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Abstract

The existing cellular systems operating in ultra high frequency bands suffer
from severe bandwidth congestion and therefore, over the past few years, the
paradigm of cellular spectrum is shifting towards millimeter wave (mmWave)
bands under the umbrella of fifth generation (5G) networks to provide higher
capacity. On the other hand, providing secure and reliable transmission of
data to the desired users is gaining more importance in recent years. In this
thesis, we analyze the impact of co-existence of mmWave small cells and
massive multiple-input multiple-output (MIMO) on coverage and rate of the
heterogeneous networks (HetNets). Specifically, we consider a three-tier net-
work consisting of small cells operating at both the sub-6GHz and mmWave
frequency bands overlaid with massive MIMO-enabled macro base stations.
Based on the stochastic models, we investigate user association, coverage
probability and data rate of the network. The proposed approach enhances
the coverage performance of HetNets significantly. This model is further
integrated with eavesdroppers under variable eavesdroppers density and an-
tenna gains for the investigation of secrecy outage and connection outage.
The user location of both the desired entities and eavesdroppers are modeled
by independent Poisson point processes. Based on this stochastic model, we

investigate the downlink secrecy outage probability, connection outage prob-
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ability, area spectral efficiency (ASE) and energy efficiency (EE)of the entire
network. The proposed approach of massive MIMO-enabled hybrid heteroge-
neous networks (HetNet) alongside mmWave small cells significantly reduces
both the connection outage and secrecy outage probability and enhances
achievable ASE and EE of the network for higher small cells base station

density. Simulations are performed to validate the stochastic models.
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Chapter 1

Introduction

This chapter presents an introduction about fifth generation (5G) technology.
After that, thesis contribution followed by thesis organization concludes this

chapter.

1.1 5G Networks

The world is rapidly moving towards its faster and smarter version of con-
nectivity where not only humans but everything will be connected as a sin-
gle network. Hereby, 5G will revolutionize the existing telecommunication
standards of 4G networks to its new era of higher capacity, lower latency
and ultra reliable wireless communication. In this thesis, we discuss the 5G
enabling technologies such as heterogeneous networks (HetNets), millime-
ter wave (mmWave) technologies, massive multiple-input multiple-output
(MIMO) technology and reliable and secure networks. The HetNets comple-
ment the conventional cellular network resources by an overlay deployment

of low-powered base stations that creates a fusion of technologies, frequency
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Figure 1.1: A heterogeneous network

bands, diverse cell sizes and network architectures that has a great ability
to compensate for the drastic proliferation of wireless data traffic coverage
and rate demands. The mmWave technology integration with microwave
technology has paved a promising way for provision of higher data rates to
the users. Massive MIMO integration on the microwave technology makes
it capable of providing high gains and is thus seen as key enabler of 5G
communication. This article proposes a framework to look into the possible
advantages of these aforementioned technologies and provides an insight on

their importance and challenges associated with them.

1.2 Thesis Contribution

Main contributions of this thesis can be listed as:
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e This thesis presents a hybrid heterogeneous system model composed
of multiple tiers operating at micro wave frequencies and mmWave
frequencies. Massive MIMO is added at the macro tier. All tiers are
modeled stochastically as Poisson Point Processes (PPP) with a certain

density and a system model is developed.

e We study and stochastically model user association, coverage and rate
trends of proposed network in the downlink transmission scenario. The
proposed system model tend to have much better coverage and rate
trends compared to traditional sub-6 GHz cellular networks without

mmWave and massive MIMO technology.

e We propose a system model with legitimate users as well as eavesdrop-
pers present in the multi-tier hybrid HetNet. Both the legitimate users

and eavesdroppers are modeled as independent Poisson Point Processes.

e The secrecy outage probability and connection outage probability along-
side energy efficiency (EE) and area spectral efficiency (ASE) are stochas-
tically modeled and analyzed for this system model and it is observed
that higher density of small cells leads to better secrecy outage prob-
ability and connection outage probability and system outperforms the

traditional sub-6 GHz cellular networks.

1.3 Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 outlines the back-
ground and existing literature on 5G wireless networks enabling technologies

and highlights the advancements made in recent years. In Chapter 3, we
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formulate the system model for multi-tier hybrid HetNet and look into the
possible increment in coverage and rate of exiting sub-6GHz cellular net-
works by addition of mmWave and massive MIMO technology. Chapter 5
presents the study of ASE and EE and the discussion on secrecy outage and
connection outage on the proposed hybrid HetNet model in the presence of
eavesdroppers. Chapter 6 concludes this article by discussing the conclusions
drawn form the performance analysis of proposed system models followed by

future works based on the proposed framework.



Chapter 2

Background and Literature

Review

This chapter provides the background and discusses the capability of the
key enabling technologies for the upcoming fifth generation mobile networks
and their literature review. The key technologies for the 5G networks dis-
cussed in this chapter include multi-tier networks provided with small cells,
higher frequency technology and massive Multiple- Input Multiple- Output

technology.

2.1 Heterogeneous Networks

Over the years, the data rate demands have increased immensely owing to
widespread usage of smart phones and wireless technologies [1]. The ex-
ponential growth in traffic calls for making use of higher frequency bands
in addition to conventional cellular networks operating at sub-6GHz bands.

The upcoming 5G technology is thought of, by researchers, as a mixture of
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multiple network tiers of variable sizes, transmit powers, range and operating
frequencies, making a HetNet. The HetNets complement the conventional
cellular network resources by an overlay deployment of low-powered base
stations that creates a fusion of technologies, frequency bands, diverse cell
sizes and network architectures that has a great ability to compensate for the
drastic proliferation of wireless data traffic coverage and rate demands [2,3].
Thus, the 5G technology can be visualized as a combination of a mixed
HetNets that are modeled to enhance the network coverage area and data
rates [4-6]. These advantage of HetNets come at the cost of user association,
interference management for multiple tiers, hardware cost and deployment
cost, energy efficiency, load balancing and many other [7-11,41-53].

A hybrid HetNets provided with multiple tiers and massive MIMO at
macro tier is shown in Fig. 2.1. The HetNets provide high data rates and a
lot of investigation into their various performance aspects has been performed
by researchers. Authors in [12,13] analysed performance of mmWave hybrid
networks based on simulation models. The authors in [14] investigated user
association for massive MIMO HetNets and [15] stochastically modelled user
association and coverage for K-tier HetNet with massive MIMO in macro
tier. The energy efficiency and area spectral efficiency aspects of HetNets
have been discussed in [16-18].

Whereas much emphasis is laid on connection and rate performance of
these networks, a considerable work has been done on physical layer security
implementation in HetNets. For instance, the secrecy capacity of unicast
links in the presence of eavesdroppers where transmission to the desired node
is based on distance is studied in [43]. Similarly, secrecy outage probability

for wireless fading channel was investigated in [41] and [42].
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Figure 2.1: A HetNet with mmWave tier and massive MIMO at macro tier.

The stand alone sub-6GHz networks are not affected by blockages but
mmWave communication is hindered and suffers propagation loss [22]. The
authors in [23] have studied the secrecy and outage capacity under the effect
of blockages for mmWave overlaid microwave network in the presence of

eavesdroppers.

2.2 Millimeter Wave Technology

The exponential growth in traffic calls for making use of higher frequency
bands in addition to conventional sub-6GHz bands. 5G promises wide range
of applications alongside high data rates but existing cellular infrastructure
works on sub-6GHz bands, which is unable to meet the 5G data demands.

However, millimeter wave (mmWave) communication base stations (BSs)
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Figure 2.2: mmWave frequency spectrum.

operating at 10 to 300 GHz frequency bands with bandwidths up to 2 GHz
rightfully serve the purpose [24-27,39].

Though mmWave technology promises high data rates yet owing to its
high frequency it has to deal with propagation losses, reflection losses and
issues of line-of-sight (LOS) and non-line-of-sight (NLOS) transmission along-
side hardware expenses [29]. However certain techniques such as beamform-
ing and highly directional antennas tend to increase its range to around
150-200 meters. Formation of hybrid HetNets and co-exitance of mmWave
and microwave technology is seen as a key enabler for huge data traffic and

high data rate demands [4,27,39].

2.3 Massive Multiple-Input Multiple-Output

Multiple antenna arrays at sub-6GHz base stations providing high array gains
are seen as key enablers of 5G communication providing high coverage and
data rates [24]. Each base station is provided with multiple antennas that
serves multiple users simultaneously. Their high gains make it a favourable

application at the existing sub-6 GHz base stations to make them support
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Figure 2.3: massive MIMO antenna array.

high data rates and energy efficiency.

Massive multiple-input multiple-output (MIMO) has gathered researchers
attention and a lot of work is being done on their performance. For instance,
User association with BSs in massive MIMO HetNets is investigated in [14]
and the user association per tier and coverage probability for K-tier HetNets
with massive MIMO in the macro tier is stochastically modeled in [15]. The
massive MIMO has been investigated in [30], it presents results for achievable
rate in uplink network scenario for MIMO at BSs. The impact of massive
MIMO in interference mitigation has been presented by authors in [31] and its
performance in spectrum sharing networks has been discussed in [38]. Perfor-
mance analysis of massive MIMO technology with zero forcing beamforming

(ZFBF) has been investigated in [33].



Chapter 3

5G Massive MIMO Hybrid
HetNets Analysis

In this chapter, we present the stochastic geometry models for analysis of
3-tier network composed of massive MIMO enabled sub 6-GHz macro cells
overlaid with mmWave and sub 6-GHz small cells. We analyse network per-
formance in terms of user association, network coverage and data rate. To the
best of our knowledge, no prior work has investigated network performance
of mmWave small cells coexisting with traditional heterogeneous networks
while assuming Nakagami fading model for mmWave communication and
massive MIMO enabled macro BSs (MBSs). We deploy N antennas at each
macro cell BS which simultaneously transmit data streams to S users using
linear zero-forcing beamforming and mmWave and sub-6GHz small cells BS
are deployed at higher density than MBSs and user association, coverage and

rate trends are discussed.

10
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3.1 System Model

We consider the downlink transmission scenario of a three-tier HetNet com-
prising of sub-6GHz macro cells overlaid with small cells operating at sub-
6GHz and mmWave frequency band, as shown in Fig. 3.1. The BSs of k" tier
are uniformly distributed as Homogeneous Poisson Point Process (HPPP) &
with density \; where k = {1,2,3}. The users are also assumed to be uni-
formly distributed as HPPP &, with density A,. The sub-6GHz small cells
constitute tier 2 while tier 3 constitutes small cells operating at mmWave
frequency band. Massive MIMO is implemented at the macro cells where
N antennas are installed at each MBS which simultaneously transmit to .S
users such that N > S > 1 [31]. The sub-6GHz small cell BSs, mmWave
BSs and users are single antenna nodes. Zero forcing beamforming is used
by each MBS for transmitting S data streams with equal power assignment.
Transmission is taken to be time-division duplex (TDD) and it is assumed
that downlink channel state information is known at the MBS [15]. Analy-
sis is performed for a typical user located at the origin, in accordance with
Slivnyak’s Theorem. The mmWave small cells can have either line of sight
(LoS) or Non-line of sight (NLoS) link to the typical user. To cater for this
we split @3, by applying independent thinning theorem, to ®% and ®% as
point processes of LoS and NLoS mmWave small cells, using LoS probability
function p(R), to evaluate that a link of length R is LoS or NLoS [22]. Thus,
®L and ®Y have the densities p(R)\3 and (1 — p(R))\s, respectively, while

p(R) is discussed in detail in Section III.
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Figure 3.1: Snapshot of a downlink three-tier heterogenous network.

3.1.1 Downlink User Association

An open access scheme has been assumed such that user is allowed to connect
to any tier BS. We assume user association is based on maximum average

received power, i.e., a user will connect to tier j only if

) = P.L 3.1
o, 1, P ), o

where Py is the transmission power of k™ tier, Ly(z) = z,“* is the path loss

function where x is distance between typical user and serving BS and «y, is

the path loss exponent.



CHAPTER 3. 5G MASSIVE MIMO HYBRID HETNETS ANALYSIS 13

The average received power at a user associated with MBS j(j € ¢1) is
given as,
Py

Pt = Gur' gt Lii(@), (32)

where P is MBS’s transmit power, L;(z) = 27" is path loss function
where 4 is path loss exponent and G, is the array gain given as N —S + 1
for zero forcing beamforming transmission [31]. It is evident from (3.2) that
the array gain of massive MIMO macro cell tier has a prominent impact on
user cell association. The average received power in case the user is associated

with small cell tier ¢ BS is,

P, =P, Li(x), where ¢={2,3}, (3.3)

where P; is small cell BS transmit power in the i tier and L;(x) = z;*

;s

small cell path loss function with path loss exponent «;.

3.2 Channel Model

We assume independent and identically distributed (i.i.d) Rayleigh fading
channel for sub-6GHz links and independent Nakagami fading for mmWave
links. The SINR of a typical user located at a distance x associated with the

MBS is represented as

%ho,MLo,M(x)

SINRY, =
o2+ Iy+1Is’

(3.4)

such that I, = Zjeq»l\bo,M%hj,MLj,M(%) and Is = > g, PyhgLy(7y) are
inter cell interference from the macro cell or small cell operating in sub-

6GHz band except the serving BS b, s, while A, is the small scale fading
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gain from the interfering channel such that h, ~ exp(l). Similarly, z, is
distance between the typical user and small cell BS ¢, while h,, s is the small
scale fading gain of the typical user at the distance x from the serving BS
such that h,p ~ (N — S +1,1) [31]. hj is small scale fading power gain
such that hja ~ I'(S,1) [31], z; is distance between typical user and MBS
J, Lg(zq) = 2% and ¢ is the noise power.

Similarly, the SINR of a typical user located at the distance x associated

with the small cell operating at sub-6GHz band is represented as

SINRY — M (3.5)
S O'Q—FIM—F[g’ '

such that Iy; =3, g, %hij(xj) and Ig = zqe‘bz\boysPQhQ?‘SL%S(xq)' Here,
hgs is the small scale fading gain from the interfering channel such that
hy ~ exp(1) and z, is the distance of the typical user from small cell BS g¢.
Similarly, h, g is the small scale fading gain of the typical user at the distance
x from the serving BS such that h, s ~ exp(1) while h; is small scale fading
power gain such that h; ~ I'(S, 1). Here, x; is distance of the user from MBS
gy Lgs(xq) = 27°% and L, s(v) = 17 are path loss functions.

The SINR for the typical user associated with mmWave small cell is

represented as

PBMTMtho,mLo,m(x)
o® + P3ZjEL,NZiE<I>3\bo,mGlhimeivm(xi)7

SINR,,, = (3.6)

where L, g(x) = 27, h,, is small scale fading gain where different Nak-
agami fading parameters are taken for LoS and NLoS links, M, and M; are
the main lobe gains of the transmit and receive antennas, j € {L, N} identi-

fies the interfering link as either LoS (L) or NLoS (N) and G| is the directivity
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gain of interfering BSs. It is assumed that both the BSs and the users are in
perfect alignment with each other so the directivity gain of the desired link
signal is given by M, M;. Beam direction is assumed to be independently and
uniformly distributed between (0,27]. Hence G, for [ = {1,2,3,4} is given

as,
(
a; = M,M; with prob. p; = (&b)

a; = M,m; with prob. p;, =

Gl _ (271' 27
a; =m,M; with prob. p;=((1—£)%)
| @ =mym; with prob. p; = (1 - 0_;) L= QQ_;))

3.2.1 Blockage Model

A stochastic blockage model is assumed for mmWave small cells, where block-
ages are modeled as a rectangle Boolean scheme, based on random shape
theory [29]. On the basis of this scheme, LoS probability function p(R) is
given by, p(R) = e ?F where R is the link distance and 3 is the dependent on
statistics of blockages. The LoS probabilities for various links are assumed

to be independent.

3.3 Performance Analysis

In this section, we perform stochastic modeling of user association probability
for each tier based on probability density function (PDF) of distance between
the typical user and serving BS and their coverage probability and rate is

analyzed by extending existing analytical models to our network scenario.
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3.3.1 Association Probability per Tier

Sub-6GHz Macro Cell tier

The association probability that a user is connected to MBS is given by,

& PQS.I’QI 2/a2
Ay =21 —TA
=2 | “Xp( ”(H(N—SH))

2 P3S 2o 0
_7T)\1.73 —27T/\3 (PI(N—S—|— 1)) L(x))da:,
where L(x) is given by,
An (@) Ap(z)
L(z) = / tp(t)dt + / t(1 — p(t))dt, (3.8)
0 0

where Ay(z) = 2°V/°0 and Ap(z) = 2*/*¥. L(z) is based on the in-
dependent thinning of ¢3 with LoS probability function p(R), as described
in section III. The probability density function of users distance to serving

MBS, fx,(z),is given as,

le(.I') =

271')\1 re i\ PQSSL’Oq 2/es
X —T
A, TP TR\ BN S+ D)

P;S 2/exs
TAME — 2T A3 (Pl(N = 1)> L(x))

Sub-6 GHz Small Cell tier

(3.9)

The association probability that a user is connected to sub-6GHz small cell

BS is given by,

A, = 27r)\2/ xexp<—7r)\2x2 — 23 L(z)—
0

Pi(N — S 4 1)zo2\ >/
70\1( 1 ( PSS—i- G ) )dx,
2

(3.10)
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where L(x) is given by (3.8).
The probability density function of users distance to serving sub-6GHz

small cell BS, fx,(x),is given as,

2mA
fx,(z) = Zzzxexp (—77)\2332 — 2 \3L(z)—
3.11
\ (P =S+ 1ae 2/ea (3.11)
TAL st .

mmWave Small Cell tier

The association probability that a user is connected to mmWave small cell

BS is given as

Ag=1-Y A (3.12)

ke1,2

The probability of associating with NLoS link is given by,

00 An(z)
An = AN/ exp {—27T>\3/ tp(t)dt}fN(x)d:c:co‘M (3.13)
0 0

Thus, the probability of associating with LoS link is A, = 1 — Ay.
Here, fy(x) is probability density function of the distance of the typical
user to the NLoS BS given by, fx(x) = 2rA3z(1 — p(x))exp(—2mAs [; ¢(1 —
p(t))dt)/Ax and for LoS link, fr(z) = 2mAsap(x)exp(—2mAs [§ tp(t)dt) /AL
[Eq. 4 of [22], [29], Theorem 8] where Ay = 1—exp {—27As [;° t(1 — p(t))dt}
is probability of user having at least one NLoS link, likewise, A, = 1 —
exp {—2m s [~ tp(t)dt} for LoS link.

PDF of the distance of user to serving BS given it is associated with LoS
BS is f(z) = %i(”exp{—%r)\g fOAL(m) t(1 —p(t))dt} and for NLoS link

fn(z) = %N(I)exp {—27r)\3 fOAN(”T) tp(t)dt}.

N
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3.3.2 Coverage Probability

Coverage probability is the measure that the received SINR at a typical user

is higher than a certain threshold, Mathematically

PE(T) = Pr(SINR,, > I)
- / h Pr(SINR;, > T'|X;, = z) fx, (z)dz (3.14)
0

— /oo Pk(F,x)ka(m)dx where k=1{1,2}.
0

The total SINR coverage probability, Pg, is calculated using law of total

probability as

3
Po =) PLA,. (3.15)
r=1

The coverage probability for a user associated with MBS is given by,

where Z(.) and UU)(.) is given as,

=0 -2on 32 (5 () (S

z=1

B(*(]%"L‘ial) {z - &_1
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Lo?2Sz™ plo
VW (i) = ———— — 27\, ST
() P TAL a2
o —2 ' 2 rs
o [ o ,S+1,2—a—1,—qu: ] —277)\2?1 (3.18)
(J(x)) =2 a —2 2 TS B
F 22— -2 Py(J
CY2—2 2 1 (e % » 0527 Pl 2( (.’L’)) )
2
. 2 (S4j— 1) @E) T
W0 (3) = 2mAy (—T) 7 ¢
() = 2eM (D)™ =T,
2 NI+
B(_riz-a) [j -—,1-5- ]} - 27rA2(j!)(Z—1 (3.19)
aq (03]

2
'SP\ et 2
(_ 2)1B ) a1 |:.j__7_.:|7
Py B ) [T @

where J(z) = (%).

The coverage probability for a user associated with sub-6GHz small cell

tier is given as,
s

o2z S\ [ PiTz2\~*
2 _ 1
P, x) —exp(— iz — 2\ E (z) ( 92 )

2 z=1

oy P\ —ah 2
(-Fpt) e 2 (3.20)
. a B(Plsiif (H()™") {Z Ty 1= S] B
2-e —2 2
2w Ao N2 * Xq F} {az ,1:2 — —;—F]),
g — 2 o) Qg

where H(z) = (N gf,;l Plxo‘2>. The proof can be found on similar lines as
mentioned in [15] and is omitted here due to the space limitation.
The coverage probability for a user associated with mmWave small cell

is given by,

PAT) = AP 1 (T) + APy n(D), (3.21)
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where P31, and Pj n, obtained by following [22], are given as,

Ny, N
Py~ Z<—1>j“( 'L) :
j=1 J

N 2 (3.22)
/Oexp<_‘77;\;f;j[trg — C;(I',z) — Dy(T x))fL(x)dx,
and
Ny N
Py~ (—1)7+ N>
. : o (] (3.23)
/0 exp<_]n]\]\Z;;th — E;(T', z) %(F,az))ﬁv(az)dx
where
~ [ jnpailze
Ci(T,x) =2mX3 Y _pi / F(NL,W>p(t)tdt, (3.24)

4 .
0 T
D,(T,z) = 27\ Zp,-/ F(NN, M) (1 - p(t)tdt,  (3.25)
- )

E;(T,z) :27T/\3§:p,~ / (I)F(NL,W)p(t)tdt, (3.26)

4 .
o AZF N
Vi(T, z) :27T/\32pi/ F(NN,%)(l—p(t))tdt, (3.27)
i=1 x

and F(N,z) = 1-1/(1+z)". Here n = NL(NL!)_N*IL and ny = NN(NN!)_ﬁ.
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Parameter a; = a;/ M, M;, a; and p; are defined in Section III.

3.3.3 Rate Coverage Probability

We define the instantaneous downlink coverage rate for typical user similar
to SINR coverage probability, such that the rate is higher than a certain

threshold p > 0 for an associated tier k defined as

RY, = Pr(Ratey, > p) = Pr(Wlog(1 + SINRg) > p) (3.28)
3.28
— Pr(SINRy, > 2% — 1) = PE(2W — 1),

where W is the total available bandwidth at the BS.

3.4 Simulation and Numerical Results

In this section, we evaluate the numerical results for coverage and rate to
study the influence of massive MIMO enabled macro tier on HetNet perfor-
mance. A 3-tier HetNet is taken with MBS density A; = (250000 x 7)~!,
Ao and A3 are taken multiples of MBS density. The sub-6GHz tiers are as-
sumed to be operating at 1GHz carrier frequency, W = 10MHz bandwidth,
path loss exponents a; = 3.5, as = 4 and transmit power P, = 46dBm
and P, = 30dBm, respectively. Likewise for mmWave tier, the operating
frequency is 28GHz, has 100MHz bandwidth, path loss exponent for LoS

oy = 2 and for NLoS ay = 4 and transmit power P; = 30dBm. Nakagami
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Figure 3.2: Association probability verses N with Ay = A3 = 30\; and S =5

fading parameters for mmWave tier, Ny and Np, are assumed to be positive
integers, 2 and 3, respectively. Array gains for all angles in main lobe are
taken M, = 10dB and M; = 10dB and for the side lobes m, = —10dB and
m; = 0dB gains are fixed. Main lobe beamwidth is taken to be 6, = 90° and
0, = 30°. Noise 02 = —90dBm is taken with noise figure of 10dB. For the
LoS probability function p(R) = e(=#%) 3 is takes as 1/8 = 141.4 meters.

In Fig. 3.2 we observe the effect of increasing the number of antennas N
on association probability of each tier. It is observed that association with
macro BSs is directly proportional to the number of antennas on each BS
and it prominently effects the user association with other tiers. This can

be attributed to the higher array gains because of higher antenna density at
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Figure 3.3: SINR coverage probability Po(I") verses SINR threshold T' for
N =4and §=2

macro BSs. Other reason is that macro BSs have greater transmit power than
small cell BSs. After macro BSs most of the load is managed by mmWave
BSs due to their favourable SINR distribution and larger available bandwidth
compared to the sub-6GHz small cell BSs.

Fig. 3.3 shows the network coverage probability Po for different small
cell BS densities. The graph shows that as small cell BS density increases,
more users are offloaded to small cells and it significantly improves the SINR
coverage of the network. Since small cells operate at lower power this may
lead to power efficient network where high power macro BS have lower traffic
but it comes at the cost of high small cell BS deployment. The macro cells

may serve to provide better coverage at cell edges but within them small
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Figure 3.4: SINR coverage probability Po(I") verses SINR threshold T' for
N =4and §=2

cells provide better coverage. Moreover, it can be observed that simulation
results and analytical results are tightly bound to each other that validates
the model.

Fig. 3.4 shows the network coverage probability comparison of 2-tier net-
work with sub-6GHz macro and small cells and 3-tier network with mmWave
small cells. The graph shows that the mmWave tier has significant contribu-
tion to SINR coverage probability. This can be attributed to the favourable
SINR distribution, larger available bandwidth and higher density of mmWave
cells. Macro cells may serve to provide better coverage at cell edges but within
them small cells provide better coverage. Moreover, it can be observed that

simulation results and analytical results are tightly bound to each other that
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Figure 3.5: Rate coverage probability R¢ verses rate threshold p for N =4
and S =2
validates the model.

Fig. 3.5 shows the rate coverage probability verses rate threshold for
different small cells BS density. The graph shows that as the small cell BS
density increases, rate increases drastically. This is due to the fact that
small cell BSs form better links to the users when their deployment density
is high and users associated with mmWave small cells have greater allocated
bandwidth.

In Fig. 3.6 we compare the achievable rates for each network tier to see
their contribution towards total network rate Ro. It is observed that the
mmwave tier which has significantly small cell size compared to conventional

sub-6GHz macro cells outperforms both sub-6GHz tiers though sub-6GHz
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Figure 3.6: Rate coverage probability Rf, verses rate threshold p for Ay =
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and mmWave small cells have same BS density. This is due to mmWave
cells high bandwidth and favourable SINR distribution. After mmWave tier,

macro cell has better rate coverage because of high transmit power.



Chapter 4

5G Green Hybrid HetNets

Secrecy Analysis

In this chapter, we use stochastic geometry for the analysis of a 3-tier network
composed of mmWave and sub 6-GHz small cells overlaid massive MIMO-
enabled sub 6-GHz macro cells. We analyze the network performance in
terms of reliable and secure downlink transmission. To the best of our knowl-
edge, no prior work has analyzed secrecy and connection outage of mmWave
small cells coexisting with traditional HetNets with massive MIMO enabled
macro BSs (MBSs) in the presence of eavesdropper. The mmWave and sub-
6GHz small cells BSs are deployed at higher density than MBSs and user as-
sociation, connection outage, secrecy outage, area spectral efficiency (ASE)

and energy efficiency (EE) trends are discussed.

27
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4.1 System Model

We consider the time-division duplex (TDD) secure downlink transmission
scenario of a three-tier HetNet comprising of sub-6GHz macro cells overlaid
with small cells operating at sub-6GHz and mmWave frequency band. It is
assumed that sub-6GHz macro cell base stations (MBSs) are provided with
large antenna arrays. The sub-6GHz small cells constitute tier 2 while tier
3 constitutes small cells operating at mmWave frequency band. The BSs of
each k' tier are uniformly located following a two dimensional homogeneous
Poisson point process (HPPP) &, with density \; where k = {1,2,3}. The
user equipment and eavesdroppers are also uniformly distributed as HPPP &,
and ¢, with density A, and \., respectively. Massive MIMO is implemented
at the macro cells where each MBS has N antennas which simultaneously
transmit to S users where N > S > 1 [36]. All the small cell BSs and users
are single antenna nodes. Zero forcing beamforming (ZFBF) is adopted by
each MBS for transmitting S data streams with equal power assignment. It
is considered that the downlink channel state information (CSI) is known at
the MBS [15]. The performance of the network is analyzed for a typical user
located at the origin, in accordance with Slivnyak’s Theorem. The mmWave
small cells can form either line-of-sight (LoS) or non-line-of-sight (NLoS) link
to the typical user. Thus, we divide ®3, by applying independent thinning
theorem, to ®% and ®2 as PPPs of LoS and NLoS mmWave small cells,
respectively, using LoS probability function p(R), to determine if a link of
length R is LoS or NLoS [22]. Therefore, ®% and @} have the densities
p(R)As and (1 — p(R))As, respectively. The LoS probability function p(R) is

discussed in detail in Section II-C.
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4.1.1 Downlink User Association

An open access scheme has been assumed such that user has the flexibility
to connect to any tier BS based on maximum average received power, i.e.; a

user will connect to tier j only if

= P.L 4.1
J = arg, max, Py k(7), (4.1)

where P is the transmission power of the k' tier, Ly(z) = z, “* is the path
loss function where x is distance between typical user and serving BS and oy,
is the path loss exponent.

The average received power at a user which is connected with the MBS

j(j € ¢1) is given as,

P,
P.i= GMgle,M(x), (4.2)

where G is the array gain, P is the transmit power of MBS, L; y(z) = ™™
is path loss function where a; is path loss exponent of the macro tier. The
array gain Gy is given as N — S+ 1 for ZFBF transmission [31]. The average

received power at the user connected with small cell tier BS is given as

PTJ' = PZLl((L’), where ¢ = {2, 3}, (43)

—ay

where P; is small cell BS transmit power in the i tier and L;(z) = z;% is

small cell path loss function with path loss exponent «;.

4.1.2 Channel Model

We consider independent and identically distributed (i.i.d) Rayleigh fading

channel for sub-6GHz links and independent Nakagami fading for mmWave



CHAPTER 4. 5G GREEN HYBRID HETNETS SECRECY ANALYSIS30

links. The received signal-to-interference-plus-noise ratio (SINR) for a typical

user and any eavesdropper associated with the MBS b, 5s is represented as

%ho,MLo,M(m)

SINRY, — ,
0% + ZjE@l\bo,M %hijLj’M (x3> +Is

(4.4)

SINRS, = S heare ™ (4.5)
M U2+Zje¢1%hj,MLj,M<xj) +]S, .

where Is = g, PyhqLy(,) is the inter cell interference from the small
cell operating in sub-6GHz band, h, is the small scale fading gain from the
interfering channel such that h, ~ exp(1l). Similarly, z, is the distance
between the typical user and small cell BS ¢, while h, 5 and h. s are the
small scale fading gains of the typical user at the distance x and eavesdropper
at the distance r, from the serving BS such that h,p ~ I'(N —S+1,1) [31].
In (4.5), hja is small scale fading power gain such that h;y ~ I'(S, 1), z; is
distance between typical user and MBS j, Ly(7,) = x,;%* and o2 is the noise
power.

The SINR of a typical user located at a distance x and any eavesdropper
at distance 7. associated with the small cell BS b, ¢ operating at sub-6GHz

band is represented as

P2ho SLO S(l’)
SINRY — 520, , 46
S TS o, PohasLaseg) + I (46)

che’STE_OQ

SINRG = | i
0% + qu‘bz P2hq,SLq,S(xq) -+ IM ( )
where Iy = > cp, %hj[/j<$j) is the intercell interference from macro cells,

Lgs(vq) = 2% and L, s(v) = 172, Here, hy s is the small scale fading gain

from the interfering channel such that h, ~ exp(1l) and z, is the distance
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of the typical user from small cell BS ¢. Similarly, h,s and h.g are the
small scale fading gain of the typical user such that h, s ~ exp(1) while h;
is small scale fading power gain such that h; ~ I'(S,1). Here, x; is distance
of the user from MBS j, L,s(7,) = v;°? and L, s(z) = x7°2 are path loss
functions.

The SINR for the typical user and any eavesdropper associated with

mmWave small cell b,,, is represented as

PSMthho mLo m(w)
SINRY = mLo, ? (4.8)
0%+ PSZje{L,N}Zi@g\bo,mglhi,mLi,m(951')

()
P3Gehe mrf;ag
SINR®, = : : (4.9)
02 + P3Zj€{L,N}Zie@gGlhimei’m<xi)

NG

where L,,,(z) = « , hom and he,, are small scale fading gain where
Nakagami fading parameter for LoS and NLoS links are unique positive in-
tegers N;, M, and M; are the main lobe gains of the transmit and receive
antennas, (G; and G, are the directivity gains of interfering BSs and eaves-
dropper and j € {L, N} identifies the interfering link as either LoS (L) or
NLoS (N). We assume that both the BSs and the users have their main lobe
aligned in the direction of dominant propagation path so the directivity gain

of the desired link signal is given by M, M;. Beam direction is assumed to

be independently and uniformly distributed between (0,27]. Hence G, for
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[ =1{1,2,3,4} is given as,

( a; = M'/‘Mt Wlth pl"Ob- P = (3_;9_;>
G a; = M,m; with prob. p, = (%(1 - 297))
l =
ap=m,M, with prob. p = ((1—%)k)
| @ = mymy with prob. p, = ((1 - 0_;) 1 g_rtr))

4.1.3 Blockage Model

A blockage model based on stochastic geometry approach is assumed for
mmWave small cells. Based on random shape theory, blockages are modeled
as a rectangle Boolean scheme [29]. Hence the LoS probability function p(R)
is given as, p(R) = e ?F where 3 is the dependent on statistics of blockages
and R is the BS to typical user link distance. The LoS probabilities for

various links are considered independent of each other.

4.1.4 Area Spectral Efficiency and Energy Efficiency

We define ASE of the system as the total rate in a unit area normalized by

the bandwidth, given as

3
Nase = »_ Aelogy(1+ ) PE(T), (4.10)
k=1
where P%(T) is coverage probability conditioned on the user associated with
tier £ and I' is SINR threshold.
The EE of the system is defined as

Aud i1 AxWilogy(1 + T)PA(T)

(4.11)
>t k(2P + pe)

NEE =
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where W}, is the bandwidth allocated to user connected to the BS in tier k,
e is the amplifier efficiency, p. is the load independent circuit power and A,

is user density.

4.2 Performance Analysis

In this section, we perform stochastic modeling of typical user association
probability for each tier followed by connection and secrecy outage probabil-

ity of proposed network scenario.

4.2.1 Reliable and Secure Transmission Characteriza-
tion

In the proposed network scenario, it is assumed that all tier links are eaves-
dropped and for enhanced secrecy, a secrecy coding scheme called Wyner
code is adopted at each link [?]. Based on this scheme, we need to specify
two kind of rates at the transmitter, i.e., rate of the transmitted message
signal R,,, and rate of transmitted code words R.. In the considered net-
work scenario, when a BS of any tier intends to make a reliable and secure
transmission, depending of the choice of R,, and R, at the BS, the following
outage events are bound to occur.

a. Connection outage occurs when the capacity of the link between typical
user and its associated BS falls below the transmitted message rate R,,, i.e.,
SINR of the received signal is below a certain threshold. Hence, we define
connection outage probability as P%(T') = Pr(SINR} < T).

b. Secrecy outage occurs when the capacity of the channel between the

serving BS and any eavesdropper is above the rate R, and message security is
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breached, i.e., received SINR at any eavesdropper is above a certain thresh-
old. Hence, we define secrecy outage probability as Pk (T'.) = Pr(SINR§ >
r.).

4.2.2 Association Probability
Sub-6GHz Macro Cell tier

The association probability that a typical user is connected to the MBS is

given by,

o PQSQTQI 2/az
A= 27r)\1/0 xexp(—w)\g <P1(N s 1>>

(4.12)
Aaz? — 27 PS5 2/O(SL() d
TA1LT TA3 Pl(N—S+1) X Z,
where L(z) is given by,
An(z) Ap(x)
L(z) = / tp ()t + / 11 = p(t))dt, (4.13)
0 0

where Ay (z) = 2N/t and Ap(z) = 2*4/*V that follows from the indepen-
dent thinning of ¢35 with LoS probability function p(R) as discussed in Section
I1. The probability density function (PDF) of users distance to serving MBS,

fx, (), is given as,

. 271')\1 PQSiL‘al 2 ez
Fale) = = mwexp <‘“2 (Pl(N —5+ 1))

—\a? — 2w\, ( PSS ))2/as L(x)>. (4.14)

P(N—-S+1
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Sub-6 GHz Small Cell tier

The association probability that a typical user is connected to sub-6GHz

small cell BS is given by,

Ay = 27T)\2/ Texp <—7T)\2x2 — 23l (z)—
0

Pi(N — S+ 1)ao2\ ™
7T)\1( 1 PSS+ )z ) )dx.
2

(4.15)

The PDF of the distance of the typical user to serving sub-6GHz small cell

BS, fx,(z), is given as,

fx,(z) = 21722 xrexp (—7'(')\2332 — 2 \3L(z)—
4.16
\ (PN = S+ 1)ae 2/en (4.16)

TAL PZS .

mmWave Small Cell tier

The association probability that a user is associated to a mmWave small cell
BS is given as

Ag=1- > A. (4.17)

ke{1,2}
For mmWave links, the probability of connecting with NLoS link is given by,
Ay = Ay [; exp {—27r)\3 fOAN(x) tp(t)dt}fN(a:)da: [22]. Hence, the probabil-
ity of connecting with LoS link is A, =1 — Ay.

Here, fy(z) = 2mX3x(1 — p(x))exp(—2mAs [ t(1 — p(t))dt)/Ay is the
PDF of the distance of the typical user to the NLoS BS and for LoS link,
fo(x) = 2mXsap(x)exp(—2m A [ tp(t)dt) /AL [Eq. 4 of [22], [29], Theorem 8]
where Ay = 1 — exp {—27mA3 [~ t(1 — p(t))dt} is probability that the user
has at least one NLoS link, likewise, A;, = 1 — exp {—27wAs [ tp(t)dt} for
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LoS link.

The PDF of the distance of the typical user to serving BS given that it is
connected with LoS link is fy(z) = %i(z)exp {—27T)\3 fOAL(w) t(1— p(t))dt}
and for NLoS link fy(z) = %fx(x)exp {—27T>\3 OAN(I) tp(t)dt}.

4.2.3 Connection Outage Probability

Connection outage probability of a typical user associated with sub-6GHz

macro or small cell BS is given as

P (') = Pr(SINRY < I') = 1 — Pr(SINR} > T

=1- / Pr(SINR} > I'| Xy = z) fx, (x)dx
0

=1- /OO PH(T,2)fx,(x)dr where k= {1,2}.
0

Here PY(T,z) for a typical user associated with MBS at the distance x is

given by

N-5 / o

YT 2) — (z1)’ I
r gu!x—l)lzﬁ G
n;gH)™

Jj=1

[o2Sx®  _ (T Szx™ l , .
Xex"(‘T‘:( 2 ))H(\P‘”(x“»“%

Jj=1

(4.18)
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where Z(.) and UU)(.) are given as,

S

=(q) = 27\ ; (j) (%)Zqz (#)

—a2
9 J(x)) 5
B p o uilze21-8 IS LG N (4.19)
(afaen) [P T o 2

oy — 2 2
F[ : ,1;2——;—qP2<J<x>>-1]

&%) (%)

Lo?2Sz™ x2m
—_ 2\ ST

041—2 2 . o FS
F 1,2 — = —ilz™™ | — 27—
2 1{ o S+ 1 o T ] T (4.20)

()=

1
062—2 2

W (5) =

—2 2 18
[0‘2 902, —ﬁa(ﬂx))*] |

%) Qg P,

W) (3) = 2m, (—0)a S I Z DHO T

2

1
B(_riz-e) [j oS- ]} + 2m2(j!)(— (4.21)

2
'SP\ e 2
(_ 2) IB ) - |:.__7_j:|7
P (-P 53 (I (2)) @2 ) v

where J(z) = ((1\525—1%131)'

Similarly, P?(T', z) for a typical user associated with sub-6GHz small cell

BS at distance x is given as,

S

Lo2zo2 S\ [ PiTz2\*
2 o 1
P*(T,x) = exp(— o 2T\ g <Z) ( Sh, )

z=1

(—Lzhy

aq

X

S Py (03]

2-0s ) 2
oA T2 2 5o By {0‘2 12— = —FD,

Qo — %) (&%)

Bnre2 () {Z -2 S} - (4.22)
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where H(x) = (Ng—ﬁ:lPlxa?). The proof can be found on similar lines as
mentioned in [15].
The connection outage probability for a user associated with mmWave

small cell is given by,
cho(r) - 1 - |:ALP37L(P) + ANP3’N<F>:| 5 (423)

where P5;, and P; x are given as,

M, M,
and v
Py (M)
—1 J
j
o0 —jnna®NTo? 2
/0 exp (W — E;(I', z) — V;(T, x))fN(m)dx
where

4 .
00 AZ‘F ar,
Cj(F, 513') = 271')\3 sz/ F<NL; %)p(t)tdt,
=1 z

o jnL&iFZEaL

F Ny, = ) (1 — p(t))tdt

4
Dj(F,x) = 27'(')\3 sz/

=1 JOL

4 s

i gnna;lx™N
E;(T,x) = 2m)3 E pz-/ F(NL, —a)p(t)tdt,
’ i=1 An(z) Nptor

4 .
> CALiF.ZCaN
) =2y [P (N PN 1,
=1 r

and F(N,z) = 1-1/(14z)". Here n = NL(NL!)_J‘%L and ny = NN(NN!)_ﬁ.
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Parameter a; = a;/ M, M,, a; and p; are defined in Section II. The proof can
be found on similar lines as mentioned in [22] and is omitted here due to the
space limitation.

The total connection outage probability, P.,, is calculated using law of

total probability as

3
P, =) PEA; (4.24)

k=1
4.2.4 Secrecy Outage Probability

The secrecy outage probability is the measure that at least one of the eaves-
droppers is causing the secrecy breach. It is defined for a typical link of k"

tier as

PF(T.) = Pr(SINR; < I.) = 1 — Pr(SINR{ > T,)

21— B | T] (1 - Pronvmi > o)) |

e€¢e
Oy Ey, {exp {—)\e/ Pr(SINR;, > Fe)deH,
RQ

where (b) gives the upper bound on (a) by using independence of fading at
each eavesdropper and generating functional of PPP.

The total secrecy outage probability, P,,, for the three tier network is
defined as

3
P, =Y PhA; (4.25)

k=1

The conditional secrecy outage probability for a typical user associated with
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sub-6GHz MBS is given as,

Y /N
PL(T.) =1—exp (—27r)\e ( , )(—l)iﬂx
i
= (4.26)
o 'Fe aq
/ Te€XP {—Z 9 (- Cgl] dre),
0 P
where P, = £ and ¢} and ¢} is the characterization of interference from

sub-6GHz MBSs and small cell BSs given as,

S 5 p
) P
(L =2\ Z (S) / (ubir™) srdr,
Te (1

1 e uPyr—o2
=27\ w | ————— | rdr,
£ 2/( Liv N )alzreaé(l—i-upgr—%)
(N—S5+1)P;

. Similarly, the conditional secrecy outage

. y [e3
respectively, where u = (ZPP+1)
1

probability for a typical user associated with sub-6GHz small cell BS is given

as
P2(T,) =1—exp (—27r)\e
4.27
/OO |: Fer320-2 (2 C2:| d ) ( )
T.eXp | — — (s - re |,
; p P, 1 2
where

S A ju
S e (uPyr—or)
G=2r\ ) (u) /( . - rdr,

L1 X2 ~
p=1 Tpl)al Te “1 (1 + uPlr—al)

o0 Pyr—a2
2 _9x\ / _UT g
CQ A2 re 14+ uPyr—a2 raer,

). The conditional secrecy outage probability for a typical

Lere®2

where u = (<
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user associated with mmWave small cell BS is given as,

P3(T.) =1—exp (—%Ae > i (]\Z_[j)(—niﬂx

JE{L,N} i=1 (4.28)
o0 ilore? o
/0 FeexP [‘W - C&J}pf (’“”‘”e)’

where pr(re) = e(=Pre) pn(re) =1 —el=hre), G = Ci(Le,re)+Dy(Te, 1) and
Gy = Ei(Te,re) + Vi(Te, 1) Tespectively.

4.3 Simulation and Numerical Results

In this section, we validate the system model by taking a 3-tier HetNet with
MBS density A\; = (500? x 7)~!, where Ay and )3 are taken as multiples
of MBS density. The sub-6GHz tiers are assumed to be operating at 1GHz
carrier frequency, 10MHz bandwidth, path loss exponents a; = 3.5, ap, = 4
and transmit power P, = 46dBm and P, = 30dBm, respectively. The density
of eavesdropper is taken as A\, = 1 x 1075, For mmWave tier, the operating
frequency is 28GHz, 100MHz bandwidth, path loss exponent for LoS «j = 2
and for NLoS ay = 4 and transmit power P; = 30dBm. Nakagami fading
parameters for mmWave tier, Ny and Ny, are taken 2 and 3, respectively.
Array gains for all angles in main lobe are taken M, = 10dB and M; = 10dB
and for the side lobes m, = —10dB and m; = 0dB. Main lobe beamwidth is
taken to be 6, = 90° and 6, = 30°. Noise 02 = —90dBm is taken with noise
figure of 10dB. Blockage parameter, /3, is 1/5 = 141.4 meters [22].

Fig. 4.1 shows the relationship between the association probability and
varying mmWave BS density A3 and it is observed that the mmWave associa-

tion increases with A\3. This is due to the fact that with increasing density, the
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Figure 4.1: Association probability verses varying relative small mmWave
BS density A3/A; for Ay = 30X\, N =100 and S =5

average cell radius of the mmWave small cells decreases leading to stronger
links between the user and mmWave BSs. Moreover, since LoS probability
function, p(R), is function of distance so when the distance decreases, the
LoS association probability increases that increases the probability of the
user to form lower path loss LoS links with mmWave BSs than the high path
loss NLoS links. Though macro BSs have higher transmit power and large

array gains, association with macro BSs decreases because of low BS density.

In Fig. 4.2 we can see the variation in secrecy outage probability verses
SINR threshold at the eavesdropper for different eavesdropper antenna gains

for mmWave tier and it is observed that secrecy outage probability falls with
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Figure 4.2: Secrecy outage probability verses T'.(dB) for Ay = A3 = 30,
N =5
increase in I', and higher directivity gains lead to increased secrecy outage.
Highly directional beamforming at mmWave tier leads to lower connection
outage probability but since eavesdroppers too will have higher gains, there is
a greater probability of them having SINR greater than threshold and thus
transmission secrecy is compromised. Thus, there exists a tradeoff and it
is not possible to set highly directional beams at mmWave BSs to improve
connection outage while ignoring secrecy outage. Moreover, analytical results
have been validated by Monte Carlo simulations.

Fig. 4.3 shows the behavior of secrecy outage probability as the density
of eavesdropper is varied for different small cell BS densities and directional

antenna gains at the eavesdroppers. It is observed that higher small cell BS
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Figure 4.3: Secrecy outage probability as the function of A, for I'. = 40dB,
N =5
density improves the secrecy of the network as higher density yields greater
overall network interference that leads to uncertainty at the eavesdropper
and its SINR falls below the threshold. Moreover it is observed that keeping
small cell density fixed, lower directional antenna gains at the eavesdroppers
improves the secrecy capacity of the network transmissions. Thus lower di-
rectional gain and increased interference collectively decrease the chance of
eavesdroppers SINR being above threshold.

Fig. 4.4 shows the secrecy outage probability variation with I', for differ-
ent number of antennas at macro BSs and it is observed that as the number
of antennas at MBSs increases, the secrecy outage probability also increases.

This is due to the fact that MBSs are higher power nodes as compared to
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Figure 4.4: Secrecy outage probability verses I'.(dB) for G, = 15dB, Ay =
A3 = 30\
small cell BSs that leads to better transmission at legitimate as well as eaves-
droppers nodes thus eavesdroppers are more likely to have SINR well above
threshold. Moreover, when MBSs have higher antenna density, they provide
higher array gains and users are less likely to be offloaded to small cells,
therefore, overall interference of the network drops, leading to less uncer-
tainty at the eavesdroppers. It can be observed from the figure that there
is no substantial increase in secrecy outage after the number of antennas is
increased beyond certain limit because after that user association with tiers
does not have significant variation.

Fig. 4.5 shows the trend of EE and rate coverage probability verses
SINR threshold I" and achievable rate threshold p for different small cell BSs
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Figure 4.5: EE verses SINR threshold I' and rate coverage probability verses
achievable rate in Mbps p for N =4, S =2, A, = 1 x 107%, ¢ = 0.9 and
pe = 0.1W

density. It is observed that increasing the SINR requirement results in an
increasing EE and outage probability. The trend is explained by (4.11) which
outlines the dependence of EE on the coverage probability of the network and
the SINR threshold. The EE increases with the term log,(1 4+ I') since all
other factors such as BS densities and number of antennas at MBSs are
fixed. Rate trend shows that the rate of the network increases rapidly with
the increase in small cell BS density. This is because with increased small
cell BS density more users are offloaded to small cells and form better links.
Moreover, users associated with mmwave small cells have higher allocated

bandwidth.
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Fig. 4.6 shows the connection outage probability for different small cell BS
densities and we observe that as small cell BS density increases, more users
are offloaded to small cells and it significantly decreases the connection outage
probability of the network. As small cells BSs are lower power nodes, this
may lead to power efficient network where high power macro BS have lower
traffic and density but it comes at the cost of high small cell BS deployment
density. Moreover, analytical model is validated by simulations.

Fig. 4.7 shows the trend of EE and ASE verses SINR threshold for dif-
ferent small cell BSs density. It is observed that increasing the SINR re-
quirement results in an increasing EE and ASE and their trends are almost

similar. The trend is explained by (10) and (11) which outlines the depen-
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Figure 4.7: EE and SE verses SINR threshold I'(dB) for N = 4, S = 2,
A =1x107% € =0.9 and p. = 0.1W

dence of ASE and EE on the coverage probability of the network and the
SINR threshold. The EE and ASE increase with the term log,(1 4 I") since
all other factors such as BS densities and number of antennas at MBSs are
fixed. However, at larger SINR thresholds, the increase in connection outage
probability becomes dominant and as a result, the ASE decreases.

Fig. 4.8 shows the connection outage probability comparison of 2-tier net-
work with sub-6GHz macro and small cells and 3-tier network with mmWave
small cells and we observe that the mmWave tier has a major role in keeping
outage event low. This can be attributed to the larger available bandwidth,
higher density and favourable SINR distribution of mmWave cells. Macro

cells may serve to decrease service outage at cell edges but within them small
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cells serve the purpose. Moreover, analytical model is validated by simula-

tions.



Chapter 5

Conclusions and Future Works

In this thesis, we modeled and analyzed various enabling technologies for
5G cellular networks. This work analyzed and presented valuable results for
enhancing the performance of HetNets by complementing them with massive

MIMO and mmWave technologies. We conclude the thesis in two parts

e In Chapter 3, 3-tier HetNet coverage and rate is analysed with massive
MIMO at macro tier. User association is performed based on maximum
received power and effect of massive MIMO and mmWave BS density
on the user cell association is investigated. It has been observed that
the implementation of massive MIMO on macro tier and deployment
of high density of mmWave small cells leads to significant enhancement
of rate and coverage. Moreover, numerical results showed that on in-
creasing number of antennas at macro BS, user association is biased
towards macro tier, leading to low demand of small cells that simplifies

the network.

e In Chapter 4, we investigate the impact of massive MIMO and mmWave

small cells on the connection and secrecy outage probability, ASE and

20
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EE of a 3-tier heterogeneous network. User association with BS is
based on maximum average received power. Association probability
for fixed number of antennas at the MBSs is biased towards mmWave
small cells. It has been observed that higher density of sub-6GHz and
mmWave small cells leads to considerable decrease in connection outage
and secrecy outage probability and significant enhancement of ASE and
EE of the network. Moreover, it is critical to mention that directivity
gains for mmWave BSs and number of antennas at MBSs cannot be
increased limitlessly to offload traffic to small cells and decrease network
outage capacity since that elevates the secrecy outage capacity, i.e.,
there exist a tradeoff between secrecy outage and connection outage
probability. Since small cells BSs are lower power nodes, this leads
to a power efficient network but it comes at the cost of their higher

deployment density.

The possible future works based on this thesis are the modeling and per-
formance analysis of the presented 3 tier hybrid heterogeneous network by
introduction of dual slope model at the millimeter wave tier. Because of the
propagation losses associated with millimeter wave technology it is desirable
to follow multi slope path loss models at millimeter wave tier.

It will be worthwhile to evaluate of the performance of proposed frame-
work based on various optimization theories to optimize its energy efficiency
and area spectral efficiency by minimizing the transmitted power per base
station and also by minimizing the density of small cell base stations because
of their hardware cost.

As far the secrecy analysis is concerned, the modeling and performance

analysis of proposed 3 tier hybrid heterogeneous framework in terms of se-
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crecy outage and connection outage for the artificial noise addition scheme

for secrecy will be a worthwhile contribution to 5G.
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