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Wireless Friendliness Evaluation and Optimisation

for Sandwich Building Materials as Reflectors
Yixin Zhang, Member, IEEE, Jiliang Zhang, Senior Member, IEEE,

Xiaoli Chu, Senior Member, IEEE, Jie Zhang, Senior Member, IEEE

Abstract—Sandwich-structured building materials are exten-
sively used for energy saving, sound insulation and fire safety pur-
poses. The electromagnetic (EM) waves incident on a sandwich
building material will undergo complicated multiple reflections
across all its layers and affect the indoor wireless performance in
ways that are not yet fully understood. In this article, we establish
a framework to evaluate and optimise the wireless friendliness
of a sandwich building material. First, we derive and analyse the
equivalent reflection coefficient of a sandwich building material.
Then, based on a multipath channel model incorporating the
line-of-sight (LOS) path and the reflections from the sandwich
building material, we propose a metric for evaluating the wireless
friendliness of a sandwich building material, i.e., the spatially
averaged capacity over a room. Finally, we propose an iterative
algorithm to maximise the spatially averaged capacity by jointly
optimising the relative permittivity and thickness of each layer
of the sandwich building material, while ensuring its mechanical
and thermal insulation requirements. Numerical results show that
the spatially averaged capacity can be increased by 25-42% via
the joint optimisation of the relative permittivities and thickness
of all layers of a sandwich building material.

Index Terms—Building wireless performance, channel model,
electromagnetic wave propagation, multipath, permittivity, reflec-
tion, sandwich building material, wireless friendliness.

I. INTRODUCTION

A. Background and Motivation

The vast majority of wireless data traffic is predicted to take

place in indoor environments, being it at home, in the office

or in public buildings [1]–[4]. Meanwhile, users’ demands for

high-speed, reliable and ubiquitous indoor wireless services

are continuing to increase [5]. Indoor wireless networks are

envisioned as the fundamental enablers of smart buildings [6].

The indoor wireless performance is strongly affected by indoor

wireless propagation environments, which are complicated due
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to diverse architectural design [7]–[10]. It has been shown that

the properties of a building material [11]–[16] have a profound

impact on indoor wireless performance.

To meet the increasing data traffic demand, indoor base

stations (BSs) are equipped with large-scale multiple-input

multiple-output (MIMO) antenna arrays [17], which are com-

monly deployed in the proximity of a wall for the sake of

avoiding potential detrimental effects on the safety, function-

ality, and appearance of a room, e.g., in offices [18], hallways

[19], conference rooms [20], and industrial mechanical rooms

[21]. As a result, the interactions between the electromagnetic

(EM) waves propagating indoors and the building materials are

non-negligible in the analysis of indoor wireless performance

[2], [6], [11].

Specifically, the EM waves emitted from the transmitter

often experience complicated reflection processes, e.g., one-

bounce reflection, with the intersecting physical objects before

arriving at the receiver. The received signal power loss caused

by reflections is jointly determined by the polarisation and the

incident angle of the EM waves as well as the intrinsic EM and

physical properties, e.g., the relative permittivity and thickness,

of the building materials [20], [22], [23]. It is worth noting

that a tiny variation in the relative permittivity and thickness

of a building material will bring considerable changes in

its reflection characteristics, and thus in the indoor wire-

less performance [12], [13]. Therefore, the selection/design

of wireless-friendly building materials should be of prime

concern during the building design and planning stage.

B. Literature review

Building materials used for walls, ceilings, floors, windows,

and interior objects differ widely in ingredients. Traditional

ingredients include: concrete, brick, plasterboard, wood, glass

[24]–[29]. Concrete and brick are the typical components in

building facades and the walls between rooms [24], [25]. Plas-

terboards are often used in interior walls to separate two rooms

[26], [27]. Glass and wood are typically used for windows,

doors and partitioners [28]. Besides, traditional ingredients

used for heat insulation include: mineral wool, fibreglass,

cellulose, polystyrene, and polyurethane foam (PUF) [30],

[31]. The advantages of using these traditional ingredients of

building materials include affordable price, readily available

raw materials, and simple production method, which make

them widely applied in constructions. However, since it is

difficult and time-consuming to retrofit them or adjust their

properties, the selection of building materials deserves careful

consideration.
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Practical building materials are generally multi-layer com-

posite materials [27]. A typical concrete exterior wall of a

residential building is a fabricated sandwich-like panel com-

posing of two outlying concrete layers and a heat insulation

layer between them [24], [25]. The interior structures of office

buildings commonly adopt two wall types: a 3-layered struc-

ture with the air layer sandwiched between two plasterboard

layers; or a 4-layered structure consisting of a plasterboard

layer, an air layer, a heat insulator layer, and a concrete layer

[27].

The conductivity, permittivity, and permeability are the three

intrinsic EM properties of a building material [5]. However,

for non-ionised and non-magnetic materials considered in this

work, the conductivity and permittivity are the most important

properties in response to an applied electric field, while the

permeability is commonly approximated by the permeability

of free space µ0 = 4π × 10−7 (N/A2) [5], [25], [32]. That is

because that a non-magnetic material does not exhibit strong

magnetic response and hence the permeability hardly affects

how a wave propagates through the material. Accordingly, the

relative permittivity ε, a complex dimensionless constitutive

parameter, is widely used to represent the EM property of a

non-ionised, non-magnetic building material. The real part and

imaginary part of ε are affected by the permittivity ϵ and the

conductivity σ of the material, respectively [15], [32], i.e., ε =
(ϵ − j σ

ω )/ϵ0, where ω = 2πf denotes the angular frequency

under frequency f and ϵ0 = 8.854× 10−12 (F/m) denotes the

permittivity of free space.

The relative permittivity of a building material may change

with composition, moisture, and working frequency band.

Taking concrete as an example, the three main components

are cement, aggregate and water with a rough proportion of

1:7:2 [24, Table 1], while additional chemical admixtures are

usually added to accelerate or slow down the hydration process

and/or to increase the resistance against frost of hardened con-

crete. It has been shown, through measurements in [24], that

the relative permittivity varies significantly among different

concrete samples of various water-cement ratio, response to

moisture, type and frequency band. For instance, comparing

the S100B and SB45B concrete type [24, Table 2] with the

same water-cement ratio of 0.7, the real parts of the relative

permittivities are 4.89 and 5.72 in 4.5-19 GHz, respectively,

and are 4.77 and 5.6 in 26-40 GHz band, respectively, while

the imaginary parts of the relative permittivities are 0.22 and

0.22 in 4.5-19 GHz, respectively, and are 0.3 and 0.26 in 26-

40 GHz band, respectively. As shown in [25, Fig. 7], among

the 13 concrete samples measured in 7-13 GHz, the one of

the highest water-cement ratio shows the largest variances in

the real part of the relative permittivity measured on different

days. Taking Sample 3 in [25, Table II] as an example, its

real part of relative permittivity is, respectively, 4.89 being

completely dried by oven, 10.25 being lifted up from water

after being immersed in water for two days (i.e., the first

measurement), 7.07 being 24 hours after the first measurement,

and 5.94 being 72 hours after the first measurement. Moreover,

the authors in [33] provided a dataset for various materials’

dielectric properties based on the measurement of the complex

relative permittivities and loss tangents of 20 common materi-

als (including but not limited to plastics, wood and wood-based

materials, glass, gypsum plaster and plasterboard, brick, and

concrete) over a very wide frequency band of 0.2-67 GHz in

a complex indoor environment. It is shown that the frequency

dependence of the material properties is well fitted by using

a single-pole Cole-Cole model [34] for most materials.

The reflection characteristic of a sandwich building material

is influenced by not only each individual layer’s relative

permittivity, but also each layer’s thickness [32]. Considering

the thermal characteristics and the design temperatures, the

thickness of the heat insulation layer has to be specified

according to the type of insulation materials [29, Table 1]. If

the desired thickness is not commercially available, double or

triple layers are applied with staggered joints [29, Sec. 2.1.5].

Increasingly stringent building regulations require good heat

insulation of houses to ensure a high heating efficiency of

buildings [26]. Furthermore, considering the mechanical per-

formance, the total thickness of a sandwich building material

is affected by its usage, e.g., load-bearing walls are usually

much thicker than non-load bearing walls. For instance, the

thickness of load-bearing wythe should be at least 75 mm

thick [29, Sec. 2.1.6].

The “reflection coefficient” of a material describes how

much of an incident EM wave is reflected by an impedance

discontinuity in the transmission medium. Existing studies on

the reflection coefficients of building materials are mostly

through measurements and simulations. The authors in [35]

measured the reflection coefficients of several material samples

(PVC, wooden structures, plaster, mortar, concrete, etc.) in the

frequency range between 8 and 12.5 GHz, and summarised

that, in general, the amplitudes of the reflection coefficient

slightly decrease with the frequency, while the phases decrease

linearly with the frequency because the wavenumber increases

as the wavelength decreases. The authors in [36] verified

through simulations at 350 GHz that multiple reflections

through a material result in higher spatial signal received

power as compared to Fresnel reflections, and emphasised

the importance of including multiple reflections from stratified

building materials. The authors in [37] showed through sim-

ulations at 890 MHz that a multi-ray model (which considers

multiple internal reflections) is more accurate than a single-

ray model (which considers only a single reflection off the

material surface) in modelling the reflection coefficients.

In summary, to the best of the authors’ knowledge, the ex-

isting works mainly focus on measuring the signal attenuations

[2], [20], [23]–[26], [28], relative permittivities [24], [25],

[33], and reflection coefficients [35]–[37] of different sandwich

building materials, missing the level of detail and diversity

of a sandwich building material necessary for evaluating

their impacts on the indoor wireless performance. It is worth

noting that the measurement results are only applicable to

the same building material or similar substitutes under the

measured frequency band. There is a lack of methodology

for evaluating the wireless friendliness of various sandwich

building materials working in a wide frequency range. To fill

this gap, it is necessary to establish the analytical relationship

between the relative permittivity and thickness of each layer

of a sandwich building material and the metrics of indoor
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wireless performance.

To this end, in the framework of building wireless perfor-

mance (BWP) [6], wireless friendliness has been proposed

as a new metric for a building material to measure how it

impacts wireless communications, which is determined by its

constitutive EM and physical parameters [12]. In our previous

work [12], [13], we have evaluated the wireless friendliness

of a single-layer building material, and demonstrated that the

relative permittivity and thickness of a single-layer building

material need to be well configured to avoid the risk of reduc-

ing indoor wireless capacity. The evaluation metric proposed in

[12] is the spatially averaged capacity of an indoor multipath

channel that incorporates both the line-of-sight (LOS) path

and the wall reflection (WR) path. To facilitate a fast and

simple approach, the evaluation schemes in [13] adopt the

spatially averaged logarithmic eigenvalue sum (LES) and

spatially averaged logarithmic eigenvalue product (LEP) of a

two-ray channel that includes the LOS path and the WR path

as metrics. Nonetheless, how the EM and physical parameters

of a sandwich building material influence indoor wireless

performance, which is an important prerequisite for evaluating

and optimising the wireless friendliness of sandwich building

materials, has not been sufficiently studied.

C. Contributions

In this work, we focus on the wireless friendliness evalua-

tion and optimisation of sandwich building materials as reflec-

tors, taking the typical interior structures of office buildings

as examples [27]. As far as we know, this is the first attempt

to bridge the EM and physical parameters of a sandwich

building material and the indoor wireless performance, so as to

provide guidance on the design and optimisation of a sandwich

building material for maximising its wireless friendliness and

thus pave the way for future wireless-friendly architectural

design.

The contributions of this work are summarised as follows:

• We derive and analyse the equivalent reflection coefficient

while considering multiple internal reflections between

layers of the sandwich building materials that are widely

used in office buildings, for both transverse electric (TE)

and transverse magnetic (TM) polarised incident EM

waves. The constitutive terms of the equivalent reflection

coefficient are explained with their physical meaning.

• We compare the downlink capacities from the BS to

a typical user equipment (UE) based on three different

channel models that take the reflections from the sur-

rounding sandwich building materials into account: (i)

the 5-ray model where the LOS path and the 4 WR paths

from the 4 surrounding walls are determined; (ii) the 2-

ray model where the LOS path and the WR path from

the closest wall to the BS are taken as deterministic com-

ponents, while the other multipath components (MPCs)

are modelled as independent and identically distributed

(i.i.d.) complex Gaussian variables scaled by the sum

power of the 3 WR paths from the 3 farther walls;

and (iii) the 1-ray model where the LOS path is the

only deterministic component, while the other MPCs are

modelled as i.i.d complex Gaussian variables scaled by

the sum power of the 4 WR paths from the 4 surrounding

walls. Among the above three models, the 5-ray model

is the most realistic model for a rectangular room. In

terms of the downlink capacity spatially distributed in

the considered room, we find that the 2-ray model leads

to an accuracy very close to that of the 5-ray model while

offering a better analytical tractability, i.e., a closed-form

expression of the downlink capacity. Hence, we use the

spatially averaged capacity [12] based on the 2-ray model

as the metric for evaluating the wireless friendliness of a

sandwich building material.

• We formulate an optimisation problem to maximise the

spatially averaged capacity over a typical rectangular

room by jointly optimising the relative permittivities and

thickness of all layers of a sandwich building material,

while ensuring its mechanical and thermal insulation

requirements. An iterative algorithm is proposed to solve

the problem and obtain the optimal values of the relative

permittivity and thickness of each layer. Our numerical

results show that the maximisation of the spatially aver-

aged capacity based on the 2-ray model leads to the same

optimal values of the relative permittivity and thickness

of each layer for a sandwich building material as those

obtained based on the 5-ray model.

• Based on the analytical and simulation results, we find

that the spatially averaged capacity can be enhanced by

25-42% via a joint design of the relative permittivity and

thickness of all layers of a sandwich building material,

compared with the benchmark sandwich building mate-

rial that adopts the relative permittivities given in ITU

recommendations and the typical thickness.

The rest of the article is organized as follows. In Section II,

we provide the expressions for the equivalent reflection coef-

ficient of sandwich building materials, and plot its amplitude

versus the incident angle for the TE and TM polarised EM

waves. In Section III, we compare the downlink capacities

from the BS to the UE based on three multipath channel

models and adopt the spatially averaged capacity based on

the 2-ray channel model as the metric to evaluate the wireless

friendliness of a sandwich building material. In Section IV,

we formulate the wireless friendliness optimisation problem

that aims to maximise the spatially averaged capacity, propose

an iterative algorithm to solve it, and present the simulation

results of the proposed algorithm. Finally, the conclusion of

this article is presented in Section V.

II. REFLECTION CHARACTERISTICS OF SANDWICH

BUILDING MATERIALS

The structure of an M -layered sandwich building material

is shown in Fig. 1(a), where for m ∈ {1, 2, ...,M}, εm and

dm denote the complex relative permittivity and thickness

of the mth layer, respectively, Z0 and Zm denote the wave

impedance in the air and in the mth layer, respectively, ε0 = 1
and θ0 denote the relative permittivity of the air and the

incident angle in the air, respectively.

We adopt the two typical multi-layered interior wall models

for office buildings [27]. In Fig. 1(b), wall A is a 4-layerd
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Fig. 1. Structure of (a) an M -layered sandwich building material, (b) wall
A, and (c) wall B.

concrete wall covered with a heat insulator, an air gap, and

a plasterboard from the inside out. The thickness of the heat

insulator and the air gap sums up to 31 mm. The plasterboard

layer is of 12 mm in thickness, and the concrete layer is

between 150 and 180 mm in thickness. The heat insulator layer

is assumed to be filled with PUF. In Fig. 1(c), wall B presents

a symmetric hollow plasterboard wall, where the air layer of

96 mm is sandwiched between two plasterboard layers, each

of 12 mm thickness.

The wave impedance is dependent on the incidence polari-

sation [32]. Given the TE polarisation or TM polarisation of

the incident electric field, Z0 is given by

Z0 =

{

120π√
1−sin2θ0

, TE polarisation,

120π
√

1− sin2θ0, TM polarisation.
(1)

and Zm (m = 1, ...,M) is given by

Zm =







120π√
εm−sin2θ0

, TE polarisation,

120π
√

εm−sin2θ0
εm

, TM polarisation.
(2)

A. Equivalent reflection coefficient

Following [32, Annex 2], the equivalent reflection coeffi-

cient considering multiple internal reflections between layers

for a 3-layered building material is given by

Γ =
R1

R2
, (3)

where R1 and R2 are given as

R1=jL0,0,1(δ1, δ2, δ3)

(

Z3

Z0
−Z0

Z3

)

+jL0,1,0(δ1, δ2, δ3)

(

Z2

Z0
−Z0

Z2

)

+jL1,0,0(δ1, δ2, δ3)

(

Z1

Z0
−Z0

Z1

)

+jL1,1,1(δ1, δ2, δ3)

(

Z2Z0

Z1Z3
−Z1Z3

Z2Z0

)

,

0 0
,Z

1 1 1
, ,Z d

2 2 2
, ,Z d

3 3 3
, ,Z d

1 2 30,0,0
( , , )L

0 0
,Z

1 1 1
, ,Z d

2 2 2
, ,Z d

3 3 3
, ,Z d

1 2 31,0,1
( , , )L

0 0
,Z

1 1 1
, ,Z d

2 2 2
, ,Z d

3 3 3
, ,Z d

1 2 30,1,0
( , , )L

0 0
,Z

1 1 1
, ,Z d

2 2 2
, ,Z d

3 3 3
, ,Z d

1 2 31,1,1
( , , )L

(a) An example of (b) An example of

(c) An example of (d) An example of

Fig. 2. Illustration for the examples of LX1,X2,X3
(δ1, δ2, δ3) to show

the multiple reflections off the 4 interfaces of a 3-layered sandwich building
material.

R2=2L0,0,0(δ1, δ2, δ3)−jL1,1,1(δ1, δ2, δ3)

(

Z2Z0

Z1Z3
+
Z1Z3

Z2Z0

)

− 2
Z1

Z2
L1,1,0(δ1, δ2, δ3)+jL0,1,0(δ1, δ2, δ3)

(

Z2

Z0
+

Z0

Z2

)

− 2
Z2

Z3
L0,1,1(δ1, δ2, δ3)+jL1,0,0(δ1, δ2, δ3)

(

Z1

Z0
+
Z0

Z1

)

− 2
Z1

Z3
L1,0,1(δ1, δ2, δ3)+jL0,0,1(δ1, δ2, δ3)

(

Z3

Z0
+

Z0

Z3

)

.

in which

L{X1,X2,...,XM}(δ1, δ2, ...δM ) =

M
∏

m=1

cos
(

δm − π

2
Xm

)

,

(4)

where Xm ∈ {0, 1} is a binary variable,

δm = vmdm (5)

denotes the phase rotation of the EM wave in the mth layer,

vm = k

√

εm − sin2θ0 (6)

denotes the propagation constant in the direction perpendicular

to the mth layer, µ and k = 2π
µ denotes the wavelength and

the wavenumber of EM waves in the air, receptively.

As shown in (4)-(6), LX1,X2,...,XM
(δ1, δ2, ...δM ) indicates

that if Xm = 1, ∀m ∈ {1, 2, ...,M}, an internal reflec-

tion occurs off the mth layer; and if Xm = 0, then no

internal reflection occurs off the mth layer. For example,

L1,1,1(δ1, δ2, δ3) indicates that a portion of the incident wave

is reflected back through internal reflections off each of the

three layers. For better understanding, the examples of the

multiple internal reflections off the 4 interfaces of a 3-layered

sandwich building material are illustrated in Fig. 2. As a result,

the value of LX1,X2,...,XM
(δ1, δ2, ...δM ) determined by the

right-hand side of (4) gives the total phase rotation of the EM

wave imposed by the M -layered sandwich building material.
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For a symmetric 3-layered structure, such as wall B shown

in Fig. 1(c), subject to d1 = d3, ε1 = ε3, ε2 = ε0 = 1,

δ2 = kd2
√

1− sin2θ0, Z2 = Z0, the equivalent reflection

coefficient considering multiple internal reflections between

layers is given by

ΓB =
B1

B2
, (7)

where B1 and B2 are given as

B1 = j sin(2δ1) cos(δ2)

(

Z1

Z0
− Z0

Z1

)

+ jsin2(δ1) sin(δ2)

(

Z2
0

Z2
1

− Z2
1

Z2
0

)

,

B2 = 2 cos (2δ1) cos (δ2)+j exp(jδ2) sin (2δ1)

(

Z1

Z0
+
Z0

Z1

)

+j2cos2 (δ1) sin (δ2)−jsin2 (δ1) sin (δ2)

(

Z2
0

Z2
1

+
Z2
1

Z2
0

)

,

The equivalent reflection coefficient considering multiple

internal reflections between layers for a 4-layered building

material is given by

Γ′ =
G1

G2
, (8)

where G1 and G2 are given at the bottom of next page.

For the 4-layered wall A in Fig. 1(b), subject to ε2 = ε0 =

1, δ2 = kd2
√

1− sin2θ0, Z2 = Z0, the equivalent reflection

coefficient considering multiple internal reflections between

layers is simplified as

ΓA =
A1

A2
, (9)

where A1 and A2 are given at the bottom of next page.

By observing the equivalent reflection coefficients in (3)

and (8) for a 3-layered or 4-layered building material, re-

spectively, we find that the equivalent reflection coefficient

of a sandwich building material is a fraction, where both

the numerator and the denominator are complex. Specifically,

G1 = jL0,0,0,1(δ1, δ2, δ3, δ4)

(

Z4

Z0
− Z0

Z4

)

+ jL0,0,1,0(δ1, δ2, δ3, δ4)

(

Z3

Z0
− Z0

Z3

)

+ jL0,1,0,0(δ1, δ2, δ3, δ4)

(

Z2

Z0
− Z0

Z2

)

+jL1,0,0,0(δ1, δ2, δ3, δ4)

(

Z1

Z0
−Z0

Z1

)

+jL0,1,1,1(δ1, δ2, δ3, δ4)

(

Z3Z0

Z2Z4
−Z2Z4

Z3Z0

)

+jL1,0,1,1(δ1, δ2, δ3, δ4)

(

Z3Z0

Z1Z4
−Z1Z4

Z3Z0

)

+ jL1,1,0,1(δ1, δ2, δ3, δ4)

(

Z2Z0

Z1Z4
− Z1Z4

Z2Z0

)

+ jL1,1,1,0(δ1, δ2, δ3, δ4)

(

Z2Z0

Z3Z1
− Z3Z1

Z2Z0

)

,

G2 = 2L0,0,0,0(δ1, δ2, δ3, δ4)− 2L1,1,0,0(δ1, δ2, δ3, δ4)
Z1

Z2
− 2L1,0,1,0(δ1, δ2, δ3, δ4)

Z1

Z3
− 2L1,0,0,1(δ1, δ2, δ3, δ4)

Z1

Z4

− 2L0,1,1,0(δ1, δ2, δ3, δ4)
Z2

Z3
− 2L0,1,0,1(δ1, δ2, δ3, δ4)

Z2

Z4
− 2L0,0,1,1(δ1, δ2, δ3, δ4)

Z3

Z4
+ 2L1,1,1,1(δ1, δ2, δ3, δ4)

Z1Z3

Z2Z4

+ jL0,0,0,1(δ1, δ2, δ3, δ4)

(

Z4

Z0
+

Z0

Z4

)

+ jL0,0,1,0(δ1, δ2, δ3, δ4)

(

Z3

Z0
+

Z0

Z3

)

+ jL0,1,0,0(δ1, δ2, δ3, δ4)

(

Z2

Z0
+

Z0

Z2

)

+jL1,0,0,0(δ1, δ2, δ3, δ4)

(

Z1

Z0
+
Z0

Z1

)

−jL0,1,1,1(δ1, δ2, δ3, δ4)

(

Z3Z0

Z2Z4
+
Z2Z4

Z3Z0

)

−jL1,0,1,1(δ1, δ2, δ3, δ4)

(

Z3Z0

Z1Z4
+
Z1Z4

Z3Z0

)

− jL1,1,0,1(δ1, δ2, δ3, δ4)

(

Z2Z0

Z1Z4
+

Z1Z4

Z2Z0

)

− jL1,1,1,0(δ1, δ2, δ3, δ4)

(

Z2Z0

Z3Z1
+

Z3Z1

Z2Z0

)

.

A1 = jL0,0,0,1(δ1, δ2, δ3, δ4)

(

Z4

Z0
− Z0

Z4

)

+ jL0,0,1,0(δ1, δ2, δ3, δ4)

(

Z3

Z0
− Z0

Z3

)

+ jL1,0,0,0(δ1, δ2, δ3, δ4)

(

Z1

Z0
− Z0

Z1

)

+ jL0,1,1,1(δ1, δ2, δ3, δ4)

(

Z3

Z4
− Z4

Z3

)

+ jL1,0,1,1(δ1, δ2, δ3, δ4)

(

Z3Z0

Z1Z4
− Z1Z4

Z3Z0

)

+ jL1,1,0,1(δ1, δ2, δ3, δ4)

(

Z2
0

Z1Z4
− Z1Z4

Z2
0

)

+ jL1,1,1,0(δ1, δ2, δ3, δ4)

(

Z2
0

Z3Z1
− Z3Z1

Z2
0

)

,

A2 = 2L0,0,0,0(δ1, δ2, δ3, δ4)− 2L1,1,0,0(δ1, δ2, δ3, δ4)
Z1

Z0
− 2L1,0,1,0(δ1, δ2, δ3, δ4)

Z1

Z3
− 2L1,0,0,1(δ1, δ2, δ3, δ4)

Z1

Z4

− 2L0,1,1,0(δ1, δ2, δ3, δ4)
Z0

Z3
− 2L0,1,0,1(δ1, δ2, δ3, δ4)

Z0

Z4
− 2L0,0,1,1(δ1, δ2, δ3, δ4)

Z3

Z4
+ 2L1,1,1,1(δ1, δ2, δ3, δ4)

Z1Z3

Z0Z4

+ jL0,0,0,1(δ1, δ2, δ3, δ4)

(

Z4

Z0
+

Z0

Z4

)

+ jL0,0,1,0(δ1, δ2, δ3, δ4)

(

Z3

Z0
+
Z0

Z3

)

+j2L0,1,0,0(δ1, δ2, δ3, δ4)

+jL1,0,0,0(δ1, δ2, δ3, δ4)

(

Z1

Z0
+
Z0

Z1

)

− jL0,1,1,1(δ1, δ2, δ3, δ4)

(

Z3

Z4
+

Z4

Z3

)

− jL1,0,1,1(δ1, δ2, δ3, δ4)

(

Z3Z0

Z1Z4
+

Z1Z4

Z3Z0

)

− jL1,1,0,1(δ1, δ2, δ3, δ4)

(

Z2
0

Z1Z4
+

Z1Z4

Z2
0

)

− jL1,1,1,0(δ1, δ2, δ3, δ4)

(

Z2
0

Z3Z1
+

Z3Z1

Z2
0

)

.
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TABLE I
THE NUMERATORS AND DENOMINATORS OF THE EQUIVALENT REFLECTION COEFFICIENTS CONSIDERING MULTIPLE INTERNAL REFLECTIONS FOR

3-LAYERED OR 4-LAYERED SANDWICH BUILDING MATERIALS

 3-layered sandwich building materials 4-layered sandwich building materials 

Numerator 

Real parts —— —— 

Imaginary 

parts 

L , ,   ( )

, ,
 . . ,   ,

, , { , } 

 L , , ,   ( )

, , ,
 . . ,   ,

, , , { , } 

  

L , ,   ( ) 
L , , ,   ( )

, , , ,
 . . ,   ,

, , , { , } 

 

Denominator 

Real parts 

2L , ,   2L , , ,   

2L , ,  

, , , ,
 . . ,   ,

, , { , } 

 2L , , ,  

, , , , ,
 . . ,   ,

, , , { , } 

 

—— 2L , , ,   

Imaginary 

parts 

L , ,   ( + )

, ,
 . . ,   ,

, , { , } 

 L , , ,   ( + )

, , ,
 . . ,   ,

, , , { , } 

 

L , ,   ( + ) 
L , , ,   ( + )

, , , ,
 . . ,   ,

, , , { , } 

 

the constitutive terms in the numerators and denominators

of the equivalent reflection coefficients are summarised in

Table I, where the LX1,X2,...,XM
function and the wave

impedance Zx (for x = 1, 2, ...M ) are given in (4) and (1)-(2),

respectively. Due to space limitation, we omit (δ1, δ2, ...δM )
from LX1,X2,...,XM

(δ1, δ2, ...δM ) in Table I. The constitutive

terms characterise the multiple reflections off the M +1 inner

surfaces inside the M -layered sandwich building material. The

wave impedance-dependent constitutive terms, e.g.,
(

Za

Zb

)

,
(

Za

Z0
− Z0

Za

)

, and
(

ZbZ0

ZaZc
− ZaZc

ZbZ0

)

(for a, b, c = 1, 2, ...M ),

reveal which layers are involved in internal reflections of

the transverse field through the M -layered sandwich building

material. The phase rotation-dependent constitutive terms, i.e.,

LX1,X2,...,XM
(δ1, δ2, ...δM ), ∀m ∈ {1, 2, ...,M}, are jointly

affected by the incident angle θ0, the relative permittivity of

each layer εm, and the thickness of each layer dm [32].

B. Examples

The equivalent reflection coefficient amplitudes of wall A

and wall B versus the incident angle are presented in Fig. 3

and Fig. 4, respectively. The relative permittivity of concrete,

plasterboard, and PUF at 6 GHz are given in accordance with

[30], [31], [32, Table III]. We can see that the analytical

expressions of the equivalent reflection coefficient match well

with the method given in ITU recommendations [32, Annex

2], which verifies the accuracy of (9) and (7).

We observe that the equivalent reflection coefficient ampli-

tude of a sandwich material varies with the incident angle,

which can be attributed to the interference among the EM

waves reflected from different layers that changes with the

incident angle. This variation with the incident angle becomes

more dramatic for the 3-layered wall B than for the 4-layered

wall A, which can be explained as follows. As shown in (4),

the L function, which is a constitutive term in the numerator

and denominator of the equivalent reflection coefficient, is a

multiplicative of M sine functions of the phase rotation per

layer δm (m = 1, 2, ...,M ). Note that the value of each sine

function is between 0 and 1. As M increases, the value of

the L function varies less significantly with δm. Moreover, as

shown in (5) and (6), δm decreases with the incident angle θ0.

Hence, the amplitude of the equivalent reflection coefficient of

the 3-layered wall B varies more dramatically with the incident

angle than the 4-layered wall A.

Meanwhile, different polarisations of the incident waves

lead to different values of the equivalent reflection coefficient

amplitude. For both wall A and wall B, the TE polarised inci-

dent waves will obtain a larger reflection coefficient amplitude

as compared with the TM polarised incident waves.

Furthermore, we can see that the reflection coefficient

amplitude for the TM polarised incident waves is significantly

reduced at an incident angle of around 60◦. That is because

60◦ is the Brewster angle when the EM waves incident on the

layer 1 from the air, i.e.,
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Fig. 3. Reflection coefficient amplitude for 4-layered wall A, where the
incident wave is either TE or TM polarised, ε1=2.73−j0.137, ε3=1.3−j0.3,
ε4 = 5.24− j0.562, [d1, d2, d3, d4] = [12, 21, 10, 160] mm. The markers
represent analytical values derived by (9) while the solid lines represent values
derived by ITU recommendations [32, Annex 2].

θB = arctan

(√

εLayer 1

ε0

)

,

At the Brewster angle, there is no reflection of parallel

electric field. However, the Brewster angle does not affect the

TE incident waves much, because realising an TE-polarisation

Brewster effect requires a material with magnetic response,

which is challenging for most practical non-magnetic building

materials since the magnetic response of materials is extremely

weak.

III. WIRELESS FRIENDLINESS EVALUATION FOR

SANDWICH BUILDING MATERIALS

A. System model

The system model of an indoor LOS MIMO downlink in a

rectangular room is shown in Fig. 5. The BS is placed on the

centreline perpendicular to one of the walls with a small BS-

wall distance D0 m, and a typical UE is located at an arbitrary

position in the room. The BS and the UE are both fitted with

a uniform linear array (ULA) with the inter-antenna spacing

of d0 m, consisting of NT and NR antennas, respectively. The

ULAs at the BS and at the UE are both assumed to be parallel

to the wall closest to the BS. The four surrounding walls

are made of the same M -layered sandwich building material

defined by each layer’s relative permittivity {ε1, ε2, ..., εM}
and thickness {d1, d2, ..., dM}, as shown in Fig. 1.

As illustrated in Fig. 5, the channel model includes the LOS

path and the 4 one-bounce WR paths from the 4 surrounding

walls, which are denoted by NR ×NT matrices H1, H2, H3,

H4, and H5, respectively. Their corresponding UE location-

specific path lengths, reflection coefficients, angles of depar-

ture (AoD), and angles of arrival (AoA) with respect to the

0 20 40 60 80
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Fig. 4. Reflection coefficient amplitude for 3-layered wall B, where the
incident wave is either TE or TM polarised, ε1 = ε3 = 2.73− j0.137,
[d1, d2, d3] = [12, 96, 12] mm. The markers represent analytical values
derived by (7) while the solid lines represent values derived by ITU rec-
ommendations [32, Annex 2].

centre of the BS’s ULA and the centre of UE’s ULA are given

by Dl, Γl, θTl
, and θRl

, respectively, for l = 1, 2, 3, 4, 5.

Particularly, Γ1 is set to 1 since the LOS path gain is not

affected by the surrounding sandwich building materials. Γl

(for l = 2, 3, 4, 5) denotes the equivalent reflection coefficient

of the M -layered sandwich building material along the lth
path, which is a function of the incident angle, i.e. θIl ,
and the properties of the sandwich building material, i.e.,

{ε1, ε2, ..., εM} and {d1, d2, ..., dM}. For instance, the closed-

form expressions of the equivalent reflection coefficient of a

3-layered or 4-layered sandwich building material are given in

(3)-(9).

Following Friis’ law, the (nR, nT)-th element of H1, H2,

H3, H4, and H5 are given, respectively, by

[H1]nR,nT
=

µΓ1

4πD1
e
−jkD1−j

(

nR−
NR−1

2

)

kβ1−j
(

nT−
NT−1

2

)

kα1 ,

(10)

[H2]nR,nT
=

µΓ2

4πD2
e
−jkD2−j

(

nR−
NR−1

2

)

kβ2−j
(

nT−
NT−1

2

)

kα2 ,

(11)

[H3]nR,nT
=

µΓ3

4πD3
e
−jkD3−j

(

nR−
NR−1

2

)

kβ3−j
(

nT−
NT−1

2

)

kα3 ,

(12)

[H4]nR,nT
=

µΓ4

4πD4
e
−jkD4−j

(

nR−
NR−1

2

)

kβ4−j
(

nT−
NT−1

2

)

kα4 ,

(13)

[H5]nR,nT
=

µΓ5

4πD5
e
−jkD5−j

(

nR−
NR−1

2

)

kβ5−j
(

nT−
NT−1

2

)

kα5 ,

(14)

where j =
√
−1, nT ∈ {0, 1, ..., NT − 1} and nR ∈

{0, 1, ..., NR − 1} are the indices of transmit and receive

antennas, respectively,

αl = d0 cos θTl
,
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Fig. 5. The LOS path and the 4 one-bounce WR paths in a rectangular room.

βl = d0 cos θRl
,

for l ∈ {1, 2, 3, 4, 5}.

On the right-hand side of (10)-(14), µ
4πDl

follows the

contemporary formula of Friis transmission equation, Γl

(for l = 2, 3, 4, 5) denotes the equivalent reflection co-

efficient considering multiple internal reflections between

layers of the M -layered sandwich building material, and

e
−jkDl−j

(

nR−
NR−1

2

)

kβl−j
(

nT−
NT−1

2

)

kαl
gives the phase ro-

tation imposed on the signal due to its propagation from the

nTth transmit antenna to the nRth receive antenna along the

lth path.

B. Comparison of Channel Models

In order to characterise the wireless friendliness of a sand-

wich building material, an accurate and tractable channel

model is required. In this subsection, we compare the fol-

lowing three channel models:

H1ray = H1 +
√

P1H̃, P1 =

5
∑

l=2

∥Hl∥2, (15)

H2ray = H1 +H2 +
√

P2H̃, P2 =

5
∑

l=3

∥Hl∥2, (16)

H5ray =

5
∑

l=1

Hl, (17)

where ∥·∥ denotes the F-norm of a matrix, H̃ is a NR-

by-NT matrix, and each element of H̃ is an independent

and identically distributed (i.i.d.) complex Gaussian random

variable with zero-mean and unit-variance. Note that H1ray

is based on the Rician fading model that characterises only

the LOS path as the deterministic component, H2ray is the

multipath channel model proposed in [12] that characterises

both the LOS path and the WR path from BS’s closest wall as

the deterministic components, while H5ray is the ray tracing

model characterising the LOS path and all 4 WR paths as

deterministic components. In theory, H5ray should be more

accurate than H1ray or H2ray.

The downlink capacities from the BS to the UE based on

H1ray, H2ray, and H5ray are denoted by C1ray, C2ray, and

C5ray, respectively, and are calculated using

CMD = E

[

log2 det

(

I+
ρ

NT
HMDHMD

†

)]

, (18)

where the subscript “MD” can be “1ray” or “2ray” or “5ray”,

ρ denotes the transmit signal-to-noise ratio (SNR), and E(·)
denotes the expectation of a random variable.

In the following, we numerically evaluate the channel

capacity at 6 GHz for various UE locations in a 10 m × 10 m

room, following a typical indoor small office scenario defined

in [38]. The UE and BS each employ a ULA consisting of

4 omni-directional antennas, each with a unit gain and the

inter-antenna spacing of half wavelength. The transmit SNR

is assumed to be 60 dB [39].

Fig. 6 and Fig. 7 show the downlink capacity based on

H1ray, H2ray and H5ray and their difference for wall A or

wall B being the building material of the four surrounding

walls. We can see that C2ray and C5ray are very close to

each other, and their difference is less than 1 bit/s/Hz in most

UE locations. While the difference between C2ray and C1ray

or between C5ray and C1ray is relatively high, e.g., up to

15 bit/s/Hz in certain UE locations. Accordingly, H2ray can

be used as a simple substitute of H5ray for evaluating the

downlink capacity. The reason behind this is that given the BS

deployed very close to a wall to the UE, the LOS path and the

WR path from the closest wall to the UE have similar length,

AoDs, and AoAs. Hence, the interference between these two

paths would be much stronger than the interference between

the LOS path and the WR path reflected from any of the other

3 walls farther away from the BS.

The above results show that the WR path reflected from

the BS’s closest wall has a remarkable impact on the indoor

wireless capacity and should be characterised in the determin-

istic parts of the channel model, while the WR paths reflected

from the other 3 walls can be incorporated as i.i.d components

in the random parts of the channel model. Therefore, we

propose to evaluate the wireless friendliness of a sandwich

building material based on H2ray for simplicity and analytical

tractability.

C. Evaluation Metric of Wireless Friendliness

H2ray can be rewritten as follows [12, (8)-(13)],

H =

√

K0S

1 +K0S
ηH1 +

√

K0S

1 +K0S
ηH2 +

√

1

1 +K0S
H̃,

(19)

where K0 denotes the Rician factor defining the power ratio

between the LOS component and MPCs, and is given by

K0 =
∥H1∥2

∥H3∥2 + ∥H4∥2 + ∥H5∥2
=

1
d2
1

|Γ3|
2

d2
3

+ |Γ4|
2

d2
4

+ |Γ5|
2

d2
5

,

(20)
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(a) The channel capacity of H1ray. (b) The channel capacity of H2ray. (c) The channel capacity of H5ray.

(d) The channel capacity difference between
H2ray and H1ray.

(e) The channel capacity difference between
H5ray and H1ray.

(f) The channel capacity difference between
H5ray and H2ray .

Fig. 6. Comparisons of the channel capacity of H1ray, H2ray, and H5ray for wall A, , where the incident wave is TE polarised, ε1 = 2.73−j0.137,
ε3=1.3−j0.3, ε4=5.24−j0.562, [d1, d2, d3, d4]=[12, 21, 10, 160] mm, and D0 = 37.5 mm.

S ≜
∥H1+H2∥

2

∥H1∥
2 denotes the power ratio of the summation of

H1 and H2 to H1 and is given by

S =
D2

1

D2
2

|Γ|2 + 2S0D1

NTNRD2
ℜ
(

Γe−j2π
D2−D1

µ

)

+ 1, (21)

S0 =
sin

(

NT

2 (α2 − α1)
)

sin
(

1
2 (α2 − α1)

)

sin
(

NR

2 (β2 − β1)
)

sin
(

1
2 (β2 − β1)

) ,

and

η =

√
NRNT

∥H1 +H2∥
denotes the normalisation parameter subject to

E[Tr{HH
†}] = NRNT,

where Tr (·) denotes the trace of a matrix.

Following our previous work [12], we adopt the spatially

averaged capacity over a room as the metric for evaluating

the wireless friendliness of the sandwich building material.

We take X×Y sample points evenly distributed across the

considered room, and calculate the spatially averaged capacity

over it by

Cavg =
1

XY

X
∑

a=1

Y
∑

b=1

C (xa, yb), (22)

where xa and yb denote the coordinate values of the a-th

sample point along the x axis and that of the b-th sam-

ple point along the y axis, respectively, a ∈ {1, 2, ..., X},

b ∈ {1, 2, ..., Y }, C (xa, yb) in bit/s/Hz denotes the downlink

capacity at the UE location (xa, yb) and its closed-form

expression is given in Appendix A following [12, Theroem

2]. Generally, a greater value of Cavg corresponds to a better

wireless friendliness of the sandwich building material.

IV. WIRELESS FRIENDLINESS OPTIMISATION FOR

SANDWICH BUILDING MATERIALS

As the spatially averaged capacity in (22) is an effective

metric for evaluating the wireless friendliness of a sandwich

building material, the wireless friendliness of a sandwich ma-

terial can be optimised by maximising the spatially averaged

capacity. In this section, we formulate an optimization problem

to maximise the spatially averaged capacity by optimising the

properties of each layer, including the real part of relative per-

mittivity, imaginary part of relative permittivity, and thickness,

under the premise of ensuring the mechanical and thermal

insulation requirements of the sandwich building material.

A. Problem formulation

For an M -layered building material, the optimisation prob-

lem is formulated as

max
ℜ(εm),ℑ(εm),dm,
for m=1,2,...,M

Cavg

s.t. ℜ(εm) ∈ Υtype,m, for m = 1, 2, ...,M,

ℑ(εm) ∈ Ωtype,m, for m = 1, 2, ...,M,

dm ∈ Ξtype,m, for m = 1, 2, ...,M,
M
∑

m=1

dm ≥ Ttype,

1
M
∑

m=1

dm

κtype,m

≤ Utype.

(23)
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(a) The channel capacity of H1ray. (b) The channel capacity of H2ray. (c) The channel capacity of H5ray.

(d) The channel capacity difference between
H2ray and H1ray.

(e) The channel capacity difference between
H5ray and H1ray.

(f) The channel capacity difference between
H5ray and H2ray .

Fig. 7. Comparisons of the channel capacity of H1ray, H2ray, and H5ray for wall B, where the incident wave is TE polarised, ε1= ε3=2.73−j0.137,
[d1, d2, d3]=[12, 96, 12] mm.

where ℜ(·) and ℑ(·) denote the real and imaginary parts of

a complex value, respectively, Υtype,m, Ωtype,m, and Ξtype,m

are the typical value ranges of the real part of the relative

permittivity, the imaginary part of the relative permittivity,

and the thickness of the m-th layer of a sandwich building

material, respectively, Ttype is the minimum required total

thickness of the sandwich building material to guarantee

its mechanical performance, Utype is the maximum allowed

thermal transmittance of the sandwich building material to

guarantee its thermal performance [40], κtype,m denotes the

thermal conductivity of the m-th layer of the sandwich build-

ing material, and the subscript “type” is either “A” or “B”

corresponding to wall A or wall B, respectively. The problem

in (23) involves 3M optimisation variables.

For the 4-layered wall A shown in Fig. 1(b), the optimisation

problem needs to include the following three extra constraints

d2 + d3 = 31 mm,ℜ(ε2) = 1,ℑ(ε2) = 0. (24)

Hence, the wireless friendliness optimisation for

wall A involves 9 variables, i.e., ℜ(ε1),ℜ(ε3),
ℜ(ε4),ℑ(ε1),ℑ(ε3),ℑ(ε4), d1, d3, d4.

For the 3-layered wall B with a symmetric structure shown

in Fig. 1(c), the optimization problem needs to include the

following four extra constraints

ε1 = ε3, d1 = d3,ℜ(ε2) = 1,ℑ(ε2) = 0, (25)

Hence, the wireless friendliness optimisation for wall B in-

volves 4 variables, i.e., ℜ(ε1),ℑ(ε1), d1, d2.

B. Iterative algorithm

Since (23) is a non-convex optimisation problem, we pro-

pose an iterative algorithm in Algorithm 1 to solve it. The

rationale behind Algorithm 1 is to iteratively search through

the finite value sets of all the variables in (23) to find the

optimal combination of variable values that maximise the

spatially averaged capacity. The inputs of Algorithm 1 are

as follows: the number of layers M and the type “type”

of the sandwich materials, the typical value ranges of the

real part of the relative permittivity, Υtype,{1:M}, the imag-

inary part of the relative permittivity, Ωtype,{1:M}, and the

thickness, Ξtype,{1:M}, of the M layers of the sandwich

building material, the thermal conductivity of the M layers

of the sandwich building material κtype,{1:M}, the minimum

required total thickness of the sandwich building material

Ttype, the maximum allowed thermal transmittance of the

sandwich building material Utype, the number of variables

ϖtype, the fixed size of the finite value set of each variable γ,

the maximum allowed number of iteration I , and the threshold

Pth of the relative improvement of the spatially averaged

capacity with respect to a benchmark value that will be used

to terminate the algorithm.

In Algorithm 1, the concerned ϖtype variables in (23) are

arranged in the following order: the M real parts of relative

permittivity of the M layers, the M thickness values of the

M layers, and the M imaginary parts of relative permittivity

of the M layers, and are denoted by v1, v2, ..., vϖtype
, where

ϖtype ≤ 3M . For the jth variable vj , ∀j = 1, 2, ..., ϖtype,

with the minimum ej = min(·), the maximum gj = max(·),
and the incremental step size fj =

max(·)−min(·)
γ−1 , we define its
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Algorithm 1: An Iterative Algorithm for Optimising

the Wireless Friendliness of a Sandwich Building Ma-

terial

Input: M , “type”, ϖtype, Ttype, Utype, Υtype,{1:M},

Ωtype,{1:M}, Ξtype,{1:M}, κtype,{1:M}, γ, I , Pth

1 Collect the set-ups of the MIMO-equipped BS µ, NT,

NR, D0, d0, ρT and the parameters of the considered

room W , L, X , Y ;

2 Arrange the ϖtype variables in the following order: the

M real parts of relative permittivity of M layers, the

M thickness values of M layers, and the M
imaginary parts of relative permittivity of M layers,

and denote them by v1, v2, ..., vϖtype
;

3 For the jth variable, ∀j ∈ {1, 2, ..., ϖtype}, calculate

the minimum, the maximum, and the incremental step

size using ej = min (·), gj = max (·), and

fj =
max(·)−min(·)

γ−1 , respectively, and define the finite

value set for vj as Φj ∈ R
γ×1 = [ej : fj : gj ], where

“·” can be Υtype,m or Ωtype,m or Ξtype,m,

∀m = 1, 2, ...,M , ∀type;

4 Initialise v1, v2, ..., vϖtype and denote them by

v
(0)
1 , v

(0)
2 , ..., v

(0)
ϖtype , i = 0;

5 Calculate the spatially averaged capacity

C(0) = Cavg

(

v
(0)
1 , v

(0)
2 , ..., v

(0)
ϖtype

)

using (19) and

record it as the benchmark: Cbench = C(0);

6 while i ≤ I do

7 i = i+ 1; j = 0;
8 while j ≤ ϖtype do

9 j = j + 1;
10 Calculate C(V ) =

Cavg

(

v
(i)
1 , ..., v

(i)
j−1, V, v

(i−1)
j+1 , ..., v

(i−1)
ϖtype

)

using (19) for every V ∈ Φj that meets both

the thickness Ttype and thermal requirement

Utype;

11 C
(i)
max,j = maxV ∈Φj

C(V );

12 Calculate P =

(

C
(i)
max,j−Cbench

)

Cbench
× 100%;

13 if P ≥ Pth then

14 v
(i)
j = argmaxV ∈Φj

C(V );

15 Update the benchmark: Cbench = C
(i)
max,j;

16 else if P < Pth and i ≤ 1 then

17 v
(i)
j = v

(i−1)
j ;

18 else if P < Pth and i > 1 then

19 break;

20 Return the optimised spatially averaged capacity:

C̄avg = Cbench;

21 Collect the final values of v1, v2, ..., vϖtype
and denote

them by v̄1, v̄2, ..., v̄ϖtype
;

Output: C̄avg, v̄1, v̄2, ..., v̄ϖtype

TABLE II
PARAMETER SET-UP FOR ALGORITHM 1

Optimisation variant/Parameter Typical range/Value Unit

ΥA,4 4-7 [32] -

ΩA,4 0.2-0.6 [32] -

ΥA,1 or ΥB,1 or ΥB,3 1.5-4.5 [32] -

ΩA,1 or ΩB,1 or ΩB,3 0.05-0.25 [32] -

ΥA,3 1.2-1.7 [30], [31] -

ΩA,3 0.2-0.9 [30], [31] -

TA 193 mm

ΞA,1 5-20 mm

ΞA,3 8-15 mm

ΞA,4 140-190 mm

ϖA 9 -

TB 120 mm

ΞB,1 or ΞB,3 5-20 mm

ΞB,2 70-110 mm

ϖB 4 -

I 10 -

Pth 1E-6 -

γ 41 -

UA 0.7 W · m−2
· K−1

UB 0.35 W · m−2
· K−1

κA,4 0.92 [40] W · m−1
· K−1

κA,1 or κB,1 or κB,3 0.24 [40] W · m−1
· K−1

κA,2 or κB,2 0.026 [40] W · m−1
· K−1

κA,3 0.024 [40] W · m−1
· K−1

finite value set Φj ∈ R
γ×1 = [ej : fj : gj ], where “·” can be

Υtype,m or Ωtype,m or Ξtype,m, ∀m = 1, 2, ...,M, ∀type. Let

v
(i)
j denote the jth variable at the ith iteration for i = 1, 2, ..., I

and j = 1, 2, ..., ϖtype. The iteration terminates when the

relative improvement of the spatially averaged capacity with

respect to a benchmark value falls below the threshold Pth.

Letting I0 and J0 denote the final values of i and j, respec-

tively, when the iterative algorithm terminates, then Algorithm

1 alternates the concerned optimisation variables in (23) for a

total of I0ϖtype + J0 times.

The outputs of Algorithm 1 are the optimised values of

the spatially averaged capacity C̄avg and the ϖtype variables

v̄1, v̄2, ..., v̄ϖtype
. The computational complexity of Algorithm

1 is in the order of O(Iϖtypeγ). The outcomes of our proposed

Algorithm 1 are reusable, for example, the output values can

be applied to the building materials in several rooms of sim-

ilar size, shape, and functionality in typical office buildings.

Besides, as will be shown in the following simulation results,

the proposed Algorithm 1 converges fastly after 3-5 times of

iteration, which is easy to implement.

C. Simulation results of Algorithm 1

In the following, we present the simulation results for wall A

and wall B using the proposed Algorithm 1. The value/typical

ranges of inputs are given in Table II. The other parameters

are assumed to be the same as in Fig. 6 and Fig. 7. Except the

heat insulation layer, the relative permittivities of other layers

of the sandwich building material are initialised with the ITU

recommended values, which is calculated by the curve-fitting

function of frequency [32, Table 3]. The relative permittivity

of the heat insulation layer is given as the medium of its range

shown in Table II. The thickness of all layer of the sandwich

building material are initialised with the typical values shown
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Fig. 8. Spatially averaged capacity versus I0ϖtype + J0 for wall A, where
D0 = 12.5 mm and D0 = 37.5 mm.

in Fig. 1. The spatially averaged capacity calculated by the

initialised thickness and relative permittivities of all layers of

the sandwich building material are recorded as the benchmark

at the 0th iteration C(0).

Fig. 8 presents the convergence behaviour of the spa-

tially averaged capacity for wall A using Algorithm I based

on channel model H2ray and H5ray, respectively, where

the distance from the BS to the wall is 12.5 mm and

37.5 mm. The thickness and relative permittivity of each

layer are initialised as: [d1, d2, d3, d4] = [12, 20, 11, 160]
mm; [ℜ(ε1),ℜ(ε2),ℜ(ε3),ℜ(ε4)] = [2.73, 1, 1.45, 5.24];
[ℑ(ε1),ℑ(ε2),ℑ(ε3),ℑ(ε4)] = [0.137, 0, 0.55, 0.562].

As shown in Fig. 8, for the 12.5-mm BS-wall spacing,

after 3 times of iteration, the spatially averaged capacity

based on H2ray increases from 2.60 bit/s/Hz to 3.41 bit/s/Hz,

improving 30.98%, while the spatially averaged capacity

based on H5ray increases from 2.55 bit/s/Hz to 3.25 bit/s/Hz,

improving 27.29%. We find that the optimised parameters

of wall A are the same for either using spatially averaged

capacity based on H2ray or using spatially averaged capacity

based on H5ray as the metric for evaluating and optimising

the wireless friendliness of a sandwich building material,

which are given as follows: [d1, d2, d3, d4] = [6.5, 16, 15, 160]
mm; [ℜ(ε1),ℜ(ε2),ℜ(ε3),ℜ(ε4)] = [4.5, 1, 1.7, 6.85];
[ℑ(ε1),ℑ(ε2),ℑ(ε3),ℑ(ε4)] = [0.05, 0, 0.2, 0.2].

As shown in Fig. 8, for the 37.5-mm BS-wall spac-

ing, after 3 times of iteration, the spatially averaged ca-

pacity based on H2ray is lifted from 2.49 bit/s/Hz to 3.22

bit/s/Hz, improving 29.45%, while the spatially averaged ca-

pacity based on H5ray is lifted from 2.45 bit/s/Hz to 3.08

bit/s/Hz, improving 25.91%. The optimised parameters are

found to be the same for either using spatially averaged

capacity based on H2ray or using spatially averaged capacity

based on H5ray as the metric for evaluating and optimis-

ing the wireless friendliness of a sandwich building mate-
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Fig. 9. Spatially averaged capacity versus I0ϖtype + J0 for wall B, where
D0 = 12.5 mm and D0 = 37.5 mm.

rial, which are given as: [d1, d2, d3, d4] = [6.9, 16, 15, 160]
mm; [ℜ(ε1),ℜ(ε2),ℜ(ε3),ℜ(ε4)] = [4.5, 1, 1.7, 6.85];
[ℑ(ε1),ℑ(ε2),ℑ(ε3),ℑ(ε4)] = [0.05, 0, 0.2, 0.2].

Fig. 9 shows the convergence behaviour of the spatially

averaged capacity for wall B using Algorithm I based on

channel model H2ray and H5ray, respectively, where the

distance from the BS to the wall is 12.5 mm and 37.5

mm. The real permittivity and thickness of each layer

are initialised as: [ℜ(ε1),ℜ(ε2),ℜ(ε3)] = [2.73, 1, 2.73];
[ℑ(ε1),ℑ(ε2),ℑ(ε3)] = [0.137, 0, 0.137]; [d1, d2, d3] =
[12, 96, 12] mm.

As shown in Fig. 9, for the 12.5-mm BS-wall spacing, after

4 times of iteration, the spatially averaged capacity based on

H2ray is lifted from 2.51 bit/s/Hz to 3.55 bit/s/Hz, improving

41.63%, while the spatially averaged capacity based on H5ray

is lifted from 2.46 bit/s/Hz to 3.34 bit/s/Hz, improving 35.86%.

We find that the obtained optimisation parameters of wall B are

the same for both using spatially averaged capacity based on

H2ray and using spatially averaged capacity based on H5ray as

the metric for evaluating and optimising the wireless friend-

liness of a sandwich building material, which are given as:

[ℜ(ε1),ℜ(ε2),ℜ(ε3)] = [4.5, 1, 4.5]; [ℑ(ε1),ℑ(ε2),ℑ(ε3)] =
[0.05, 0, 0.05]; [d1, d2, d3] = [7.3, 110, 7.3] mm.

As shown in Fig. 9, for the 37.5-mm BS-wall spacing, after

4 times of iteration, the spatially averaged capacity based on

H2ray increases from 2.42 bit/s/Hz to 3.35 bit/s/Hz, improv-

ing 38.43%, while the spatially averaged capacity based on

H5ray increases from 2.38 bit/s/Hz to 3.16 bit/s/Hz, improving

32.92%. The obtained optimisation parameters of wall B are

the same for both using spatially averaged capacity based on

H2ray and using spatially averaged capacity based on H5ray as

the metric for evaluating and optimising the wireless friend-

liness of a sandwich building material, which are given as:

[ℜ(ε1),ℜ(ε2),ℜ(ε3)] = [4.5, 1, 4.5]; [ℑ(ε1),ℑ(ε2),ℑ(ε3)] =
[0.05, 0, 0.05]; [d1, d2, d3] = [7.3, 110, 7.3] mm.
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Note that, for the BS-wall distance of 12.5 mm and 37.5

mm, the optimised real parts and imaginary parts of the relative

permittivities of all layers of wall A or wall B output from

Algorithm I are the same, and the optimised thickness of

most layers of wall A or wall B output from Algorithm I

are the same, while there is little difference in the optimised

thickness of a small amount of layers, which indicates the

distance between the BS and the sandwich building material

does not affect much the optimised relative permittivites and

thickness of the sandwich building material.

Besides, for a specific sandwich material, e.g., either wall

A or wall B, the relative improvement of the finalised value

C̄avg with respect to the initialised value C(0) of the spatially

averaged capacity decreases with the BS-wall distance. This is

intuitive because the effect of the EM properties of a sandwich

material will affect the indoor capacity more substantially

when it is closer to the BS.

Comparing the relative improvement of the finalised value

C̄avg with respect to the initialised value C(0) in Fig. 8 and

Fig. 9, we can see that, with the same BS-wall spacing,

the room whose BS’s nearest sandwich material is wall B

has greater potential improvement in the spatially averaged

capacity than the room whose BS’s nearest sandwich material

is wall A. That is because as the layers of a sandwich building

material decreases, the value of the relative permittivity and

thickness of each layer of the material affects the indoor

wireless capacity more significantly.

V. CONCLUSION

In this work, we have developed approaches to evaluating

and optimising the wireless friendliness of a sandwich building

material. First, we have derived and analysed the equivalent

reflection coefficient of a sandwich building material for

indoor office scenarios, for both TE and TM polarised EM

waves. Next, based on a multipath channel model incorpo-

rating the LOS path and the WR path from the sandwich

building material, we have proposed a metric for evaluating

the wireless friendliness of a sandwich building material, i.e.,

the spatially averaged capacity over a room. Finally, in order

to optimise the wireless friendliness of a sandwich material,

we have proposed an iterative algorithm to maximise the

spatially averaged capacity by jointly optimising the relative

permittivity and thickness of each layer of the sandwich

material, under the premise of ensuring its mechanical and

thermal insulation requirements. The proposed Algorithm 1

can be used to appropriately select the relative permittivities

and thickness of all layers of a sandwich building material

during the building design and planning stage.

From the numerical results, we have obtained the following

insights:

• The variation in the equivalent reflection coefficient of

a sandwich building material versus the incident angle

becomes more drastic as the number of layers decreases,

as shown in Section II-B.

• The incident EM wave polarisation affects the equivalent

reflection coefficient of a sandwich building material. For

the non-ionised and non-magnetic materials considered

in this work, i.e., wall A and wall B, the TE polarised

incident wave results in a larger reflection coefficient

amplitude than the TM polarised incident wave, as shown

in Section II-B.

• The EM properties and layer structure of a sandwich

building material on indoor wireless capacity is non-

negligible, especially when the BS is in the vicinity of a

surrounding wall. The interference between the LOS path

and the WR path from the wall closest to the BS would

be much stronger than the interference between the LOS

path and the WR paths reflected from the other 3 walls,

as shown in Section III-B.

• The relative permittivity and thickness of each layer

of a sandwich building material can be jointly ad-

justed/designed to achieve a 25-42% increase in the

spatially averaged capacity, as compared with the bench-

mark sandwich building material that adopts the relative

permittivities given in ITU recommendations and the

typical thickness, as shown in Section IV-C.

• For a specific sandwich building material, the relative

improvement of the spatially averaged capacity with

respect to the initialised value that can be achieved by

the proposed Algorithm 1 decreases with the distance

between the BS and the wall, which means that more

substantial indoor capacity gain can be expected when

the BS is deployed closer to a wall, as shown in Section

IV-C.

• The relative improvement of the spatially averaged ca-

pacity with respect to the initialised value that can be

achieved by the proposed Algorithm 1 decreases with

the minimum required total thickness of the sandwich

building material, which means that more substantial

indoor capacity gain can be expected when the sandwich

building material under design has less layers, as shown

in Section IV-C.

• The distance between the BS and the sandwich building

material does not affect much the optimised values of

the relative permittivity and thickness of all layers of the

sandwich building material, as shown in Section IV-C.

Therefore, it is strongly recommended to appropriately

select and/or design the relative permittivities and thickness

of each layer of a sandwich building material during building

design and planning stage.

APPENDIX A

For brevity, the variables denoting the UE location (xa, yb)
are dropped in the following expressions. Following [12,

Theorem 2], the ergodic capacity for a certain UE location

is given by

C = κ
q
∑

j=1

(

q−2
∑

i=1

(ϑ−1)!

(Gi,j)
−1

ϑ
∑

k=1

Eϑ−k+1

(

K0S+1
ρ/NT

)

+
∞
∑

p=0

(Gq−1,jϕ
p
q−1+Gq,jϕ

p
q)

p!(t−q+p)!((τ−1)!(t−q)!)−1

τ
∑

k=1

Eτ−k+1

(

K0S+1
ρ/NT

)

)

,

(26)
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where q = min{NR, NT}, and t = max{NR, NT}, ϑ = t −
q + j + i − 1, τ = t − q + j + p, EQ (x) =

∫∞

1
e−xtt−Q dt

denotes the exponential integral,

ρ =
(K0S + 1)µ2ρT
K0(4πD1)2

, (27)

in which ρT =
E(∥x∥2)
E(∥n∥2)

denotes the signal-to-noise ratio (SNR)

at the BS array,

κ =
exp

(

K0S+1
ρ/NT

− ϕq − ϕq−1

)

ln2 ((t− q)!)
q−1

(ϕqϕq−1)
q−2

(ϕq − ϕq−1)
q−3
∏

l=0

l!

, (28)

ϕq−1 and ϕq are the two non-zero eigenvalues of (H1 +H2)
and are given by [12]

ϕq−1 =
K0D

2
1NTNR

2

(

∥X∥2 −
√

∥X∥4 − 4|det (X) |2
)

,

(29)

ϕq =
K0D

2
1NTNR

2

(

∥X∥2 +
√

∥X∥4 − 4|det (X) |2
)

,

(30)

X=





1
D1

e−j
2πD1

µ + Γ∆β∆α
D2

e−j
2πD2

µ
Γ∆β∥hα∥

D2
e−j

2πD2
µ

Γ∆α∥hβ∥
D2

e−j
2πD2

µ
Γ∥hα∥∥hβ∥

D2
e−j

2πD2
µ



 ,

(31)

[hα]nT
=

e
−j

(

nT−1−
NT−1

2

)

α2 −∆αe
−j

(

nT−1−
NT−1

2

)

α1

√
NT

,

for nT ∈ {0, 1, ...,NT − 1} ,
(32)

[hβ ]nR
=

e
−j

(

nR−1−
NR−1

2

)

β2 −∆βe
−j

(

nR−1−
NR−1

2

)

β1

√
NR

,

for nR ∈ {0, 1, ...,NR − 1} ,
(33)

∆β =
sin (NR (β1 − β2) /2)

NR sin ((β1 − β2) /2)
, (34)

∆α =
sin (NT (α1 − α2) /2)

NT sin ((α1 − α2) /2)
, (35)

and Gi,j is the (i, j)th-co-factor of the q × q matrix Z whose

(l, k)th entry is given by

[Z]l,k =

{

(t− q + k + l − 2)!, 1 ≤ l ≤ q − 2,

1F1(t−q+l,t−q+1,ϕk)

[(t−q+l−1)!]−1 , otherwise,
(36)

where 1F1 (e, o, g) =
∞
∑

s=0

[e]sg
s

[o]ss!
denotes the hypergeometric

function, [r]t = (r+t−1)!
(r−1)! , and (·)! denotes the factorial

function.
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