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Abstract—In this paper, we present part of our ground-breaking
work that bridges building design and wireless network deploy-
ment. The original contributions lie in: i) defining interference gain
(IG) as an intrinsic figure of merit (FoM) of a building’s wireless
performance in terms of interference signal blockage; ii) developing
analytic models to calculate IG; and iii) developing a novel method
to calculate the optimum transmitting power to achieve the maxi-
mum IG of a building. The IG is derived as an integral transform of
the probability density function (PDF) of the distance from a probe
user equipment (UE) with a random position relative to a wall, and
with a uniformly distributed direction. Furthermore, the PDF of the
random distance is derived in closed-form for rectangular rooms
to facilitate fast computation of the IG of a building under design
(BUD) tiled by rectangular rooms and corridors. For BUD with
irregular rooms, a random shooting algorithm (RSA) is proposed
to numerically compute the PDF. The closed-form expression and
the RSA are compared and validated. Numerical results show the
validity of both the model to calculate IG and the methodology to
derive the optimum transmitting power to achieve the maximum
IG of a given building. The results shed light to architects on how to
design buildings with desirable wireless performance and for radio
engineers on how densely wireless access points can be deployed to
approach the intrinsic wireless performance of a building.

Index Terms—Smart buildings, building design, wireless
performance evaluation, 5G networks.

I. INTRODUCTION

W IRELESS communication networks play an important
role in the design of smart buildings [1], [2], or more

broadly, in the practical realization of smart cities [3]. It has been
estimated that nearly 80% of data traffic occurs indoors [4]. In
future 5G indoor networks, transmit elements, e.g., access points
or small cell base stations, are expected to be ultra-densely de-
ployed [5]–[7] to improve quality of service (QoS), e.g., in terms
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of data throughput and latency. With ultra-densely deployment,
power consumption of an indoor wireless network has to be
taken into account carefully [8].

Traditionally, research on indoor wireless networks per-
formance has focused on indoor propagation channel mod-
elling [9]–[14], random blockage modelling [15]–[17], and
line-of-sight (LOS) probability analysis [18]–[21], etc. Analysis
on indoor network performances has therefore shed light on
the impact of building structures on specific wireless networks
performance.

We have previously proposed the idea that every building has
an intrinsic wireless performance which is independent of how
densely small cells are deployed [22]. The above idea suggests
that a building can be designed and built taking into account
its intrinsic wireless communication performance. Therefore,
if a building is designed by considering its intrinsic wireless
communication performance considerable cost reduction can be
achieved since there will be no need to go through costly and
inconvenient modification/retrofitting in the future. However,
how to design buildings to achieve a desirable wireless per-
formance has never been systematically researched. To address
the challenging evaluation of building wireless communication
(BWC) performance, the collaborative project Build-Wise has
been granted under the open call of Eurostars programme [23]. It
is worth noting that both building layouts and building materials
have impacts on the BWC. In this paper, we only focus on the
impact of the building layout in the first stage, while the impact
of materials has been left for our future work.

Supported by the project, [22] proposed a framework to evalu-
ate the wireless performance of the layout of the buildings under
design (BUD) by using the open space scenario as a benchmark.
Therein, two figures of merit (FoM) have been defined: (i)
the interference gain (IG) and (ii) the power gain (PG), both
reflecting the BWC performance. In this paper, we focus on
the analysis of IG, which captures the impact of the building
layout on the power of interference signals due to blockage by
building structures. The definition of IG will be provided in
subsection II-A.

In [22], the proposed IG is determined not only by the layout of
the BUD, but also by parameters of the wireless network, e.g., the
transmit power, sensitivity of the receiver, operating frequency
band, and positions of probe UEs. The objective of the FoM is to
provide either architects or wireless communication engineers
with guidance regarding the impact of the building layout on the
BWC performance.
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In order to facilitate the analysis, the impacts of building
layouts and parameters of wireless networks have to be de-
coupled into two independent factors. Moreover, the question
of how much energy should be used to achieve a desirable
IG is a fundamental question to be tackled in order to obtain
an optimal BWC performance. To approach the objective, we
evaluate the energy efficiency of a building by separating the
impact of the building layout and the parameters of wireless
networks in the computation of IG. The contributions of this
paper are summarized as follows.
� The individual contributions of parameters of wireless net-

works and parameters of building layouts into the comput-
ing of the interference gain (IG) are decoupled the one from
the other. The IG is computed by an integral transform of
the probability density function (PDF) of the LOS distance
that is defined as the distance from a probe UE with a
random position to the wall in a uniformly distributed
random direction. The piecewise kernel function of the
integral transform is only determined by parameters of the
wireless network, and the LOS-distance PDF only depends
on the layout of the BUD.

� The maximum ratio between IGs of the BUD and a small
benchmark room is introduced to evaluate the BWC per-
formance of the BUD. The optimum transmitting power
achieving the maximum IG ratio is obtained by solving an
integral equation.

� The LOS-distance PDF is derived in closed-form for rect-
angular rooms to facilitate the fast computation of the IG
of a building tiled by rectangular rooms and corridors.
For buildings with irregular rooms, a random shooting
algorithm (RSA) is proposed to numerically compute the
LOS-distance PDF. The closed-form expression and the
RSA are compared showing excellent agreement.

� Finally, the network power consumption in terms of trans-
mit power that achieves an optimum IG of the BUD is
derived.

The remainder of this paper is organized as follows. In Sec-
tion II, assumptions and definitions used in this paper are stated.
In Section III, decoupling of parameters of wireless networks
and parameters of building layouts. In Section IV, the maximum
IG ratio is defined as a FoM of BWC performance. Using this
definition, we optimize the transmitting power to achieve the best
IG of a given BUD. In Section V, a derivation method is outlined
for the LOS-distance PDF of the distance from a probe UE with
a random position to the wall in a random direction. Section VI
provides numerical results, and Section VII concludes this paper.

II. MODEL AND FIGURE OF MERIT

A. Definition of IG

In this paper, we focus on the analysis of interference gain,
which is employed to measure the impact of building structure on
the power of interference signals due to blockage. In a wireless
network, the received signal is contaminated by the noise and
interference. We denote the power of the interference signal
in the open space as IO. The power of the interference signal
in the BUD at a given position (x, y) is denoted by IB(x, y).

The parameter σ2 denotes the variance of the noise. Then, the
metric IG can be defined as the ratio of the noise and interference
between the open space and the built environment, i.e.,

gI(x, y) �
IO + σ2

IB(x, y) + σ2
. (1)

From (1), we can see that a greater IG means that more interfer-
ence is blocked by the building structure. Therefore, we need to
target a greater IG during the building-design stage.

Based on the definition of IG for a specific indoor position,
the IG for a building that consists of Nr rooms is given by

gI � E(x,y)∈BUD [gI(x, y)] =

Nr∑

nr=1

Snr
gI,nr

SA
, (2)

where gI,nr
� E(x,y)∈nrth room[gI(x, y)] denotes the IG of the

nrth room, Snr
denotes the floor area of the nrth room, and

SA =
∑Nr

nr=1 Snr
denotes the area of the BUD.

B. System Model for IG Compuation

Assumption 1: We assume that small cells are extremely
densely distributed in the environment in this paper.

In particular, the small cells, each of which has an infinitesimal
transmit power, are deployed with infinitesimal cell size.

Assumption 2: Interference-limited networks are investi-
gated where the noise is negligible.

According to [32, Definition 10], the aggregate interference
is extremely large compared with the noise when the density of
the small-cell network is infinitely large. Therefore, this paper
focuses on interference-limited ultra-dense cellular networks as
in [33]–[35], where the noise becomes negligible. Then, the IG
is only determined by the interference signals

gI(x, y) �
IO

IB(x, y)
, (3)

where we have assumed that IB(x, y) >> σ2 and IO(x, y) >>
σ2. According to (3), gI ≥ 0, and is determined by both IO
and IB.

Assumption 3: The probe UE can make use of all the de-
tectable power, which is constrained by the sensitivity of its
receiver.

In an infinitely dense small-cell network, the transmit power of
each small cell, with an infinitesimal size of dA, is also infinites-
imal and given by PTdA, where the parameter PT [Wm−2] de-
notes the transmit power per unit area. Then in an arbitrary plane
surface domain with an area A, the total transmit power from
small cells within this space is PTA. Because of the propagation
attenuation, the received power of the probe UE from a small
cell is then PTdAGs(R) [W], which is an infinitesimal, too,
where s ∈ {O,L,N}, and GO(R), GL(R), and GN(R) are the
path gain of the wireless propagation channel in open space,
in the LOS, and in the non-line-of-sight (NLOS) scenarios,
respectively. Then, the UE can make use of all the detectable
power that is greater than a threshold power level. The threshold
power level at the receiver is also infinitesimal and proportional
to dA, let’s sayPthdA [W], andPth has the unit [Wm−2]. Then,
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the cumulative undetectable power, which is calculated as the
summation of received power that is lower than the threshold
power level, is considered as interference. More specifically, the
interference power is defined as the total received power from
small cells satisfying

PTGs(R) < Pth, s ∈ {O,L,N}, (4)

where R [m] denotes the distance from a small cell to the
probe UE, and Pth [Wm−2] is the threshold determined by the
sensitivity of the receiver.

C. Bounded Path Gain Models

Assumption 4: Bounded path gain models for the open space,
the LOS and the NLOS scenarios are employed in this paper.

For the open space scenario, the path gain is given by [24,
Eqs. (4), (5)]

GO(R) = min

{
1,

(
λ

4π

)2

R−2, (hThR)
2 R−4

}
, (5)

where λ [m] is the wavelength at the center operating frequency.
hT [m] and hR [m] denote height of transmit and receive
antennas, respectively. For the LOS and the NLOS scenarios,
the path gain is given by [25], [26]

GL(R) =

{
GO(R), R ≤ 1,
(

λ
4π

)2
R−nL , R > 1,

(6)

GN(R) =

{
GO(R), R ≤ 1,
(

λ
4π

)2
R−nN , R > 1,

(7)

where nL and nN, respectively, denote the path loss exponents
(PLE) of the LOS and NLOS propagation scenarios, which
depend on the building materials. The path gain for NLOS
propagation contains not only the distance-dependent loss but
the attenuation due to blockage effects. The received power is
greater in a in LOS link than in a NLOS link with the same
link length, and thus the PLE of NLOS propagation is greater
than that of LOS propagation since nN > nL. The presented
approaches in this paper are applicable for arbitrary nL > 1 and
nN > 2.

We define the coverage distance Rs, s ∈ {O,L,N} as the
distance satisfyingPTGs(Rs) = Pth, whereO,L, andN denote
open space transmission, LOS transmission and NLOS transmis-
sion, respectively. For any small cell, when the link to the probe
UE satisfies the condition s, and the distance between the small
cell and the probe UE is greater than the coverage distance Rs,
the signal transmitted from the small cell is considered as an
interference signal for the probe UE. Otherwise, if the distance
between the small cell and the probe UE is smaller than Rs,
the signal transmitted from the small cell is considered as an
intended signal and can be used to convey information. After
some straightforward algebraic manipulations we obtain that

RO =

⎧
⎨

⎩

√
ρ, ρ < (4π)2(hThR)2

λ2 ,

ρ
1
4

√
4πhThR

λ
, ρ ≥ (4π)2(hThR)2

λ2 ,
(8)

RL = ρ
1

nL , (9)

RN = ρ
1

nN , (10)

where the effective transmit signal-to-threshold ratio ρ is defined
by

ρ �
(
PT

Pth

)(
λ

4π

)2

. (11)

ρ is proportional to the transmit power per coverage area PT.
It follows from (8)-(10) that the value of RO/L/N is irrelevent
to specific values of (PT, Pth, λ) as long as the value of ρ is
provided. In particular, different values of (PT, Pth, λ) with a
same value of ρ lead to a same RO/L/N.

D. Computation of IG

Assumption 5: In cooperative ultra-dense small-cell/massive
MIMO systems, channel responses are smoothed by the law
of large numbers. In essence, small-scale fading is negligible.
Therefore, only large-scale fading is considered in this paper.

The density of transmitters is extremely high and the overall
effect interference is the summation of interfering power from
uniformly distributed transmitters that spread over the area. In
the open space propagation scenario, the interference power is
given by

IO =

∫ 2π

0

∫ +∞

RO

PTGO(R)dRdθ. (12)

Substituting (5) and (11) into (12), we obtain

IO =

{
PT

[
1
2 + ln

(
4πhThR√

ρλ

)]
λ2

8π , 1 < ρ < ρt,

PThThR
λ

4
√
ρ , ρ ≥ ρt,

(13)

where ρt =
(4πhThR)2

λ2 is the break point of the IO caused by the
break point in the piece-wise function GO(R) at R = 4πhThR

λ
.

Whereas in the BUD, the interference power is given by

IB(x, y) =

∫

V(r,R,θ)∧(R≥RL)

PTGL(R)dRdθ

︸ ︷︷ ︸
IL

+

∫

¬V(r,R,θ)∧(R≥RN )

PTGN(R)dRdθ

︸ ︷︷ ︸
IN

, (14)

where IL and IN denote the LOS and the NLOS received
powers of interference signal, respectively. The Boolean variable
V(r,R, θ) denotes that the proposition “the link from the small
cell at (R, θ) to the probe UE position r = (x, y) is LOS” is
true.

Then, the IG is obtained by substituting (13) and (14) into (3).
Given (λ, hT, hT, nL/N), since both IO and IB are proportional
to PT, the IG for the location r is determined only by the value
of ρ, which is the only variable that is related to PT in the
computation. Therefore, the optimization of PT is equivalent
to the optimization of ρ.
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Fig. 1. Coordinate and definition of D. The probe UE receives signals from
all small cells that span over the whole 2D Euclidean plane. If the distance from
a small cell in the LOS/NLOS region is greater than RL/N, the signal is not
detectable by the UE and is considered as an interference signal. Otherwise, if
the distance from a small cell in the LOS/NLOS region is smaller than RL/N,
the signal is considered as a detectable signal. The summation of all interference
signals are defined as IB, which is computed by (14).

Given an optimized ρ that maximizes the IG, the correspond-
ing transmit power per coverage area PT can be computed
straightforwardly from (11) as

PT = ρPth

(
4π
λ

)2

. (15)

Remark 1: Through (1)–(15), we can see that parameters
which determine the value of IG can be classified as building
layout parameters and wireless networks parameters. The pa-
rameters of building layouts are the possible position of probe
UEs (x, y), and the Boolean variable V(r,R, θ) for all possible
probe UE positions. Parameters of wireless networks include
the transmit power density PT, the sensitivity of receiver Pth,
the considered wave length λ, the PLE ns, and the height of BS
and UE antennas hT and hR, respectively. Using the definition
in (11), PT, Pth, and λ are combined into one parameter, i.e.,
ρ. In the next section, contributions of building layouts and
wireless networks will be decoupled to separately analyze their
contributions to the IG of buildings.

E. Impact of IG on Performance of Indoor Wireless Networks

In this subsection, the impact of the IG, the metric defined
to evaluate the wireless performance of building layout, on
the interference of indoor wireless networks are illustrated. To
give an example, IG is obtained in a rectangular room with a

size of 5 m × 10 m. Three probe UEs, i.e., UE A (−2, −3),
UE B (−2,0) and UE C (0,0), are considered, as shown in
Fig. 2(a). The numerical results are obtained at 1GHz band,
where PT = −30 dBW/m2, Pth = −75 dBW/m2, nL = 1.73,
nN = 3.19, and hT = hR = 1.2 m. According to (11), ρ = 18.
According to (9) and (10), the coverage distance are computed as
RL = 5.3 m and RN = 2.5 m, respectively. Following (3), IGs
of the building layout for probe UEs A, B and C are 9.9, 13.8,
and 16.3, respectively. The probe UE C achieves the highest
IG because most of the interference signals are blocked by the
building structures while majority of strong LOS signals are
detectable. The probe UE A achieves the lowest IG because it
receives a relatively large number of strong LOS interference
signals.

To show the impact of the IG on the performance of specific
networks, the simulations are carried out for two typical indoor
networks, i.e., the Poisson point process (PPP) and the grid
networks [33]. In the PPP indoor network, BSs are Poisson
distributed in the environment, as shown in Fig. 2(b-d). In the
grid indoor network, BSs are located on a square lattice in
the environment, as shown in Fig. 2(e-g). In the simulation,
the intensity of both the PPP and the grid networks are set as
0.5 BSs/m2. According to the definition of PT in Assumption
3, each BS has a transmit power of −27 dBW. Following above
assumptions, we plot the ratios of interference powers under the
open space and the indoor environment in Fig. 2(h). Numerical
results show that the ratios of interference powers for both PPP
and grid networks converge to the IG with an increasing network
intensity. According to this observation, we assume that the
ratios of interference powers of practical networks converge
to the IG as well. Therefore, we can conclude that the IG
captures the impact of building structures on the interference
of ultra-dense small cell networks. In the following sections,
we will investigate how much power do we need to efficently
increase the IG of the building layout.

III. DECOUPLING OF NETWORK PARAMETERS AND

BUILDING LAYOUTS

In (3), IG is computed via IO and IB, where IO is computed by
(13) straightforwardly. For the computation of IB, we propose
the following Proposition 1.

Proposition 1: The power IB can be computed by

IB(x, y) =

∫ +∞

0
IB,0(d, ρ, nL, nN, Pth)PD(d;x, y)dd, (16)

IB,0(D, ρ, nL, nN, Pth) =
2πPthu

[
D − ρ

1
nL

] [
D2−nLρ− ρ

2
nL

]

2 − nL︸ ︷︷ ︸
IL,0

− 2πPthρmax{D, ρ
1

nN }2−nN

2 − nN︸ ︷︷ ︸
IN,0

(17)

IB,0(D, ρ, nL, nN, Pth) = 2πPth

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

D2−nNρ
nN−2 + D2−nLρ−ρ

2
nL

2−nL
, D > RL

D2−nNρ
nN−2 , RN < D ≤ RL

ρ
2

nN

nN−2 , D ≤ RN

(18)
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Fig. 2. The impact of building structures on the interference power of PPP and grid small-cell networks while probe UEs are located in a rectangular room.
In this example, the size of the considered room is 5 m × 10 m, and three probe UEs, i.e., UE A (−2, −3), UE B (−2, 0) and UE C (0, 0), are observed.
Numerical results show that the ratios of interference powers for both PPP and grid networks converge to the IG with an increasing network intensity. The
curves for the PPP network are smoothed by averaging simulation results. In contrast, curves of the grid network varys rapidly because the BSs of grid
networks are not randomly distributed and the interference power ratio can not be smoothed by averaging simulation results. (a) Probe UEs. (b) UE A, PPP.
(c) UE B, PPP. (d) UE C, PPP. (e) UE A, grid. (f) UE B, grid. (g) UE C, grid. (h) Power ratios and IG.

where the LOS-distance D is the distance from a probe UE at
a random position (x, y) to the wall in an uniformly distributed
direction θ. PD(d) is the PDF of D. For a given position of the
probe UE given by coordinates (x, y) on the horizontal plane
and a given direction θ (an example ofD(θ, x, y) is illustrated in
Fig. 1). IB,0(D, ρ, nL, nN, PT) denotes the received interference
power assuming that the distance from the probe UE to the wall
in all directions is D. Eq. (16) indicates that IB(x, y) is the
expected value of IB,0(d, ρ, nL, nN, Pth) for by given position of
the probe UE with coordinates (x, y). IB,0(D, ρ, nL, nN, PT) is
given in closed-form by (17) shown at the bottom of the previous
page, where u(x) is the Heaviside step function. Written as
a piecewise function, IB,0(D, ρ, nL, nN, PT) is given by (18)
shown at the bottom of the previous page.

Proof: A proof is provided in Appendix A. It makes use of
Lemmas 2 and 3 presented further below. �

Remark 2: It is worthwhile to note that IB(x, y) is computed
by two functions, i.e., IB,0 and PD(D;x, y), where IB,0 is
determined by the parameters of the indoor wireless network,
while PD(D;x, y) is determined by the layout of the BUD and
the position of the probe UE.

In order to exemplify how the above proposition works in
practice, we specialize our results to numerical parameters of
a generic indoor wireless network. For PT = −20 dBWm−2,
Pth = −110 dBWm−2,f = 28 GHz, IB,0(D, ρ, nL, nN, Pth) is
plotted in Fig. 4, from which it can be seen that

� If D < RN, then IB,0(D, ρ, nL, nN, Pth) is independent
from D because all the power of the NLOS interference
from a small cell satisfying R > RN is received by the
probe UE regardless of the value of D. Thus, IN,0 is a
constant in this scenario. Furthermore, since D < RL also
holds in this case, we have IL,0 = 0. Therefore, if the room
is extremely small such that PD(D;x, y) = 0 for all D >
RN, IB,0(D, ρ, nL, nN, Pth) only depends on ρ.

� If RN < D < RL, then IB,0(D, ρ, nL, nN, Pth) decreases
with increasingD because more NLOS interference power
is blocked, whereas all signals are considered as detectable
power in the LOS regime, i.e., IL,0 = 0.

� However, ifD > RL, then IB,0(D, ρ, nL, nN, Pth)dramat-
ically increases with an increasing D due to the strong
interference from the LOS small cells. For a large room
or a small ρ, the increasing power of LOS interference
increases IB,0(D, ρ, nL, nN, Pth) and therefore reduces the
IG significantly.

Fig. 3 shows IB,0(D) for various values of ρ. With an in-
creasing ρ, the transmit power of NLOS interference small
cell increases too, which in turn leads to the increasing of
IB,0(D, ρ, nL, nN, Pth) and a reducing of gI. Nevertheless,
when ρ increases, RL becomes larger and therefore less LOS
interference is received by the probe UE for a given D. Then,
gI could be reduced by increasing ρ significantly. Therefore, to
achieve an optimum gI, ρ has to be chosen carefully: 1) to block
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Fig. 3. IB,0 for various ρ, where nL = 1.73, and nN = 3.19.

Fig. 4. An example of IB,0, where nL = 1.73, and nN = 3.19.

more NLOS interference signals, and 2) to introduce less LOS
interference signals. In the next section, practical criteria for the
choice of the optimum ρ are presented.

IV. ENERGY CONSUMPTION OF A BUILDING

In this section, we use the maximum ratio between IGs of
the BUD and a benchmark building as a FoM to evaluate the
IG performance of the BUD. The obtained FoM is independent
of PT, the center frequency, the receiving threshold, and the
position of the probe UE. The best ρ is obtained that maximizes
the optimum IG ratio. Then we derive how much transmit power
per coverage area PT do we need to achieve the optimum IG
ratio.

By inspection of Fig. 4 we can see that if a room satisfies the
condition PD(d;x, y) = 0 for any D(θ, x, y) > RN, then the
value of IB,0 is independent of the layout of the building. From
(3) and (16), we can then conclude that gI is also independent
of the building layout in this case.

Therefore, an extremely small room, with PD(d;x, y) = 0
for any D(θ, x, y) > RN, can be used as a new benchmark for
interference gain evaluation. Hence, only NLOS interference
needs to be accounted for to obtain the IG according to the
following Lemma 1.

Lemma 1: For a small room with PD(d;x, y) = 0 for any
D > RN, the power of interference is computed by

IB,b =
2πPthρ

2
nN

nN − 2
, (19)

and the interference gain is computed by

gI,b =

⎧
⎪⎨

⎪⎩

(nN−2)ρ
nN−2
nN

[
1+2 ln

(
4πhThR√

ρλ

)]

2 , 1 < ρ < ρt,

2π(nN−2)ρ
1
2 − 2

nN hThR

λ
, ρ ≥ ρt.

(20)

Proof: See Appendix B. �
A straightforward definition of the maximum IG ratio is

eI,s = max
ρ

{
Ex,y

[
gI(x, y)

gI,b

]}
. (21)

Substituting (3) into (21), we obtain

eI,s = max
ρ

{
IB,bEx,y

[
I−1
B (x, y)

]}
. (22)

It follows then from (22) that the computation of eI,s requires
the computation of

Ex,y

[
I−1
B (x, y)

]

= Ex,y

[
1

∫ +∞
0 IB,0(d, ρ, nL, nN, Pth)PD;x,y(d;x, y)dd

]
,

(23)

where IB,0 andPD;x,y(d;x, y) are still coupled (i.e., both depend
on the position of the probe UE) and are difficult to decoupled
to ease the integration in (23). Also, the inverse moment of
a random variable is in general not easy to compute [36].
Therefore, to facilitate the decoupling of network parameters
and building parameters, we redefine the IG ratio by using the
harmonic mean of gI(x,y)

gI,b
, as follows.

Definition 1: Motivated by (21), the maximum IG ratio of
building in terms of interference gain is defined as

eI = max
ρ

⎧
⎨

⎩
1

Ex,y

[
gI,b

gI(x,y)

]

⎫
⎬

⎭ . (24)

The difference between the arithmetic mean Ex,y[
gI(x,y)
gI,b

]

and the harmonic mean {Ex,y[
gI,b

gI(x,y)
]}−1 for our specific case

is explained in Appendix C. (24) and (21) are compared in
Fig. 5. In the computations, the considered room is rectangular,
the center frequency is 28 GHz, PT = −40 dBWm−2, and
Pth = −110 dBWm−2. In Fig. 5, (24) is computed analytically
by means of the closed-form expression of PD(d) given in the
following Section V, whereas (21) is computed by averaging IG
over uniformly distributed probe UEs. From Fig. 5, we conclude
that behaviors of (24) and (21) match very well.

Therefore, in this paper, the maximum IG ratio definition
given by (24) is adopted for computations for the entire building
based on the LOS-distance PDF PD(d), which is decoupled
from the wireless network parameters.
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Fig. 5. Comparison between (24) and (21).

Substituting (3) into (24), we obtain

eI = max
ρ

{
IB,b

Ex,y [IB(x, y)]

}
. (25)

Thus, compared with eI,s, in the computation of eI the expec-
tation is only operated for IB(x, y) over the space. Moreover,
IB,0 is independent of (x, y) in (16), and therefore, we will
work on the expectation of PD(d;x, y) to simplification the
computation of eI.

Following some straightforward, but tedious, derivations, it
can be shown that Ex,y[

gI,b
gI(x,y)

] is computed by (26) shown at
the bottom of this page, where PD(d) is the LOS-distance PDF
for the entire building defined as PD(d) = Ex,y[PD(d;x, y)].
In the expectation computation, the probe UE is assumed to be
uniformly distributed in the BUD.

The optimum ρ is then defined by

ρo = argmax
ρ

{{
Ex,y

[
gI,b

gI(x, y)

]}−1
}
. (27)

Substituting (27) into (11), the optimum transmit power per
coverage area is computed by

PT,o = ρoPth

(
4π
λ

)2

. (28)

It is worth noting that the total transmit power of the extremely
dense small-cell wireless network in this building will be ob-
tained directly as SAPT,o as long as we know the PT,o of a
building.

Theorem 1: Given the PD(d) of the BUD, the optimum ρo
is the solution of the following equation

aA(D)− bB(D) + cC(D) = 0 (29)

where

A(D) =

∫ +∞

ρ
1

nL

d2−nLPD(d)dd, (30)

B(D) =

∫ +∞

ρ
1

nL

PD(d)dd, (31)

C(D) =

∫ +∞

ρ
1

nN

d2−nNPD(d)dd, (32)

a =
nN − 2

nN (2 − nL)
, (33)

b =
2nL − 2nN

nLnN (2 − nL)
ρ

2−nL
nL , (34)

c =
1
nN

. (35)

The values ofA(D),B(D), andC(D) depend onPD(d), i.e., an
intrinsic building parameter. In general, PD(d) does not have an
expression for a general room that is simple enough to have
closed-form expressions for A(D), B(D), and C(D). Even
though for a rectangular room,PD(d) is still a piecewise function
of d which is challenging to derive A(D), B(D), and C(D)
in closed-forms. Therefore, we use the bisection method [31,
pp. 964–965] to solve it.

Proof: See Appendix D. �
The maximum IG ratio of the BUD in terms of interference

gain is then obtained substituting ρo into (26) and (24).

V. COMPUTATION OF PD(d)

Given the PD(d) of the BUD, the transmit power can be
optimized through Theorem 1. In this section, we will present
how to computePD(d)when the layout of the building structures
is provided.

For a BUD that consists of Nr rooms, PD(d) is computed
using the law of total probability by

PD(d) =

Nr∑

nr=1

Snr
PD,nr

(d)

SA
, (36)

wherePD,nr
(d)denotes the LOS-distance PDF in thenrth room,

Snr
denotes the area of the nrth room, and SA =

∑Nr

nr=1 Snr

denotes the area of the BUD.

A. PD,nr
(d) for Arbitrarily Shaped Rooms

In an irregular room, it is difficult to derive a closed-form
expression forPD,nr

(d). A feasible approach to obtainPD,nr
(d)

is the Monte Carlo method [30]. In this subsection, a Monte
Carlo based random shoot algorithm (RSA) is proposed; the
corresponding flow chart is shown in Fig. 6. Once launched, a set
ofNs “shooters” with random positions is generated in the BUD.
The position of the nsth shooter is denoted as (xns

, yns
). For

Ex,y

[
gI,b

gI(x, y)

]
=

nN − 2
2 − nL

∫ +∞

RL

(
ρ

nN−2
nN d2−nL − ρ

2
nL

− 2
nN

)
PD(d)dd+

∫ +∞

RN

ρ
nN−2
nN d2−nNPD(d)dd+

∫ RN

0
PD(d)dd (26)
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Fig. 6. Flowchart of the proposed random shoot algorithm.

the nsth shooter, a random shooting direction θns
is allocated.

xns
, yns

, and θns
are uniformly distributed and independent for

different shooters. For the first time step, each shooter shoots a
bullet. Then, for each time step, every bullet repeatedly moves
a distance ΔD in its shooting direction until it hits the obstacle.
The fixed step size ΔD has to be small relative to the average
D. As soon as the bullet from the nsth shooter hits the wall, the
number of the time steps tns

is recorded, and then we have a
recorded Dns

= ΔDtns
.

With the database of the recorded Dns
, the estimation of

PD,nr
(d) is given by

P̂D(d) =
1
Ns

Ns∑

ns=1

u
d−Dns+

ΔD
2

d−Dns−ΔD
2

ΔD
, (37)

where

wub
a = u(D − b)− u(D − a). (38)

In the numerical result section, the proposed RSA and (39)
shown at the bottom of this page, are compared and validated.

Fig. 7. Examples of the proposed random shoot algorithm with Ns = 20 and
ΔD = 0.1 m.

B. PD,nr
(d) for Rectangular Rooms

In practical buildings, rectangular rooms are widely employed
in building design. Fortunately, PD,nr

(d) for rectangular rooms
has a simple closed-form expression. The PD,nr

(d) for one
rectangular room with sizeX × Y is given by Theorem 2 below.

Theorem 2: The PD,nr
(d) for an X × Y rectangular room is

computed by (39), where it is assumed that Y ≤ X and that the
location of the probe UE (x, y) is uniformly distributed in the
considered room. For a rectangular room with a size of X × Y ,
x ∼ U(0, X) and y ∼ U(0, Y ).

Proof: See Appendix E �
Remark 3: Based on the outcome of Sections IV–V, an archi-

tect can use this model to evaluate the wireless energy efficiency
of the BUD following the flowchart in Fig. 8.

VI. NUMERICAL RESULTS

In this section, we specialize our results to nL = 1.73, and
nN = 3.19 following the 3GPP indoor channel model working
at 0.5-100 GHz [27, Table 7.4.1-1].

A. Validations

For buildings tiled by 12 × 2, 8 × 3, and 6 × 4 rectangular
rooms, the simulated and the analytic PD,nr

(d) is given in
Fig. 9. The analytic PD,nr

(d) is computed by Theorem 2. The
simulation results are obtained from the proposed RSA with
Ns = 107 and ΔD = 10 mm. It is observed that the analytic

PD,nr
(d) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

2(X+Y −d)
πXY , 0 ≤ d < Y

2d−2
√
d2−Y 2

πdY , Y ≤ d < X

2 d2−2Y
√
d2−X2−2X

√
d2−Y 2

πdXY , X ≤ d <
√
X2 + Y 2

0,
√
X2 + Y 2 < d

(39)
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Fig. 8. Procedure of building design taking wireless energy efficiency into
account.

Fig. 9. Validation of PD,nr (d) for rectangular rooms.

Fig. 10. Considered scenarios in numerical results. (a) WINNER II A1.
(b) Pure room. (c) Pure corridor.

PD,nr
(d) matches the simulations very well for rectangular

rooms.
For the method validation, the layout of the WINNER II

A1 indoor scenario [28], illustrated in Fig. 10(a), is taken as
an example. The dimension of the building layout is 100 m
× 50 m, and its area is SA = 5000 m2. The building layout

Fig. 11. Validation of PD(d) for the pure-corridor, the pure-room, and the
WINNER II A1 scenario.

Fig. 12. Optimization of IG ratio for various room AR.

consists of 40 rooms, each of which has a size of 10 m ×
10 m. The rooms are connected by two long corridors, each
of which has a size of 5 m × 100 m. For comparison, we further
investigate two extreme building layouts with SA = 5000 m2,
i.e., the pure-room scenario and the pure-corridor scenario, as
shown in Figs. 10(b–c). As a validation, the simulated and the
analytic PD(d) for above scenarios are given in Fig. 11. The
simulation results are obtained from the proposed RSA with
Ns = 107, and the analytic result is computed by (36). It is
observed that the analytic PD(d) matches the simulations very
well.

To validate the optimum ρo, the IG ratios are plotted against
ρ in Figs. 12–13, where solid lines are computed by (26),
and markers are obtained via simulations. The simulations are
carried out by 105 simulating realizations of a PPP network
with an intensity of 0.1 BSs/m2. A uniformly distributed UE is
generated for each realization. In Fig. 12, the aspect ratio (AR)
is the ratio of the width to height of the rectangular room. The
IG ratio for various values of ρ is computed by (26) and ρo is
computed by Theorem 1. Numerical results that ρo is capable to
achieve the maximum IG ratio.
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Fig. 13. Optimization of IG ratio for various room size.

Fig. 14. Impact of room sizes and aspect ratios on ρo.

B. Discussions

Impact of AR on ρo is plotted in Fig. 14, from which the
following observations can be noted:
� For an increasing room size, ρo increases and therefore

more power is required to achieve an optimum IG because
an increasing RL is required to reduce the power of the
strong LOS interference signal.

� For a corridor with a larger AR, even though a fixed area
is applied, strong LOS interference signal is more likely
to appear in the long side direction. Therefore, more ρo is
required to reduce the probability of D > RL.

Impact of room sizes on the maximum IG ratio eI is plotted
in Fig. 15, from which it can be seen that
� For a larger room size, we use a larger ρo, and therefore,

a larger eI is obtained since more power is transmitted in
total.

� However, an increasing AR introduces an increasing LOS
interference power. Therefore, a larger ρo is used to bal-
ance the increased LOS interference power rather than to
enhance the network performance. Therefore, a room with
a large AR leads to large power consumption with lower
wireless network performance.

Fig. 15. Impact of room sizes and aspect ratios on the maximum IG ratio eI.

Fig. 16. Optimization of interference gain for the pure-corridor, the pure-
room, and the WINNER II A1 indoor scenario.

A large eI provides a better building wireless performance,
and a smaller ρo indicates a less power consumption of a build-
ing. However, by changing the size of a room, eI and ρo cannot
be optimized simultaneously. A larger room has higher power
consumption but better wireless performance. Nevertheless, an
increasing AR reduces eI and increases ρo simultaneously. Dur-
ing building design, architects are recommended to reduce ARs
of rooms and corridors to save energy consumption by wireless
networks.

The optimization of ρ assuming the WINNER II A1 indoor
scenario is shown in Fig. 16, where solid lines are computed
by (26), and markers are obtained via simulations. Numerical
results show that in the WINNER II A1 indoor scenario ρo =
68.87. In this case we have that RL = 11.55, and RN = 3.77.
Substituting ρo = 68.87 into (11), the required transmit power
per coverage area obtained as shown in Fig. 17.

The pure-corridor scenario, the pure-room scenario, and the
WINNER II A1 indoor scenario are compared in Fig. 16. Nu-
merical results show that the pure-corridor scenario requires
a significantly larger ρo than the WINNER II A1 scenario to
achieve the optimum IG because corridors therein have a large
AR. Whereas for the pure-room scenario, a slightly less ρo
required than the WINNER II A1 indoor scenario. Moreover,
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Fig. 17. Required transmitting power per coverage area in the WINNER II
A1 indoor scenario.

the achievable IG ratio of the pure-room scenario is nearly 30%
greater than that of the WINNER II A1 scenario. In summary, the
pure-room scenario is more wireless-friendly than the WINNER
II A1 scenario in terms of energy efficiency, but no passageway
access is provided between rooms therein. In the building design
stage, the function and the wireless performance of BUD need
to be jointly considered.

From (28), we conclude that the optimum transmit power per
coverage area for the WINNER II A1 indoor scenario is

PT,o = 68.87Pth

(
4π
λ

)2

. (40)

For an increasing operating frequency, the required PT in-
creases. When Pth = −120 dBWm−2, the optimum PT at
1 GHz and 28 GHz are −69 dBWm−2 and −40 dBWm−2,
respectively.

As a final remark, it is worth noting that even if we have em-
ployed empirical propagation models in our theoretical deriva-
tions, it is only through actual measurements that the final
verification of the proposed theoretical work can be achieved.
Therefore, in the future, the theoretical predictions can strongly
benefit from a comparison with actual measurement results.

VII. CONCLUSION

In this paper, contributions of building layouts and parameters
of wireless networks are decoupled to separately analyze their

contribution to interference gain (IG) of buildings. The maxi-
mum IG ratio of a building in terms of interference gain is defined
in these conditions. Based on the provided definition of IG, the
transmit power per coverage area is optimized by numerically
solving an integral equation. Moreover, the fast optimization of
the transmit power per coverage area facilitates green building
design in terms of wireless power consumption. The standard-
ized WINNER II A1 indoor scenario is exemplified to show the
optimization process of transmit power per coverage area. To
answer the question in the title of this paper, given the operating
frequency wavelength λ and the sensitivity of receiver Pth, the
optimum transmit power per coverage area for the WINNER II
A1 indoor layout isPT,o = 68.87Pth(

4π
λ
)2 dBWm−2. Since the

WINNER II A1 scenario has a floor area of 5000m2, to achieve a
maximum IG ratio, the transmit power of extremely dense small
network in this environment is 5000 × PT,o W. Therefore, we
conclude that the desired energy efficiency can be considerably
improved if a building is designed by taking into account its
wireless energy consumption at an early stage.

APPENDIX A
PROOF OF PROPOSITION 1

Given PD(d), the total power of LOS and NLOS interference
signals, IL and IN, are computed by Lemma 2 and Lemma 3,
respectively.

Lemma 2: Given the PDF PD(d), the total power of the LOS
interference signals is computed by

IL =
2πPthρ

∫∞
0 u

[
d− ρ

1
nL

]
d2−nLPD(d)dd

2 − nL

−
2πPthρ

∫∞
0 u

[
d− ρ

1
nL

]
ρ

2−nL
nL PD(d)dd

2 − nL
. (41)

Proof: According to the definition of IL, given a probe UE at
position (x, y), IL(x, y) is derived from (42) shown at the bottom
of this page. Since the probe UE is assumed to be uniformly
distributed within the BUD, IL is the expectation of IL(x, y)
over random variables x and y, i.e., (43) shown at the bottom of
this page.

If the room is infinitely large, it is observed from (41) that
PD(d) = δ(d−∞) and all interference links are LOS. Un-
der this situation, IB = IL = ∞ if nL < 2, and thus gI = 0
according to (3), which is an extremely bad case. This result is

IL(x, y) =

∫ 2π

0

∫ D(θ,x,y)

RL

PTGL(R)u(D(θ, x, y)−RL)RdRdθ (42)

IL = Ex,y

[∫ 2π

0

∫ D(θ,x,y)

RL

PTGL(R)u(D(θ, x, y)−RL)RdRdθ

]

=
2πPthρ

2 − nL

∫ 2π

0

1
2π

Ex,y

{
u [D(θ, x, y)−RL]

[
D2−nL(θ, x, y)−RL

2−nL
]}

dθ (43)
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consistent with the results in PPP distributed small cells. Therein,
the SIR is always equal to zero and thus the coverage rate is zero.

Considering θ as an uniformly distributed random variable
with a PDF of

Pθ =

{
1

2π 0 < θ < 2π
0 else

(44)

IL =
2πPthρ

2 − nL
E(θ,x,y)

× {
u [D(θ, x, y)−RL]

[
D2−nL(θ, x, y)−RL

2−nL
]}

.
(45)

we then get (45). Since D is determined by θ, x, and y, E(θ,x,y)

is equivalent to ED(θ,x,y). Given the PDF of D for random
(θ, x, y), i.e., PD(d), (45) is rewritten as (41) and the proof
is completed. �

Lemma 3: Given the PDF PD(d), the total power of NLOS
interference signals is computed by

IN =
2πPthρ

∫∞
0 max

{
D, ρ

1
nN

}2−nN

PD(d)dd

nN − 2
. (46)

Proof: Given a probe UE at position (x, y), IN(x, y) is given
by

IN(x, y) =

∫ 2π

0

∫ +∞

max{RL,D(θ,x,y)}
PTGN(R)RdRdθ. (47)

Then, IN is the expectation of IN(x, y), i.e.,

IN =
2πPthρ

2 − nL

∫ 2π

0

1
2π

Ex,y

{
max

{
D, ρ

1
nN

}2−nN

}
dθ.

(48)

By using (44), we obtain

IN =
2πPthρ

2 − nL
E(θ,x,y)

{
max

{
D, ρ

1
nN

}2−nN

}
. (49)

Given PD(d), (49) is rewritten as (46) and the proof is
completed. �

Substituting (41) and (46) into IB = IL + IN, we obtain (16)
and the proof is completed.

APPENDIX B
PROOF OF LEMMA 1

For a small room with PD(d) = 0 for any D > RN, we have

IB,b =

∫ RN

0
IB,0(d, ρ, nL, nN)PD(d)dd. (50)

Substituting (18) into (50), we have

IB,b =

∫ RN

0

2πPthρ
2

nN

nN − 2
PD(d)dd

=
2πPthρ

2
nN

nN − 2

∫ RN

0
PD(d)dd. (51)

Since PD(d) is a PDF, we have
∫ RN

0 PD(d)dd = 1, and
therefore we obtain (19). By substituting (13) and (19) into (3),
we obtain (20).

APPENDIX C
DIFFERENCE BETWEEN THE ARITHMETIC MEAN AND

THE HARMONIC MEAN

According to (21), denotingRg(x, y) =
gI,b

gI(x,y)
, we rewrit the

arithmetic mean as

Ex,y

[
gI(x, y)

gI,b

]
= Ex,y

[
1

Rg(x, y)

]
. (52)

When the probe UE is randomly distributed in the considered
room, Rg becomes a random variable with its PDF denoted
by PRg

(r), and its expected value μ = E[Rg]. However, the
mapping from (x, y) to Rg is too complicated for the derivation
of PRg

(r).
By using PRg

(r), (52) is rewritten by

Ex,y

[
gI(x, y)

gI,b

]
=

∫ +∞

0

1
r
PRg

(r)dr. (53)

Using Taylor series at μ, we have

1
r
=

1
μ
+

+∞∑

n=1

(−1)n

n!μn+1
(r − μ)n. (54)

Substituting (54) into (53), we obtain

Ex,y

[
gI(x, y)

gI,b

]
=

1

Ex,y

[
gI,b

gI(x,y)

] + e, (55)

where the difference

e = Ex,y

[
+∞∑

n=1

(−1)n

n!μn+1
(r − μ)n

]
. (56)

In some previous works, e.g. [37, Eq. (24)], the difference e
was omitted.

APPENDIX D
PROOF OF THEOREM1

Substituting (20) into (24), we have

ρo = argmin
ρ

{∫ +∞

0
K(d, ρ)PD(d)dd

}
, (57)

where the integral can be considered as an integral transform
with a kernel K(D, ρ), which is defined by

K(D, ρ) = uρ
1

nN

0 + u+∞
ρ

1
nN

D2−nNρ
nN−2
nN

+
nN − 2
2 − nL

u+∞
ρ

1
nL

(
D2−nLρ

nN−2
nN − ρ

2nN−2nL
nLnN

)
.

(58)

From (57), we observe that
� K(D, ρ) is determined by network parameters ρ, nL, and
nN, but these are independent of the layout of the building
under design.

� PD(d) is determined by the layout of buildings, but of the
wireless network parameters.
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Fig. 18. Examples of random links with length d in a floor tiled by rectangular
rooms.

To minimize (57), we need to find ρ that is the solution of the
equation

∂
∫ +∞

0 K(d, ρ)PD(d)dd

∂ρ
= 0. (59)

Exchange the order of the integral and the derivative, we have
∫ +∞

0

∂K(d, ρ)

∂ρ
PD(d)dd = 0. (60)

From (58), we have ∂K(D,ρ)
∂ρ as (61) shown at the bottom of this

page. Substituting (61) into (60), we obtain (29).

APPENDIX E
PROOF OF THEOREM 2

A. Computation of PD(d)

Lemma 4: In a rectangular room with a size of X × Y ,
PD(d) is computed by

PD(d) = −dFD(d)

dd
(62)

where FD(d) is the LOS probability of a link with a length d, in
a floor tiled by rectangular rooms of side lengths X and Y , as
shown in Fig. 18 .

Proof: Since PDF is the differentiation of CDF, we have

PD(d) =
dPr [D < d]

dd
. (63)

Substitute Pr[D < d] = 1 − Pr[D ≥ d] into (63), we have

PD(d) = −dPr [d ≤ D]

dd
. (64)

Considering the diagram in Fig. 18, the link with a length
d is in a random position and direction on the floor. Then the
event d ≤ D is equivalent to the event that the link between
the transmitter and the receiver crosses neither horizontal nor

vertical walls, i.e., the random link is a LOS link. By letting
FD(d) denote the LOS probability, we obtain (62). �

It should be noted that computing the LOS probability FD(d)
for the scenario represented in Fig. 18 can be interpreted as a
conventional Laplace’s extension of the Buffon needle prob-
lem [18], [29]. The computations are shown next.

Assuming uniformly distributed links, the joint PDF of
(x, y, θ) is given by

P(x,y,θ) =

{
2

πXY , 0 < x < X, 0 < y < Y, 0 < θ < π
2 .

0, else.

(65)

When d >
√
X2 + Y 2, the link is impossible to be LOS and

FD(d) = 0. Under conditions d < Y , Y ≤ d < X and X ≤
d <

√
X2 + Y 2, FD(d) has different expressions which are

derived as follows.

B. d < Y

When d < Y , the link is LOS only if
⎧
⎪⎨

⎪⎩

x+ d sin θ < X,

y + d sin θ < Y,

0 < θ < π
2 .

(66)

Therefore,

FD(d) =

∫ π
2

0

∫ X−d cos θ

0

∫ Y −d sin θ

0

1
π
2 XY

dxdydθ

=
πXY − 2d(X + Y ) + d2

πXY
, (67)

and following (62), we have

PD(d) =
2(X + Y − d)

πXY
. (68)

C. Y ≤ d < X

When Y ≤ d < X , the link is LOS only if
⎧
⎪⎨

⎪⎩

x+ d sin θ < X

y + d sin θ < Y

0 < θ < arcsin
(
Y
d

) (69)

Therefore, FD(d) is computed by (70) shown at the bottom of
this page. Following (62), we have

PD(d) =
2
(
d−√

d2 − Y 2
)

πdY
(71)

∂K(D, ρ)

∂ρ
=

nN − 2
2 − nL

u+∞
ρ

1
nL

(
nN − 2
nN

D2−nLρ
− 2

nN − 2nN − 2nL

nLnN
ρ

2nN−2nL−nNnL
nNnL

)
+

nN − 2
nN

u+∞
ρ

1
nN

D2−nN ρ
− 2

nN (61)

FD(d) =

∫ arcsin(Y
d )

0

∫ X−d cos θ

0

∫ Y −d sin θ

0

1
π
2 XY

dxdydθ =
2[XY arcsin

(
Y
d

)− Y 2

2 +X
√
d2 − Y 2 −Xd]

πXY
(70)
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FD(d) =

∫ arcsin(Y
d )

arccos(X
d )

∫ X−d cos θ

0

∫ Y −d sin θ

0

1
π
2 XY

dxdydθ

=
2XY

[
arcsin

(
Y
d

)− arccos
(
X
d

)]− (
X2 + Y 2 + d2

)
+ 2Y

√
d2 −X2 + 2X

√
d2 − Y 2

πXY
. (73)

D. X ≤ d <
√
X2 + Y 2

When X ≤ d <
√
X2 + Y 2, the link is LOS only if

⎧
⎪⎨

⎪⎩

x+ d sin θ < X,

y + d sin θ < Y,

arccos
(
X
d

)
< θ < arcsin

(
Y
d

)
.

(72)

Therefore, FD(d) is computed by (73) shown at the top of this
page. Following (62), we have

PD(d) =
2 d2 − 2Y

√
d2 −X2 − 2X

√
d2 − Y 2

πdXY
. (74)

Combining (68), (71), and (74), we obtain (39).
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