maximize
Xz

fz(Xz) , (5.21a)

subject to beamforming design (5.5) , (5.21b)∑
b∈Bz

xbu ≤ NBS , ∀b ∈ Bz , (5.21c)

(5.12c), (5.12d), and (5.12e) . (5.21d)

which can be independently solved by each individual operator in parallel. Note that
Remarks 5.5 and 5.6 on the complexity and optimality of P2 still hold here. Namely,
optimization problem P5 requires intra-operator but no inter-operator coordination;
however, the performance of spectrum sharing among multiple interference-limited
networks (i.e., traditional cellular networks) may be severely reduced without
inter-operator coordination.

5.4.4 Practical Association with Spectrum Sharing and No
Coordination

For this case, we assume that all operators are using the whole bandwidth, so
Wz = W . Within every operator z, UE u will be associated with BS b that can
provide the highest received power. As each BS b has only CSI knowledge of its
own UEs, it computes the following effective channel Hbu =

(
wUE
bu

)∗Hbu, and then
calculates its own effective channel Hb using (5.17). Then, it assumes H = Hz = Hb

and computes the digital precoder vectors similar to the previous subsections. The
analog combiners are calculated using (5.5).

5.4.5 Optimal Association with No Spectrum Sharing
Without bandwidth sharing, each BS has Wz = W/Z bandwidth, and the
inter-operator interference is I3 = 0. The effective channel is identical to (5.20).
By substituting Wz and I3 into (5.9), and the resulting fz(Xz) into (5.21), we
can formulate an association optimization problem for every operator z. This
optimization problem, hereafter called P6, is very similar to (5.21), the only
difference being the calculation of the objective function. Remark 5.5 holds for
P6 as well.

The solutions of optimization problems P1–P6 characterize the gain of
coordination and beamforming for the performance of spectrum sharing schemes
in mmWave networks. In particular, comparing the solutions of P1 and P2 (or
equivalently P4 and P5) shows the gain of inter-operator coordination with an
analog (or digital) precoding scheme. Similarly, the solutions of P2 and P3
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(or equivalently P5 and P6) enable quantifying the benefits of intra-operator
coordination for spectrum sharing.

In Section 5.6, we will provide numerical evaluations based on the optimization
problem formulations given here, which will allow us to draw important design
insights and conclusions.

5.5 Asymptotic Performance Analysis

In this section, we evaluate the asymptotic behavior of spectrum sharing with analog
and digital precoders for a large number of antennas. We start with the following
lemma:

Lemma 5.1. With antenna response of (5.2), lim supNBS→∞ a∗BS(φ) aBS(ϕ) = 1
if φ = ϕ, and 0 otherwise. Similarly, lim supNUE→∞ a∗UE(φ) aUE(ϕ) = 1 if φ = ϕ,
and 0 otherwise. Moreover, if BSs, UEs, and scatterers are randomly independently
located in the environment, φ 6= ϕ almost surely.

Proof. Using the definition of antenna response given in Equation (5.2), a∗BS(φ)
and a∗BS(ϕ) form different columns of a discrete Fourier transform (DFT) matrix
as NBS → ∞. Noting that the DFT matrix is a unitary matrix, the first part
of the lemma follows. For the second part, random and independent locations of
the objects (BSs, UEs, and scatterers) imply that φ and ϕ are i.i.d. absolutely
continuous random variables. Therefore, φ 6= ϕ almost surely, which concludes the
proof.

Lemma 5.1 implies that vector aBS(φ) (or aUE(φ)) with different φ creates
an asymptotically orthonormal basis, which can be used as orthogonal spatial
signatures. More interestingly, asymptotically, there are infinitely many such spatial
signatures (realized by changing φ) almost surely, and there will be no multiuser
interference if one gives different signatures to different UEs (BSs). We use this
important property in the next subsections.

5.5.1 Analog Precoding
Using Lemma 5.1, it is easy to show the following asymptotic result for the solution
of (5.3):

Lemma 5.2 ([178, Corollary 4]). Consider the mmWave channel model in
Equation (5.1). In the limit of large NBS and infinite resolution for the BS precoding
codebook WBS, the solution of optimization problem (5.3) is wBS

bu = aBS
(
φBS
bun∗

)
,

where φBS
bun∗ is the AoD of path n∗ = arg maxn |gbun|. Similarly, for large NUE and

infinite resolution for the UE combiner codebook WUE, the solution of optimization
problem (5.3) is wUE

bu = aUE
(
φUE
bun∗

)
, where φUE

bun∗ is the AoA of path n∗.

Lemma 5.2 implies that, in the asymptotic regime, the optimal precoding and
combining vectors are spatial signatures toward the strongest path between UE u
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and BS b. Since the channel gain may change per coherence interval, the precoding
vector may change in every coherence time. However, instead of being any arbitrary
vector from WBS, it can be chosen among only Nbu vectors (AoDs of the channels).
Similarly, the combining vector at the UE can be chosen among only Nbu vectors
in WUE.

Remark 5.8. Consider a single path between any BS-UE pairs, namely Nbu = 1
for all b and u. In the limit of large NBS and infinite resolution for BS precoding
codebook WBS, the optimal analog precoder depends only on the second order
statistics of the channel, namely AoDs. Similarly, for large large NUE and infinite
resolution for UE combiner codebook WUE, the optimal analog combiner depend
only on the AoAs.

Noting that the second order statistics typically remain unchanged for
many coherence times, Remark 5.8 describes the conditions under which analog
beamforming and association can take place at similar time scales. These conditions
most probably hold in mmWave networks where the wireless channel is sparse in
the angular domain, and the number of antenna elements is high enough due to
the small wavelength. Therefore, Remark 5.8 has the following two implications:
first, it enables the possibility of low complexity design of analog precoder and
combiner (once per many coherence times), as also suggested in [52, 169]; second,
it enables the possibility of designing analog beamforming as a part of long-term
resource allocation policies, as also suggested in [28]. We will further elaborate
on Remark 5.8 in Section 5.6. In the asymptotic case, we also have the following
remark:

Remark 5.9. Suppose that perfect CSI is available. The interference components,
formulated in Equations (5.6)–(5.8), vanish almost surely as either NBS → ∞ or
NUE →∞.

In general, intra- and inter-operator coordinations reduce different interference
components and also balance the network load. Remark 5.9 suggests that intra-
and inter-operator coordinations bring no additional gain to the interference
reduction in the large antenna regime. Zero inter-operator interference implies that
fz(X) = fz(Xz), and therefore optimization problem P1 can be decomposed into Z
independent optimization problems, one for each operator, with no penalty on the
performance. In other words, P1 and P2 give the same optimal association solution,
which leads to the following conclusion: if either NBS → ∞ or NUE → ∞, the
performance of a system with full inter-operator coordination becomes identical to
that of a system with no such coordination. Nonetheless, intra-operator coordination
can be still beneficial due to the load balancing gain.3

3With the conventional RSSI-based BS association rule (with no load balancing gain) and in
the large antenna regime, the performance of an uncoordinated (no intra-operator coordination)
system tends to that of the coordinated system, due to zero intra-operator interference, as also
highlighted in the seminal work by Marzetta [179].
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5.5.2 Digital Precoding
As the UEs are still using an analog combiner, all the Lemmas and Remarks of
the previous subsection hold for the UE, namely they are valid as NUE → ∞. In
particular, we have the following remark:

Remark 5.10. Consider the mmWave channel model in Equation (5.1). In
the limit of large NUE and infinite resolution for combining codebook, wUE

bu =
aUE

(
φBS
bun∗

)
, where n∗ = arg maxn |gbun|.

The proof of this remark is very similar to the proof of [178, Corollary 4],
which is essentially based on the asymptotic orthogonality of the spatial signatures
(Lemma 5.1), and therefore it is omitted. Remark 5.10 implies the following
important property:

Proposition 5.1. Suppose Nbu = 1 for all b ∈ B and u ∈ U . In the limit of large
NUE, large NBS, and infinite resolution for combining codebook, both MRT and RZF
precoders provide the same rate, which is equal to the maximum achievable rate,
obtained by dirty paper coding. This is valid for all information sharing scenarios:
full coordination, only intra-operator coordination, and no coordination scenarios.

The main reason for Remark 5.10 is the orthogonality of spatial signatures
of individual BS-UE pairs. This orthogonality appears also in massive MIMO
scenarios [180] and in massive UEs scenarios [181], where we can always find a
subset of UEs (among infinitely many of them) with orthogonal channels. In all
these cases, both MRT and RZF are optimal.

Remark 5.11. For an interference-free network, optimization problems P1 and P2
have the same solution. The same is true for P4 and P5.

So far, we used ideal channel estimation, beamforming, and coordination
schemes, with the aim of providing upper bounds for the performance of spectrum
sharing. In the next subsection, we discuss the impact of real-world effects on the
performance of spectrum sharing.

5.5.3 Impact of Quantized Codebooks, Imperfect CSI, and
Limited Feedback

Our asymptotic analysis assumes precoding and combining codebooks (WBS and
WUE respectively) of infinite resolution to find the precoding and combining
vectors in closed-form and to obtain useful insights on the ultimate performance.
In practice, due to the constraints of RF hardware, including the availability of
quantized angles for RF phase shifters, only quantized beamforming codebooks are
feasible. However, the simulation results in [182] indicate that the precoding gain is
not very sensitive to angular quantization. Therefore, we argue that for the purpose
of analyzing the performance of spectrum sharing systems in the asymptotic regime,
the infinite resolution codebook assumption does not introduce a significant error



5.6. Numerical Illustrations 127

to the problem, and the ultimate insights are valid even for a codebook with finite
resolution (assuming a sufficient resolution).

Also, recall that the problem of finding the precoding and combining vectors
when using analog and fully digital precoding, formulated in (5.3) and (5.5), requires
perfect CSI knowledge. In practice, channel estimation in mmWave systems is
difficult, because of the large channel dimensions and because the effective channel
seen at baseband after analog filtering may have a lower rank than the actual
channel, thereby not allowing full recovery of the actual channel. However, recent
works exploiting the sparsity of the channel developed compressed sensing-based
techniques that can be leveraged to acquire CSI both at the transmitter and at the
receiver [183].

As it is visible in the geometric channel model (5.1), estimating the mmWave
channel implies estimating the parameters (AoA, AoD and random channel gain)
of the Nbu propagation paths between the BS and the UE. To this end, several
previous works proposed channel estimation algorithms applicable for single-path
and sparse multi-path mmWave channels [184], [182]. Performance studies in [182]
indicate that hybrid analog/digital precoding algorithms for downlink multi-user
mmWave systems that assume the availability of a limited feedback channel between
the UE and the BS achieve good performance compared to the digital unconstrained
precoding schemes. Therefore, although the precoding algorithms developed in this
chapter assume perfect channel knowledge, the obtained numerical results in the
next section can be regarded as reasonable approximate upper bounds for the
achievable rates.

Finally, in practice, a BS using hybrid analog/digital precoding and a large
antenna array to serve multiple UEs needs a feedback channel to acquire CSI at
the transmitters and at the receivers. Due to recent advances in limited feedback
hybrid precoding systems, the capacity of the feedback channel is not expected
to form a bottleneck in single path or sparse multipath mmWave systems [182–
184]. The investigation of the inherent trade-off between the training and feedback
overhead and the achievable performance in spectrum sharing systems is left for
future studies.

5.6 Numerical Illustrations

In this section, based on the analytical characterization provided in the previous
sections, we numerically illustrate the feasibility of spectrum sharing in mmWave
networks. We assume that BSs and UEs are randomly distributed on the plane
according to independent Poisson point processes. Without loss of generality,
we assume four operators and a total bandwidth of 2 GHz. We consider three
bandwidth sharing scenarios:

• Exclusive: each operator uses a 500 MHz exclusive bandwidth;

• Partial bandwidth sharing: operators 1 and 2 share the first 1 GHz, and
operators 3 and 4 share the second 1 GHz; and
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• Full bandwidth sharing: all four operators share the whole 2 GHz bandwidth.

We recall that we use an ideal coordination scheme. In particular, we consider a
centralized coordination approach where a central entity collects all the required
information, solves the association optimization problem, and broadcasts the
solution. Moreover, we assume that all BSs are synchronized and that there is
no delay in the interface between the BSs and the central entity. We also consider
Nr = 6 RF chains at each BS and only one RF chain at each UE. Unless otherwise
mentioned, we consider a 32 GHz carrier frequency, a BS density of 100 BSs/km2

for every operator, a user density of 600 UEs/km2, and 25 dBm total transmission
power at each BS. For the spectrum sharing scenarios with no inter-operator
coordination (P2 and P4), we consider Î3 = 0 and find the corresponding optimal
association. However, note that the actual value of I3 is considered when computing
the performance of that association. We simulate 100 random topologies and find
the optimal association and beamforming for every topology.

5.6.1 Analog Precoding
We first study the performance of full information and bandwidth sharing scenario
with analog precoding, i.e., optimization problem P1. Figure 5.2(a) illustrates the
average interference level, normalized to the noise power. Generally, inter-operator
interference is the dominant term in the aggregated interference, as more BSs are
contributing to this term. All the interference components vanish when NBS grows
large, as predicted in Remark 5.9. Moreover, the number of antennas at the UEs
has a complementary effect to the number of BS antennas, in terms of interference
(i.e., the amount of interference roughly depends on the product of NBS and NUE).
In particular, this figure shows that a network with (NBS = 256, NUE = 64) has
almost the same average interference as a network with (NBS = 1024, NUE = 16).
This observation suggests that adding a few more antennas at the UEs (if their space
and battery allow) may have the same effect as adding a large number of antennas
at the BSs. Figure 5.2(b) shows the average rate of the UEs against the number of
BS antennas. Increasing either NBS or NUE improves the average rate due to both
higher antenna gains and lower multiuser interference but at a logarithmic speed.
In other words, for high enough SINR, adding more antenna elements may bring
negligible rate improvement. To further enhance the rate, we can either transmit
parallel streams to one UE or add more bandwidth to the system.

Figure 5.3 depicts the complementary cumulative distribution function (CCDF)
of the UEs rates achieved by the association of P1 and P3 (no sharing). From this
figure, the benefits of spectrum sharing are seen to heavily depend on the number of
antenna elements both at the BSs and at the UEs. In the example of this chapter,
spectrum sharing is not beneficial with relatively small NBS and NUE. However,
with sufficiently large antenna arrays, spectrum sharing would be beneficial for the
majority of the UEs, as can be seen from the (NBS = 512, NUE = 32) curve. The
main reason is that, though asymptotically able to cancel multiuser interference,
pure analog beamforming does not have a good interference rejection performance
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Figure 5.2: Average interference and rate performance for full information and bandwidth
sharing scenario with analog precoding, P1.

in the non-asymptotic regime, as opposed to digital precoding that can almost
completely reject the interference even in the non-asymptotic regime.

Figure 5.4 analyzes the contributions of bandwidth sharing and of massive
antennas on the performance of spectrum sharing. We show the 5th, 50th, and
95th percentiles of the UE downlink rates. The baseline is a system with exclusive
spectrum allocation. We observe in Figure 5.4(a) that most UEs suffer because
of spectrum sharing. Full bandwidth sharing leads to the worst performance for
the 5th percentile UEs and for the 50th percentile UEs, which is due to high
inter-operator interference. In Figure 5.4(b), we repeat the previous comparison
under the assumption of a sufficiently large number of antennas both at the UEs
and at the BSs. In this case, both partial and full sharing enhance the 5th, 50th, and
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Figure 5.3: CCDF of the UE rate with analog precoding.

95th percentiles compared to the baseline (i.e., exclusive). This figure suggests that
spectrum sharing may be harmful to signals that are transmitted/received with
large beamwidths. Examples of these signals include broadcast control messages.
Since these signals usually have low SINR due to the lack of antenna gains, they
should be protected from the adverse effect of spectrum sharing, e.g., by exclusive
resource allocation for those critical signals.

Figure 5.5 shows the impact of the user density on the spectrum sharing
performance, under different information sharing scenarios. The baseline is an
exclusive spectrum allocation with an optimal association (P3) for a mmWave
network with 100 BSs/km2. From the perspective of a serving BS, increasing the
UE density reduces the angular separation among its UEs. Therefore, serving one
of them with an analog beam will cause higher interference to its other UEs in
non-asymptotic regimes,4 compared to the interference level in a sparser network.
Such higher multiuser interference reduces the benefits of spectrum sharing, which
is more prominent in the scenarios with less coordination (P2 and RSSI) due to
the major role of coordination in interference reduction and load balancing; see
Figure 5.2(a).

Figure 5.6 shows the impact of the operating frequency and the BS density on
the spectrum sharing performance, under different information sharing scenarios.
We consider transmissions at 32 GHz and 73 GHz. We keep the dimension of
the antenna array constant as a function of the frequency, i.e., at 73 GHz we
consider twice as many antenna elements as at 32 GHz, at both BSs and UEs.
The baseline is an exclusive spectrum allocation with an optimal association (P3),
for different values of the BS density: 50 and 200 BSs/km2 (corresponding to a cell

4Note that the interference terms are zero almost surely in the asymptotic regime; see
Remark 5.9.
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Figure 5.4: Bandwidth (BW) sharing performance at 32 GHz, under the assumption of no
inter-operator coordination and analog precoding. The baseline is a system with exclusive
spectrum allocation.

radius of 80 m and 39 m, respectively). We note that similar to increasing the user
density, increasing the BS density of individual operators exacerbates the multiuser
interference. Again, lack of coordination may substantially degrade the performance
of spectrum sharing. At 73 GHz, larger antenna arrays help form narrower
beams, which in turn leads to less multiuser interference. Therefore, a mmWave
communication at 73 GHz is less sensitive to inter-operator coordination, which is
only for the sake of interference rejection. However, intra-operator coordination is
still beneficial, mostly because it enables load balancing within an operator. The
UE rate performance of a network with RSSI-based association suffers from some
highly loaded BSs, in addition to intra- and inter-cell interference.
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Figure 5.5: Full bandwidth sharing performance, with/without inter-operator
coordination, assuming analog precoding with NBS = 256 and NUE = 16 and a carrier
frequency of 32 GHz.

5.6.2 Digital Precoding

Assuming full bandwidth and information sharing (P4), Figure 5.7 compares
the performance of spectrum sharing when using different precoding schemes.
Generally, the average rate of the UEs increases with the number of antenna
elements in both precoding strategies. Particularly, in the RZF precoder, this rate
enhancement is mainly due to higher antenna gains. In the MRT precoder, it is
primarily due to both higher antenna gains and lower multiuser interference. Again,
UE antennas have a complementary effect to the number of BS antennas, and a
few more antennas at the UEs can maintain the same performance as adding many
antennas at the BSs. Moreover, the RZF precoder outperforms the MRT precoder,
as it completely cancels all the interference components. The performance gap,
however, vanishes when either NBS or NUE grows large; see also Proposition 5.1.

Figure 5.8 illustrates the effect of inter-operator coordination and BS density on
the 5th and the 50th UE rates percentiles, assuming RZF precoding. The baseline
is the UE rate achieved by the optimal association with exclusive bandwidth
allocation P5. The benefits of using digital precoding with full information sharing
(P4) are evident in the 5th percentile of the UE rates when compared to that in
Figure 5.6(a). The main reason is that the RZF precoder can completely cancel
all the interference terms, which protects the weakest UEs (5th percentile) from
inter-operator interference after spectrum sharing. This protection becomes weaker
when using analog precoding (in the non-asymptotic regime). Nonetheless, we note
that the design of the optimal analog precoder may need only second-order statistics
of the channel (Remark 5.8), which imposes substantially less overhead on the
channel estimation procedure. Higher BS density corresponds to stronger multiuser
interference components, which can be entirely canceled in P4. In P4, we cannot
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Figure 5.6: Full bandwidth sharing performance, with/without inter-operator
coordination, assuming analog precoding with NBS = 256 and NUE = 16.

cancel inter-operator interference, leading to a significant performance drop in the
5th percentile compared to P5. This performance drop between P4 and P5 reduces as
the SINR of the UEs increases (50th percentile). Again, the RSSI-based association
approach has the poorest performance and can lead to some overloaded BSs, and
therefore very low UE rates.

5.7 Design Insights

In previous sections, we have shown that under the assumption of ideal channel
estimation, both analog and digital precoding schemes can realize spectrum
sharing, even though digital precoder has superior performance. Larger antenna
arrays either at the BSs or at the UEs improve the performance of spectrum
sharing by reducing the interference components. Coordination has two effects:
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Figure 5.8: Full bandwidth sharing performance, with/without inter-operator
coordination, assuming RZF precoding with NBS = 256 and NUE = 16.

1) balancing the network load within an operator, and 2) reducing the intra- and
inter-operator interference. As the number of antennas grows large, the importance
of inter-operator coordination vanishes, as large antenna arrays can cancel
interference. Still, intra-operator coordination is beneficial due to the load balancing
gain. In the non-asymptotic regime, the existence of some sporadic interference
necessitates on-demand coordination, which imposes much less overhead on the
core network compared to the coordination required in sub-6 GHz networks to
achieve similar network performance gains. Moreover, coordination is more critical
at 32 GHz than at 73 GHz, due to the fact that at lower frequencies beamforming by
itself is not sufficient to protect the weakest users from inter-operator interference.
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Table 5.2: Summary of the main conclusions reached in the chapter.

Conclusions Supported by

Directional communications at the UEs substantially
alleviate the disadvantages of spectrum sharing (e.g.,
higher multiuser interference).

Remarks 5.9 and 5.11,
Proposition 5.1, and
Figures 5.2–5.4

Larger antenna sizes can reduce the need for coordination
and simplify the realization of spectrum sharing.

Remarks 5.9 and 5.11,
Proposition 5.1, and
Figures 5.2–5.4

Inter-operator coordination can be neglected in the large
antenna regime; however, intra-operator coordination can
still bring gains by balancing the network load.

Figures 5.6 and 5.8

Spectrum sharing with light on-demand intra- and
inter-operator coordination is promising in mmWave
networks, especially at higher mmWave frequencies (e.g.,
73 GHz).

Figure 5.6

Critical control signals should be protected from the
adverse effects of spectrum sharing, e.g., by exclusive
resource allocation.

Figure 5.4

Last but not least, we highlight that critical control signals should be protected
from the adverse effects of spectrum sharing, e.g., by exclusive resource allocation.
Table 5.2 summarizes the main conclusions reached in the chapter.

Although the idea of spectrum sharing in mmWave networks is similar to that
in traditional wireless networks, the way we should realize it and the achievable
performance at mmWave are significantly different than in those networks. The
main reasons are 1) sparsity of the mmWave channel in the angular domain
(less possibility for unintended transmitters to create interference) as opposed to
rich scattering characteristics of lower frequencies, 2) blockage, and 3) directional
transmissions and receptions. Another fundamental difference is that mmWave
communications will take advantage of its bandwidth being orders of magnitude
wider than in the sub-6 GHz bands. Due to the unique features of mmWave
networks, the role of coordination is substantially more prominent in sub-6 GHz
networks compared to mmWave networks. This indeed means that we need
substantially different protocol and architectural enablers (with lighter overhead)
for spectrum sharing at mmWave compared to that of traditional networks.

From Table 5.2, a reliable control channel for exchanging coordination
information is a key enabler of spectrum sharing in mmWave networks. Indeed, there
is a tradeoff between performance enhancement by coordination (e.g., interference
reduction) and the corresponding complexity (to guarantee delay and reliability
requirements) of the control plane. For example, in backhaul networks, the
multiuser interference level is generally so low (due to small user density and high
number of antennas) that neglecting inter-operator coordination leads to almost no
performance loss. For an ultra-dense mmWave network, however, coordination may
bring significant gains, especially for the weakest (5th percentile) UEs, as shown
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in Figure 5.6. These gains become available only by a reliable control channel.
In [28], several mechanisms to realize a reliable control channel in mmWave cellular
networks are presented.

This chapter was ultimately motivated by the need to understand the
performance gains of spectrum sharing in mmWave communications and the
benefits of beamforming and coordination. Our results suggest that, unlike in
current mobile networks, spectrum sharing between mmWave mobile networks using
beamforming has a potential to work well and improve spectral efficiency. We
believe that these results, as well as further research that this work will stimulate
in this area, could provide some new and relevant insights to standardization and
spectrum policy bodies addressing the future regulation of mmWave bands.

5.8 Summary

Sharing the spectrum among multiple operators can provide larger bandwidth
to individual UEs at the expense of increased inter-operator interference. The
typical characteristics of mmWave systems, such as high penetration loss and
directional communications both at the transmitter and at the receiver, may
overcome such problem and potentially enable large benefits. In this chapter,
we have investigated the extent of these benefits by proposing an optimization
framework based on a joint beamforming design and BS association, with the
objective of maximizing the long-term throughput of the UEs. Specifically, we
have developed an optimization framework that allows quantifying the gains of
beamforming, coordination, bandwidth sharing, and sharing architecture. We have
analyzed the gains of these parameters in the asymptotic and non-asymptotic
regimes, and showed that 1) directional communications at the UEs substantially
alleviate the potential disadvantages of spectrum sharing (such as higher multiuser
interference); 2) larger antenna sizes can reduce the need for coordination and
simplify the realization of spectrum sharing; 3) intra-operator coordination can
always bring gains by balancing the network load, whereas the gain of inter-operator
coordination vanishes in the large-antenna regime; 4) spectrum sharing with
light on-demand intra- and inter-operator coordination is promising in mmWave
networks, especially at higher mmWave frequencies (such as 73 GHz); and finally
5) critical control signals should be protected from the adverse effects of spectrum
sharing, for example by means of exclusive resource allocation.



Chapter 6

Network Architectures

So far, we have investigated that the fundamental differences between mmWave
networks and traditional and their consequences in interference analysis
(Chapter 3), resource allocation (Chapter 4), and spectrum sharing (Chapter 5).
We have observed that those differences challenge the classical design constraints,
objectives, and available degrees of freedom. In this chapter, we delve into key
MAC layer and network architecture issues, such as synchronization, random access,
handover, channelization, interference management, scheduling, and association.
The discussions of this chapter consider both cellular and short-range networks.

The rest of this chapter is organized as follows. In Section 6.1, we provide
an integrated view on the MAC layer and network architecture issues for
cellular networks, identify new challenges and tradeoffs, and provide novel insights
and solution approaches. In Section 6.2, we discuss main MAC and network
architecture design issues of existing short-range mmWave networking and provide
our preliminary solution approaches. We conclude this chapter in Section 6.3.

6.1 Cellular Networks

6.1.1 Realization of Physical Control Channels
Due to the fall-back and directionality tradeoffs, described in Section 2.2.1, we have
the following options for realizing a physical control channel (PHY-CC):

• (Option 1) Omnidirectional-mmWave: This option can provide a ubiquitous
control plane but only in short range, which may be useful for
broadcasting/multicasting inside small cells. However, this channel is subject
to mmWave link instability, demanding the use of very robust coding and
modulation schemes. More importantly, this option entails a mismatch
between the transmission ranges of control and data channels due to the
much higher antenna gains of the latter. This limits the applicability of
omnidirectional mmWave PHY-CC.

• (Option 2) Semi-directional-mmWave: This option realizes a more selective
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PHY-CC in the spatial domain, increasing spectral and energy efficiency
in the control plane. It is useful for multicasting inside small cells. The
semi-directional-mmWave PHY-CC increases the protocol complexity for
solving blockage and deafness problems. It can also be used for a feedback
channel such as in hybrid automatic repeat request (HARQ), where the
alignment phase has been conducted during the data channel establishment.
Similarly, it is advantageous for realizing uplink/downlink shared (with data)
and dedicated PHY-CCs, wherein the user specific reference signals are
transmitted for channel estimation and coherent demodulation.

• (Option 3) Fully-directional-mmWave: This option demands a good alignment
between the BS and UE, with a minimal use of the spatial resources.
Therefore, this option may be the best choice for HARQ feedback channel
and uplink/downlink shared and dedicated PHY-CCs. It reduces the need
for alignment overhead from two (one for control channel and one for data
channel) to one (for both control and data channels), further improving
spectral and energy efficiencies.

• (Option 4) Omnidirectional-microwave: This option offers a statistically
larger range that is more stable in time than its mmWave counterparts.
This option was first introduced in the soft cell [185] and phantom cell [186]
concepts, where the control plane is provided by a macrocell BS, whereas
microcell BSs are responsible for providing only the data plane. Apart from
being suboptimal in terms of energy efficiency, it is also not necessarily
the best option for all types of PHY-CC such as HARQ feedback channel.
Furthermore, transmissions in a microwave band cannot provide accurate
information for estimating the AoA in the mmWave band due to different
propagation characteristics. This hinders the applicability of this option
for spatial synchronization and cell search procedures of mmWave cellular
networks.

In addition to these four options, a control channel can be established with the
hierarchical use of several options, which is illustrated through the design of a novel
two-step synchronization procedure in Section 6.1.2.

In order to quantitatively compare the different PHY-CC options, we simulate
a network with a random number of BSs. We consider a typical UE at the origin
and evaluate the performance metric from its perspective, thanks to Slivnyak’s
Theorem [97, Theorem 8.1] applied to Poisson point processes. We assume that
the typical UE can receive strong signals only from BSs with LoS conditions (in
short LoS BSs). Further, we assume that the number of LoS BSs is a Poisson
random variable with a density that depends on the transmission power of the
BSs, the minimum required SNR at the UE side, the operating beamwidth θ, and
the blockage model, see Appendix A. The LoS BSs are uniformly distributed in a
2D plane. In the semi-directional option, only the BSs operate in the directional
mode with beamwidth θ, whereas the typical UE operates with beamwidth θ only
in the fully-directional mode (Option 3). The bandwidth of the control channel is
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50 KHz, so the noise power is −127 dBm, the SNR threshold of the typical UE is
0 dB, and all BSs adopt a transmission power of 30 dBm, which can be employed
even by low power BSs using power boosting to ensure appropriate control plane
coverage [187]. At the MAC layer, the beamforming is represented by using an ideal
sector antenna pattern [79, 124, 125], where the antenna gain is a constant for all
angles in the main lobe and equal to a smaller constant in the side lobe. These
constant values depend on the operating beamwidth, see Equation (3.10). We use
this antenna model in Appendix A to characterize the spatial search overhead and
delay in receiving control signals, imposed by Options 2 and 3.

Figure 6.1(a) shows the percentage of the areas that cannot be covered by the
BSs (with SNR threshold 0 dB) for different PHY-CC options versus the density
of LoS BSs. Not surprisingly, for a given density of BSs, the coverage of Option 1
is substantially lower than that of other options, due to the lack of antenna gain.
In particular, for 1 LoS BS in a 250x250 m2 area with path-loss exponent α = 3,
Options 1, 2, and 3 cover 63.6%, 99.9%, and 100% of the area, respectively. A
more sparse BS deployment highlights the benefit of having antenna gain both at
the BS and at the UE. For instance, with LoS BS density of 2 × 10−6 (1 BS in a
700x700 m2 area), Option 3 can cover 99.8% of the area, whereas Option 2 can only
support 60% of the area when α = 3. The extra coverage appears at the expense of
more complicated alignment between the BS and the UE, as discussed in the next
section. A higher attenuation α = 3.5 demands a denser BS deployment for the
same coverage probability. Moreover, we can see that the coverage probability is an
exponential function of the BS density, as also observed in [188] [189] for wireless
sensor networks.

Figure 6.1(b) demonstrates the impact of the operating beamwidth, and
consequently the antenna gain, on the coverage probability with α = 3 and BS
density 10−5. Increasing θ reduces the coverage monotonically due to the reduced
antenna gain. This reduction is more severe at 72 GHz, implying that a higher
directionality level is required at 72 GHz to compensate for the higher channel
attenuation and provide the same coverage as at 28 GHz. Recall that we depict
coverage of the PHY-CC with an SNR threshold of 0 dB. Increasing the SNR
threshold leads to a corresponding coverage reduction. With SNR threshold 10 dB,
for instance, the coverage for the three options at 28 GHz would be close to the
curves for 72 GHz with SNR threshold 0 dB in Figure 6.1(b), so we omit the former
for the sake of clarity in the figure.

Figure 6.1(c) shows the minimum BS density per square meter required to ensure
97% coverage of the control channel as a function of the operating beamwidth. To
support 97% coverage level, Option 1 requires ultra dense LoS BS density of 5×10−3

(1 LoS BS in a 14x14 m2 area), while Options 2 and 3 may require substantially
fewer BSs. For instance, with θ = 30°, Options 2 and 3 require 1 LoS BS in a
31x31 m2 area and 1 LoS BS in a 75x75 m2 area, respectively.

Table 6.1 summarizes the pros and cons of different realizations of the control
channel with possible application areas.
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Figure 6.1: Coverage probability for different options of realizing a PHY-CC. α is the
path-loss exponent. Operating beamwidth in (a) is 20°. BS density in (b) is 10−5 per square
meter. Coverage level in (c) is 97%.
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6.1.2 Two-step Synchronization and Initial Access
In this section, we utilize directional cell search and suggest a two-step
synchronization procedure, followed by extraction of system information and
random access procedures. In the first step, the macrocell BS broadcasts periodic
time-frequency synchronization signals over an omnidirectional microwave control
channel (option 4). When a new entity (either a UE or a microcell BS) turns on
its radios, it first looks at the omnidirectional synchronization control channel,
trying to detect the time-frequency synchronization signals. Here, the existing
synchronization signals and procedure of LTE may be reused. After the first step, all
entities in the macrocell, including microcell BSs and UEs, will be synchronized in
time and frequency.1 Moreover, the macrocell BS embeds some information about
the cell in these time-frequency synchronization signals, for instance, its ID. In the
second step, the microcell BSs perform a periodic spatial search using a sequence
of pilot transmissions at mmWave frequencies. Upon receiving a pilot, the UE
finds the remaining system information along with a coarse estimation of AoA,
thanks to its multiple antennas. In this direction, the UE feeds back a preamble
in a predetermined part of the time-frequency domain for which the corresponding
microcell BS is receiving preambles. Note that the second phase can be initiated in
semi- or fully-directional mode, leading to smaller collision probability compared to
the omnidirectional case. The proposed two-step procedure enables us to support
both cell-centric and UE-centric designs. In the former, the BSs periodically initiate
both steps of the procedure, similar to existing cellular networks. In the latter, the
second step (spatial synchronization) is triggered by the UE (on-demand), instead
of the network.

In Appendix A, we have characterized the delay performance of spatial
synchronization for Options 2 and 3. We consider the same model for LoS BSs,
whose synchronization pilots can be received by a typical UE, with the same
initial parameters as in Section 6.1.1. Individually, every microcell BS divides
a 2D space into Ns = d2π/θe sectors, sorts them in a random order, and
sends synchronization pilots toward sectors sequentially, that is, one sector per
epoch. Upon receiving a pilot with high enough SNR, the UE extracts AoA
along with other system information. Figure 6.2(a) shows the average number of
epochs required for discovering the UE for semi- and fully-directional options as
a function of LoS BS density per square meter. The spatial search overhead for
the semi-directional option is always less than that for the fully-directional one,
as predicted by Remark A.5 in Appendix A. For a very sparse deployment of
the BSs, for instance, one every 9 square kilometers, the delay performance of
both options converges to (d2π/θe+ 1)/2, as predicted by Remark A.6. Moreover,
increasing the beamwidth reduces the spatial search overhead in both options, at the
expense of a smaller coverage and lower number of discovered UEs, see Figure 6.1.
Note that we have assumed a delay constraint for the synchronization procedure,
thus some UEs may not have enough time to accumulate enough energy to detect

1Some mapping, which may be as simple as some scalars, is necessary to map time-frequency
synchronization in microwave band into mmWave band.
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the synchronization signal, and will, therefore, be in outage. Among those that
can be discovered, however, the semi-directional option (or in general higher θ)
offers less spatial search complexity than the fully-directional option, as verified
by Figure 6.2(a). It is important to see whether the performance enhancement in
spatial search is significant when we consider the substantial coverage reduction of
the semi-directional option. With a LoS BS density of 10−5 (dense BS deployment),
the enhancement of spatial search overhead due to the semi-directional option is
less than 1 epoch on average, whereas it provides 10% less coverage compared to a
fully-directional option with θ = 60°, see Figure 6.1(b). Altogether, we can conclude
that Option 3 may provide a better solution when we consider both coverage
and spatial search overhead. Another point from the figure is that increasing the
path-loss exponent, with a fixed density of LoS BSs per square meter, implies that
fewer BSs can participate in discovering the typical UE, as the pilots of the others
cannot meet the SNR threshold of the UE. Therefore, discovering the UE requires
more effort (epochs), as a compensation for fewer LoS BSs.

Figure 6.2(b) shows the minimum number of epochs required to guarantee
discovery of a typical UE with probability µ with LoS BS density of 1 BS in a
100x100 m2 area, see Remark A.4 in Appendix A. Full directionality (Option 3)
requires more epochs than semi-directionality (Option 2) to guarantee a minimum
discovery probability, as it has smaller search space per epoch. Increasing the search
space per epoch of the fully-directional option reduces the performance difference
with the semi-directional option, as can be verified by comparing the θ = 20° and
θ = 60° curves. On the other hand, the difference increases as the number of LoS
BSs used to discover a UE increases, e.g., due to favorable propagation (α = 3).
Note that all curves refer to a dense deployment with 1 LoS BS in a 100x100 m2

area. For the case of 1 LoS BS in a 200x200 m2 area, which is omitted for the sake
of clarity, the curves for α = 3, θ = 60° will be very close to α = 3.5, θ = 60° in
Figure 6.2(b), making the enhancement of semi-directionality negligible. The figure
also shows that both options need more epochs to discover the typical UE as µ
increases, however the rate of such increment is not linear. That is, both options
require searching over all Ns = 18 sectors for α = 3.5, θ = 20°, and all Ns = 6
sectors for α = 3.5, θ = 60°, to guarantee a minimum discovering probability of
0.99. From this perspective, Option 2 has no advantage over Option 3, emphasizing
the previous conclusion. Instead of using Option 2, we may optimize the operation of
Option 3 by selecting a proper θ that reduces the spatial search overhead (in terms
of both performance metrics depicted in Figure 6.2) whilst providing a minimum
level of coverage.

6.1.3 Scheduling
A key decision in MAC layer design is how to divide the physical resources
into smaller units, called resource blocks. Although LTE defines a resource block
as a portion of the time-frequency domain, directional transmission in mmWave
cellular networks motivates to supplement the definition of resource block with a
spatial dimension, leading to a block in the time-frequency-space domain. Proper
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Figure 6.2: Upper bound on the complexity of spatial synchronization given that a UE
can receive synchronization pilots with high enough SNR: (a) Average number of epochs
for discovering a UE, and (b) minimum number of epochs to guarantee discovering a UE
with probability µ. Semi-directional marginally outperforms the fully-directional option in
both metrics.

utilization of such a resource block with a digital beamforming procedure requires
precise CSI, imposing a large complexity during the pilot transmission phase,
as stated in Section 2.1.6. Instead, a hybrid beamforming technique provides a
promising low overhead solution. Defining a group as a set of UEs that are
non-distinguishable in the transmitted beam, the BS groups UEs together with
one analog beamformer, as shown in Figure 6.3(b), and serves every group with
one analog beamforming vector [190]. Clearly, a macro BS can also group micro
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Figure 6.3: Scheduling scenarios in mmWave cellular networks: (a) traditional
time-frequency-dependent scheduling, (b) time-frequency-space-dependent scheduling using
semi-directional communications, (c) time-frequency-space-dependent scheduling using
semi-directional communications and relay stations, (d) time-frequency-space-dependent
scheduling using fully-directional communications. The network throughput in scenarios
(a) to (d) is 60, 120, 120, and 240 resource blocks, respectively.

BSs and serve them together using a mmWave wireless backhaul link (in-band
backhauling [191]). In fact, the analog beamformer partially realizes the spatial
part of the new three-dimensional resource blocks. Digital beamforming provides
further spatial gain by multiplexing within a group, which is affordable due to a
substantial reduction in the dimension of the effective channel, that is, the channel
from a digital beamformer perspective [190].

The time-frequency-space resources with narrow-beam operation allow a large
number of concurrent transmissions and thus a high area spectral efficiency,
measured in bit/s/Hz/m2. In the following, we discuss scheduling based on the
hybrid beamforming structure and leave the full digital beamforming option for
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future studies. Depending on the directionality level, three scheduling scenarios are
foreseeable, see Figure 6.3. In order to have insights and an illustrative comparison
among different scenarios, and with no loss in generality, we elaborate on an example
with the following assumptions: (1) the BS has 60 resource blocks in a slot, (2) there
is no multiplexing inside a beam, (3) there is no inter-cell interference, (4) all UEs
receive the same number of resource blocks (max-min scheduling), and (5) the base
and relay stations have 4 RF chains (analog beams) each.

Omnidirectional communications

Traditionally, the scheduling procedure in cellular networks is designed based on the
assumption of omnidirectional communication, which leads to an orthogonal use of
time-frequency resource blocks through time-frequency-dependent scheduling inside
a cell. The multiplexing gain, which depends on the channel rank, further increases
the spectral efficiency, see Figure 6.3(a). The elementary directional communication
capabilities with a limited number of antennas, as in LTE, are not applicable to
mmWave networks due to the large number of antennas both at the BS and at
the UEs. For the example considered, the BS (together with the relay station) can
inject up to 60 resource blocks per slot in the cell, which is the maximum achievable
network throughput. Considering 10 single antenna UEs in the cell, each UE can
receive up to 6 resource blocks.

Semi-directional communications

Considering a large number of antennas, with a limited number of RF
chains, the BS can group UEs together based on the second order statistics
of the channel and serve every group of UEs that have similar covariance
matrix with one analog beamforming vector [169, 190]. To reuse time-frequency
resource blocks for different groups, made by different analog beamformers, one
needs a time-frequency-space-dependent scheduling. Hence, the design of analog
beamformers is a fundamental MAC layer problem, since analog beamforming
vectors are spatial resources that should be allocated to UEs together with time
and frequency resources. However, we may have different time horizons over
which spatial and time-frequency resources should be scheduled. Time-frequency
scheduling should be recalculated after every channel coherence time and
bandwidth, whereas spatial scheduling may be recalculated after a meaningful
change in the covariance matrix of the channel, which is less frequent compared
to the former. We use this property in the next subsections.

The new scheduling decisions may be complicated due to the complex interplay
between different groups. A UE may belong to several groups in order to increase
connection robustness to the blockages and provide smooth handover among
groups, for instance, UE1 in Figure 6.3(c) is in G2 and G3. In this case,
time-frequency-dependent scheduling inside G2 depends on that of G3, as they have
UE1 in common, demanding cooperation between the BS and the relay station in
serving UE1. In other words, scheduling for G2 is correlated to that of G3. However,
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from a spectral efficiency perspective, decorrelating different groups increases the
reuse factor footnoteThe spatial reuse can be improved both in the sense that more
BSs can be active simultaneously and in the sense that one BS can use more
beams. The former is clear from Figure 6.3(c). For the latter, replacing the relay
station with a reflector, the BS serves G3 using a new beam, pointed toward the
reflector. thereby enhancing spectral efficiency. This introduces a tradeoff between
connection robustness and spectral efficiency, which is affected by the number of
groups, i.e., the available degrees of freedom. Note that with single antenna UEs
(semi-directional communication scenario), there is a one-to-one mapping between
being spatially close to each other and belonging to the same group [169,190,192].
Therefore, the number of groups is dictated by two factors: (1) the number of RF
chains and (2) the number of colocated UEs (UE clusters). While the former is a
fundamental constraint, the latter can be relaxed if we incorporate fully-directional
communications, since multiple antennas at the UEs enable control of the grouping
from the UEs sides.

In the example, the BS can reuse all 60 resource blocks for G1 and G2. For the
groupings depicted in Figures 6.3(b) and 6.3(c) and without multiplexing gain inside
groups, the network throughput is 120 resource blocks due to the spatial division
gain at the BS side, which is twice that with omnidirectional communications.
Each single-antenna UE in G1 and G2 (G3) receives 15 and 10 resource blocks,
respectively. Clearly, even though fairness is ensured per group, it has been violated
at the macro level, due to the geographical (spatial) distribution of the UEs.
Therefore, spatial grouping may violate fairness, even though it can potentially
increase network throughput. The use of reflectors and relay stations is instrumental
to form new groups and attain a good tradeoff among throughput enhancement,
fair scheduling, and high connection robustness.

Fully-directional communications

The existence of multiple antennas at the UEs promises spatial division gains at
the UEs, which substantially increases the degrees of freedom compared to the
semi-directional communication scenario where such gain is available only at one
entity of the network, the BS. The degrees of freedom can be further increased by
envisioning multi-beam operation ability at the UEs [193].2

Managing the beamforming capabilities of the UEs, the BS can manipulate the
effective channel that it will observe and make it a proper channel for scheduling
purposes.3 The notion of grouping needs an extension to include the impact
of multiple antenna processing capabilities at the UEs. Colocated UEs do not
necessarily belong to the same group, as they can match their beams to different
beams offered by the BS (or different BSs) and be served in different groups

2Multi-beam operation enables coherent combining of the strongest signals received from
several distinct spatially-pointed beams at the UE. This coherent combination can give up to
24 dB link budget improvement at 28 GHz [193].

3The word “proper channel” is intentionally left fuzzy, since it depends on the ultimate goal
of the beamforming at the BS, which may not be the same in all situations.
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by different analog beamformers. In Figure 6.3(d), for instance, fully-directional
communication makes G2 and G3 uncorrelated if UE1 points toward the BS
and UE2 uses a beam toward the relay station, even though UE1 and UE2 are
still colocated. This implies that all time-frequency resource blocks of G2 can be
reused inside G3 without any joint scheduling. Moreover, UEs of G1 can be served
separately due to spatial division gain at the UEs. With proper scheduling, the
number of RF chains in the network infrastructure (base/relay stations) will be
the only limiting factor, reflecting a tradeoff between hardware cost and achievable
spectral efficiency. For dense BS deployment, capacity enhancement can be easily
achieved by adding more RF chains, rather than more BSs. Hence, proper scheduling
algorithms for mmWave cellular networks should be scalable with respect to the
number of RF chains.

In the example, the BS can make four groups (three UEs and one relay station),
and the relay station serves only UE2 (5 groups in total). The BS together with
the relay station can reuse all 60 resource blocks for every multi-antenna UE.
The network throughput is 240 resource blocks, twice that with semi-directional
communications. This is due to spatial division gain at the multi-antenna UEs
and no extra hardware complexity at the BS. Another important note is that the
increased degrees of freedom in grouping have solved the above unfairness in the
resource allocation, even though the UEs are still colocated. In Appendix B, we
formulate an optimization problem for resource allocation in order to improve the
throughput-fairness tradeoff with a minimum QoS level guarantees.

6.1.4 Dynamic Cell

Most of the current standards define a cell by the set of UEs that are associated
using a maximum reference signal received power (RSRP) or RSSI rule, which
leads to a non-overlapping Voronoi tessellation of the serving area of every BS,
exemplified by the well-known hexagonal cells [133,194]. As mentioned in Chapter 4,
the traditional RSRP/RSSI-based association may become significantly inefficient
in the presence of non-uniform UE spatial distribution, and of heterogenous
BSs with a different number of antenna elements and different transmission
powers [62, 133]. This association entails an unbalanced number of UEs per cell,
which limits the available resources per UE in highly populated cells, irrespective
of individual signal strengths while wasting them in sparse ones. This is exacerbated
by the directionality in mmWave systems, where the whole system becomes
noise-limited, and it becomes pointless to use an association metric suited for
an interference-limited homogenous system. The main disadvantage of the current
static definition of a cell, as a predetermined geographical area covered by a BS, is
that the static cell formation is independent of the cell load as well as of the UEs’
capabilities.4 In fact, three parameters should affect cell formation: 1) UE traffic
demand, 2) channel between UE and BSs, and 3) BSs loads. RSRP/RSSI-based

4Note that the state-of-the-art soft and phantom cell concepts have these problems as well.
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association only considers the second parameter, such that reassociation is needed
if this parameter is changed, which is inefficient in mmWave systems [62].

With the massive number of degrees of freedom that fully-directional
communication offers and possible MAC layer analog beamforming, we can define
a dynamic cell as a set of not necessarily colocated UEs that are served by
the same analog beamformer of the BS and dynamically selected to improve
some objective function. Upon any significant fluctuations of the above three
parameters, dynamic cell redefinition may be required. To this end, we need a
full database in the macrocell BS, recording dynamic cell formations, UEs’ traffic
demands, their quality of service levels, and their connectivity to the neighboring
BSs. Depending on the UEs’ demands, microcell BSs dynamically group UEs
together and form new cells so that 1) individual UE’s demands are met (QoS
provisioning), 2) the tradeoff between macro-level fairness and spectral efficiency
is improved, e.g., through proportional fair resource allocation (network utility
maximization), and 3) every UE has categorized in at least two groups, to guarantee
robustness to blockage (connection robustness). Two colocated UEs may belong to
two different cells if their demands cannot be fully served with resource sharing
inside a cell and if there exist proper directed spatial channels to form two
independent cells. Moreover, a new UE is not necessarily served by a geographically
close BS, if this violates the QoS of a UE that is already served by that BS.
While serving a UE with a less-loaded but farther BS is not a good choice in
interference-limited traditional cellular networks, it is feasible (and in fact desirable)
in proper resource allocation based on fully-directional communication. All this
may entail a substantial modification/extension of the methodology of cellular
network analysis [97, 137, 194–197] in general and mmWave cellular networks in
particular [29, 79], as the main assumptions made in those frameworks of Voronoi
serving regions do not hold. The notion of dynamic cell revolutionizes traditional
cell-centric design and introduces a new user-centric design paradigm. This is
especially important for uniform quality of experience provisioning throughout the
network, which is one of the main goals in 5G.

In the following, we clarify the dynamic cell concept with an illustrative example.
Consider a network with four UEs and two microcell BSs. BS1 serves colocated UE1
and UE2, and BS2 serves colocated UE3 and UE4. Therefore, we have two cells:
one created by UE1 and UE2, and the other by UE3 and UE4. Assume that the
traffic demands of UE1 and UE2 increase so that BS1 is no longer able to serve
them both, while BS2 can serve one of them together with its own UEs. In this
case, BS1 broadcasts a cell redefinition request, and a dynamic cell configuration
reassociates UE2 from the first to the second cell. Now, the first cell contains
only UE1, and the second cell contains UE2, UE3, and UE4.5 The reconfiguration
is done by changing the analog beamforming vectors of the BSs and UEs. The
reconfiguration process can be managed at a macrocell BS that covers both BS1
and BS2, making the dynamic cell concept compatible with software defined

5Note that dynamic cell formation is fundamentally different from reassociation after a
handover, as the former may be triggered without any change in the environment due to mobility
or blockage.
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networking and centralized radio network control [34,198]. The benefit of dynamic
cell formation depends heavily on the interference level, as pointed out partially
in [133]. High directionality in mmWave systems with pencil-beam operation is
a unique advantage, as microwave networks with omnidirectional operation are
interference-limited.

To evaluate the performance gain due to the new degrees of freedom in
mmWave networks, we simulate a network with 2 BSs and 30 UEs, distributed
in 1 square kilometer. We consider a mmWave wireless channel with path-loss
exponent α = 3 and adopt the same initial parameters as in Section 6.1.1.
In Appendix B, cell formation is posed as an optimization problem aimed to
ensure micro- and macro-level fairness with a predefined minimum rate for every
UE. Given a network topology, the solution of optimization problem (A.8) in
Appendix B gives the optimal association, resource sharing within every analog
beam, operating beamwidths, and boresight angles of BSs as well as UEs. Compared
to the association design of Chapters 4 and 5, we consider beamforming with
hardware constraints and also a minimum rate for each UE in this section. We
conducted 10 experiments to evaluate the impact of directionality on the network
performance in terms of sum rate in bps/Hz, maximum of the minimum rate
of a UE in bps/Hz, and fairness using Jain’s fairness index [158]. In all the
experiments, we considered a summation over logarithmic functions for the network
utility maximization formulated in (A.8) in Appendix B to guarantee fairness,
as pointed out in Proposition A.1 in Appendix B. Furthermore, we assume that
BSs and UEs can respectively make beams as narrow as 5° and 10°, if required.
Experiments 1-3 are done as follows: the network topology and geometry is
fixed, we consider only one RF chain for every UE, the number of RF chains
per BS is varied, and we find the optimal solution of (A.8), which includes
the optimal association. Experiments 4-6 are done as follows: the associations
are fixed to those obtained in experiments 1-3, and we use Remark A.7 in
Appendix B to find a sub-optimal solution of optimization problem (A.8) for
semi-directional communications. Finally, in experiments 7-9, we solve optimization
problem (A.8) for semi-directional communications, whose solution includes the
optimal association. The last experiment shows the omnidirectional performance,
evaluated using Remark A.8 in Appendix B. For benchmarking purposes, we also
show the optimal association for one random topology in Figure 6.4, where squares
represent BSs, and stars are UEs, solid red lines show association to one RF chain
of BS1, and dashed green lines represent association to one RF chain of BS2. In
particular, Figures 6.4(a), (b), (c), and (d) represent the optimal associations for
experiments 10, 7, 9, and 3, respectively.

Table 6.2 shows the performance in all experiments, averaged over 10 random
topologies. In general, the fully-directional mode outperforms other modes, as
directionality improves the link budget on one side and reduces the interference
on the other. In particular, compared to the omnidirectional mode in experiment
10, we observe a sum rate enhancement by factors of 113 and 75 in experiments
3 and 9, respectively. These enhancements are even more significant in terms of
the minimum offered spectral efficiency, that is, 207 and 43 times in experiments
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Table 6.2: The performance of resource allocation in omni-, semi-, and fully-directional
communications with one RF chain per UE. All rates are measured in bit/s/Hz.

Experiment
Communication

Mode
# RF chains

per BS
Network
sum rate

Minimum
rate

Jain’s fairness
index

1
Fully-directional

3 151.48 3.76 0.94
2 6 322.74 7.73 0.89
3 12 630.62 12.50 0.92

4

Semi-directional

3 118.34 2.65 0.91
5 6 215.83 0.38 0.67
6 12 501.39 0.41 0.88
7 3 120.46 2.90 0.94
8 6 261.98 3.79 0.71
9 12 422.3 2.62 0.76

10 Omnidirectional 1 5.52 0.06 0.72

3 and 9, compared to experiment 10. Comparing Figure 6.4(a) to Figures 6.4(c)
and (d), we can see that many UEs have to share the available resources in the
omnidirectional communication, whereas in the semi- and fully-directional cases
they share the available resources among significantly fewer UEs. Another point is
that the increase of the number of RF chains adds new degrees of freedom, leading
to further improvement in the sum and the minimum rates. For instance, increasing
the number of RF chains by a factor of 4 improves the sum-rate performance of
the fully-directional mode by a factor of 3.2, while also improving the minimum
achievable rate by a factor of 2.3. Although the optimal resource allocation with
semi-directional communication (experiment 9) experiences a high sum rate gain
(2.5), the minimum rate performance of this mode cannot be further improved
by adding more RF chains, as there are many colocated UEs served with the
same analog beam. In this case, adding new degrees of freedom at the BSs (new
RF chains) may not help as the system approaches its maximum limit. However,
the fully-directional option leverages the beamforming capabilities of the UEs to
manipulate the effective channel, thus improving the maximum limit, and serves
even colocated UEs simultaneously with different analog beams transmitted from
different directions, see Figure 6.4(d). This reduces the number of UEs that share
the resources of any given analog beam, improving both the network sum rate
and the UEs’ minimum rate. We verify the claim above on Figure 6.4. With 3
RF chains per BS, the optimal association for both semi- and fully-directional
communications are the same, as shown in Figure 6.4(c). By increasing the number
of RF chains per BS to 12, the semi-directional communication can reduce the size
of the groups of UEs. However, there are still some UEs that are indistinguishable
in the angular domain, and should, therefore, be served together. This limits the
improvement on the UE’s minimum rate. The fully-directional communication
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Figure 6.4: Example of the optimal association. Squares represent BSs, and stars are
UEs. (a) omnidirectional communication; (b) semi- and fully-directional communications
with 3 RF chains at every BS; (c) semi-directional communication with 12 RF chains
at every BS, and (d) fully-directional communication with 12 RF chains at every BS.
Solid red lines show association to one RF chain of BS1. Dashed green lines represent
association to one RF chain of BS2.

mode, from another perspective, leverages directionality at the UEs, and associates
UEs to a less-loaded RF chain of a preferably closer BS.6 However, some UEs, such
as UE3 in Figure 6.4(d) will be associated with a further BS instead of sharing
an analog beam with 4 other UEs as in Figure 6.4(c). In addition to more efficient
load balancing, the fully-directional option offers both higher link budget and lower
interference. For instance, UE1 and UE2 in Figure 6.4(c) receive a large amount
of interference from BS1, whereas the interference will be almost canceled in the
fully-directional option in Figure 6.4(d) due to deafness. Last but not least, the
fully-directional option also outperforms other options in terms of fair resource
allocation, as verified by Jain’s fairness index in Table 6.2.

6If we add the alignment overhead into the picture, association to a closer less-loaded
easy-to-find BS may be preferable, especially if we have frequent reassociation.
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6.2 Short-range Networks

So far, we have discussed MAC layer design considerations of mmWave cellular
networks. In this section, we focus on short-range mmWave networks. The main
differences between short-range mmWave networks and mmWave cellular networks,
reviewed in [28], are: 1) short-range networks may rely on carrier sensing among
terminals, 2) they have an ad hoc infrastructure, rather than a predefined
infrastructure, 3) they may use multihop communications, which may also affect
traffic patterns, and 4) WPAN/WLAN devices generally have much less capabilities
compared to smart phones and base stations in cellular networks.

In the following, we discuss the main MAC and networking architecture design
issues that arise in mmWave communications and state the weaknesses of the
current solutions, including existing standards, when they are applied to support
next generation short-range wireless communications.

6.2.1 Collision-aware Hybrid MAC
The transitional behavior of mmWave networks, characterized in Chapter 3, shows
the inefficiency of existing standards and suggests a dynamic incorporation of
both contention-based and contention-free phases in the resource allocation. The
current mmWave standards such as IEEE 802.15.3c and IEEE 802.11ad adopt
similar resource allocation approaches as those developed for the conventional
interference-limited networks, e.g., by IEEE 802.15.4 [199]. In particular, they
introduce a contention-based phase mainly to register channel access requests
of the devices inside the mmWave network. These requests are served on the
following contention-free phase, called service period in IEEE 802.11ad [14]. In
fact, though some data packets with low QoS requirements may be transmitted
in the contention-based phase, the network traffic is mostly served in the
contention-free phase irrespective of the network operating regime. Instead, we can
(and should) leverage the transitional behavior of mmWave networks to dynamically
serve the network traffic partially on the contention-based and partially on the
contention-free phase, according to the actual network operating regime. More
specifically, a data transfer interval,7 that is, a set of consecutive time slot over
which devices will be scheduled for data transmission, can consist of two phases:

• Phase 1: a distributed contention-based resource allocation, which is more
suitable for the noise-limited regime.

• Phase 2: a centralized contention-free resource allocation, which is more
suitable for the interference-limited regime.

While all devices can contend to access the channel in the first phase, only devices
with collided packets or those with a common receiver will be scheduled for

7Data transfer interval is introduced in IEEE 802.11ad [14]. Similar interval in the superframe
of IEEE 802.15.3c consists of the contention access period and the channel time allocation
period [13].
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the second phase. For a noise-limited regime, automatically, most of the traffics
will be served on the first phase due to negligible multiuser interference. In an
interference-limited regime, however, many links may register their collisions –so
their channel access requests– to be scheduled on the following contention-free
phase. Using flexible phase duration, adjusted according to the collision level of the
networks, we can realize an on-demand use of the inefficient contention-free phase,
improve the network throughput (especially as the network goes to the noise-limited
regime), and also guarantee collision-free communications.

6.2.2 New Collision Avoidance Mechanisms
Current collision avoidance mechanisms suggest that a network with uncoordinated
users will benefit by accepting collisions on tiny signaling packets such as RTS and
CTS to avoid retransmission of large data packets. To increase the robustness of
signaling messages, current mmWave standards transmit control packets at a much
lower rate compared to the data packets. IEEE 802.11ad, for instance, supports a
peak transmission rate of 27.7 Mbps for control and 6.7 Gbps for data packets [200].
That is, all control messages, including headers, will be transmitted at no more
than 27.7 Mbps, whereas the actual payload will be transmitted at 6.7 Gbps.
This significant mismatch between transmission rates of control and data packets
substantially increases the cost of collision avoidance procedures and challenges
the efficacy of current mmWave standards in handling packets with short size. To
illustrate this inefficiency, we provide the following example.

Let ti be the time required to transmit message i. With negligible propagation
and queuing delays and with no collision on a directed spatial channel, the
current CSMA/CA protocol introduces the following delay to transmit a payload:
3tSIFS + tRTS + tCTS + tDIFS + tDATA + tACK, where tDATA = theader + tpayload.
Note that the transmitter should wait for an SIFS duration before sending every
RTS, CTS, and ACK, and wait for a DIFS duration before every regular data
frame. In IEEE 802.11ad, tSIFS = 2.5 µs and tDIFS = 6.5 µs. Considering 20 Bytes
for RTS, CTS, and ACK messages, we have tRTS = tCTS = tACK = 5.5 µs.
Every data packet contains an 8-Byte header, which should be transmitted at
27.7 Mbps, so theader = 2.2 µs. To transmit 10 KBytes of payload, we need only
tDATA = 13.6 µs, while the total delay is 44.1 µs, leading to 30% channel utilization.
This inefficiency increases as the size of the payload reduces, for instance, only 9.8%
channel utilization for 1 KByte of payload. This means that CSMA/CA consumes
more than 90% of the time resources only to ensure avoidance of collisions even in
a noise-limited scenario. This inefficient handling of packets with short size hinders
the applicability of current mmWave technology solutions (with Gbps data rate
and small interference footprint) to massive wireless access scenarios where we have
frequent transmissions of packets with small payloads. In fact, the huge overhead
of having an unnecessary proactive collision avoidance protocol may be one of the
main bottlenecks of future applications of mmWave networks.

Directional communications in mmWave networks substantially alleviate the
hidden and exposed node problems [129], which diminishes the advantages of
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the collision avoidance procedure of CSMA/CA. Considering this fact and also
the significant mismatch between transmission rates of control and data packets,
future mmWave networking demands development of new MAC layer protocols
with on-demand and minimal use of signaling. Note that proactive transmission of
some vital control signals, such as beam-searching pilots for avoiding deafness, may
still be mandatory. These mandatory control overheads may limit delay/channel
utilization performance and therefore the applicability of mmWave networks to use
cases with sporadic infrequent transmissions of small payloads. This suggests the
existence of a minimal payload size so as to make the establishment of a costly
mmWave link beneficial.

6.2.3 Collision-notification Message
Suppressing interference in mmWave networks with pencil-beam operation comes
at the expense of complicated link establishment. Traditional CSMA/CA fails
to provide efficient multiple access for mmWave systems [16], since it had been
originally developed for omnidirectional transmissions. To elaborate, assume that a
mmWave transmitter tries to access the channel by sending an RTS message after
the backoff timer expires (see Scenario 3 in Figure 6.5). The receiver does not hear
the RTS due to deafness or blockage, and therefore does not send the CTS message.
The traditional CSMA/CA protocol assumes that a collision occurred and therefore
increases the backoff time exponentially. In mmWave, this is the wrong decision,
which may lead to a prolonged backoff time. Similar issues may also exist in the
random access phase of mmWave cellular networks, as mentioned in the previous
section.

To enhance the performance of CSMA/CA in directional communications,
reference [201] modifies traditional CSMA/CA such that each device exponentially
increases the contention window size upon a missing ACK, while this increment is
linear with each missing CTS. Although this proposal is better than the original
CSMA/CA in the sense that different events demand different actions, it fails to
solve the prolonged backoff time in mmWave systems. In fact, blockage, deafness,
and collision, which are caused by different physical reasons, deserve a different
handling at the MAC layer, a fact that is totally ignored in [201]. This problem
may be alleviated by introducing additional signaling messages for establishing a
mmWave link.

A simple scheme, illustrated in Figure 6.5, may work as follows. After sending
a directional (or omnidirectional) RTS to a receiver that is ready to receive, three
possible scenarios might occur.

• Scenario 1 (success): The transmitter receives a CTS before timeout. Then, it
extracts the beamforming information from the CTS and starts transmission
based on the CSMA/CA mechanism.

• Scenario 2 (collision): The receiver fails to decode the RTS due to a collision.
It sends a collision-notification (CN) signal. Upon receiving the CN message,
the transmitter knows that there is a contention to access this channel in
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Figure 6.5: A simple protocol for mitigating prolonged backoff time. For a given time, in
Scenario 1, device N2 detects an RTS. The next step is to send a CTS signal by device N2
to reserve the channel for the communication. In Scenario 2, device N3 receives more than
one RTS at the same time. It sends a CN signal to let the transmitters run the backoff
procedure. In Scenario 3, device N2 will not receive the RTS of device N1 due to either
deafness or blockage, and it will be silent at the next step.

this direction, and therefore sends another RTS after running the backoff
procedure.

• Scenario 3 (deafness or blockage): The transmitter does not receive a CTS
nor a CN. In this case, after timeout, it knows that there is either deafness
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Figure 6.6: Average backoff time of the device winning the contention among 20 devices
for accessing the same transmission resource (frequency and direction). Standard RTS-CTS
based negotiation leads to unnecessarily prolonged backoff time, while a slight modification
of this standard negotiation, by introducing CN, effectively mitigates the problem.

or blockage. Hence, it tries to find another directed spatial channel instead of
running an unnecessary backoff.

Note that the energy that the mmWave receiver will observe in a collision state
with multiple simultaneous received signals is substantially higher than that in
the deafness state with no received signal. Therefore, a simple hard decision based
on the received energy (energy detector) would be enough to distinguish collisions
from deafness. Thanks to the CN signal, the transmitter can sense the presence
of contention in the channel and take the proper action to avoid the prolonged
backoff time, which is the result of deafness and blockage, and not of contention on
the channel.

We simulate a network with a Bernoulli link failure model, that is, every link fails
due to blockage independently and with constant blockage probability. Figure 6.6
shows the performance enhancement due to the introduction of CN. With a blockage
probability of 0.02, for instance, the average backoff time will be dramatically
decreased by about 95% (twenty times) if CN is used.

6.3 Summary

This chapter focused on the changes required at the various MAC layer
functionalities of both cellular and short-range networks.

For the mmWave cellular networks, we discussed synchronization, random
access, handover, channelization, interference management, scheduling, and
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association. Design aspects, new challenges, and new tradeoffs were identified, and
initial solution approaches, based on the special characterizes of mmWave systems,
were investigated.

For the short-range networks, we argued that the use of new collision-aware
hybrid resource allocation, more efficient retransmission policies, and the collision
notification message has the potential to significantly improve the performance of
future mmWave networks.



Chapter 7

Conclusions and Future Works

7.1 Concluding Remarks

Millimeter-wave communication is a promising enabler of extremely high data
rate in future wireless networks and offers a significant improvement in per-user
throughput, network throughput, and spectral and energy efficiencies, compared
to traditional wireless networks. The main characteristics of a mmWave system
are very high attenuation, sparse-scattering environment, huge bandwidth,
vulnerability to obstacles and antenna misalignment, massive beamforming, and
limited interference, all of which differentiate mmWave systems from legacy systems
that operate at microwave bands.

This thesis identified new challenges and tradeoffs that arise in mmWave
networking, in the contexts of both cellular and short-range systems, and
provided fundamental design guidelines for future mmWave networks, mostly
from the MAC layer perspective. In particular, this thesis investigated and
analytically substantiated the interference model similarity index, the transitional
behavior of interference, the alignment-throughput tradeoff, long-term resource
allocation, various options for spectrum sharing, mismatch between control and
data planes’ coverage, tradeoff among cost-robustness-coverage of the control plane,
inefficiency of current static cell definition, tradeoff among the number of RF
chains-throughput-fairness-connection robustness, and the prolonged backoff time
problem during random access.

To address these new tradeoffs and behaviors of a mmWave network, we have
proposed several protocols and solution approaches. We used several optimization
frameworks to optimize the alignment-throughput tradeoff, association with
relaying and beamforming considerations, and spectrum sharing with various
coordination and beamforming strategies. We addressed these optimization
problems by developing scalable algorithms and characterized their convergence
behaviors. For a mmWave cellular network, this thesis proposed four options to
realize a physical control plane, a two-stage hierarchal synchronization protocol,
a procedure for dynamic cell formation, a novel user association, an efficient
handover procedure, and an on-demand inter-cell interference management. Delay
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and coverage of control plane were also studied, and design guidelines are provided
accordingly. For short-range mmWave networks, this thesis proposed a new MAC
layer signal to solve the prolonged backoff time, new collision-aware hybrid resource
allocation framework, novel random backoff procedure using a new collision
notification signal, and a the proposal of an on-demand transmission of the
control messages. Detailed mathematical analysis and discussions of this thesis
aimed to provide original and important insights on the design of future mmWave
networking.

7.2 Future Works

Although many open issues and future works are suggested throughout the thesis,
followings are some additional possible future works:

• Incorporating relaying techniques in mmWave networks: Relaying techniques
are key components of future mmWave networks for both access and
backhaul since they can provide more uniform quality of service by offering
efficient mobility management, smooth handover operation, load balancing,
indoor-outdoor coverage. Relaying is also essential for multihop backhauling,
which is an important use case of IEEE 802.11ay. Still, very little has
been done in analysis and design of efficient relaying schemes for mmWave
networks [202], especially to evaluate the gain of relaying in a mobile
environment with random blockage and extra alignment overhead between
any device and the relays.

• Designing a heterogeneous control plane for mmWave networks: This thesis
identified different options to realize a physical control channel and provided
initial performance evaluation to assess pros and cons of those options. The
results suggest that we should redesign existing homogenous control plane to a
heterogeneous one that may include both mmWave and microwave bands and
also both directional and omnidirectional communications. A comprehensive
performance analysis and extensive numerical results in different situations
are interesting topics for future studies to clarify the new architecture of the
control plane.

• Spectrum sharing with non-ideal assumptions: As discussed throughout this
thesis, directional communications with large antenna arrays shift mmWave
networks toward the noise-limited operation regime, which improves the
performance of spectrum sharing. Although the focus of Chapter 5 was
about stand-alone mmWave wireless networks, the proposed framework can
be naturally used to model various kinds of spectrum sharing scenarios such
as coexistence of sub-6 GHz and mmWave networks, of backhaul and access
networks, and of cellular and device-to-device networks. It is interesting
to investigate the impact of non-ideal assumptions on spectrum sharing,
such as pilot contamination, imperfect channel estimation, UE mobility, and
distributed beamforming and association methods.
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• Machine learning: Artificial intelligence and machine learning pr......Given
AoAs and AoDs, [45] provides efficient approaches to precode pilot signals so
as to optimize the performance of the channel estimation phase of mmWave
networks. In general, however, AoAs and AoDs are changing according to some
underlying Markov model. In this case, a reinforcement learning approach can
substantially improve the spatial search process and pilot transmission phase.
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Appendix A: Spatial Search Overhead

In this appendix, we compute an upper bound for the delay of spatial search using
Options 2 and 3 of Section 6.1.1. Proofs and the remarks and propositions are
available in [28]. We assume that there are nb BSs whose pilots can be received
with high enough SNR at a typical UE, located at the origin. The UE and all BSs
are aware of the time-frequency portions over which the directional synchronization
pilots are transmitted, thanks to the proposed two-step synchronization procedure.
All the BSs transmit pilot signals with the same power p and beamwidth θ. We
only consider a 2D plane, so there are Ns = d2π/θe non-overlapping sectors that a
BS should search over to find the typical UE. The upper bound is set by assuming
that each BS randomly selects a new sector, among the Ns sectors with uniform
distribution, to search using pilot transmission. In the semi-directional mode, the
UE has omnidirectional reception. In the fully-directional mode, the UE is assumed
to listen in one direction while the BSs do the search. A joint search by UE and BS
is left as future work. For the sake of simplicity, we only count the BSs with LoS
links. Thanks to this assumption, we end up with tractable closed-form expressions
that give new insights on the overhead of the spatial search required by Options 2
and 3. Note that we still find an upper bound on the delay performance, because
the UE may receive a pilot of a close NLoS BS, even though this event does not
happen frequently due to very high attenuation with every obstacle. Supposing
that the process of obstacles forms a random shape process, for instance, a Boolean
scheme of rectangles as considered in [120], and under some further assumptions
such as independent blockage events [79], we can assume that the number of LoS
BSs nb is a Poisson random variable with mean ρ, which depends on the average
LoS range of the network [79, 120]. Note that ρ is equal to the density of LoS BSs
per square meter, denoted by ρu, times the effective area, whose value depends on
the option chosen to realize the physical control channel and will be characterized
later. Further, the LoS BSs are located uniformly in the 2D plane. In the following,
we compute the probability that the typical UE can be found after ne epochs of
pilot transmission for an arbitrary density of LoS BSs ρ. We then characterize
ρ as a function of the transmission power and beamwidth for both semi- and
fully-directional case.

The UE can be discovered if and only if there is at least one BS, that is,
m ≥ 1, which happens with probability 1 − e−ρ [188]. Under this condition,
we denote by Pr [ne = n, nb = m|m ≥ 1] the joint probability of discovering the
typical UE at epoch n and having m LoS BSs, given m ≥ 1. Pr [nb = m|m ≥ 1]
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follows a zero-truncated Poisson distribution [203]. Given m ≥ 1, the UE will
be discovered by epoch n (cumulative distribution function), with probability
Pr [ne ≤ n|nb = m,m ≥ 1], if it falls in at least one of the n sectors that any BS
has investigated. Since each BS chooses uniformly and independently n out of Ns
sectors, we have

Pr [ne ≤ n|nb = m,m ≥ 1] = 1−
(

1− n

Ns

)m
.

The probability mass function is

Pr [ne = n|nb = m,m ≥ 1] =
(

1− n− 1
Ns

)m
−
(

1− n

Ns

)m
for n > 0. Therefore, we can find Pr [ne = n, nb = m|m ≥ 1] for all n,m ≥ 1 as

Pr [ne = n, nb = m|m ≥ 1] =
((

1− n− 1
Ns

)m
−
(

1− n

Ns

)m)
e−ρ

1− e−ρ
ρm

m! , (A.1)

and consequently Pr [ne = n|m ≥ 1] as

Pr [ne = n|m ≥ 1] =
∞∑
m=1

Pr [ne = n, nb = m|m ≥ 1]

(A.1)=
∞∑
m=1

((
1− n− 1

Ns

)m
−
(

1− n

Ns

)m)
e−ρ

1− e−ρ
ρm

m!

= e−ρ

1− e−ρ

 ∞∑
m=1

((
1− n−1

Ns

)
ρ
)m

m! −
∞∑
m=1

((
1− n

Ns

)
ρ
)m

m!


(?)= e−ρ

1− e−ρ
(
e(1−n−1

Ns
)ρ − e(1− n

Ns
)ρ
)

= e−nρ/Ns
(
eρ/Ns − 1
1− e−ρ

)
, (A.2)

For (?) in (A.2), we used the Taylor series of the exponential function. Using (A.2),
we can derive closed-form expressions for several interesting performance metrics.
Recall the assumptions from the beginning of this appendix, and consider a UE
that can be discovered. We have the following remarks:

Remark A.1. The average number of pilot transmission epochs for discovering the
UE, denoted by Nd, is

Nd =
Ns∑
n=1

nPr [ne = n|m ≥ 1] = eρ/Ns − 1
1− e−ρ

Ns∑
n=1

ne−nρ/Ns

= eρ+ρ/Ns − (Ns + 1) eρ/Ns +Ns

(eρ − 1)
(
eρ/Ns − 1

) . (A.3)
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Remark A.2. The probability that the UE is discovered within l epochs is

Pr [Discovering a discoverable UE in l epochs] =
l∑

n=1
Pr [ne = n|m ≥ 1]

= eρ − eρ−ρl/Ns
eρ − 1 . (A.4)

Remark A.3. The UE will be discovered within Ns = d2π/θe with probability 1.

Remark A.4. The minimum number of epochs required to guarantee discovery of
the UE with probability µ is the smallest integer not less than

Ns −
Ns
ρ

ln (µ+ (1− µ) eρ) . (A.5)

The last step to find the spatial search overhead is finding the density of the LoS
BSs in semi- and fully-directional scenarios, which requires further assumptions on
the antenna radiation pattern and the channel model.

For analytical tractability, we approximate the actual antenna patterns by the
sectored antenna model, formulated in (3.10), where e and (2π − (2π − θ)e)/θ are
antenna gains in the side lobe and main lobe, respectively. Moreover, we consider a
simple distance-dependent attenuation with path-loss exponent α > 2. This leads
to a closed-form expression, based on which we provide interesting insights.1 The
power that the typical UE receives from the pilot transmission of a LoS BS, located
at distance d, is  p

(
2π−(2π−θ)e

θ

) (
λ

4πd
)α

, semi-directional

p
(

2π−(2π−θ)e
θ

)2 (
λ

4πd
)α

, fully-directional
,

where λ is the wavelength and p is the pilot transmission power. Considering a
minimum required SNR β at the receiver and noise power σ, the typical UE can
receive the synchronization pilot of a LoS BS at maximum distance dmax, where

dmax =


λ
4π

(
p
(

2π−(2π−θ)e
)

σβθ

)1/α

, semi-directional

λ
4π

(
p
(

2π−(2π−θ)e
)2

σβθ2

)1/α

, fully-directional
, (A.6)

which can be reduced to

dmax =


λ
4π

(
2πp
σβθ

)1/α
, semi-directional

λ
4π

(
4π2p
σβθ2

)1/α
, fully-directional

(A.7)

1Some preliminary results in the presence of Nakagami fading (not presented in this chapter)
show that these insights also apply to more general channel models, though the exact expressions
will be different.
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as e→ 0. The density of LoS BSs ρ in (A.5)–(A.1) is essentially equal to the product
of the density of the LoS BSs per square meter, which is an input parameter, and
the effective area over which the typical UE can receive a pilot signal with high
enough SNR. In semi-directional communications with omnidirectional UE, the
UE can receive from all directions, hence the effective area is πd2

max, whereas in
fully-directional communications the UE can receive only from LoS BSs located in
a specific circle sector, hence the effective area is θd2

max/2, with dmax given in (A.6)
or (A.7).

Remark A.5. Given that a UE can be discovered, semi-directional PHY-CC
(Option 2) requires fewer epochs, on average, for discovering the UE compared to
fully-directional control channel (Option 3).

Remark A.6. Given that a UE can be discovered, for a sparse network where
there is only one BS for discovering every UE, the average number of epochs for
discovering a UE is (d2π/θe+ 1)/2, irrespective of using semi- or fully-directional
modes.



Appendix B: Optimal Cell Formation

In this appendix, we formulate an optimization problem to optimize cell formation.
We first formulate the problem for fully-directional communications and then show
how this can be simplified to semi-directional and omnidirectional communications.

Let ni be the number of RF chains (analog beams) at BS i. We replace BS i
with ni virtual BSs, hereafter called BSs, located at the same position, each having
one RF chain. We denote by U the set of UEs, by B the set of all BSs, by p the
transmission power of a BS, by σ the power of white Gaussian noise, and by gcij
the channel gain between BS i and UE j, capturing both path-loss and shadowing
effects. Here, we assume that the impact of fast fading on the received signal and
consequently on the SINR value is averaged out, since the association will execute
on a large time scale compared to the instantaneous channel fluctuations. Such
a long-term channel model implies the use of a long-term SINR, which is often
effectively used for long-term resource allocation [133, 137]. Let θbi and θuj be the
operating beamwidths of BS i and UE j, respectively. Let ζbij be the angle between
the positive x-axis and the direction in which BS i sees UE j, and let ζuij be similarly
defined by changing the roles of BS i and UE j. Note that these angles are imposed
by the network topology, and that |ζuij − ζbij | = π. Let ϕbi and ϕuj be the boresight
angles of BS i and UE j relative to the positive x-axis, see Figure A.1. We denote by
gbij the antenna gain that BS i adds to the link between BS i and UE j (transmission
gain), and by guij the antenna gain that UE j adds to the link between BS i and UE
j (reception gain). Using the sectored antenna model introduced in Appendix A,
we have

gbij =

 e , if θ
b
i

2 < |ϕbi − ζbij | < 2π − θbi
2

2π−(2π−θbi )e
θb
i

, otherwise
,

and

guij =

 e , if θ
u
j

2 < |ϕuj − ζuij | < 2π − θuj
2

2π−(2π−θuj )e
θu
j

, otherwise
.

Then, the power received by UE j from BS i is pgbijgcijguij . Hence, the SINR at UE
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Figure A.1: Illustration of the angles between BSs and UEs ζbij and ζuij, ϕbi , and ϕuj . Solid
arrows show the boresight directions.

j due to the transmission of BS i is

pgbijg
c
ijg

u
ij∑

k∈B\i
pgbkjg

c
kjg

u
kj + σ

,

which depends on the transmission power p, operating beamwidths θbi and θuj ,
boresight angles ϕbi and ϕuj , and network topology ζbij and ζuij . It is straightforward
to see that narrower beams at the BSs and/or at the UEs lead to a higher SINR, on
average, due to an increased received power from BS j and a decreased interference
level. We denote by cij the achievable rate of the link between BS i and UE j, which
we assume to be a logarithmic function of the corresponding SINR, and by yij the
fraction of resources used by BS i to serve UE j. We first observe that rij = yijcij
and rj =

∑
i∈B yijcij are the long-term rate that UE j will receive from BS i and

from all BSs, respectively. Let Uj be a general utility function of rj . Let xij be a
binary association variable, equal to 1 if and only if UE j is associated with BS
i. Let ri,min be the minimum required rate of UE j. Let θbi,min and θuj,min be the
minimum possible operating beamwidth of BS i and UE j, which depend on the
corresponding number of antenna elements and antenna configurations [204].

Given that the network topology is known a priori (that is, ζbij , ζuij , and gcij are
known for every BS i and UE j), the optimal cell formation attempts to find the
optimal values for ϕbi , θbi , ϕuj , θuj , xij , and yij to maximize some network utility.
If we collect all control variables xij and yij in matrices X and Y , and collect all
ϕbi , ϕuj , θbi , and θuj in vectors φb, φu, θb, and θu, the cell formation optimization



Appendix B: Optimal Cell Formation 187

problem can be formally stated as

maximize
φb,θb,φu,θu,X,Y

∑
j∈U

Uj

(∑
i∈B

yijcij

)
, (A.8a)

subject to
∑
j∈U

yij ≤ 1 , ∀i ∈ B , (A.8b)

∑
i∈B

xij = 1 , ∀j ∈ U , (A.8c)

{
0 ≤ yij ≤ xij , xij ∈ {0, 1}
xij = 0 if rij < rj,min

,
∀i ∈ B
∀j ∈ U

(A.8d)

0 ≤ ϕbi ≤ 2π , ∀i ∈ B , (A.8e)

0 ≤ ϕuj ≤ 2π , ∀j ∈ U , (A.8f)

θbi,min ≤ θbi ≤ 2π , ∀i ∈ B , (A.8g)

θuj,min ≤ θuj ≤ 2π , ∀j ∈ U . (A.8h)

Observe that, for notational simplicity, function arguments have been discarded.
Constraint (A.8c) guarantees association to only one BS, mitigating joint scheduling
requirements among BSs, and constraint (A.8d) guarantees a minimum QoS for
every UE. Further, constraint (A.8d) ensures that every BS i will provide a positive
resource share only to its associated UEs. The solution of (A.8) provides a long-term
association policy along with proper orientation and operating beamwidths for
fully-directional communications. This solution is valid as long as the inputs of
the optimization problem, that is, network topology and UE demands, remain
unchanged. Once a UE requires more resources or loses its connection (for instance,
due to a temporary obstacle), optimization problem (A.8) has to be re-executed.
In the latter, the UE will use its backup connection, and will handover to the right
BS once the new solution of (A.8) is available. We can easily extend optimization
problem (A.8) to find proper backup associations for UEs. Note that the main
aim of this chapter is to understand the fundamental limitations, and an efficient
solution method for (A.8) is left as future work.

Proposition A.1. Consider optimization problem (A.8). Replacing yij by
1/
∑
j∈U xij, the solution of (A.8) gives the optimal cell formation with equal

resource allocation inside every analog beam (micro-level fairness). Further, using
a logarithmic function for Uj, the solution of (A.8) ensures a macro-level
proportionally fair resource allocation.

Remark A.7. Consider optimization problem (A.8). Using θuj,min = 2π for all
j ∈ U , the solution of (A.8) gives the optimal cell formation in the semi-directional
mode with directional operation of BSs and omnidirectional operation of the UEs.
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Remark A.8. If we use θbi,min = 2π for all i ∈ B and θuj,min = 2π for all j ∈ U ,
the solution of optimization problem (A.8) gives the optimal cell formation in the
omnidirectional mode.

Proposition A.2. Consider optimization problem (A.8). For a given network
topology, the optimum of the problem (namely, the utility at the optimal value) for
the omnidirectional communication mode is upper bounded by the semi-directional
one, and the optimum of the problem for the semi-directional communication mode
is upper bounded by the fully-directional one.


