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Abstract—In this work we investigate the performance of
typical indoor users in urban two-tier heterogeneous mobile
networks with indoor-deployed small cell base stations (BSs)
and outdoor BSs. The urban topology is modeled by a Boolean
scheme of blockages, which is tied together with the deployment
of outdoor- and indoor BSs as well as the signal propagation
characteristics. Each building is assumed to be served by an
indoor small cell BS with a certain probability, which is denoted
as occupation probability. Indoor and outdoor environments
are partitioned by walls with a certain penetration loss. We
separately account for outdoor BSs in line of sight (LOS) and
non-line of sight (NLOS), as well as small cell BSs in neighboring
and non-neighboring buildings. We derive expressions for the
signal to interference ratio (SIR)-coverage probability and the
average spectral efficiency of a typical indoor user. Numerical
evaluations are performed with 3GPP compliant macro- and pico
BS scenarios. Our results exhibit that the indoor area coverage,
which is a function of the building density and size, significantly
affects the impact of the target building’s wall penetration loss.
The analysis is simplified by various assumptions, which are
verified by extensive Monte Carlo simulations.

Index Terms—Small Cells; Heterogeneous Mobile Network;
Urban Topology; Building Density; Boolean Model; Stochastic
Geometry; Virtual Building Approximation;

I. INTRODUCTION

It is estimated that the majority of today’s mobile traffic
originates and is consumed indoors [1]. Providing broadband
radio access inside buildings by outdoor base stations (BSs)
constitutes a significant challenge, as signals incur severe
attenuation due to the wall penetration loss. This has given
rise to the deployment of indoor small cell BSs, leading to
denser and more heterogeneous mobile networks.

The case of dense small cell networks by means of stochas-
tic geometry was first investigated in [2][3]. The authors reveal
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the invariance of the coverage probability and the spectral
efficiency on the spatial density of the BSs as well as the
number of tiers. A common assumption of these studies
is the standard single-slope path loss model. More recent
investigations in [4][5][6] show that this assumption may
lead to fundamentally erroneous conclusions. It is commonly
agreed that the discrepancies mainly arise from neglecting the
distinct propagation conditions of line of sight (LOS) and
non-line of sight (NLOS) signals. In an urban environment,
LOS transmissions will occur when the distance between BS
and user is small, while for larger distances, a transition from
LOS to NLOS will appear with a higher likelihood. Studies
incorporating both LOS and NLOS propagation conditions
have recently been carried out in both the millimeter wave
(mmWave) domain [7][8][9] as well as the below-6 GHz
domain [4][6][10]. In this paper, we focus on urban heteroge-
neous networks operating below 6 GHz. Those mainly differ
from mmWave networks by the fact that they are strongly
interference limited.

While the presence of blockages is usually abstracted
to some distance-dependent LOS probability function (see,
e.g., [4][5][6][10][11], and also technical reports of the 3rd
Generation Partnership Project (3GPP) [12][13]), modeling
the attenuation due to blockages commonly lacks such a
distance dependency or is omitted entirely [4][5][6][10]. A
frequently used approach for describing the effects of large-
scale blockages is the application of log-normally distributed
random variables (RVs) [7]. In [14], it was argued that these
RVs act as a random displacement of the original BS locations.
Although the log-normal model exhibits a good agreement
with measurement results, it requires an empirical calibration
step. This not only limits its validity to a specific environment
but also obscures the characteristics of the investigated topol-
ogy, such as building density and size. Furthermore, recent
studies within the 3GPP as well as in [15][16] indicate the
impact of the blockages as a function of the distance.

Finally, scenarios consisting of indoor- and outdoor environ-
ments have not received much attention in analytical studies,
due to the imposed inhomogeneities on the signal propaga-
tion. Moreover, measurement results in [17–19] indicate that
LOS and NLOS signals experience significantly different wall
penetration characteristics. While exhibiting a dependency on
the angle of incidence in the LOS case, the wall loss yields
a rather low value under NLOS conditions. Intuitively, this is
caused by the fact that multi-path components approach the
building more frontally after multiple reflections. Note that in
the case of building penetration, the notions of LOS and NLOS
refer to the signal propagation outside the target building.
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A. Our Contributions

The main contribution of this paper is a stochastic geometry
framework for analyzing signal to interference ratio (SIR)-
coverage and spectral efficiency in an urban two-tier hetero-
geneous mobile network. Our focus is on the performance of
a typical indoor user, as it has received much less attention
in literature. The network comprises outdoor BSs in LOS and
NLOS, as well as opportunistically deployed indoor small cell
BSs. Indoor and outdoor environments are partitioned by a
certain wall penetration loss, which is assumed to be different
for LOS and NLOS transmissions.

The major challenge in establishing such model is to
maintain a sufficient analytical tractability while reflecting key
features of the real world environment with a small set of
parameters. We employ a Boolean scheme of blockages and
tie it together with the deployment of outdoor and indoor BS
as well as the abstraction of the signal propagation. In this way,
we establish an integrated framework, where each change of
the urban topology directly affects the BS topology as well
as the signal propagation characteristics. Since neither actual
building footprints nor BS locations are required, which often
constitute sensible and confidential information, our frame-
work offers a transparent interface between network operators
and industrial as well as academic research organizations.

We assume that each building is served by an indoor small
cell with a certain probability, which we denote as occupation
probability. When the user is located in a small cell-occupied
building, it is considered to associate with the corresponding
small cell BS. Otherwise, it will attach to an outdoor BS. We
derive the probabilities to associate with the strongest outdoor
BS in LOS or NLOS as well as the corresponding distance
distributions. Moreover, we provide convenient expressions for
the coverage probability in each situation.

We carry out numerical evaluations based on two 3GPP
compliant setups. In the first setup, the outdoor BSs are
represented by sparsely distributed macro BSs with a high
transmit power, while in the second setup, they are constituted
by densely deployed pico BSs with a low transmit power.
Existing work often measures the spectral efficiency over the
BS density. In this paper, we evaluate the performance over
the indoor area coverage, which is a function of the building
density and size. We show that the indoor area coverage
alters the impact of the taget building’s wall penetration
loss. Throughout the paper, we make various assumptions to
simplify the analysis. The validity of our model is gauged by
extensive Monte Carlo simulations.

In this work, we focus on downlink transmissions. The
major weakness of our model is the negligence of reflections,
thus ignoring effects of gracing incidence and wave guidance,
as reported, e.g., in [20]. At best, these effects are incorporated
in the path loss exponent. Their explicit treatment provides an
interesting topic for future work. For simplicity, we investigate
buildings of circular shape. An extension to arbitrarily shaped
building is carried out by means of the Minkowski sum [21]
and beyond the scope of this paper. It considerably complicates
the analysis while not improving the insights that can be
drawn from it. We omit the inclusion of the building height.

An extension is straightforwardly carried out along the lines
of [15, Sec. III.B]. For the tractability of the analysis, we
assume the LOS probabilities and building blockages between
different links to be independent. In other words, we ignore
potential correlations of buildings between links. According to
[15], this only causes a minor loss of accuracy. A framework
for investigating the performance of a typical outdoor user
is rather extensive, and therefore exceeds the scope of this
contribution.

B. Prior and Related Work

Compared to our prior work in [22], this paper provides a
generalized mathematical framework that accounts for macro
BSs in LOS and NLOS as well as the corresponding, generally
distinct, wall penetration losses. In [22], we only considered
interference from small cell BSs in neighboring buildings,
which experience LOS conditions. In this paper, we also incor-
porate the interference from small cell BSs in non-neighboring
buildings, experiencing NLOS conditions. It further includes
the detailed mathematical derivations that are omitted in [22]
due to space limitations. In [22], it was concluded that building
blockage may have a beneficial impact on the performance as
it provides a safeguard against interferers. In this contribution,
we deepen our understanding on the impact of the urban
environment by including LOS BS for which the blockage
protection does not apply. The closest related works to the
contribution in this paper are [4][5][6][15].

The authors of [4] consider a propagation model as provided
by 3GPP in [12]. It is intended for heterogeneous networks at
a carrier frequency of 2 GHz and formulates as

`(d) = {
1
cL
d−αL , v(d)

1
cN
d−αN ,1 − v(d) , (1)

where cL and cN are constants of the path loss law under LOS
and NLOS conditions, αL and αN denote the corresponding
path loss exponents and v(d) refers to the probability of ex-
periencing LOS propagation conditions at distance d. The au-
thors derive a stochastic geometry framework for a single tier
network and approximate the 3GPP LOS function from [12,
Table A.2.1.1.2-3] by v(d) = exp(−(d/L)2), where L is a
tunable parameter. They observe a non-constant behavior of
the spectral efficiency over the BS density, which is mainly
caused by the split path loss law in (1).

Similar conclusions are drawn in [5], where the authors
propose a multi-slope path loss model, which exhibits a
sharp separation of the propagation characteristics at a certain
distance. The approach is claimed to be very close to many
scenarios in the WINNER II path loss model [12][23], and is
well supported by measurements, e.g., [24].

In comparison to [5], the work in [6] provides a multi-slope
path loss function, where each slope features probabilistic LOS
and NLOS transmissions. Hence, it effectively combines the
approaches in [4] and [5], yielding the most general path loss
abstraction. Despite offering a high degree of freedom, the
authors demonstrate the application of their model only with
a single slope path loss model similar to (1). They investigate
a simple linear LOS function v(d), and show that it achieves
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a good approximation of a more complicated function from
3GPP [12].

The authors in [15] establish an urban environment by
means of a random object process (ROP), in particular a
Boolean scheme, which is later explained in Section II-A.
This technique neglects correlations among blockages, which
is shown to have only a minor impact on its accuracy. The
authors investigate a scenario with impenetrable blockages and
introduce the concept of a LOS ball, which has found wide
acceptance for the study of mmWave communication [9]. They
are also the first to derive expressions for the attenuation
due to blockages in ROP-based scenarios. It is observed
that, on average, the blockages impose an exponential decay
exp(−β d + p) on the received signal power, which depends
on the link length d. The parameters β and p are conveniently
derived from the properties of the ROP.

In comparison to our contribution, all works presented
above focus on single-tier networks. Furthermore, the BS are
considered to be outdoors, i.e., the partitioning due to wall
penetration is omitted. Finally, except [15], they do not draw
a connection between the LOS probability, the signal propa-
gation model and the characteristics of the urban environment,
such as building size and density.

C. Paper Organization

This paper is organized as follows. The system model is
introduced in Section II. Section III presents the performance
analysis. A numerical evaluation with respect to 3GPP compli-
ant scenarios is carried out in Section IV. Section V concludes
the paper.

II. SYSTEM MODEL

In this section, we introduce the system model to evaluate
the downlink performance of a typical indoor user in an urban
two-tier mobile network. It is an extension of the model in [22]
and incorporates the separation between macro BS in LOS and
NLOS, as well as interference contribution from small cell BSs
in non-neighboring buildings.

A. Topology Model for Urban Environments

Consider an urban environment with buildings that are
modeled by a random object process [21]. We employ a
Boolean scheme of circles on the R2 plane, as shown in Fig. 1.
It satisfies the property that the centers of the circles form a
Poisson point processes (PPP) ΦB of intensity λB [21]. For
simplicity, it is assumed that all circles have a fixed radius RI.
A point is denoted as indoors, if it is covered by building, and
outdoors otherwise. The indoor and outdoor environment are
partitioned by wall penetration loss, which is generally distinct
in the LOS- and the NLOS case, respectively [17–19].

Define the indoor coverage ratio as the fraction of the
total area on R2 that is covered by buildings. According to
[15, Corollary 1.2], for the specified Boolean scheme, it is
calculated as

pI = 1 − e−λBR
2
I π. (2)

R
I

NLOS outdoor base station

Building

Small cell base station

in non-neighboring building

r
User in typical building

Virtual building

Outdoor base station in LOS

θ

R

Small cell base station

in neighboring building

Fig. 1: Snapshot of an urban environment as obtained by a
Boolean scheme with circles of fixed radius RI. The figure
depicts an indoor user in a typical building, which is occupied
by a small cell BS. The scenario encompasses LOS- and
NLOS outdoor BSs as well as small cell BSs in neighboring
and non-neighboring buildings. The dashed circle indicates a
virtual building around the user, as presented in Section II-D.

The indoor coverage ratio has the remarkable feature that it can
also be extracted from real-world data [7][25]. For example,
the OpenStreetMap project provides open access to shape
files, which, among other information, contain the building
footprints. These files can be processed by a simple MATLAB
script. For The University of Texas at Austin and Vienna’s
inner district ratios of pI = 0.25 and pI = 0.5 were measured.
Related work in [25] evaluated the indoor coverage of various
Turkish cities. The ratios ranged from 0.13−0.39. The authors
in [7] evaluated Manhattan and the city of Chicago, where
values of 0.46 an 0.42 were found. In the following, the
Boolean model is applied to model the urban environment
which serves as a basis for the deployment of a two-tier
heterogeneous mobile network.

B. Network Deployment

In this section, we explain the deployment of a two-tier
mobile network in the introduced urban environment. The
network comprises outdoor BSs and indoor-deployed small
cell BSs, as shown in Fig. 1. The outdoor BSs are distributed
according to a PPP ΦO of intensity µO. Since we require these
BSs to be located outdoors, the BS process can equivalently
be established by independently thinning (see, e.g., [21]) an
initial PPP of intensity µ′O = µO/(1 − pI), with pI from (2).

A building will be served by an indoor small cell BS
with a certain probability η, which we denote as occupation
probability. Consider the indoor small cell BSs to be located
at the center points of the occupied buildings. Then, the spatial
distribution of the indoor small cell BSs can be modeled by a
PPP ΦS of intensity η λB, which follows from independently
thinning the object center PPP ΦB.
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C. Signal propagation

In this section, we introduce models to describe the signal
propagation. As illustrated in Fig. 1, the typical indoor user
experiences various types of links.

1) Outdoor BS to Indoor User: We assume that a signal
originating from an outdoor BS experiences small scale fading,
log-distance dependent path loss, attenuation due to building
blockage and wall penetration. The small scale fading is
modeled by independent RVs GL,i, GN,i and GI,i, accounting
for the fact that, in general, LOS-, NLOS- and indoor trans-
missions will exhibit distinct fading distributions. For signal
propagation in the LOS- and the NLOS case, we formulate
the following path loss laws:

`L(R) = 1

cL
R−αL LL, (3)

`N(R) = 1

cN
R−αN BN(R)LN, (4)

where cL and cN are the constants of the path loss law, LL

and LN denote wall penetration losses for LOS and NLOS
signals, and BN(⋅) refers to the attenuation due to blockage by
buildings, respectively. In this work we employ the expected
blockage attenuation as referred from [15, Theorem 6]. Then,
BN(R) in (4) is obtained as

BN(R) = e−βBR(1−LB), (5)

where LB refers to the attenuation of a single blockage,
also denoted as building penetration loss. Note that signal
attenuation due to building blockage is fully quantified by an
additional exponential path loss term in (4). Furthermore, (5)
exclusively comprises parameters of the urban environment
topology, in particular, building density, size and -penetration
loss.

2) Small Cell BS to Indoor User: When user and small cell
BS are situated in the same building, the signal experiences
small scale fading and path loss according to

`I(r) =
1

cI
r−αI , (6)

where cI is the path loss constant. Since the small cell transmit
power is generally low, in [22] small cell BSs are only
taken into account as interferers, when they are situated in
a neighboring building. Two buildings are defined as being
neighbors, if the segment connecting their centers is not
intersected by any other building. In this paper, we account for
the interference from small cell BSs in both neighboring and
non-neighboring buildings. The signals from small cell BSs in
neighboring buildings are subject to small scale fading, log-
distance dependent path loss under LOS conditions according
to (3) and attenuation by a factor LW, caused by the indoor-to-
outdoor wall penetration. Small cell BSs in non-neighboring
buildings are assumed to experience the same propagation
conditions, except that the NLOS path loss from (4) is used
instead of (3). Note that in general the parameters in (3) and
(4) will be different for outdoor BS and indoor small cell BSs.

D. User Association

This contribution aims at characterizing the coverage and
rate performance of a typical indoor user that is located
at a certain distance away from the center of its building.
Observing that the building centers form a PPP on R2, we can
fix a typical building at the origin while the other buildings
still constitute a PPP by virtue of Slivnyak’s theorem [21]. In
the following, we scrutinize a user within the typical building.
Depending on whether or not a building is occupied by a small
cell BS, separate association policies are defined.

[Policy SC]: Consider a typical building at the origin that is
occupied by a small cell BS. For simplicity, it is assumed that
a user associates to this BS throughout the entire building.
Hence, we ignore the cases where the user might receive
the strongest signal from an outdoor BS, and denote this
assumption as [Assoc-Asmp-1]. This approximation yields a
lower bound on the coverage probability. Along the lines of
[26], exclusion guard regions are imposed on both outdoor-
and small cell tier. They are designed to avoid the case where
an interfering node is located within the typical building. For
reasons of simplification, the exclusion region for outdoor BS
is specified as a ball of radius RI centered at the origin. It
guarantees that no outdoor BS are located inside the typical
building. For small cell BSs, the exclusion region is specified
as a ball of radius 2RI so as to prevent two small cells from
having overlapping association regions.

[Policy DM]: When the typical building is not served by a
small cell BS, the user either attaches to the dominant outdoor
BS or the strongest small cell BS in the immediate vicinity.
We deem the dominant-outdoor association as being of greater
relevance and omit the case of associating the user with a
close-by small cell BS. This assumption is denoted as [Assoc-
Asmp-2]. Similar to the approximation in [Policy SC], it leads
to a lower bound on the coverage probability. The indoor user
will attach to the dominant outdoor BS, which could either
be in LOS or NLOS, respectively. An outdoor BS is said to
be in LOS, if the direct link between the user and the BS is
not obstructed by a blockage. The same exclusion regions as
defined in [Policy SC] are applied for outdoor- and small cell
BSs.

Now consider a typical building at the origin and, without
loss of generality, an indoor user at location (r,0) with 0 <
r ≤ RI. Further, let the i-th outdoor BS be located at (R,θ), as
illustrated in Fig. 1. Its distance to a user at (r,0) is determined
as d(r) =

√
R2 + r2 − 2Rr cos(θ). Note that the exclusion

regions as defined above are centered at the origin rather than
at the user. Consequently, the interference field as observed by
the user is asymmetric and renders analysis difficult in general.
Since typically R≫ r, we can approximate d(r) by d(r) ≈ R.
As shown in Fig. 1, this is equivalent to shifting all the BSs
along with the exclusion regions by a vector (r,0), as if the
typical building was centered at the user location [22]. We
refer to this approximation as [VBl-Approx].

Then, using the Boolean scheme as specified in Section II-A
and [VBl-Approx], the probability that the link between a user
and an outdoor BS is obstructed by any other building is ob-
tained as v(R) = exp(−βB(R−RI)), with βB = 2λBRI. This
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term can be interpreted as the LOS probability. Intuitively, it
becomes increasingly unlikely to experience a LOS connection
with a distant BS. The negative exponential characteristic is
also found in [8][15] and is remarkably consistent with the
3GPP standard [12][13]. In comparison to [4], it does not
require an empirical calibration step, as it only comprises
statistical parameters of the urban topology. If not stated
otherwise, we will use v(r) as introduced above. It should
be noted that our analysis is general enough to allow for any
v(R).

According to [15], the shadowing of different links can be
considered as uncorrelated with minor loss of accuracy. This
allows to apply the thinning property of PPPs (see, e.g., [21])
on the outdoor BS process ΦM, yielding two independent BS
processes ΦL and ΦN for LOS and NLOS with intensities
µO v(R) and µO (1 − v(R)), respectively.

The following lemmas provide probability density functions
(PDFs) for the distance between an indoor user and its
associated outdoor BS, given that the BS is either in LOS or
NLOS. The expressions extend results in [27] by conditioning
on deploying a virtual building around the user, as illustrated
in Fig. 1.

Lemma 1. Consider a typical building without a small cell
BS and an indoor user at distance r, 0 < r ≤ RI, away from
its center, which is associated with the closest LOS outdoor
BS. Then, applying the virtual building approximation, the
associated users’ distance to the serving BS is distributed as

fL(r) =
⎧⎪⎪⎨⎪⎪⎩

BLf̂L(r)
AL

e
−2πµO ∫

ΨL(r)

RI
(1−v(t))tdt

x ≥ RI

0 otherwise
,

(7)
where

BL = 1 − e−2πµO ∫ ∞RI
v(t)tdt (8)

f̂L(r) = {
1
BL

2πµOxv(r)e−2πµO ∫ rRI
v(t)tdt

x ≥ RI

0 otherwise
(9)

AL = BL ∫
∞

RI

e
−2πµO ∫

ΨL(x)

RI
(1−v(t))tdt

f̂L(x)dx, (10)

and ΨL(x) = `−1
L (`N(x)).

The term BL denotes the probability that the user receives at
least one LOS BS and f̂L(x) is the corresponding conditional
distance distribution function of the closest node. The quantity
AL captures the likelihood to be associated with the closest
LOS BS.

Proof. The proof is provided in Appendix A.

Intuitively, the term BL in (8) represents the likelihood of
a user having at least one outdoor BS in LOS. It increases
with a larger base station density µO and a smaller building
density and size, as incorporated in the term v(r). It takes
on the value zero, when the indoor coverage ratio pI = 1,
and one, when pI = 0. Having at least one outdoor BS in
LOS, the distance distribution f̂L(x) accounts for the distance-
dependent thinning of the outdoor BS PPP, retaining only
those BSs that are in LOS. Even if there is at least one outdoor
BS in LOS, this does not imply that the user associates with

it. In fact, this is only the case when the equivalent distance
ΨL(x) to the LOS BS in terms of path loss is smaller than
the distance to the nearest NLOS BS. The probability of this
event is expressed by the term AL. Finally, note that (7) is
independent of the users location within the target building by
virtue of the virtual building approximation.

Lemma 2. Consider an indoor user at distance r, 0 < r ≤ RI

away from the center of a typical building without a small cell
BS. Let the user be attached to the closest NLOS BS. Then,
employing the virtual building approximation, the PDF of its
distance to the serving BS is expressed as

fN(r) =
⎧⎪⎪⎨⎪⎪⎩

BNf̂N(r)
AN

e
−2πµO ∫

ΨN(r)

RI
v(t) t dt

x ≥ RI

0 otherwise
, (11)

where

BN = 1 − e−2πµO ∫ ∞RI
(1−v(t))tdt (12)

f̂N(r) = {
1
BN

2πµOx(1 − v(r))e−2πµO ∫ rRI
(1−v(t)) t dt

x ≥ RI

0 otherwise
(13)

AN = 1 −AL, (14)

with AL from (10) and ΨN(x) = `−1
N (`L(x)).

The term BN refers to the probability that the user receives
at least one NLOS outdoor BS and f̂N is the according
conditional PDF of the distance to the nearest node.

Proof. The proof is carried out along the lines of Appendix A.

Applying (3) and (4) in Lemmas 1 and 2, ΨL(x) and ΨN(x)
are calculated as

ΨL(x) =
αNW (− 1

αN
(−1 +LB) ( cNLLx

−αL

cLLN
)
−1/αN

βB)

(−1 +LB)βB
,

(15)

ΨN(x) = (cLe
−(1−LB)xβBLNx

−αN

cNLL
)
−1/αL

, (16)

where W (⋅) refers to the Lambert W function. Intuitively, ΨL

and ΨN refer to equivalent distances to the strongest LOS and
NLOS BS with respect to the path loss. They are affected by
the path loss exponents and exponents, the building penetration
loss LB, the wall penetration losses LL and LN as well as the
parameter βB, which encompasses building density and size.
Remarkably, the distance of the dominant NLOS BS exhibits a
logarithmic growth with the distance of the strongest outdoor
BS in LOS. Conversely, the distance of the dominant BS in
LOS increases exponentially with the distance of the strongest
NLOS BS.

Next, we investigate the average number of outdoor BSs
in LOS. Let Q0 denote the visible area around a building of
radius RI that is centered at the origin. The average number
of BSs in LOS is obtained by multiplying the average size
of the visible region E[Q0] by the BS density µO. Along the
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lines of [15, Theorem 7],

µO E[Q0] = µO 2π∫
∞

RI

r2

2
βBe

−βB (r−RI)dr

= µO
π(2 +RIβB(2 +RIβB))

β2
B

. (17)

We observe that, in order to maintain a certain average number
of outdoor BS in LOS, the BS density µO has to scale roughly
quadratically with the building density λB, which is contained
in βB. Hence, increasing the BS density proportionately with
the building density, the average number of BSs in LOS will
decrease.

III. PERFORMANCE ANALYSIS

In this section we derive analytical expressions for the
SIR-coverage probability of an indoor user at position (r,0),
regarding both buildings with- and without small cell deploy-
ment. We assume the network to be interference limited, as
is typically the case in urban areas [28]. Therefore, thermal
noise is neglected in the analysis. We denote this assumption
as [Int-Asmp].

A. Signal-to-Interference Ratio (SIR)

In a first step, we formulate the SIRs γa of a user in a typical
building that is either associated with a small cell BS (a = S)
or a macro BS in LOS- or NLOS (a = {L,N}), respectively.
Then, we derive expressions for the SIR-coverage probability,
which is commonly defined as the probability that the SIR γa
exceeds some threshold δ, i.e., Pc,a(δ) = P[γa > δ] (see, e.g.,
[2]).

Given an indoor user at distance r, 0 < r ≤ RI away from
the center of a typical building with small cell BS, its SIR is
obtained as

γS(r) =
POGI,0`I(r)

ΣL +ΣN +ΣS +ΣS

, (18)

where

ΣL = ∑
i∶xi∈ΦL

/B(0,RI)

POGL,i`L(∥xi∥), (19)

ΣN = ∑
j∶xj∈ΦN

/B(0,RI)

POGN,j`N(∥xj∥), (20)

ΣS = ∑
k∶xk∈ΦS

/B(0,2RI)

SkPSGI,kLW`L(∥xk∥), (21)

ΣS = ∑
k∶xk∈ΦS

/B(0,2RI)

SkPSGI,kLW`N(∥xk∥), (22)

where ΣL and ΣN refer to the aggregate interference from
the outdoor BS in LOS and NLOS, and ΣS and ΣS are the
cumulative interferences from small cell BSs in neighboring
and non-neighboring buildings. The terms PO and PS denote
the transmit power of outdoor BSs and small cell BSs, re-
spectively. The RVs Sk ∈ {0,1} and Sk ∈ {0,1} are indicators
whether or not a small cell BS is located in a neighboring
building of the typical user (see Section II-C). Along the lines
of [15], Sk and Sk are Bernoulli distributed with parameters

exp(−βBRI − pB) and 1 − exp(−βBRI − pB), respectively,
where pB = λBR

2
I π. Intuitively, the larger the distance to

the typical indoor user, the less likely a building will be a
neighboring building. The term B(0, x) denotes a sphere of
radius x that is located at the origin.

When the building is not occupied by a small cell BS, the
user associates with the dominant macro BS at distance R0,
with R0 > RI. Depending on whether the serving BS is in
LOS or NLOS, then either

γL(r) =
POGL,0`L(R0)

Σ′
L +Σ′

N +ΣS +ΣS

, (23)

or
γN(r) = POG0`N(R0)

Σ′′
L +Σ′′

N +ΣS +ΣS

, (24)

where

Σ′
L = ∑

i∶xi∈ΦL

/B(0,R0)

POGL,i`L(∥xi∥), (25)

Σ′
N = ∑

j∶xj∈ΦN

/B(0,ΨL(R0))

POGN,j`N(∥xj∥), (26)

Σ′′
L = ∑

i∶xi∈ΦL

/B(0,ΨN(R0))

POGL,i`L(∥xi∥), (27)

Σ′′
N = ∑

j∶xj∈ΦN

/B(0,R0)

POGN,j`N(∥xj∥). (28)

By virtue of [VBl-Approx] (conf. Section II-D) both γL(⋅)
and γN(⋅) are independent of the user’s location within the
building.

B. SIR Coverage
Next, we derive expressions for the SIR-coverage of an in-

door user in a typical building. The following theorems extend
[22, Theorems 1 and 2] with respect to LOS- and NLOS macro
BSs and also account for small cell BSs in non-neighboring
buildings. For simplicity, we assume Rayleigh fading along
the indoor- and NLOS links, while the LOS transmissions
are considered to experience Nakagami-m fading with Ω = 1
and m = NL. To further facilitate matters, we assume that
NL ∈ N+ [27, 29].

Theorem III.1. Consider an indoor user at distance r, 0 <
r ≤ RI away from the center of a typical building with a small
cell BS. Then, its SIR-coverage probability is calculated as

Pc,S(δ∣r) = P [γS(r) > δ∣r] = e−2π(µS(IS+IS)+µO(IL+IN)),
(29)

with γS(⋅) from (18) and

IL = ∫
∞

RI

⎛
⎜
⎝

1 −
⎛
⎝

1 + δ `L(t)
PS

PO
`I(r)NL

⎞
⎠

−NL⎞
⎟
⎠
t v(t)dt, (30)

IN = ∫
∞

RI

⎛
⎝

1 −
PS

PO
`I(r)

PS

PO
`I(r) + δ `N(t)

⎞
⎠
t (1 − v(t))dt, (31)

IS = ∫
∞

2RI

⎛
⎝

1 − (1 + δ LW `L(t)
`I(r)NL

)
−NL⎞

⎠
e−(βBt+pB) t dt, (32)
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IS = ∫
∞

2RI

δLW`N(t)
`I(r) + δLW`N(t)

(1 − e−(βBt+pB)) t dt. (33)

Proof. The proof is provided in Appendix B.

Theorem III.2. Consider a typical building without a small
cell BS and an indoor user at distance r, 0 < r ≤ RI away from
its center. Given that the user is associated with the closest
LOS outdoor BS, its SIR-coverage probability is determined
as

Pc,L = P [ER0[γL(R0) > δ]] =

∫
∞

RI

(
NL

∑
n=1

(−1)n+1(NL

n
)e−2π(µS(IS+IS)+µO(IL+IN))) fL(R)dR

(34)

with γL(⋅) from (23), fL(⋅) from (7) and

IL = ∫
∞

R0

⎛
⎝

1 − (1 + nνL δ `L(t)
`L(R0)NL

)
−NL⎞

⎠
t v(t)dt, (35)

IN = ∫
∞

ΨL(R)
(1 − `L(R)

`L(R) + nνL δ `N(t)
) t (1 − v(t))dt,

(36)

IS = ∫
∞

2RI

⎛
⎜
⎝

1 −
⎛
⎝

1 +
nνL δ

PS

PO
LW `L(t)

`L(R0)NL

⎞
⎠

−NL⎞
⎟
⎠
e−(βBt+pB) t dt,

(37)

IS = ∫
∞

2RI

nνL δ
PS

PO
LW`N(t)

`L(R) + nνL δ
PS

PO
LW`N(t)

(1 − e−(βBt+pB)) t dt,

(38)

with νL = NL(NL!)−1/NL .
When the user is served by the closest NLOS outdoor BS, its
SIR-coverage probability is calculated as

Pc,N(δ) = P [ER0[γN(R0) > δ]]

= ∫
∞

RI

e−2π(µS(IS+IS)+µM(IL+IN))fN(R)dR
(39)

where γN(⋅) and fN(⋅) are obtained from (11) and (24), and

IL = ∫
∞

ΨN(R0)

⎛
⎝

1 − (1 + δ `L(t)
`N(R0)NL

)
−NL⎞

⎠
t v(t)dt, (40)

IN = ∫
∞

R
(1 − `N(R)

`N(R) + δ `N(t)
) t (1 − v(t))dt, (41)

IS = ∫
∞

2RI

⎛
⎜
⎝

1 −
⎛
⎝

1 +
δ PS

PO
LW `L(t)

`N(R0)NL

⎞
⎠

−NL⎞
⎟
⎠
e−(βBt+pB) t dt,

(42)

IS = ∫
∞

2RI

δ PS

PO
LW`N(t)

`N(R) + δ PS

PO
LW`N(t)

(1 − e−(βBt+pB)) t dt. (43)

Proof. For a given BS distance R0, the proof for P[γL(R0) >
δ] is provided in Appendix C, while the proof for P[γN(R0) >
δ] is carried out along the lines of (50) in Appendix B.
Averaging over R0 by applying Lemmas 1 and 2 yields (34)
and (39), respectively.

Finally, the SIR-coverage probability of a typical indoor
user at distance r, 0 < r ≤ RI, which experiences LOS- and
NLOS macro BSs, can be expressed as

Pc(δ∣r) = ηPc,S(δ∣r)+(1−η)(ALPc,L(δ)+(1−AL)Pc,N(δ)),
(44)

where η denotes the small cell occupation probability and AL

is the likelihood that the user associates with a LOS macro
BS, as derived in (10).

The SIR-coverage probabilities in Theorems III.1 and III.2
exhibit a negative exponential scaling with the small cell BS
density µS and the outdoor BS density µO. The term µS

encompasses the building density λB as well as the small cell
occupation probability η. While η only affects µS in (29),
(34), and (39), λB also impacts the parameter βB as well as
the functions `N and v(t). Thus, λB effectively alters all four
terms IL, IN, IS and IS.

A second observation is that the SIR-coverage probabilities
are only dependent on the ratio between the transmit powers
PS and PO, rather than their absolute value.

The expressions for the SIR-coverage probability in The-
orems III.1 and III.2 are not obtained in a closed form,
but involve the evaluation of the one-fold integrals IL, IN,
IS and IS in Theorem III.1 and a three-fold integration in
Theorem III.2. Due to the convenient structure of these terms,
there is no need for applying tedious Monte Carlo methods.
Their numerical computation is achieved by modern computer
software such as Maple and Mathematica.

The integrals IL, IN, IS and IS correspond to the individual
SIR terms if only small cell BSs in neighboring or non-
neighboring buildings, or outdoor BSs in LOS or NLOS were
present as interferers. In order to get a better intuition on these
terms, we consider two special cases.

Special case 1: No buildings (λB = 0): In this case, we
assume that only the building at the origin is maintained.
Consequently, µS = 0, i.e., there are no small cells, and
the coverage term Pc,S in (44) vanishes. On the other hand,
the LOS probability v(t) = 1, which implies that AL = 1.
Hence, (44) simplifies to Pc(δ∣r) = Pc,L(δ). Furthermore,
IN = 0 in Theorem III.2, and fL(⋅) in (7) amounts to the
standard distance distribution of a PPP with an exclusion
region of radius RI around the origin [22]. Note that the
coverage probability Pc(δ∣r) is still dependent on the macro
BS density µO, since the exclusion region does not scale with
µO. Moreover, Pc(δ∣r) is larger than zero due to the non-
singular path loss model and the guard region [21].

Special case 2: No small cells (η = 0): In this case, (44)
simplifies to Pc(δ∣r) = ALPc,L(δ) + (1 − AL)Pc,N(δ). The
integrals for IS in (37) and ?? are not taken into account in
(34) and (39), since µS = 0. Then, the coverage probability
only depends on the building size RI, the building density λB

and the macro BS density µO.

IV. NUMERICAL EVALUATION

In this section, the performance of a typical user at the edge
of a building, i.e., r = RI, is evaluated numerically. At this
location, [Assoc-Asmp-1], [Assoc-Asmp-2] and [VBl-Approx]
are expected to perform worst.
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A. Parameters for Evaluation

We evaluate two 3GPP compliant scenarios [12][30]. The
two setups refer to a sparse outdoor BS deployment with
large transmit power and a dense outdoor BS deployment
with low transmit power. In the first setup, we assume the
outdoor BSs to be represented by macro BSs that transmit
with a power of 46 dBm and are distributed with a spatial
density of µO = 4.61 ⋅ 10−6 m2, according to an inter-site
distance of 500 m. In the second setup, the outdoor BS are
considered to be pico BSs with a transmit power of 24 dBm
and are separated by a distance of 80 m on average, according
to µO = 1.804 10−4 m−2. In both scenarios, the indoor small
cell BSs are represented by femto BSs with a transmit power of
20 dBm. The buildings are assumed to attenuate the signal by
a building penetration loss of LB = 20 dB. Following building
statistics in [7] that were evaluated for Chicago and Manhattan,
the average building radius is specified as RI = 15 m. For
both LOS and NLOS wall penetration losses, we investigate
LL = {0,20} dB and LN = {0,20} dB, thus including the
cases where the outer wall of the target building offers no
isolation between indoor- and outdoor environment. The path
loss constants and exponents in (3), (4), and (6) are referred
from [12][30], and are summarized in Table I. For LOS
links, we consider three different values NL = {1,2,3} of
the Nakagami-m parameter. Note that NL = 1 corresponds to
Rayleigh fading.

For the validation of [Assoc-Asmp-1] and [Assoc-Asmp-
2] from Section II-C, [VBl-Approx] from Section II-D and
[Int-Asmp] from Section III, Monte Carlo simulations are
carried out. BSs and buildings are distributed over a field
of 5000 × 5000 m. The simulations are performed with a
bandwidth of 10 MHz, a noise power density of −174 dBm
as referred from [31], and a receiver noise figure of 9 dB.
The results are assessed by averaging over 105 network and
building realizations.

B. Average Number of Visible BSs and Association Probability

Fig. 2 shows the average number of outdoor BSs in LOS
over the indoor area coverage ratio pI for macro- and pico BS
densities of µO = 4.61 ⋅ 10−6 m2 and µO = 1.804 10−4 m−2

respectively. The curves are obtained by evaluating (17).
As expected, the average number of outdoor BSs in LOS
decreases with a larger indoor area coverage pI. Remarkably,
the average number of pico BSs in LOS falls below one
only for pI ≥ 0.7. In Section II-A, we obtained pI = 0.46
and pI = 0.42 for Manhattan and Chicago, concluding that in
any practical urban environment with a 3GPP compliant pico
BS deployment, on average the user will experience at least
one BS in LOS. On the other hand, the average number of
LOS macro BS is always lower than one. The results achieve
a remarkably accurate fit with the simulations, verifying the
accuracy of [VBl-Approx].

For comparison, we also carry out simulations with macro-
and pico-LOS functions from the 3GPP standard. In particular,

TABLE I: Parameters for numerical evaluation.

Parameter Value
Carrier frequency 2GHz [30][12]

Bandwidth 10MHz [30][12]
Macro total transmit power 46dBm [40W][30][12]

Macro inter-site distance 500m; µO = 4.61 ⋅ 10−6 m−2

[30][12]
LOS path loss `L(R[km]) = 103.4 +

24.2 log10(R) [30][12, Model 2]
NLOS path loss `N(R[km]) = 131.1 +

42.8 log10(R) [30][12, Model 2]
Pico total transmit power 24dBm [250mW] [12][30]

Inter-pico distance 80m; µO = 1.80410−4m−2 [30]
LOS path loss `L(R[km]) = 103.8 +

20.9 log10(R) [30][12]
NLOS path loss `N(R[km]) = 145.4 +

37.5 log 10(R) [30][12]
Femto total transmit power 20dBm [100mW][32]

Indoor path loss pI(R) = 38.46 + 20 log10(R)
[12][30]

Radius of building area RI = 15 m (conf. [7])
Building penetration loss LB = 20 dB

Indoor-to-outdoor pen. loss LW = 20 dB [30][12]
NLOS wall penetration loss LN = {0,20}dB [30][12]

LOS wall penetration loss LL = {0,20}dB
Receiver noise figure 9dB [12][30]
Noise power density −174dBm/Hz [31]

we apply the functions from [30] and [12, Case 1], which are
defined as

v(R[km]) = min(0.018/R,1)(1 − exp(−R/0.063))
+ exp(−R/0.063)

(45)

for an urban macro BS topology, and

v(R[km]) = 0.5 −min(0.5,5 exp(−0.156/R))
+min(0.5,5 exp(−R/0.03))

(46)

for a pico BS setup. The results are also depicted in Fig. 2. It
is observed that the results do not vary with pI, since the 3GPP
LOS functions are not dependent on the indoor area coverage.
Thus, they are only valid for a specific urban topology. In both
macro- and pico scenarios, the average number of outdoor BSs
in LOS is larger than one. Compared to the results from (17),
in the pico case, equality is obtained at pI = 0.38, while the
values are consistently larger in the macro case.

Fig. 3 depicts the probabilities for a user in a typical
building to be associated with an outdoor BS in NLOS as
well as the likelihood to observe at least one BS in LOS and
to be attached to it. Results are shown for LOS and NLOS wall
penetration losses of LL = {0,20} dB and LN = {0,20} dB.
The curves are obtained by evaluating (8), (10) and (14) for
both macro- and pico scenarios, respectively.

It is observed that for an NLOS wall penetration loss of
LN = 20 dB (conf. Fig. 3b) and an indoor area coverage of
pI = 0.2, the user associates with an NLOS macro BS in 70%
of the cases, while in the pico scenarios (conf. Fig. 3d), it
almost surely associates with a pico BS in LOS. As expected,
in both macro- and the pico scenarios, the probability to
experience at least one outdoor BS in LOS decreases with
larger values of pI. Remarkably, in the presence of at least
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Fig. 3: User association probabilities for outdoor BS in LOS and NLOS and probability that user observes at least one outdoor
BS in LOS (dotted curve) over indoor coverage ratio.
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Fig. 2: Average number of outdoor BSs in LOS versus indoor
area coverage ratio pI. Curves show analytical results as ob-
tained with the Boolean scheme, and results from simulations
with LOS functions from 3GPP.

one outdoor BS in LOS, the user almost surely associates
with a LOS BS. Comparing the results for LN = 0 dB and
the LN = 20 dB, the LOS association probabilities are similar
when LL = 0 dB, but smaller for LN = 0 dB and LL = 20 dB.
This result is remarkable in view of the NLOS propagation
characteristics. Despite suffering from considerable attenua-
tion due to blockages, the final impact of the wall penetration
loss is non-negligible for the likelihood of association with
an NLOS BS. In other words, by lowering LN, the NLOS
BSs become more competitive for being the desired BS. The
effect is most prominent in the pico scenarios and LN = 0 dB
(conf. Fig. 3e). The gap between LL = 0 dB and LL = 20 dB
closes for larger values of pI, since the growing attenuation
due to blockages eventually outweighs the effect of LL. The
results from the Monte Carlo simulations accurately fit with
the analytical values, thus verifying [VBl-Approx].

C. Spectral Efficiency

In the next step, we investigate the spectral efficiency. It
yields an upper bound of the average data rate that can be
supported in a cellular network per bandwidth, and is defined
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as τ(r) = Eγ(r)[log2(1 + γ(r))]. Observing the fact that the
SIR-coverage probability corresponds to the Complementary
Cumulative Distribution Function (CCDF) of the SIR, and
applying the truncated Shannon formula from [31, Annex A]
(neglecting the implementation losses for simplicity), we can
reformulate τ(r) as

τ(r) = 1

log(2) ∫
δmax

δmin

Pc(δ∣r)
1 + δ

dδ, (47)

with Pc(δ∣r) from (44), δmax = 26 − 1, referring to 64-
Quadrature Amplitude Modulation (QAM), which is the high-
est modulation order in the current LTE-A standard, and
δmin = 0.1 according to [31, Annex A]. Note that a system
with link adaptation will require a different notion of coverage
then the one defined in Section III-B, e.g., P[γs(r) > δmin].

Fig. 4 depicts the spectral efficiency τ(r) in [bit/s/Hz]
for various indoor coverage probabilities pI, occupation prob-
abilities η = {0.2,0.5,0.8}, Nakagami-m parameters NL =
{1,2,3}, as well as LOS and NLOS wall penetration losses
LL = {0,20}dB and LN = {0,20}dB. The figure also
shows the performance without buildings (special case 1 in
Section III-B) and without small cells, i.e., η = 0 (special case
2 in Section III-B).

A first general observation is that the results for Rayleigh
fading along the LOS links, i.e., NL = 1, closely approximate
the curves for NL = {2,3}. This outcome follows findings
in [2] and [5], where results turned out to be similar for
distinct fading distributions, as long as these distributions have
the same mean. The authors in [5] argue that it arises from
the spatial averaging inherent to stochastic geometry. Minor
deviations from the results with Rayleigh fading only occur in
the pico scenario for LL = 0 dB, as indicated by the enlarged
cut-outs in Figures 4d and 4e. They mainly originate from the
extensive presence of pico BSs in LOS.

Fig. 4b shows the results for scenarios, where the outdoor
BSs are represented by macro BSs and LN = 20 dB. It is
observed that for η = 0.2 as well as η = 0.5 and LL = 20 dB,
the performance monotonically decreases when increasing the
indoor area coverage pI. Remarkably, this stands in contrast to
the observations in [15][22], where it was found that a larger
building density effectively provides a safeguard against the
interference. In Fig. 4b, this protection effect can be observed,
e.g., for η = 0, where the spectral efficiency monotonically
increases with larger pI. The decreasing performance for
η = 0.2 and η = 0.5 is mainly caused by the decreasing
likelihood of being associated with a macro BS in LOS (conf.
Fig. 3b) as well as the low performance that is achieved when
the user is associated with an NLOS BS. It stems from the fact
that for large values of pI, the amount of interfering small cell
BSs effectively increases. Due to the large building density,
these small cell BS are most likely located in non-neighboring
buildings, hence experiencing NLOS conditions. Then, the
desired as well as the interfering signals fade according to the
same law, while the number of interferers is growing. Hence,
taking into account small cell BSs in neighboring buildings
annihilates the protecting effect of the blockages against the
interference.

A second observation is that for all scrutinized values of

η, the gap between LL = 0 dB and LL = 20 dB closes at a
large indoor area coverage pI. The two main sources of the
gap are (i) user that are associated with an NLOS macro BS,
and experience interference from small cell BS in neighboring
buildings with a decreasing likelihood for larger pI, and (ii)
small cell BS associated users that experience interference
from LOS macro BSs with a lower likelihood for greater
pI. The claim that this effect is mainly related to small cell
association and small cell interference is verified by the fact
that it is hardly visible for η = 0. Remarkably, for η = 0 and
pI = 0, the LL = 0 dB case achieves a better performance than
LL = 20 dB. The result stems from the fact that if the user is
associated with a macro BS in LOS, this BS is highly likely
the only one in LOS.

Lastly, we observe that for η > 0, the rate monotonically
increases with increasing η. For η = 0.8, the performance
grows for LL = 0 dB and increasing pI, while remaining almost
constant for LL = 20 dB. Interestingly, compared to η = 0.2
and η = 0.5 the performance does not degrade with larger pI.
This result indicates that the performance of a user in a small
cell-occupied building is mainly determined by the interfering
macro BSs in LOS rather than the interference from small cell
BSs in neighboring and non-neighboring buildings.

Fig. 4c depicts results for the same macro scenario, except
that the wall loss of the NLOS signals is considered to be
LN = 0 dB instead of LN = 20 dB. On first sight, the spectral
efficiency values exhibit similar trends as observed for LN =
20 dB. Nevertheless, three peculiarities of the LN = 0 dB case
are identified. First, we observe that for η = 0.2, LL = 20 dB
and LL = 0 dB yield a smaller gap than for LN = 20 dB. The
result mainly stems from the performance improvement of an
NLOS macro BS associated user in the low pI regime. In this
regime, the interference is dominated by macro BSs in LOS
as well as small cell BSs in neighboring buildings. Hence,
although setting LN = 0 dB increases both desired as well as
interfering signal strengths from NLOS macro BSs, it mainly
improves the relevance of the desired BS. Moreover, according
to Theorem 1, it decreases the average distance of the desired
NLOS macro BS. Thus, a similar performance between LL =
0 dB and LL = 20 dB scenarios or LN = 0 dB and LN =
20 dB scenarios does not necessarily lead to the conclusion
that the performance is determined by a single type of BS,
i.e., either LOS or NLOS. In the high pI regime, similar to the
LN = 20 dB scenarios, the interference from small cell BSs
in non-neighboring buildings comes into effect. Since those
are also assumed to experience LN = 0 dB, the performance
is similar to LN = 20 dB.

The second important observation compared to LN = 20 dB
is that the rate at η = 0.8 and pI = 0.2 is slightly lower for LN =
0 dB. Users in small-cell occupied buildings now experience
strong interference not only from macro BSs in LOS but also
from those in NLOS. Remarkably, for LL = 20 dB the rate
increases with increasing pI. Eventually, at pI = 0.8 almost
the same rate as in the LN = 20 dB case is achieved. This
result indicates that in the high pI regime, LN has a minor
impact on the interference than the building blockage.

In the next step, we investigate scenarios, where the outdoor
BS are formed by densely deployed pico BSs and LN = 20 dB.
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Fig. 4: Spectral efficiency [bit/s/Hz] over indoor area coverage pI for various wall penetration losses LN = {0,20} dB,
LL = {0,20} dB and occupation probabilities η = {0.2,0.5,0.8}. Dashed and solid lines refer to analytical results. Plot
markers denote simulation results. Results are shown for different values of the Nakagami-m fading NL = {1,2,3}.

Reconsidering the results from Fig. 3, in such scenarios, an
indoor user in a building without small cell BS is highly
likely to experience and associate with a pico BS in LOS.
Compared to the macro scenarios, this leads to considerably
different dynamics between indoor coverage ratio pI and
spectral efficiency τ , as shown in Figures 4d and 4e, and
explained in the following.

The first observation is that there is a large gap between
the rate for LL = 20 dB and LL = 0 dB, in particular in the
case of η = 0.8. Remarkably, as opposed to the macro BS
scenarios, the gap does not vanish even for large values of pI.
Both observations confirm the conjecture in Section IV-B that
the performance is largely dominated by pico BSs in LOS.

In the low pI regime, the spectral efficiency increases with
larger indoor area coverage pI for all scrutinized values of
η and both LL = 20 dB and LL = 0dB. The improvement
results from the buildings acting as a safeguard against the
interference in the sense that they increase the likelihood of a

BS being in LOS, thus effectively decreasing the amount of
LOS interferers. In the high pI regime, the performance for
LL = 20 dB and all values of η, as well as for LL = 0 dB
and η = 0.2 reaches a maximum and then degrades again.
Intuitively, this maximum is achieved when only a single BS
in LOS is present. Further increasing pI leads into a regime
of decreasing spectral efficiency, where users are mainly
associated with an NLOS pico BS. According to Fig. 3d, at
pI = 0.8, more then 60% of the pico-associated users have
their desired pico BS in NLOS.

A second distinct result is that for pI > 0.4 and LL = 0 dB,
the largest investigated occupation ratio η = 0.8 achieves the
worst performance. It stems from the fact that the performance
is mainly determined by users in a small cell occupied building
that experience large interference from the LOS BSs. In the
high pI regime and LL = 0 dB, low occupation ratios η =
{0,0.2,0.5} are again outperformed by η = 0.8, since the large
building density blocks the LOS BSs and the case where a user
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associates with an NLOS pico BS becomes more prominent.
Similar to the macro scenarios, in the next step, we drop

LN from 20 dB to 0 dB. The results are depicted in Fig. 4e.
In comparison to LN = 20 dB, the first observation is that
the maxima of the spectral efficiency in the high indoor
area coverage regime are no longer present. This result is
remarkable in view of the larger likelihood to associate with a
pico BS in NLOS (conf. Fig. 3e). Similar to the low pI regime
in the macro scenarios, it stems from the fact that LN = 0 dB
predominantly favors the desired BS in NLOS.

The second main difference to the LN = 20 dB scenarios
appears for a low occupation probability pI = 0.2 and large
indoor coverage ratios pI, where the gap between LL = 0 dB
and LL = 20 dB vanishes. Again, the drop of LN puts the
NLOS BSs in a more favorable state against the LOS BSs.

In the last step, we compare the analytically obtained
spectral efficiencies in Fig. 4 against results from Monte
Carlo simulations. It is seen that overall the results closely
resemble the simulations, thus verifying the validity of the two
association assumptions ([Assoc-Asmp-1], [Assoc-Asmp-2]) as
well as the virtual building approximation ([VBl-Approx]) and
the conjecture of an interference limited network ([Int-Asmp]).
In most cases, the results slightly overestimate the actual
performance, which is a consequence of overestimating the
SIR due to [VBl-Approx]. The protective effect of the virtual
building is most prominent in the pico scenarios, in particular
for LN = 20 dB and large values of pI. For LN = 0 dB and
low values of pI, the analytical results tend to underestimate
the actual performance. This mainly originates from [Assoc-
Asmp-2], which forces users in a small cell occupied building
to associate with this small cell BS, although a larger SIR
would be achieved by associating with an outdoor BS.

V. CONCLUSIONS

In this work, we introduced a framework for evaluating the
downlink performance of a typical indoor user in urban two-
tier heterogeneous mobile networks. We derived convenient
expressions for the SIR-coverage probability and average
spectral efficiency, and carried out numerical evaluations with
3GPP compliant macro- and pico BS deployments. In the
macro scenarios, we observed that, contrary to previous work,
a growing number of small cell BSs can pale the effect of
the safeguard against the interference. In the pico scenarios,
the safeguard reappears again. In contrast to prior work, it is
established by the blockage density rather than the blockage
attenuation. The interference protection results in a perfor-
mance maximum at a certain indoor coverage ratio, where
only a single pico BS is left in LOS. The wall penetration
losses of LOS and NLOS signals were observed to have the
strongest impact in the low indoor area coverage regime. A
small wall loss of the NLOS signals significantly increases the
likelihood of the strongest NLOS BS to become the desired
BS. A low attenuation of the LOS signals makes LOS outdoor
BSs the major source of interference for small cell-associated
users. The high indoor area coverage regime is dominated
by the attenuation due to building blockages. Remarkably,
we observed that even if the difference between results with

distinct wall penetration losses is almost negligible, the values
may arise from entirely different dynamics between the wall
penetration losses and the indoor area coverage. Lastly, the
results from Monte Carlo simulations showed an accurate fit
with the analytical results, thus confirming the accuracy of
our assumptions. The remaining deviations were identified
to stem from the restrictive user association policies. It is
our hope that this paper raises awareness on the dynamics
and challenges imposed by the indoor-outdoor partitioning in
an urban environment. Our future work is directed towards
incorporating further physical aspects such as reflections and
correlations among blockages, as well as scrutinizing the
typical outdoor user.

APPENDIX A
PROOF OF LEMMA 1

The proof is derived along the lines of [27, Appendix B] by
excluding BS from a ball of radius RI around the user. A user
is associated with a macro BS in LOS if and only if it has a
BS in LOS and its path loss is smaller than the path loss from
the closest NLOS BS. Let dL and dN denote the distance from
the typical user to the nearest BS in ΦL and ΦM, respectively.
Then,

AL = BL P [`L(dL) > `N(dN)]

= BL ∫
∞

RI

P[dN > Ψ(x)]f̂L(x)dx, (48)

with BL referring to the probability that the user has at least
one macro BS in LOS and f̂L(x) is the PDF of the user’s
distance to its nearest LOS BS under the condition that is
observes at least one BS in LOS. For the derivation of BL

and f̂L(x), the reader is referred to [15, Theorem 10]. The
proof is completed by noting that

P[dN > Ψ(x)] = P [ΦN ∩ B(0,ΦL)/B(0,RI) = ∅]

= e−2πµO ∫
ΨL(x)

RI
(1−v(t))tdt (49)

and plugging (49) into (48). The term B(x, r) denotes a ball
of radius r that is centered at location x.

APPENDIX B
PROOF OF THEOREM III.1

Applying (18), it follows from the independence of GL,i,
GN,i, and GI,i, the independence of ΦL, ΦN and ΦS, and the
fact that GI,0 is a exponentially distributed RV that

Pc,S(δ∣r) = P [γS(r) > δ∣r]

= E [exp(− δ

PS`I(r)
ΣL)]E [exp(− δ

PS`I(r)
ΣN)]

⋅E [exp(− δ

PS`I(r)
ΣS)]E [exp(− δ

PS`I(r)
ΣS)] ,

(50)

with ΣL, ΣN, ΣS and ΣS from (19)–(22), respectively. In
the next step, the individual expectation terms in (50) are
calculated.

E [exp(− δ

PS `I(r)
ΣL)]
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= E

⎡⎢⎢⎢⎢⎢⎢⎣

exp

⎛
⎜⎜⎜
⎝
− δ

PS `I(r)
∑

i∶xi∈ΦL

/B(0,RI)

POGL,i`L(Ri)
⎞
⎟⎟⎟
⎠

⎤⎥⎥⎥⎥⎥⎥⎦

(a)= EΦL

⎡⎢⎢⎢⎢⎢⎢⎣

∏
i∶xi∈ΦL

/B(0,RI)

(1 + δ PO `L(Ri)
PS `I(r)NL

)
−NL

⎤⎥⎥⎥⎥⎥⎥⎦
(b)= exp

⎛
⎝
−2πµO ∫

∞

RI

⎛
⎝

1 − (1 + δ PO `L(t)
PS `I(r)NL

)
−NL⎞

⎠

⋅ t v(t)dt
⎞
⎠
, (51)

where (a) follows from the fact that GL,i are Gamma RVs
with shape parameter NL and scale parameter 1/NL, and (b)
follows from the probability generating functional of a PPP.

E [exp(− δ

PS `I(r)
ΣN)]

= E

⎡⎢⎢⎢⎢⎢⎢⎢⎣

exp

⎛
⎜⎜⎜
⎝
− δ

PS `I(r)
∑

j∶xj∈ΦN

/B(0,RI)

POGN,j`N(Rj)
⎞
⎟⎟⎟
⎠

⎤⎥⎥⎥⎥⎥⎥⎥⎦

= EΦN

⎡⎢⎢⎢⎢⎢⎢⎢⎣

∏
j∶xj∈ΦN

/B(0,RI)

PS`I(r)
PS`I(r) + δ PO `N(Rj)

⎤⎥⎥⎥⎥⎥⎥⎥⎦

= exp(−2πµO ∫
∞

RI

(1 − PS`I(r)
PS`I(r) + δ PO `N(t)

)

⋅ t(1 − v(t))dt
⎞
⎠
. (52)

E [exp(− δ

PS`I(r)
ΣS)]

= E

⎡⎢⎢⎢⎢⎢⎢⎣

exp

⎛
⎜⎜⎜
⎝
− δ

`I(r)
∑

k∶Xk∈ΦS

/B(0,2RI)

SkGL,kLW `L(Rk)
⎞
⎟⎟⎟
⎠

⎤⎥⎥⎥⎥⎥⎥⎦

(a)= EΦS

⎡⎢⎢⎢⎢⎢⎢⎣

∏
k∶Xk∈ΦS

/B(0,2RI)

1 +
⎛
⎝
−1 + (1 + δ LW `L(Rk)

`I(r)NL
)
−NL⎞

⎠

⋅ e−(βBRk+pB)
⎤⎥⎥⎥⎥⎦

= exp
⎛
⎝
−2πµS ∫

∞

2RI

⎛
⎝

1 − (1 + δ LW `L(t)
`I(r)NL

)
−NL⎞

⎠

⋅ e−(βBt+pB) t dt
⎞
⎠
. (53)

where (a) results from Sk being Bernoulli RVs with parameters
exp(−βBRj − pB).

E [exp(− δ

PS`I(r)
ΣS)]

= E

⎡⎢⎢⎢⎢⎢⎢⎣

exp

⎛
⎜⎜⎜
⎝
− δ

`I(r)
∑

k∶Xk∈ΦS

/B(0,2RI)

SkGN,kLW `N(Rk)
⎞
⎟⎟⎟
⎠

⎤⎥⎥⎥⎥⎥⎥⎦

= EΦS

⎡⎢⎢⎢⎢⎢⎢⎣

∏
k∶Xk∈ΦS

/B(0,2RI)

1 −
δLW`N(Rk) (1 − e−(βBRk+pB))

`I(r) + δLW`N(Rk)

⎤⎥⎥⎥⎥⎥⎥⎦

= exp(−2πµS ∫
∞

2RI

δLW`N(t)
`I(r) + δLW`L(t)

⋅ (1 − e−(βBt+pB)) tdt
⎞
⎠
. (54)

Plugging (51)–(54) into (50) completes the proof.

APPENDIX C
PROOF OF THEOREM III.2

Pc,L(δ∣R0) = P [G0 >
δ

PO `L(R0)
(Σ′

L +Σ′
N +ΣS +ΣS)]

(55)
(a)
≈ 1 −E [(1 − exp(− νL δ

PO`L(R0)

⋅ (Σ′
L +Σ′

N +ΣS +ΣS)
⎞
⎠
⎞
⎠

NL⎤⎥⎥⎥⎥⎦
(b)=

NL

∑
n=1

(−1)n+1(NL

n
)E [exp(− nνL δ

PO`L(R0)

⋅ (Σ′
L +Σ′

N +ΣS +ΣS)
⎞
⎠

⎤⎥⎥⎥⎥⎦
(56)

with Σ′
L, Σ′

N, ΣS and ΣS from (21), (22), (25), and (26),
νL = NL(NL!)−1/NL , the approximation in (a) follows from
[33, Lemma 6] and (b) is derived from the Binomial theorem
and the assumption that NL is an integer. The rest of the proof
is carried out along the lines of (50) in Appendix B.
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