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Abstract

In this paper, we introduce a sophisticated path loss modelporating both line-of-sight (LoS)
and non-line-of-sight (NLoS) transmissions to study tpeirformance impact in small cell networks
(SCNs). Analytical results are obtained on the coveragéalility and the area spectral efficiency
(ASE) for two user association strategies (UASs) assumath b general path loss model and two
special cases of path loss models recommended by the 3GRIasta. The performance impact of
LoS and NLoS transmissions in SCNs in terms of the coveragbaility and the ASE is shown
to be significant both quantitatively and qualitativelyngeared with previous work that does not
differentiate LoS and NLoS transmissions. Particularly; analysis demonstrates when the density
of small cells is larger than a threshold, the network cogenarobability will decrease as small cells
become denser, which in turn makes the ASE suffer from a stowtl or even a notabléecrease
For practical regime of small cell density, the performanesults derived from our analysis are
distinctively different from previous results, and showattlsmall cell density matters. Therefore, our

results shed new insights on the design and deployment ofefl8CNs.
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|. INTRODUCTION

Driven by a new generation of wireless user equipment (UH) the proliferation of bandwidth-
intensive applications, mobile data traffic and networldl@ae increasing in an exponential manner,
and are straining current cellular networks to a breakingtda]. In this context, small cell networks
(SCNs), comprising of remote radio heads, metrocells, qali®, femtocells and/or relay nodes, can
achieve a high spatial spectrum reuse by creating a largeb@unt small cells through network
densification, which in turn can significantly enhance neknaapacity through exploiting cell splitting
gains P]. Due to this fact, the SCN is considered as one of the moshising approaches to rapidly
increase network capacity and meet the ever-increasiraptgmemands. Indeed, SCNs have attracted
much momentum in the wireless communications industry aadarch community?], and have also
gained the attention of standardization bodies such asrth&8neration Partnership Project (3GPP)
in the design of Long Term Evolution (LTE) network3][

In order to deploy SCNs in a cost-effective manner, vendats @perators need foremost a deep
theoretical understanding of the implications that smallscbring about. Being aware of the need
for such knowledge, the wireless industry and research aamitynhave been working relentlessly
on the modeling and the analysis of the SCN deployments. Mewep to know, most studies on
SCNs have considered only simplistic path loss models thatal differentiate Line-of-Sight (LoS)
and Non-Line-of-Sight (NLoS) transmissions [4-9].

It is well known that LoS transmission may occur when the atise between a transmitter
and a receiver is small, and NLoS transmission is common fieseoenvironments and in central
business districts. Furthermore, when the distance betadmnsmitter and a receiver decreases, the
probability that an LoS path exists between them increakeseby causing a transition from NLoS
transmission to LoS transmission with a higher probabilitythis light, it is of interest to study the
performance impact of LoS and NLoS transmissions in SCNdicp&arly dense SCNs.

Before delving deeper into the analytical study, we firstlenpent some simulations to gain some
intuitive understanding about the potential performamapact of LoS and NLoS transmissions in
SCNs. Fig.1(a)and Fig.1(b) respectively illustrate the downlink coverage probapilir SCNs with
8 small cells per macrocell and 32 small cells per macrocelyhich LoS and NLoS transmissions
are not differentiatetd Specifically, a log-normal path loss model with a singlehplass exponent

1The results are obtained via system-level simulatidr$, [and the simulation methodology and scenario are geyerall
3GPP-compliant. Note that in order to show the individugbatt of LoS and NLoS transmissions on system performance,
we make the following assumptions to simplify the 3GPP sgeng no shadow fading is considered, and ii) no requiremen

of the minimum distance between adjacent base stationsojsted Other simulation assumptions are the same as those
in [13]. Also note that the macrocells are dummy ones in the corsid8GPP SCNs.
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(a) Distribution of the coverage probability with a simfilis  (b) Distribution of the coverage probability with a simpits
path loss model that does not differentiate LoS and NLoSath loss model that does not differentiate LoS and NLoS
transmissions (8 small cells per macrocell). The averag#ransmissions (32 small cells per macrocell). The average
coverage probability is 0.52. coverage probability is 0.51.

Figure 1. Distribution of the coverage probability with anglistic path loss model that does not differentiate LoS and
NLoS transmissions. Here, the simplistic path loss modelimes a single path loss exponent. The coverage probaibility
defined as the probability that the corresponding signdtiterference-plus-noise-ratio (SINR) is larger than heTgray-
scale shading indicates the values of the coverage praiEsénd higher probabilities are represented by brigsiteding.

Visually speaking, the sizes of the bright areas (high cayerprobabilities) and the dark areas (low coverage prbtiek)
are approximately the same in both figures, indicating alainpierformance of the average coverage probability.

is assumed. Comparing the simulation results in Eig) and Fig.1(b), it is easy to see that when
the density of small cells increases, the performance of S@Masured by the downlink coverage
probability, changes very little. This observation is indiwith the conclusion in [4-9]. The intuition
behind this phenomenon is that the increase in interfergroeeer caused by the increase in the
small cell density will be almost exactly offset by the ingse in signal power due to the reduced
transmission distance between a UE and its associatedshease station (BS). As a result, increasing
the number of small cell BSs has little impact on the coveragbability.

However, if we run new simulations under exactly the saménggst except that we adopt a path
loss model incorporating both LoS and NLoS transmissidid |t is interesting to observe that the
conclusion that increasing the small cell BS density hdle limpact on the DL coverage probability
no longer holds! Particularly, as shown in Fig() and Fig. 2(b), assuming a path loss model
incorporating both LoS and NoLS transmissions, the DL cagerprobability considerably decreases
from 0.35 (shown by Fig.2(a)) to 0.24 (shown by Fig.2(b)) when the number of small cell BSs
increases from 8 to 32. This observation suggests thattsesul network performance obtained
by assuming a simplistic path loss model that does not diffiiste LoS and NLoS transmissions,
may not necessarily hold when a path loss model incorpardioth LoS and NLoS transmissions
is considered. Therefore, LoS and NLoS transmissions thiaglys both occur in realistic cellular

network deploymenst have a significant impact on the netwerformance.
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(a) Distribution of the coverage probability with a sophis- (b) Distribution of the coverage probability with a sophis-
ticated path loss model incorporating both LoS and NLoSticated path loss model incorporating both LoS and NLoS
transmissions (8 small cells per macrocell). The averag#ransmissions (32 small cells per macrocell). The average
coverage probability is 0.35. coverage probability is 0.24.

Figure 2. Distribution of the coverage probability with ghdsticated path loss model incorporating both LoS and NLoS

transmissions. Here, the sophisticated path loss modé&RP3compliant. Visually speaking, the size of the dark aeav
coverage probabilities) in Fi@(b) seems to be significantly larger than that in F2¢a).

This simulation-based observation motivates us to furtheestigate the performance impact of
LoS and NLoS transmissions analytically in SCNs to gaindratinderstanding on its implications

on the design and deployment of future SCNs. The main catiibs of this paper are as follows:

« Analytical results are obtained on the coverage probghdiid the ASE under two user asso-
ciation strategies (UASs) using a general path loss modmrporating both LoS and NLoS
transmissions.

« Using the above results, closed-form expressions for tiverege probability and the ASE for
the two UASs are further obtained for a special case, whiatsiders the path loss model
recommended by the 3GPP standards.

« Our theoretical analysis reveals an important finding, thee network coverage probability will
initially increase with the increase of the small cell dgndbut when the density of small cells
is larger than a threshold, the network coverage probwbilii decrease as small cells become
denser, which in turn makes the ASE suffer from a slow growtbwven a notablelecreaseThe
ASE will grow almost linearly as the small cell density inases above another larger threshold.
These results are not only quantitatively but also qualist different from previous study results
with a simplistic path loss model that does not differeetiadbS and NLoS transmissions. Thus,

our study sheds valuable insights on the design and deplatyofiduture SCNs.

The remainder of this paper is structured as follows. Sadtiprovides a brief review on stochastic
geometry and summarizes the closest related work to our.\8adtionlll describes the system model.

SectionlV presents our main analytical results on the coverage pilitpadnd the ASE, followed
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by their application in a 3GPP special case addressed ino8actt The derived results are validated
using simulations in SectioNl, with discussions shedding some new light on the performanic

SCNs. Finally, the conclusions are drawn in Sectidih.

Il. RELATED WORK

In stochastic geometry, small cell BS positions are typjcalodeled as a Homogeneous Poisson
point process (HPPP) on the plane, and closed-form coverammbility expressions can be found
for some scenarios in single-tier cellular networks [4-fl anulti-tier cellular networks [8-9]. The
major conclusion in [4-9] is that neither the number of sneells or the number of cell tiers changes
the coverage probability in interference-limited fulblbed cellular networks. However, these works
consider a simplistic path loss model that does not diffigai LoS and NLoS transmissions. In
contrast, in this paper, we consider a sophisticated pathriwodel incorporating both LoS and NLoS
transmissions to study their performance impact in SCNSs.

The closest related works to the one in this paper atgdnd [11]. In [10], the authors assumed a
multi-slope piece-wise path loss function. Specificalgsuming that the distance between a BS and

a UE is denoted by in km, then the path loss associated with distande [10] is formulated as

¢ (r), when0 < r < d;
Co (1), whend; < r <dy

(=14 | , (1)
(v (r), whenr > dy_;

where the path loss functiaf(r) is segmented intdvV pieces with each piece denoted §y(r), and
dn,n € {1,2,...,N — 1}, are the segment break points.

In [11], the authors treated the event of LoS or NLoS transmisssa arobabilistic event for a
millimeter wave communication scenario. Specifically, tlagh loss associated with distancan [11]

is formulated as

L T 1 o -
C(r) = { ¢ (r), with probability Pt () o

¢N“(r),  with probability (1 —Pr-(r))
where ¢- (1), ¢\t (r) and Pk (r) are the path loss function for the case of LoS transmisstoa, t
path loss function for the case of NLoS transmission and @@ probability function, respectively.
To simplify analysis, the LoS probability function'Pr) was proposed to be approximated by a
moment matched equivalent step function 1d][
In [10], the multi-slope piece-wise path loss model shownlindoes not fit well with the model

defined by the 3GPP, in which the path loss function is not atorene mapping to the distance.
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In [11], the single-piece path loss model and the proposed stegtidiinare not compatible with
the practical piece-wise path loss functions assumed ir8@#eP, the detailed modeling of which is
presented in Sectiotil . In this paper, considering the incompleteness of the wirk40] and [11],
we propose a general path loss model that features pieeepath loss functions with probabilistic
LoS and NLoS transmissions.

The proposed path loss model will be formally presented ictiGe Il . Note that the proposed
model is very general and include almost all existing modelsd to capture LoS and NLoS trans-
missions [10-14] as its special cases. Furthermore, itrpurates the fact that according to some
measurement studie4d], [14], the path loss function should be a piece-wise function ihdetter

separated into several segments.

IIl. SYSTEM MODEL

We consider a DL cellular network with BSs deployed in a placeording to an HPPR® of
intensity A BSs/knt. UEs are Poisson distributed in the considered network aitintensity ofAY&
BSs/knt. Note that\"E is assumed to be sufficiently larger tharso that each BS has at least one
associated UE in its coverage. As ) @nd @), the distance between an arbitrary BS and an arbitrary
UE is denoted by in km. Considering practical LoS/NLoS transmissions, weppise to model the

path loss associated with distanceas

¢k, with probability PE ()

aln= N (r),  with probability (1 — P (1)) when( <r <d,
[ ¢5(r),  with probability Pk (r)
C(r) = Q)= N-(r),  with probability (1 — P (r)) whend; <r < dy @

, whenr > dy_

¢y (r) = Cy (1), with probability Pk, (r)
N(r)= N (), with probability (1 — Pry, (T))

where the path loss functiofQ(r) is segmented intaV pieces with each piece denoted {y(r).
Besides(k (r), ¢\t (r) and Pk (r),n € {1,2,..., N}, are then-th piece of path loss function for
LoS transmission, the-th piece of path loss function for NLoS transmission, aralstkth piece of
the LoS probability function, respectively. This is a vergngral model, which includes almost all
existing models used to capture probabilistic LoS and NL@8smissions3], [14] as its special
cases.

Furthermore(t (r) and ¢\t (r) are modeled as
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¢k (r) = Abp—on, for LoS
Cn (T) = ) (4)

NL (p) = ANLp—e3  for NLoS
where AL and ANt n € {1,2,..., N} are the path losses at a reference distaneel for the LoS
and the NLoS cases ig, (r), respectively, ancdv and oY, n € {1,2,..., N} are the path loss

exponents for the LoS and the NLoS cases,jrir), respectively. In practiced”, ANV, ol anda "
are constants obtained from field tesis][ [14].

Finally, in (3), Pt (r) is the n-th piece probability function that a transmitter and a heme
separated by a distaneehas an LoS path, which is typically a monotonically decreggunction
with respect tor. For convenience{PrtL (r)} is further stacked into a piece-wise LoS probability
function expressed as

Pr;(r), when0<r<d;

i
P[L (T) _ Plli (T’), \.Nhen d1 <r< dg ' (5)

P, (r), whenr > dy_4
Our model is consistent with the one adopted in the 3G [14]. Obviously, the considered path
loss model will degenerate to that addressedLif] fnd [L1] when PE (r) = 0,¥n € {1,2,..., N}
and N = 1, respectively.

As a common practice in the field [4-10], the multi-path fafimetween an arbitrary BS and an
arbitrary UE is modeled as independently identical disted (i.i.d.) Rayleigh fading. Specifically,
the channel gain is denoted lyand is modeled as an i.i.d. exponential random variable .(RY¥§
further denote byP and Ny the transmit power of each BS and the additive white Gaussiase
(AWGN) power at each UE, respectively.

Furthermore, in this paper, we consider two user assoniati@tegies (UASs), which are

« UAS 1 Each UE is associated with the BS with the smallest pathtimdke UE [L1], [16]
« UAS 2 Each UE is associated with the nearest BS to the {E[]LO]

Provided that all small cell BSs transmit with the same poW&S 1 implies a strategy that associates
each UE to the BS with the strongest signal reception stherayteraging out the multi-path fading.
Using UAS 1, it is possible for a UE to associate with a BS fertivay but with an LoS path,
instead of a nearest BS with an NLoS path. Note that both &d&wt strategies are widely used in

the literature 4], [10], [11], [16].
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IV. ANALYSIS BASED ON THE GENERAL PATH LOSSMODEL

Using the properties of the Poisson point process, we shalpérformance of SCNs by considering
the performance of a typical UE located at the originNe first investigate the coverage probability
that the typical UE is covered by its associated BS. The @memprobability is defined as the
probability that the signal to interference plus noisead®INR), denoted bySINR, is above a
per-designated threshotd

P (A7) = Pr[SINR > 4], (6)
where the SINR is computed by
_ Pg(r)h
SINR = A (7)

where I, is the cumulative interference given by

Ir = Z Pﬁi.gia (8)

i€d/b,
whereb, is the BS associated with the typical UE and located at digtarirom the typical UE, and
B; andg; are the path loss and the multi-path fading channel gaincéged with thei-th interfering
BS, respectively.

Moreover, according tol0] and [11], the area spectral efficiency (ASE) in bps/Hz/far a given

A can be expressed as

ASEQ ) = A [ logy (1+0) fix (o) ©)
Y

0

where g is the minimum working SINR for the considered SCN, afd(\, x) is the probability
density function (PDF) of SINR observed at the typical UE gaaticular value of\.
Based on the definition gf*® (A, ~), which is the complementary cumulative distribution fuowt

(CCDF) of SINR, fx (A, x) can be computed by

fxoe = 2EZZA) (10

Given the definition of the coverage probability and the A8Epectively presented i)(and Q),

in the following we will analyze the two performance measui@ the two UASs.

A. Analysis for UAS 1

Based on the path loss model @&),(we present our main result gif® (\,~) for UAS 1 in

Theoreml.

Theorem 1. Considering the path loss model &) (and UAS 1pV(\,~) can be derived as
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N
PN = Y (TE+ T, (11)

n=1
where T- = fcin,l Pr {% > 7} [ (r)dr, T = fdi";l Pr [%ﬂ@ih > 7] o (1) dr, and do

and dy are respectively defined @sand oc. Moreover,f,L%,n (r) and fN- (r) are represented as

fRn(r) = exp <— /O " (1—Prt(u) 27ru)\du> X exp <— /O “prt (u) 27ru)\du>

XPrt (1) x 207X, (dp_1 <7 < d,), (12)

and

fim(r) = exp <— /0 “pr (u) 27ru)\du> X exp <— /0 ' (1—Pr-(u) 27ru)\du>

x (L=Prs (r)) x 277X, (doo1 <7 < dy), (13)

wherer, andr, are determined by the value efand given implicitly in the following equations as

no(r) = G(r), (14)
and
Gulr2) = Q). (15)
Furthermore, Pr[% > fy} and Pr[Pfi%zh > ’y] are respectively computed by
PG (r)h _ 7No gl
i > = e (i) % (rd) 4o
and
PG (r) h -~ 7No v
TR 0] = e (o) 4 (raie ) .

where 7 (s) is the Laplace transform of RY,. evaluated ats.
Proof: See Appendix A. |
Pluggingp® (), v) obtained from {1) into (10) , we can get the result of ASE frorf)(for UAS 1.
As can be observed from Theoreln the piece-wise path loss function for LoS transmission
{¢k (r)}, the piece-wise path loss function for NLoS transmiss{@l}* (r)}, and the piece-wise
LoS probability function{Pr; (r)} play active roles in determining the final result;sf¥ (), v). We

will investigate their impacts on network performance inailen the following sections.

B. Coverage Analysis for UAS 2

Based on the path loss model @&),(we present our main result gif® (\,~) for UAS 2 in

Theorem?2.
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10

Theorem 2. Considering the path loss model &) (and UAS 2p°V()\,~) can be derived as

cov Z TL+TNL (18)
n=1
where 7% = [ Pr [F;Cﬁv } oo (r)dr, TN- = [ Pr [Pfgi%zh > ’y] o (1) dr, and do
and dy are respectively defined @sand oc. Moreover,fl'-%m (r) and fgf-n (r) are represented as
fll‘;m (r) = PI";L (r) x exp (—777‘2)\) x 2mrA,  (dp—1 <71 <d,), (29)
and
fg!‘n (r)y = (1 — Pr';L (7“)) X exp (—71'7"2)\) X 21rA,  (dp—1 <r<d,). (20)
Furthermore, Pr[PC HGIEN fy} and Pr[iﬁﬁ@ > ’y] are respectively computed by
PG (r)h 7No gl
5] n — — - 21
T ] = e (mae) 2 (rgm): &)
and PO (r) N
o (7 . 7o v
TR 0] = e (rt) 4 (rge): @2

where.Z; (s) is the Laplace transform of RY, evaluated ats.
Proof: See Appendix B. |
Pluggingp®® (A, ) obtained from 18) into (10), we can get the result of ASE frorB)(for UAS 2.
A similar observation as that in Theoreincan be drawn for Theorer®, i.e., the final result of
p° (A, 7) is also affected by the piece-wise functiofi; ()}, {¢N*- (r)}, and {Pr; (r)}. We will

investigate the analytical results in detail in the follogisections.

V. STuDY OF A 3GPP ®ECIAL CASE

As a special case of Theorelrand Theoren®, we consider the path loss functiop(r), adopted

in the 3GPP asl3]

ALp—a with probability Pt (r)
¢(r) = ’ -
ANLp=e™ - with probability (1 — Pt ()

together with the linear LoS probability function,"Rv), defined in the 3GPP ad4]

1-r 0 <d
PE(r) = 4 Usrsan (24)
0, r > dy

Considering the general path loss model presente8)irti{e path loss model presented 28Y and

(24) can be deemed as a special casedpfiith the following substitutionN = 2, ¢t (r) = ¢ (r) =
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11

Abp=et (N () = - (r) = ANLp=e™ PR (r) = 1 — -, and P§ () = 0. For clarity, this 3GPP

special case is referred to as 3GPP case 1 in the sequel.

A. Analysis for UAS 1 in 3GPP Case 1

According to Theoreni, p°V(\,~) for UAS 1 can then be obtained as
2
PNy = ) (Th+ ). (25)
n=1

In the following sections, we investigafe-, TN-, T, and TN\, respectively.

1) The Computation of’:: From Theorend, T+ for UAS 1 can be obtained as

) dy ’YTO{LNO
/ exp<— ) )z <PAL>le<> (26)

wherect (r) = ALr=o" from (23) is plugged into (a) ofZ6) and % (s) is the Laplace transform

—
S

of RV I, evaluated ak.

For UAS 1, according to Theorethand @4), f}m (r) can be derived as

fEi(r) = exp (—/ A— 27Tudu> X exp (—/ A <1 - i) 27Tudu) X (1 - L) X 27\
’ o & 0 dy dy

3 3
9 r rr-l r
— — _ N <
exp( TS + 27\ <3d1 3d1)> X <1 dl) x 2mrA, (0<r<dp), 27)

1
SNL ol .
wherer; = (’%L) 7t according to {4).

Besides, to compute/;, ('}IAL) for UAS 1 in the range o < r < d;, we propose Lemma.

Lemma 3. &, (PAL) for UAS 1 in the range of < r < d; can be calculated by

4. () -
L\ 1 AN

exp <—27T)\ <p1 <aL,1, (fyro‘ ) ,d1> - p1 (OéL, 1, (’Y?“a ) m)))

27(')\ L -1 L —1
X exp <d—0 <p1 (aL’2, (yra ) ,dl) — pP1 <aL,2, (mﬂ ) ,r>)>

21\ ANL N ANL N7
X exp <_d—0 <p1 <QNL’2, <7AL r > ’d1> — pP1 (aNL’Q, <’YAL e ) .71
’}/ANL L -1

X exp | —2wAp2 a1, ( i re ) ,dq , (0<r<d) (28)

where
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12

dB+D] B+1 B+1
= Pl i1 s —td® 2
pl(a7ﬁ7t7d) |:B+1_2 1|:7 o 3 + o 3 td:|7 ( 9)
and
d-(e=6-1) [ B+1 . B+1 1
— |2 F (1,1 - 2 — p—— 1
p2(a7/87t7d) [t(a—ﬂ—l)}Q 1_7 o ) o ) tda:|7(a>ﬂ+ )7 (30)
wheresFy [+, -; ;] is the hyper-geometric functiori§].
Proof: See Appendix C. |

To sum up, for UAS 17} can be evaluated as

d al al
1 yr* N yr
r = /0 exp (_ PALO> 21, (m) fha (r)dr, (31)

Wheref};,/,1 (r) and ¢, (%) are computed by27) and @8), respectively.

2) The Computation ofM: From Theoremt, TN for UAS 1 can be obtained as

d
NL ! 7No v NL
o= [ ew <‘P<¥L<r>)"% (PclNL(r)) e (r)dr

d QNL CVNL
(a) ! e Ny yr NL
= /(; exXp (—W) ng (m) fR,l (7”) d?"', (32)
where¢N (r) = ANL—™ from (23) is plugged into (a) 0f%2) and.#; (s) is the Laplace transform
of RV I, evaluated ak.
For UAS 1, according to Theorethand @4), fgh (r) can be written as
fgf‘l (r) = exp <—/ AP (u) 27rudu>
0

X exp <— /T A(1- PI- () 277Udu> X dL x2mrd, (0<r<di), (33)
0 1

1

wherery = (AA—Q)“T r“ar- according to {5). Since the numerical relationship betweenand d;
affects the calculation of the first multiplier i83), i.e.,exp (— [, APt (u) 2mudu), we will discuss

the cases of) < ro < dy andry > dy in the following.

oL 1
If0<ry<d,ie,0<r<z =d’" (f{xNLL)“NL . we have

exp —/ Al1— L) 2nudu ) x exp —/ AL 9rudu | x — x 2mrA
0 dy 0o dq
5 r

3 3
= exp <—7r)\7"§ + 27 <E - 3—dl)> X (d%) x2mrA, (0<r<uaz). (34)

Otherwise, ifry > dy, i.e.,z1 <r < dj, we can get

gf‘l ()
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13

dy
fgh (r) = exp —/ A1=2) 2nudu ) x exp / ALomudu | X — x 27rA
AZ 273
— exp (-”3 L_ gdr ) x <di> x 2mrX, (z1<r <d). (35)
1 1

Besides, to compute/;, (%) for UAS 1 in the range of) < r < d;, we propose Lemmd.
Note that since the calculation ¢ (r) is divided into two cases, i.e), < r < z; andz; < r < di,
the calculation ofZ;. (PANL) for UAS 1 in the range 06 < r < d; will also be divided into those

cases, because the interferencedn (%) needs to be integrated from the distamd® infinity.

Lemma 4. .}, ( ANL) for UAS 1 in the range o < r < d; can be divided for two cases, i.e.,

0<r<gz;andz; <r <dj. The results are as follows,

21 (Fae) =
AL -1 AL NL -t
exp <—27T)\ (,01 (aL,l, (:Y4NL > ,d1> — p1 <aL, 1, <:Y4WT‘O‘ ) ,T2>>>
27\ yAL -1 L yAL -
X exp a0 o | "2, <ANL ) ydi | —p1 |« (ANL > T2
2T\ A AN
X exp <—d—0 <P1 (aNL’2a (’Yra ) adl) —P1 <aNLa2’ (77"0{ ) ,T)>>

NL -1
X exp <—27T)\p2 <aNL, 1, ('yro‘ ) ,d1>> , (0<r<umx), (36)
and L - . .
ﬁ — _L NL NL\ ™ o NI oaNL\ T
ZIT (PANL> = €xXp ( d(] (pl <O[ 2 (W’ ) ’d1> P1 (a ’25 (77“ ) ,’I“>>)
NL 71
X exp <—27T)\,02 <aNL, 1, (77“0‘ ) ,d1>> , (rp<r<dy), (37)

wherep; («, 5,t,d) and ps («, 5,t,d) are defined in 29) and (30), respectively.

Proof: See Appendix D. |

To sum up, for UAS 17Nt can be evaluated as
NL o " Ny yre™ NL
e [ e (‘W) [fh (m) fit ()
d CVNL
! r® "Ny
+/x eXp(_ PANL )[ ( ANL>f,

Wherefg, (r) is computed by 34) and @5), and.¢7, (PANL) is given by 86) and @7).
3) The Computation of’y: From Theoremd, 7% for UAS 1 can be derived as

0<7“§m1]d7“

<1< d1] dr, (38)
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= [ () 4 () e )

For UAS 1, according to Theorethand @4), f4 (r) can be calculated by

f}L%,Q (r)

exp <— /Oh A (1 — Pt (u)) 27Tudu> X exp <— /OT AP (u) 27Tudu> x 0 x 27r\

= 0, (r>d). (40)

Plugging 40) into (39), yields

- = 0. (41)

4) The Computation of - From Theorent, T3 for UAS 1 can be derived as

NL > <o [ — 7No
mo= ep( P@L(r))‘g (Pc <>>f 3 (r) dr
| e (—VPTN]LVO> 2, (ﬁ) M (r)dr, (42)

wherec)t (r) = ANL-—2™ from (23) is plugged into (a) 0f42) and.#; (s) is the Laplace transform

—
S
N

of RV I, evaluated ak.
For UAS 1, according to Theorethand @4), f' (r) can be derived as

dy dy r
}gLQ( ) = exp <—/ A <1 — E) 27Tudu> X exp <—/ Ai27rudu —/ )\27rudu> X 27T\
0 dy 0 dy dy

= exp (—7?)\7’2) X 2mr,  (r>dy). (43)
Besides, to compute/;, ('}Ij%) for UAS 1 in the range of > d;, we propose Lemmaé.

Lemma 5. .7, (PANL) for UAS 1 in the range of > d; can be calculated by

TaNL NL _1
L (ﬁ) = exp <—27T)\p2 (aNL, 1, (’W“a ) 77°>) , (r>di), (44)

wherep, («, 5,t,d) is defined in 80).

Proof: See Appendix E. |

To sum up, for UAS 170Nt can be evaluated as

NL >~ 'YTQNLNO r
- = /d1 exXp <—W>g (PANL>f (r)dr. (45)

wherefg, (r) and.Z;. (W) are computed by4@3) and @4), respectively.
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5) The Result 0f(\,~) and AASE(),~q): Considering 25) and @1), p°® (), ~) for UAS 1 in
3GPP Case 1 can be written as

P (\y) = TH+TM+ 13", (46)

where TF, TN and TNt are computed from closed-form expressions usidg),((38) and @5),
respectively.

Pluggingp®® (), ~) obtained from 46) into (10), we can get the result ofASE (), ~,) from (9)
for UAS 1 in 3GPP case 1.

B. Analysis for UAS 2 in 3GPP Case 1

According to Theoren2, p°(\,~) for UAS 2 can then be obtained as

2
PN = D (Tr+ 1) (47)

n=1
In the following sections, we investigafd-, TN, 7%, and T\, respectively.

1) The Computation of: From Theoren®? and @7), and similar to 81), 7+ can be derived as

dy T‘aLN T,aL
T = /0 exp <—7PALO . % fll‘%’l(r)dr, (48)

where according to Theorethand @4), f}m (r) is computed by

r

flL%,l (r) = <1 - d_> X exp (—7?7“2)\) x 2mrA,  (0<r<dj). (49)
1
To compute.Z;, (%) for UAS 2 in the range of) < r < d;, we propose Lemmaé.

o

Lemma 6. .7, (%) for UAS 2 in the range o < » < d; can be calculated by
i, (¥ir) =
-1 N\ -1
oo (<203 (o (0. () ) = (o0 () )
277)\ 1 ak -1 1 ol -1
X exp <d—0 <P1 (a 727 (fyr ) 7d1> —pP1 (a 727 (770 > 7T>))
2mA NL AN o NL AN o
X exp (_d—o (Pl (Oé 727< AL r 7d1 —pP1 | & 727 AL r , T
NANE -1
xexp | —2nAps | &)1, < AL re ) ,dy , (0<r<dy), (50)

wherep; («, 8,t,d) and ps (o, B, t,d) are defined in 29) and @30), respectively.
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Proof: The proof is the same as the one provided in Appendix C wittsthmstitution ofr; with
r, because in UAS 2 interference only comes from a distangeidahanr. [ |

2) The Computation ofM: From Theoren® and similar to 88), 7]N- can be derived as

d CVNL aNL
NL ' e No r NL
- = /0 exp <—7PANL )ZL <—PANL> R (r)dr, (51)
where according to Theorethand @4), f" (r) is computed by

fgf‘l (r)y = dL x exp (—mr?A) x 2ar), (0 <r <dj). (52)
1
To compute.Z;, (PANL) for UAS 2 in the range of < r < d;, we propose Lemma.

Lemma 7. .}, (PANL> for UAS 2 in the range off < » < d; can be calculated by

21, (ﬁ%) -
on (v (. () ) o () )
X exp (% <p1 (aL,z, (X}IE >1 ,d1> —p (aL72, <Z£E )1 77“)))
X exp <—% (Pl (aNL,Z (W“NL)_l >d1> — (O‘NL’2’ (WQNL>_1 T>)>

NL -1
X exp <—27T)\p2 <aNL, 1, (77“0‘ ) ,d1>> , (0<r<dp), (53)

wherep; («, 5,t,d) and ps («, 5,t,d) are defined in29) and (30), respectively.
Proof: The proof is the same as the one provided in Appendix D withstiestitution ofr,
with r, because in UAS 2 interference only comes from a distangetdahanr. [ |

3) The Computation of’y: From Theoren?, (47), and similar to 89), Tt can be derived as

= [Ceo(~ri) % () e

= 0. (54)

Note that the reason whis = 0 in (54) is because according to Theoréhand @4), we have

fRa(r) = 0xexp(—mr’A) x 277

=0, (r>d). (55)

4) The Computation ofN-: From Theoren® and similar to 45), T\ can be derived as
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NL o ,YTQNLNO "y?“aNL "
S /d P (‘ TPANL ) 2. (m> 1N (r) dr, (56)

where according to Theorethand @4), f5 (r) is computed by

f}gf_z (r) = 1xexp (—777“2)\) X 2mrA

= exp (—71')\7“2) x 2mrX,  (r>dy). (57)

To compute.Z;, ('}IAQ%) for UAS 2 in the range of > d;, Lemma5 is reused.
5) The Result 0p®V()\,~) and A*SE(),~o): Considering 47) and 64), p* (),v) for UAS 2 in

3GPP Case 1 can be written as

PNy = Tt +TP+ 19", (58)

where TF, TN and TNt are computed from closed-form expressions usi#g),((51) and 66),
respectively.

Pluggingp®® (), v) obtained from %8) into (10), we can get the result ofSE (), ~,) from (9)
for UAS 2 in 3GPP case 1.

V1. SIMULATION AND DISCUSSION

In this Section, we use simulations to further study the qgerince of SCNs and establish the
accuracy of our analysis. According tb3 and [14], we use the following parameterg; = 300 m,
ol =2.09, o™ = 3.75, AF = 107411, ANL = 107329, P = 24 dBm, Ny = —95 dBm (including a
noise figure of 9 dB at the UE). Moreover, we study another 3§#Rial case with an alternative LoS
probability function, Pr (r), using numerical integration to show the generality of oonausions

on the performance impact of LoS and NLoS transmissions.

A. Validation and Discussion of the Analytical Result%¥ (), v)

For 3GPP case 1 studied in Sectign and for both UASSs, the results of°’ (\,~) with v =1
and~ = 10 are plotted in Fig.3 and Fig.4, respectively. As can be observed from both figures,
our analytical results perfectly match the simulation hssuSince the results ofi*SE (), o) are
computed based op® (\,v), we will only use analytical results opf® (\,~) in our discussion
hereafter. For comparison, we have also included analytisallts assuming a simplistic path loss
model that does not differentiate LoS and NLoS transmissidgh Note that in {], only one path
loss exponent is defined and denoteddbyin our figuresa is set toa® or o respectively to show

the results of the analysis frord][
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T T T T T T T T
—x— The proposed analysis [3GPP case 1, UAS1] (Analytical) | | —*— The proposed analysis [3GPP case 1, UAS1] (Analytical)
1F O The proposed analysis [3GPP case 1, UAS1] (Simulation) 1 O The proposed analysis [3GPP case 1, UAS1] (Simulation)
—+— The proposed analysis [3GPP case 1, UAS2] (Analytical) —+— The proposed analysis [3GPP case 1, UAS2] (Analytical)

o
3

0 The proposed analysis [3GPP case 1, UAS2] (Simulation) 0 The proposed analysis [3GPP case 1, UAS2] (Simulation)
| | —2— The analysis in [4] with =" (Analytical) | —&— The analysis in [4] with =" (Analytical)
—— The analysis in [4] with a=d- (Analytical) L | —9— The analysis in [4] with =d (Analytical)
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Fig. 3. p* (), 1) vs \ for 3GPP case 1. Fig. 4. p®(),10) vs X for 3GPP case 1.

From Fig.3 and Fig.4, we can observe that the coverage probability performanendy the
stochastic geometry analysis id] [first increases with the BS density because more BSs provide
better coverage in noise-limited networks. Then, wheis large enough, the coverage probability
becomes independent afsince the network is pushed into the interference-limiegian, e.g.\ >
10~ BSs/knt and\ > 102 BSs/knt for the analysis from4] with a = o anda = oV, respectively.
This observation is consistent with the conclusion4f jvhich shows that for a sufficiently largk,
the coverage probability becomes almost a constant withnitrease of the small cell density. The
intuition behind the observation is that with the simptistissumption on the path loss model, the
increase in interference power is counterbalanced by ttrease in signal power in a interference-
limited network, and thus the coverage probability remaliessame a3 further increases. Besides,
we can find that the coverage probability performance of thaysis from f] with o = oV is
much better than that with = o when X is relatively large, e.g.A > 10 BSs/kn?. The reason is
that a larger path loss exponent allows a faster decay of gheegated interference power, which
has a dominating impact on the SINR performance for the UH, teence the coverage probability
performance improves as the path loss exponeimcreases. The implication is that high path loss
exponents help to separate adjacent small cells in the sériess power leakage.

In Fig. 3 and Fig.4, the coverage probability performance of the proposedhststic geometry
analysis for the 3GPP case 1 incorporating both LoS and Nkam$missions exhibits a significant
deviation from that of the analysis frord][ because when the distangedecreases, or equivalently
when the small cell density increases, LoS transmission occurs with an increasingjlidri proba-
bility than NLoS transmission. When the SCN is sparse ans ttuise-limited, e.g.\ < 10 BSs/knf,
the coverage probability given by the proposed analysisgrs\ increases for the same reason as

explained in the above paragraph, i.e., deploying morelstahs$ is beneficial for removing coverage
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holes. Then, when the network is dense enough and all covdralgs are removed, the coverage
probability given by the proposed analysis decreaseks asreases, due to the transition of a large
number of interference paths from NLoS to LoS. It is importannote that the coverage probability
performance of the proposed analysis for 3GPP case 1 peaksextain value\y. Specifically, as

A increases abovg, interfering BSs may also be close to the typical UE and hehee signals
may reach the UE via strong LoS paths too. Such crucial paintte readily obtained by setting the
partial derivative ofp® (), ) with regard to) to zero, i.e. \g = arg {%&M) = O}. The solution

to this equation can be numerically found using a standasdcllﬁ)n searchingl[/]. In Fig. 3, the
numerical results fon are 19.95 and 15.85 for UAS 1 and UAS 2, respectively. In coispa, in
Fig. 4, the numerical results foky are 12.59 and 10.21 for UAS 1 and UAS 2, respectively.

It is also important to note that the proposed analysis pa@ting both LoS and NLoS trans-
missions exhibits better coverage probability perforneatian the analysis fromd] with o = oN&
when X is relative small, e.g.A < 10BSs/knt. This is because with the proposed path loss model
of (3) and the considered UASs, the signal is more likely to trdhsta an LoS path while the
interference from interfering BSs further away is more lijkio suffer more attenuation due to NLoS
paths caused by more obstacles along the longer distanaeolr, the performance of UAS 1 is
strictly superior to that of UAS 2 because the UE is alway®eisse with the BS with the smallest
path loss in UAS 1, leading to a better coverage performanoaiever, such performance superiority
is noticeable only when < X < 102 BSs/knt, where the transition of interference paths from NLoS
to LoS frequently take place. Whexis tremendously large, e.g), > 10* BSs/knt, the coverage
probability decreases at a very slow pace because bothdghal gpower and the interference power
are LoS dominated and thus statistically stable.

To sum up, our results are in stark contrast with those of ttayais in fi] assuming a simplistic
path loss model that does not differentiate LoS and NLoSstragsions. The implication is profound.
Particularly, the conventional stochastic geometry asialjeads to the conclusion that the cell split-
ting gain resulting from spectrum reuse can be surely aelien dense SCNs since the coverage
probability is invariant with\. In contrast, our theoretical analysis shows that the @geprobability
will initially increase with the increase of, but when\ is larger than\y, the coverage probability
will decrease as small cells become denser in practical S@Nere the decrease is caused by the
transition of a large number of interference paths from Nto%0S. Considering such trend of the
coverage probability and looking at the ASE expressio®)n\e can conclude that the trend of the

ASE performance for SCNs should be complicated and it willnvestigated in the next subsection.
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B. Discussion of the Analytical Results 4fSE(), vq)

In this subsection, we first investigate the analytical itssaf A”SE (), ~q) with 49 = 1, based
on the analytical results gf° (\,~). The results ofAASE (), 1) are plotted in Fig5, comparing
the proposed stochastic geometry analysis with the asafysin 4] with o = o anda = oNF,
respectively.

As can be seen from Fid, the analysis from4] indicates that when the SCN is dense enough,
e.g., A\ > 102BSs/kn?, the ASE performance increases linearly withwhich is logically correct
from the conclusion that® (), v) is invariable with respect ta for a giveny in dense SCN&4]. In
contrast, the proposed stochastic geometry analysis €0B®&PP case 1 reveals a more complicated
trend for the ASE performance. Specifically, when the SCNlatively sparse, e.g\ < \g BSs/knt,
the ASE quickly increases with because the network is generally noise-limited, thus apdiore
small cells immensely benefits the ASE. When the SCN is exhefense, e.g.) > 10* BSs/knt,
the ASE exhibits a nearly linear trajectory with regardidtdecause both the signal power and the
interference power are now LoS dominated and thus statilstistable as explained before. As for
the practical range of, i.e., A € [\, 10*] BSs/knt, the ASE first exhibits a slowing-down in the
rate of growth due to the fast decrease of the coverage pititpaly around) € [\, \;] BSs/kn? as
shown in Fig.3, where); is another threshold larger thaxa. When\ > A, the ASE will pick up
the growth rate as the decrease of the coverage probabdidgrbes negligible. In Fig3, the value

of \; seems to be around)® BSs/knf.

—*— The proposed analysis [3GPP case 1, UAS1] (Analytical)|
—+— The proposed analysis [3GPP case 1, UAS2] (Analytical)|

10° L | —=— The analysis in [4] with o=c" (Analytical)
—9— The analysis in [4] with a=d- (Analytical)

Area spectral efficiency [bps/Hz/kmz]

10 10 10 107 10° 10* 10
BS density 4 [BSs/km?]

Fig. 5. A"SE(X 1) vs X for 3GPP case 1.

—*— The proposed analysis [3GPP case 1, UAS1] (Analytical)|
—+— The proposed analysis [3GPP case 1, UAS2] (Analytical)|

10° || —=— The analysis in [4] with a=d"" (Analytical)
—— The analysis in [4] with o=a- (Analytical)

Area spectral efficiency [bps/Hz/kmz]

10 10 10 107 10° 10* 10°
BS density 4 [BSs/km?]

Fig. 6. A*SE(),10) vs \ for 3GPP case 1.

In the following, we investigate the impact of, on A*SE(\ ) by showing the results of

AASE (X, 10) in Fig. 6. An interesting observation is that the ASE of the proposedastic geometry

analysis even decreases with the increasemfaround[lo, 102] BSs/knt, indicating the significant

impact of the path loss model incorporating both NLoS and breSismissions. Such impact makes
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a difference for SCNs in terms of the ASE both quantitativeyd qualitatively, compared with the
SCNs with a simplistic path loss model that does not difféate LoS and NLoS transmissions. As
a confirmation, note that comparing Fig.and Fig.4, we can observe that increasing from 1 to
10 will greatly accelerate the decrease of the coverageapility at around\ € [10, 102] BSs/knt,
which in turn causes the decrease of the ASE at that rangeimfFig. 6.

To sum up, our theoretical analysis concludes that when #msity of small cells is larger than
Ao, the ASE suffers from a slow growth or even a notatézreaseas )\ increases, because of the
decrease of the network coverage probability, as discussgdbsectioVI-A . Furthermore, the ASE
will grow almost linearly as the small cell density increagdove\;.

With the thresholds\y and A;, SCNs can be roughly classified into 3 categories, i.e., fagsg
SCN (0 < A < )\p), the dense SCNX( < A < A1) and the very dense SCM ¢ \1). The ASEs for
both the sparse SCN and the very dense SCN grow almost il the increase of\, while the
ASE of the dense SCN shows a slow growth or even a notable akewith the increase of. From
Fig. 5 and Fig.6, we can get a new look at the ultra-dense SCN, which has beetified as one of
the key enabling technologies of the 5th-generation (5@yaoiks [2]. Up to now, there is no clear
view in both industry and academia on how dense a SCN can bgarated as an ultra-dense SCN.
According to our study, for 3GPP case 1, we propose that thesygBems should target the third
kind of SCNs as ultra-dense SCNs, i.e., the SCNs witls )\;, because the associated ASE will
grow almost linearly as\ increases since both the signal power and the interfereowerpare LoS
dominated and thus statistically stable. Numerically &pen \; is around103 BSs/kn? in Fig. 5
and Fig.6. It is important to note that the second category of SCNs< A < A1) is better to be

avoided in practical SCN deployments due to its cost-iniefficy.

C. Investigation ofAASE()\, ~q) for an Alternative Pk ()

As another application of our analytical work and to dematstthat the conclusions obtained
on the performance impact of LoS and NLoS transmissions gaweral significance, we consider

another widely used LoS probability function adopted by 3@&PP as13]

Pt (r) = 0.5—min {0.5, 5exp <—&> } + min {05, D exp <—R;> } ’ (59)
r 2

where R; = 156 m and R = 30 m. To show how Pr(r) in (59) can be fitted into our general path

loss model proposed ir8), we reformulate §9) as
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P (r) = {1—%6XP(—31/T% 0<r<d (60)

%exp(—r/Rg), r > dy

whered; = £ The combination of the LoS probability function i0) and the path loss formula
in (23) can then be deemed as a special case of the proposed geatbrklgs model addressed ) (
with the following substitutionN = 2, ¢t (r) = ¢& (r) = Alr—", (N () = N () = ANLp—e™,

P (r) =1— Zexp(—Ry/r), and P§ (r) = 3 exp (—r/R,). For clarity, this 3GPP special case is
referred to as 3GPP case 2 in the sequel.

Due to the complicated expressions of Pr) in (60), closed-form expressions @f° (A, ~) like
those in 25) and @7) are difficult to obtain. Here, we evaluate the network penfance for 3GPP
case 2 by applying numerical integration on Theorerand Theoren®?. The results ofpp® (A, 1)
and AASE() 1) for 3GPP case 2 are plotted in Fig.and Fig.8, respectively. As can be seen
from both figures, our analytical results are accurate ceoethavith the simulation results and all
the observations in SubsectioW$-A andVI-B are qualitatively valid for Fig7 and Fig.8 except
for some quantitative deviation. Specifically, in Fig. the numerical results foky are 98.72 and
79.43 for UAS 1 and UAS 2, respectively. In Fi§, the ASE is also shown to suffers from a
slow growth or even a slight decrease &asncreases wherh > )y, because of the decrease of
the network coverage probability shown in Fig. Furthermore, the ASE will grow almost linearly
as \ increases above another larger threshold Such)\; is in the order of several0® BSs/kn?
as shown in Fig8. Therefore as expected, changing the LoS probability fancinay only cause
guantitative difference on the coverage probability aredAISE, but the trend observed on the network
performance remains the same. Thus, the results obtaingdsipaper on the performance impact
of LoS and NLoS transmissions have general significance amdmot be affected by the particular

path loss model being considered.

—*— The proposed analysis [3GPP case 2, UAS1] (Analytical)
1r O  The proposed analysis [3GPP case 2, UAS1] (Simulation)
—+— The proposed analysis [3GPP case 2, UAS2] (Analytical) T i NL !
0 The proposed analysis [3GPP case 2, UAS2] (Simulation) 10° |-| T# The analysis in [4] with o=c" (Analytical)
—o— The analysis in [4] with a=a" (Analytical)

—+*— The proposed analysis [3GPP case 2, UAS1] (Analytical)
—+— The proposed analysis [3GPP case 2, UAS2] (Analytical)

| | —2— The analysis in [4] with =" (Analytical)
—9— The analysis in [4] with a=a- (Analytical)
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Fig. 7. p® (A, 1) vs \ for 3GPP case 2. Fig. 8. A"E()\, 1) vs \ for 3GPP case 2.
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VIl. CONCLUSION

In this paper, we show that a sophisticated path loss modelrpiorating both LoS and NLoS
transmissions has a significant impact on the performanceGis, measured by the two metrics
of the coverage probability and the ASE. Such impact is ndy goantitative but also qualitative.
Specifically, our theoretical analysis concludes that teevork coverage probability will initially
increase with the increase of the small cell density, butrwtiee density of small cells is larger
than a threshold,y, the network coverage probability will decrease as smdls ¢teecome denser in
practical SCNs, which in turn makes the ASE suffer from a sipawth or even a notabléecrease
as the small cell density increases. Furthermore, the ASEgvaw almost linearly as the small cell
density increases above another larger threshold he intuition behind our conclusion is that when
the density of small cells is larger than a threshold, therfatence power will increase faster than
the signal power due to the transition of a large number adriatence paths from NLoS to LoS,
and thus the small cell density matters!

For practical regime of small cell density, the performanesults derived from our analysis are
distinctively different from previous results consideyia simplistic path loss model that does not
differentiate LoS and NLoS transmissions. It is therefargartant to consider a path loss model
incorporating both LoS and NLoS transmission when studytimg performance of dense SCNSs.
Specifically, previous results predict that the ASE shoutthatonically grows with the increase of
the small cell density. However, our results show that thés A8l not necessarily improves with
the increase of the small cell density, which sheds valuaidights on the design and deployment
of future small cell.

Finally, according to our study, for 3GPP cases, we propaaethe 5G systems should target the
SCNs as ultra-dense SCNs with> \;, because the associated ASE will grow almost linearly as
increases. Numerically speakink, appears to be around sevetaf BSs/knt from our results.

As our future work, we will consider other factors of reatisietworks in the theoretical analysis of
SCNs, such as practical directional antennas or sophistideam-forming functions. Another future
work is the introduction of an even more sophisticated npdth fading model into the analysis of

SCNs because the multi-path fading model is also affectedd®/and NLoS transmissions.

APPENDIX A: PROOF OFTHEOREM 1

For clarity, we first summarize our basic ideas to prove Téexk. In order to evaluate®™’ (A, ),

the first key step is to calculate the PDFs of the events tletypical UE is associated with a BS
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with an LoS path or an NLoS path, taking the proposed path nasdel of @) into account. The
second key step is to calculate the probability of $$NR > ~| conditioned on distance.

Logically, according to UAS 1, the event that the UE is assted with a BS with an LoS path at
distancer is equivalent to the joint event that the UE is associateti winearest LoS BS and there
is no NLoS BS gives a smaller path loss than such nearest LoS@8larly, according to UAS 1,
the event that the UE is associated with a BS with an NLoS pathstéancer is equivalent to the
joint event that the UE is associated with a nearest NLoS BBtla@re is no LoS BS gives a smaller
path loss than such nearest NLoS BS. Besides, the metf&I¥R > ~] should be evaluated based
on our assumption on the distribution of the multi-path fadRV, i.e., the exponential distribution.
Following the summarized thoughts, we provide our proof bédrem1l in the sequel.

From 6) and (7), we can deriveo® (\,~) in a straightforward way as

" (\,7) @ / Pr[SINR > v|7] fr (r)dr

= Pr
/ro [I +N0

h PCE(r L /dl PR (r) b NL
; r[ T, +N0 ’Y] fra(r)dr+ ; r 7.+ No > | fra (r)dr

+
o PCN (T)h L /Oo PCR‘/L (T)h NL
pr| N 0 d pr| >N IR d
LNIF[L+N0>7‘&W“>T+dN1r W8] i

(Ty +13Y), (61)

7} fr(r)dr

+

>
] =

1

3
Il

whereT}; andT)\" are piece-wise functions defined @5 = fjj Pr[’?ﬂr(]\,)o > 7} [ (r)dr and

TN = fd Pr[PfH(}zh > 7} o () dr, respectively. Besides), anddy are respectively defined
as0 and co. Moreover, ff () and f},, (r) are the piece-wise PDFs of the event that the UE is
associated with a BS with an LoS path at distandeased on UAS 1 and the event that the UE is
associated with a BS with an NLoS path at distandesed on UAS 1, respectively. All ﬂﬁ%m (r)

and fi', () are stacked intg’z (r) in (a) of (61), and fr (r) is defined in a similar form as ir8Y:

[k, (r),  the UE is associated with an LoS BS
fra(r) = NL : : : <r<d
fi5(r),  the UE is associated with an NLoS BS
Lo(r), the UE is associated with an LoS BS
frar) = T2 () © associated i d <7 < dy
fr(r) = fi5(r),  the UE is associated with an NLoS BS (62)
fE Ny (r),  the UE is associated with an LoS BS
frN (1) = NL . : : r>dy-
N (r),  the UE is associated with an NLoS BS
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Regardingf}%’n (r) in (61), we define two events as follows, the joint event of whichdsiealent

to the event that the UE is associated with a BS with an LoS ghatlistance- according to UAS 1.

« EventB': the nearest BS with an LoS path is located at distance
o EventCMt: there is no BS with an NLoS path in the disk centered on the it avradius of
r1 < r, wherer; satisfies¢t (r) = ¢N ()
Note that EvenfB- guarantees that the path loss associated avitarbitrary LoS BSwith a distance
greater than is always larger than that associated witie considered LoS B& distance-. Besides,
EventCNtguarantees that the path loss associated avitlarbitrary NLoS BSwith a distance greater

thanr is always larger than that associated witle considered LoS B& distancer.

According to ], the cumulative density function (CDF) of EveBt with regard tor is given by
FE () = 1—exp <— /0 “p (u) 27ru)\du> v (dp1 <7< dy). (63)

Hence, taking the derivative d%‘}g; (r) with regard tor, yields the PDF of EvenB' as
Bo(r) = exp <— /O P (u) 27ru)\du> x P (r) x 207X, (dp1 <7 <dy). (64)

The PDFf}%”Ln (r) should be further thinned by the probability of Everft- on condition ofr, which
is exp (— ;! (1 — P (u)) 2rurdu) [4], and we can get the PDF of the joint event/$f and C"N-:

fRn(r) = exp <— / E (1 - Pt (u) 27ru)\du> x fE. (r). (65)
0
As for the calculation of P[% > 7} in (61), we have
P¢ (r)h I + N
T >0) = e 25
_ I, + N,
- = () )

where E(x; {-} denotes the expectation operation taking the expectaten the variableX and
Fy (h) denotes the complementary cumulative density functionQE)Cof RV k. Since we assume

h to be an exponential RV, we havé; (h) = exp (—h) and thus §6) can be further derived as

Pr{ww] - {exp <_7(L«+No)>}

I, + No PG (r)
- oo (-5 o)
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where.Z;_ (s) is the Laplace transform of RY, evaluated ak.

Regardingfg}n (r) in (61), we also define two events, the joint event of which is edaiveato the
event that the UE is associated with a BS with an NLoS pathstacer according to UAS 1.

« EventBNL: the nearest BS with an NLoS path is located at distance

« EventC': there is no BS with an LoS path in the disk centered on the U wiradius ofro,

wherer, satisfies¢t (1) = ¢\ (r)

Note that EventBN: guarantees that the path loss associated witharbitrary NLoS BSwith a
distance greater thanis always larger than that associated wiitle considered NLoS B& distance
r. Besides, EventC'Ntguarantees that the path loss associated waitharbitrary LoS BSwith a
distance greater thar is always larger than that associated witle considered NLoS B& r.

According to f], the CDF of EventBN- with regard tor is written as
FE (1) = 1—exp <_ /0 ' (1—Pr (u)) 27ru)\du> o (dpy <7< dy). (68)
Hence, taking the derivative dﬂf‘jglL (r) with regard tor, yields the PDF of EvenBNt as
B(r) = exp <— /0 (1Pt (u) 27ru)\du> x (1 =Pk () 277, (doo1 <7 < dy)(69)

Similar to 65), the PDFf}%’fLL (r) should be further thinned by the probability of Evefit on
condition of », which is exp (— [;* Pi* (u) 2ruXdu) [4], so that we can get the PDF of the joint

event of BN and CL as

fg';1 (r) = exp <—/ i PI- (u) 27Tu)\du) X g:; (r). (70)
0
As for the calculation of P[% > 7} in (61), we have
PG (r)h _ 7 (Ir + No)
PI’|: T 1 N >y = E[IT} Prih > PCQ‘L(T)
= Yy (Ir + NO)
= Eu{ (M) - 7

Since Fy (h) = exp (—h), thus 1) can be further derived as

Pr[PwL s ]~y o (-2 20)

T+ No PO (r)
B vNo vy
- (‘ PN (r)) B {eXp (‘PcyL (r)”) }
¥No Y
P <‘ PO <r>> . <P<yL <r>> ‘ (72)

Our proof of Theorend is completed by pluggingeb), (67), (70) and (72) into (61).
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APPENDIX B: PROOF OFTHEOREM 2

The proof of Theoren® is very similar to that of Theorem. First, from @) and (7), we can
reuse 61) as the general result gf®’ (), ) for UAS 2. However,f5 () and f", (r) should be
specifically derived for UAS 2 as follows.

Regardingf}%’n (r), we define two events as follows, the joint event of which isiegjent to the

event that the UE is associated with a BS with an LoS path #&mtier based on UAS 2.

« EventB: the nearest BS is located at distance

« EventD': the BS is one with an LoS path
According to B], the cumulative density function (CDF) of EveBt with regard tor is given by

Fﬁn (r) = 1—exp (—7?7“2)\) , (dp—1 <71 <dy). (73)

Hence, taking the derivative dﬂgn (r) with regard tor, yields the PDF of EvenB as
(74)

fﬁn (r) = exp (—717“2)\) X 2mrX,  (dp—1 <r<dp).

The PDFfﬁn (r) should be further thinned by the probability of Evedt on condition ofr, which

is Pt (r), so that we can get the PDF of the joint eventibland CN- as
Thn (1) = PR (r) X fRn (r). (75)
RegardingfR- (r), we also define two events as follows, the joint event of whscaquivalent to

the event that the UE is associated with a BS with an NLoS pattistancer based on UAS 1.

« EventB: the nearest BS is located at distance

o EventDNL: the BS is one with an NLoS path
Similar to (75), the PDFfﬁn (r) should be further thinned by the probability of Evédtt on condition

of , which is (1 — Pr; (r)), so that we can get the PDF of the joint eventdfand D" as

(dn—l <r< dn) . (76)

fglh (r) = (1 — PIJ,‘1 (7“)) X exp (—717“2)\) X 277\,
Our proof of Theoren® is completed by plugging76), (67), (76) and (72) into (61).

APPENDIX C: PROOF OFLEMMA 3

Based on the assumption of UAS 1, it is straightforward tavée#;_ (s) in the range of < r < d;

as
DRAFT
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Z1.(s) = Epj{exp(=sl)|0<r<d}

= Eo (5300} {GXP (5 > Pﬁiﬂi) 0<r< dl}

ic®/b,

= Eg { H Eis,9 {exp (—=sPBg)}|0 < r < dl}

i€ /b,

= exp <—27T)\ /00 (1- Efg {exp (=sPB (u) 9)}) udu

0<r§d1), (77)

where (a) in {7) is obtained from 4].
Since0 < r < dy, Eg {exp (—sPB(u) g)} in (77) should consider interference from both LoS
and NLoS paths. Thusy;, (s) can be further derived as

5 (s) = exp <—27T)\ /d1 <1 — d%) [1 —Eq {exp (—sPALu_O‘Lg) H udu)
X exp <—27r)\ /d1 d% [1 —Ejqg {exp (—SPANLU*O‘NLg) }] udu>
X exp <—27r)\ /C:O [1 —Epqg {exp (—sPANLu_O‘NLg) }] udu)
= exp (—271)\ /rd1 <1 — d%) I (SPZL)I e du)
X exp (—27‘(’)\ /:1 d% 1+ (SPA:TL)l o du)

© i
X ex —27?)\/ du | . 78
p< o 1 (sPANL) ™ ya ) (%)

ol

Based on 18), .. (}IAL) for UAS 1 in the range ob < r < d; can be further written as

2, (%) =
h u " U
exp [ =27\ / — du — / — du
0 14 (yret)  ue” 0 1+ (yre")  uet
_ dy 2 A 2
X exp —27?)\—1 / u — du — / Y — du
dy o 1+ (W’O‘L) ue” o 1+ (W’O‘L) ue”

d1 2 T1 2
u u
Xexp | —2nA— / — du—/ — du
dq 0 1 n (VQSLTQL) ue™" 0 1 i <7ﬁ§LT’aL) ue™"

X exp —27?)\/ i — du |, (0<r<d). (79)
v+ (%TO‘L) ue™

In order to evaluate7@), we define the following integral functions according ]|
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d R
P1 ((X,,B,t, ) - /(; 1 + tu® U
dB+1) B4+1 B+1 N
e 0
and
d Ty
p2(a7/87t7 ) - /0; 1 + tu® U
d-(a=h-1) B+1 B+1 1

- [m}2Fl|:lal_ o 72— o a—td_a:|a(a>ﬁ+1), (81)

wheres F} [+, ;-5 ] is the hyper-geometric functiori§].

Our proof is completed by pluggin@@) and 1) into (79).

APPENDIX D: PROOF OFLEMMA 4

L

Following the same approach in Appendix C, it is straigiwiand to derive?;, (PTANL) for UAS 1

in the range of) < r < 27 as

aNL dl
<], (%) = exp —271)\/ <1 — C%) b — du
T2 1/ 1 + (W“a PAL) uc®

PANL
d1
X exp —27?)\/ it 4 I du
rodiy + ( PANL) ue™
e U
X exp —271)\/ - T du | . (82)
di ] + (77"ANL PANL) ueN

NL

Similarly, .7, (’}YIA“W) for UAS 1 in the range oft; < r < d; can be calculated by

CVNL dl
A o = exp | —27A il 4 du
"\ PANL dy o LN
r 1+ (77" PANL) u

X exp —271')\/ 4 il du | . (83)
1t (pa) e

Our proof is thus completed by pluggin§Qd) and 1) into (82) and 83).
APPENDIX E: PROOF OFLEMMA 5

Following the same approach in Appendix C, for UAS 1, it isigthtforward to deriveZ;, (PAK)
for UAS 1 in the range of > d; as
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NL
yr u

[e9)
L | =— = exp —271)\/ — du
P ANL . 1+ (VTQNL) 1 uaNL

NL -1
= exp <—27T)\p2 <aNL, 1, (’yro‘ ) ,7“)) , (r>dy), (84)

where ps (o, 3, t,d) is defined in 80).
Our proof is thus completed witl84).
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