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To encounter the continuous increasing of bandwidth
demand at the end-users of wireless and optical commu-
nication networks, the millimeter-wave (MMW) carriers
are used for future broadband wireless networks. The next
generation of wireless networks is usually developed and
implemented based on utilization of the available spectrum
in the MMW frequency bands (30–300 GHz) to provide
multi-Gigabit networks with high reliable transmission over
large distances. The MMW wireless communication suffers
from the channel fading which leads to limiting the coverage
range and themobility. To design the wireless networks based
on the MMW spectrum, the performance of these networks
must be optimized to offer huge data rate, low latency, and
high spectrum efficiency.

The recent 5G wireless networks almost utilized are the
subband from 28 GHz to 80 GHz in the band of MMW that
extended from 30 GHz to 300 GHz. Extensive propagation
measurements have been performed at 28 GHz, 38 GHz, and
73 GHz in urban microcellular, urban macrocellular, and/or
indoor scenarios. Planning of the 5G wireless network by
using MMW frequencies offers high performance capacity,
throughput, and QoS compared with microwave frequencies
which is applied in the current networks such as Long-Term
Evaluation (LTE) wireless networks (2 GHz or 3.6 GHz).
The development technologies also make MMW possible for
cheap consumer devices such as Full Duplex (FD), Mas-
sive Multiple Input Multiple Output (MIMO), Orthogonal
Frequency Division Multiplexing Access (OFDMA), and
Generalized Frequency Division Multiplexing (GFDM).

When the frequency goes up to the range of MMW, the
energy absorption caused by atmosphere, rain, and snow
becomes increasingly prominent which causes limitation in

signal transmission distance. In this special issue, most of the
accepted papers to be published are proposed to solve these
problems.

The first paper “Spectral and Energy Efficiencies in
mmWave Cellular Networks for Optimal Utilization” by A.
M. Hamed and R. K. Rao is proposed to examine energy
efficiency (EE), spectral efficiency (SE), network latency, area
spectral efficiency (ASE), and area energy efficiency (AEE) of
MMW cellular network in 28 and 73 GHz bands for line-of-
sight (LOS) and non-line-of-sight (NLOS) links. This paper
presented a frame work for analysis of SE and EE metrics of
the network for optimum utilization of network resources.
The results have shown that 73 GHz band achieves better SE
and the 28 GHz band is superior in terms of EE. It is observed
that while the latter band is expedient for indoor networks,
the former band is appropriate for outdoor networks.

The second paper “Measurement Method of Temporal
Attenuation byHumanBody inOff-the-Shelf 60GHzWLAN
withHMM-Based Transmission State Estimation” by Y. Koda
et al. conducted a measurement of time-varying signal atten-
uation induced by human blockage, involving a commercially
available IEEE 802.11ad wireless local area network access
point (WLANAP) and wireless station (STA).This paper has
estimated signal coexisting at each sampling point using a
simple two-state hidden Markov model. The measurements
have been validated in that the measured time-varying signal
attenuation is in agreementwith knife edge diffraction theory.

The third paper “Indoor CorridorWideband Radio Prop-
agation Measurements and Channel Models for 5G Millime-
ter Wave Wireless Communications at 19GHz, 28GHz, and
38GHz Bands” by A. M. Al-samman et al. has investigated
the propagation characteristics at three different bands 19, 28,

Hindawi
Wireless Communications and Mobile Computing
Volume 2018, Article ID 1641750, 2 pages
https://doi.org/10.1155/2018/1641750

http://orcid.org/0000-0003-3215-2212
http://orcid.org/0000-0001-5183-7810
https://doi.org/10.1155/2018/1641750
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and 38 GHz in an indoor corridor environment for LOS and
NLOS scenarios. The results have shown that the received
signal power at the higher frequency band ismore sensitive to
the angle-of-arrival (AOA) variation. It is shown that, within
a 1-m receivermovement, the received signal power decreases
by up to 11 dBwhenusing the 38GHzband and the signal only
decreased approximately 3 dB for the 19 GHz band.

The fourth paper “Combined Sector and Channel
Hopping Schemes for Efficient Rendezvous in Directional
Antenna Cognitive Radio Networks” by A. M. Al-Mqdashi
et al. has proposed efficient schemes for achieving sector and
channel rendezvous in directional antenna cognitive radio
networks (DIR-CRNs). Rendezvous is a prerequisite and
important process for secondary users (SUs) to establish data
communications in CRNs. Two efficient coprimality-based
sector hopping schemes have been proposed for providing
sector rendezvous in asymmetric and symmetric role envi-
ronments. The sector hopping (SH) schemes have been com-
bined with an efficient grid-quorum-based channel hopping
(CH) scheme for providing a guaranteed sector and channel
rendezvous simultaneously between the SUs in DIR-CRNs.

The fifth paper “A Stochastic GeometryApproach to Full-
Duplex MIMO Relay Network” by M. N. Hindia et al. has
developed a tractablemodel to analyze the success probability
and ergodic capacity of the two-hop MIMO expressions for
the random nodes, using tools from stochastic geometry.The
results have shown the effect of partial zero forcing (PZF)
in mitigating the interferences including the self-interference
to demonstrate the feasibility of FD technology even for
moderate values of self-interference attenuation.

Redhwan Q. Shaddad
Ahmed M. Al-Samman

Murad A. Rassam
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Millimeter wave (mmWave) spectrum has been proposed for use in commercial cellular networks to relieve the already severely
congested microwave spectrum.Thus, the design of an efficient mmWave cellular network has gained considerable importance and
has to take into account regulations imposed by government agencies with regard to global warming and sustainable development.
In this paper, a densemmWave hexagonal cellular network with each cell consisting of a number of smaller cells with their own Base
Stations (BSs) is presented as a solution tomeet the increasing demand for a variety of high data rate services and growing number of
users of cellular networks. Since spectrum and power are critical resources in the design of such a network, a framework is presented
that addresses efficient utilization of these resources in mmWave cellular networks in the 28 and 73GHz bands. These bands are
already an integral part of well-known standards such as IEEE 802.15.3c, IEEE 802.11ad, and IEEE 802.16.1. In the analysis, a well-
known accurate mmWave channel model for Line of Sight (LOS) and Non-Line of Sight (NLOS) links is used.The cellular network
is analyzed in terms of spectral efficiency, bit/s, energy efficiency, bit/J, area spectral efficiency, bit/s/m2, area energy efficiency,
bit/J/m2, and network latency, s/bit. These efficiency metrics are illustrated, using Monte Carlo simulation, as a function of Signal-
to-Noise Ratio (SNR), channel model parameters, user distance from BS, and BS transmission power. The efficiency metrics for
optimum deployment of cellular networks in 28 and 73GHz bands are identified. Results show that 73GHz band achieves better
spectrum efficiency and the 28GHz band is superior in terms of energy efficiency. It is observed that while the latter band is
expedient for indoor networks, the former band is appropriate for outdoor networks.

1. Introduction

The traffic in cellular networks has exponentially increased
due to high demand for existing and a variety of new wireless
services and growing number of users of networks.Therefore,
it has become important to utilize the available bandwidth
efficiently. Also, it has becomemandatory, due to government
regulations on greenhouse gas emissions, to pay careful atten-
tion to design of networks that are energy efficient as well.
Thus, a key issue in the design and implementation of next
generation of cellular networks is the joint optimization of
energy and available spectral resources. The mmWave spec-
trum is known to offer tremendous bandwidth and can be
utilized not only to meet the ever increasing demand for high
data rate services, but also to accommodate a large number
of users. This spectrum is also a serious contender for Ultra

High Definition Video (UHDV) transmission. Several well-
known network standards such as ECMA-387, IEEE 802.11ad,
and IEEE 802.15.3c are being redefined to fit this spectrum.
Despite the massive bandwidth potential in the mmWave
band, there exist a number of challenges: (i) modeling
and characterization of propagation environment; (ii) design
of antenna system; (iii) transceiver integration; (iv) digital
signal processing technology.

ThemmWave bands suffer from high path loss and hence
techniques are required to enhance power received at the
receiver. The modeling of propagation environment plays an
important role in the design and analysis of communication
systems required in cellular networks. In [1], characteristics
of mmWave propagation environment are studied and it
is observed that bands in this spectrum offer lower delay
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spread and it is possible to effectively suppress intersymbol
interference. Wells [2] has shown that the 28 and 73GHz
bands are the most natural choices for deployment in the
mmWave spectrum. Also, the 28GHz band is being actively
pursued for Local Multipoint Distribution System (LMDS)
and is very attractive for use in mmWave cellular networks,
given that this band occupies relatively lower range of
frequencies within the mmWave spectrum.

In recent years, there have beenmany efforts to accurately
model themmWave channel for LOS andNLOS transmission
links. The communication industry has devoted extensive
resources to the development of accurate channelmodels. For
instance, Samsung conducted channel measurements in the28GHz band and came up with a model to fit ITU-R and
FITU-R standards [3].This model can be used for a mmWave
communication link over a distance of up to 200 meters. In
addition, Nokia, Huawei, and Deutsch Telekom have shown
keen interest in the 73GHz band and have developed proto-
type hardware using the concept of Multiple Input Multiple
Output (MIMO) system to support throughput of 20Gbps.
A channel model based on stochastic path loss has been
studied for urban propagation environment in [4]. A spatial
statistical model of mmWave channel has been developed
as a function of channel parameters, including path loss, in
[5]. This model has been derived based on real measure-
ments at New York City in 28 and 78GHz bands for LOS
and NLOS links.

A general framework has been proposed for evaluating
coverage probability and rate performance in a mmWave
cellular network in [6]. The short wavelength of mmWave
signals can accommodate a very large number of antennas
at the receiver and at the transmitter, which makes beam-
forming a key enabler technique in obtaining high antenna
gain. Beamforming antenna systems formmWave bands have
been studied for 5G networks and a novel hybrid beamform-
ing algorithm has been proposed for indoor and outdoor
transmission links [7]. The design and characterization of
mmWave antennas for wireless links are discussed in [8, 9].

Shannon’s capacity limits and signal processing chal-
lenges for giga bit mmWave communication are discussed
in [10]. Also, Madhow has addressed opportunities and
challenges of utilizing MIMO in LOS mmWave communi-
cation systems. An overview of Impulse Radio-Ultra Wide
Band (IR-UWB) technology for design of transmitters and
receivers is presented in [11]. In [12], coverage and capacity
of a dense mmWave network are analyzed using a theoretical
model as a function of blockage probability and beamforming
bandwidth. Also, the spectral efficiency (SE) (bits/s) of a
mmWave network is investigated with LOS and NLOS links
in 28 and 73GHz mmWave bands. Since minimal power
consumption has received significance in recent years due to
government regulations, it is important to address this issue
for mmWave cellular networks. This issue has not received
much attention in the literature. The efficiency metrics for
LOS and NLOS links are evaluated for 28 and 73GHz bands
in terms of maximum achievable throughput and maximum
power efficiency in [13]. However, the work considered only
path loss to represent the channel effects for transmission dis-
tances up to 200m. Tan et al. have investigated the achievable

downlink spectral efficiency of multiuser mmWave cellular
system considering both small- and large-scale fading effects
in [14]. In [15], energy coverage probability was derived for
mmWave transmission as a function of network density,
beamforming bandwidth, and channel parameters.

The trade-off between energy efficiency and spectral
efficiency is examined for different access networks in [16].
It is demonstrated that for best utilization of mmWave bands
it is important to understand how to trade tolerable delay for
low power. The delay-power trade-off is examined for design
of an energy efficient cellular network in [17]. Levanen et al.
have proposed technologies to reduce the delay in mmWave
communication systems in [18]. The challenges of designing
energy efficient mmWave systems are discussed in [19]. The
energy efficiency (EE) (bit/J) metric is presented and evalu-
ated for 28 and 73GHz mmWave bands for LOS and NLOS
links.The investigation is presented as a function of BS trans-
mission power, Signal-to-NoiseRatio (SNR), network param-
eters, and mmWave channel parameters. The spatial char-
acteristics of cellular networks play a significant role in the
performance of mmWave cellular networks.The area spectral
efficiency (ASE) and the area energy efficiency (AEE) are
important metrics that need to be considered in the design of
mmWave networks.

Thus, the intent of this paper is to examine energy
efficiency (EE), spectral efficiency (SE), network latency, area
spectral efficiency (ASE), and area energy efficiency (AEE) of
mmWave cellular network in 28 and 73GHz bands for LOS
and NLOS links. The investigation is presented as a function
of SNR, channelmodel parameters, network parameters, user
distance from BS, and BS transmission power. This paper is
organized as follows: In Section 2, mmWave cellular system
is introduced including cellular network model, mmWave
signal propagation and wireless channel models, and NR and
SINR calculations. Section 3 presents evaluation of network
performance metrics, spectral efficiency, energy efficiency,
spatial spectral and energy efficiencies, network latency, and
outage probability. Also, the evaluation of these efficiencies
metrics is discussed. Simulation algorithm and the assump-
tions that have been made for our analysis are listed in
Section 4.Moreover, the network and channel parameters are
tabulated, and the numerical results with discussion are also
presented. Finally, the work is concluded in Section 5.

2. Millimeter Wave Cellular System

The model of mmWave cellular system is shown in Figure 1.
The macrocells are divided into small cells shown in the
figure.The 𝐽macrocells in the network are (𝑗 = 1, . . . , 𝐽)using
the same frequency and therefore create intercell interference.
Each of the 𝑗th cells comprises 𝐼 small cells each with its own
BS (𝑖 = 1, . . . , 𝐼) and uses the same frequency thereby causing
intracell interference. It is assumed that each small cell has
one BS and it serves 𝐾 Mobile Users (MUs) (𝑘 = 1, . . . , 𝐾).
The BSs are located at the center of small cells and connected
to the gateway of the macrocell. The MUs are spatially
distributed and each one is associated with a single BS at any
time.
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Figure 1: Model of mmWave cellular network in which the links “⋅–⋅–” are for intracell interference, “. . .” for intercell interference, and “—”
for transmission between BSs where the cochannel macrocells are remarked in blue colour.

2.1. mmWaveWireless Channel Model. ThemmWave signal is
susceptible to high path loss, fading, noise, and interference;
all these cause serious degradation in Signal-to-Noise Ratio
(SNR) at the receiver leading to poor overall system perfor-
mance. In general, mmWave communication channel can be
represented by the double directional channel model given in
[20] and is given by

H = 𝑄∑
𝑞=1

𝐶∑
𝑐=1

𝐻𝑞,𝑐𝑒𝜙𝑞,𝑐𝛿 (𝜏 − 𝜏𝑞,𝑐) 𝛿 (𝜙𝑅 − 𝜙AoA,𝑞,𝑐)
⋅ 𝛿 (𝜙𝑇 − 𝜙AoD,𝑞,𝑐) 𝛿 (𝜃𝑅 − 𝜃ZoA,𝑞,𝑐) 𝛿 (𝜃𝑇 − 𝜃ZoD,𝑞,𝑐) ,

(1)

where 𝑄 is the number of multipath components; 𝐶 is the
number of rays within the cluster. Each ray is represented by
path gain𝐻𝑞,𝑐, phase 𝜙𝑞,𝑐, time-of-arrival (ToA) 𝜏𝑞,𝑐, azimuth
angle-of-arrival (AoA) 𝜙AoA,𝑞,𝑐, azimuth angle-of-departure
(AoD) 𝜃AoD,𝑞,𝑐, zenith angle-of-arrival (ZoA) 𝜃ZoA,𝑞,𝑐, and
zenith angle-of-departure (ZoD) 𝜃ZoD,𝑞,𝑐. The task of channel
modeling is thus to find all these parameters for a mmWave
communication channel. For 28 and 73GHz frequency
bands, a model has been obtained to fit the LOS and NLOS
transmission links. These bands were selected since they are
the bands likely to be deployed in mmWave cellular network.
According to this model [4], small-scale fading has a less
impact on mmWave signal propagation, and hence the large-
scale fading effect is considered in measurements. In [5],

mmWave channel path loss effects are considered and a
statisticalmodel based on realisticmeasurements is presented
for an urban environment, LOS and NLOS links, and is given
by
𝐿𝑁/LOS [dB] = 𝛼 + 𝛽10 log10 (𝑟) + 𝜉 [dB] ,

𝜉 ∼ N (0, 𝜎2𝑠 ) , (2)

where 𝐿𝑁/LOS is the path loss in dB, 𝑟 is the distance between
transmitter and receiver inmeters,𝛼 and𝛽 are the least square
fits of floating intercept and slope over themeasured distances
up to 200m, and 𝜎2𝑠 is the variance of the lognormal shadow-
ing, 𝜉. In this paper, the channelmodel given by (2) [5] is used
and the values of model parameters 𝛼, 𝛽, and 𝜎2𝑠 are given in
Table 1.

2.2. Signal-to-Noise Ratio Calculation. The path loss model
given by (2) is used to determine the received signal power at
the MU and then used to estimate SNR of the 𝑘th MU in the𝑖th BS. That is,

SNR𝑖,𝑘[dB]

= 10 log10 ℎ𝑖,𝑘2 + 𝑃𝑖[dBm] + 𝐺𝑖[dBi] + 𝐺𝑘[dBi]
− 𝐿 𝑖,𝑘[dB] (𝑟𝑖,𝑘)
− (KT[dBm/Hz] + 10 log10 (𝑊𝑚𝑢) + NF[dB]) ,

(3)
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Table 1: Parameters of statistical channel model [5].

Path loss parameter 𝛼 𝛽 𝜎2𝑠 V
28GHz

NLOS 72 2.92 8.7 1
LOS 61.4 2 5.8 5

73GHz
NLOS 86.6 2.45 8.0 1
LOS 69.8 2 5.8 8

where 𝑃𝑖 is the BS𝑖 transmission power, KT is the noise power
density at theMU, and NF is the noise figure.The transmitter
and receiver antenna gains, 𝐺𝑖 and 𝐺𝑘, are calculated using𝐺 = 20log10(𝜋𝑙/𝜆) for the 28 and 73GHz frequency bands
and antenna length of 𝑙. Assuming an independent Nakagami
fading for each link, the small-scale fading component, |ℎ𝑖,𝑘|2,
can be modeled as a normalized Gamma random variable,
that is, |ℎ𝑖,𝑘|2 ∼ G(V, 1/V) [15]. The small-scale fading is
considered less severe in mmWave band [12], and hence V is
very large integer for LOS link, and V = 1 when the link is
NLOS. The path loss component 𝐿 𝑖,𝑘 can be calculated using
(2).

2.3. Signal-to-Interference-Plus-Noise Ratio (SINR) Model.
Based on the network model shown in Figure 1, for the𝑘th MU in the 𝑖th small cell serving BS in the 𝑗th macro
cell, the interference consists of two components which are
intracell interference and intercell interference. The first one
is caused by the active BSs located in the same 𝑗th cell which
is more severe since it is close to the MU. While the second
component is generated from the BSs in the other macro cells
which is less intense. When the cochannel interference due
to first tier macrocell is considered, the downlink aggregated
interference in the 𝑠 small cell BS and 𝑝macro cell for the 𝑘th
MU can be expressed as

Λ 𝑗,𝑖,𝑘 = 𝐼∑
𝑖=1
𝑖 ̸=𝑠

𝑃𝑝,𝑖𝐺𝑝,𝑖𝐺𝑝,𝑠,𝑘 ℎ𝑝,𝑖,𝑘2 𝐿𝑝,𝑖,𝑘 (𝑟𝑖,𝑘)

+ 𝐽∑
𝑗=1
𝑗 ̸=𝑝

𝐼∑
𝑖=1

𝑃𝑗,𝑖𝐺𝑗,𝑖𝐺𝑗,𝑖,𝑘 ℎ𝑗,𝑖,𝑘2 𝐿𝑗,𝑖,𝑘 (𝑟𝑗,𝑖,𝑘) .
(4)

Therefore, the SINR at the MU𝑘 for BS𝑖 is given by

SINR𝑗,𝑖,𝑘[dB] = SNR𝑖,𝑘[dB] − 10 log10 (Λ 𝑖,𝑘𝜎2
𝑘

+ 1) , (5)

where 𝜎2𝑘 is the thermal noise power at the 𝑘th MU. The
distance between BS and MU (3) and (4) is <200m and
is a random variable with probability distribution function𝑓𝑑(𝑟) = 2𝑟/𝑑2.
3. Energy and Spectral Efficiency of
mmWave Network

Energy and spectrum are system resources that have to
be appropriately traded to efficiently design a mmWave

communication system. Minimal use of energy resources in
the systems has become an important issue; however, efficient
use of mmWave spectrum requires more power due to high
path loss. Therefore, a balance between the use of energy and
spectral resources of the system deserves a careful study.This
is examined in this section for a mmWave cellular network.
Analysis of energy and spectral efficiency metrics for such
network is considered which can play an important role in
the standardization of mmWave cellular network.

3.1. Network Spectral Efficiency. The downlink spectral effi-
ciency quantifies the amount of data rate delivered by the BS
toMUs over a certain bandwidth,𝑊𝑘.This indicates how effi-
ciently the mmWave spectrum is utilized. Spectral efficiency
is bounded by Shannon’s limit 𝑊𝑘log2(1 + SNR𝑘) [21] for a
given SNR. For the case of mmWave network SNR is replaced
by SINR. Thus, spectral efficiency of the network, depicted
in Figure 1, can be evaluated using

𝜂SE = 𝐽∑ 𝐼∑ 𝐾∑𝑊𝑘E𝑟 [Eℎ [log2 (1 + SINR𝑗,𝑖,𝑘)]]
⋅ (1 − 𝑃out,𝑗 (𝑅)) , (bit/s) ,

(6)

where SINR can be obtained from (5), and 𝑊𝑘 is the
allocated mmWave bandwidth for the MUs. E𝑟 and Eℎ are
the expectation values taken for over MU’s random location
and the small-scale fading effect, respectively. The outage
probability within a communication range 𝑅, 𝑃out,𝑗, is given
by [22]

𝑃out,𝑗 (𝑅) = exp(−2𝜋𝜌𝑗𝛾2𝑗 (1 − (1 + 𝛾𝑗𝑅) 𝑒−𝛾𝑗𝑅)) , (7)

where 𝛾 is the parameter that depends on the propagation
environment density, and 𝜌 is the BS density. The outage
probability is plotted as a function of 𝛾 and 𝑅 for a given 𝜌 =10−4 in Figure 2. It is observed that 𝑃out is nearly constant for𝑅 > 300m. Since the proposed network dimensions are large,
with macro cell radius 𝑅 ⩾ 500m, the outage probability can
be approximated by 𝑃out,𝑗 = 𝑒−2𝜋𝜌𝑗/𝛾2𝑗 .
3.2. Network Energy Efficiency. The energy efficiency is
defined as a ratio between what the system delivers to what it
consumes, and hence the efficiency function can be described
as 𝑓(𝑥)/𝑥, where 𝑥 ∈ [0, 𝑋] indicates the system’s resources
constrained by 𝑋 [23]. In this paper, 𝑓(𝑥) represents the
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Table 2: Parameters used in the simulation of cellular network.

Symbol Descriptions Value
𝑊𝑘 User bandwidth 0.1GHz𝑃𝑖 BS transmission power −10 dBm–40 dBm
KT Noise power density −174 dBm/Hz
NF Noise figure 6 dB𝑑 Maximum BS serving distance 100m𝑅 Macro cell radius 500m𝐽 Maximum number of cells sharing the spectrum 7𝐼 Maximum number of BSs in the macro cell 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 ∼ 1/𝜌𝐾 Number of simultaneous users in BSs 20
𝜌 BS density (𝑑𝑅)2
𝛾 Propagation environment density 10−2𝑙𝑡 Transmitter antenna length 0.1m𝑙𝑟 Receiver antenna length 0.005m
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Figure 2: Outage probability as a function of 𝛾 and 𝑅 for 𝜌 = 10−4.

overall downlink data rate efficiency that can be reliably
transmitted by a mmWave communication system, and 𝑥
denotes the Signal-to-Noise Ratio, which is a function of
BS’s transmission power, noise, and channel effects. For the
mmWave network, the energy efficiency can be formulated
as

𝜂EE = 𝐽∑ 𝐼∑ 𝐾∑𝑊𝑘E𝑟 [Eℎ [ log2 (1 + SINR𝑗,𝑖,𝑘)
SNR𝑗,𝑖,𝑘

]]
⋅ (1 − 𝑃out,𝑗 (𝑅)) , (bit/J) ,

(8)

where SNR and SINR can be determined using (3) and
(5), respectively. The energy efficiency indicates the amount
of data rate that can be delivered per unit of SNR per
Hertz of bandwidth. The efficiency metrics are useful in the
standardization of mmWave cellular networks, as spectral
efficiency provides the maximum rate for each frequency
band and transmission range and energy efficiency gives
insight into how to utilize the energy resources in cells as a
function of data rate.

3.3. Spatial Spectral and Energy Efficiency. Spatial character-
istics ofmmWave network are crucial in the evaluation of sys-
tem performance. For example, the propagation loss is highly
affected by network dimensions, and hence SNR and SINR
are also impacted.Therefore, studying the spectral and energy
efficiencies is not enough for efficient design of mmWave
networks. The spatial spectral and energy efficiencies are
better metrics for design of networks [24]. Accordingly, these
metrics are examined for mmWave networks. These metrics
are evaluated for macrocell as a sum of each small cell spatial
efficiency in which the serving distance, 𝑟, determines the
cells’ area.

4. Numerical Results

Monte Carlo simulations have been performed in MATLAB
environment to evaluate spectral, energy and spatial spectral
and energy efficiencies for the 28 and 73GHz mmWave
bands. The efficiency metrics are investigated in terms of BS
transmission power, BS serving distance, and SNR.The steps
used in the simulation are given below:

(1) The path loss for 28 and 73GHz bands is calculated
for LOS and NLOS using (2) for each value of 𝑃 and𝑟, and the model parameters are given in Table 1.

(2) SNR is computed using (3), in which small-scale
fading is modelled using Gamma distribution, |ℎ|2 ∼
G(V, 1/V), and (3) parameters are given in Table 2.

(3) For the network model, Figure 1, the aggregated
intercell and intracell interferences are obtained using
(4).

(4) The SINR is determined (5) for 𝜎2𝑘 = KT𝑊𝑘.
(5) Spectral and energy efficiency metrics are computed

using (6) and (8) with 𝑃out calculated using (7); see
Figure 2.

(6) The spatial spectral and energy efficiency metrics are
computed using ∑(𝜂SE,𝑗,𝑖,𝑘/𝐴𝑗,𝑖) and ∑(𝜂EE,𝑗,𝑖,𝑘/𝐴𝑗,𝑖),
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respectively, with 𝐴𝑗,𝑖 = 𝜋𝑑2𝑗,𝑖 being the coverage area
of each small cell BS [25].

The following assumptions are made in Monte Carlo simula-
tion.

(1) Channel fading coefficients, ℎ𝑖,𝑗,𝑘, in (3) and (4)
are independent and identical distributed random
variables.

(2) Transmission power,𝑃𝑖, in (3), is identical for all small
cell BSs.

(3) Antenna gain,𝐺𝑖, is equal for all BSs that are assumed
to be same, and antenna gain, 𝐺𝑘, for all MUs is
assumed to be identical.

(4) Intercell interference is based on only the first tier of
the macrocells.

(5) Intercell distance, 𝑟𝑖,𝑗,𝑘 = 3𝑅 + 𝑑, and the intracell
distance, 𝑟𝑖,𝑘 = 2𝑑, represent the worst MUs in small
cells.

(6) Macro cell radius of 𝑅 = 500m is assumed and the
maximum serving distance of a small cell BS is set to𝑑 = 100m.

The cellular network parameters used in the simulations are
given in Table 2. Simulation and numerical process of this
work are summarized in the flow chart shown in Figure 3.

4.1. Spectral Efficiency. The spectral efficiency of the network
is evaluated in terms of achievable data rate for a specific
allocated bandwidth to MU. This efficiency metric (bit/s)
is plotted in Figure 4 as a function of maximum serving
distances for LOS and NLOS links in 28 and 73GHz bands
with transmission power fixed at 10 dBm. It is observed that
the maximum achievable data rate in the network can reach1Tbit/s as 𝑑 is diminished. In this case, the macrocell will
have a large number of small cells and intracell interference
is increased. Also, it is noted that the spectral efficiency
slightly deteriorates for LOS link while for NLOS link it
decreases rapidly to 0.15 G bit/s for 𝑑 = 100m. The spectral
efficiency is also investigated as a function of BS power used
for transmission for a specific value of serving distance, 𝑑 =45m. Figure 5 demonstrates that the spectral efficiency is
enhanced as power transmitted by the BS is increased. It
is observed that there is no significant improvement in the
spectral efficiency when the transmission power is above40 dBm. This indicates that pumping more power is waste of
BS power resource and hence impacts the energy efficiency.
Thus, for optimum mmWave band utilization, transmission
power over 40 dBm is not required. The figure also illustrates
the superiority of high frequency band, 73GHz, for the LOS
link.

For high power transmission, the achieved spectral effi-
ciencies of the two transmission bands are above 1Tbit/s.
Since the SNR at MUs is a function of the BS transmission
power, receiver noise, and channel effects, the spectral effi-
ciency for the 73GHz band for LOS link is presented in
Figure 6 as a function of serving distance and SNR. It is noted
that the spectral efficiency is an increasing function of SNR

which indicates the mmWave system can overcome the noise
and channel impairments.The spectral efficiency ofmmWave
cellular networks has been investigated in [14, 26] and the
numerical results presented in these works are consistent
with the results illustrated in Figure 5. However, the spectral
efficiency results of this paper are based on real channel
measurements.

4.2. Energy Efficiency. Energy efficiency metric is a “green
communication” indicator, since the transmitted power by
the BS plays an important role in its determination. The
energy efficiency metric is a function of the data rate over
the mmWave links and SNR at MUs. The energy efficiency is
examined as a function of BS serving distance, the transmis-
sion power, and the SNR. The metric is plotted as a function
of transmission power for two mmWave bands and links in
Figure 7. It is observed that the 73GHz band is less energy
efficient compared to the 28GHz band.The energy efficiency
is degraded as the transmission power is increased. Figure 8
shows a comparison of energy efficiency between the two
frequency bands for LOS transmission link as a function of 𝑑
and SNR. It is observed that 28GHz band, Figure 8(b), attains
higher energy efficiency than the 73GHz band, Figure 8(a).
In fact, the SNR for LOS transmission at 73GHz band is
greater than the SNR forNLOS link at the 28GHz band. Also,
it is noted that the efficiency improves up to certain serving
distance, 𝑑 = 30m, and then becomes almost constant
for 𝑑 > 30m. It is noted that trade-off between serving
distance and the transmission power has to be considered
in dimensioning of the network and for optimum utilization
for the two mmWave bands. Energy efficiency of mmWave
cellular network has been examined in terms of number of
users and BS antenna size for full-duplex relaying backhaul
small cell mmWave networks in [19] for 28GHz and 60GHz
bands. The results show an increasing function of the trans-
mitted powerwhich contradicts the energy efficiency concept
illustrated in Figure 7. Also, this metric has been investigated
in terms of propagation environment parameters and BS den-
sity for heterogeneous mmWave network overlaid by small
cell BSs in [22]. The results are consistent with the results
illustrated in Figure 8.

4.3. Network Latency. Delay is critical metric for real time
applications in mmWave networks. Thus, it is important
to address the network delay as a function of network
parameters. The delay in mmWave networks is due to several
components such as radio access network, backhaul, core
network, and data centers. In this paper, we consider the
transmission delay between MU and BS. For a given user
bandwidth and information quantity 𝑄𝑘, the transmission
delay𝐷 is given by𝐷 = 𝑄𝑘/𝐶 [27]. For the network shown in
Figure 1, the delay-per-bit per user can be expressed as
𝐷𝑘

= 𝑄𝑘𝑊𝑘E𝑟 [Eℎ [log2 (1 + SINR𝑗,𝑖,𝑘)]] (1 − 𝑃out,𝑗 (𝑅)) ,
(9)

where 𝑄𝑘 = 1 and SINR𝑗,𝑖,𝑘 is given by (5). The trade-
off among latency and efficiency metrics of the mmWave
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Figure 3: Flow chart used for evaluation of trade-off between spectral and energy efficiencies for optimum utilization in mmWave network.
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network can be discussed in terms of delay-per-bit and energy
efficiency. Delay-per-bit is obtained by simulating (9) using
channel parameters given in Table 1 and network parameters
given in Table 2. The delay is plotted as a function of BS
power and user distance in Figures 9(a) and 9(b), respectively.
These figures show that 73GHz band for LOS link achieves
less latency than the 28GHz band for NLOS link. Figure 9(a)
shows that the delay decreases as the BS power increases. For
example, the network latency is less than 1 ns/bit when the
BS power is greater than 20 dBm. The energy efficiency is
highly impacted for such large values of BS power as shown
in Figure 7. In terms of user distance, the network latency
increases as the distance increases as is clear fromFigure 9(b).
In contrast the spectral efficiency is reduced as a function
of user distance which indicates that the two metrics are in
conflict.Therefore, trade-offs among network latency, energy
efficiency, and spectral efficiency metrics must be considered
for optimum utilization of the mmWave bands.

4.4. Area Spectral Efficiency. The area spectral efficiency
(ASE) is defined as the ratio of the average spectral efficiency
to the utilized area for a given frequency band. For the
network in Figure 1, The ASE is calculated as the sum of the
spectral efficiencies of each small cell divided by its serving
area and is given by

∑ 𝜂SE,𝑗,𝑖,𝑘𝐴𝑗,𝑖 . (10)

This ASE metric links the network spectral efficiency and the
service area and is investigated as a function of𝑃, 𝑑, and SNR.
In Figure 10(a), ASE is plotted in terms of 𝑑. It is noted that
ASE is a decreasing function of the distance since the area is
proportional to 𝑑2. Also, ASE is plotted in terms of 𝑑 and SNR
in Figure 10(b) which depicts how both factors affect the ASE.
It is clear that for large coverage area the network requires
more BS power to achieve acceptable ASE.
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4.5. Area Energy Efficiency (AEE). The AEE is used to char-
acterize the area data rate per unit BS power expenditure and
can be defined as

AEE = ∑ 𝜂EE,𝑗,𝑖,𝑘𝐴𝑗,𝑖 , (11)

where 𝜂EE,𝑗,𝑖,𝑘 is given by (8) and 𝐴𝑗,𝑖 = 𝜋𝑑2𝑗,𝑖. This metric
provides insight into the deployment and implementation
challenges for optimum mmWave band utilization. The AEE
is evaluated as a function of BS power and is shown in
Figure 11(b). The metric severely deteriorates for high values
of BS power; however, it maintains a certain level of perfor-
mance at lower values of power. Also, it is observed that AEE
slightly decreases as the radius of small cell increases as shown
in Figure 11(a).

From the above results, it is clear that there is always
a conflict between spectral efficiency and energy efficiency

in terms of power transmission. The optimum utilization of
mmWave bands requires trade-off between these two per-
formance metrics. The 28GHz band achieves higher energy
efficiency for a wide range of power transmission level while
it provides acceptable spectral efficiency for 𝑃𝑡 > 20 dBm. On
the other hand, the 73GHz is superior in terms of spectral
efficiency; however, it performs poorly with respect to energy
efficiency. Regarding the transmission environment, it can
be said that the 28GHz band is more advantageous than
the 73GHz band for NLOS links such as indoor networks.
However, the 73GHz bands are more suitable for LOS link
such as outdoor mmWave links.

5. Conclusions

In this paper, mmWave cellular network is considered for
indoor and outdoor applications in which the macrocells are
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overlaid with multiple small cells. A channel model based
on real measurements available in literature for LOS and
NLOS transmission links was used to derive expressions
for SNR and SINR in network considering intercell and
intracell interference components. The paper presented a
framework for analysis of spectral and energy efficiency
metrics of the network for optimum utilization of network
resources. The framework also included an investigation of
spectral efficiency, energy efficiency, and spatial performance
metrics.The analysis was done usingMonte Carlo simulation
considering the effects of interference, the path loss, and
small-scale fading. The investigation of metrics has been

carried out as a function of BS power, SNR,mmWave network
parameters, and channel model parameters.The results show
that the spectral efficiency is always in conflict with the
energy efficiency with regard to BS power and the maximum
BS serving distance. The 28GHz band can be expedient for
NLOS links in the network, and the 73GHz band is more
appropriate for LOS links.
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This paper discusses a measurement method of time-variant attenuation of IEEE 802.11ad wireless LAN signals in the 60GHz band
induced by human blockage.The IEEE 802.11ad access point (AP) transmits frames intermittently, not continuously.Thus, to obtain
the time-varying signal attenuation, it is required to estimate the duration in which the AP transmitted signals. To estimate whether
the AP transmitted signals or not at each sampling point, this paper applies a simple two-state hidden Markov model. In addition,
the validity of the model is tested based on Bayesian information criterion in order to prevent model overfitting and consequent
invalid results.Themeasurement method is validated in that the distribution of the time duration in which the signal attenuates by
5 dB is consistent with the existing statistical model and the range of the measured time duration in which the signal attenuation
decreases from 5 dB to 0 dB is similar to that in the previous report.

1. Introduction

A millimeter wave (mmWave) wireless LAN (WLAN) that
leverages a channel bandwidth of over 2GHz offers multi-
gigabit data transfers, which attracts a lot of attention [1–
4]. However, the mmWave WLAN experiences more signal
attenuation induced by human blockage than WLANs that
operate at the microwave band [5]. The attenuation is at-
tributable to the use of higher directional antennas that are
to compensate for a larger pass loss and to propagation
characteristics of mmWave [6].

Many studies have suggested that communication devices
perform a reactive action to respond to the human blockage
[2, 7–9]. For example, the beam steering is an effective
technique to overcome human blockage [2]. When the signal
degradation is detected, the beam is switched at the direction
in which a communication link utilizing reflected path with-
out human blockage can be established. The authors in [8]
proposed a multiband WLAN where a mmWave WLAN
cooperates with a WLAN that operates at the 5GHz band.
They proposed changing the operating frequency to 5GHz
and thereby recovering the link quality when the human
blockage is detected in the mmWave WLAN.

These reactive actions should be performed before the
signal attenuates by an unacceptable threshold level. For
example, when the signal attenuates by 5 dB, the physical layer
(PHY) data rate is decreased by up to 2Gbit/s [10], which
can be a crucial problem for services that require high data
rate. To do this, the period of monitoring received signal
strength is to be smaller than the time span in which the
signal attenuates by the threshold. In order to determine an
appropriate period of themonitoring, characteristics of time-
variant signal attenuation in the mmWave band induced by
human bodies should be fully investigated.

The measurement of the time-variant signal attenuation
in the millimeter wave band has been conducted in many
studies [6, 11–17]. The authors in [13] measured the atten-
uation in the 60GHz band and then compared the results
with a knife edge diffraction model where the human body
is modeled by two cylinders. The authors in [11] measured
statistical characteristics of the time duration in which the
signal attenuates by 5 dB, the time duration in which the
signal attenuation level recovers from 5 dB to 0 dB, and time
duration inwhich the human blockage event continues. From
these parameters, they built a piecewise linear model for the
time series of the signal attenuation in 60GHz.
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Figure 1: Block diagram of measurement system.

These measurements generally have employed horn
antennas in a transmitter, while transmitters in mmWave
WLANs employ consumer-grade array antennas to perform
beamforming [4]. The authors in [5] revealed a significant
difference between these two types of antennas in terms of
directivity and side lobes.The difference between two types of
antennasmight give rise to the gap between themeasurement
results because antenna pattern of the transmitters gives an
impact on the time series of signal attenuation [16]. For
practical operation of mmWave WLANs, the gap should be
investigated using a commercially available IEEE 802.11ad
WLAN access point (AP) as a transmitter.

Being different from many measurements above where
transmitters transmit continuouswaves to receivers, themea-
surement of signals transmitted by an IEEE 802.11ad WLAN
AP requires the estimation of whether the AP transmits
signals or not at each sampling point in a sweep. This is due
to the transmission mechanism of the AP. The AP transmits
signals intermittently to a station (STA) according tomedium
access control (MAC) protocols [10]. The durations in which
the AP transmits a signal might be smaller than a sweep
length; hence, in each sweep length, there exist both durations
in which the AP transmitted signals and durations in which
the AP did not. Thus, in order to temporally track the signal
attenuation due to human blockage, it is required to classify
the samples into samples in the former durations and samples
in the later durations.

In order to classify time-dependent variables, hidden
Markov models (HMMs) are widely used in cognitive radio
networks [18, 19]. The HMMs allow us to consider depen-
dence between classes of subsequent values; thus, many
studies have applied the HMM to the classification of time-
dependent variables, in which there often exists dependence
between subsequent values. In [18], the authors presented
the method to estimate whether the interference signals exist
or not in each time slot from overall samples in each slot.
These studies have assumed that whether interference signals
exist in each sample or not is identical in each time slot.
This assumption is reasonable for time division multiple
access, where the transmission time is slotted, and whether
interference signals exist or not is identical in each time slot.
However, the same way is not applicable to estimate whether
WLAN signals exist or not in obtained samples because the
transmission in WLANs is not slotted and in a sweep length
there might exist both durations when the signals are present
and those when the signals are absent.

In this paper, we conduct a measurement of time-varying
signal attenuation induced by human blockage, involving a
commercially available IEEE 802.11ad WLAN AP and STA.
We present the estimation of whether signal is present or
not at each sampling point using a simple two-state hidden
Markov model. Being different from above-mentioned stud-
ies, we estimate classes, that is, signal presence or absence of
each sample, not those of overall samples in a sweep length.

The contributions of this paper are threefold:

(i) In order to estimate whether the AP transmitted
frames or not at each sampling point, we apply a
simple two-state HMM.

(ii) Applying a two-state HMM to data obtained when
the AP does not transmit any signals causes model
overfitting and consequent invalid power calculation.
Thus, we perform Bayesian information criterion-
(BIC-) based model selection, where we select which
two-stateHMMor one-statemodel ismore applicable
to obtained data. We thereby detect this kind of the
data and prevent model overfitting.

(iii) Our measurements are validated in that the statistical
characteristics of the duration in which the signal
attenuates by 5 dB are consistent with the statistical
model built in a previous report, and the range of
the duration inwhich the signal attenuation decreases
from 5 dB to 0 dB is similar to that in the report.

The rest of this paper is organized as follows. Section 2
presents the architecture of our measurement system in
detail. Section 3 presents the method to obtain the time-
varying attenuation, involving an estimation of whether the
AP transmitted a frame or not using HMM. Section 4 shows
the measurement results. Section 5 concludes the paper.

2. Measurement Setup

Figure 1 shows the measurement system. The horn antenna
receives radio frequency (RF) signals at 60.48GHz, where the
antenna is affixed to a waveguide flange input on the down
converter.Then, the down converter converts the RF signal to
a baseband signal. The microwave spectrum analyzer filters
I-channel components of the baseband signal at the center
frequency of 100MHz with a bandwidth of 10MHz. These
signals are then sampled by an A/D converter in a spectrum
analyzer. Figures 2 and 3 show pictures of the measurement
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Table 1: Measurement equipment.

IEEE 802.11ad WLAN AP Dell Wireless Dock D5000
IEEE 802.11ad WLAN STA Dell Latitude E5540
Client laptop Dell Latitude E5540
Wired network 1000BASE-T Gigabit Ethernet
Microwave spectrum analyzer Tektronix RSA306
Down converter Sivers IMA FC2221V
Antenna Sivers IMA Horn antenna, 24 dBi

Table 2: Measurement parameters.

Channel 60.48GHz
Sampling frequency 1/𝑇 14MHz
Receiver antenna gain 24 dBi
Acquisition bandwidth 10MHz
Number of samples per sampling 𝐾 2800

system and the measurement device, respectively. Details
regarding the measurement equipment and the measure-
ment parameters are shown in Tables 1 and 2, respective-
ly.

Note that the choice of the bandwidth, which is smaller
than the IEEE 802.11ad WLAN channels, is attributed to the
time resolution in which we obtain the signal attenuation.
In order to show the consistency in the time duration in
which signal attenuates by 5 dB and thereby to validate our
measurement method, the time resolution of tens of ms is
required (the time duration is reported to have the value
of tens of ms in [11]). Because there is a tradeoff between
the acquisition bandwidth and the time resolution (a wider
acquisition bandwidth sacrifices the time resolution), we con-
duct the measurement in a smaller bandwidth than the IEEE
802.11ad WLAN channel bandwidth. In our measurement
system, the measurement bandwidth of 10MHz allowed us
to obtain the temporal signal attenuation in a time resolution
of around 20ms.

The measurement was conducted under the condition
that the AP transmits data frames to the STA as shown in
Figure 1. The frame transmission was done by generating
uplink traffic from the laptop connected to the AP with a
gigabit Ethernet cable. The traffic was generated by Iperf3
[20].

For the sake of clarity of the discussion in the following
sections, we show the signal representation. Let 𝑟(𝑡) be the
representation of I-channel components of the 11ad WLAN
signal converted by the down converter and let 𝑏(𝑡) be the
impulse response of the acquisition band-pass filter in the
spectrum analyzer. Then, the signal that is to be sampled by
the A/D converter in the spectrum analyzer is represented by
𝑦(𝑡) = (𝑟(𝑡) + 𝑛(𝑡)) ∗ 𝑏(𝑡), where 𝑛(𝑡) is the noise inherent in
the measurement device and ∗ represents the convolution of
two functions. Note that 𝑟(𝑡) is equivalent to 0 when the AP
does not transmit any frames.

Measurement
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IEEE 802.11ad
WLAN STA

IEEE 802.11ad
WLAN AP

Figure 2: Measurement system.
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Figure 3: Measurement device.

3. Measurement Method of
Temporal Signal Attenuation

3.1. Overview. Let the vector that identifies whether the AP
transmits frames or not be denoted by z(𝑡) = (𝑧0(𝑡), 𝑧1(𝑡))T,
which is defined as

z (𝑡) fl
{
{
{

(0, 1)T if the AP transmits a frame,

(1, 0)T otherwise.
(1)

Let D be the union of disjoint time intervals when the AP
transmits frames, defined as

D fl {𝑡 | 𝑧1 (𝑡) = 1} . (2)

LetD(𝑡𝑚) fl D∩[𝑡𝑚, 𝑡𝑚+𝐾𝑇] be the time duration when the
AP transmitted frames in the sampling window [𝑡𝑚, 𝑡𝑚+𝐾𝑇],
where 𝑡𝑚 denotes the time at which the analyzer starts the
𝑚th sweep, while 𝐾 and 𝑇 denote the number of samples
and the sampling period, respectively; therefore, 𝑡𝑚 + 𝐾𝑇
denotes the time at which the analyzer ends the sweep. The
timing of sweeps is depicted in Figure 4. Note that the time
length 𝐾𝑇 for which the analyzer sweeps (it is 200𝜇s in the
measurements) is shorter than the interval 𝑡𝑚+1 − 𝑡𝑚 between
successive sweeps (it is 20ms).
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((tm) =  ∩ [tm, tm + KT]

Interval between sweeps
(tm+1 − tm : 20ＧＭ)
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Figure 4: Timing of sweeps.

Our goal is to obtain the time-dependent attenuation
value 𝐴(𝑡𝑚) given by

𝐴 (𝑡𝑚) =
𝑃 (𝑡𝑚)
𝑃 (𝑡1)

, (3)

where 𝑃(𝑡𝑚) is the mean power of the measured signal, given
by

𝑃 (𝑡𝑚) =
∫
𝐷(𝑡
𝑚
)

𝑦 (𝑡)
2 d𝑡

∫
𝐷(𝑡
𝑚
)
d𝑡

, (4)

that is, the mean value of the power samples 𝑝𝑚[𝑘𝑚] fl
|𝑦(𝑡𝑚+𝑘𝑚𝑇)|2 for 𝑘𝑚 ∈ {1, . . . , 𝐾} taken only if 𝑧1(𝑡𝑚+𝑘𝑚𝑇) =
1. 𝑃(𝑡𝑚) for 𝑚 > 1 is obtained in the possible presence
of human bodies, while 𝑃(𝑡1) is obtained in the absence
of human bodies and is the reference used to compute the
attenuation 𝐴(𝑡𝑚).

We calculate 𝐴(𝑡𝑚) by three steps: the BIC-based model
selection, the HMM-based frame transmission state esti-
mation, and averaging. First, BIC-based model selection
decides which of a two-state HMM and a one-state model
is more appropriate to be applied to the obtained data
p𝑚 = (𝑝𝑚[1], . . . , 𝑝𝑚[𝐾])T. Only when the two-state HMM is
selected is the HMM-based frame transmission state estima-
tion conducted.Then, we estimate whether 𝑧1(𝑡𝑚 + 𝑘𝑚𝑇) = 1
or not for 𝑘𝑚 ∈ {1, . . . , 𝐾}, that is, whether theAP transmitted
frames or not at each sampling point. Finally, we calculate the
average of 𝑝𝑚[𝑘𝑚] for 𝑘𝑚 which is estimated to be 𝑧1(𝑡𝑚 +
𝑘𝑚𝑇) = 1.

3.2. HMM-Based Frame Transmission State Estimation

3.2.1. HMM-Based Estimation Scheme. Let z𝑚[𝑘𝑚] =
(𝑧𝑚,0[𝑘𝑚], 𝑧𝑚,1[𝑘𝑚])T denote z(𝑡𝑚 + 𝑘𝑚𝑇). The main purpose
of this subsection is to decide whether 𝑧𝑚,1[𝑘𝑚] = 1 or not
for 𝑘𝑚 ∈ {1, . . . , 𝐾}. The decision is based on modeling the
power observations 𝑝𝑚[𝑘𝑚] using a two-state HMM.We now
consider that the two-stateHMM is selected in the BIC-based
model selection in advance. The model selection is discussed
in Section 3.3.

An HMM is a statistical model that forms a sequence of
observations whose distribution depends on a latent variable

that follows a Markov chain. We now consider z𝑚[𝑘𝑚] as the
latent variable on which the distribution of 𝑝𝑚[𝑘𝑚] depends.
We refer to the phenomenon that 𝑧𝑚,1[𝑘𝑚] = 1 as frame
transmission state; the phenomenon that 𝑧𝑚,1[𝑘𝑚] = 0 is
considered as pausing state. We assume that the distribution
conditioned on z𝑚[𝑘𝑚] is an exponential distribution; thus,
the probability density functions of 𝑝𝑚[𝑘𝑚] conditioned on
z𝑚[𝑘𝑚] are given as follows:

𝑝 (𝑝𝑚 [𝑘𝑚] | 𝑧𝑚,0 [𝑘𝑚] = 1) = 𝜆0 exp (−𝜆0𝑝𝑚 [𝑘𝑚]) ,

𝑝 (𝑝𝑚 [𝑘𝑚] | 𝑧𝑚,1 [𝑘𝑚] = 1) = 𝜆1 exp (−𝜆1𝑝𝑚 [𝑘𝑚]) ,
(5)

where 𝜆𝑖 for 𝑖 ∈ {0, 1} denotes the parameter of the
exponential distribution when 𝑧𝑚,𝑖[𝑘𝑚] = 1. The assumption
is validated by the experimental results.

We estimate the most likely sequence of the latent vari-
ables utilizing Viterbi algorithm. Viterbi algorithm requires
the parameters of the HMM which include 𝜆𝑖, transition
probabilities, and initial state probabilities. Because of the
lack of the knowledge of the true parameters, we estimate the
most likely parameters using expectationmaximization (EM)
algorithm. Each algorithm is described in detail as follows.

3.2.2. Parameter Estimation. We estimate the parameters of
the HMM given by 𝜃 = (𝜆0, 𝜆1, 𝑞0,0, 𝑞0,1, 𝑞1,0, 𝑞1,1, 𝜋0, 𝜋1)T,
where 𝑞𝑖,𝑗 for 𝑖 ∈ {0, 1} and 𝑗 ∈ {0, 1} represents the transition
probability of a latent variable that is defined as P(𝑧𝑚,𝑗[𝑘𝑚 +
1] = 1 | 𝑧𝑚,𝑖[𝑘𝑚] = 1); 𝜋𝑖 represents the initial state
probability that is defined as P(𝑧𝑚,𝑖[1] = 1).

The estimation utilizes EM algorithm [21]. The EM
algorithm derives the estimator �̂� maximizing a likelihood
𝑝(p𝑚 | 𝜃) via the iteration of E-step and M-step. The E-
step derives the expectation of ln𝑝(p𝑚,Z𝑚 | 𝜃) under the
posterior distribution of Z𝑚 fl (z𝑚[1], . . . , z𝑚[𝐾]) and a
current estimator:

𝜃
(𝑛) = (𝜆(𝑛)0 , 𝜆(𝑛)1 , 𝑞(𝑛)0,0, 𝑞(𝑛)0,1, 𝑞(𝑛)1,0, 𝑞(𝑛)1,1, 𝜋(𝑛)0 , 𝜋(𝑛)1 )T , (6)

where 𝑛 is an iteration number. The M-step derives the esti-
mator:

𝜃
(𝑛+1) = (𝜆(𝑛+1)0 , 𝜆(𝑛+1)1 , 𝑞(𝑛+1)0,0 , 𝑞(𝑛+1)0,1 , 𝑞(𝑛+1)1,0 , 𝑞(𝑛+1)1,1 , 𝜋(𝑛+1)0 ,

𝜋(𝑛+1)1 )T ,
(7)
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which maximizes the expectation. Details of each step are
described later. The iteration is guaranteed to converge to the
locally optimal estimator �̂� [21].

The goal of the E-step is to derive the expectation of
ln𝑝(p𝑚,Z𝑚 | 𝜃) under the posterior distribution of Z𝑚 given
p𝑚 and the current estimator 𝜃(𝑛). Consider the expectation
𝑄(𝜃, 𝜃(𝑛)), which is described as follows:

𝑄(𝜃, 𝜃(𝑛)) fl EZ
𝑚

[ln𝑝 (p𝑚,Z𝑚 | 𝜃) | p𝑚, 𝜃(𝑛)]

= ∑
Z
𝑚

𝑝 (Z𝑚 | p𝑚, 𝜃(𝑛)) ln𝑝 (p𝑚,Z𝑚 | 𝜃) .
(8)

As in [21], the expectation is given as follows:

𝑄(𝜃, 𝜃(𝑛))

=
1

∑
𝑖=0

𝛾 (𝑧𝑚,𝑖 [1]) ln𝜋𝑖

+
𝐾

∑
𝑘
𝑚
=2

1

∑
𝑗=0

1

∑
𝑖=0

𝜉 (𝑧𝑚,𝑗 [𝑘𝑚 − 1] , 𝑧𝑚,𝑖 [𝑘𝑚]) ln 𝑞𝑗,𝑖

+
𝐾

∑
𝑘
𝑚
=1

1

∑
𝑖=0

𝛾 (𝑧𝑚,𝑖 [𝑘𝑚])

⋅ ln𝑝 (𝑝𝑚 [𝑘𝑚] | 𝑧𝑚,𝑖 [𝑘𝑚] = 1, 𝜃(𝑛)) ,

(9)

where

𝛾 (𝑧𝑚,𝑖 [𝑘𝑚]) fl Ez
𝑚
[𝑘
𝑚
] [𝑧𝑚,𝑖 [𝑘𝑚] | p𝑚, 𝜃(𝑛)]

= ∑
z
𝑚
[𝑘
𝑚
]

𝑧𝑚,𝑖 [𝑘𝑚] 𝑝 (z𝑚 [𝑘𝑚] | p𝑚, 𝜃(𝑛)) ,

𝜉 (𝑧𝑚,𝑗 [𝑘𝑚 − 1] , 𝑧𝑚,𝑖 [𝑘𝑚])

fl Ez
𝑚
[𝑘],z
𝑚
[𝑘−1] [𝑧𝑚,𝑗 [𝑘𝑚 − 1] 𝑧𝑚,𝑖 [𝑘] | p𝑚, 𝜃(𝑛)]

= ∑
z
𝑚
[𝑘
𝑚
−1]

∑
z
𝑚
[𝑘
𝑚
]

𝑧𝑚,𝑗 [𝑘𝑚 − 1] 𝑧𝑚,𝑖 [𝑘𝑚]

⋅ 𝑝 (z𝑚 [𝑘𝑚 − 1] , z𝑚 [𝑘𝑚] | p𝑚, 𝜃(𝑛)) .

(10)

These expectations, 𝛾(𝑧𝑚,𝑖[𝑘𝑚]) and 𝜉(𝑧𝑚,𝑗[𝑘𝑚 − 1], 𝑧𝑚,𝑖[𝑘𝑚]),
are derived via the forward-backward algorithm [21].

The M-step derives the revised estimator 𝜃(𝑛+1) that
maximizes 𝑄(𝜃, 𝜃(𝑛)), which satisfies

𝜃
(𝑛+1) = arg max

𝜃

𝑄(𝜃, 𝜃(𝑛)) . (11)

The maximization with respect to 𝜋𝑖, 𝑞𝑖,𝑗 ∀𝑖, 𝑗 is achieved
using appropriate Lagrange multipliers with the results [21]:

𝜋(𝑛+1)𝑖 = 𝛾 (𝑧𝑚,𝑖 [1])
∑1𝑗=0 𝛾 (𝑧𝑚,𝑗 [1])

,

𝑞(𝑛+1)𝑗,𝑖 =
∑𝐾𝑘
𝑚
=2 𝜉 (𝑧𝑚,𝑗 [𝑘𝑚 − 1] , 𝑧𝑚,𝑖 [𝑘𝑚])

∑1𝑖=0 ∑𝐾𝑘
𝑚
=2 𝜉 (𝑧𝑚,𝑗 [𝑘𝑚 − 1] , 𝑧𝑚,𝑖 [𝑘𝑚])

.
(12)

Themaximizationwith respect to𝜆𝑖,∀𝑖, is achieved via partial
derivative with respect to 𝜆𝑖, which results in

𝜆(𝑛+1)𝑖 =
∑𝐾𝑘
𝑚
=1 𝛾 (𝑧𝑚,𝑖 [𝑘𝑚])

∑𝐾𝑘
𝑚
=1 𝑝𝑚 [𝑘𝑚] 𝛾 (𝑧𝑚,𝑖 [𝑘𝑚])

. (13)

These steps are iterated until the convergence condition,
|𝑄(𝜃(𝑛+1), 𝜃(𝑛)) − 𝑄(𝜃(𝑛), 𝜃(𝑛−1))| < 𝜖0, is satisfied, where 𝜖0
is the predefined tolerance. We set the tolerance to be 10−2,
which is much smaller than the likelihoods that have a value
of the order of 105 in these experiments.

3.2.3. Estimation of a Sequence of Latent Variables. The goal
to estimate the most likely sequence of latent variables is
achieved viaViterbi algorithm.Viterbi algorithm seeks for the
sequence of latent variables Ẑ𝑚, which is described as

Ẑ𝑚 = arg max
Z
𝑚

𝑝 (p𝑚,Z𝑚 | �̂�) . (14)

Viterbi algorithm in theHMMworks asmaximum likelihood
detection of convolutional codes [22]. Consider the trellis
diagram, where, for all values 𝑘𝑚, all possible latent variables
in the 𝑘𝑚th sampling point are deployed as the nodes at the
trellis depth 𝑘𝑚 and all the nodes at the trellis depth 𝑘𝑚 are
connected to all the nodes at the trellis depth 𝑘𝑚 + 1. Ẑ𝑚 =
(ẑ𝑚[1], . . . , ẑ𝑚[𝐾]) is achieved by seeking for the trellis path
maximizing pathmetric, defining the branchmetric from the
(𝑖+1)th node at the depth 𝑘𝑚 to the (𝑗+1)th node at the depth
𝑘𝑚 + 1, 𝐵(𝑖→𝑗)

𝑘
𝑚

, as follows:

𝐵(𝑖→𝑗)
𝑘
𝑚

= ln {𝑝 (z𝑚,𝑗 [𝑘𝑚 + 1] = 1 | z𝑚,𝑖 [𝑘𝑚] = 1, �̂�)

⋅ 𝑝 (𝑝𝑚 [𝑘𝑚 + 1] | z𝑚,𝑗 [𝑘𝑚 + 1] = 1, �̂�)} .
(15)

3.2.4.Model Verification. We show that Viterbi algorithm can
estimate latent variables in each sampling point. Using the
results, we validate the assumption that 𝑝𝑚[𝑘𝑚] in each state
follows the exponential distribution.

Figure 5 shows an example of the estimation of latent
variables. This shows that each latent variable is consecutive
for a certain duration.This result agrees with the fact that the
AP transmits a frame in a certain duration: from the start of
transmission to the end.

Figure 6 shows the cumulative frequencies of 𝑝𝑚[𝑘𝑚] in
each estimated state and theoretical cumulative distribution
function (CDF) of each exponential distribution.The param-
eters of each exponential distribution are estimated via EM
algorithm. This figure shows that the distribution of 𝑝𝑚[𝑘𝑚]
in each state coincides with the theoretical CDF, which also
shows the validity of the assumption that𝑝𝑚[𝑘𝑚] in each state
follows the exponential distribution.

3.3. BIC-Based Model Selection. In the previous subsection,
we considered that fitting the data using a two-state model
is more appropriate than using a one-state model. However,
there exist data in which no frames are observed because
the AP did not transmit any frames for the time duration
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input: power observations P = (p1, . . . , p𝑀)
output: time series of signal attenuation (𝐴(𝑡1), . . . , 𝐴(𝑡𝑀))T
(1) for 𝑚 ∈ {1, . . . ,𝑀} do
(2) conduct maximum likelihood estimation of a one-state exponential distribution model and calculate BIC, BIC1
(3) conduct EM algorithm in a two-state HMM and compute BIC, BIC2
(4) if BIC2 < BIC1 then
(5) estimation of the maximum-likely latent variables Ẑ𝑚 using Viterbi algorithm
(6) 𝑃𝑚 ← average of 𝑝𝑚[𝑘𝑚] for ∀𝑘𝑚 ∈ {𝑘 ∈ {1, . . . , 𝐾} | �̂�𝑚,1[𝑘] = 1}
(7) 𝐴(𝑡𝑚) ← 𝑃𝑚/𝑃1
(8) end if
(9) end for

Algorithm 1: Procedure for measuring temporal signal attenuation in mmWave WLAN.
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Figure 5: Example of the estimate of whether the AP transmitted
frames or not.

of [𝑡𝑚, 𝑡𝑚 + 𝐾𝑇] (as an alternative approach, we can set
the sampling rate and the number of samples per sweep so
that at least one beacon signal is received. Note that the
beacon interval of the AP we employed is 1.1ms [11]). In
this case, applying a one-state model, where 𝑝𝑚[𝑘𝑚] follows
an identical exponential distribution, is more appropriate
because applying a two-state model causes model overfitting
and consequent invalid calculation of 𝐴(𝑡𝑚). If a two-state
HMM is applied in this case, there exists 𝑘𝑚 ∈ {1, . . . , 𝐾}
for which �̂�𝑚,1[𝑘] = 1 although the truth is that �̂�𝑚,1[𝑘𝑚] =
0 ∀𝑘𝑚 ∈ {1, . . . , 𝐾}. Thus, it is required that which model
to be appropriate is decided and that if the one-state model
is estimated to be appropriate, we decide that we do not
calculate 𝐴(𝑡𝑚).

To decide which model to be appropriate, we utilize BIC
[21]. BIC is given as follows:

BIC = −𝐿 (�̂�) + 𝑑
2 ln𝐾, (16)

where 𝐿(⋅) denotes the log-likelihood function and 𝑑 is
the number of parameters that are required to describe
each model. In the two-state HMM, 𝑑 = 5; that is, the
parameters are 𝜆0, 𝜆1, 𝑞0,0, 𝑞1,0, and 𝜋0. Note that 𝑞0,1, 𝑞1,1,
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Figure 6: Cumulative frequencies of power observations in each
state and CDF of fitted exponential distributions.

and 𝜋1 are not counted because these parameters are decided
deterministically from 𝑞0,0, 𝑞1,0, and 𝜋0, respectively. In the
one-state model, 𝑑 = 1. �̂� is the vector containing the model
parameters withmaximum likelihood.Themodel whose BIC
is smaller than that of the counterpart is applied.

The second term of BIC is interpreted to be the penalty of
increasing the number of model parameters. The penalty of
BIC is more than that of Akaike information criterion (AIC)
[23], which is a reason why we adopt BIC. BIC tends not
to select the two-state model that has more parameters and
therefore prevents from model overfitting.

3.4. Procedure of Calculating Time-Varying Signal Attenuation.
We summarized the procedure of the calculation of 𝐴(𝑡𝑚) in
Algorithm 1. First, we compute BIC of eachmodel. BIC of the
one-state exponential distribution model, BIC1, is calculated
via maximum likelihood estimation; that of the two-state
HMM, BIC2, is calculated via EM algorithm. If BIC2 < BIC1,
Viterbi algorithm is conducted to estimate the latent variables
and then 𝐴(𝑡𝑚) is calculated by averaging 𝑝𝑚[𝑘] in frame
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Figure 7: Top view of measurement environment with the moving path and positions of the AP, STA, and measurement device, denoted by
TX, ST, and RX1 or RX2, respectively. Values in parentheses indicate the height of each device.

transmission state. If not, it is decided that the calculation of
𝐴(𝑡𝑚) is not conducted because the AP did not transmit any
frames.

4. Measurement of Time-Varying Attenuation
in IEEE 802.11ad WLAN

4.1. Objective. The main objective of the measurements is to
validate themeasurementmethod by demonstrating the con-
sistency in quantities associated with the signal attenuation
under a similar condition to that in the previous report [11];
additional measurements in other conditions are out of the
scope of this paper. As in [11], we measured the duration
𝑡decay,5 dB in which signal attenuation level increases from0dB
to 5 dB, the duration 𝑡rise,5 dB in which signal attenuation level
decreases from 5 dB to 0 dB, and the mean signal attenuation
𝐴mean in the interval [𝑡b + (𝑡e − 𝑡b)/3, 𝑡e − (𝑡e − 𝑡b)/3], where
𝑡b and 𝑡e represent, respectively, the last zero crossing time
before a shadowing event and the first zero crossing time after
the shadowing event.

4.2. Experiment Description. The measurements were con-
ducted in a similar experimental scenario to the previous
report [11] in order to compare our results with the results
in the report. The moving paths of the pedestrian were kept
fixed as in Figure 7, which are similar moving paths to those
in the report.

Figure 7 also depicts the deployment of the measurement
equipment. The AP and STA were kept fixed at the positions
TX and ST,whereas themeasurement devicewas placed at the
positions RX1 and RX2.The separation distances between TX
and RX1 and between TX and RX2 were 2.58m and 4.38m,
respectively. The height of the AP and the measurement
device was 1.10m; that of the STA was 0.90m.

4.3. Experimental Results. Figure 8 shows an example of the
time series of measured signal attenuation induced by human
blockage. The signal attenuation level oscillates by up to 2 dB
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Figure 8: Time series of measured attenuation of signal transmitted
by IEEE 802.11ad AP induced by human blockage.
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Figure 9: CDF of decay time for 5 dB attenuation, 𝑡decay,5 dB.

before and after the signal attenuates. This is in agreement
with a knife edge diffraction theory [24].

Figure 9 shows the CDF of the decay time 𝑡decay,5 dB. The
empirical model in [11] is the Gaussian distribution with
the mean of 0.061 s and the standard deviation of 0.026 s.
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Figure 10: CDF of rise time from 5 dB attenuation, 𝑡rise,5 dB.
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Figure 11: CDF of mean signal attenuation while pedestrian is
blocking the LOS path, 𝐴mean.

The measured cumulative frequency of 𝑡decay,5 dB coincides
with the model. In fact, the model cannot be rejected by the
Kolmogorov-Smirnov test [25] with a significance level of
1%. Thus, in terms of the decay time 𝑡decay,5 dB, the empirical
model is valid for the IEEE 802.11adWLAN signals transmit-
ted by a commercially available AP with a consumer-grade
array antenna as well as ones transmitted by a transmitter
with a horn antenna.

Figure 10 shows the CDF of the rise time 𝑡rise. The
empirical model in [11] is the log-normal distribution with
the log mean of −2.94 and the log standard deviation of 0.63.
We can see that although there is a difference in the shape of
the CDF, our results are consistent with the empirical model
in that the rise time ranges from 0.02 s to 0.15 s.

Figure 11 shows the CDF of the mean signal attenuation
𝐴mean. The empirical model in [11] is the Gaussian distri-
bution with the mean of 13 dB and the standard deviation
of 2.0 dB. This result shows that the signal in IEEE 802.11ad
WLAN attenuates about 4.0 dB more than the signal in
[11]. These differences might be attributable to the difference
between the transmit antennas: the horn antenna employed
in the report and the array antenna packed in the AP and
the position at which the pedestrian crossed the LOS path
(the report in [15] demonstrated that blockage at nearer
positions to the receiver causes the higher signal attenuation
in directional communications).

5. Conclusion

This paper discussed ameasurementmethod of time-varying
attenuation of signals transmitted by a commercially available
IEEE 802.11ad WLAN AP caused by human blockage. We
applied a two-state HMM in order to estimate whether the
AP transmitted signals or not in each sampling point.We also
presented the BIC-based model selection that decides which
of one-state model and two-state model is to be applied.
The two-state HMM-based estimation showed the valid
results: both the sampling points estimated to be in frame
transmission state and those estimated to be in pausing state
are consecutive for a certain duration, which is consistent
with a transmission mechanism of IEEE 802.11ad WLAN
APs. The measurements are validated in that the measured
time-varying signal attenuation is in an agreement with knife
edge diffraction theory. The measurements are also validated
in that the statistical characteristics of the duration in which
the signal transmitted by the AP attenuates by 5 dB were
consistent with the existing statistical model. On the other
hand, the measurement results are different from the existing
report in terms of the mean attenuation while a human is
blocking a LOS path.
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This paper presents millimeter wave (mmWave) measurements in an indoor environment. The high demands for the future
applications in the 5G system require more capacity. In the microwave band below 6GHz, most of the available bands are occupied;
hence, the microwave band above 6GHz and mmWave band can be used for the 5G system to cover the bandwidth required for
all 5G applications. In this paper, the propagation characteristics at three different bands above 6GHz (19, 28, and 38GHz) are
investigated in an indoor corridor environment for line of sight (LOS) and non-LOS (NLOS) scenarios. Five different path loss
models are studied for this environment, namely, close-in (CI) free space path loss, floating-intercept (FI), frequency attenuation
(FA) path loss, alpha-beta-gamma (ABG), and close-in free space reference distance with frequency weighting (CIF) models.
Important statistical properties, such as power delay profile (PDP), root mean square (RMS) delay spread, and azimuth angle
spread, are obtained and compared for different bands.The results for the path loss model found that the path loss exponent (PLE)
and line slope values for all models are less than the free space path loss exponent of 2.The RMS delay spread for all bands is low for
the LOS scenario, and only the directed path is contributed in some spatial locations. For the NLOS scenario, the angle of arrival
(AOA) is extensively investigated, and the results indicated that the channel propagation for 5G using high directional antenna
should be used in the beamforming technique to receive the signal and collect all multipath components from different angles in a
particular mobile location.

1. Introduction

The ever-growing data rate demand as well as the shortage
of current frequency resources are the main challenges for
the upcoming fifth generation (5G) of mobile communica-
tions [1–4]. The congestion of the current frequency band
(below 6GHz) and the narrowness of the wireless bandwidth
are key problems for fifth generation wireless networks.
Exploitation of the unused microwave and millimeter wave
(mmWave) spectrum (spectrum between 6 and 300GHz) is
an efficient solution to overcome the 5G network’s enormous
data demand. With the huge bandwidth available in the
millimeter wave band, mmWave communications have been
proposed as an important part of the 5G mobile network
that can provide multi-gigabit communication services such

as ultrahigh definition video (UHDV) and high definition
television (HDTV) [5]. As with any wireless communication,
the study of signal propagation is important for designing
and modeling mmWave systems. Thus, characterization and
modeling of such channel propagation in urban environ-
ments are some of the most important tasks in developing
novel 5G mobile access networks. Recently, most research
has focused on the 28GHz band, the 38GHz band, and
the E-band (71–76GHz and 81–86GHz) [6]. In the past
two decades, measurement campaigns were conducted in
28GHz and 38GHz mmWave bands for Local Multipoint
Distribution Service (LMDS) [7, 8]. In addition, wideband
NLOS measurements were performed by Violette et al. at
the 9.6, 28.8, and 57.6GHz bands in downtown Denver,
where the results showed significant signal attenuation due
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to obstruction by large buildings [9]. Propagation through a
canopy of orchard trees wasmeasured using continuous wave
(CW) signals at 9.6, 28.8, and 57.6GHz [10].

Several channel measurements have been conducted at
some mmWave bands such as 6, 10, 11, 15, 18, 19, 26, 28, 32,
and 38GHz bands. In [11], the propagation characteristics of
mmWaves were investigated in an indoor corridor environ-
ment for the line of sight (LOS) scenario at 6.5, 10.5, 15, 19, 28,
and 38GHz bands. In [12], frequency domain measurements
were conducted at 28GHz in a laboratory using a vector
network analyzer (VNA)with 1 GHz bandwidth and 1 ns time
resolution to estimate the channel parameters for multipath
components (MPCs). The path loss, shadowing, polarization
properties, and root mean square (RMS) delay spread were
obtained. Some measurements have been conducted by New
York University (NYU) in the 28GHz and 73GHz frequency
bands in a typical indoor office environment [13–16]. Three
large-scale propagation path loss models for use over the
entire microwave and mmWave radio spectrum, namely,
the alpha-beta-gamma (ABG) model, the close-in (CI) free
space reference distance model, and the CI model with a
frequency-weighted path loss exponent (CIF), were studied
and compared for the bands from 2 to 73GHz with different
frequency bands [13]. Moreover, indoor measurements for
wireless and backhaul communications have been conducted
in the frequency band of 72GHz [17, 18]. At Finland’s Aalto
University, mmWave measurements have been conducted
in the 60GHz and 70GHz frequency bands [19, 20]. Mea-
surement in mmWave has also attracted research interest by
corporations, for example, Samsung, Ericsson, Qualcomm,
andHuawei [21, 22]. Hur et al. have conductedmeasurements
in the 28GHz band in the indoor environment [23]. More-
over, different academic researchers have conducted other
measurements for several types of indoor environments at
the 28GHz band [12, 24]. Wang et al. [25] have conducted
wideband channel measurement at 26GHz in an open office
LOS environment.

In all of the previously conducted mmWave measure-
ments related to the 5G vision, the candidate frequencies
for 5G wireless communications were still under research.
In addition, investigation of the time and angle dispersion
spread parameters was limited inmost previous 5GmmWave
measurements. The focus of ongoing research related to
mmWave communications is the study of propagation char-
acteristics, channel modeling, beamforming, and medium
access control design. Extensive research is still required to
enable deployment of mmWave communications in cellular
systems.

In this paper, characterization of an extensive indoor
propagation channel is performed for three different
mmWave bands above 6GHz. The channel characteristics
are investigated based on five path loss models. The power,
time, and angle dispersion are analyzed for line of sight
(LOS) and non-LOS (NLOS) scenarios. These parameters
are studied based on the root mean square delay and angle
spread, excess delay, and angle of arrival (AOA).

The rest of the paper is organized as follows.Themeasure-
ment equipment and environment are described in Section 2.
Section 3 discusses the channel model and postprocessing.

The path loss, time, and angular dispersion parameters are
described in Section 4. The path loss model results and
analysis are presented in Section 5. Section 6 provides an
analysis of the power, time, and angle dispersion parameters.
Finally, the conclusion is drawn in Section 7.

2. Measurement Setup

For sounding signal acquisition, the measurement setup for
this work is described in detail as follows.The transmitter side
of the wideband channel sounder consisted of an arbitrary
waveform generator (AWG) M8190A, up-converter E8267D,
and rubidium clock 6689. The M8190A AWG was used to
generate wideband differential baseband in-phase quadrature
(IQ); it could also output direct intermediate frequency
(IF) signals with channel sounding. The baseband arbitrary
waveform signal provided 1-ns multipath resolution from a
pseudorandom binary sequence (PRBS). The E8267D up-
converter could up-convert this differential baseband IQ into
a radio frequency (RF) carrier (up to 40GHz) with wide
modulation bandwidth and could adjust the output power
with its Automatic Line Controller (ALC) circuit. Two 6689
Pendulum clock units (one for Tx and one for Rx) were
used in the channel sounder system for synchronization
between transmitter and receiver; they could provide a high
precision 10MHz reference signal to all of the instruments
with ≤1𝑒 − 11 accuracy and ≤3𝑒 − 11 stability. The trigger
signals could be derived from a rubidium clock or 33522B
Function Generation system. At the receiver side of the
wideband channel sounder, a down-converter M9362AD01
was used to down-convert RF frequencies (up to 40GHz)
to IF, a hybrid amplifier/attenuator M9352A was used to
amplify the IF signal, and finally, a 12-bit high speed digitizer
M9703A of 1 GHz bandwidth (interleaving mode) was used
to acquire the IF signal. An N5173B was used as the local
oscillator (LO) for the down-converter M9362AD01. An
M9300Awas the FrequencyReferencemodule that took in an
external 10MHz and output 10MHz and 100MHz standard
references; all of the equipment could keep the relative
phase stable (phase locked). Similar to a Tx 6689, an Rx
6689 Pendulum clock unit also provided a standard 10MHz
reference for all of the instruments. The Rx trigger signal
was loaded by a function generator 33522B. The arbitrary
waveform channel sounding (AWCS) signal and frequency
settings of the Tx and Rx are provided in Table 1. Using
this setup with a 1-ns multipath resolution, an extensive set
of mmWave propagation measurements was conducted at
19, 28, and 38GHz center frequencies. Figure 1 shows the
photograph of the Tx and Rx apparatuses.

The measurements were conducted along a corridor on
the second floor of the Menara Tun Razak Building in
the Universiti Teknologi Malaysia (UTM) campus, Kuala
Lumpur, Malaysia. The Menara Tun Razak Building is a 17-
story building with discussion rooms and faculty offices.
The size of the corridor is 1.80m × 67m and the ceiling
height is 3m.The corridor has plywood and glass doors, and
the walls are constructed from concrete, glass, and gypsum
board. The floor ground is covered with glazed ceramic
tiles, and the corridor ceiling is composed of fiberglass
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Figure 1: Photograph of the Tx and Rx apparatuses for the 5G channel sounder.

Table 1: Measurement setup parameters.

Carrier frequency (GHz) 19 28 38

AWCS signal 10th order PRBS
(length = 1024)

AWCS chip rate (Mcps) 1000
AWCS chip duration (ns) 1
Digitizer sampling rate (Gsps) 3.2
PDP update rate (PDPs/second) 100
RF BW (GHz) 1
Rx LO power (dBm) 10
Rx sensitivity −120 dBm
Tx power (dBm) 0
Tx and Rx antenna gain (dBi) 11.6 11.6 15.2
HPBW (degrees) 46.4 44.8 28.3
Tx antenna height (m) 1.7
Rx antenna height (m) 1.5
Tx, Rx polarization Vertical

materials. Figure 2 shows the floor plan and description of
the measurement environment. During the measurements,
the Tx part is stationary and the Rx part is moved along a
corridor, as depicted in Figure 2. The Tx antenna was placed
1.7m above the floor to emulate an indoor hotspot in the wall,
and the Rx antenna was placed 1.5m above the floor (typical
handset level heights). The measurement was started with

the Rx antenna located 1m away from transmitter, and the
received signal is recorded while keeping the Rx stationary at
that position. Next, the Rx was moved 1m farther away from
its starting location, and the stationary measurements were
repeated. The process was repeated likewise at 63 different
locations of the Rx for the LOS scenario, each 1m away from
the previous adjacent location.

For the NLOS scenario, at the Tx-Rx separation distance
of 18m for the LOS scenario, the Rx antenna was moved by
3m perpendicular to the LOS path, where the wall blocks
the Tx from the Rx, and then the Rx was moved by 1m up
to 6m, as shown in Figure 2. The Rx antenna was rotated
by different angles at each NLOS location for all measured
frequencies. With the zero degree (0∘) rotation referring to
the alignment of the Rx antenna with the Tx path, the Rx
antenna was rotated, as shown in Figure 2. Based on these
measurements, an extensive indoor channel characterization
for mmWave bands is investigated as shown in Figure 2.

3. Data Processing and Channel Model

First, the influence of the measurement system was excluded
from the recorded channel datasets using the system cal-
ibration procedure described in [26]. Next, the data were
subjected to postprocessing using SystemVue software [27]
and MATLAB Toolbox. The CIR was extracted by cross cor-
relation between the received waveform and the transmitted
arbitrary waveform signal. The Space-Alternating General-
ized Expectation-maximization (SAGE) algorithm [28–30]



4 Wireless Communications and Mobile Computing

Corridor plan section Image of corridor sections
Fiberglass ceiling material Concrete

wall, 2
wood
and 1
glass
doors

Concrete
column,
glassing
window

Escalator

Concrete
column

and
glassing
window

Concrete
brick and

plaster
and

glassing
window

Ceramic Tiles

Ceramic Tiles

Ceramic Tiles

Ceramic Tiles

Ceramic Tiles

Ceramic Tiles

Fiberglass Ceiling material

Fiberglass Ceiling material

Fiberglass Ceiling material

Fiberglass Ceiling material

Fiberglass Ceiling material

Glass
partition

glassing
doors

Partition
(aluminum,

glass
and

gypsum
board)

Gypsum
board
wall

Gypsum
board

wall and
wooden

door

Gypsum
board

wall and
wooden

door

Glassing
window

and
doors

Gypsum
board

wall and
glassing
windows

Gypsum
board
wall

Left
Wall

Right
Wall

(Rubber,
aluminum
and glass)

4
m

6
m

9
m

18
m

18
m

12
m

67
m

Figure 2: Floor plan and description of the environment.

was used to extract the parameters of MPCs, including path
delay and path gain.The SAGE algorithm allowed an iterative
determination of the maximum-likelihood estimation. The
SAGE algorithm resolved the MPCs by an interference-
cancellation, where the MPCs already estimated were sub-
tracted from the considered signal.

The channel is excited by a transmitted pulse leading the
receiver part to generate a summation ofmodified pulses with
different attenuation factors and different time delays that
represent the received waveform. The received waveform is
called a multipath profile. The individual pulses arrived at
the receiver through different paths, which are referred to as
MPCs. The real CIR can be represented as a superposition of
these paths, as in (1), that is, assuming no dispersion within
the individual pulse [31].

ℎ (𝜏) = 𝐿∑
𝑖=1

𝑎𝑖𝛿 (𝜏 − 𝑚𝑖) , (1)

where 𝑎𝑖 and𝑚𝑖 are the 𝑖th path gain and delay, respectively.

For time-varying channels, (1) can be modified as [31]

ℎ (𝑡, 𝜏) = 𝐿∑
𝑖=1

𝑎𝑖 (𝑡) 𝛿 (𝜏 − 𝑚𝑖 (𝑡)) , (2)

where 𝑡 is either the time or the spatial location. Assuming
that the transmitter moves at a constant velocity away from
the receiver, we can convert between the time and spatial
location.

Denoting by 𝑞(𝜏) the pulse transmissions waveform sent
by the transmitter, the delayed received waveforms 𝑟(𝜏) after
propagating through the channel of (1) become

𝑟 (𝜏) = 𝑞 (𝜏) ⊗ ℎ (𝜏) = ∑
𝑖

𝛼𝑖𝑞 (𝜏 − 𝑚𝑖) . (3)

Based on the above equation, the power delay profile (PDP)
can be expressed as

𝑃 (𝜏) = ∑
𝑖

𝛼𝑖2𝑞2 (𝜏 − 𝑚𝑖) . (4)



Wireless Communications and Mobile Computing 5

The path loss and time and angular dispersion parameters
are derived from (4) as follows.

4. Path Loss, Time, and Angular
Dispersion Parameters

The path loss represents the fundamental quantities charac-
terizing the wireless propagation channel and influencing the
performance of any communication system. It is the inverse
of the path gain, which is the amount of the signal power
received. In a narrowband system, the path loss is defined
as the amount of decay in the received power at a certain
(carrier) frequency. For wideband and UWB radio, the path
loss can be derived from the power of MPCs, which includes
the joint effects of attenuation and time dispersion. The
received signal energy can be calculated from the measured
multipath profile as [32, 33]

𝑃 = ∑
𝑖

𝛼𝑖2. (5)

Denoting the average of the received signal energy at distance𝑑 using 𝑃(𝑑) and at reference distance 𝑑0 using 𝑃(𝑑0), the
logarithmic value of the path loss can be computed using

PL (𝑑) = −10 log
10
[ 𝑃 (𝑑)𝑃 (𝑑0)] . (6)

The time dispersion and angular dispersion play a key role
in modern cellular systems [34]. The PDP of the received
signal provides a good indication of the dispersion of the
transmitted power over various paths. The time dispersion
characteristics show the distribution of the power relative to
the first arriving MPC. The time dispersion characteristics
are usually quantified in terms of the mean excess delay and
the RMS delay spread. To obtain these parameters, the PDP
is normalized and all signals below a specific threshold 𝑥 dB
relative to the maximum are considered zero for the analysis
[5, 35]. The required time for the energy of the received
waveform to fall 𝑥 dB relative to the maximum is defined as
the maximum excess delay of the PDP.The RMS delay spread
is computed as [36]

𝜏rms = √∑
𝑖
𝑝𝑖 ⋅ (𝑚𝑖 − 𝑚1 − 𝜏𝑚)2∑

𝑖
𝑝𝑖 , (7)

where 𝜏rms is the RMS delay spread that is defined by the
square root of the second central moment of a power delay
profile, 𝑝𝑖 is the power for the 𝑖th path, 𝑚𝑖 is the arrival time
of the 𝑖th MPC,𝑚1 is the first path arrival time, and 𝜏𝑚 is the
mean excess delay that can be represented by the firstmoment
of the PDP as

𝜏𝑚 = ∑
𝑖
𝑝𝑖 ⋅ (𝑚𝑖 − 𝑚1)∑
𝑖
𝑝𝑖 . (8)

In addition to the time dispersion, wireless propagation
channels also show angular dispersion and determine the
interaction between antennas and channels. In the wireless

channel model, the RMS angular spread of arrival (ASA)
plays an important role and is calculated as follow [37]:

ΛASA = √∑
𝑙
𝑝𝑙 ⋅ (𝜑𝑙 − 𝜇ASA)2∑

𝑙
𝑝𝑙 , (9)

where 𝑝𝑙 is the power for 𝑙th path, 𝜑𝑙 is the angle of arrival
(AOA), and 𝜇ASA is the mean of the angle and is defined as

𝜇ASA = ∑
𝑙
𝑝𝑙 ⋅ 𝜑𝑙∑
𝑙
𝑝𝑙 . (10)

5. Path Loss Models, Results, and Analysis

In this paper, different path lossmodels are used to investigate
the path loss in three different candidate bands for the
5G system. The close-in (CI) free space path loss model
is a physically based model that uses the free space path
loss (FSPL) at 1m as the reference point (anchor-point)
to estimate the path loss at different distances and spatial
locations. In this work, we used the measured path loss at the
anchor-point as the reference.TheCImodel can be calculated
as [38]

𝑃𝐿CI (𝑓, 𝑑) [dB] = 𝑃𝐿 (𝑓, 𝑑0) + 10𝑛 log
10
( 𝑑𝑑0) + 𝑋𝜎, (11)

where 𝑃𝐿(𝑓, 𝑑) is the path loss at different frequencies with
various Tx-Rx separation distance, 𝑛 is the path loss exponent
(PLE), 𝑃𝐿(𝑓, 𝑑0) is the path loss in dB at a close-in (CI)
distance, 𝑑0, of 1m, and 𝑋𝜎 is a zero-mean Gaussian-
distributed random variable with standard deviation 𝜎 dB
(shadowing effect) [39].

Figure 3 shows the scatter plots of the path loss and the
best fit CI model for the LOS scenario at 19, 28, and 38GHz.
It can be shown that the path loss increases as the separation
distance and frequency are increased, where the highest path
loss occurred at 38GHz. The PLE values are 0.6, 0.6 and 1.3
for 19, 28, and 38GHz, respectively. The PLE values for all
frequencies are found to be less than those of the theoretical
free space PLE (𝑛 = 2), indicating that the MPCs added up
constructively from both side walls along the corridor (i.e.,
a wave-guiding effect). The signal degradation at the 38GHz
band of 13 dB/decade is twice the degradation of the signal at
19 and 28GHz. The standard deviation values 𝜎 at the 19 and
38GHz bands are identical (2.4 dB). At the 28GHz band, the
standard deviation value is 3.3 dB.

Another popular path loss model is the floating-intercept
(FI) model, which is used in the WINNER II and 3GPP
standards [13]. This model is not a physically based model;
however, it is suitable for some bands and environments,
where the floating-intercept (𝛼) parameter is close to the
FSPL at 1m and the slope line (𝛽) is comparable to the PLE.
The FI model is defined as [11, 38]

𝑃𝐿FI (𝑑) [dB] = 𝛼 + 10𝛽 log
10
(𝑑) + 𝑋𝜎FI, (12)

where 𝑋𝜎FI is the zero-mean Gaussian random variable dB
with a standard deviation of 𝜎 dB.
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The FI path loss model at all measured bands is shown in
Figure 4.Thefloating-intercept (𝛼) values are 60.6 dB, 57.2 dB,
and 63.1 dB for 19, 28, and 38GHz, respectively. The 𝛼 values
deviate from FSPL at 1m by 2.6 dB, 4.2 dB, and 0.9 dB for 19,
28, and 38GHz, respectively.The slope line (𝛽) values are 0.4,
0.9, and 1.4 for 19, 28, and 38GHz, respectively. The 𝛽 values
are comparable with PLEs for the CI path loss model and
the deviation of 𝛼 values from FSPL at 1m is reasonable for
all bands. This implies that the FI path loss model, which is
mostly used in the 3GPP for frequency bands below 6GHz,
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Figure 5: FA path loss model for the LOS scenario.

can be used with a suitable performance in mmWave bands
for 5G systems. The standard deviation 𝜎 values for the FI
model are 2.3 dB, 3.1 dB, and 4.3 dB for 19, 28, and 38GHz,
respectively.

To investigate the path loss with high frequency, the
frequency attenuation (FA) path lossmodel is used, where the
lowest measured frequency in a particular scenario is used as
the reference frequency. The FA path loss model is defined as
[11]

𝑃𝐿FA (𝑓, 𝑑) [dB] = 𝑃𝐿 (𝑓ref , 𝑑0) + 10𝑛ref log10 ( 𝑑𝑑0)
+ 𝑋𝐹 (𝑓) + 𝑋𝜎FA,

(13)

where𝑃𝐿(𝑓ref , 𝑑0) is the path loss in dB at the close-in distance𝑑0 of 1m and the reference frequency 𝑓ref . The 𝑓ref in this
model is defined as the lowest measured frequency using the
same calibration environment; 𝑛ref represents PLE at𝑓ref .The
factor𝑋𝐹(𝑓) is the frequency attenuation factor in dB, which
represents the signal drop with frequency, and 𝑋𝜎FA is the
shadow fading term with a standard deviation of 𝜎 dB. The
FA path loss model is a physical-based model and is simple,
as the CI model. The reference frequency 𝑓ref is 19GHz and
the PLE (𝑛ref ) is 0.6.

The FA path loss model is shown in Figure 5. The 𝑋𝐹(𝑓)
attenuation values of the FA model are 3.1 dB and 16.5 dB for
28 and 38GHz, respectively. Because 19GHz is the reference
frequency, the 𝑋𝐹(𝑓) factor is 0 dB in this band. At the
28GHz band, the signal degradation is low compared to the
19GHz based on the 𝑋𝐹(𝑓) attenuation factor. The standard
deviation 𝜎 values for the FA model are 2.4 dB, 3.1 dB, and
4.5 dB for 19, 28, and 38GHz, respectively.
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Because the path loss is measured at different bands,
the multifrequency path loss models can be used to inves-
tigate the path loss for these bands. Here, the alpha-beta-
gamma (ABG) and close-in free space reference distance
with frequency weighting (CIF) path loss models are used
for multifrequency path loss investigation. The ABG model
includes a frequency dependent and distance-dependent
term to describe path loss at various frequencies and is
calculated as

𝑃𝐿ABG (𝑓, 𝑑) [dB] = 10𝛼 log
10
( 𝑑𝑑0) + 𝛽

+ 10𝛾 log 10 (𝑓1 GHz)
+ 𝑋𝜎ABG, 𝑑0 = 1m,

(14)

where 𝛼 is the distance-dependent factor of path loss, 𝛾 is
the frequency dependent factor, 𝛽 is an optimized offset, and𝑋𝜎ABG is the shadow fading term.

Figure 6 shows the ABG path loss model for all studied
bands. The signal drop is found to be 8.9 dB/decade based
on the distant-dependence factor (𝛼 = 0.89). The optimized
offset 𝛽 and frequency dependent factor 𝛾 values are −15.5 dB
and 5.27, respectively.

The CIF model is a frequency-weighted model that
employs the same FSPL anchor at 1m as that of the CI model
and is defined as

𝑃𝐿CIF (𝑓, 𝑑) [dB]
= FSPL (𝑓, 𝑑ref)

+ 10𝑛 (1 + 𝑏(𝑓 − 𝑓0𝑓0 )) log
10
(𝑑) + 𝜒CIF

𝜎
,

(15)

where 𝑛 denotes the distance dependence of path loss and𝑏 is a linear frequency dependent factor of path loss over
all considered frequencies. The parameter 𝑓0 is the weighted
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Figure 7: CIFmultifrequency path loss model for the LOS scenario.

frequency average of all measurements for each specific envi-
ronment and scenario, found by summing, over all frequen-
cies the number of measurements at a particular frequency
and scenario, multiplied by the corresponding frequency, and
dividing that sum by the entire number of measurements
taken over all frequencies for that specific environment and
scenario. Based on the particular environment and scenario
and the number of measurements at a particular frequency in
this work, 𝑓0 = 28.3GHz.The slope parameter is 𝑛 = 0.8with
the linear frequency dependent factor 𝑏 = 1.4 as depicted in
Figure 7. It can be shown that with 𝑛 = 0.8, the CIF path loss
model can fit the measured data at all studied frequencies in
this particular scenario.

6. Power, Delay, and Angle Dispersion Results
and Analysis

The received power with different delay along the Tx-Rx
separation distance in the 19GHz band is shown in Figure 8.
For all spatial locations along the corridor most of the
received power arrived at the early excess delay (less than
10 ns). Furthermore, the maximum excess delay is less the
50 ns for all received paths with received power greater than−120 dBm (noise floor). The received power between −70
and −60 dBm appears in the directed path (LOS path) that
represents the first path in the LOS scenario. This implies
that when the high directional antenna is used, most power
falls in the LOS path. For the MPCs with an excess delay
of less than 5 ns, the received power is in the range of −80
to −70 dBm, which is degraded by 10 dBm compared to the
range of directed paths, as shown in Figure 8.TheMPCs have
received power of −90 to −80 dBm with an excess delay of
less than 10 ns. Few paths with power less than −100 dBm fall
in the excess delay of more than 20 ns. It can be concluded
that the power with a value greater than the noise floor by
10 dBm can be received at 19GHzwith 63mTx-Rx separation
distance within a delay of less than 20 ns.

For the 28GHz band, the power with different delays
along the Tx-Rx separation distance is shown in Figure 9.
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Figure 9: Received power at different delays for 28GHz in all the
considered Tx-Rx separation distances for the LOS scenario.

For this band, most of the received power is less than 10 ns;
that is, most of the MPCs are received early. However, in
some spatial locations, some MPC components are received
at an excess delay greater than 100 ns and less than 140 ns, as
shown in Figure 9. The received power with different delays
along the Tx-Rx separation distance in the 38GHz band is
shown in Figure 10. In this band, only at the first 3 meters
Tx-Rx separation distance is the received power greater than−75 dBm with almost no delay (LOS path only). For the Tx-
Rx separation distance of less than 15m, the received power
varies between −85 and −80 dBm, with a delay of less than
4 ns. In this band, no MPCs have a delay greater than 15 ns.

The RMS delay spread versus Tx-Rx separation distance
for LOS scenario is shown in Figure 11. The maximum delay
spread is found to be less than 35 ns for all studied bands.
Moreover, the delay spread is the lowest at the 38GHz band,
and the delay spread decreases as the frequency increases.
This implies that, with increased directivity of the antenna
(lower HPBW), most power is concentrated in the directed
path and no more MPCs are contributed in the received
signal. The maximum delay spread values are 32.3 ns, 25.3 ns,
and 2.6 ns at the spatial locations of 47m, 34m, and 32m for
19, 28, and 38GHz, respectively.Themean delay spread values
are 5.7 ns, 2.3 ns, and 1.1 ns for 19, 28, and 38GHz, respectively.
This implies that most MPCs fall in the early bins.
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Figure 10: Received power at different delays for 38GHz in all the
considered Tx-Rx separation distances for the LOS scenario.

0

5

10

15

20

25

30

35

RM
S 

de
lay

 sp
re

ad
 (n

s)

10 20 30 40 50 60 700
Tx-Rx separation distance (m)

19 GHz
28 GHz
38 GHz

Figure 11: RMS delay spread versus Tx-Rx separation distance at all
measured frequencies for the LOS scenario.

Figure 12 shows the CDF for the RMS delay spread in the
NLOS scenario for all combinedAOAs at all measured bands.
A total of 90%of the RMSdelay spread is found to be less than
70 ns, 60 ns, and 90 ns for 19, 28, and 38GHz, respectively. For
the NLOS scenario, the delay spread is larger than the LOS
scenario because no directed path is received and only the
MPCs are captured.

The impact of the angle of arrival (AOA) on the propaga-
tion received power is investigated based on the conducted
measurements in the NLOS scenario. Here, we set the−120 dBm equipment sensitivity parameter as the noise floor;
hence, signals with received powers below this value are
considered to be very weak or nonexistent. The received
signal powers during the measurement at 0∘ to 330∘ AOAs
with an interval of 30∘ in four different spatial locations of
3m, 4m, 5m, and 6m for the NLOS scenario are shown in
Figure 13. The received signal power at four different spatial
locations is found to vary with the AOA. In general, the
variation occurs more for signals at higher frequency. The
results in Figure 13 show that the signals can be received
from all measured AOAs at the lower band of 19GHz for all
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Figure 12: CDF for RMS delay spread at all measured frequencies
for the NLOS scenario.
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Figure 13: Received power versus AOA for all measured bands at
different distances in the NLOS scenario.

4 different spatial locations. This, however, does not occur
during measurement at the higher mmWave of 28GHz and
38GHz. Another notable observation from Figure 13 is that
the variation of received signal power occurs at different
AOAs and occurs at different spatial locations. The variation
of the received signal power at different spatial locations is
found to be greater at high frequency. The result in Figure 13
shows that, at an AOA of 90∘, the received signal power
decreased more than 10 dB for 1m changes (from 5m to
6m) at 38GHz, whereas the variation is only approximately
3 dB at 19GHz within the same separation distance change.
Another observation from the results in Figure 13 is that the
received signal power is less at the shortest distance than at

Table 2: Angular spread parameters.

Parameter 28GHz 38GHz
3m 6m 3m 6mΛ ASA [degree] 57.9 100.5 13.4 21𝜇ASA [degree] 74.8 247.7 90.6 268

the largest distance, that is, at an AOA of 270∘, the received
signal power at 5m is approximately 4 dB less than that that
at 6m at 38GHz. It is accordingly clear that this trend is not
monotonic with distance, angle, and frequency because of the
MPC constructive and destructive phenomena.

Figures 14(a) and 14(b) show the normalized power versus
time of arrival (TOA) at different AOAs for the 28GHzNLOS
measurement at 3m and 6m distances, respectively. Here,
Figure 14 presents the results for only 4AOAswith the highest
received signal power. The figure shows the impact of the
signal arriving at differentAOAswithin the same propagation
time delay. The figure also shows that the MPCs are dense
for measurement with an NLOS distance of 3m, whereas
they are sparse at 6m, as shown in Figure 14(b). Interesting
observations are made when comparing the MPCs recorded
during measurement at AOAs of 0∘ and 300∘ for measure-
ment at 3m. From the NLOS setup in Figure 2, measurement
at 0∘ AOA is perpendicular to the propagation path from
the LOS measurement, making it the shortest NLOS path.
In Figure 14(a), the NLOS measurement at 28GHz, however,
showed that the signal at 0∘ AOA measurement has a higher
time of arrival value when compared to the signal at 300∘
AOA. This observation illustrates the severe constructive
and deconstructive interference that occurs when using
a higher mmWave band for communications. Our results
further showed the increased impact of the constructive and
destructive interference scenario during higher propagation
measurement of the 38GHz band, as illustrated in Figure 15,
where there are no received signals detected during 0∘ AOA
measurement, even though it corresponds to the shortest
NLOS path between the transmitter and receiver. The first
38GHz signal to arrive at the receiver occurs at an AOA of
90∘ in Figure 15(a) and 300∘ in Figure 15(b) for ameasurement
conducted at theNLOSdistances of 3m and 6m, respectively.

The AOA measurement results for the NLOS scenario
in Figures 13, 14, and 15 indicate the significant impact of
constructive and destructive interference for propagating
signals at mmWave. This phenomenon can be exploited to
improve signal reception using a receiver equipped with
advanced signal processing and beamforming technology
to substantially increase the signal-to-noise ratio (SNR) at
the desired user by using the adaptive antenna system and
diversity combining.

The angular spread parameters for 28GHz and 38GHz
are estimated at 3m and 6m based on (9) and (10). The
angular spread parameters are listed in Table 2. Note that the
RMS angular spread and mean angle at 6m are greater than
that those at 3m for both measured frequencies. This implies
that the channel at 6m can be effectively used to provide rich
diversity for a multiple antenna system.
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Figure 14: Example of some MPCs in a snapshot of CIR at 28GHz for the NLOS scenario (a) at 3m and (b) at 6m.
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Figure 15: Example of some MPCs in a snapshot of CIR at 38GHz for the NLOS scenario (a) at 3m and (b) at 6m.

7. Conclusion

This paper presented the channel propagation characteris-
tics for three different frequency bands: 19GHz, 28GHz,
and 38GHz. The wideband measurements were conducted
by using a 5G channel sounder with a high chip rate of
1000Mcps. The measurement data were processed to obtain
the channel impulse response (CIR) via the SAGE algorithm
utilizing SystemVue software and MATLAB Toolbox. The
path loss, angular spread, and RMS delay spread parameter
for the three investigated frequency bands were then com-
puted and analyzed. The CI, FI, FA, ABG, and CIF models
were applied to investigate the path loss behavior for the
three frequency bands in an indoor LOS environment. The
path loss exponents for the LOS scenario were found to vary
in the range of 0.6 to 1.3 for all models at the measured
frequencies. These values are lower than the free space path
loss exponent of 2 because of the wave-guiding effect from

both wall sides of the corridor. Our analysis on the time
dispersion parameters showed that RMS delay spread values
were low for the LOS scenario and that the highest energy
arrived with the earliest MPCs. The RMS angular spread
varies from 13.4∘ to 100.5∘ in the NLOS scenario. Finally,
the impact of the angle of arrival (AOA) to the propagation
received power was investigated based on the conducted
measurement in the NLOS scenario. We found that the
received signal power at the higher frequency band is more
sensitive to the AOA variation. It is shown that, within a 1-m
receiver movement, the received signal power decreases by
up to 11 dB when using the 38GHz band, and the signal only
decreased approximately 3 dB for the 19GHz band. In future
work, to estimate the technology gap between 5G and 4G,
it is useful to compare the performance of communicating
using 28GHz and 38GHz with the LTE frequency band, that
is, 2.6GHz.
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Cellular networks are extensively modeled by placing the base stations on a grid, with relays and destinations being placed
deterministically. These networks are idealized for not considering the interferences when evaluating the coverage/outage and
capacity. Realistic models that can overcome such limitation are desirable. Specifically, in a cellular downlink environment, the
full-duplex (FD) relaying and destination are prone to interferences from unintended sources and relays. However, this paper
considered two-hop cellular network in which the mobile nodes aid the sources by relaying the signal to the dead zone. Further,
we model the locations of the sources, relays, and destination nodes as a point process on the plane and analyze the performance
of two different hops in the downlink. Then, we obtain the success probability and the ergodic capacity of the two-hop MIMO
relay scheme, accounting for the interference from all other adjacent cells. We deploy stochastic geometry and point process
theory to rigorously analyze the two-hop scheme with/without interference cancellation. These attained expressions are amenable
to numerical evaluation and are corroborated by simulation results.

1. Introduction

Currently, the demand for the high capacity and low latency
is dramatically increasing, corresponding to advancements in
communication devices such as smartphones. It is expected
that the wireless traffic volume of these communication
devices will have a 1000-fold increase over the next decade
which will be driven by the expected billions of connected
devices by 2020 to access and share data anywhere and
anytime [1]. The bottom line is that the technology has
to move to higher frequency bands of millimeter wave to
adapt the 5G future mobile communications, where a very
large bandwidth in frequency band is available. With rapid
increase in the number of connected devices, some challenges
appear such as the capacity shortage, cost, and cochannel,
and intercell interference especially at high dense network
is rapidly increased [2]. Hence, the fifth-generation (5G)
wireless systems should be able to support the ultradense

networks to adopt the exponential growth in mobile users
and high data demand. To satisfy the quality of service (QoS),
it is expected that the 5G network deployment will be much
denser compared to that of 4G. However, as the network
density increases, the interference will degrade the system’s
performance especially at cell edges (dead zone). One of
these efficient solutions that allow the 5G network to meet its
QoS requirements is to use relay to improve the ultradense
network performance (capacity enhancement and coverage
extension). Cooperative communication is an alternative way
to achieve spatial diversity and multiplexing gain through
Multiple-InputMultiple-Output (MIMO).MIMO attracted a
lot of attention due to its potential for interference mitigation
and capacity increase. FD relaying equipped with MIMO
is able to perform spatial self-interference suppression [2–
5]. The FD relaying looks to be an alternative solution to
satisfy the high capacity demands of these wireless systems.
The FD communication has attracted considerable attention
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of many researchers and it is expected to be integrated into
the 5G wireless systems. Most used cooperative protocols are
the amplify-and-forward (AF) and the decode-and-forward
(DF); the DF cooperative protocols can operate in either a
half-duplex (HD) or full-duplex (FD) mode. Multiplexing
loss occurred when implementing the HD mode in the
DF protocol; this is attributed to the fact that, in the first
time/frequency slot, the relay has to wait for the source’s
message and then forward the message in the next time slot
to the destination. However, FD cooperative protocols can
overcome theHD spectral loss via simultaneous transmission
from source to relay and from relay to destination; this
enables frequency reuse, higher throughput, and lower trans-
mission delay [6]. However, there are two main issues hard-
ening the implementation of FD system in cellular network:(1) the self-interference, that is, the relay’s signal leakage from
its transmit and receive antennas, and (2) the fact that the
simultaneous transmission creates intercell interference [7].

However, cellular networks are usually modeled by plac-
ing the sources on a grid (with a regular shape) or arranging
them on a line or circle as in the Wyner model with
the relay and destination being either deterministically or
randomly placed across the network to determine the signal-
to-interference-and-noise ratio (SINR).The resulting SINR is
complex and depends on multiple random variables. Hence,
this fails to account for the randomness in the cellular
network distribution [8] and the intercell interference [9].
Such models, however, are highly idealized and not tractable;
hence, complex system level simulation is used to evaluate the
outage/success probability and ergodic capacity. In order to
reduce the dependence on simulations, the closed-form SINR
was derived using stochastic geometry [10].

Since characterizing the SINR by the grid model and
Wyner model is obviously not practicable, recently stochastic
geometry has emerged as a powerful tool to model and
quantify the capacity, interference, and success probability in
cellular networks that are verified to be approximate to the
actual networks [11]. The use of the Poisson point processes
(PPP)model simplified the analysis and provided insight into
the operation of the network in the form of scaling laws.
Base station, relay, and destination parameters (e.g., path-loss
exponent and transmit power) become the sign of the node
in the PPP. Recently, under homogeneity condition, it was
shown that the source positions are agnostic to the radio
propagation; this makes the received power at the relay
from any population of sources as if it generated from
PPP, distributed sources [12, 13]. This justifies the modeling
assumption of PPP sources and allows computing some met-
rics performance such as the success probability and Ergodic
capacity [14, 15], while [16] derived an upper bound for
the success probability. Obtaining full diversity order using
distributed space-time codes is detailed in [17, 18], but a
distributed space-time code requires precise signaling and
very tight coordination among the relays, which increases the
complexity and overhead in the system. This paper is moti-
vated by the benefit of MIMO two-hop system, such as per-
formance benefits and reducing implementation complexity.

Researchers have dealt with the interference in many
different ways. For instance, an active method known as

analog cancellation, to cancel the interfering signal at the
receiving antenna, utilizes additional radio frequency (RF)
chains; and there is another active cancellation method
known as digital cancellation, where the RSI is removed in
the base-band level after the analog-to-digital converter
[19]; another simple passive method is known as antenna
separation, where the RSI is attenuated due to the path-loss
between the transmitting and receiving antennas on the FD
node. Further, reducing the FD interference using directional
antennas is analyzed in [20]. References [21, 22] quantify the
impact of self-interference of a heterogeneous network con-
sisting of FD and HD nodes. They conclude that the capacity
can be maximized by operating all nodes in either HD
or FD compared to their mixtures, whereas [23] considers
a single-cell setting and [22, 24] consider multicell setting. A
cellular system comprising an FD source and HD destination
has been illustrated in which the throughput gain is analyzed
via extensive simulation [25]. In [26], the numbers of base sta-
tion antennas and users antennas are increasing with a fixed
ratio, while the capacity grows by the number of users and
SNR. In this paper, however, we use a stochastic geometry tool
to characterize the randomly distributed performance of FD
MIMO relay nodes and derive bounds for the probability of
successful transmission and ergodic capacity with/without
interference cancellation. Finally, numerical results corrobo-
rate the theoretical findings with baseline scheme.

Next, in Section 2, the network systemmodel is described.
The SINR characterization is derived in Section 2.3; the
success probability and the ergodic capacity are given in
Section 2.4 and Section 2.5, respectively. Section 4 depicts the
numerical results, and Section 5 offers the conclusion.

Throughout this paper, boldface lowercase letters (e.g.,
x) represent vectors, and boldface uppercase letters (e.g., X)
representmatrices. ‖⋅‖𝐹 is the Frobenius norm. {⋅}H stands for
conjugate transpose, and E[⋅] denotes the expectation opera-
tor, while | ∙ | denotes the magnitude and the trace of a matrix
is denoted by tr{⋅}; det(⋅) is the determinant; diag(𝑥1, . . . , 𝑥𝑛)
is the diagonal matrix with diagonal components 𝑥1, . . . , 𝑥𝑛;
I𝑁×𝑁 is the 𝑁-by-𝑁 identity matrix; X𝑀×𝑁 is the 𝑀-by-𝑁
zero matrix.

2. System Model

2.1. System Setup. In a downlink relay-assisted cellular net-
work, consider a multiple independent FD dual-hop relaying
system.The 𝑗th source 𝑆𝑗 with message x𝑆𝑗 equipped with𝑀𝑠

antennas communicates with 𝑁𝑑 destinations 𝐷𝑗 receiving
antennas through relay set 𝑅𝑗, with messages x𝑅𝑗 , equipped
with𝑀𝑟 and𝑁𝑟 transmitting and receiving antennas, respec-
tively, as in Figure 1. The relay uses DF protocol; hence, 𝑅𝑗
decodes themessage from 𝑆𝑗 and then reencodes themessage
before sending it to 𝐷𝑗. The relays are equipped with FD
capabilities, where the reception and transmission of relay
signal happen simultaneously. The main challenge is that
relay’s transmitted signal is coupled with its receiver chain,
causing relay self-interference (RSI) via H𝑅𝑗

channel and
source causes interference to other relay known as source-
relay interference (SRI) via H𝑆𝑖𝑅𝑗

channel in addition to
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Figure 1: System model depicting cellular network, in which the
source (𝑆) is having𝑀𝑠 transmitting antennas, willing to communi-
cate with𝑁𝑑 receiving antennas, at the destination (𝐷), with the help
of relay (𝑅), equipped with 𝑀𝑟 and 𝑁𝑟 transmitting and receiving
antennas, respectively. The solid lines show desired signal, and the
dashed lines show possible interferences such as RSI, IRI, SDI, and
SRI.

the interference from the sources to the destinations caus-
ing source-destination interference (SDI) via H𝑆𝑖𝐷𝑗

. Space
division multiplexing is applied so that the two hops are
separated.

The locations of sources, relays, and destinations are
assumed to be stationary independently marked PPP with
intensity 𝜆𝑆, 𝜆𝑅, and 𝜆𝐷 on R2 × R2 × R2, respectively. In
order to investigate the performance of a random access
wireless network, consider a classical receiver located at the
origin. Conditioning on the node’s event lying at the origin
does not affect the statistics of the rest of the process as
an outcome from Palm probabilities of a Poisson process.
Furthermore, the statistics of received signal at the intended
receiver are observable by any receiver due to the stationarity
of Poisson process [10].

2.2. Channel Model. The downlink cellular network is com-
prised of sources 𝑆𝑖 and 𝑆𝑗, relays 𝑅𝑖 and 𝑅𝑗, and destinations𝐷𝑖 and 𝐷𝑗. Previous studies on cellular networks assumed
that the sources and relays are positioned regularly as grid
model. However, in practice, this is not true and there are
some random characteristics. We applied homogeneous PPP
to the spatial distribution of the sources and relays to remedy
the model as in [11, 15]. Each destination is served by the
nearest relay or destination. This means that the cell area of
each source or relay constitutes a Voronoi tessellation [27] as
in Figure 2, whereas, in gridmodel in Figure 3, the sources are
located on the centers of hexagonal model, while the relays
and destinations are distributed in each cell uniformly. This
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Figure 2:The cellular network topology, in which each Voronoi cell
is the coverage area of a source and relay distributed as PPP; the cell
area of each source and relay forms a Voronoi tessellation, where the
red circle represents source, blue dot represents relay, and the black
circle represents the destination.
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Figure 3:The grid cellular network topology, in which eachVoronoi
cell is the coverage area of a source distributed as PPP, where the
red circle represents sources, blue dot represents relay, and the black
circle represents the destination.

model does not lead to a tractable model; thus, it is evaluated
via Monte Carlo simulations. When a destination attempts to
access the sources, it chooses to connect directly or through
relay in the Voronoi cell. Let the source 𝑆𝑗 transmit the
message x𝑆𝑗 to the 𝑗th relay 𝑅𝑗; 𝑅𝑗 receives and transmits
simultaneously on the same frequency causing RSI through
the channel H𝑅𝑗

if 𝑅𝑗 ∈ Φ for the same 𝑗th relay 𝑅𝑗 and
receives IRI through the channel H𝑅𝑖𝑅𝑗

if 𝑅𝑖𝑅𝑗 ∈ Φ from
the other 𝑖th relay 𝑅𝑖, in addition to interference from other
source 𝑆𝑖. x𝑆𝑗 ∈ C𝑀s×1 and x𝑅𝑗 ∈ C𝑀r×1 are transmitted
signals from 𝑆𝑗 and 𝑅𝑗 nodes respectively.

The propagation through two-hopwireless channel is sub-
ject to path-loss attenuationmodeled as �̃�−𝛼 and �̂�−𝛼 ∀𝑥 ∈ Φ
for distances �̃� and �̂�𝑗, respectively, with path-loss exponent𝛼 > 2. The sources and relays transmit with power �̃� and
power �̂�. For such channel, the sources cover large areas,
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while relays cover small areas with separation distances �̃�𝑗
and �̂�𝑗 (�̃�𝑖 ≫ �̂�𝑗) given �̃�H𝑆𝑗𝑅𝑗

�̃�𝑗−𝛼 if 𝑆𝑗𝑅𝑗 ∈ Φ and�̂�H𝑅𝑗𝐷𝑗
�̂�𝑗−𝛼 if 𝑅𝑗𝐷𝑗 ∈ Φ. The interfering relays constitute

the marked process Φ = {(𝑋𝑖,H𝑅𝑖𝑅𝑗
,H𝑅𝑗

)}, with 𝑋𝑖 denoting
the location of the transmitting relay node. Hence, the relay
receives interference power from itself, �̂�H𝑅𝑗

, and from the 𝑖th
interfering relay and source as �̂�H𝑅𝑖𝑅𝑗

|𝑋𝑖|−𝛼 and �̃�H𝑆𝑖𝑅𝑗
|𝑋𝑖|−𝛼,

respectively. The channels H𝑆𝑗𝑅𝑗
∈ C𝑁𝑟×𝑀𝑠 , H𝑅𝑗

∈ C𝑁r×𝑀𝑟 ,
H𝑅𝑖𝑅𝑗

∈ C𝑁𝑟×𝑀𝑟 , H𝑅𝑗𝐷𝑗
∈ C𝑁𝑑×𝑀𝑟 , and H𝑆𝑗𝐷𝑖

∈ C𝑀𝑠×𝑁𝑑 are
the channel gain matrices from source-to-relay, relay itself,
interrelay, relay-to-destination, and source-to-destination,
respectively. The power constraints on transmit signals are
E{|x𝑆𝑗 |2} = 1, E{|x𝑅𝑗 |2} = 1, and E{|x𝑅𝑗𝑅𝑗 |2} = 1. y𝑅𝑗 ∈ C𝑁𝑟×1

and y𝐷𝑗 ∈ C𝑁𝑑×1 are received signals at 𝑅𝑗 and 𝐷𝑗 nodes.
All channels experience Rayleigh fading with parameter𝜇 ∼ Exp(𝜇). The entries of each matrix are independent
and identically distributed (i.i.d.) complex Gaussian variables
with zero mean and variance 𝜎2. n𝑅 and n𝐷 are independent
circularly symmetric complex Gaussian noise vectors with
probability distributions N(0, I) and N(0, I𝐷), respectively,
and are uncorrelated to x𝑆 and x𝑅.

2.3. SINR Characterization. In this section, we formulate
the signal-to-interference-plus-noise ratio (SINR), which is
needed in the next section to analyze the probability of
successful transmission. In doing so, we study the SINR of
the SR hop and the SINR of the RD hop.

2.3.1. SR Hop. Consider the 𝑗th source node 𝑆𝑗 located at the
origin and, according to the stationarity of Φ and building
on Slivnyak’s theorem [10, Ch. 8.5], we hence express the
statistics of relay-received signal 𝑙(𝑅𝑗, 𝑥) = |𝑋𝑥|−𝛼, with |𝑋𝑥|
being the distance of𝑥 from the origin.Therefore the received
signal at the 𝑗th relay node contains the desired signal plus
interference and noise ratio, RSI, and SRI, as given as follows:

y𝑅𝑗 ≜ (√�̃��̃�𝑗−𝛼/2H𝑆𝑗𝑅𝑗
x𝑆𝑗 + n𝑅𝑗)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

desired signal plus noise

+ √�̂�H𝑅𝑗
x̂𝑆𝑗⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

RSI

+ √�̃��̃�−𝛼/2𝑗 H𝑆𝑖𝑅𝑗
x̂𝑆𝑖⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

SRI

. (1)

The resulting SINR at the relay is obtained as

SINR𝑅𝑗 ≜ �̃��̃�−𝛼𝑗 H𝑆𝑗𝑅𝑗

2𝐼𝑅𝑗 + 𝜎2𝑅𝑗 , (2)

where 𝐼𝑅𝑗 is the overall interference (RSI and SRI) at 𝑗th relay;
that is,

𝐼𝑅𝑗 ≜ ∑
{𝑖,𝑗}∈Φ

(�̃��̃�𝑗−𝛼 H𝑆𝑖𝑅𝑗

2) + (�̂� H𝑅𝑗

2) . (3)

For simplicity, we assume that this hop is interference-limited
and, therefore, 𝐼𝑅𝑗 ≫ 𝜎2𝑅𝑗 .

2.3.2. RD Hop. Consider the 𝑗th relay node 𝑆𝑗 located at the
origin and, according to the stationarity ofΦ and building on
Slivnyak’s theorem, we express 𝑙(𝐷𝑗, 𝑥) = |𝑋𝑥|−𝛼, with |𝑋𝑥|
being the distance of𝑥 from the origin.Therefore the received
signal at the 𝑗th destination node contains the desired signal
plus interference and noise ratio, as shown as follows:

y𝐷𝑗 ≜ √�̂��̂�−𝛼/2𝑗 H𝑅𝑗𝐷𝑗
x̂𝑆𝑗 + n𝐷𝑗⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

desired signal plus noise

+ √�̃��̃�−𝛼/2𝑖 H𝑆𝑖𝐷𝑗
x̂𝐷𝑗⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

SDI
(4)

The resulting SINR at the destination is

SINR𝐷𝑗 ≜ �̂��̂�−𝛼𝑗 H𝑅𝑗𝐷𝑗

2𝐼𝐷𝑗 + 𝜎2𝐷𝑗 , (5)

where 𝐼𝐷𝑗 captures the interference from other source to
destination for the RD hop:

𝐼𝐷𝑗 ≜ ∑
{𝑖,𝑗}∈Φ

(�̃��̃�𝑗−𝛼 H𝑆𝑖𝐷𝑗

2) . (6)

For simplicity, we assume that this hop also is interference-
limited and therefore 𝐼𝐷𝑗 ≫ 𝜎2𝐷𝑗 . Furthermore, the mean link

distance of 𝐼𝑆𝑖𝑅𝑗 and 𝐼𝑅𝑖𝑅𝑗 is E[𝐼𝑆𝑖𝑅𝑗] = �̃��̃�−𝛼 and E[𝐼𝑅𝑖𝑅𝑗] =�̂�𝑅−𝛼𝑗 , respectively, such that E[𝐼𝑆𝑖𝑅𝑗] ⋙ E[𝐼𝑅𝑖𝑅𝑗].
2.4. Success Probability. One of our performance measures is
the success probability, which, defined as the success proba-
bility of message transmission from the source to destination
over the two hops, is given by a joint complementary cumula-
tive distribution function (CCDF) of SINR𝑅𝑗 and SINR𝐷𝑗 .We
formulate it by 𝑃suc ≜ P(SINR𝑅𝑗 ≥ 𝜃𝑅, SINR𝐷𝑗 ≥ 𝜃𝐷), where𝜃 is the given SINR threshold. Due to independent sampling
of a point process, there is no correlation between the two
hops.

𝑃suc = 𝑃(SR)suc 𝑃(RD)suc , (7)

where 𝑃(SR)suc ≜ P(SINR𝑅𝑗 ≥ 𝜃𝑅) and 𝑃(RD)suc ≜ P(SINR𝐷𝑗 ≥ 𝜃𝐷).
2.4.1. SR Hop. Successful SR hop transmission occurs if

�̃��̃�−𝛼𝑗 H𝑆𝑗𝑅𝑗

2𝐼𝑅𝑗 ≥ 𝜃𝑅; (8)

the given threshold 𝜃 satisfied a target SINR; the probability
of successful transmission for a relay is
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P (SINR𝑅𝑗 ≥ 𝜃) = P(�̃��̃�𝑗−𝛼 H𝑆𝑗𝑅𝑗

2𝐼𝑅𝑗 ≥ 𝜃𝑅)
= P(H𝑆𝑗𝑅𝑗

2 ≥ 𝜃𝑅�̃�−1�̃�𝛼𝑗 𝐼𝑅𝑗)
= ∫∞

0
P(H𝑆𝑗𝑅𝑗

2 ≥ 𝑠𝜃𝑅�̃�−1�̃�𝛼𝑗)𝑓𝐼𝑅𝐽 (𝑠) 𝑑𝑠
= ∫∞

0
𝐹𝑐SR (𝑠𝜃�̃�−1�̃�𝛼𝑗 ) 𝑓𝐼𝑅𝐽 (𝑠) 𝑑𝑠,

(9)

where (9) is obtained by conditioning 𝑠 and its complemen-
tary cumulative distribution function is denoted by 𝐹𝑐(⋅).
Next, we provide the success probability analysis of the SR
hop.

Theorem 1. Let the interfering relays transmitters form a
Poisson process of intensity 𝜆𝑅 around relay receivers. The
success probability of the SR hop is

𝑃(𝑆𝑅)𝑠𝑢𝑐 ≜ 𝑁𝑟−1∑
𝑛=0

[(−𝑠)𝑛𝑛! 𝑑𝑛𝑑𝑠𝑛L𝐼𝑅𝑗
(𝑠)]

𝑠=𝜃𝑅�̃�
−1�̃�𝑗
𝛼
, (10)

whereL𝐼𝑅𝑗
is the Laplace transform of the interferences 𝐼𝑅𝑗 .

L𝐼𝑅𝑗
(𝑠) ≜ 1(1 + 𝑠�̃�) exp (−𝜆𝑆Υ (𝑠)) (11)

Υ (𝑠) ≜ ∫∞

0
(2𝜋 − 11 + 𝑠�̃�𝑟−𝛼Ψ (𝑠, 𝑟)) 𝑟 𝑑𝑟 (12)

with

Ψ (𝑠, 𝑟) ≜ ∫2𝜋

0

𝑑𝜑1 + 𝑠�̃� (�̃�𝑗2 + 𝑟2 + 2�̃�𝑗𝑟 cos𝜑)−𝛼/2 . (13)

Proof. Refer to Appendix B.

The result in Theorem 1 provides a fundamental limit on
the SR hop and its performance in an interference-limited
scenario.

2.4.2. RD Hop. Successful RD hop transmission occurs if

P (SINR𝐷𝑗 ≥ 𝜃𝐷) = P(�̂��̂�−𝛼𝑗 H𝑅𝑗𝐷𝑗

2𝐼𝐷𝑗 ≥ 𝜃𝐷)
= P(H𝑅𝑗𝐷𝑗

2 ≥ 𝜃𝐷�̂�−1�̂�𝛼𝑗 𝐼𝐷𝑗) .
(14)

Next, we provide the success probability analysis of the RD
hop.

Theorem 2. Let the relays transmission form a Poisson process
of intensity 𝜆𝐷 around destinations. The success probability of
the RD hop is

𝑃(𝑅𝐷)𝑠𝑢𝑐 ≜ 𝑁𝑑−1∑
𝑛=0

[(−𝑠)𝑛𝑛! 𝑑𝑛𝑑𝑠𝑛L𝐼𝐷𝑗
(𝑠)]

𝑠=𝜃𝐷�̂�
−1�̂�
𝛼

𝑗

, (15)

whereL𝐼𝐷𝑗
is the Laplace transform of the interference 𝐼𝐷𝑗 :
L𝐼𝐷𝑗

(𝑠) ≜ Ψ (𝑠, �̂�𝑗) exp (−𝜆𝐷Υ (𝑠)) , (16)

where Ψ(𝑠, 𝑟) and Υ(𝑠) are already defined in (13) and (12),
respectively.

Proof. Refer to Appendix C.

Corollary 3. The Laplace transform in (16) is bounded by
L𝐼𝐷𝑗

(𝑠) ∈ [L𝑚𝑖𝑛
𝐼𝐷𝑗
(𝑠),L𝑚𝑎𝑥

𝐼𝐷𝑗
(𝑠)], where

L
(𝑚𝑖𝑛)
𝐼𝐷𝑗

(𝑠) ≜ 11 + 𝑠�̂� (�̃�𝑗 − �̂�𝑗)−1 exp (−𝜆Υ(𝑚𝑎𝑥) (𝑠)) ,
L

(𝑚𝑎𝑥)
𝐼𝐷𝑗

(𝑠) ≜ 11 + 𝑠�̂� (�̃�𝑗 + �̂�𝑗)−1 exp (−𝜆Υ(𝑚𝑖𝑛) (𝑠)) ,
(17)

with Υ(𝑚𝑖𝑛)(𝑠) and Υ(𝑚𝑎𝑥)(𝑠) already being given in [21, 28] as
follows:

Υ(𝑚𝑎𝑥) (𝑠) ≜ 2 (�̃� + �̂�) 𝜋2𝑠2/𝛼𝛼 sin (2𝜋/𝛼) ,
Υ(𝑚𝑖𝑛) (𝑠) ≜ (1 + 2𝛼) (�̂� + �̃�) 𝜋2𝑠2/𝛼𝛼 sin (2𝜋/𝛼) .

(18)

This corollary will help us in proving the interference
bound of success probability PRDsuc of RD hop; this can be done
by substitutingL𝐼𝐷𝑗

(𝑠) ∈ [Lmin
𝐼𝐷𝑗
(𝑠),Lmax

𝐼𝐷𝑗
] in (15).

2.5. Ergodic Capacity. The other performance measure is the
ergodic capacity; the goal of FD relay is to increase the
network capacity; for the relay served by source, the following
theorems give the outage probability (CDF of SINR) and the
SR hop capacity.

Theorem 4. The probability that 𝑆𝐼𝑁𝑅𝑅𝑗 falls below a given
target level 𝜃𝑅 is known as outage probability, which is the CDF
of 𝑆𝐼𝑁𝑅𝑅𝑗 of the SR hop denoted by𝑍𝑗(𝜃𝑅) = P{𝑆𝐼𝑁𝑅𝑅𝑗 ≤ 𝜃𝑅}
and given by

𝑍𝑅𝑗
(𝜃𝑅) = 1 − exp (−2𝜋𝜆𝑆) , (19)

and similarly for the RD hop

𝑍𝑅𝑗
(𝜃𝐷) = 1 − exp (−2𝜋𝜆𝑅) . (20)

Hence, the SR hop capacity can be shown as

𝐶𝑆𝑗𝑅𝑗
≜ 𝑁𝑟∑

𝑗=1

log (1 + 𝜃𝑅) 𝑃(𝑆𝑅)𝑠𝑢𝑐 (21)

and the RD hop capacity is

𝐶𝑅𝑗𝐷𝑗
≜ 𝑁𝑑∑

𝑗=1

log (1 + 𝜃𝐷) 𝑃(𝑅𝐷)𝑠𝑢𝑐 . (22)
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The total channel capacity is denoted by

𝐶 = min ((𝐶𝑆𝑗𝑅𝑗
) , (𝐶𝑅𝑗𝐷𝑗

)) . (23)

Proof. Refer to Appendix A.

For the single-antenna case, the following corollary shows
that the FD relay outperforms the HD relay in terms of
capacity.

Corollary 5. Consider the SR hop where relay and destination
nodes are having only single antenna 𝑁𝑟 = 𝑁𝑑 = 1. Letting𝑠 = 𝜃𝑅�̃�−1�̃�𝛼, the FD relay capacity is lower-bounded by𝐶𝑆𝑗𝑅𝑗

≜ 2(1 + 𝑠�̃�) exp (−𝜆𝑆Υ(𝑚𝑎𝑥) (𝑠)) 𝑁𝑟∑
𝑗=1

log (1 + 𝜃𝑅) ; (24)

on the other hand, the HD relay capacity is upper-bounded by

𝐶𝐻𝐷
𝑆𝑗𝑅𝑗

≜ exp(−𝜆𝑆�̃� 2𝜋2𝑠2/𝛼𝛼 sin (2𝜋/𝛼)) 𝑁𝑟∑
𝑗=1

log (1 + 𝜃𝑅) ; (25)

therefore,𝐶𝑆𝑗𝑅𝑗
≥ 𝐶𝐻𝐷

𝑆𝑗𝑅𝑗
as long as the following condition holds:

𝜆𝑆 ≤ 𝛼 sin (2𝜋/𝛼)2𝜋2𝑠2/𝛼 log2 ( 21 + 𝑠) . (26)

Proof. The proof is obtained by combining Corollary 3 and
Theorem 2.

It is evident that increasing the density 𝜆𝑆 beyond the
threshold does not compensate for the additional RSI, even if
we use twice the FD capacity; this is due to FD simultaneous
transmission and reception. Hence, the HD relay is optimal
in this case.

2.6. Minimum Throughput Gain. We demonstrate the feasi-
bility of FD relay over its counterpart, theHD relay, for the SR
hop capacity only, but similar approach can be applied to the
RD hop as well since the total capacity follows (23).We define
a performance metric called the minimum throughput gain,
which shows the worst case FD relay performance over HD
relay in terms of capacity as follows:

TGmin ≜ 𝐶𝑆𝑗𝑅𝑗𝐶HD
𝑆𝑗𝑅𝑗

. (27)

when TG > 1, the FD relay outperforms the HD relay.

3. Interference Cancellation

This section considers the interference cancellation at the
MIMO receiving nodes, that is, for SR hop at the relay and for
RD hop at the destination. We present a low complexity spa-
tial interference cancellation scheme known as partial zero
forcing (PZF) [29, 30]. During the SR hop and RD hop, PZF
can be applied at the relay anddestination to cancel𝐾 ≤ 𝑁𝑟−1
and 𝐿 ≤ 𝑁𝑑 − 1 interferences, respectively, while using the
remaining degree of freedom to boost the intended received
signal.

3.1. SR Hop: Canceling RSI and SRI. It is beneficial to increase
the capacity by canceling the interference (RSI and SRI)
from nearby nodes in an interference-limited scenario. Let us
denote the points of {𝑖, 𝑗} ∈ Φ, in an increasing order from the
source, that is, {�̃�𝑖 ≤ �̃�𝑖+1}∞𝑖=1; the relay applies PZF to cancel
its 𝐾 interference. From (3), the overall interference can be
rewritten as

𝐼𝑅𝑗 (𝐾) ≜ ∑
𝑗∈Φ
𝑗>𝐾

(�̃��̃�𝑗−𝛼 H𝑆𝑖𝐷𝑗

2) + (�̂� H𝑅𝑗

2) . (28)

For the SR hop, with PZF at the relay, the success
probability is given next.

Theorem 6. The success probability of the SR hop with PZF at
the relay is

𝑃(𝑆𝑅)𝑠𝑢𝑐 ≜ 𝑁𝑟−𝐾−1∑
𝑛=0

[(−𝑠)𝑛𝑛! 𝑑𝑛𝑑𝑠𝑛L𝐼𝑅𝑗
(𝑘) (𝑠)]

𝑠=𝜃𝑅�̃�
−1�̃�𝑗
𝛼
, (29)

whereL𝐼𝑅𝑗 (𝐾)
(𝑠) is the Laplace transform of the interferences:

L𝐼𝑅𝑗 (𝐾)
(𝑠) ≜ 1(1 + 𝑠�̃�)EΦ [[[[

∏
𝑗∈Φ
𝑗≤𝐾

11 + 𝑠�̃�𝑟−𝛼]]]]
. (30)

Proof. See Appendix A and follow similar steps to those in
[30].

3.2. RD Hop: Canceling SDI. It is beneficial to increase the
capacity by canceling the interference (SDI) from nearby
nodes in an interference limited scenario. Let us denote the
points of {𝑖, 𝑗} ∈ Φ, in an increasing order from the source,
that is, {�̂�𝑖 ≤ �̂�𝑖+1}∞𝑖=1; the destination applies PZF to cancel its𝐿 interference. From (6), the overall interference can be
rewritten as

𝐼𝐷𝑗 (𝐿) ≜ ∑
𝑗∈Φ
𝑗>𝐿

(�̂��̂�𝑗−𝛼 H𝑆𝑖𝐷𝑗

2) (31)

and its corresponding success probability is given below.

Theorem 7. The success probability of the RD hop with PZF at
the destination is

𝑃(𝑅𝐷)𝑠𝑢𝑐 ≜ 𝑁𝑑−𝐿−1∑
𝑛=0

[(−𝑠)𝑛𝑛! 𝑑𝑛𝑑𝑠𝑛L𝐼𝐷𝑗 (𝐿)
(𝑠)]

𝑠=𝜃𝐷�̂�
−1�̂�
𝛼

𝑗

, (32)

whereL𝐼𝐷𝑗 (𝐿)
(𝑠) is the Laplace transform of the interferences:

L𝐼𝐷𝑗 (𝐿)
(𝑠) ≜ 1(1 + 𝑠�̂�)EΦ [[[[

∏
𝑗∈Φ
𝑗≤𝐿

11 + 𝑠�̂�𝑟−𝛼]]]]
. (33)

Proof. See Appendix A and follow similar steps as those in
[30].
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Figure 4: Ergodic capacity versus SINR threshold for different relay
and destination transmitted and received antennas, respectively.

4. Numerical Results

Several Monte Carlo simulations are presented to validate
the proposed scheme and averaged over 10000 number of
channel realizations. Rayleigh fading assumption results in a
convenient coverage probability form in terms of the Laplace
transform of the interference, which is easier to characterize
than the probability density function of the interference [10].
The sources and relays are transmitting with �̃� = 1W and�̂� = 0.5W with their corresponding distances �̃� = 5m and�̂� = 0.5m, respectively. The SINR threshold is 𝜃 = 0 dB and
the path-loss exponent is 𝛼 = 2.3, with 100 destination nodes,
100 source nodes, and 100 relay nodes, with𝑁 = 8 interfering
source and relay nodes. We assume that, in this open-
access case, destinations (users) are able to connect to any
source (base station). Open access requirements often are not
satisfied, particularly deploying Wi-Fi in the multi-RAT
(radio access technology) femtocells network [31].

Figure 4 shows the ergodic capacity in (23) of𝑀𝑠 = 𝑁𝑟 =2,𝑀𝑟 = 𝑁𝑑 = 2 and𝑀𝑠 = 𝑁𝑟 = 2,𝑀𝑟 = 𝑁𝑑 = 4 and𝑀𝑠 =𝑁𝑟 = 2, 𝑀𝑟 = 𝑁𝑑 = 8, antenna configurations. From (21)
and (22) it is obvious that increasing the number of antennas
employed at the relay and destination adds a positive term to
the ergodic capacity; however, the total capacity is limited
by the weakest hop (23). It can be observed that the ergodic
capacity scales linearly with the number of antennas.

Figure 5 shows that the success probability in (7) increases
with increasing the number of transmitting antennas at the
source across the whole SINR. Deploying multiple antennas
at the relay allows reducing the effect of interference, hence
obtaining a substantial SINR gain. Figure 6 indicates that the
success probability decreases with an increase in the SINR
threshold. It compares the traditional grid model constituted
by a Voronoi tessellation (see Figure 3) to the random PPP
source model. Considering 𝑁 = 8 and 𝑁 = 24, it can be
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Figure 5: Success probability versus SINR threshold.
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Figure 6: Success probability comparison between our proposed
PPP source model and grid model with 𝑁 = 8 and 𝑁 = 24 and𝛼 = 4. No noise assumption is quite correct, and it can be observed
that the case with𝑁 = 24 is slightly lower than𝑁 = 8.
observed that the case of 𝑁 = 8 is almost overlapped with𝑁 = 24, for 𝛼 = 4. As expected, the grid model provides
high coverage area across the whole SINR. A small gap has
been observed when considering the SNR = 10 and SNR→ ∞, due to the noise effect in dense cellular networks,
which are known to be interference-limited. This validates
the assumption that the noise can be ignored in interference-
limited scenario.

Figure 7 presents a crucial issue in FD relay communi-
cations by evaluating the performance of multiple receive
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Figure 7: Comparison between FD and HD relay in the SR hop:
minimum throughput gain for different values of self-interference
attenuation with 𝜆 = 10−3 and 𝜃 = 0 dB.
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Figure 8: Success probability of the SR hop with interference
cancellation versus the density 𝜆 with 𝑀𝑠 = 𝑁𝑟 = 𝑀𝑟 = 2 and
SINR threshold 𝜃 = 0 dB for different schemes.

antennas in canceling the self-interference. The capacity gain
is plotted against the self-interference attenuation with 𝜃 =0 dB and 𝜆 = 10−3. We observed that TGmin > 1, even for
moderate self-interference attenuation values ≤4, ≤8, and≤10 dBs for 𝑁𝑟 = 𝑀𝑟 = 1, 𝑁𝑟 = 𝑀𝑟 = 2, and 𝑁𝑟 = 𝑀𝑟 = 4,
respectively.

For the SR hop, the relays are equipped with two receive
antennas 𝑁𝑟 = 2 and deploy PZF to cancel either the RSI or
the SRI. Figure 8 shows the success probability of the SR hop

against the density 𝜆 and compares it with the multiantenna
UDN model [30] and the grid model. Note that the grid
model is best suited for higher densities, whereas our pro-
posed model performs slightly better than the multiantenna
UDN model, due to the use of both antennas at source
and relay for array gain to exploit the MIMO capability in
boosting the intended received signal.

5. Conclusion

In a MIMO relay cellular network, RSI, SRI, and SDI will
likely be the main obstacle reducing the capacity. This paper,
however, developed a tractable model to analyze the success
probability and ergodic capacity expressions for the random
nodes, using tools from stochastic geometry. It is more
realistic than the grid-basedmodels and requires an extensive
comparison with real base station deployments to validate its
accuracy. We showed the effect of PZF in mitigating the
interferences including the self-interference to demonstrate
the feasibility of FD technology even for moderate values
of self-interference attenuation. Future work probably uses
this model extensively due to the interference modeling from
neighboring nodes.

Appendix

A.

Assume that the typical source is located at the origin o,
since the relay always chooses its nearest source to access; the
cumulative density function (CDF) of �̃�𝑗 is obtained by

P {�̃�𝑗 > 𝑅𝑗} = 1 − P {no source closer than 𝑅𝑗}
1 − 𝑒−𝜆𝑆𝜋𝑅2𝑗 . (A.1)

Then, the probability density function (PDF) of �̃�𝑗 is 𝑓(𝑅𝑗) =𝑒−𝜆𝑆𝜋�̃�𝑗22𝜋𝜆𝑆�̃�𝑗 as obtained SINR in (2). The CDF of SINR
regarding 𝐼𝑅𝑗 is given by

𝑍𝑅𝑗
(𝜃) = 1 − E [P {SINR𝑅𝑗 > 𝜃𝑅}]

= 1 − ∫∞

0
2𝜋𝜆𝑆�̃�𝑗𝑒−𝜋𝜆𝑆�̃�2𝑗P{{{{{

�̃��̃�−𝛼𝑗 H𝑆𝑗𝑅𝑗

2𝐼𝑅𝑗 + 𝜎2𝑗
> 𝜃𝑅}}}}}𝑑�̃�𝑗

= 1 − ∫∞

0
2𝜋𝜆𝑆�̃�𝑗𝑒−𝜋𝜆𝑆�̃�2𝑗P{{{

H𝑆𝑗𝑅𝑗

2

> 𝜃𝑅�̃�𝛼𝑗�̃� (𝐼𝑅𝑗 + 𝜎2𝑅𝑗)}}}𝑑�̃�𝑗.

(A.2)



Wireless Communications and Mobile Computing 9

Using the fact that |H𝑆𝑗𝑅𝑗
|2 = ∑𝑀𝑠

𝑗=1 |ℎ𝑆𝑗𝑅𝑗 |2 with ℎ ∼ exp(1)
simplifies to

= 1 − ∫∞

0
2𝜋𝜆𝑆�̃�𝑗𝑒−𝜋𝜆𝑆�̃�2𝑗E {𝑒−(𝜃�̃�𝑗−𝛼/�̃�)(𝐼𝑅𝑗+𝜎2𝑅𝑗 )} 𝑑�̃�𝑗

= 1 − ∫∞

0
2𝜋𝜆𝑆�̃�𝑗𝑒−𝜋𝜆𝑆�̃�2𝑗−(𝜃𝑅�̃�𝑗−𝛼𝜎2𝑅𝑗 /�̃�)L𝑅𝑗

(𝜃𝑅�̃�𝛼𝑗�̃� ) 𝑑�̃�𝑗. (A.3)

Now, Let us evaluate the Laplace transform for the interfer-
enceL𝑅𝑗

(𝑠) building on the fact that the typical relay is served
by the nearest source with distance �̃�𝑗. Firstly, the Laplace
transform of the interference of relay can be obtained by
following the same steps as in [10, Page 125]:

L𝐼𝑅𝑗
(𝑠) = E

{{{exp(−𝑠 �̂�𝑁𝑟

∑
𝑖∈Φ\{𝑗}

H𝑅𝑗

2)}}} . (A.4)

Using the fact that |H𝑅𝑗
|2 = ∑𝑀𝑟

𝑗=1 |ℎ𝑅𝑗 |2 with ℎ ∼ exp(1)
simplifies to

= E( ∏
{𝑖}∈Φ\{𝑗}

E𝑔𝑗 {exp(−𝑠 𝜌𝑁𝑟

𝑔𝑗)})
= E( ∏

{𝑖}∈Φ\{𝑗}

11 + (𝑠 (�̂�/𝑁𝑟))) .
(A.5)

Applying the probability generating functional of PPPΦwith
intensity 𝜆 for function V(𝑥) [32]:

E [Π𝑥∈ΦV (𝑥)] = exp (−𝜆∫
R2
(1 − V (𝑥)) 𝑑𝑥) . (A.6)

Applying the probability generating function toL𝐼𝑅𝑗
yields

= exp(−2𝜋𝜆𝑆 ∫∞

�̃�
(1 − 11 + (𝑠𝑥)) 𝑥 𝑑𝑥) (A.7)

L𝐼𝑅𝑗
= exp(−2𝜋𝜆𝑆 ∫∞

�̃�
(1 − 11 + ((𝜃𝑅�̃�𝛼𝑗 /�̃�) 𝑥))

⋅ 𝑥 𝑑𝑥)
(A.8)

L𝐼𝐷𝑗
= exp−(2𝜋𝜆𝑅 ∫∞

�̂�
(1 − 11 + ((𝜃𝐷�̂�𝛼𝑗 /�̂�) 𝑥))

⋅ 𝑥 𝑑𝑥) .
(A.9)

Plugging (A.8) into (A.3) and assuming that the distance
between �̃�𝑗 and �̂�𝑗 is fixed, (19) and (20) are proven.

B.

Let us define 𝑓𝐼𝑅𝑗 (𝑡) = 𝑑P(𝐼𝑅𝑗 ≤ 𝑡) as the PDF of 𝐼𝑅𝑗 . The
integration of 𝑓𝐼𝑅𝑗 (𝑡) using the CCDF 𝐹𝑐SR(𝑡) transforms it as

𝑔 (𝑠) = ∫∞

0
𝐹𝑐SR (𝑠𝑡) 𝑓𝐼𝑅𝑗 (𝑡) 𝑑𝑡. (B.1)

Note that the power of desired signal is distributed as|H𝑆𝑗𝑅𝑗
|2 ∼ 𝜒22𝑁𝑟 ; the probability of success is given by

P (SINR𝑅𝑗 ≥ 𝜃𝑅) = P(H𝑆𝑗𝑅𝑗

2 ≥ 𝜃𝑅�̃�−1�̃�𝛼𝐼𝑅𝑗)
= ∫∞

0
𝐹𝑐SR (𝑠𝑡) 𝑓𝐼𝑅𝑗 (𝑡) 𝑑𝑡= 𝑔 (𝑠)𝑠=𝜃𝑅�̃�−1�̃�𝛼 .

(B.2)

Assume that 𝐹𝑐SR(𝑡) = 𝑒−𝑡 and, using Laplace transform, the
success probability can be expressed using the transformation
of 𝑓𝐼𝑅𝑗 (𝑡):

𝑔 (𝑠) = ∫∞

0
𝐹𝑐SR (𝑠𝑡) 𝑓𝐼𝑅𝑗 (𝑡) 𝑑𝑡 = L {𝑓𝐼𝑅𝑗 (𝑡)} (𝑠)=L𝐼𝑅𝑗
(𝑠) . (B.3)

Finally, using the CCDF 𝐹𝑐SR(𝑡) = ∑𝑛 𝑒−𝑛𝑡∑𝑗 𝑎𝑛𝑡𝑗, the
transformation of 𝑓𝐼𝑅𝑗 (𝑡) is given by

𝑔 (𝑠) = ∫∞

0
𝐹𝑐SR (𝑠𝑡) 𝑓𝐼𝑅𝑗 (𝑡) 𝑑𝑡

= ∫∞

0
(∑

𝑛

𝑒−𝑛𝑠𝑡∑
𝑗

𝑎𝑛𝑗 (𝑠𝑡)𝑗)𝑓𝐼𝑅𝑗 (𝑡) 𝑑𝑡
(B.4)

= ∑
𝑛

∑
𝑗

𝑎𝑛𝑗𝑠𝑗 (∫∞

0
𝑒−𝑛𝑡𝑡𝑗𝑓𝐼𝑅𝑗 (𝑡) 𝑑𝑡) (B.5)

= ∑
𝑛

∑
𝑗

𝑎𝑛𝑗𝑠𝑗L {𝑡𝑗𝑓𝐼𝑅𝑗 (𝑡)} (𝑛𝑠) (B.6)

= ∑
𝑛

∑
𝑗

[𝑎𝑛𝑗 (−𝑠)𝑗 𝑑𝑗𝑑 (𝑛𝑠)𝑗L𝐼𝑅𝑗
(𝑛𝑠)] (B.7)

= ∑
𝑛

∑
𝑗

[𝑎𝑛𝑗 (− 𝑠𝑛)𝑗 𝑑𝑗𝑑 (𝑛𝑠)𝑗L𝐼𝑅𝑗
(𝑛𝑠)]

𝑛𝑠=𝑛𝜃�̃�−1�̃�
𝛼
, (B.8)

where (B.6) is obtained by using Laplace transform property𝑡𝑛𝑓(𝑡) ←→ (−1)𝑛(𝑑𝑛/𝑑𝑠𝑛)L[𝑓(𝑡)](𝑠). Apply the moment-
generating function of 𝑥2 and Gamma distribution to [211,
Theorem 1] to reach (11).

C.

The success probability of the RD hop is shown as follows:

P (SINR𝐷𝑗 ≥ 𝜃𝐷) = P(H𝑅𝑗𝐷𝑗

2 ≥ 𝜃𝐷�̂�−1�̂�𝛼𝑗 𝐼𝐷𝑗) , (C.1)
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where 𝐼𝐷𝑗 is defined in (6).The desired signal is distributed as|H𝑅𝑗𝐷𝑗
|2 ∼ 𝜒22𝑀𝑟 ; the proof of (15) is similar toTheorem 1. On

the other hand, again we use the moment-generating func-
tion of 𝜒22 distribution to provide the Laplace transform of𝐼𝐷𝑗 [10, Page 125] and resort to

L𝐼𝐷𝑗
(𝑠)

= E( ∏
{𝑖,𝑗}∈Φ

E{exp(−𝑠 �̂�𝑁𝑑

�̂�−𝛼 H𝑅𝑗𝐷𝑗

2)}) . (C.2)

Hence, we prove (16).
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Rendezvous is a prerequisite and important process for secondary users (SUs) to establish data communications in cognitive radio
networks (CRNs). Recently, there has been a proliferation of different channel hopping- (CH-) based schemes that can provide
rendezvous without relying on any predetermined common control channel. However, the existing CH schemes were designed
with omnidirectional antennas which can degrade their rendezvous performance when applied in CRNs that are highly crowded
with primary users (PUs). In such networks, the large number of PUs may lead to the inexistence of any common available channel
betweenneighboring SUswhich result in a failure of their rendezvous process. In this paper, we consider the utilization of directional
antennas in CRNs for tackling the issue. Firstly, we propose two coprimality-based sector hopping (SH) schemes that can provide
efficient pairwise sector rendezvous in directional antennaCRNs (DIR-CRNs).Then, we propose an efficient CH scheme that can be
combined within the SH schemes for providing a simultaneous sector and channel rendezvous. The guaranteed rendezvous of our
schemes are proven by deriving the theoretical upper bounds of their rendezvous delay metrics. Furthermore, extensive simulation
comparisons with other related rendezvous schemes are conducted to illustrate the significant outperformance of our schemes.

1. Introduction

The inefficiency of radio spectrum utilization due to the
fixed assignment of spectrum bands, coupled with the huge
increase in the number of wireless devices recently, leads
to the emerging of cognitive radios (CRs). CRs have been
introduced as an efficient solution for the spectrum scarcity
issue. They allow unlicensed users, also known as secondary
users (SUs), to opportunistically use licensed bands as long
as this use does not create any interference to the bands
licensed users, that is, primary users (PUs). In distributed
CRNs, SUs need to meet each other on a common channel
and exchange control messages in order to set up their
data transmissions [1]. This operation is called rendezvous,
which is a fundamental and a vital process for initiating the
connection of the SUs data communications.

The use of a dedicated common control channel (CCC)
is one widely adopted rendezvous approach in the literature
[2–6]. Although this approach can simplify the rendezvous
process, it hasmanydrawbacks such as theCCC susceptibility
to long-time blocking by PUs, early saturation by SUs, or jam-
ming by attackers [7, 8]. Moreover, the spectrum heterogene-
ity among SUs, caused by the spatial and temporal variations
of the spectrum opportunities (influenced by neighboring
PU activities), makes this approach not practical. Therefore,
channel hopping (CH) has been proposed as an alternative
approach for rendezvous without the need for any predefined
CCC. The existing CH-based rendezvous schemes were
designedwith omnidirectional antenna according to different
mathematical structures (e.g., [9–18]) in order to provide a
successful channel rendezvous between a pair of single-hop
SUs. In the CH approach, each SU generates its CH sequence
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based on the available channels that are sensed to be idle from
any PU activities within its omnidirectional range. Then,
the SU keeps hopping over the channels according to the
generated CH sequence for achieving channel rendezvous.
The rendezvous occurs between a pair of communicating SUs
when they hop during the same time slot over a channel
that is commonly available for both of them.The existence of
common available channels (at least one) between the pair of
communicating SUs is a common and essential assumption
made by all the existing CH schemes. Their designs rely
mainly on this assumption to take place for ensuring the
success of the rendezvous operation. However, none of the
existing CH rendezvous designs were tailored for high-
density PU networks, where the number of active PUs in the
network is larger than the number of the channels. In such
networks, the channel availabilities may vary dramatically
among the SUswithin the single-hop rendezvous region itself.
This can lead to the inexistence of any common available
channel between a pair of SUs and hence the failure of the
rendezvous process.

One approach to overcome this serious rendezvous prob-
lem is using directional antennas instead of the convention-
ally used omnidirectional ones [19]. Directional antennas
have been utilized in emerging wireless networks such as
the millimeter-wave (MMW) networks for providing highly
reliable transmission and multi-Gigabit data rates. This is
mainly due to their capabilities in enlarging the transmission
range and limiting the interference [20, 21]. However, In
CRNs, equipping SUs with directional antennas for channel
rendezvous can bring about many advantages. First of all, it
allows SUs to transmit their rendezvous messages towards
specific directions which can reduce the amount of inter-
ference to the PUs in the network as compared with the
omnidirectional antennas.This is because the transmission of
the SU that is equipped with directional antenna is directed
to a particular region which can only cause interference
to those PUs that are within this region. On the contrary,
when using the omnidirectional antennas, the transmission
of the SU is scattered towards all the directions. Thus, it can
cause interference to all the surrounding PUs within the SU
transmission range. Second, as related to the interference
restriction imposed by the CR concept, SUs can use only the
channels that are idle from any PU activities within their
transmission range. According to that and due to its directed
transmission range, using directional antenna will increase
the number of available channels that can be utilized by the
SU in each of its transmission sectors. As a consequence,
the probability for any pair of neighbouring SUs to have
at least a common available channel within their crossed
sectors is high regardless of the number of PUs in the CRN.
Note that, in omnidirectional antennas, this probability could
be less than 0.1 for some scenarios when the number of
PUs is larger than the network channels [19]. Increasing the
probability of existing common available channel between
the SUswill significantly enhance the probability of successful
channel rendezvous. Therefore, in this paper, we study the
rendezvous problem in directional antenna CRNs where SUs
are equipped with directional antennas.

While the use of directional antennas for channel ren-
dezvous in CRNs can bring about the above-mentioned
advantages, it also imposes some unique challenges. Among
these challenges is the sector rendezvous which must be
achieved in advance between the pair of communicating SUs
before they can achieve channel rendezvous. Specifically, the
SUs need to steer their antennas towards each other in order
to communicate over their commonly available channels.
This necessitates the design of a deterministic sector hopping
(SH) scheme that can guarantee that any pair of neighbouring
SUs will steer their antennas to the proper directions (i.e.,
towards each other) at a certain time instance. So, when the
SH scheme is combined with a suitable and deterministic
CH scheme, SUs can achieve successful sector and channel
rendezvous simultaneously within a bounded time. However,
since the SUs do not know the relative locations of each other
as well as the available channels before they rendezvous, the
combined sector and channel hopping (SCH) scheme should
be designed in fully distributed manner without any prior
information or synchronization. Designing such combined
SCH schemes for achieving rendezvous in DIR-CRNs is
intuitivelymore challenging as compared with the traditional
omnidirectional antenna paradigm.

In spite of the existing research in the literature, there have
been some papers that addressed the utilization of directional
antennas in CRNs. However, most of the proposed works
investigated issues other than the rendezvous issue such as
sensing [22, 23], routing [24, 25], and connectivity [26, 27].
To the best of our knowledge, the works in [19, 28] are the
only proposals that tackle the sector and channel rendezvous
issue in DIR-CRNS. In [19], an efficient framework for
beamforming was proposed to provide a pairwise sector and
channel rendezvous in DIR-CRNs. However, the SH scheme
in [19] is not a blind design, where it assumes that the receiver
must have prior knowledge of the sender number of sectors
in order to achieve a successful sector rendezvous. This is
not practical, since SUs do not know any information about
each other before they rendezvous. On the other hand, Li and
Xie in [28] proposed a blind prime-based SH scheme, where
the number of sectors is adjusted to primes for achieving
a guaranteed sector rendezvous. However, since the scheme
relies on the coprimality between prime numbers only, the
authors added an initiating rotated SH sequence on the
sender side.This is in order to ensure a successful rendezvous
with the receiver when the sender and the receiver construct
their sequences with the same prime. Accordingly, the extra
sequence overhead incurs extensively long sector rendezvous
latency and hence a long time-to-rendezvous (TTR) will
result when the SH is combined with a CH sequence.
Furthermore, the SH schemes in [19, 28] are designed only for
asymmetric-role environment, where SUs have preassigned
role (i.e., SU is either a sender or receiver). However, this
design limits the applications of the schemes; for example,
SUs cannot work as a forwarder (i.e., receive packets from
one SU and then forward them to another SU) due to the
permanent role assignment [29]. Another drawback of these
works is their limitations to provide a complete solution
for combining the SH scheme with a suitable and efficient
CH scheme which consider the unique traits of DIR-CRNs.
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They claimed that their SH schemes can work on top of
any existing deterministic CH schemes which were designed
for the omnidirectional antennas paradigm. However, the
combined CH scheme must be designed appropriately by
taking into account the unique traits of DIR-CRNs such as
the channels’ qualities in the different sectors.

In this paper, we propose efficient schemes for achieving
rendezvous in DIR-CRNs. The main contributions of this
paper are summarized as follows:

(i) We propose two asymmetric- and symmetric-role
coprimality-based SH schemes, called PES-SH and
IPES-SH, for pairwise sector rendezvous in DIR-
CRNs.

(ii) We combined our SH schemes with an efficient grid-
quorum-based CH scheme, where the CH sequences
are generated based on the best-quality channels in
the sectors. The combined SCH schemes will provide
guaranteed sector and channel rendezvous between
the pair of SUs.

(iii) We derive the upper bound of the rendezvous delay
metrics for all of our schemes. Also, we conduct
extensive simulations to study their performance
under various network settings and compare them
with the related existing works in [19, 28, 30].

The rest of this paper is organized as follows. The system
model and problem formulation are presented in Section 2.
The design and theoretical analysis of the proposed SH
schemes are presented in Sections 3 and 4. In Section 5, we
present the combined sector and channel hopping schemes.
Using simulations, in Section 6, we evaluate the performance
of our proposed schemes and compare their performance
with other comparable schemes. Finally, we conclude the
paper in Section 7.

2. Models and Problem Definition

In this section, we present the system model and rendezvous
problem definition in DIR-CRNs.

2.1. System Model. We consider a CRN consisting of 𝐾 SUs
that coexist with several PUs in an𝑤×𝑤 area.There are totally
𝐿 primary channels which can be accessed opportunistically
by the SUs in order to communicate with each other. Each SU
𝑖 ∈ 𝐾 is equipped with a directional antenna with beamwidth
𝜃𝑖 (0 < 𝜃𝑖 < 2𝜋). Accordingly, the 2𝜋 communication range
of the SU 𝑖 is divided into 𝑁𝑖 = (2𝜋/𝜃𝑖) nonoverlapping
sectors that are indexed from 1 to𝑁𝑖. However, the number of
sectors and the orientation of the sector indexing (i.e., either
clockwise or anticlockwise) by each SUmay be different from
the others (see Figure 1).This is a very practical issue because
each SU will configure its sectors based only on its own view
to the surrounding environment. Each SU can transmit over
any of its transmission sectors as long as it does not make any
interference to any active PU transmission. Accordingly, we
assume that the transmission sectors are also used as sensing
sectors by which every SU can sense the appearance of the
active PUs within them.Thus, the SU can obtain the channel

availability information per each sector. We consider a time-
slotted communication, where time is divided into discrete
slots that have fixed and equal durations. During each time
slot, we assume that a SU can only transmit in one sector over
a single channel.

2.2. Definitions of Sector and Channel Rendezvous. In this
paper, we mainly focus on the pairwise sector and channel
rendezvous between any pair of SUs in a DIR-CRN. Firstly,
we define the sector rendezvous problem as follows.

2.2.1.The Sector Rendezvous Problem. For any two neighbour
SUs (say SU𝑖 and SU𝑗) that are equipped with directional
antennas and want to communicate with each other, assume
that SU𝑖 is located in the sector ℎ𝑗 ∈ [1,𝑁𝑗] of SU𝑗 and
SU𝑗 is situated in the sector ℎ𝑖 ∈ [1,𝑁𝑖] of SU𝑖. The pair of
the sectors (ℎ𝑖, ℎ𝑗) is called the sector rendezvous pair. SUs
are said to achieve a successful sector rendezvous if and only
if they steer their antennas towards each other, where their
transmission sectors can cover each other. Formally, let 𝑆𝑖 =
{𝑆0𝑖 , 𝑆

1
𝑖 , . . . , 𝑆

𝑇𝑖
𝑖 } and 𝑆𝑗 = {𝑆0𝑗 , 𝑆

1
𝑗 , . . . , 𝑆

𝑇𝑗
𝑗 } denote the sector

hopping sequences for SU𝑖 and SU𝑗, with periods 𝑇𝑖 and 𝑇𝑗,
respectively. Also let 𝛿 denote the clock drift between SU𝑖

and SU𝑗 in the asynchronous scenario.The sector rendezvous
problem can be formulated as follows:

If ∀𝛿, ∀𝑁𝑖, 𝑁𝑗, ∃𝑡 ∈ [0, 𝑇𝑖𝑇𝑗 − 1], s.t, (𝑆𝑡𝑖 = ℎ𝑖 and
𝑆𝑡+𝛿𝑗 = ℎ𝑗), then the sector rendezvous is achieved
over the sector rendezvous pair (ℎ𝑖, ℎ𝑗).

2.2.2. The Sector and Channel Rendezvous Problem. When
a SU steers its directional antenna to each sector of its
transmission sectors, it performs CH over the available
channels within the sector according to a CH sequence.
This is in order to attempt channel rendezvous with another
SU over a commonly available channel between them. The
combined CH scheme should be designed in such a way that
guarantees a successful channel rendezvous within bounded
time whenever the communicating SUs already achieved a
successful sector rendezvous. During the current sector, if the
SU does not achieve channel rendezvous with its intended
communicating SU within the bounded time slots, it then
steers its antenna to the next sector of its SH sequence and
executes the CH scheme based on the available channels
within this sector.

One approach to view the problem is to look at it in
a hierarchical way, in which time is divided into frames,
where the SU tunes its antenna to one sector during each
frame. In other words, the SH is implemented on the frame
scale. Then, each frame is divided into number of time slots,
where the combined CH sequence is executed (i.e., the CH
is implemented on the time slot scale). The main goal of this
paper is to design deterministic combined SCH scheme so as
to tackle the sector and channel rendezvous problem.

2.2.3. Metrics. The proposed SH schemes as well as the
combined SCH schemes will be evaluated according to the
following metrics:
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Figure 1: Examples of directional antenna configurations in two pairs of communicating SUs: (a) SU𝑋 and SU𝑌 divide their transmission
range into𝑁𝑋 = 5 and𝑁𝑌 = 4 sectors; the rendezvous sector pair is (2, 3). (b) SU𝑉 and SU𝑍 divide range into𝑁V = 4 and𝑁𝑧 = 3 sectors; the
rendezvous sector pair is (4, 1).

(i) Sector rendezvous latency (SRL): it is defined as the
required latency (in number of sector frames) for a
pair of SUs to achieve sector rendezvous.We consider
the maximum and average latency (MSRL/ASRL).
MSRL is defined as the upper bound of the SRL
between the SUs for all the possible clock drifts
between them

(ii) Time-to-rendezvous (TTR): it is defined as the
required time (in number of time slots) for a pair of
SUs to achieve sector and channel rendezvous simul-
taneously. Maximum and average time-to-rendez-
vous (MTTR/ATTR) are considered. MTTR means
the required time for a guaranteed rendezvous even
in the worst case.

3. Prime- and Even-Based Sequences Sector
Hopping (PES-SH) Scheme

In this section, we propose an asymmetric-role SH scheme,
called prime- and even-based sequences sector hopping
(PES-SH) scheme, and then we analyze its theoretical perfor-
mance.

3.1. Scheme Design. For ensuring a successful sector ren-
dezvous between a pair of communicating SUs, the key for the
deterministic design of our PES-SH scheme is to construct
two SH sequences based on two coprime numbers. However,
the coprimality is maintained between a pair of prime
and even numbers that are relatively prime (i.e., coprime).
In our PES-SH scheme, we assume that 𝑁max is a global
variable known by all SUs, which indicates the maximum
number of sectors by which any SU is allowed to divide its
omnidirectional 2𝜋 transmission range. The value of𝑁max is
obtained based on the number of channels in the network; for
example, for 𝐿 number of channels, the value of 𝑁max could
be 2 × 𝐿. Accordingly, we consider two avoided sets:

(1) The Avoided Prime Set (APS) which contains the
primes {2, 3}

(2) The Avoided Even Set (AES) which contains any even
number in the range [2, 𝑃max], such that this even
number is dividable by any prime number in the
range [5, 𝑃max].𝑃max is the smallest primenot less than
𝑁max. For example, if𝑁max = 20, then 𝑃max = 23 and
hence AES = {10, 14, 20, 22}

TheAPS and AES sets are avoided by the sender and receiver,
respectively, when they construct their SH sequences. With-
out loss of generality, assume that sender and receiver have
𝑁𝑠 and 𝑁𝑟 antenna sectors, respectively, where 𝑁𝑠, 𝑁𝑟 ∈
[1,𝑁max]. The main idea for the rendezvous of our PES-SH
scheme is to let one SU (sender) adjust the number of its
sectors to be the smallest prime number greater than𝑁𝑠. On
the other hand, the other SU (receiver) adjusts the number
of its sectors to the smallest even number which is not
smaller than𝑁𝑟 and not in theAES. Accordingly, the adjusted
prime number of sectors for the sender and the adjusted
even number of sectors for the receiver are guaranteed to be
relatively prime.

Algorithms 1 and 2 are used by the sender and receiver,
respectively, to construct each round of their SH sequences.
The generating steps of the PES-SH sequences are as follows.

3.1.1. Sender Sequence in PES-SH. When a SU has data to
transmit, it serves as a sender and hence generates a prime-
based (PS-SH) sequence as follows. First, given the sector
set 𝑆 = {1, . . . , 𝑁𝑠}, randomly select a starting sector index
𝑖 ∈ [1,𝑁𝑠] and rotate 𝑆 circularly starting from 𝑖 as 𝑆 =
rotate(𝑆, 𝑖 − 1). Second, adjust 𝑁𝑠 to be the smallest prime
number 𝑃𝑠 which is not smaller than𝑁𝑠 and is not in the APS
set (i.e., 𝑃𝑠 should be 5 when 𝑁𝑠 < 5). Third, construct each
round of the PS sequence which has a length equal to 𝑃𝑆 as
follows: the 𝑘th sector index of the PS round is 𝑆(𝑘) if 𝑘 ≤ 𝑁𝑠;
otherwise the 𝑘th sector is selected randomly form 𝑆 when
𝑘 > 𝑁𝑠. The sender will keep steering its antenna according
to the PS sequence until it achieves sector rendezvous with its
intended receiver.

Consider the cases for the sender SUs𝑋 and𝑉 in Figure 1;
SU 𝑋 in Figure 1(a) has a prime number of sectors 𝑁𝑥 = 5,
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Input:𝑁𝑠, 𝑆𝑠.
Output: a round 𝜔 of the PS sequence for the sender 𝑠.
(1) Find the smallest prime (𝑃𝑠 > 3) that is not smaller

than𝑁𝑠.
(2) for 𝑡 = 0 : 𝑃𝑠 − 1 do
(3) if ((𝑡mod𝑃𝑠) < 𝑁𝑠) then
(4) 𝜔𝑠(𝑡) = 𝑆𝑠(𝑡 + 1).
(5) else
(6) 𝑟 is a random number ∈ [1,𝑁𝑠]
(7) 𝜔𝑠(𝑡) = 𝑆𝑠(𝑟).
(8) end if
(9) end for
(10) return 𝜔𝑠.

Algorithm 1: The sender SH generation algorithm (PS-SH).

Input:𝑁𝑟, 𝑆𝑟, AES.
Output: a round 𝛾 of the ES-SH sequence for the receiver 𝑟.
(1) Find (𝐸𝑟 : 𝐸𝑟 ∉ AES) as the smallest even number that

is not smaller than𝑁𝑟.
(2) for 𝑡 = 0 : 𝐸𝑟 − 1 do
(3) if ((𝑡mod𝐸𝑟) < 𝑁𝑟) then
(4) 𝛾𝑟(𝑡) = 𝑆𝑟(𝑡 + 1).
(5) else
(6) 𝑟 is a random number ∈ [1,𝑁𝑟]
(7) 𝛾𝑟(𝑡) = 𝑆𝑟(𝑟).
(8) end if
(9) end for
(10) return 𝛾𝑟.

Algorithm 2: The receiver SH generation algorithm (ES-SH).

where 𝑆𝑥 = {1, 2, . . . , 5} is not rotated. Then the first round
of the PS𝑋 SH sequence with a length 5 is [1 2 3 4 5]. This
round is repeated many times, where SU𝑋 continues steering
its directional antenna into its sectors as shown in Figure 2(a)
to achieve sector rendezvous with its receiver SU𝑌. On the
other hand, the sender SU𝑉 in Figure 1(b) has𝑁𝑉 = 4 number
of sectors, so it selects 𝑃𝑉 = 5 as the smallest prime which
is larger than 𝑁𝑉. 𝑆𝑉 is rotated to start from 3 and hence
𝑆V = {3, 4, 2, 1}. Then the first round of the PS𝑉 SH sequence
which has adjusted length equal to 𝑃V = 5 is [3 4 2 1 𝑟],
where 𝑟 indicates a randomly selected sector from 𝑆𝑉. The
PS𝑉 SH sequence is constructed as many rounds as shown
in Figure 2(b), where SU𝑉 keeps hopping on its sectors to
achieve sector rendezvous with the receiver SU𝑍.

3.1.2. Receiver Sequence in PES-SH. If a SU has nothing to
transmit, it serves as a receiver and generates an even-based
(ES-SH) sequence as follows. First, randomly select a starting
sector index 𝑗 ∈ [1,𝑁𝑟] and circularly rotate the sector set
𝑆 = {1, . . . , 𝑁𝑟} starting from 𝑗 as 𝑆 = rotate(𝑆, 𝑗 − 1). Second,
adjust 𝑁𝑟 to be the smallest even number 𝐸𝑟 which is not
smaller than 𝑁𝑟 and is not in the Avoided Even Set (AES).
Finally, construct each round of the ES sequence which has a

length equal to 𝐸𝑟 as follows: the 𝑘th sector index of the ES-
SH round is 𝑆(𝑘) if 𝑘 ≤ 𝑁𝑟; otherwise the 𝑘th sector is selected
randomly form 𝑆.

Consider the receiver SU𝑌 in Figure 1(a) which has an
even number of sectors𝑁𝑌 = 4 which is not in AES and does
not rotate its 𝑆𝑌 set. The round of the ES𝑌 SH sequence with
a length 4 is [1 2 3 4]. This round is repeated many times by
SU𝑌 in order to be paired by a sender as shown in Figure 2(a).
On the other hand, the receiver SU𝑍 in Figure 1(b) has𝑁𝑍 = 3
sectors; hence it finds 𝐸𝑍 = 4 as the smallest even number
larger than𝑁𝑍 and not inAES. SU𝑍 rotates its 𝑆𝑍 to start from
sector 2 and hence 𝑆𝑉 = {2, 3, 1}. Accordingly, a round of the
ES𝑍 SH sequencewith a length adjusted to𝐸𝑧 = 4 is [2 3 1 𝑟],
where 𝑟 is a randomly selected sector from 𝑆𝑧. The ES𝑍 SH
sequence is constructed in rounds as shown in Figure 2(b).

3.2. Scheme Analysis. In this subsection, we study the theo-
retical performance of the PES-SH, where theMSRL between
any two arbitrary SUs performing the PES-SH is derived.

�eorem 1. The MSRL under the PES-SH scheme is (𝑃𝑠𝐸𝑟),
where 𝑃𝑠 and 𝐸𝑟 denote the adjusted prime and even numbers
of the sectors for the sender and receiver SUs, respectively.

Proof. Suppose that the sector rendezvous pair is (ℎ𝑠, ℎ𝑟) ∈
{1, 2, . . . , 𝑁𝑠} × {1, 2, . . . , 𝑁𝑟}, where × here indicates the
Cartesian product of the two SUs sectors sets. Without loss of
generality, we assume that 𝑃𝑠 < 𝐸𝑟. Also, we assume that the
receiver SU𝑟 starts its SH sequence with 𝛿 sector slots earlier
than the start of the sender SU𝑠. Accordingly, in each PS-SH
period of SU𝑠, the ES-SH sequence of SU𝑟 is rotate(ES𝑟, 𝛿).
In the first round of the SH, when the sender SU𝑠 is on its
ℎ𝑠 sector, the receiver SU𝑟 is on the (𝑢1 = 𝑢0 mod 𝐸𝑟 + 1)
sector, where 1 ≤ 𝑢0 ≤ 𝑁𝑟. During the subsequent 𝐸𝑟 − 1
rounds, while the sender SU is on its ℎ𝑠 sector, the receiver
SU𝑟 must be sequentially on 𝑢2 = ((𝑢0 +𝑃𝑠)mod𝐸𝑟 +1), 𝑢3 =
((𝑢0+2𝑃𝑠)mod𝐸𝑟+1), . . . , 𝑢𝐸𝑟 = ((𝑢0+(𝐸𝑟−1)𝑃𝑠)mod𝐸𝑟+1).
As 𝑃𝑠 and 𝐸𝑟 are relatively prime, it can be easily proven
with the help of the Chinese Reminder Theorem [31] that
these 𝑢1, 𝑢2, . . . , 𝑢𝐸𝑟 sectors where the receiver resides in the
𝐸𝑟 rounds are all different. Hence, there must exist a sector
among themwhich is equal to ℎ𝑟. According to that and since
every round of the PS-SH contains 𝑃𝑠 sector hops, the SRL
required to guarantee a sector rendezvous is upper bound by
𝑃𝑠𝐸𝑟.

4. Interleaved Prime- and
Even-Based Sequences Sector
Hopping (IPES-SH) Scheme

In the previous section, the PES-SH scheme was designed
using the asymmetric approach which requires that each SU
have a preassigned role as either a sender or a receiver. In
this section, we introduce our interleaved prime- and even-
based sequences (IPES-SH) scheme, which is symmetric (i.e.,
no preassigned role assumption).

4.1. Scheme Design. In our symmetric IPES-SH scheme,
every SU generates its SH sequence with the help of a binary
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(a) Sector rendezvous between the sender 𝑋 and the receiver 𝑌 on the rendezvous sector pair (2, 3)
for the cases when 𝑌 starts its SH with 𝑖 slots later than𝑋, where 𝑖 ∈ [0, . . . , (𝑃𝑋 − 1)]

3 4 1 2 r 3 4 1 2 r 3 4 1 2 r 3 4 1 2 r
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ESZ,−2

ESZ,−3

ESZ SH (Rx)

PSV SH (Tx)

(b) Sector rendezvous between the sender 𝑉 and the receiver 𝑍 on the rendezvous sector pair
(4, 1) for the cases when 𝑍 starts SH with 𝑖 slots earlier, where 𝑖 ∈ [0, . . . , (𝐸𝑍 − 1)]

Figure 2: Successful synchronous and asynchronous sector rendezvous for the two pairs of communicating SUs in Figure 1.

bit sequence such as its globally unique ID. The SH sequence
is constructed as an interleaved sequence of several PS and ES
SH sequences through a two-step approach. Firstly, each SU
transforms its unique ID according to a certain design into
another ID sequence so that it is cyclically unique; that is, the
resulting ID sequences of any two SUs are cyclic rotationally
distinct to each other. Secondly, the SU replaces any bit of
1 (or 0) in its new ID sequence with a PS-based (or ES-
based) SH sequence. Accordingly, for any pair of SUs, the
cyclic uniqueness property will guarantee the existence of
some time instances, where the two SUs are playing different
roles. Hence, the sector rendezvous is achieved when one SU
is hopping according to its PS sequence while the other SU is
hopping based on its ES sequence and vice versa.

Several methods have been proposed in the literature
to transform the unique ID into another cyclically unique
binary sequence. In [32], a method was proposed to expand
the𝑚-bit ID into another 3𝑚-bit extended ID that is cyclically
unique. The unique 𝑚-bit ID in that method is expanded
by appending 𝑚-bit consecutive 0’s into the beginning of
the ID and other 𝑚-bit consecutive 1’s at the end of the
ID. Another method for generating cyclically unique IDs
that are used for the construction of symmetric role SH
sequences has been proposed in [30]. The method appends
the original 𝑚-bit ID with other (𝑚 + 1)-bits of consecutive
0’s and 1’s, which results in (2𝑚 + 1)-bits expanded ID
sequence. However, the extended ID sequences generated
by these methods are relatively long, especially for the
former method. This results in long rendezvous delay when
they are used for constructing symmetric role sequences.
Therefore, we propose an alternativemethod for constructing

cyclic rotationally distinct sequences, which provides shorter
extended ID lengths than the methods in [30, 32]. So, it
provides shorter sector rendezvous delay when it is used
for constructing symmetric role sequences in our IPES-SH
scheme.

4.1.1. Constructing the Cyclic Unique ID Sequences. In our
method, each𝑚-bit ID is extended by appending only𝑚-bits
of 1’s and 0’s in the beginning and in the end of the ID.

Lemma 2. Given any two𝑚-bit ID sequences𝛼 = {𝛼1, . . . , 𝛼𝑚}
and 𝛽 = {𝛽1, . . . , 𝛽𝑚}, let a and b be two 2𝑚-bit expanded ID
sequences generated from 𝛼 and 𝛽 as follows:

a def
= 1(⌈𝑚/2⌉)‖𝛼‖0(⌊𝑚/2⌋) and b def

= 1(⌈𝑚/
2⌉)‖𝛽‖0(⌊𝑚/2⌋), where 1(⋅) is a bit sequence composed
of only 1’s and 0(⋅) is a bit sequence composed of only 0’s.
Then a and b are cyclic rotationally distinct from each
other, which means that

If a ̸= b ⇒ a ̸= 𝑟𝑜𝑡𝑎𝑡𝑒 (b, 𝑘) , ∀𝑘 ∈ (0, 2𝑚 − 1] . (1)

Proof. To prove the above lemma, we consider all the possible
cases that may happen when sequence 𝑏 is rotated with (𝑘 ∈
(0, 2𝑚−1]). We show in each case that bits in sequence a and
other bits in sequence 𝑏 = rotate(b, 𝑘) have different values,
even though these bits are in the same positions. Considering
the five cases in Figure 3, it is sufficient to prove that a andb =
rotate(b, 𝑘) are cyclic rotationally distinct to each other.

Case 1 (𝑘 ∈ (0, ⌈𝑚/2⌉]). As indicated by the red arrow in
Figure 3, it holds that 𝑎2𝑚 = 0 and 𝑏2𝑚 = 1.
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Figure 3: Illustration of the five cases in the proof of Lemma 2.

Case 2 (𝑘 ∈ (⌈𝑚/2⌉,𝑚)). As indicated by the red arrow in
Figure 3, it holds that 𝑎(⌈𝑚/2⌉+𝑚+1) = 0 and 𝑏


(⌈𝑚/2⌉+𝑚+1) = 1.

Case 3 (𝑘 = 𝑚). As indicated by the 𝑚 red arrows in
Figure 3, the 𝑚 bits of sequence a starting from 𝑎(⌈𝑚/2⌉+1) are
{𝛼1, . . . , 𝛼𝑚−1}, while the 𝑚 bits of 𝑏 in the same positions
are 0(⌊𝑚/2⌋) ‖ 1(⌈𝑚/2⌉). On the other hand, as indicated
by the 𝑚 purple arrows in Figure 3, the first ⌈𝑚/2⌉ bits of
sequence a are 1’s and the last ⌊𝑚/2⌋ are 0’s, whereas the first
⌈𝑚/2⌉ bits of 𝑏 are {𝛽(⌈𝑚/2⌉), . . . , 𝛽𝑚} and the last ⌊𝑚/2⌋ bits
are {𝛽1, . . . , 𝛽(⌊𝑚/2⌋)}. And because 𝛼 ̸= 𝛽, it holds that there
must be at least a single bit that is different in 𝑎 and 𝑏.

Case 4 (𝑘 ∈ (𝑚,𝑚 + ⌊𝑚/2⌋]). As indicated by the red arrow
in Figure 3, it holds that 𝑎(⌈𝑚/2⌉) = 1 and 𝑏


(⌈𝑚/2⌉) = 0.

Case 5 (𝑘 ∈ (𝑚 + ⌊𝑚/2⌋, 2𝑚 − 1]). As indicated by the red
arrow in Figure 3, it holds that 𝑎1 = 1 and 𝑏


1 = 0.

According to these possible cases, we conclude that a ̸=
rotate(b, 𝑘), ∀𝑘 ∈ (0, 2𝑚−1]. In Figure 4, we give an example
for two ID sequences of original lengths 𝑚 = 4 which are
expanded to 𝑚 = 8 bits. The figure illustrates the cyclic
uniqueness property between the IDs for all the rotation cases
(i.e., ∀𝑘 ∈ [0, 7]).

4.1.2. Generating the Interleaved Sector Hopping Sequence.
We now explain how to generate the symmetric IPES-SH
sequence for any SU, say SU𝑖. Let the number of sectors for
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b = rot(b, 1)

b = rot(b, 2)

b = rot(b, 3)

b = rot(b, 4)

b = rot(b, 5)

b = rot(b, 6)

b = rot(b, 7)

Figure 4: An illustrative example for the correctness of our cyclic
rotationally distinct sequences construction method when𝑚 = 4.

SU𝑖 be 𝑁𝑖 and hence the sector set 𝑆𝑖 = {1, . . . , 𝑁𝑖}. Suppose
that SU𝑖 has 𝑚-bits globally unique ID sequence, 𝛼, which
is extended by our above method to 2𝑚-bits sequence a =
1(⌈𝑚/2⌉)‖𝛼‖0(⌊𝑚/2⌋).

(i) Select randomly a starting index 𝑘 ∈ [1,𝑁𝑖] and
generate a rotated set 𝑆𝑃𝑖 by rotating 𝑆𝑖 circularly
starting from 𝑘 as 𝑆𝑃𝑖 = rotate(𝑆𝑖, 𝑘−1). Also, generate
another sector indices set as a reverse of 𝑆𝑃i which is
𝑆𝐸𝑖 = Reverse(𝑆𝑃𝑖 ).

(ii) Find (𝑃𝑖 : 𝑃𝑖 > 3) as the smallest prime number that is
not smaller than 𝑁𝑖. Also find (𝐸𝑖 : 𝐸𝑖 ∉ AES) as the
smallest even number that is not smaller than𝑁𝑖.

(iii) Define an empty matrix𝑀𝑖 that has 2𝑚 columns and
𝑃𝑖 × 𝐸𝑖 rows.

(iv) Fill the matrix by mapping each bit in a to a certain
column as described in Algorithm 3.

(v) Generate the SH sequence by concatenating the
matrix rows (row by row). SU𝑖 keeps hopping accord-
ing to this generated SH sequence and repeats it in
order to rendezvous with its pair partner SU.

Figure 5 illustrates the IPES-SH sequence constructionmatri-
ces for SU𝑉 and SU𝑍 in our previous example in Section 3.1
(Figure 1(b)). In Figure 5, the ID sequence of SU𝑉 that has
𝑁V = 4 sectors is 𝛼 = {1, 0} which is expanded to a =
{1, 1, 0, 0}. On the other side, the ID sequence of SU𝑉 that
has 𝑁𝑧 = 3 sectors is 𝛽 = {0, 1} which is expanded also
to b = {1, 0, 1, 0}. The constructed matrix for SU𝑉 has 𝑃V ×
𝐸V = 5 × 4 = 20 rows and 2𝑚 = 4 columns. Similarly,
SU𝑍 constructs its matrix with 𝑃𝑧 × 𝐸𝑧 = 5 × 4 = 20
rows and 2𝑚 = 4 columns. Each SU will assign its matrix
columnswith either PS sequence or ES sequence based on the
corresponding bits of its extended ID sequence. For example,
since the first bit of SU𝑉 extended ID is one, SU𝑉 firstly
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(1) for 𝑐 = 1 : 2𝑚 do
(2) if (𝑎𝑐 == 1) then
(3) Invoke Algorithm 1 with 𝑆𝑃𝑖 and𝑁𝑖 to construct

a round 𝜔 of an PS sequence.
(4) generate 𝜔 by repeating 𝜔 for 𝐸𝑖 times.
(5) Map the 𝑐th column of the matrix with 𝜔.
(6) 𝑆𝑃𝑖 = Rotate(𝑆𝑃𝑖 , 1).
(7) else
(8) Invoke Algorithm 2 with 𝑆𝐸𝑖 and𝑁𝑖 to construct

a round 𝛾 of an ES sequence.
(9) generate 𝛾 by repeating 𝛾 for 𝑃𝑖 times.
(10) Map the 𝑐th column of the matrix with 𝛾.
(11) 𝑆𝐸𝑖 = Rotate(𝑆𝐸𝑖 , 1).
(12) end if
(13) end for

Algorithm 3

generates its first sector sets as 𝑆𝑃V = {3, 4, 1, 2} and then
invokes Algorithm 1 with 𝑆𝑃V and𝑁V = 4 to construct a round
of a PS sequence 𝜔 = [3 4 1 2 𝑟]. This round 𝜔 is repeated
for 𝐸V = 4 times and assigned to the first column of SU𝑉

matrix. Similarly, since the second bit of SU𝑉 extended ID
is one, the second column of SU𝑉 matrix is assigned with a
repeated sequence of the PS sequence [4 1 2 3 𝑟], which is
constructed after rotating the sector set 𝑆𝑃V by one. On the
other hand, SU𝑉 assigns the third and fourth columns of its
matrix with ES sequences because the corresponding 3rd and
4th bits of its extended ID sequence are zeros. Specifically, SU𝑉

invokes Algorithm 2 with 𝑆𝐸V = Reverse(𝑆𝑃V ) and 𝑁V = 4
to construct a round of an ES sequence 𝛾 = [2 1 4 3]. This
round 𝛾 of the ES sequence is then repeated for 𝑃V = 5 times
and assigned to the third columnof SU𝑉matrix. Similarly, the
fourth column of SU𝑉 matrix is filled with the ES sequence
[1 4 3 2] after repeating it for 𝑃V = 5 times. Note that SU𝑍

will follow the same procedures as SU𝑉 to construct itsmatrix
with taking into account the different expanded ID sequence
𝑏𝑧 = {1, 0, 1, 0} and𝑁𝑧, as well as the initial sector sets 𝑆

𝑃
𝑧 and

𝑆𝐸𝑧 .
Figure 6 shows partial sector slots of the IPES-SH

sequences for the two SUs (SU𝑉 and SU𝑍). As depicted from
the figure, the IPES-SH sequence of each SU is generated
by concatenating the rows of the SU constructed matrix in
Figure 5 row by row. The sequences are generated as inter-
leaved slots of PS (light blue) and ES (gray) slots according to
the respective columns types in the matrices. The figure also
illustrates the rendezvous sector occurrence between the SUs
(indicated by the green circle) on the sector rendezvous pair
(4, 1).

4.2. Scheme Analysis. In this subsection, the theoretical
performance of IPES-SH scheme is studied where the MSRL
is derived.

�eorem 3. Under the IPES-SH scheme, the MSRL between a
pair of SUs (𝑆𝑈𝑖 and 𝑆𝑈𝑗) is 2𝑚 × (max{(𝑃𝑖𝐸𝑗), (𝐸𝑖𝑃𝑗)}).
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2 r 3 r
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1 3 2 2
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r r r r

(a) IPES matrix MV for ３５V (b) IPES matrix MZ for ３５Z

Figure 5: The construction of the IPES matrices 𝑀𝑉 and 𝑀𝑍 for
SU𝑉 and SU𝑍, respectively. 𝑁𝑉 = 4 and 𝑁𝑍 = 3; 𝛼𝑉 = {1, 0} and
𝛽𝑍 = {0, 1}. So the expanded ID sequences are a𝑉 = {1, 1, 0, 0} and
b𝑍 = {1, 0, 1, 0}.

3 4 2 1 4 1 1 4 1 2 4 3 2 3 3 2 r r 2 1 3 4 1 4

2 1 3 3 3 3 1 2 1 2 2 1 r r r r r 1 r 3 2 3 3 2

Row 1 

IPESV

IPESZ

· · ·

· · ·

Figure 6: IPES-SH sector rendezvous between SU𝑉 and SU𝑍 for the
synchronous case.

Proof. To prove that IPES-SH has MSRL = 2𝑚(max{(𝑃𝑖𝐸𝑗),
(𝐸𝑖𝑃𝑗)}), it is sufficient to prove that any arbitrary pair of IPES-
SH sequences, for example, IPES𝑖 and IPES𝑗, can achieve a
successful sector rendezvous within 2𝑚 (max{(𝑃𝑖𝐸𝑗), (𝐸𝑖𝑃𝑗)})
sector slots.

Let IPES𝑖 and IPES𝑗 be the corresponding IPES-SH
sequences of IPES matrices𝑀𝑖 and𝑀𝑗 (i.e., IPES𝑖 and IPES𝑗
are generated by concatenating the rows of matrices𝑀𝑖 and
𝑀𝑗, resp.). For example, Figures 5(a) and 5(b) show the IPES
matrices𝑀𝑉 and𝑀𝑍, respectively.Without loss of generality,
assume that SU𝑗 starts its SH sequence 𝛿 sector slots earlier
than the start of SU𝑖. In each SH period of SU𝑖, the SH
sequence of SU𝑗 is rotate(IPES𝑗, 𝛿). Clearly, the rendezvous
between this pair of SUs is the same as the rendezvous of
𝑀𝑖 and 𝑀(𝑗,𝛿). Suppose that the sector rendezvous pair is
(ℎ𝑖, ℎ𝑗) ∈ {1, 2, . . . , 𝑁i} × {1, 2, . . . , 𝑁𝑗}. The rendezvous of the
matrices is a pair of entries in the matrices whose value in𝑀𝑖

is ℎ𝑖 and its values in𝑀(𝑗,𝛿) is ℎ𝑗. Without loss of generality,
suppose that the sector slot shift 𝛿 = 2𝑚 × 𝛿𝑅 + 𝛿𝐶, where
𝛿𝑅 ∈ [0, (𝑃𝑗×𝐸𝑗)−1], is the shift of row and 𝛿𝐶 ∈ [0, (2𝑚)−1]
is the shift of column. Below, we consider the two different
cases for rendezvous of IPES𝑖 and IPES𝑗.
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(a) M(Z,40) , C = 0, and R = 10 (b) M(Z,41) , C = 1, and R = 10

Figure 7: The IPES matrix𝑀𝑍 for SU𝑍 when it is circularly rotated
with (a) 𝛿 = 2𝑚×10+0 = 40 sector slots and (b) 𝛿 = 2𝑚×2+1 = 41
slots.

Case 1 (𝛿𝐶 = 0). In this case, it is implied that there is
no column shift. Recall that the expanded ID sequences
of SU𝑖 and SU𝑗 are distinct. Since the columns types of
the matrices are assigned based on these distinct expanded
IDs, it is guaranteed that there must exist at least a single
common column 𝑓 in both matrices which is a PS-column
in one matrix and an ES-column in the other matrix, and
vice versa. In other words, the 𝑓th column of 𝑀𝑖 contains
a PS-SH sequence (reps., ES-SH), while the same position
𝑓th column in 𝑀(𝑗,𝛿) contains an ES-SH (resp., PS-SH). By
Theorem 1, we know that when SU𝑖 and SU𝑗 repeat the PS-
SH (resp., ES-SH) and the ES-SH (resp., PS-SH) sequences,
respectively, they rendezvous within 𝑃𝑖 × 𝐸𝑗 (resp., 𝐸𝑖 × 𝑃𝑗).
Meanwhile, since the elements of a specific column of each
matrix appear in the corresponding IPES-SH sequence every
2𝑚 slots, for any value of the row shift 𝛿𝑅, 𝑀𝑖 and 𝑀(𝑗,𝛿)

are guaranteed to rendezvous on their 𝑓th columns no later
than 2𝑚 × max{(𝑃𝑖𝐸𝑗), (𝐸𝑖𝑃𝑗)}. Specifically, the rendezvous
happens when an entry of the 𝑓th column in 𝑀𝑖 is ℎ𝑖, while
the same position entry of the 𝑓th column in𝑀(𝑗,𝛿) is ℎ𝑗. For
example, Figure 5 shows the rendezvous of 𝑀𝑉 and 𝑀𝑍 for
the synchronous case where the slots shift 𝛿 = 2𝑚×0+0 = 0.
The sector rendezvous occurs between the second columns
of𝑀𝑉 and𝑀𝑍 which is indicated by the green entry in𝑀𝑍.
However, Figure 7(a) shows the IPES matrix of SU𝑍 when
it is shifted with row shift 𝛿𝑅 = 10. Hence, this means that
𝛿 = 2𝑚×10+0 = 40.The rendezvous between𝑀𝑉 in Figure 5
and𝑀(𝑍,40) in Figure 7(a) is achieved at their third columns.

Case 2 (𝛿𝐶 ̸= 0). In this case, it holds that there is a column
shift 𝛿𝐶 ∈ [1, (2𝑚 − 1)]. Let a and b be the expanded ID
sequences of SU𝑖 and SU𝑗, respectively. By Lemma 2, we know

that a and b = rotate(b, 𝑘), where 𝑘 ∈ (2𝑚 − 1) are cyclic
rotationally distinct to each other. Thus, for a column shift
𝛿𝐶 ∈ [1, (2𝑚 − 1)] of matrix𝑀𝑗, there must exist a column 𝑓
in matrix𝑀𝑖 which has different type than the same position
𝑓th column in the shifted matrix 𝑀(𝑗,𝛿𝐶)

. Accordingly, the
rendezvous is guaranteed to occur at the 𝑓th columns in the
matrices, despite any value of the row shift 𝛿𝑅. For example,
Figure 7(b) shows the shifted IPES matrix of SU𝑍 when the
column shift 𝛿𝐶 = 1 and the row shift 𝛿𝑅 = 10, which results
in 𝛿 = 2𝑚 × 10 + 1 = 41 slots. The first rendezvous between
𝑀𝑉 in Figure 5 and 𝑀(𝑍,41) in Figure 7(b) is achieved at the
forth columns.

Summarizing the discussion above, we show that, in
IPES-SH, any two SUs are guaranteed to rendezvous on
their sector rendezvous pair within SH period 2𝑚 ×
max{(𝑃𝑖𝐸𝑗), (𝐸𝑖𝑃𝑗)}.

5. Combined Sector and Channel
Hopping Schemes

While we explained in the previous sections the procedures
of our SH schemes by which the SUs keep steering their
antennas in order to achieve sector rendezvous with their
communicating partners, the scheme for channel hopping
(CH) exposed by the SUs in their sectors for achieving a
channel rendezvous between them was not explained. In
this section, the design of the exposed CH scheme and the
procedure for the combined sector and channel hopping
(SCH) schemes are presented. The key for the design of
the exposed CH scheme is to construct two different types
of CH sequences which will be combined within the two
different types of PES-SH sequences. These CH sequences
must guarantee a successful channel rendezvous between
the pair of SUs as long as they achieve a successful sector
rendezvous (i.e., directing their antenna beams towards each
other). Furthermore, the CH sequences should be designed
in such a way that the pair of communicating SUs stay for
a similar period (i.e., number of time slots) in each sector of
their SH sequences. By doing this, the pair of communicating
SUs are guaranteed to achieve successful sector and channel
rendezvous within a bounded and short time, despite any
asynchronous time offsets between their local clocks.

5.1. Asymmetric Grid Quorum-Based Channel Hopping. In
this subsection, we explain the design of our Asymmetric
Grid Quorum-based Channel Hopping (AGQ-CH) scheme
that is executed by the SUs in each sector of their SH
sequences. The AGQ-CH scheme utilizes the grid quorum
system (GQS) in asymmetric-role design, where two types of
CH sequences are constructed. These types of CH sequences
will be combined within the two different types of our SH
sequences. Some preliminary definitions related to grid quo-
rum systems are presented first to facilitate the understanding
of the CH scheme.

Definition 4. For a set Z𝑛 = {1, 2, . . . , 𝑛}, a quorum system 𝑄
underZ𝑛 is a group of nonempty subsets ofZ𝑛, each called a
quorum, such that ∀𝑋 and 𝑌 ∈ 𝑄, 𝑋∩𝑌 ̸= 0. Here,Z𝑛 is the
set of integers less than or equal to n.
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Definition 5. AGQS arranges the elements ofZ𝑛 as a√𝑛×√𝑛
square grid array, where 𝑛 must be a square of a positive
integer. Hence, a quorum is formed as a union of the elements
of one column and one row of the grid. There are 𝑛 grid
quorums in a GQS that is constructed under Z𝑛 and each
quorum has a size of (2 × √𝑛 − 1).

For example, a GQS 𝑄 under Z𝑛 = {1, 2, 3, 4} is 𝑄 =
{𝑄1, . . . , 𝑄4} = {{1, 2, 3}, {1, 2, 4}, {1, 3, 4}, {2, 3, 4}}.

Definition 6. For a given integer 𝑖 and a grid quorum G in a
GQS𝑄 underZ𝑛, we define rotate(G, 𝑖) = {(𝑥 + 𝑖)mod 𝑛, 𝑥 ∈
G} to denote a cyclic rotation of quorumG by 𝑖.

Definition 7. AGQS𝑄 underZ𝑛 satisfies the rotation closure
property because, ∀G𝑖1,G𝑖2 ∈ 𝑄 and ∀𝑗1, 𝑗2 ∈ Z𝑛,
rotate(G𝑖1, 𝑗1) ∩ rotate(G𝑖2, 𝑗2) ̸= 0.

GQSs have been utilized to construct CH sequences that
achieve asynchronous communications because they satisfy
the intersection and the rotation closure properties [33, 34].
In the conventional GQS, each grid quorum is formed as
a union of the elements of one column and one row of
the grid array. However, different from the conventional
GQS, our asymmetric GQS (AGQS) uses semigrid quorums.
One semiquorum, called the Grid Column-based Quorum
(GCQ), is formed from the elements of a single column
of the grid. Meanwhile, the other semiquorum, called Grid
Row-based Quorum (GRQ), is formed from the elements
of a single row in the grid. The nonempty intersection and
rotation closure properties in the AGQS are inherited from
the conventional GQS. Specifically, for any arbitrary pair
of GCQ and GRQ, there must exist one common element
between them despite any rotation of the grid.

The GCQs and GRQs in the AGQS are used to construct
two asymmetric CH sequences that can be combined within
the different types of sectors in our SH schemes. The con-
structed CH sequences are guaranteed to achieve a successful
channel rendezvous between a pair of communicating SUs as
long as there exists at least a single common channel between
the available channel sets of the SUs. In ourAGQ-CH scheme,
to construct CH sequences for assigning 𝑛 channels, 𝑛×𝑛 grid
array is built. In the GCQ-based CH sequence, the 𝑛 rows of
the grid are used for assigning the 𝑛 channels into the CH
sequence, where the elements of each row are used to map a
single channel. On the other side, the 𝑛 columns of the grid
are used for the assignment of the 𝑛 channels into the GRQ-
based CH sequence. For example, Let 𝑛 = 4 be the number
of channels for a sender SU𝑥 and a receiver SU𝑦. Suppose
that SU𝑥 has the channel set C𝑥 = {Ch1,Ch2,Ch3,Ch4},
while the channel set of SU𝑦 is C𝑦 = {Ch3,Ch5,Ch6,Ch8}.
Accordingly, a grid array of size 4 × 4 is formed by both
SUs as shown in Figure 8. Without loss of generality, assume
that the sender uses the 4 GCQs to map its channels into
the time slots of its CH sequence as depicted in Figure 8(a),
while the receiver SU𝑦maps its channels based on the 4GRQs
as depicted in Figure 8(b). The CH sequences for both SUs
are shown in Figure 8(c), where they map each channel of
their channel sets into the time slots of their CH sequence

according to the selected (GCQ or GRQ) semiquorum. As
shown in Figure 8(c), the channel rendezvous is achieved on
the common channel Ch3 between the SUs despite the time
offsets between their local clocks.

5.2. Channel Ranking. As explained in the beginning of the
section, the sector frame length which represents the number
of time slots by which every SU spends on each sector for
executing CH should be the same in all SUs. This is in
order to guarantee channel rendezvous between any pair of
neighbouring SUs side by side with the sector rendezvous
despite any time offsets between their local clocks. To achieve
this, we let the SUs construct their combined CH sequences
based on the best-quality (𝑛 ⊆ 𝐿) channels. The channel’s
quality is generally represented by the quantity of the mea-
sured PU noise on the channel within the corresponding
sector. However, for cases where some of the channels have
the same measured PU noise, channels indices are used to
differentiate between their ranking levels. Specifically, the
bigger the channel index, the higher the quality. We highlight
here that the similarity of the measured PU noises for some
channels is a practical issue in DIR-CRNs which happen
when the channels are idle from any PU activity within the
sector area.

The channel ranking is done by each SU before executing
the rendezvous process based only on its own view of
the available channels in its sectors. Each SU𝑖 ranks the 𝐿
network channels in each sector 𝑆𝑘 of its sectors set 𝑆𝑖 =
{𝑆1, 𝑆2, . . . , 𝑆𝑁𝑖} based on their qualities within the sector 𝑘.
Thus, a ranking table of size 𝐿×𝑁𝑖 is maintained by each SU𝑖

which contains the ranked channels in all the sectors. This
table is called Sectors Ranked Channels Table (SRCT), where
each column 𝑘 of it indicates a sector of the𝑁𝑖 sectors. These
columns contain the 𝐿 network channels ranked decreasingly
from the best to the worst according to their qualities within
the corresponding sectors. We note here that since each SU
in the DIR-CRN performs the same ranking mechanism,
this will increase the probability of having a similar ranked
channel list among any pair of neighbouring SUs on their
rendezvous sectors.

5.3. Combined SCH Sequence Generation. We now explain
the generation procedures for the combined PES-SCH and
IPES-SCH sequences.

5.3.1. Combined PES-SCH Scheme. Since our PES-SH scheme
is designed based on two different types of coprimality-based
sequences (i.e., either PS or ES), we combine each sector of
the SH sequences according to its type with a corresponding
type from the two AGQ-CH sequences. Specifically, each
sector of the sender PS-SH sequence is combined with a
GCQ-CH sequence, while each sector of the receiver ES-SH
sequence is combined with a GRQ-CH sequence. Algorithms
4 and 5 describe the SCH generation procedures for the
sender and receiver SUs, respectively. As illustrated by the
algorithms, each SU will keep hopping on its best 𝑛 quality
channels in each sector of its SH sequence according to
the corresponding CH sequence. This will guarantee that
when a successful sector rendezvous occurs between a sector
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Figure 8: An example of AGQ-CH sequences constructions and rendezvous for a pair of communicating SUs.

Input:𝑁𝑠, 𝑆𝑠, SRCT𝑠, 𝑛.
(1) Invoke Algorithm 1 with𝑁𝑠 and 𝑆𝑠 to construct a round

𝜔𝑠 of an PS-SH sequence.
(2) 𝑡Frame = 0
(3) while (not rendezvous) do
(4) Current-sector= 𝜔𝑠((𝑡Frame mod 𝑃𝑆) + 1).
(5) Steer the antenna to (Current-sector).
(6) Select the best channel list (BCL) in (Current-sector)

as BCL = SRCT𝑠 [1 : n][Current-sector].
(7) Construct a GCQ-CH sequence based on BCL.
(8) for (𝑡 = 1 : 𝑛2) do
(9) Attempt rendezvous on channel GCQ𝑠(𝑡).
(10) end for
(11) 𝑡Frame = 𝑡Frame + 1.
(12) end while

Algorithm 4: The sender SCH generation algorithm (PS-SCH).

Input:𝑁𝑟, 𝑆𝑟, SRCT𝑟, 𝑛.
(1) Invoke Algorithm 2 with𝑁𝑟 and 𝑆𝑟 to construct

a round 𝛾𝑟 of an ES-SH sequence.
(2) 𝑡Frame = 0
(3) while (not rendezvous) do
(4) Current-sector= 𝛾𝑟((𝑡Frame mod 𝐸𝑟) + 1).
(5) Steer the antenna to (Current-sector).
(6) BCL = SRCT𝑠 [1 : n][Current-sector].
(7) Construct a GRQ-CH sequence based on BCL.
(8) for (𝑡 = 1 : 𝑛2) do
(9) Attempt rendezvous on channel GRQ𝑟(𝑡).
(10) end for
(11) 𝑡Frame = 𝑡Frame + 1.
(12) end while

Algorithm 5: The receiver SCH generation algorithm (ES-SCH).

frame of the sender SU𝑠 and a sector frame of its receiver
SU𝑟, a successful channel rendezvous is achieved between
GCQ-CH𝑠 and the GRQ-CH𝑟. The channel rendezvous is
guaranteed as long as there is a common channel between
their 𝑛 best channels, where they can set up a link through
the exchange of RTS/CTS messages.

For example, consider the pair of sender SU𝑋 and
receiver SU𝑌 in our previous example in Figure 1(a). The
SCH sequences constructions for the pair of SUs and the
rendezvous among themwhen they construct their combined
CH sequences based on 𝑛 = 2 best-quality channels are
illustrated in Figure 9. As a sender, SU𝑋 in Figure 9(a)
combines each sector of its PS-SH sequence with a grid
column (GCQ-CH) sequence based on the two best-ranked
channels of the respected column for the sector in SRCT𝑋.
For instance, the sector 𝑆1 is combined with a GCQ-CH
sequence generated based on the two best channels {2, 4}
of the 1st column of SRCT𝑋; the GCQ-CH is [2 4 2 4]. On
the other hand, each ES sector of the ES-SH sequence for
the receiver SU𝑌 in Figure 9(b) is combined with a grid
row (GRQ-CH) sequence based on the best two channels
of the SRCT𝑌 column which corresponds to the sector
number. For instance, SU𝑌 combine the GRQ-CH sequence
[6 6 8 8] within its sector 𝑆1 which is constructed based on
the best channels {6, 8}. The sector and channel rendezvous
between the SUs when they start their PES-SCH sequences
synchronously is shown in Figure 9(c). The rendezvous is
achieved during the 25th and 28th time slots on the sector
rendezvous pair (𝑆2 of SU𝑋, 𝑆3 of SU𝑌), as well as on the
rendezvous channels {1, 6}. However, when SU𝑋 starts its
SCH 4 time slots later than SU𝑌, the channel and sector
rendezvous is achieved after 5 time slots only from the SCH
start time of SU𝑋.

5.3.2. Combined IPES-SCH Scheme. For this symmetric role
scheme, any SU can generate its SCH sequence according
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(d) Asynchronous sector and channel rendezvous between the SUs when SU𝑌 starts its hopping earlier than SU𝑋 by 4 slots

Figure 9: Rendezvous between SUs 𝑋 and 𝑌 according to the combined PES-SCH scheme. 𝑁𝑋 = 5 and 𝑁𝑌 = 4. Number of best-quality
channels per each sector 𝑛 = 2.

to Algorithm 6. During each sector frame of its inter-
leaved SH sequence that is constructed using the method
in Section 4.1.2, the SU executes one type of the AGQ-CH
sequences according to the type of the frame. Specifically, if
the sector frame is a prime-based (P-frame), the SU generates
a GCQ-CHbased on the 𝑛 best-quality channels in the sector.
On the other hand, when the sector is an even-based (E-
frame), the SU generates a GRQ-CH. This will ensure that
whenever the sector rendezvous occurs between a P-frame
of IPES𝑖 and an E-frame of IPES𝑗, channel rendezvous is
achieved between the GCQ𝑖 CH sequence and the GRQ𝑗 CH
sequence, and vice versa.

5.4. Performance Analysis of the Combined SCH Schemes.
In this subsection, we analyze the theoretical performance
for the combined SCH schemes. Specifically, we prove the
guaranteed rendezvous between any two SUs performing the
combined SCH scheme by deriving the maximum time-to-
rendezvous (MTTR).

�eorem 8. For any scheme S of our SH schemes which
is combined with the AGQ-CH scheme for 𝑛 best-quality
channels, the MTTR of the combined SCH is (MSRL (S) ×

𝑛2). MSRL (S) here denotes the maximum sector rendezvous
latency for the S SH scheme.

Input:𝑁𝑖, 𝑆𝑖, Extended-ID a, SRCT𝑖, 𝑛.
(1) Construct an IPES-SH sequence 𝑈𝑖 as explained in

Section 4.1.2.
(2) period = (𝑃𝑖 × 𝐸𝑖× length(a)).
(3) 𝑡Frame = 0

(4) while (not rendezvous) do
(5) Current-sector = 𝑈𝑖((𝑡Frame mod period) + 1).
(6) Steer the antenna to (Current-sector).
(7) BCL = SRCT𝑖 [1 : n][Current-sector].
(8) if (Current-sector is a P-sector) then
(9) Construct a GCQ-CH sequence based on BCL.
(10) for (𝑡 = 1 : 𝑛2) do
(11) Attempt rendezvous on channel GCQ𝑖(𝑡).
(12) end for
(13) else
(14) Construct a GRQ-CH sequence based on BCL.
(15) for (𝑡 = 1 : 𝑛2) do
(16) Attempt rendezvous on channel GRQ𝑖(𝑡).
(17) end for
(18) end if
(19) 𝑡Frame = 𝑡Frame + 1.
(20) end while

Algorithm 6: IPES-SCH generation algorithm.
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Proof. To prove that the combined PES-SCH has MTTR =
(𝑃𝑖𝐸𝑗) ×𝑛

2, it suffices to prove that the pair of combined PES-
SCH sequences, for example, SCH𝑖 and SCH𝑗, can achieve
successful sector and channel rendezvous within (𝑃𝑖𝐸𝑗) × 𝑛

2

time slots.
Without loss of generality, assume that SU𝑗 starts its SCH

sequence𝛿 time slots earlier than the start of SU𝑖. In each SCH
period of SU𝑖, the SCH sequence of SU𝑗 is rotate(SCH𝑗, 𝛿).
As we stated before, the SCH sequence can be viewed as a
series of sector frames which are composed of 𝑛2 channel
time slots. Let the clock drift 𝛿 = 𝑛2 × 𝛿𝐹 + 𝛿𝑆, where 𝛿𝐹 ∈
[0, 𝐸𝑗 − 1] denotes the shift amount of the sector frames and
𝛿𝑆 ∈ [0, (𝑛2) − 1] denotes the shift of the channel time slots.
Next, we prove the theorem in the following two cases.

Case 1 (𝛿𝑆 = 0). This case implies that the sector frames
are perfectly aligned. In this case, since the SUs stay for
similar number of time slots in each sector which is (𝑛2) for
executing their corresponding AGQ-CH sequences, for any
value of 𝛿𝐹, there must exist an entire overlap between a PS-
frame of SCH𝑖 and an ES-frame of SCH𝑗 where the sector
rendezvous happened. ByTheorem 1, we know that the sector
rendezvous is guaranteed to occur between a PS sector frame
ℎ𝑖 and an ES sector frame ℎ𝑗 within (𝑃𝑖𝐸𝑗) sector frames.
As a consequence, the channel rendezvous is guaranteed to
happen between the GCQ𝑖 CH sequence of ℎ𝑖 and the GRQ𝑗

CH sequence of ℎ𝑗. Thus, the MTTR is (𝑃𝑖𝐸𝑗) multiplied by
the sector frame length 𝑛2. Figures 9(c) and 9(d) show the
sector and channel rendezvous between SU𝑋 and SU𝑌 when
𝛿𝑆 = 0 for two different values of 𝛿𝐹 and for 𝑛 = 2. In
Figure 9(c), when 𝛿𝐹 = 0 and hence the clock drift 𝛿 =

(𝑛2 × 0 + 0) = 0, SU𝑋 can achieve the sector rendezvous
with SU𝑌 on the second round of its SH frames. The SUs
rendezvous on their commonly available channels (i.e., CH1

and Ch6). However, when 𝛿𝐹 = 1 and 𝛿 = (𝑛2 × 1 + 0) = 4,
SU𝑋 can rendezvous with SU𝑌 earlier where it rendezvous
with SU𝑌 during the first round of its SH frames.

Case 2 (𝛿𝑆 ̸= 0). When there is a time slot shift 𝛿𝑆 ∈ [1, 𝑛2],
it implies that the sector frames are not aligned. For any
value of 𝛿𝐹, it is easily verified that each PS sector frame of
SCH𝑖 is overlapped with partial channel time slots form two
consecutive ES frames of SCH𝑗. Specifically, the PS frame of
SCH𝑖 overlaps with 𝑛2 − 𝛿𝑆 time slots from the former ES
frame and 𝛿𝑆 time slots from the later ES frame of SCH𝑗.
Recall the proof ofTheorem 1,when SU𝑖 repeats each roundof
its sector frames for𝐸𝑟 times, each occurrence of the ℎ𝑖 sector
frame must overlap with different sector frame from the 𝐸𝑟
sector frames of SU𝑗.The sector rendezvous is achieved when
ℎ𝑖 overlapswith ℎ𝑗. However, considering the time slot shift 𝛿𝑆
of the SCH𝑗 sequence, we can prove in the same way as case 1
that, within the same rendezvous delay bound ((𝑃𝑖𝐸𝑗) × 𝑛2

time slots), there must exist at least two occurrences of ℎ𝑖
which overlaps with different partial time slots of ℎ𝑗. In one
of these occurrences, the overlap happens between the first
𝑛2 − 𝛿𝑆 time slots of ℎ𝑖 and the last 𝑛2 − 𝛿𝑆 time slots of
ℎ𝑗. On the other occurrence, the overlap happens between

the last 𝛿𝑆 time slots of ℎ𝑖 and the first 𝛿𝑆 time slots of ℎ𝑗.
Accordingly, channel rendezvous can be achieved in any of
these two partial sector rendezvous chances where partial
slots of the GCQ𝑖 CH sequence in ℎ𝑖 overlap with other
partial slots from the GRQ𝑗 CH sequence in ℎ𝑗. For example,
Figure 10 illustrates the asynchronous rendezvous between
SU𝑋 and SU𝑌 when 𝛿𝐹 = 0 for three different values of 𝛿𝑆.

Summarizing the discussion above, we show that, under
the combined PES-SCH, any two SUs are guaranteed to
achieve channel rendezvous within ((𝑃𝑖𝐸𝑗)×𝑛

2) SCH period.
We highlight here that the theoretical MTTR for the com-
bined IPES-SCH is (2𝑚 ×max{(𝑃𝑖𝐸𝑗), (𝐸𝑖𝑃𝑗)}) × 𝑛

2. It can be
proven in a similar way to the proof of the PES-SCH MTTR
by considering the two alignment cases of the sector frames.

6. Results and Discussions

In this section, we evaluate the performance of our developed
directional antenna rendezvous schemes and compare them
with three related works in [19, 28, 30]. The former two
selected schemes for comparisons are the only schemes in the
literature which tackle the rendezvous issue in DIR-CRNs.
However, since both of them are asymmetric-role, we select
the third scheme [30]which is proposed for rendezvous in the
60GHz networks for the comparison with our symmetric-
role IPES scheme. This scheme follows a similar ID-based
approach to our IPES-SH scheme. However, the extended ID
in this scheme is relatively longer and the adjusted parameters
of the number of sectors which are used for constructing the
interleaved SH sequences are different.

6.1. Performance Comparison of the SH Schemes. We first
compare the performance of our SH schemes with the two
blind SH schemes in [28, 30]. The SH scheme in [19] is not
compared here because it is not a blind scheme. Extensive
simulation experiments are conducted to compute the sector
rendezvous latency (SRL) between two neighboring SUs
(a sender SU𝑖 and a receiver SU𝑗). In the simulations,
we consider different antenna configurations for the SUs
where we simulate several combinations for the number
of sectors (𝑁𝑖 and 𝑁𝑗). The relative locations of SU𝑖 and
SU𝑗 represented by (ℎ𝑖, ℎ𝑗) as well as the clock drift are
randomly generated. For the ID-based schemes, two different
7-bit IDs are randomly assigned to the SUs. For each (𝑁𝑖

and 𝑁𝑗) combination, the simulation results are obtained
by conducting 105 independent runs where we accordingly
compute the average and maximum SRL (ASRL and MSRL).

Figure 11 depicts the SRL results for the asymmetric-
role SH schemes (our PES-SH and Li and Xie’s SH [28]).
The results illustrate the significant reduction on the SRL
provided by our PES-SH in terms of ASRL and MSRL under
all the different antenna configurations of the pair of SUs. For
some antenna configurations, PES-SH can reduce the ASRL
andMSRL significantly up to 80% and 84%, respectively.The
shorter ASRL and MSRL provided by the PES-SH scheme
are due to its efficient design which relies on the coprimality
between the adjusted prime and even numbers of 𝑁𝑖 and
𝑁𝑗, respectively. And since 𝑁𝑖 is prime for all the sender
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Figure 10: Asynchronous rendezvous between SU𝑋 and SU𝑌 according to the combined PES-SCH scheme for 𝑛 = 2 best-ranked channels.
SCH𝑌 is started earlier than SCH𝑋 with 𝛿𝑆 ∈ [1, 3].
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Figure 11: Comparison of the sector rendezvous latency between our PES-SH scheme and Li and Xie’s SH scheme [28] under fixed𝑁𝑖 and
varying𝑁𝑗.

SU𝑖 antenna configurations while the values of 𝑁𝑗 are even
numbers that are valid for use (i.e., not in the AES set),
this allows the sender SU𝑖 in our PES-SH to achieve sector
rendezvous with its receiver SU𝑗 within𝑁𝑖𝑁𝑗 SH period.

On the other side, the design of Li and Xie’s SH scheme
requires 𝑁𝑖 and 𝑁𝑗 to be adjusted to primes. Furthermore,
the sender should perform an initiating round-robin SH
sequence with a length of𝑁2

𝑖 before it converts to the regular
prime-based sequence. Accordingly, this will prolong the SH
period needed for achieving the sector rendezvous to (𝑁2

𝑖 +
𝑁𝑖𝑃𝑗) which actually represents the theoretical upper bound
for the MSRL of Li and Xie’s SH scheme when (𝑁𝑖 ̸= 𝑃𝑗).
We can notice that this upper bound is tight for some (𝑁𝑖

and𝑁𝑗) combinations, while it is not for others. Specifically,
when (𝑁𝑖% 𝑃𝑗 = 1) where 𝑃𝑗 is the adjusted prime for 𝑁𝑗,
the sender SU𝑖 cannot rendezvous with its receiver during
its initiating 𝑁2

𝑖 round-robin SH sequence. However, when
it starts following the regular prime-based SH sequence, the
sector rendezvous happens within the subsequent𝑁𝑖𝑃𝑗 slots,
which results in (𝑁2

𝑖 +𝑁𝑖𝑃𝑗) MSRL. For example, when𝑁𝑖 =
11 and 𝑁𝑗 = 4 in Figure 11(b), the sector rendezvous occurs
in (121 + 11 × 5) = 165 sector slots. The same thing can be
noticed for the cases when𝑁𝑗 = 2 in Figures 11(a), 11(b), and
11(c), where the MSRL is (𝑁2

𝑖 + 𝑁𝑖 × 2). This explains the
irregular increased results in the figures for such (𝑁𝑖 and𝑁𝑗)
combinations.

In Figure 12, the SRL results for the symmetric-role SH
schemes (our IPES-SH and the Chen et al.’s SH scheme [30])
are shown. In the figure, it is shown that our IPES-SH scheme
outperforms the other compared scheme especially in terms
of MSRL. This improvement is due to the shorter SH period
provided by IPES for achieving the sector rendezvous. In
both schemes, the SH period for sector rendezvous depends
mainly on the extended ID length as well as the adjusted
numbers for (𝑁𝑖 and 𝑁𝑗) that are used for constructing
the interleaved sequences. However, the adjusted parameters
used by our IPES scheme are smaller than those used by the
other scheme. Firstly, in the IPES-SH scheme, the extended
ID length is 2𝑚 = 14which is relatively smaller than the 2𝑚+
1 = 15 extended ID used by the other scheme. Furthermore,
the interleaved SH sequences in Chen et al.’s SH scheme are
constructed by adjusting the number of sectors to a prime
number as well as to a number that is a power-multiple of
two (i.e., 𝑞𝑘 = 2𝑏𝑘 , where 𝑏𝑘 is the smallest integer satisfying
2𝑏𝑘 ≥ 𝑁𝑘). However, these adjusted numbersmust be coprime
with the extended ID length in order to achieve a successful
sector rendezvous. Meanwhile, in IPES-SH, the interleaved
PS and ES sequences are constructed based on the closest
prime number and the closest even number which is not in
the AES set. Hence, under most of the simulated antenna
configurations, the adjusted 𝐸𝑖 and 𝐸𝑗 in IPES are smaller
than the adjusted 𝑞𝑖 and 𝑞𝑗 parameters in the other scheme.
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(b) 𝑁𝑖 = 11
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Figure 12: Comparison of the sector rendezvous latency between our IPES-SH scheme and Chen et al.’s SH scheme [30] under fixed𝑁𝑖 and
varying𝑁𝑗. ID length = 7 bits.

For example, in our IPES-SH scheme, 𝐸𝑗 = 𝑁𝑗 for all the𝑁𝑗

values, while the 𝑞𝑗 adjusted parameters for the𝑁𝑗 values in
Chen et al.’s SH scheme are {2, 4, 8, 8, 16, 32}. Moreover, when
𝑁𝑖 or𝑁𝑗 is ≤5, the adjusted prime number used in IPES is 5,
while it is 7 on the other scheme because 7 is the closest prime
that is coprimewith the 15-bit extended ID.According to that,
SUs in the IPES scheme can achieve the sector rendezvous
faster than Chen et al.’s SH scheme.

6.2. Performance Comparison of the Combined SCH Schemes.
In this subsection, we compare the channel rendezvous
performance of our SCH schemes with the other works
under a practical DIR-CRN. The simulation configuration
parameters are shown in Table 1.

We start our SCH simulation by comparing the per-
formance of our combined PES-SCH with the combined
SCH schemes of Song and Xie [19] and Li and Xie [28].
We evaluate our PES-SCH for 𝑛 = 4 best-quality channels
which correspond to a AGQ-CH period of 16 time slots in
each sector (i.e., the frame length = 16). The other selected
schemes for comparison are simulated with their proposed
CH schemes. In [19], the SH scheme is combined with the
asymmetric-role CH scheme in [35], where the sender SU
stays for 𝐿2 slots on each sector frame of its SH sequence
performing a sequential fast CH on the (𝐶𝑖 ⊆ 𝐿) available
channels within the sector. Meanwhile, the receiver SU stays
for (𝑁𝑖 + 1) × 𝐿2 slots on each sector of its 𝑁𝑖 sectors
performing a slow CH on all of its (𝐶𝑗 ⊆ 𝐿) available
channels. On the other side, the SH scheme of Li and Xie
[28] is combined with the EJS-CH scheme [10]. However,
due to the long period of the EJS-CH scheme required to
guarantee channel rendezvous, Li and Xie simulated their
SCH scheme by letting SUs stay for smaller period on each
sector of their SH frames. During this period, SUs execute
the corresponding subsequences of their generated EJS-CH
sequence. Therefore, we simulate Li and Xie’s SCH scheme

Table 1: Simulation parameters.

Network area deployment 500m × 500m
Number of channels (𝐿) 10

Number of PUs 50

The radius of the SU sensing/transmission range 150m
Slot duration for sending a packet on a channel 2ms
The PU packet arrival rate 10 packets/s
The length of a PU packet 120 slots

with a similar sector frame length to our PES-SCH scheme
(i.e., 16 slots). All the schemes are simulated under different
asynchronous settingswhere the clock drifts amount between
SUs is selected randomly in each experiment.

Figure 13 depicts the TTR simulation results for the three
schemes when they are evaluated under different antenna
configurations for the pair of SUs. Even though the combined
SCH scheme of Song and Xie is not a blind scheme, it
produces very long TTR results.This is due to the large sector
frame length where the sender and receiver stay for 𝐿2 and
𝐿2 × (𝑁𝑖 + 1) time slots, respectively, on each sector for
performing their corresponding CH sequence. As a conse-
quence, the SCH period needed for achieving rendezvous
is 𝑁𝑗 × (𝐿2 × (𝑁𝑖 + 1)) which is very long as compared
to the period of our PES-SCH scheme. On the other side,
Li and Xie’s SCH scheme can provide shorter ATTR than
Song and Xie’s scheme because it is simulated with smaller
frame length. However, the MTTR of this scheme cannot be
traced because we observe that TTR in some cases cannot be
achieved within the whole simulation duration which is set
to 5 × 104 slots. The reason for the indeterministic behaviour
of Li and Xie’s SCH scheme is because the stay period in each
sector (i.e., 16 slots) is insufficient to guarantee rendezvous
while using the EJS-CH scheme. According to the EJS-CH
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Figure 13: Comparison of the time-to-rendezvous (TTR) between the asymmetric-role SCH schemes when𝑁𝑖 = 5.

[10], the rendezvous cannot be guaranteed unless the EJS-
CH sequences of the communicating SUs are overlapped
for at least 4𝑃𝐿(𝑃𝐿 + 1 − 𝐺) = 44(12 − 𝐺) time slots. 𝑃𝐿
is the smallest prime number greater than 𝐿, while 𝐺 is
the number of common available channels between the SUs
available channels. Hence, to ensure rendezvous regardless
of any misalignment of their local clocks, the SUs should
stay for at least 4𝑃2𝐿 on each sector of their SH sequences to
perform their EJS-CH sequences. This trade-off between the
boundedMTTR of Song and Xie’s SCH scheme and the small
ATTR of Li and Xie’s SCH scheme illustrates the efficiency of
our proposed AGQ-CH scheme, which allows PES-SCH to
guarantee rendezvous with the shortest TTR results.

In the second setting of the SCH simulation, we combine
the SH schemes of Li and Xie [28] and Chen et al. [30]
with our proposed AGQ-CH scheme. This is in order to
evaluate their channel rendezvous performance when they
are combined with an efficient and suitable CH scheme.
Figures 14 and 15 show the TTR results of these schemes and
our schemes when they are simulated for different values of
the best-quality channel 𝑛 (2 ⩽ 𝑛 ⩽ 5). In the simulation,
we consider different values for the sender number of sectors
(𝑁𝑖 = {4, 6, 12}), while the receiver number of sectors
𝑁𝑗 is set as 4. The figures show that our schemes always
outperform the other schemes under all the different antenna
configurations of the SUs. This is mainly due to the shorter
SRL of our SH schemes and, as explained in Section 5.4,
TTR depends on the SRL of the SH scheme coupled with the
length of the sector frame (𝑛2).Moreover, the figures illustrate
the effect of 𝑛 (i.e., the number of best-quality channels)
on the rendezvous performance where we can notice that
as 𝑛 increases, the TTR results for all the schemes increase.

This is because the larger 𝑛, the longer the frame length 𝑛2.
Accordingly, when SUs spend longer period in each sector,
they may waste more time while attempting rendezvous on
other sectors rather than the rendezvous sector. This will
result in a longer TTR until they can achieve a successful
sector and channel rendezvous.

Finally, to illustrate the performance gain brought
by applying directional antennas for channel rendezvous,
we compare the performance of our combined PES-SCH
scheme with the AAsync-CH omnidirectional antenna ren-
dezvous scheme [16]. The AAsync-CH is selected among
the other omnidirectional CH schemes since it is designed
for asymmetric-role environment (i.e., SUs have preassigned
role) similar to our PES-SCH. The schemes are compared in
terms of their probabilities for achieving a successful channel
rendezvous under different number of PUs in the network
area. In our PES-SCH, the simulated sender and receiver SUs
have 𝑁𝑖 = 5 and 𝑁𝑗 = 6 number of sectors and the number
of best-quality channels 𝑛 = 3.

Figure 16 shows the significant outperformance of our
directional antenna scheme as compared with the omnidi-
rectional antenna scheme. It can be noticed from the figure
that when the number of PUs in the network increases,
the probability of the successful channel rendezvous for the
omnidirectional scheme decreases dramatically. Meanwhile,
in the PES-SCH, this probability is almost 1 for most of
the cases and only decreases slightly when the number of
PUs is close to 100. This is due to the smaller interference
region of the directional antenna, which results in higher
channel availability for the SUs as compared to the omnidi-
rectional antenna. So, when the total number of PUs in the
network area increases, only few of them may reside within
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Figure 14: Comparison of the time-to-rendezvous (TTR) between the asymmetric-role SCH schemes when𝑁𝑗 = 4.
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Figure 15: Comparison of the TTR between the symmetric-role SCH schemes when𝑁𝑗 = 4. ID length = 7 bits.

the SUs rendezvous sectors where they can only impose a
slight change in the channel availability. Accordingly, the
probability of having common channels between the SUs on
their sector rendezvous pair is always high, which increases
the probability of successful channel rendezvous.

These results justify the motivation of our proposed
schemes where equipping SUs with directional antennas can
significantly enhance the channel rendezvous performance in
high-density PU networks as compared with the omnidirec-
tional antennas paradigm.
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Figure 16: Comparison of the successful channel rendezvous
probability between our PES-SCH directional antenna scheme and
the AAsync-CH omnidirectional scheme.

7. Conclusions

In this paper, we studied the sector and channel rendezvous
problem for SUs in DIR-CRNs. Two efficient coprimality-
based sector hopping schemes have been proposed for pro-
viding sector rendezvous in asymmetric- and symmetric-
role environments. The SH schemes are combined with an
efficient grid-quorum-based CH scheme for providing a
guaranteed sector and channel rendezvous simultaneously
between the SUs in DIR-CRNs. Theoretical analysis and
extensive simulations are conducted to demonstrate the
efficiency of the proposed schemes. The simulations results
verify that our schemes significantly outperform the previ-
ous directional antenna rendezvous schemes (in terms of
SRL and TTR). Furthermore, they demonstrate that our
directional antenna rendezvous paradigm is more resistant
to rendezvous failures under high-density PU CRNs, as
compared with the omnidirectional antenna rendezvous
paradigm.
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