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Abstract—The tremendous popularity of internet of things
(IoT) applications and wireless devices have prompted a mas-
sive increase of indoor wireless traffic. To further explore the
potential of indoor IoT wireless networks, creating constructive
interactions between indoor wireless transmissions and the built
environments becomes necessary. The electromagnetic (EM) wave
propagation indoors would be affected by the EM and physical
properties of the building material, e.g., its relative permittivity
and thickness. In this paper, we construct a new multipath
channel model by characterising wall reflection (WR) for an
indoor line-of-sight (LOS) single-user multiple-input multiple-
output (MIMO) system and derive its ergodic capacity in closed-
form. Based on the analytical results, we define the wireless
friendliness of a building material based on the spatially averaged
indoor capacity and propose a scheme for evaluating the wireless
friendliness of building materials. Monte Carlo simulations val-
idate our analytical results and manifest the significant impact
of the relative permittivity and thickness of a building material
on indoor capacity, indicating that the wireless friendliness of
building materials should be considered in the planning and
optimisation of indoor wireless networks. The outcomes of this
paper would enable appropriate selection of wall materials during
building design, thus enhancing the capacity of indoor LOS
MIMO communications.

Index Terms—Building material, wireless friendliness, indoor
communications, EM wave, reflection, LOS, MIMO.

I. INTRODUCTION

Internet of things (IoT) connects numerous heterogeneous
devices, and provides infrastructures for smart buildings [1],
[2], smart grids [3], and smart cities [4]. With the roll-
out of 5G systems and the opening horizon of 6G systems,
cellular networks will provide economical, flexible and reliable
wireless connectivities for IoT devices, e.g., by leveraging
5G massive machine type communication (mMTC) [5] and
6G massive broad bandwidth machine type (mBBMT) [6]
technologies.

It is predicted that 80-96% of wireless data traffic will be
consumed indoors in the future [7]. As a result, indoor wireless
traffic required by IoT is growing at an unprecedented rate.
Notably, physical obstacles like walls would affect the indoor
propagation of electromagnetic (EM) waves. Therefore, indoor
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wireless performance should be one of the indispensable
prerequisites when designing buildings [8], [9].

To meet the high data demand and address the capac-
ity crunch in-building, indoor small base stations (BSs) are
usually equipped with large-scale antenna arrays [10], e.g.
consisting of hundreds of antennas, facilitated by multiple-
input multiple-output (MIMO) technology to achieve spatial
multiplexing/diversity gains [11]-[13]. In order to guarantee
a low spatial correlation, the space intervals among antenna
elements of the MIMO antenna array have to be larger
than half wavelength [14], which therefore will increase the
physical dimension of the indoor small BSs and generate
negative weight and visual consequence on a room. Especially
in industrial environment, deploying BSs in the workspace
may increase the risk of accidents.

To avoid any possible negative impact on the functionality
and appearance of a room, a desirable indoor BS deployment
is to integrate MIMO antenna arrays with interior walls [15],
[16], which however will result in non-negligible coupling
between MIMO antenna arrays and building materials [17]—
[19]. Specifically, when an EM wave impinges on a wall
surface, the intensity of the wall reflected wave can be mea-
sured by the reflection coefficient, which depends on the EM
and physical properties of the wall material, i.e., its relative
permittivity and thickness [20]-[25]. The wall reflected EM
waves would be superposed with other EM waves, which
may jointly influence the indoor wireless performance. Hence,
enhancing indoor wireless performance requires a rational
selection and/or design of building materials. In this paper, we
define the wireless friendliness as a new performance metric
of a building material, which is characterised by its relative
permittivity and thickness. A building material with desirable
wireless friendliness would be beneficial to the performance
of indoor wireless networks.

Metamaterials are known as novel artificial structures, which
can be customized to build a programmable EM propaga-
tion environment [26]. The meta-atoms in metamaterials are
software-controlled to firstly capture the signals from the
source and then reflect the signal to the destination actively
or passively [27], [28]. Although metamaterials are expected
to contribute to indoor capacity improvement, they are facing
major challenges such as their design complexity growing
exponentially with the number of meta-atoms. Besides, the
energy efficiency of metamaterial-aided wireless networking
is no better than massive MIMO [29] and relay-supported
transmissions [30].

By contrast, the wireless friendliness of concrete as a widely
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Fig. 1. The LOS path and the WR path between indoor BS and UE.

used building material has not been sufficiently studied. Most
of the existing works on the EM wave propagation loss through
concrete walls were based on measurements [31]-[33]. As far
as we know, a theoretical analysis of indoor multipath capacity
influenced by the EM and physical properties of concrete is
still missing. As will be shown in the subsequent sections, the
appropriate selection of building materials will increase the
baseline value of indoor capacity. Accordingly, the wireless
performance of building materials should be considered inher-
ently in the design of future smart/green buildings. Hence, it is
of vital importance to build an evaluation scheme to identify
the relationship between the wireless friendliness of a building
material and its EM and physical properties [34].

In this paper, we study the impact of building materials,
especially their relative permittivity and thickness, on the
performance of indoor line-of-sight (LOS) MIMO communi-
cations. To the best of our knowledge, this is the first attempt to
study the indoor capacity from the perspective of wall material
design. The main contributions of this paper are summarized
as follows:

o Taking the wall reflection (WR) path into account and
based on distance-dependant Rician fading model, a new
indoor LOS MIMO channel model is proposed.

o The marginal probability distribution function (MPDF) of
an unordered squared singular value, the ergodic capacity
of the indoor LOS MIMO channel, and the squared
singular values of its deterministic part are analytically
obtained in closed forms. These analytical expressions
reveal the relationship between the indoor MIMO channel
capacity and the relative permittivity and thickness of the

building material.

« We propose a scheme based on spatially averaged indoor
capacity, which can be used to evaluate the wireless
friendliness of building materials and to guide the design
of a wireless-friendly building.

o The wireless friendliness performance of building mate-
rials is analysed. The optimal values of the permittivity
and thickness of building materials that maximise the
spatially averaged indoor capacity are obtained for both
the omnidirectional and directional BS antenna arrays.

o The analytical results are verified through Monte Carlo
simulations.

The remainder of this paper is organized as follows. Section

IT introduces system model for indoor LOS MIMO downlink
transmissions. In Section III, the analytical MPDF of an
unordered squared singular value, the ergodic capacity of an
indoor LOS MIMO channel, and the squared singular values
of its deterministic part are derived in closed forms. Then
a scheme used for evaluating the wireless friendliness of a
building material is proposed in Section IV. The impact of
directional radiation pattern is discussed in Section V. Monte
Carlo simulation results are provided to verify all analytical
results in Section V1. Finally, Section VII concludes this paper.

II. SYSTEM MODEL

In this section, we introduce a novel system model for
indoor LOS MIMO communications that incorporates the WR
path and the EM and physical properties of the building
material.

We consider indoor LOS MIMO downlink transmissions, as
shown in Fig. 1. In the considered room, one BS is deployed
close to one of the walls and one user equipment (UE) could be
arbitrarily positioned. Since the strength of a WR path from
a wall other than the wall that is closest to the BS will be
dominated by the distance-dependent path loss, the reflected
paths from the other walls would be much weaker than the WR
path from the wall closest to the BS. Hence, the considered
wall refers to the wall closest to the BS hereafter, and the WR
path refers to the wall reflected path from the considered wall.
The BS is deployed in parallel with the considered wall with
a small distance of D; from the wall. The BS and a typical
UE are equipped with N7 and Ny omnidirectional antennas,
respectively, both in linear arrays with inter-antenna spacing
D. The complex frequency-flat linear channel from the BS to
the typical UE is constructed as

y = Hx +n, (D

where x € CVt*1 y € CV=*1 denote the transmitted signal
and the received signal, respectively, n denotes the additive
white Gaussian noise, and H is a Ng X Nt channel matrix,

o . dl . D
[HL08) g ny = nds exp <—]27r'u—]27ru <(nR_

pI ; D
[HWR]nR,nT - 4drtdy P (_]27T_]27TM ((nR_

NRQ_l) cos (Or, + Af)+ <nT— NT2_1) cos 9T1>) (2)
NRQ_ ! > cos (Or, + A0)+ (nT — NTQ_ ! ) cos 9T2) ) (3)
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subject to E[Tr{HH'}] = NgrNt, where E(-) and Tr{-}
denote the expectation and the trace of a matrix, respectively.

Other than the LOS path, the WR path is taken into account
to capture the impact of building materials on the indoor wire-
less propagation channel. For a certain position in the room,
the LOS path and the WR path are deterministically modelled
by Friis’ formula as Ny X Nt matrix Hrogs and Hwrg,
respectively, whose elements are given in (2) and (3) on the
previous page, respectively, in which nt € {0,1,..., Ny — 1}
and ng € {0,1,..., Ng — 1} are the indices of transmit and
receive antenna elements, p denotes the wavelength of EM
waves in the air, d; and dy denote the length of the LOS
path and the WR path, respectively, 61, and 61, denote the
approximated angle of departure (AoD) of the LOS path and
the WR path at the BS array, respectively, while fr, and
Or, denote the approximated angle of arrival (AoA) of the
LOS path and the WR path at the UE array, respectively, A6
denotes the arbitrary orientation angle of the UE array, where
6T179T279R179R27 Al € {0, 7T}, (9R1 + Ae) and (9R2 + AG)
denote equivalent AoA of the LOS path and the WR path
at the UE array, respectively, and I" represents the equivalent
reflection coefficient of the WR path.

Along the WR path, multiple internal reflections are consid-
ered when the EM wave interacts with the building material.
Using plane wave far-field approximation, the incident angles
of different order reflections are all approximated by . When
the building material is assumed to be a homogenous dielectric
reflector with relative permittivity € and thickness (, the
equivalent reflection coefficient of the WR path is represented
as [20]

1 —exp(—j20)

= r, “4)
1 —TI"% exp(—;26)
where )
0= %C\/ £ — sin’a, 5

and the first-order reflection coefficient I" represents the
transverse electric (TE) polarisation I'rg or the transverse
magnetic (TM) polarisation I'ry; of the incident electric field,
respectively, which are given by:

cosa — Ve — sin®a

For simplicity, Hr og and Hwg are merged as one matrix
H,, which can be decomposed as

H; = A1h§ h,, + Aohj h,,, (8)
M NTNR _jord1
A = J K
! 47Td1 © ’
PV NTNR o d2
Ay =" R 2
2 47Td2 ¢ I

oy = 2w D cos br, /

B1 = 27D cos (Og, + A0)/ p,

e*j(*Ngil)al, efj<1*Nq;l)Oél efj(%)%
= VNy 7 W/Np 77 Ny )
SET)E (- )e ()
Mo\ TR T R T )

where [ € {1,2}.

Based on distance-dependant Rician fading model and the
multipath (MP) effect, our channel matrix H consists of three
components including the LOS part, the WR part, and the MP
part, which can be presented as

K - 1
H= _H —H
\/1+K4Jr 1+ K M

where the deterministic matrix H, including the LOS part and
the WR part, is expressed as

_ H,

= v NrNT,
[[Hy ||

subject to E[Tr{HH'}] = Ng N, with ||-|| denoting the F-
norm. The MP components are assumed to be independent and
identically distributed zero mean and unit variance complex
Gaussian random variables arranged in the Ny x Nt matrix
Hyp. K is the power ratio between the deterministic part H
and the random part Hysp, which can be obtained through

K =KS, (11)

where K is the distance-dependant Rician factor as a function

€))

(10)

Frp = 5 ©)  of d; defining the power ratio between the LOS part and the
cosa+ Ve - st MP part, given by [35, Eq. (5.22)]
or
cosar— /(e — sin®a) /e? K = 8.7+ 0.051d, (dB), (12)
Frv = - : (D and
cosa+ 4/ (e —sin"a)/e? _ [ F _ djw 2Mdy r+1 (13)
A > |d3 NtNgdy ’
(Nr—1)/2 .
1 , sin (T Ng D (cos (0r, + Af)—cos (Or, + A0)) /)
Af=(hl nl)=— —Ba)) = : - 16
M) =g o e U0 = D on () —con By A0 ) (O
(Nr—1)/2 .
1 . sin (7 Np.D(cos 61, —cos
Ao = (hoyho) = 5= D, exp(jglor—az)) (e Dicos O we)/1) (17)

T g=(Nr-1)/2

~ Nrsin (wD(cos O, —cosOr,) /1)
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Np—1 Ng-1
in which M = 5 3 cos(p(ar—asz)+ q(B1—02)).

p=0 ¢=0

III. ANALYSIS OF ERGODIC CAPACITY

In this section, for an arbitrary position in the room, we
derive the two non-zero squared singular values of Hy, the
MPDF of an unordered squared singular value and the ergodic
capacity of an indoor LOS MIMO channel H in closed forms.

A. The distribution of the squared singular value of channel

For notational convenience, we define m = min{Ng, Nt}
and n = max{Ng, Ny}

Lemma 1: Suppose 1, po,...,0,m are the m squared
singular values of Hj, where 1,2, ..., 0;m—2 = 0 and
©Ym—1,9m > 0. The two non-zero squared singular values
of H; are computed in closed-form as

IX* - \/IIXII4 — 4|det (X) 2
Pm—1 = 9 s (14)
1112 + /IX [ - 4]det (X) |2
Om = 9 5 (15)
A+ A ABAa A AR ||hg, ||
AAalhg || Az |he. | (g, |
H
hjj, = hjj, — ABhj,,
h,, =h,, — Ach,,,
and AS and A« are given in (16) and (17), respectively [36].
Proof: See Appendix. ]

Theorem 1: The MPDF of an unordered squared singular
value A of H is computed in (178)_[37], where the two non-zero
squared singular values of VKH are given by

KNRNT@;, KNrNT @,
by = —— o Lgmel - SORSLAL (19)
[[Ha || ([ Al
and KNgN- KNgN
b = R T2<Pm _ R T280m7 20)
[[Ha || [ Al

and D; ; is the (i, j)-co-factor of the m X m matrix Z whose
(I, k)th entry is given by

(Z)l,k = {

m—m+k+1-2), 1<I<m-2

_ _ . 21
h ((T(L”_m,:iln_ 17)7;11’%) , otherwise. (

The hypergeometric function ¢Fy (w, 2?) in (18) is defined in
the series form by

oFy (w’ZQ) :Z (2) ’

(22)

and the hypergeometric function 1 F; (e, 0, ¢) in (21) is given
by

S

esg

1F1 609 R
os.

(23)
s=0

where [r], = (’Ejiz)ll)!.

Proof: Given the channel model in (8)-(13), the channel
matrix H is an Ng-by-Nt non-central Wishart matrix with

mean /1 KH Hence, the MPDF of an arbitrary squared
value of H can be found in [37, (3)], which is derived by the
squared singular values of VKH.

Since H; has only two non-zero squared singular values
given in Lemma 1 and the relationship between H; and H
is given in (10), the two non-zero squared singular values of
VKH are given in (19) and (20), respectively, based on (14)
and (15).

Meanwhile, using [37, Lemma 2], we get

0F1(n—m-+1,(K+1)(9i+7:)A) Cii (9i+7:)

lim

70 H (p1+71)—(Pr+T71))

_ D (8i47) 24)
"h (=10 T1 o7 2(bm—bm1)

l=m—

where 7 = {71, 72, ..., T, } is an m-dimensional vector whose

elements are distinct,
)\iil[ m+ ]‘]1 1
otherwise,

fZ()\):{OF1<7’l—m+1,( )¢1)\)7
(25)

D, ; is given in (21) and C;; in [37, (3)] is the (¢, 7)-co-
factor of the m x m matrix A whose (¢, j)th entry is A; ; =
(n—m+j—1gFi(n—m+jn—m-+1,¢;). Since the
H has only two non-zero squared values, its MPDF can be
derived as (18) by substituting (24) and (25) into [37, (3)]. &

1<i<m-—2,

B. Closed-form ergodic capacity

Theorem 2: The ergodic capacity at a typical position is
given by (26), where the average signal-to-noise-ratio (SNR)

6_¢m_(b7n—1_(k+1))\ m

(K +1)n)" "+

f) =
m((n=m))X S (6 )™ (6

) T (= m 4 1)
=0

—1 i OFl (n -—m+ 1, ([_( + 1)¢m—1)\)

(18)

L (= (-1 v K+1 i
0 =3 (£ U s pn (K1) 43

j=1 p=0

(Dm—l,j)_l

+OFl(n_m+1(_1 L)pmA ))
(Dm,j)

( m— 1j¢m 1+ij¢

pl(n—m+p)((r—1)(n

e (5)

(26)
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Fig. 2. Cartesian coordinates for a room, e.g. W = L = 10 (m), where the
BS is close to the considered wall and there is an L-shaped route inside.

at each receiver branch is given by

= 2
p= f(HH1|| PT 27)
(K + 1) NNy’
in which pr = E (HxH2>/]E <||n||2) refers to the SNR at
transmitter side,

o exp (SI\{;{{% - ¢m - ¢m—1)
- m—3
2 ((n — m))™ " (Smbm-1)""" (bm — bm—1) [ !
Ts)

d=n—-m+j+i—-1lL,7=n—m+j+p, and Eg (x) =
[T et at.

Proof: The ergodic capacity can be derived by taking the
expectation with respect to A as follows [38]

C(p) = mE [k)g2 (1 + pA)]

N-
o ' (29)
:m/ log, <1+ pA) F AN,
0 Nt
where f(A) is given in (18). The integral over
A in (29) is computed by the series expansion of

oF1 (n -m+1, (f( + 1) (;Si)\) in (22) and

m(l ol Pdy= WIS~ E (Y
/0 n(1l+w)) e g 1221 41 (w)

(30)
in [39, Appendix A]. Thus, the ergodic capacity at a typical
UE position is given in (26). ]

IV. WIRELESS FRIENDLINESS EVALUATION SCHEME FOR
BUILDING MATERIALS

In this section, we investigate how friendly a wall is to
indoor LOS MIMO transmissions. Aiming to quantify the
wireless friendliness of a building material, a reasonable indi-
cator is the expectation of capacity E(C'). However, the value

Algorithm 1: An Wireless Friendliness Evaluation
Scheme for a Building Material
Input: €0, C, K, Hy W, L, X, Y, NT, NR, D, Dl, PT
Output: Coyg

1 Calculate the step in x axis: A, = w.

2 Calculate the step in y axis: A, = L);_i] ;

3 Determine the coordinates (z,y) of all sample points :
x=—W/2+ (Ay/2): Ay : W/2 - (A,/2);
y=D1: Ay L;

Determine the BS position located at (0, D1 );

for i =1;4 < X do

for j =1, <Y do

Determine the UE location (z;,y;);
Calculate dy, ds, 61,, O1,, r, and Ogr,, «;
Calculate I" with (4)-(7);

10 Constructe H with (8)-(13);

11 Derive C (z;,y;) with (26)-(28);

12 Calculate Cy,s with (31);
13 return Cayg;

of E(C') cannot be calculated straightforwardly. An alternative
solution is to average the capacity values over dense sample
points inside the room, since the limit of the mean capacity
values over sample points equals E(C') as the sampling density
approaches infinity.

Building a two-dimensional Cartesian coordinate system
inside a W x L rectangular room as shown in Fig. 2, we take
XY sample points spatially evenly distributed throughout the
room. For a UE at the location (z;,y;) where i € {1,2, ..., X'}
and j € {1,2,...,Y}, its downlink ergodic capacity can be
computed by (26)-(28) and denoted as C (x;,y;) in bit/s/Hz.
The capacity spatially averaged over all sample points, used as
an evaluation indicator for measuring the wireless friendliness
of a building material, is given by

| XY
Cavg = WZZC(L‘,,%)-

i=1 j=1

€2y

According to [20], a simple expression of relative permit-
tivity € is given by € = €9 — je1, where the real part and the
imaginary part can be expressed as a function of frequency
f,ie, 0 =uf’ and &1 = 17.980/f, where o = rf? is the
conductivity of the building material, and constants u, v, r and
t are compiled in [20, Table III]. In the following, we focus
on the permittivity and thickness of the building material.

Permittivity: The permittivity in this paper refers to the real
part of relative permittivity £o. The imaginary part is assumed
to be a constant. Note that both ¢ and ¢( are unitless.

Thickness: Since the building material in this paper is
assumed to be a homogenous dielectric reflector, the building
material’s thickness of { equals to that of the wall.

The scheme for evaluating the wireless friendliness of a
building material is given in Algorithm 1. The permittivity £q
and the thickness ¢ of a wall material are the inputs, and the
output Clyye is computed following (31) as an indicator of its
wireless friendliness. A higher C,,, indicates that a wall made
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Fig. 3. The impact of the radiation pattern of a directional BS antenna on
the EM propagation along the LOS path and the WR path.

of this kind of material would be more friendly to indoor LOS
MIMO communications.

V. IMPACT OF DIRECTIONAL RADIATION PATTERN

In this section, we consider each transmit element in the BS
linear array as a directional antenna, as shown in Fig. 3. The
main lobe directivity gain and the back lobe directivity gain
are denoted as vy, and vy, respectively, where 12 + V2 = 2
according to the energy conservation law. Due to the dynamic
attitude of UE, we assume an omnidirectional antenna for the
UE antenna for analytical tractability. The deterministic part
of H; should be rewritten accordingly as

H) = vnA1hj h,, + 154205 hy,. (32)

The two non-zero squared singular values of H) are derived

by replacing X in (14) and (15) with
] . (33)

The K in channel model (9)-(13), the squared singular
distribution of channel (18)-(20) and the ergodic capacity (26)-
(28) should all be replaced by K’, where K/ = KS’, K is
the Rician factor given by (12), and

I/mA1 + VbAQAﬁAOL VbAQAB ||ha*
wA2Aa |hg, || Az [|ha. | [[hg, ||

!’

2Md11/b
NTNRdQVm

2.2

™
2.2

dZVm

r+1j.

(34)

1AL )*

Meanwhile, the ergodic capacity C(p’) for directional an-
tenna cases should be derived by the average SNR at each
receiver antenna p’, which is given by

R il 1 )
(K'+1) NgNt'

The wireless friendliness evaluation scheme for directional

BS antenna arrays is similar to Algorithm I by using (32)-(35).

TABLE I
MAIN SIMULATION ASSUMPTION

Parameter name Parameter value

Frequency f (GHz) 6
Room width W' (m) 10
Room length L (m) 10
Inter-antenna spacing D = u/2 (m) 0.025
The distance from BS to wall D1 (m) 0.0375
Number of BS antennas N 4
Number of UE antennas Ny 4
Samples along room x axis X 100
Samples along room y axis Y 100

VI. NUMERICAL RESULTS

In this section, we present and analyse the numerical
results for both omnidirectional and directional BS antenna
arrays to present a comprehensive understanding of the impact
of building materials as reflectors on indoor LOS MIMO
communications. Subsection A-C show the results for the
omnidirectional BS antenna array, while Subsection D shows
the results for the directional BS antenna array.

The parameters used in the simulations are given in Table 1.
The incident wave is assumed to be TE polarised. The trans-
mission power of the BS is assumed to be equally allocated
to every transmit antenna element. The BS is deployed at
point (0, D7) and its antenna array is deployed parallel to the
considered wall. In the Monte Carlo simulations, the ergodic
capacity at point (z;,y;) is computed by

Csim (24,y;)=E [log2 det (IerHHT)] . (36)
Nt

A. The ergodic capacity for a specific sample point

In this subsection, we take three points, i.e. (0.3, 0.25), (4.5,
8.0) and (-2.5, 0.55), as examples to verify the correctness of
analytical expression of (18)-(20) and (26)-(28). The Rician
factor K of the three points is computed by (12) accordingly.
Fig. 4 depicts the MPDF of an unordered squared singular
value of the LOS MIMO channel. It is found that the MPDF
becomes more concentrated as K is reduced, which reveals
that the squared singular values of matrix H are more evenly
distributed and thus results in a larger ergodic capacity.

Fig. 5 shows the ergodic capacity versus the transmit
SNR. The ergodic capacity increases when the transmit SNR
increases. Meanwhile, a larger K leads to a lower ergodic
capacity under the same transmit SNR due to the less con-
centrated MPDF of an unordered squared singular value of
channel matrix H.

From the results for Af being 0 and 7/2 in Fig. 4 and Fig.
5, respectively, we can see that A6 has a limited impact on the
MPDF of an unordered squared singular value and the ergodic
capacity of indoor LOS MIMO channel. This is because AfS
in (16) is hardly affected by Af. When A6 increase from 0
to m, AS is always very close to 1. As a result, the squared
singular values of H derived by (14)-(15) will not change
much with Af. Consequently, the MPDF of an unordered
squared singular value in (18)-(20) and the ergodic capacity
in (26)-(28) of H will stay nearly constant for varying A#.
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values when Af = 0 and A6 = 7/2, respectively.
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simulation values while red solid lines and blue dash lines represent analytical
values when Af = 0 and A = 7/2, respectively.

Therefore, due to the space limitation, all the numerical results
hereinafter are conducted when A6 = 0.

B. The ergodic capacity distribution in a square room

To verify the accuracy of the evaluation indicator Cyy, in
(31) and the usefulness of Algorithm 1, the ergodic capacity
at different positions is studied in this subsection.
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Fig. 6. Ergodic capacity at the points for L-shaped route, for ( =
€ = 5.31 — j0.5861f0-1905 Markers represent simulation values while
both the solid and dash lines represent analytical values.
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Fig. 7. Ergodic capacity distribution in the 10 m x 10 m square room, for
pT = 60 dB, ¢ = 0.2, ¢ = 5.31 — j0.5861 01905 Markers represent
simulation values while the lines represent analytical values.

We design a L-shaped route that includes some typical UE
positions in the square room, as shown in Fig. 2. The ergodic
capacities from point a to j along this route, in the presence
or absence of WR path, are shown in Fig. 6. The dash lines
illustrate the results taking into account the WR path. From
point a to e, we observe an increase in capacity as the UE is
approaching the BS except for point d, where the slump in
ergodic capacity is due to the power cancellation caused by



IEEE INTERNET OF THINGS JOURNAL

o
n

(ZH/S/1q) [9pOW URTOTY PuUE [9poUI N0
U22M32q 20uaIpIp Aoedes oy,

Fig. 8. The ergodic capacity difference between our proposed channel and the
Rician channel, for pp = 60 dB, ¢ = 0.2, & = 5.31—50.5861f~0-1905 The
positive/negative difference indicates constructive/destructive interference.
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the destructive combination of the LOS path and the WR path.
When the UE moves from point e to i, the capacity declines.
This is different from the ergodic capacity under the Rician
fading model without considering the WR path that would
monotonically decrease with an increasing UE-BS distance,
as shown by the solid lines in Fig. 6.

The spatial distribution of the ergodic capacity in a square
room using our proposed model is shown in Fig. 7. It is
observed that the ergodic capacity is not a monotonic function
of the UE-BS distance. This phenomenon can be attributed
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Fig. 10. Impact of wall thickness on spatially averaged capacity for the
omnidirectional BS antenna array for p = 60 dB.
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Fig. 11. The composite impact of permittivity and thickness on spatially
averaged capacity for the omnidirectional BS antenna array for pt = 60 dB.

to the constructive and destructive interference between the
EM waves along the LOS path and the WR path. The length
difference in O(\) leads to the great changes of the amplitude
and phase of the superposed EM wave arriving at the UE.
Fig. 8 plots the ergodic capacity difference between our
proposed channel model based on (8)-(13) and the Rician
fading channel model. The position with a positive/negative
difference corresponds to a location that experiences the
constructive/destructive interference between the EM waves
along the LOS path and the WR path. We can see that the
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Fig. 12. The MPDF of an unordered squared singular value at three points,
for ¢ = 0.2, ¢ = 5.31 — 50.5861f~0-1905 Markers represent simulation
values while lines represent analytical values.

positions suffering from the destructive interference appear
in certain directions, along which the Fabry-Pérot resonance
phenomenon of EM waves is observed.

Concluded from Fig. 6-8, the impact of the WR path
that characterises the EM and physical properties of building
materials on indoor ergodic capacity is non-trivial, which
cannot be ignored in indoor LOS MIMO communications.

C. The impact of wall permittivity and thickness on spatially
averaged capacity

In order to identify a wall material with desirable wireless
friendliness, the relationship between the evaluation indicator
named spatially averaged capacity Cy and the key parame-
ters, i.e., the permittivity ¢ and the thickness ¢ of building
materials is shown in this subsection.

Fig. 9 and Fig. 10 plot the spatially averaged capacity as
a function of the permittivity and the thickness of building
materials, respectively. In Fig. 9, as the permittivity increases
from 3.5 to 7.5, the envelope of each spatially averaged
capacity curve presents a upward trend. The variation in the
spatially averaged capacity becomes more significant with the
increase of the permittivity. In Fig. 10, for a given permittivity,
as the wall thickness increases, the spatially averaged capacity
first fluctuates with it under a decreasing envelope and grad-
ually converges to a constant value when the thickness goes
beyond 0.25 m. We observe quite severe fluctuations of the
spatially averaged capacity at relatively small wall-thickness
values. That is because the reflection coefficient amplitude
fluctuates more severely when the wall is thinner. It should
be highlighted that a tiny lapse in the wall permittivity or the
thickness would bring about changes in the spatially averaged
capacity of up to 0.19 bits/s/Hz.
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Fig. 13. Relationship between ergodic capacity and transmit SNR at three
points, for ¢ = 0.2, ¢ = 5.31 — j0.5861 91905 Markers represent
simulation values while lines represent analytical values.

pT:SOdB No WR
py=60dB No WR
py=50dB WR
p;=60dB WR

[ee)

~

Ergodic Capacity (bit/s/Hz)
S B (V)] [e)}

[\

Point

Fig. 14. Ergodic capacity at the points for L-shaped route, for ¢ = 0.2,
e = 5.31 — j0.5861f~0-1905 Markers represent simulation values while
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The composite impact of the building material’s permittivity
and thickness on the spatially averaged capacity is illustrated
in Fig. 11. When the permittivity and the thickness are
configured in the range from 1.5 to 7.5 and from 0.1 to
0.25 m, respectively, we observe that the optimal parameter
pair of [gp, (] resulting in the highest spatially averaged
capacity of 2.763 bits/s/Hz is [6.92, 0.1], while the worst
pair resulting in the lowest spatially averaged capacity of
2.415 bits/s/Hz is [1.50, 0.1]. We can conclude that certain
combinations of the wall thickness and permittivity values lead
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to peak values of the spatially averaged capacity, which can
be more than 14.4% higher than the lowest spatially averaged
capacity values associated with some combinations of the wall
thickness and permittivity values that should be avoided during
the selection and/or design of building materials.

D. Analysis for directional BS antenna array

In this subsection, Fig. 12-17 depict the numerical results
for the directional BS antenna array. The main lobe directivity
gain and the back lobe directivity gain are assumed as vy, =
V/1/3 and v, = \/5/3, respectively.

Fig. 12 and Fig. 13 are plotted for the same three sample
points shown in Fig. 4 and Fig. 5, i.e. (0.3, 0.25), (4.5, 8.0)
and (-2.5, 0.55). It is found in Fig. 12 that the MPDF of an
unordered squared singular value of the LOS MIMO chan-
nel becomes more concentrated and that the largest squared
singular value of the LOS MIMO channel becomes larger,
when compared with the omnidirectional BS antenna array
in Fig. 4. Moreover, the difference between the MPDF under
different Rician factor K becomes less substantial. In Fig. 13,
the ergodic capacity shows an increasing trend with the rise of
transmit SNR. When comparing the red lines in Fig. 5 with the
red lines in Fig. 13, the ergodic capacity under the directional
BS antenna array is shown to be larger than that under the
omnidirectional BS antenna array.

Given the same 9 points along the L-route drawn in Fig. 2,
Fig. 14 shows similar results from Fig. 6. Even though there is
less change in ergodic capacity in the presence or absence of
the WR path compared with the omnidirectional BS antenna
array, it still appears some positions that suffer destructive
interference, such as point d.

With regards to the impact of the wall permittivity and
thickness on spatially averaged capacity, significant variation
up to 0.093 bits/s/Hz can be observed from Fig. 15 and Fig.
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Fig. 17. The composite impact of permittivity and thickness on spatially
averaged capacity for the directional BS antenna array for pr = 60 dB.

16. In Fig. 17, it is found that the optimal wall parameter pair
of [gg, (] leading to the highest spatially averaged capacity
of 3.057 bits/s/Hz is [6.84, 0.10], while the worst pair leading
to the lowest spatially averaged capacity of 2.887 bits/s/Hz
is [1.50, 0.10]. The 5.9% difference in the spatially averaged
capacity generated by the certain combinations of the wall
permittivity and thickness is worthy to be considered.

The results above indicate that for directional BS antenna
arrays, the EM and physical properties of building materials
will definitely exert a substantial influence on a room’s wire-
less performance.
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VII. CONCLUSIONS AND FUTURE WORKS

In this paper, we firstly construct a new indoor LOS MIMO
downlink channel model by considering the impact of building
materials on indoor wireless performance. Then, the MPDF
of the squared singular value and the ergodic capacity of the
indoor LOS MIMO channel and the squared singular value
of its deterministic part are obtained in closed forms. On
this basis, a scheme for evaluating the wireless friendliness
of building materials is provided. The analytical results are
verified through Monte Carlo simulations conducted in the
6 GHz band. Numerical results demonstrate that building
materials as reflectors have to be well selected or designed
to avoid the risk of reducing indoor wireless performance,
because a minor discrepancy in the configuration of the relative
permittivity and thickness of the wall material might cause
over 14.4% losses in indoor capacity.

This work is the first attempt to investigate how indoor
capacity is influenced by the EM and physical properties
of building materials, which has laid a solid foundation of
wireless friendliness evaluation of indoor built environments.
In future works, there are some extensive research directions
worthy of in-depth study, including but not limit to: 1) Multi-
layer building materials: It is of great necessity to analyse
both single-layer and multi-layer building materials. One of
the challenges is that the analytical relationship between the
indoor MIMO capacity and the EM and physical properties of
multi-layer building materials is hard to find due to the non-
closed-form reflection coefficients [20]. Moreover, the optimal
configuration of multi-layer materials would be formulated
into a multi-variate optimisation problem, the complexity of
which would increase with the number of layers. 2) Millimetre
wave (mmWave): MmWave bands have been a promising
candidate for 5G and B5G wireless network, which has been
widely studied in both theoretical and experimental study. The
propagation mechanism for sub-6 GHz bands and mmWave
bands are substantially different due to the orders of magnitude
change in the wavelength [10], [15], [40]. Hence, the work
extending to mmWave bands should start from the accurate
and tractable modelling of indoor mmWave propagation. An-
other scheme is required to evaluate the wireless friendliness
of building materials at mmWave bands. 3) Experimental
validation: It is critical to verify the numerical results of
the proposed channel model and the evaluation scheme with
experimental results. A comprehensive measurement campaign
will be held in future work.

APPENDIX: PROOF OF LEMMA 1

Since two deterministic components including the LOS path
and the WR path are considered in our model as shown in (8),
it is obvious that H; has two non-zero singular values. The
singular value decomposition of deterministic part H; can be
given as

H, = BIXA, 37

where -
(hg, hg /[hgl )",

B:
A=(ha, ho/lbal )",

1 Ap A O 1 0

X =
0 g, 0 A A e, |

Initially using Gram-Schmidt process, h,, and hgl are or-
thonormalized with h,, /||h,. || and hj / |Ihg,

which means that BEB=1 and AFA =1.
Then X can be simplified as a 2 x 2 matrix, with four
elements given in (14). Assuming X could be decomposed as

RV4 Pm—1 O
0 VPm

where PHP =1 and QPQ =1, then ©m-1 and @, are two
squared singular values of matrix X. Hence we obtain

RV Om—1 0
0 VPm

Here it is interesting to find that ¢,, 1 and ¢, are the two
squared singular values of H; as well, since (PB)HPB =1
and (QA)"QA=L

Therefore, the two non-zero squared singular values of Hj,
ie. o, and ., can be easily obtained by conducting
singular value decomposition to low dimensional matrix X,
as given in (14) and (15), respectively.

, respectively,

X =pH Q, (38)

H, =(PB)" QA. (39)
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