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Abstract—The performance of indoor wireless cellular net-
works depends on several parameters such as base station density
or arrangement, as well as the blockage of the signal by walls.
We investigate the dependence of the network performance in
terms of coverage probability and also area spectral efficiency
in order to demonstrate the influence of the base station density.
We analytically derive expressions for both performance metrics
including the blockage by walls and compare these results to
those of extensive Monte-Carlo simulations. This is performed
for different association strategies as well as for random and
regular base station placements. It turns out that in general the
addition of walls improves the network performance, and does
so even more the smaller the base station density becomes.

Index Terms—Blockages, Blockage Modeling, Indoor Commu-
nications, Stochastic Geometry, Random Shape Theory, Wireless
Communications, Indoor Environments

I. INTRODUCTION

The growth of mobile traffic worldwide is predicted to
be dominated by quasi-static indoor users [1], in addition
to highly mobile outdoor users [2]. To satisfy the demand
of indoor users, more and more buildings will be equipped
with dedicated in-building networks, since the supply of
wireless connections from the outside is largely impaired
by the penetration loss into buildings through windows and
walls. While the understanding and modeling of outdoor
networks is quite mature, there are still open questions when
it comes to understanding the different propagation effects
in indoor environments and how they influence the network
performance.

Using stochastic geometry to derive coverage and rate
of an outdoor wireless network was already described in
[3], but without the inclusion of blockages. In [4], random
shape theory was employed to characterize the influence on
outdoor urban transmission links. The assumptions in [3, 4]
were tailored to outdoor scenarios and only impenetrable
walls were considered in the performance metrics. While the
work of [5] includes the correlation among blockages, only
a rather regular building structure is assumed and the derived
expressions already become quite involved. As we have shown
in [6], the network performance of a real building will be
somewhere between a strictly regular structure and a random
2-dimensional wall placement.

The focus of this paper is on modeling the additional wall
attenuation in an indoor network by assuming a 2-dimensional
random wall placement and integrating this blockage effect in
analysis and simulations. We derive expressions for coverage
probability and spectral efficiency and subsequently also area
spectral efficiency (ASE), dependent on the wall attenuation
value and wall density. Scenarios with random and regular base
station (BS) placement are compared for various BS densities.

II. SYSTEM MODEL
A. Signal Propagation

The focus in this paper is on downlink transmissions in
an indoor wireless communication network with multiple
base stations. We consider a log-distance dependent path loss
described as I(d) = d~*. Furthermore, the signal experiences
small-scale fading to account for multi-path propagation ef-
fects. We assume Rayleigh fading for all links, such that the
channel gain between BS and user follows an exponential
distribution. We denote the channel gain w.r.t desired BS by
h ~ exp(p) and the channel gain for links with interfering
BS 7 by g¢;. We additionally assume that h and g; Vi to be
independent and identically distributed (i.i.d.). Throughout this
paper we set = 1 for all links.

We model the additional attenuation of the signal added by
walls by accumulating the individual penetration loss values
of all walls that are blocking the respective signal path. We do
not consider reflections from walls in our scenario (as it would,
e.g., be done in a ray-tracing tool), but implicitly include multi-
path propagation by reflections inside of the same room by the
small scale fading.

We define our layout to be two-dimensional (and therefore
also two-dimensional signal propagation). We presume our
network to be interference limited and thus will neglect the
influence of noise.

B. Wall Placement Method

To place blockage objects in form of walls in our scenario,
we utilize a Boolean scheme. The center points of the walls
form a homogeneous Poisson point process (PPP) with density
M. The length of each wall L; is randomly chosen from an
arbitrary random distribution with mean E[L]. The orientation
O is uniformly distributed in (0, 27]. While scenarios created
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Fig. 1: An example for a realization for random BS placement
with BS density A corresponding to an inter-BS distance
R = 10m; user always located in center of ROL.

in such a fashion may not appear realistic, they are however
easy to treat analytically and represent a worst case W.r.t.
signal-to-interference ratio (SIR) performance and blocking of
interference (cf. [6]).

The number K of such created walls blocking a link of
length d is a Poisson random variable (RV) with mean E[K],
which formulates as (cf. [4]):

E[K] = Bd = 2/=\'E[L]d, (1)

where we subsume the factors that are constant for all links
in one scenario into 3.

When defining w; with 0 < w; < 1 as multiplicative
factor, representing the wall loss of the [-th wall, then the
total attenuation added by walls on a particular link ¢ is
w; = Hfil w;. Throughout this paper we assume the same
wall loss for all walls, i.e., w; = w and thus &; = w’.

C. Transmitter and Receiver Placement

We investigate two kinds of BS placement, namely random
and regular placement. The random placement is user-centric
and all performance metrics are evaluated for a user in the
center of the region of interest (ROI). The BSs are placed
according to a homogeneous PPP ® with density A. For our
analytical performance evaluation, we will consider associa-
tion of the user to the closest BS, while in simulations, we
will compare association to the closest and the strongest BS
(cf. Section III).
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Fig. 2: Regular BS placement for inter-BS distance R = 10m
with sampled user positions.

The inter-BS distance R for the regular BS placement is
chosen such that it matches the BS density A of the BS
generating PPP. We consider two full tiers of interferers, which
amounts to 25 BSs in total. Due to symmetry, it is sufficient to
sample user positions in one quadrant with side-length /2 and
evaluate the average performance for all positions. We ensured
that the density of samples within the quadrant is large enough
to provide statistically accurate results. Since the regular BS
placement prohibits closed form analysis we only investigate
it by means of simulations.

III. ANALYTICAL DESCRIPTION

In this chapter, we derive analytically the performance of
an indoor user, in terms of coverage probability and average
achievable rate and consequently area spectral efficiency. For
these considerations, correlation among blockages on multiple
links (i.e., one wall blocking two links at the same time) is
ignored. As starting point, we are using the SIR and ignore the
influence of noise. For our considered scenarios, it is justified
to assume the transmission to be interference limited, as can
also be seen in the results of [6].

For all considered propagation effects defined in Section II,
the instantaneous SIR ~' for a given realization of BSs, walls
and fading is described by
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where r denotes the distance of the user from the BS the user
is associated with and d; the distance from interfering BS 4.



The transmit power P; is assumed to be equal for all BSs and
therefore cancels out. We denote the desired BS by by and
distinguish association to the closest BS, which we denote
by béc , and association to the strongest BS, denoted by bés)
accordingly. In a scenario without walls, béc) also corresponds
to the strongest BS in the long term average, thus eliminating

the influence of the small scale fading.

In (2), the fading, the distance from the user, as well as
the number of walls (which in turn is dependent on the
distance) are RVs. In order to be able to obtain analytical
results, we do not use the actual number of walls K, but
replace it with its average for a given distance E[K;]. This
is equivalent to assuming a continuous distribution of the
wall attenuation along the propagation path, that then only
depends on the distance and not on the discrete walls in
the scenario. Thus, we eliminate the combinations of discrete
wall attenuation values on all BS-user links and simplify the
analysis considerably. Consequently, b(()c) corresponds again
to the strongest BS without fading. In the rest of the paper
we therefore always assume association to b(()c) when using a
continuous distribution of walls and association to b(()s) when
the discrete realization of walls is considered.

Substituting the instantaneous number of walls K; with the
average E[Kj;] leads to
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with § as already defined in (1).

A. Coverage Probability

In the following, we will derive expressions for the coverage
probability with the underlying assumptions. The derivation is
similar to [3], but with the addition of blockages.

The coverage probability is generally defined as
Pe(8, A, @) £ Ply > 4] @)

where ¢ is the SIR threshold, above which the user is assumed
to be in coverage. Since we defined the distance between the
user to its closest/associated BS by r, this also means that
the distance d; of all interfering BSs is larger than r and
thus there is no BS located in a circle around the user with
radius r. Thus, we condition on the distance of the closest
BS and average over all possible values of r and additionally
apply the void probablhty probability density function (pdf)
fr(r) = 2mAre” A for no BS being located closer than r-.
This results in

Pe(0, A @) = E, [Py > d|r]]

/ Ply > &[], (r)dr
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Plugging in (3) leads to
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where I, is the resulting accumulated interference for a single
spatial realization of BSs.

Next we utilize that h follows an exponential distribution.
It follows

P [h > 6r‘*w_ﬂrfr| r]
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where L _(s) is the Laplace transform of the RV I,.
Plugging this back in (6) yields
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where (a) follows from all g; being i.i.d., (b) follows from
the exponential distribution of g; and the last step (c¢) from
the probability generating functional (PGFL) of the PPP [7].
The integral over v corresponds to averaging over the interferer
locations for a given 7.

B. Area Spectral Efficiency

First we will derive an expression for the spectral efficiency.
We assume therefore, that the considered user can reach
the (noiseless) Shannon bound log,(1 + 7) by using an
adaptive modulation and coding scheme (MCS) and treating
interference as noise. For our considered scenario, the spectral
efficiency is given by (cf. [3, Appendix C])

(A, a) = E[logy (1 + )]
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where we performed the same steps as in (6)—(9).

Next we introduce the ASE denoted by . This metric
better reflects the average cell capacity than the user-centric
metrics introduced up to this point. By normalizing the spectral
efficiency by the average cell area (which is simply 1/)), we
arrive at the average throughput per Hz per unit area. Thus, it
can be described by

(A a)
E[A(cell)]

The ASE is an indicator for the average cell capacity that
the given network can support. Especially from an operator
point of view this is interesting, since it is important to know,
e.g., how the cell capacity increases when the total number of
installed BSs is increased for a given building/floor.

How the ASE and the aforementioned performance metrics
depend quantitatively on the scenario parameters and how the
simplifying assumptions for our analytical approach compare
against simulation results is discussed in detail in the following
section.

k(A a) = =M\ ). (12)

IV. NUMERICAL EVALUATION

In this section, we present results for the coverage probabil-
ity p. and the ASE 7. We compare the (numerically evaluated)
resulting values from (8) and (12) with the results of Monte-
Carlo simulations. One simulation run for a parameter set
is equivalent to one spatial realization of BS locations, one
placement of walls including their random orientation and
fading realizations. We assume random BS placement for
the analytical results, while we simulate both, random and
regular BS placement (cf. Figures 1 and 2). For the given wall
density A\’ and the average wall length E[L], the average room
size is 16 m? !. We consider the case with no walls (0dB
penetration loss) and 3dB, 6dB and 10dB. (In [8], inner
walls are assumed to have 5dB penetration loss - thus we
cover values with similar magnitude.) The applied parameters
are summarized in Table L.

A. Coverage Probability

In this subsection, we only present results for random BS
placement. The coverage probability for all three considered
values of A\ are shown in Figure 3. For each BS density,
we show results for all four values of wall attenuation. The
results from numerically evaluating (8) are represented by
circular markers. Solid lines represent the coverage probability

Ithis assumes the same average total length of walls per realization, but
regular, square rooms of equal size.

TABLE I: Parameters for numerical evaluation

Parameter | Value
path loss exponent | o =4

wall density | A = 0.05m?
average wall length | E[L] = 10m

wall attenuation

inter BS distance
resulting BS density
# of BSs (for regular)
spatial realizations

WaB = {07 37 6, 10} dB

R ={10,30,60} m

A= {1072,1073,3-107*} m?
25 BSs = 2 rings

10°

resulting from simulations, based on (3). Additionally, we
show results from simulations based on (2) as dashed lines.
Several conclusions can be drawn from these results. Firstly,
while p, in (8) still depends on ), this dependency vanishes for
w = 1 and o = 4 (cf. [3]) and thus, the values are constant for
varying densities. The coverage probability improves however
for larger wall attenuation values. The improvement is larger
for smaller values of A, since the attenuation is (exponentially)
distance dependent and thus by moving the interferers further
away, blockages provide a better protection.
Regarding the comparison of analytical results from evaluating
(8) and simulations assuming a continuous wall distribution,
we see an almost perfect agreement. Small deviations are
visible for larger values of A\ - these are mostly due to the
lack of further interferers by simulating a finite ROI.
Finally, comparing association to béc) and continuous wall dis-
tribution with association to b(()s) and discrete wall realizations,
we find that the first setup is only strictly worse for the scenario
without blockages (the difference here only stems from the
small scale fading). For w > 1, this is only true for small
values of §. For larger SIR thresholds, this is no longer the
case. Assuming a continuous distribution of walls leads to a
guaranteed attenuation of the interference, while in case of
discrete walls a dominant interferer can result from a very
low number of walls (even as small as for the associated BS)
for an unfavorable wall realization.

B. Area spectral efficiency

Next we present results for the ASE. In Figure 4, ASE-
results for the same acquisition of performance values as in
the previous subsection are presented, namely analytical eval-
uation of (12) (represented by circular markers), simulation
results with association to béc and continuous wall distribu-
tion (represented by solid lines) and simulation results with
association to bés) and discrete wall realizations (represented
by dashed lines).

Once again the analytical results and the corresponding
results from simulations coincide almost perfectly with a small
gap due to the finite simulation area. The simulation results
for association to bés) are also almost identical, which also fits
to the similar behavior of the coverage probability results.

For the comparison of regular and random BS placement,
we show simulation results with association to bgs) and discrete
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bgc): solid lines represent simulation results, circular

markers result from evaluating (8); association to bés) represented by dashed lines (simulation results only).

wall realizations. They are presented in Figure 5. Only three
penetration loss values are considered, in order to keep the
figure readable. Per penetration loss value, results for four
configurations are displayed, namely the combinations of
random and regular BS placement with association to béc)
with continuous wall distribution and association to b(()s) with
discrete wall distribution.

As the results show, the regular BS placement yields a
strictly better ASE performance than the random BS placement
for all values of w. The slope also remains the same, only a
shift is introduced by the regular BS placement.

C. Discussion of Results

Regarding the presented results, there are some interesting
conclusions to draw. The influence of the wall parameters (w,
N and E[L]) is given by their combination w? ' ElE] = 7,
As long as this combined factor is not changed, the results
stay the same (at least when considering a continuous wall
distribution). For all considered scenarios, the addition of walls
improves the coverage probability as well as the ASE. This
improvement is better for larger sector sizes, since the added
attenuation grows faster for the interferers at a larger distance.
As it was already shown in [3] for the wall-less scenario,
a regular BS placement yields better performance results as
a random placement. This remains true for a scenario with
walls. Even though we made the simplifying assumption for
the analytical derivation to connect to the closest BS and a
continuous wall distribution, the averaged performance results
in terms of ASE show almost no difference when compared to
simulation results where association to bés) and discrete wall
realizations is considered.
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=

103} — simulation b((;")i
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10° 510°

average cell area [mQ]
Fig. 4: ASE for different wall attenuations - association to
b((f): solid lines represent simulation results, circular markers
result from evaluating (12); association to b(()s) represented by
dashed lines.

V. CONCLUSIONS

In this paper we discussed the influence of randomly
distributed wall blockages on the downlink of an indoor
cellular network. For random BS placement, we analytically
derived expressions for the coverage probability as well as
for the ASE. The latter was chosen as performance metric
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in order to demonstrate the influence of the average sector
size. Even though some simplifying assumptions were made
for our derivations, the resulting performance from the anal-
ysis overlaps almost perfectly with results from Monte-Carlo
simulations. For all considered parameter combinations, the
regular BS placement (only tractable by simulations) always
yields an upper bound on the performance of a network with
random BS placement.

For future work, an investigation of an even larger
parameter-set is planned. Especially results for even larger
BS densities might be insightful. Also including the third
dimension and a more sophisticated model for the accumu-
lated wall penetration (along the lines of [9]) would make
the scenario more realistic. It would also be interesting to
consider impenetrable walls, which might be more realistic
for upcoming mmWave networks. This would then lead to a
distinction of line of sight (LOS) and non line of sight (NLOS)
condition of desired and interfering links (see, e.g., [10]).
Moreover, the inclusion of the actual wall distribution in our
analysis would yield further interesting insights. A promising
approach for acquiring the meta-distribution of resulting SIR

for discrete placement of walls is given in [11]. The network
performance for rectangular wall placement (as described in
[12]) will also be investigated in the future.
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