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Abstract

In the effort to satisfy the exponential growth in wireless traffic, the three-dimensional
(3D) multiple-input multiple-output (MIMO) has been considered as a key enabling tech-
nology to offer a high beamforming capability and to reduce the inter-cell interference
in densely deployed small-cell (SC) networks. One open problem that the academia and
industry need to investigate is how a dense SC network performs with 3D MIMO. In order
to analyse the performance of dense SC networks equipped with 3D MIMO, the first step
is to accurately analyse the performance of 3D dense SC networks by considering the
particular features of network densification, e.g. very short link lengths. As the majority
(almost 80%) of wirelss communication occur in indoor environments, this deliverable
mainly focuses on the indoor 3D dense SC networks. Previous works on the performance
analysis for indoor SC networks were largely based on simplified path loss models, which
do not distinguish between line-of-sight (LOS) and non-line-of-sight (NLOS) transmis-
sions. However, with the network becoming denser, both the desired signal transmission
links and interference links are likely to become LOS due to the shorter distances between
users and base stations (BSs). This deliverable will firstly investigate a practical path loss
model including both LOS and NLOS propagations. Then, a novel and tractable LOS
probability model in indoor 3D scenarios will be proposed. Finally, a mathematically
tractable approach will be developed to analyse the performance of indoor 3D dense SC
networks based on the proposed path loss model and LOS probability model. We obtain
the analytical expressions for three performance metrics, including the coverage proba-
bility, spectral efficiency (SE) and area spectral efficiency (ASE). The analytical results
are verified by Monte Carlo simulations. Based on the numerical results, we discuss the
impact of BS density and LOS probability on the aforementioned network performance

metrics, and provide guidelines for designing the indoor dense 3D SC networks.

Keywords: 3D dense small-cell (SC) networks, indoor environment, line-of-sight (LOS),
non-line-of-sight (NLOS)
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1 Introduction

In recent years, cellular networks are facing increasing demand and requirements in terms
of the higher throughput, lower latency, and higher reliability under higher connectivity
density and mobility [1]. Herein, for indoor hotspots, it is urgent to meet the higher
throughput requirement, since wireless applications with the high demand of data trans-
mission rates are still growing, such as ultra high resolution live videos and virtual reality.
In this context, dense small cell (SC) networks have been considered as an effective solu-
tion to improve the throughput for indoor communication networks [2]. In dense indoor
SC networks, the base stations (BSs) can be densely deployed at various locations, e.g.,
ceilings, floors and internal walls. The deployment of BSs apparently presents a three-
dimensional (3D) layout [3]. As the majority (almost 80%) of wireless communication

occur in indoor environments, the indoor scenario is a significant part of 3D SC network.

For performance analysis of SC networks, traditional approaches were based on the
simplistic path loss models that did not differentiate between ling-of-sight (LOS) and
non-line-of-sight (NLOS) propagations [4-6]. This results in inaccurate analysis of SC
networks. The work [4] showed that, when the BS density is large enough, performance
metrics such as coverage probability and spectral efficiency (SE) are not sensitive to the
BS density, while the area spectral efficiency (ASE) is proportional to the BS density.
However, these conclusions do no always hold when the path loss model is comprised
of LOS and NLOS transmissions [7-10]. In [7], the authors explored the effects of the
multi-slope path loss model, using different path loss exponents according to various
distance ranges, on the dense SC networks. In [8-10], the authors investigated the piece-
wise expressions of path loss incorporating both LOS and NLOS transmissions. On this
basis, the performance metrics, i.e. the coverage probability and the ASE, were derived as
functions of the BS density. Moreover, numerical results therein showed that the coverage
probability increases with the BS density and then decreases after the BS density becomes
larger than threshold. The ASE is non-linear with the BS density, which is different from

the conclusion in [4-6].

We note that all the above works focused on outdoor SC networks in two-dimensional
(2D) scenarios. There are very limited reported research on indoor 3D SC networks while
considering LOS and NLOS transmissions. Motivated by the above limitations in the
current literature, this deliverable will propose a tractable approach to investigate the
performance of indoor 3D SC networks while differentiating LOS and NLOS propaga-
tions. Firstly, a multi-slope piece-wise path loss model will be employed to analyse the

network performance. Next, a novel LOS probability function for indoor 3D scenarios
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will be proposed. Based on the multi-slope piece-wise path loss model and the LOS prob-
ability function, the analytical expressions of three performance metrics, i.e., coverage
probability, spectral efficiency (SE), and area spectral efficiency (ASE), will be derived
for both a general path loss model and a special path loss model respectively based on
the analysis of stochastic geometry. Note that, the content of this deliverable was partly
presented in the paper [11].

The remainder of this deliverable is organized as follows. The system model is in-
troduced in Section 2. The analytical expressions of performance metrics are derived in
Section 3. The analytical results are validated by simulation results in Section 4. In the

end, this deliverable is concluded in Section 5.

2 System Model

This section introduces the system model for analysing the performance of indoor 3D dense
SC networks. The deliverable mainly focuses on the downlink propagations for indoor
users, which are assumed to be only served by indoor BSs. The details are presented as

follows.

2.1 3D Dense Small-Cell Network Model

The positions of BSs and users are modelled by two independent 3D homogeneous pois-
son point processes (PPPs) ®p with density Ap and ®; with density Ay, respectively.
Moreover, assume Ay is much larger than A such that each base station will have at
least one associated user in its coverage and be activated. Each BS transmits with the
identical power P;. Fig. 1 presents a 3D SC network in a 3D building consisting of many
small cuboid, in which the BSs and users are randomly located. For simplicity, Fig. 1

only gives a part of the 3D building.

2.2 Path Loss Model

In order to practically describe the LOS and NLOS transmissions, the piece-wise path loss

model considering the practical LOS and NLOS transmissions, is adopted with respect to
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Figure 1: The typical indoor 3D network model

the link distance r between the typical user and the considered BS, which is presented as

' wE(r),  with probability Pr(r
wi(r) = 1) P v Pri(r) ., when 0 <r <d;
wNF(r), with probability Pri"(r)

w¥(r),  with probability Prk(r
wa(r) = 2 (1) P y Pro(r) , when d; <r <d,
w(r) = wNV(r), with probability Pri¥(r) (1)

wk(r), with probability Pri(r)
wy(r) = , when r > dy_
wNF(r), with probability Pri¥(r)

where the function of path loss w(r) is divided into N pieces, represented by w,(r),
n € {1,2,3,---,N}. In addition, the variables wk(r) and w“(r) denote the n-th piece
path loss function for LOS and NLOS propagations, respectively. Similarly, the variables
Pr¥(r) and PrY"(r) represent the n-th segment of the LOS and NLOS probability function,
respectively. Note that, for each piece n, Prt(r) +PrY=(r) = 1.

Moreover, for each piece wy,(r), it is modeled as

wh(r) = Khron, for LOS transmission
wn(r) = (2)

NL . .
whl(r) = KNEr=on” for NLOS transmission

where the path loss exponents are denoted by o and aN* for the LOS and NLOS path,
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respectively. The variables KY and KN are the reference path loss at a unit distance
(1m), for the LOS and NLOS path, respectively. In general, the value of ol is smaller
than that of a)", since the negative effects of the obstacles (e.g., buildings, walls and
corridors) will cause a higher attenuation of NLOS transmissions as compared with the
LOS cases. In reality, the above four important path loss parameters are constants and
can be obtained from channel measurement campaigns.

As shown in equation (1), Prk(r) is the n-th piece LOS probability function, which
monotonically decreases with distance r. Therefore, it can also be modeled as a piece-wise

function, which is given by

(
PrY(r), when 0 <r <d,

Pr(r), hen d; <r <d
Pr(r) = ‘ 2(7) W ' - (3)

\Pr%v(r), when r > dy_;

Combining equations (1), (2) and (3), the proposed path loss model can be obtained
completely. It is line with the path loss model adopted by the 3GPP standards [12].
Furthermore, the path loss model with a single slope (i.e., w(r) = Kr~®), which has been
widely used in the current communication literature, can be considered as a special case
of (1) with the following parameters: N = 1, Kl = KN = K, ol = of* = o, Pr*(r) =
1,Pr™ (r) = 0. Remarkably, our developed path loss model will be more complex to
use in network performance analysis than the simplistic ones. But its results are more
practical and accurate, especially in the denser SC networks, since the transmissions are
more likely to be LOS with the link distance being shorter.

Finally, in this deliverable, the user association strategy (UAS) is the smallest path
loss based UAS, which is more practical than the shorted distance based UAS. Assume
both the LOS and NLOS transmissions experience Rayleigh fading, which (the power

gain) can be modeled as an exponential distribution with a unit mean, h ~ exp(1).

2.3 The Line-of-Sight Probability Model in Indoor 3D Scenarios

In order to obtain an exact LOS probability function, a possible pathway is to randomly
generate a huge number of propagation links within an indoor 3D scenario, and then
statistically count the proportion of LOS links among all generated links. Inspired by
the work [13] that provides an approach to derive the LOS probability function in indoor
2D scenarios, this deliverable extends the modelling LOS probability to the indoor 3D

environments.
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Figure 2: A simple example of a random link in single cuboid

Generally, typical indoor environments are divided into cuboids (e.g., rooms and cor-
ridors). The first step is to derive the LOS probability in a single cuboid. Then based on
the result in first step, the second step is to investigate the LOS probability in the entire

indoor 3D scenario. The technical procedures are presented as follows.

Step I: The LOS Probability in a Single Cuboid

This subsection will derive the LOS probability for the link between the typical user and
one BS located in a single cuboid. To make the derivation clear, Fig. 2 presents a snapshot
of a random propagation link in a cuboid in a 3D building grid.

The propagation link with a given distance d, whose ends are respectively the BS and
the typical user, is randomly located in the 3D building grid. Both of the link’s direction
and middle point position are randomly generated. Assume the BS end is randomly
located in a cuboid denoted by C; with a size of L;(length)x W;(width)x H;(height), as
shown in Fig. 2. Without loss of generality, it is assumed that L; > W; > H;. Thus, the
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condition that this random link is LOS is that the user end is also located in the cuboid
C;. It implies that the LOS probability in the single cuboid C; is equal to the probability
that the typical user is located in the same cuboid.

Fig. 2 gives the related parameters of the random link with a length d. The acute angle
between the random link and the z-y plane is denoted by . The acute angle between
the projection of the random link on the z-y plane and the y coordinate is expressed as
0. The variables =,y and z are the distances from the middle point of the random link
to the nearest borders of the cuboid Cj, respectively. The variables 5, 6, =, y and z
are independent and distributed uniformly due to the randomness of the generated link.

Their distributions are respectively denoted as

( B~U (0,
0~ U (0,
xNU(
y~U(
ZNU(

=R oy
SN

~—

S
N~—

o oo

~—

\

where U denotes the uniform distribution. Therefore, the joint probability density func-

tion f(5,0,x,y, z) is given by

f(97/87$’y7z): (4)

#ﬁq@.ﬂza (B? 07 r, Y, Z) € 87
0, else,

WhereS:{(O§ﬁ<g)ﬂ(0§0<%)ﬂ(0§x<%)ﬂ(0§y<%)ﬂ(0§z<%)}.
In order to guarantee that the random link is LOS, the necessary and sufficient con-

dition is given by

d d d
(x> §cosﬁsin9) N (y> 5COSﬁCOS¢9> N <z> 531H6>

Therefore, the probability P; ros(d) that the link occurs in the cuboid C; is LOS

propagation can be derived, shown as in Theorem 1.

Theorem 1. The LOS probability P; os(d) in the scenario of a single cuboid with the
size Ly x W; x H;, (L; > W; > H;) is given by

-F)'Lj,LOS(d) = fBl f@l foYfo(ga /B,ZE, Y, Z) dﬂ df dx dy dZ, 0 S d < di1
Pz’z,LOS(d) = f32 f92 fxfyfzf(ea B?'ra Y, Z) dﬁ df dx dy dZ, di1 S d< diz
Piros(d) = :
PiK7LOS(d) = ka f@k fxfyfzf<07 ﬂa z,Yy, z) dﬁ df dx dy dZ) d> diK,l
(5)
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where the LOS probability P; 1os(d) is a piece-wise function determined by the link length
d. Each piece is represented as P;, ros(d), where k =1,2,3,4,5,6. By and ©y, denote the
integral limits of B and 0 of the k-th piece, respectively. They are presented as

'Ble( )@16( ) 0<d<d,;,
B, € (O arcsin %) ,05 € ( ) d;, <d<d,
Bs3 € (() arcsin %) ,03 € (arccos dz)/sgv g) ; di, <d <d,
By E () arcsin %) ,0, € (arccos dz B,arcsm dcﬁsﬁ) : diy, <d < d;,
Bs € (arccos VLW + W ,arcsin =t ) O5 € (arccos W B arcsin chsﬁ> ;odiy, < d < d;,

\BGG®@GE@ dZdzo

where the values of d;,, ..., d;, are related to the cuboid size. Specifically, d;, = H;, d;, =

Wi, di, = Li, diy = VL + W2, and d;, = VL + Wi+ H?. X,Y and Z denote the
integral limits of variables x,y and z, which are represented as X € (g cos 3sinf, %),

Y e ( cos 3 cos b, l) and Z € ( sin 3, & 5 ), respectively.

The proof of Theorem 5 is straightforwardly and is omitted here.
Theorem 1 can be generalised as the LOS probability function for any single cuboid
scenario. On this basis, the LOS probability model in a 3D building scenario consisted of

multiple cuboids will be obtained in the following.

Step II: The LOS Probability in a 3D Building

Generally, an indoor 3D scenario consisting of many cuboids. We assume that the entire
scenario (denoted by C) is divided into N cuboids with each cuboid volume of Vj,i =
1,2,3...N. Combined with Theorem 1, the LOS probability P,og in scenario C can be

obtained as in Theorem 2.

Theorem 2. The LOS probability of a link in the indoor 3D scenario consisting of cuboids

s given by
N

Pros(d Z Zz 1V P ros(d), (6)

where P; ros(d) denotes the LOS probability function in the i-th cuboid, which has been

derived in Theorem 1.

Proof. Since the BS is randomly located in the considered scenario C, the probability that

the BS is located within the i-th cuboid can be presented as: p; = Zv—lv Therefore, for
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the given indoor 3D scenario C, the LOS probability of a link is given by

N
Pros(d) = piPivos(d), (7)
=1

]

Now, the LOS probability model in indoor 3D scenarios has been established. Thus,
the LOS probability can be directly calculated without simulation or measurement, as long
as the layout of the scenario is given. This model is analytically tractable and generally
suitable to arbitrary indoor scenarios consisting of cuboids. This builds the fundamental
for the performance analysis of 3D SC networks in indoor environments. Its validation

will be presented in Section 4.

2.4 Performance Metrics

The main purpose of an indoor dense SC network is to improve the coverage probability
for the downlink, and enhance the SE and the ASE for the overall network. Therefore,
the following three performance metrics are of great importance.

1) The coverage probability, which is defined as the probability that the received signal
to interference plus noise ratio (SINR) is larger than the threshold 7' :

pe(Ap, T) = P[SINR > T] (8)

The expression of SINR will be given in the next section.
2) The SE in bps/Hz, which is represented as

[e.9]

cn(Ap, Ty) / log,(1+ T) f,(\p, T)dT ()

To

where Tj is the minimum required SINR value, and f;(Ag,T) denotes the probability
density function (PDF) of the received SINR with regard to the predefined threshold T'
and the BS density Ag. Moreover, f;(Ag,T) can be calculated by

(1 — pe(A5,T))

Ag,T) = 1
fiA. ) = (10)
3) The ASE in bps/Hz/km?, which is shown as
)\B -S-B- ESE
A, Ty) = =\ - 11
ease(A, To) 5. B B ESE (11)
where S is the area size, and B is the system bandwidth.
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3 Performance Analysis

On the basis of analytical tools from stochastic geometry, this section derives the analytical
and tractable expressions of the three performance metrics defined in Section 2. Firstly,
the general but abstract LOS probability in equation (3) is considered, such that the
corresponding results are also applicable. Then, we investigate the two-piece linear LOS
probability in equation (36) as a special case in our study, following the main results
obtained from the former general case. Thereafter, in the next subsection, we will use the
tractable analytical results from the above special case to approximate the practical LOS
probability in equation (35). The numerical results show that the approximation error is

trivial.

3.1 General Case and Main Results

Without loss of generality, we assume that a typical user locates at the origin o. At first,
the coverage probability is investigated according to equation (8) for the typical user,
where the SINR is given by

Pw(r)h

SINR = 12
P (12)
where 02 denotes the power of the additive white Gaussian noise (AWGN), and I, repre-

sents the total interference power from interfering BSs and is given by

I, = Z Pipigi (13)
1 bi€q>B\b0
where b; is the i-th interfering BS, ; and g; are the path loss and power gain of Rayleigh
fading between the i-th interfering BS b; and the typical user, respectively.

Therefore, the coverage probability is obtained as follows.

Theorem 3. For the typical user in the indoor dense SC network, considering the general
LOS probability function of Pr(r) in (8) , the coverage probability p.(Ap,T) defined in

(8) is given by
N

pe(Ap,T) =Y (Cr+ CYF) (14)

n=1
where CE and CNL are the n-th piece coverage probability for the situation that the typical
user is connected to a BS with a LOS link and with a NLOS link, respectively.

Moreover,
dn PywE(r)h
Cl = Pt > T fh(r)d 15
- [ e[ s 1 e (15)
Project Acronym: is3DMIMO 12/32 Funding Scheme: H2020 MSCA
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dn P, NL h
CNE = /d P[—t”" ) >T} N (r)dr (16)

o2+ 1,
where [, (r) and fRY(r) denote the n-th piece PDF of the distances Ry, and R)" from
the BS to the typical user, and R and RN are the distances under the situation that the
typical user is connected to a LOS BS and a NLOS BS, respectively.

Proof. According to (8) and (12), p.(Ag,T’) can be presented as

pe(Ap,T) = P[SINR > T
= E,[P[SINR > T|r]]

_ / PISINR > T|r] fa(r)dr
r>0

:/ OP[PM(M S T] fa(r)dr

o2+ 1,
dq L dy NL
(@) Pwr(r)h L Py (r)h NL
¢ /0 P[—02 " > T fg,(r)dr + i P[—J2 nya > T fri(r)dr

+
00 P, L o] P NL

+ / p NNt (e + / P[—’;N+(;)h > TN (r)dr
dy_1 T

dn-1

(17)
where step (a) follows from the definition of fg(r), which is the PDF of the distance

between the typical user and its serving BS, given by

4

fE.(r), with LOS connection
fra(r)=4¢"" , 0<r<d
f gff(r), with NLOS connection
L_(r), with LOS connection
fra(r) = Tralr) . dy <71 <dy
fr(r) = }%(r), with NLOS connection (18)

fE (1), with LOS connection
frn(r) = L ., r>dy_q
gﬁv(r), with NLOS connection

\

Obviously, fz(r) has a similar formalization as (1). Besides, we have fr,(r) = fg,.(r) +
Ry (r), because the two conditions that the typical user is connected to a LOS BS or a
NLOS BS are disjoint events. m

Project Acronym: is3DMIMO 13/32 Funding Scheme: H2020 MSCA
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As can be seen from Theorem 3, if we want to derive the coverage probability, the

key point is to obtain functions f}%n(r) , gl;b(r) , and the probability P [% > T],

NL
P | Ok > 1|

Hence, the results of them are presented in Lemma 4 and Lemma 5, respectively.

Lemma 4. In Theorem 3, considering the smallest-path-loss user association strategy,

f]%n(r) and fgl;l(r) are given by

[hn(r) =2mrAp x Prl(r) x exp (—270\3/ PrL(t)tdt>
0

1 (19)
X exp (—270\3/ (1—Pr*(1)) tdt)
0
and
gf;l(r) = 271rAp X (1 —Pry(r)) x exp (—270\3/ (1—Pr™(1)) tdt)
’ (20)
T2
X exp (—271')\3/ PrL(t)tdt>
0
respectively, where the variables r1 and ro can be calculated by,
T = arg,, {wNL(Tl) = wﬁ(r)} (21)
and
ry = arg,, {w"(r2) = wp " (r)} (22)

Proof. Firstly, we derive fg  (r) as follows.

As mentioned before, fg, (r) is the n-th piece PDF of the distance R};, under the
situation that the typical user is connected to the serving BS with a LOS path. Thus,
under the smallest-path-loss UAS, the following two conditions should be satisfied,

1) Condition A1l : For the typical user, the serving BS is with a shortest LOS path.

2) Condition A2 : For the typical user, the serving BS goes through a smaller path
loss than the nearest BS with a NLOS path.

In order to formulate the above two conditions, the distance between the typical user
and the nearest BS with a LOS path is denoted as X“ Then, for condition Al, no
other BSs with the LOS paths can be closer than X". So,the complementary cumulative
distribution function (CCDF) of X is formulated as

Fyu(z) =1—exp (—)\B /0 ' PrL(t)det) (23)
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Therefore, the PDF of X" can be found as

fxu(z) = 8Fg—;(x)

@ (24)
= 2ra gPr(z) x exp (—)\B/ PrL(t)27rtdt>
0

For condition A2, there should be no NLOS BS for the user within a circle with a
radius ;1 < z, which has the smaller path loss than the nearest LOS BS at the distance
XY = z. Moreover, z; = arg, {w"X(z1) = wk(z)}. So, the conditional probability of A2

can be derived as
xl
P[AQ’XL = .’13] = exXp (—AB/ (1 - PI‘L(t)) 27Ttdt> (25)
0

The next step calculates the PDF of RY, which is the distance from the user to its
designated BS. At first step, the distribution of R" is given by

Fpu(r) = Exu {P[R" > r|X"]}

= /OO P[R" > r| X" = 2] fx.(z)dz
0
" o 26
(:)/0 0 x fXL(x)dx—l—/ P[A2[X" = 2] fy(2)de -
— /Oo P[A2| X" = 2] fx1(x)dz

where the step (a) follows the fact that when 0 < 2 < r, then P[RY > r| X" = 2] = 0;
and when = > r, then P[R* > r| X" = z] = P[A2| X" = z].
Therefore, the PDF of R" is formulated as

fru(r) = PLA2IX" = 1] fxu(r) (27)

For the n-th piece d,,_1 < x < d,, we can have

fin(r) =27rAp X Pry(r) X exp (—ZWAB/ PrL(t)tdt>
0

. (28)
X exp (—271')\3/0 (1—Pr™(1)) tdt)
Similarly, fi%(r) can also be derived, and the derivation is omitted here. O
Lemma 5. In Theorem 3, P [Pf;;%—ﬁ)h > T} and P [%iy)h > T} are given by
e () < )
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and

PywNE(r)h B To? NL T
P {—02 T >T| =exp ) X L P (30)

respectively. Herein, LY (s) and LYY denote the Laplace transform of I for the LOS and
NLOS propagation, respectively. They can be computed by the following equations,

L} (s) =exp (—27r)\3 /TOO T (Egggft»_ldt)

o (~2ms [ ) "
£ = (22t [ (I:gcitgfm—ldt) (32)

N A 1

o[- -= {{P[ ( i) 1])}}
WE, - Paw;r)
(33)
(i) (e (alls))
_eXp( thw))EL (7o)

where step (a) is obtained based on the distribution of fading h, i.e., h ~ exp(1).

Proof.

In addition, based on the smallest-path-loss user association strategy, L (s) is derived

as

L} (s) = Ey, {exp(—sI,)| LOS connection for the typical user}

= E[‘I’B,ipmgz‘] exXp | —S5 Z Ptspigi
i bq,'E‘I)B\bO

D exp (_sz / TP (1) x 1 Eyfexp(—sPut(0)g)] tdt)
X exp <—27r>\3 /OO [1—Pr"(t)] x [1 — Eglexp(—sPw™"(t)g)]] tdt)

T1

© > Pr*(t)t
S —927\ dt
eXp( ”/r 1+ (sPu ()"

<o (—om [ s )
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where step (b) is obtained from the PGFL. Step (c) is calculated from g ~ exp(1).

Note that the former exponential function represents the aggregate interference from

the LOS paths, and the latter represents the aggregate interference from the NLOS paths.

Similarly, P [%ﬁ;’;)h > T| and L£Y(s) can also be derived. The proof of them is

omitted here. O

From Theorem 3, Lemma 4 and Lemma 5, it is observed that the coverage probability
pe(Ap, T) is determined by the following three important functions: piece-wise LOS and
NLOS path loss function wk (r) and w\*(r), as well as the piece-wise LOS probability
function Pr¥(r). Therefore, the next section will numerically evaluate their impacts on

the indoor dense SC network.

Corollary 6. For computing the SE, the simple step is to substitute (14) into (10), and
then get the result using (9). Similarly, for computing the ASE, we can substitute the
result obtained from (9) into (11).

Note that, the SE and the ASE are affected differently by the density of BSs, which

will be shown in the next section as well.

3.2 Special Case and Main Results

In this subsection, the performance analysis of indoor SC networks will be investigated
with the special case of an indoor 2D SC network. Firstly, the LOS probability for the
indoor 2D SC network, which is a special case of the proposed LOS probability model for
indoor 3D SC network, is applied. Secondly, on the basis of the general results we have
obtained in the previous subsection, the performance metrics for this special case will be

derived.

A. The approximation of LOS probability model

On the basis of the proposed 3D LOS probability model in Section 2, the LOS probability
model for indoor 2D scenarios can be obtained. Combined with the works [11] and [13],

the exact LOS probability model for a 2D typical indoor environment is obtained as
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follows
(5[;12 [ —4rD+ D?| + = [ —=2r(L+ M)+ LM7], 0<r<d
51;12 —L* +2rM( L—2 ) + 2L M arcsin %}
—|—[r2—47"D—|—D2] ATrS di <1 <dp
5512 —D?+2rD(4/1 —2 ) + 2D? arcsin D}
Pr(r) = +r [ L*+2rM(y/1 — £ — 1) + 2LM arcsin %] . dy<r<ds (35

5LM7F{ L? +2rM(4/1 )+2LMarcsmL], ds <r <dy
BL%[r2+L2+M2—2r(M,/1—f—§+L,/ Ay

+2LM (arccos £ + arccos 2 — 27r)] ~ dy <r <dj

LM

0, r > ds

\

where the parameters d; to ds are link distances, and the parameters D, L, and M present
the layout of the considered scenario. The details can be found in [11] and [13].

In order to derive the tractable expression of the performance metrics, we use some
elementary functions (e.g., linear functions) to approximate the LOS probability model,
since its expression is sophisticated. For tractability, a two-piece approximation function

is adopted [9], which is given by
1-— LLN O<r< L1

O, 7'>L1

Pri(r) = (36)
where L, is an important parameter which can be explained as the LOS possibility of
a given transmission environment. In other words, the larger L, is, the less obstacles
the propagating environment contains, and then the higher the LOS probability is at a
provided link distance. Moreover, L; can be adjusted to match the complicated LOS
probability function, which will be shown in Section 4.

As previously mentioned, in this subsection, the two-piece linear LOS probability
function shown as in (36) is applied as a special case of Theorem 3. That is explained
as follows: (1) using the linear LOS probability function can lead to more tractable
analytical results for the system model with LOS and NLOS transmission; (2) using the
linear LOS probability function can easily approximate the practical but complex LOS
probability function, e.g. (35).

Owing to the current cellular frequency band that is lower than 6GHz, the path loss
exponent o for LOS path is assumed to be the same for all segments of the path loss

model. The same assumption also applies to aN*.
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According to Theorem 3, the coverage probability (8) is given by

pe(Ap, T) =D (CE+CNF) (37)

n=1

where CL, ONt, CL and C)T are derived in the following parts.
1 G 2 2

B. The derivation of C}

Based on (15) and (29), C¥ can be computed by

e T Pwk(r)h
ct= [e | P s 1) e

Ly TO.2 L T L
= - —_— d
| eXp( thw)) < (me) faar)dr (33)
2 To2re" L Tre" L
= /(; exp (—W> X £-[7‘ PtKL fR71(7“)d7’

Intuitively, in order to compute Cf', the expressions of ff(r) and L} (s) should be

obtained firstly. From Lemma 4 and (19), we have

" t
f51(r) = 2mrAp X (1— =) x exp —27%/ (1— ——)tdt
’ Ly 0 L

1

T1 t
X exp (—27r/\3/ L—tdt) (39)
o L

21
~ 2 x (1= ) x oxp (—mhwr? + 2220 - )

when 0 < r < L;. Moreover, according to (21), the variable r; is given by

1
KNL oNL L
7”1 = ( KL ) Tm (40)

According to Lemma 5 and (31), the Laplace transform of the aggregate interference

for the LOS transmission is represented as

L1 t t
b(s) = —27T\ / 11— — dt
L, (s) eXP( ™ | Li) 1+ (sBE-— )1
Lo /g t "
X exXp —27‘(‘)\3 L_1 X 1+ (sptKNLt_O‘NL)_l dt ( )
T1

> t
—27\ 1x dt
X“p( ”BZ: 1+ (sPENg-a )1 )

1
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Note that, due to 0 < r < L;, the aggregate interference comes from both LOS
and NLOS paths. On the right-hand side of equation (41), the first item denotes the
aggregate interference from LOS paths, while the second and third items are the aggregate
interference from NLOS paths.

Finally, substituting (39) and (41) into (38), the detailed expression of C¥ can be

obtained.

C. The derivation of C]VF

Based on (16) and (30), C'* is computed by

Ly P NL
AL / P{—t“’l () >T} N (r)dr
0

o2+ 1,
L 2
! To T
= - £NL - NL d
| e () < () 0w 0
L 9 oNL aNL
! To*r Tr
= - ENL NL d
/0 exp( P, KKNL > Xk, (PtKNL> va(r> r

Intuitively, in order to compute CVZ| the expressions of fg’%(r) and L7 (s) should be
obtained first. From Lemma 4 and (20),

N(r) = 2mrAp x (L) X exp (—27T/\B/ (i)tdt)
: L L

1 1

T2 t
X exp (—27T)\B/ (1-— L—)tdt) ,
0 1

for 0 < r < L. Moreover, according to (22), the variable ry is given by

KL\ o8 o
vy — (_KNL) S (44)

Note that, different from the case (only one condition r; < Ly) for computing ff, (r),

there are two conditions for computing f}%”f(r) ro > Ly and ro < L.

Condition (1): When 0 < ry < Ly, namely, 0 < r < uy = Lfaﬁ (K—NL> " the

expression of fR%(r) is derived as

N(r) = 2nrAp (L) X exp <—27T/\B/ (i)tdt)
) L 0 I

1 1

X exp (—sz /0 Yoo Li)tdt) (45)

1

2T
= 2mrAg X (LL) X €exp <—7T>\B7“§ + %(TS’ — r3)) ,
1 1
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when 0 < r < uy.

Condition (2): When r, > Ly, namely, the expression of uy < r < Ly, fRh(r) is

"ot
NL(1) = 9277\ X (—) X exp (—2m3 / (—)tdt)
: L o L

1 1

X exp <—2m3 /0 . Li)tdt) (46)

1
L 2
= 27rAp X (LLl) X exp (—7?/\3 (?1 + 3—21>>

Accordingly, there are two different expressions of the aggregate interference corre-

when u; <r < L.

sponding to the above two conditions.
Condition (1): when 0 < r < wy, according to Lemma 5 and equation (32), the
Laplace transform of the aggregate interference for the NLOS transmission is expressed

as
t

Ly
t
LNV (s) = —27TA / 1—— dt
1 (5) eXp( ™ ( L1>X1+<saKLtaL>1 )
X =27\ /Ll i X ! dt (47)
FPNTEAE |\ T ) T 11 (sB KNy

o t
X exp (—QW)\B/L 1x T (SPtKNLt—O‘NL)—ldt)

1

when 0 < r < uy.
Condition (2): when u; < r < L;, according to Lemma 5 and equation (32), the

Laplace transform of the aggregate interference for the NLOS transmission is represented

L/t t
NL _
EL. (s) =exp (—QW)\B/T (L_1) X 1+ (SPtKNLt—aNL)—Idt)

> t
X —27\ 1x dt
exp( " B/L 11 (sP KN )1 )

1

as

(48)

when u; <r < L.
Note that, the aggregate interference in condition (1) comes from both LOS and NLOS
paths. However, the aggregate interference in condition (2) comes from NLOS paths only.

Finally, CV is computed as

NL Y Tor™" NL Tre™ NL
Ci' = i exp e x| L PN r1(M)|0 <7 <y |dr
L To2re™" T (#9)
+ /u1 exp <—W> X (,CIN:“ (PtKNL> }liLl(T) u <r S Ll) dr
where (45), (46), (47) and (48) are substituted into (49).
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D. The derivation of CF

Based on (15) and (29), C¥ can be obtained by

* [ Pwk(r)h
L __ tX2 L
CQ = /Ll P |:0'2——|—[T > T:| fR,Q(T)dT

> TO'2 L T L

[, oo (rim) < () e
o To*re" LT L

= /L1 exp <_—PtKL ) X Ly (W) fRo(r)dr

Intuitively, in order to compute C, the expressions of f};,(r) and L} (s) should be

obtained first. From Lemma 4 and equation (19), we have

f};yl(r) =2mrAp X 0 X exp (—271’)\3/ PrL(t)tdt)
0

X exp <—2m3 /0 (1—Prt(t)) tdt> (51)
=0

Therefore, we have C = 0.

E. The derivation of C}'t

Based on (16) and (30), C¥'* can be computed by

* [ PwXE(r)h
CNL:/ P two T NL d
2 : [—UQ_i_[r > Rao(r)dr

1

_ [T To? NL T NL
[ oo () < o () 0

o0 To2re™" NL Tre™t NL

The functions of f3%5(r) and L£7"(s) are calculated first. From Lemma 4 and equation

(20), we have
Ly t r
No(r) = 27rAp X exp (—27r)\3 (/ (—)tdt +/ tdt)>
7 0 Ll I
I "
X exp (—27‘(‘)\3/ (1-— L—)tdt) (53)
0

1

= exp(—7mApr?)2nApr

when r > L;.
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Through Lemma 5 and equation (32), the Laplace transform of the aggregate inter-

ference for NLOS transmissions is calculated as

NL( ) = t
L;"(s) = exp (—27r)\3/r 1 x T (SPtKNLt_aNL)_ldt (54)

when r > L;.
Here, the aggregate interference only comes from NLOS paths.
Finally, substituting (53) and (54) into (52), the detailed expression of CN% can be

obtained.

F. The derivation of three performance metrics

Based on equation (37) and the results from Subsections A-E; the coverage probability is

obtained as follows
pe(Ap, T) = CL 4 CNF 4 CPE (55)

where CL, CNE and C)'E are shown as (38), (49) and (52), respectively.

In the same way, according to Corollary 6, the tractable expressions of the SE and the
ASE will be calculated through substituting the function of p.(Ag,T') into equations (7)
and (9), respectively.

4 Numerical Results and Discussion

This section numerically evaluates the analytical results of the proposed LOS probability
model in 3D scenarios in Section 2 and the performance metrics obtained in Section 3.
Firstly, the proposed LOS probability in 3D scenarios shown as in Theorem 1 is validated
by comparing to Monte Carlo simulation. Secondly, the approximated results of the
LOS probability equation (35) by the linear equation (36) for an indoor 2D scenario
are presented. The validation of the approximation method is shown through numerical
results and Monte Carlo simulations. Then, the impact of different LOS functions on
network performance metrics is illustrated. Moreover, the differences of the network
performance are demonstrated based on two types of path loss model: the simplistic path
loss model with single slope and the practical piece-wise path loss model with LOS or
NLOS transmissions.

Unless otherwise stated, the following parameters are set for the channel model:
af = ab =1.69,af = ol = 433 KI' = KY = 107328 KN = KN = 107115 P, =

24dBm, 0% = —95dBm, in accordance with the indoor SC channel of 3GPP standard [12].
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Figure 3: Validation of the proposed 3D LOS probability model

A. Validation of the proposed 3D LOS probability model

The proposed LOS probability for indoor 3D scenarios as shown in Theorem 1 is validated
in this subsection. The analytical results obtained from Theorem 1 are compared to
Monte Carlo simulations with various cuboid sizes: 10m x 10m x 10m, 30m x 30m x 30m,
40m x 30m x 20m, and 50m x 30m x 30m. Observing from Fig. 3, the analytical results
fit the simulation results closely. Moreover, the LOS probability keeps reducing with the

increase of link distance, and also is influenced by the cuboid size.

B. Validation of the approximated LOS probability functions

This subsection evaluates the practical LOS probability function (35) for the performance
analysis in the indoor SC network. Its related parameters are based on the work [13]. In
order to match this practical model well by using approximated method, L; is set to 8.4m
so that (36) can intersect with (35) at the point with LOS probability 0.5. The results
are shown in Fig. 4. In addition, the approximated LOS probability functions with other

different parameters of L; = 48.4m and L; = 88.4m are also shown in Fig. 4, which

Project Acronym: is3DMIMO 24/32 Funding Scheme: H2020 MSCA
Project Coordinator: The University of Sheffield Grant Agreement No. 734798



Version version, 21/01/2019

=

—— The practical LOS model [13]
= = = The approximated LOS model, L1:8.4m

o
©

= = = The approximated LOS model, L,=48.4m

o
o

- = = The approximated LOS model, Ll:88.4m

o
\I

o
o

LOS Prabability
o
6]

0.4 . .
N
N
0.3 . S |
. ss
0.2 > e |
\ o
. N
0.1 ' R 1
. -~
0 N ; . LY
0 20 40 60 80 100

Distance (m)

Figure 4: The practical LOS probability functions and the approximated LOS probability

functions

are chosen randomly and only for the subsequent researches, e.g. the influence of various
propagation environments on the indoor dense SC networks.

In order to demonstrate the validation of the approximated LOS probability model, we
present the comparison between the Monte Carlo simulations of coverage probability based
on (35) and the numerical results of coverage probability based on (36) with L; = 8.4m.
The results are shown in Fig. 5. It is observed that the analytical results present a good
match for the simulation results when the density of BS is large. In terms of the relatively
small BS density, only very small gaps exist, which is caused by the approximation of the
LOS probability, but its effects are trivial. Therefore, we will directly use numerical results

of the approximated LOS model to analyse the indoor network performance later.

C. Discussion about three performance metrics

In this Subsection, we discuss the relationship between the BS density and the three
critical performance metrics defined in Section 2. Moreover, the effects of the different
propagation environments, i.e., different LOS probability functions, on the network perfor-
mance are also uncovered. In order to highlight the characteristics of the indoor dense SC

network with LOS and NLOS transmissions, the traditional single-slope path loss model
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Figure 5: The coverage probability vs. the SINR threshold

is adopted [4]. Following the reference, its path loss exponent is set as o = o™" = 4.33.

In Fig. 6, it’s clearly seen that significant differences exist between the coverage
probability analysis using our proposed model and the analysis in [4]. In [4], the coverage
probability increases with the BS density Ap first since the distance is shorter between the
user and the designated BS. Then, the coverage probability keeps constant and becomes
independent of Ag, when the BS density Ap becomes sufficiently large. This is because
although more inter-cell interference is introduced by the dense SC network, the increase
in interference power is counterbalanced by the increase in received desired signal power.
However, for the analysis through the proposed model with L; = 8.4m by distinguishing
between LOS and NLOS transmissions, the coverage probability increases at first, and
then decreases after reaching the peak value when Ap is around 10° BS's/km?. The reason
for this trend is that with the denser deployment of BSs, the more NLOS transmissions
between the interfering BSs and the typical users are transformed into LOS transmissions

due to the closer transmission distances.

Meantime, Fig. 6 demonstrates that the coverage probability performance is also
affected by the LOS probability functions. It’s clear that the peak value of the coverage

probability becomes more sharp and moves towards left, with the parameter L; increasing
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Figure 6: The coverage probability vs. the BS density (the threshold of SINR T = 0dB)

(from 8.4m to 48.4m to 88.4m). This indicates that the optimal density of BSs for
maximizing the coverage probability is related to the parameter L;, which decreases with
the increase of L;. It’s reasonable because the propagation environment becomes sparser
with the larger L;, which leads to the faster transformation from NLOS to LOS.

In order to demonstrate the generality of the above conclusions, we also give the
coverage probability performance analysis with the SINR threshold different from the
Fig. 6. The observations obtained from Fig. 7 are similar to Fig. 6, although their values
of the SINR threshold are different.

Fig. 8 shows the SE versus the BS density, which is similar to the trend of curves in
Fig. 6. This is because the SE is mainly decided by the coverage probability according
to the equation (9).

Fig. 9 demonstrates the ASE performance versus the BS density. Compared with the
SE, the ASE performance is more dependent on the BS density. Based on the analysis
in [4], the ASE increases linearly with Ap when the BSs are enough dense. It’s reasonable
because the coverage probability is constant and is independent of Ag under such ultra-
dense transmission environments. However, in the network performance analysis with our

proposed model, the ASE increases super-linearly with g for low-density indoor networks,
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Figure 9: The ASE vs. the BS density (the threshold of SINR: T = 0dB)

but increases sub-linearly with Ag for high-density indoor networks. The reason is that
the ASE is affected by both the SE and the densification of BSs.

5 Conclusion

This deliverable has developed a tractable path loss model by distinguishing between LOS
and NLOS transmission from LOS and NLOS path and has proposed a novel LOS prob-
ability function in indoor 3D scenarios. The path loss model and the LOS probability
function are then utilized to analyse the performance limits of indoor 3D SC networks.
On the basis of stochastic geometry, three performance metrics, including coverage prob-
ability, SE and ASE, are derived analytically with a practical path loss model and a
special path loss model, respectively. The analytical results are validated by comparing
with Monte Carlo simulations. Simulation results reveal that the performance metrics
aforementioned are affected by the BS density and the link LOS probability. Specifically,
the different influence of LOS and NLOS propagations is notable. As a consequence, the
results obtained in this deliverable provide an approach to investigate the performance

limits of the indoor dense SC networks in 3D scenarios. For future work, on the basis of
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the proposed approach, the performance analysis of dense SC networks with 3D MIMO
will be fully investigated.
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