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How Friendly are Building Materials as Re ectors
to Indoor LOS MIMO Communications?

Yixin Zhang, Student Member, IEEEChen ChenStudent Member, IEEESongjiang YangStudent Member,
IEEE, Jiliang ZhangSenior Member, IEEEXiaoli Chu, Senior Member, IEEEJie ZhangSenior Member, IEEE

Abstract—The tremendous popularity of internet of things wireless performance should be one of the indispensable
(I.oT).appllcatlons. and wwgless devices have prompted a mas- prerequisites when designing buildings [8], [9].
sive increase of indoor wireless traf c. To further explore the To meet the high data demand and address the capac-

potential of indoor IoT wireless networks, creating constructive it h in-buildi ind b tati BS
interactions between indoor wireless transmissions and the built 1Y ¢runch in-building, indoor small base stations (BSs) are

environments becomes necessary. The electromagnetic (EM) waveusually equipped with large-scale antenna arrays [10], e.g.
propagation indoors would be affected by the EM and physical consisting of hundreds of antennas, facilitated by multiple-
properties of the building material, e.g., its relative permittivity  jnput multiple-output (MIMO) technology to achieve spatial
and thickness. In this paper, we construct a new multipath - tiplexing/diversity gains [11]-[13]. In order to guarantee
channel model by characterising wall re ection (WR) for an ; h .

indoor line-of-sight (LOS) single-user multiple-input multiple- & low spatial correlation, the space intervals among antenna
output (MIMO) system and derive its ergodic capacity in closed- €lements of the MIMO antenna array have to be larger
form. Based on the analytical results, we de ne the wireless than half wavelength [14], which therefore will increase the

friendliness of a building material based on the spatially averaged physical dimension of the indoor small BSs and generate
indoor capacity and propose a scheme for evaluating the wireless negative weight and visual consequence on a room. Especially

friendliness of building materials. Monte Carlo simulations val- . "% dustrial . t deplovi BSs in th K
idate our analytical results and manifest the signi cant impact '" naustrial environment, deploying BsS In the workspace

of the relative permittivity and thickness of a building material ~May increase the risk of accidents.
on indoor capacity, indicating that the wireless friendliness of ~ To avoid any possible negative impact on the functionality

building materials should be considered in the planning and gnd appearance of a room, a desirable indoor BS dep]oyment

optimisation of indoor wireless networks. The outcomes of this is to integrate MIMO antenna arrays with interior walls [15]
paper would enable appropriate selection of wall materials during [16], which however will result in non-negligible couplin ’
building design, thus enhancing the capacity of indoor LOS ’ ) _g 9 4 pling
MIMO communications. between MIMO antenna arrays and building materials [17]-

[19]. Specically, when an EM wave impinges on a wall
surface, the intensity of the wall re ected wave can be mea-
sured by the re ection coef cient, which depends on the EM
and physical properties of the wall material, i.e., its relative
|. INTRODUCTION permittivity and thickness [20]-[25]. The wall re ected EM
waves would be superposed with other EM waves, which
Internet of things (loT) connects numerous heterogeneowgy jointly in uence the indoor wireless performance. Hence,
devices, and provides infrastructures for smart buildings [ldnhancing indoor wireless performance requires a rational
[2], smart grids [3], and smart cities [4]. With the roll-selection and/or design of building materials. In this paper, we
out of 5G systems and the opening horizon of 6G systeme ne the wireless friendliness as a new performance metric
cellular networks will provide economical, exible and reliablegs 5 building material, which is characterised by its relative
wireless connectivities for 10T devices, e.g., by leveragingermittivity and thickness. A building material with desirable
5G massive machine type communication (MMTC) [5] angireless friendliness would be bene cial to the performance
6G massive broad bandwidth machine type (mBBMT) [6)f indoor wireless networks.
technologies. Metamaterials are known as novel arti cial structures, which
It is predicted that 80-96% of wireless data traf c will becan be customized to build a programmable EM propaga-
consumed indoors in the future [7]. As a result, indoor wireleg®n environment [26]. The meta-atoms in metamaterials are
traf c required by loT is growing at an unprecedented rateoftware-controlled to rstly capture the signals from the
Notably, physical obstacles like walls would affect the indog$ource and then re ect the signal to the destination actively
propagation of electromagnetic (EM) waves. Therefore, indogf passively [27], [28]. Although metamaterials are expected
to contribute to indoor capacity improvement, they are facing
Yixin Zhang, Chen Chen, Songjiang Yang, Jiliang Zhang, and Xiaoli Chihajor challenges such as their design complexity growing
are with the Department of Elect_rf)[y_c and Electrical Engineering, Un|verS|%/Xponemia”y with the number of meta-atoms. Besides. the
of Shefeld, S10 2TN, UK. E-mail: jiliang.zhang@shef eld.ac.uk. ’
Jie Zhang is with the Department of Electronic and Electrical Engineeringnergy ef ciency of metamaterial-aided wireless networking

University of Shefeld, Shefeld, S10 2TN, UK, and also with Ranplanjs no better than massive MIMO [29] and relay-supported
Wireless Network Design Ltd., Cambridge, CB23 3UY, UK. .

The research is funded in part by H2020-MSCA-WaveComBE (7662'3>:Ltf,ansmISSIOnS [30]'
and in part by H2020-MSCA-AceLSAA (752644). By contrast, the wireless friendliness of concrete as a widely

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

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.
The analytical results are veri ed through Monte Carlo

® Antenna simulations.
() Linear array The remainder of this paper is organized as follows. Section
Il introduces system model for indoor LOS MIMO downlink
. wall Tz transmissions. In Section Ill, the analytical MPDF of an
i 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

used building material has not been suf ciently studied. Mogfirectional radiation pattern is discussed in Section V. Monte
of the existing works on the EM wave propagation loss throughy o simulation results are provided to verify all analytical

concrete walls were based on measurements [31]-[33]. As fagyts in Section VI. Finally, Section VII concludes this paper.
as we know, a theoretical analysis of indoor multipath capacity

inuenced by the EM and physical properties of concrete is Il. SYSTEM MODEL
still missing. As will be shown in the subsequent sections, the

X . o : L In this section, we introduce a novel system model for

appropriate selection of building materials will increase the ! e ;
bggeliir)le value of indoor capac?ty Accordingly, the Wireleslrs]door LOS MIMG communications that incorporates the WR
) ' ath and the EM and physical properties of the building

performance of building materials should be considered inh 21~ terial
ently in the design of future smart/green buildings. Hence, itis We consider indoor LOS MIMO downlink transmissions, as

of vital importance to build an evaluation scheme to identifghown in Fia.1 In the considered room. one BS is deploved
the relationship between the wireless friendliness of a building? 9. - ploy
material and its EM and physical properties [34] cfose to one of the walls and one user equipment (UE) could be
hi dp );] . prop £ buildi ) . Iarbitrarily positioned. Since the strength of a WR path from
In t. 'S paper, we §tu yi € 'T”PaC‘ ot buliding materialsy \yall other than the wall that is closest to the BS will be
especially their relative permittivity and thickness, on thaominated by the distance-dependent path loss, the re ected
g;ths from the other walls would be much weaker than the WR

Fig. 1. The LOS path and the WR path between indoor BS and UE.

performance of indoor line-of-sight (LOS) MIMO communi-

cations. T‘_) the best of our knowledge, this IS the rst attempt_ th from the wall closest to the BS. Hence, the considered
study the indoor capacity from the perspective of wall materi Il refers to the wall closest to the BS hereafter, and the WR
th refers to the wall re ected path from the considered wall.

design. The main contributions of this paper are summarizs
The BS is deployed in parallel with the considered wall with

as follows:
Taking the wall re ection (WR) path into account anda small distance oD; from the wall. The BS and a typical
based on distance-dependant Rician fading model, a ne\lz are equipped wittNt andNg omnidirectional antennas,
indoor LOS MIMO channel model is proposed. respectively, both in linear arrays with inter-antenna spacing
The marginal probability distribution function (MPDF) of D. The complex frequency- at linear channel from the BS to
an unordered squared singular value, the ergodic capadhy typical UE is constructed as
of the indoor LOS MIMO channel, and the squared _ .

. . L . y = HXx + n; (1)
singular values of its deterministic part are analytically
obtained in closed forms. These analytical expressiondierex 2 CN7 1y 2 CN= 1 denote the transmitted signal
reveal the relationship between the indoor MIMO channehd the received signal, respectivety,denotes the additive
capacity and the relative permittivity and thickness of thehite Gaussian noise, ardl is aNrg Nt channel matrix,

d .. D N Nr 1
Hioshynr = 7g7 &P 12 = j2 = g 5 cos(r,+ )+ Ny Tz cos 1, )
d .. D N Nr 1
Hwrhngn, = 7g7 0P 12 2 j2 = ng S cos(r,t )* Ny T2 cos 71, 3)
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subject toE[TrfHH Yg] = NgrNy, whereE() and Trfg For simplicity, H os andHr are merged as one matrix
denote the expectation and the trace of a matrix, respectivetly; , which can be decomposed as
Other than the LOS path, the WR path is taken into account

— H H .

to capture the impact of building materials on the indoor wire- Hi=Ah%h, + Aohh (8)
less propagation channel. For a certain position in the room, B P NTNgr 2 9

the LOS path and the WR path are deterministically modelled Ar= 47(116 '

by Friis' formula as Ngr Nt matrix H os and Hwr, P

respectively, whose elements are given in (2) and (3) on the A,= ﬂeﬁ “—2;

previous page, respectively, in whick 2f0;1;::;;Nt 19 4d;

andng 2 f0;1;::;;Ng 1g are the indices of transmit and 1 =2D cos T,=;

receive antenna elements, denotes the wavelength of EM

waves in the aird; and d, denote the length of the LOS =2 D cos(gr + )=

path and the WR path, respectively;, and 1, denote the o . s . L
approximated angle of departure (AoD) of the LOS path and_ _ @eJ L ' e’ L . e’ o ! A .

the WR path at the BS array, respectively, whilg, and t N7 "N " UN7 ’
r, denote the approximated angle of arrival (AoA) of the o . o |
LOS path and the WR path at the UE array, respectively, d Tz v d T 0 d T
denotes the arbitrary orientation angle of the UE array, wherd) | = @ Ng ; P Ng pen P N A

Tir T2v Risv Ras 2f0; g, (R, *+ ) and( g, + )

denote equivalent AoA of the LOS path and the WR patherel 2 f 1: 2g.
at the UE array, respectively, andrepresents the equivalent Based on distance-dependant Rician fading model and the
re ection coef cient of the WR path. multipath (MP) effect, our channel matrik consists of three

Along the WR path, multiple internal re ections are considgomponents including the LOS part, the WR part, and the MP
ered when the EM wave interacts with the building materighart, which can be presented as

Using plane wave far- eld approximation, the incident angles S r
of different order re ections are all approximated by When Y = K H o+ 1 Ho - )
the building material is assumed to be a homogenous dielectric T 1+ K 1+ K MPe

re ector with relative permittivity " and thickness , the o ) )
equivalent re ection coef cient of the WR path is representel{/€re the deterministic matréd , including the LOS part and

as [20] the WR part, is expressed as
1 exp(j2) o Hy P
. : 4) = NgrNT; 10
1 “exp( j2) kHik 7 (10)
where D subject toE[TrfHH Yg] = NrNy, with k k denoting the F-
- 2 B3 sin? - (5) horm. The MP components are assumed to be independent and
’ identically distributed zero mean and unit variance complex
and the rst-order re ection coefcient ° represents the Gaussian random variables arranged infihe Nt matrix

Hwup . K is the power ratio between the deterministic gdrt

transverse electric (TE) polarisationrg or the transverse and the random pait yp , which can be obtained through

magnetic (TM) polarisation 1y of the incident electric eld,

respectively, which are given by: K = KS; (12)
cos P sin? whereK is the distance-dependant Rician factor as a function
TE = N P (6) of d; de ning the power ratio between the LOS part and the
or cos sin MP part, given by [35, Eq. (5.22)]
s ¢ s )= K = 8:7 +0:051dy(dB); (12)
™ = G —_— > : (7) and
cos + (" sin® )="2 <o kHik* _ 2 ,  2Md; 1 (13
KA K d3 NtNgd2 '
(N D)2 . _
1 . sin(N gD (cos(r,+ ) cos(r,*+ ))=)
= hH;pH = — ex = : L 2 16
2t Ng = (Na 12 PlaCs 2)) Nrsin(D (cos(r, + ) cos(r,* ))=) (16)
(Ny D2 . _
1 ) sin(N tD(cos v, cos 1,)=)
=t ,;h i= — ex = . ! 2 17
T (e D2 PGaC . 2) Nt sin(D (cos t, cos 1,)=) (47
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in which M = NP INR lcos(o( Lo+ q( 1 ). The hypergeometric functiogF; w;z? in (18) is de ned in
p=0 =0 the series form by
2
I1l. ANALYSIS OF ERGODIC CAPACITY oFL Wiz = R (|Z) ° ; 22)
In this section, for an arbitrary position in the room, we s=0 stwlg

derive the two non-zero squared singular valueHaf, the
d the hypergeometric functiarr; (e;0;9 in (21) is given
MPDF of an unordered squared singular value and the ergo Cy yperg ic functiay ( g in (21)is gv

capacity of an indoor LOS MIMO channél in closed forms. ¥ [e].¢°
1F1(e;0;9 = [0152, ; (23)
A. The distribution of the squared singular value of channel 0 s
For notational convenience, we de me = minfNg;Ntg where[r], = (r(’r't 1)1])‘ )
andn =maxfNg;Nrg. Proof: Given the channel model in (8)-(13), the channel
Lemma I Suppose' i;' 2,111;' m are them squared matrixgH is is an Ng-by-Nt non-central Wishart matrix with
smgular values ofHy, where’ 1i' 2;i ' m 2 = 0 and 05, H. Hence, the MPDF of an arbitrary squared

l+ K
o%nHl’ a;ne zorgpllzz flzvzlonsoe% ng:om zqsuared smgular valueg, Value ofH can be found 51 [37, (3)], which is derived by the
1

squared singular values ofK H.

q ) :
KX K2 KX K4 gidet (X ) j2 SinceH ; has only two non-zero squared singular values
"'m 1= : (14) given in Lemma 1 and the relationship betwegn and H
2 Is given in (10), the two non-zero squared singular values of
kXK +  kxk* 4jdet (X) j? K H are given in (19) and (20), respectively, based on (14)
"m = 3 : (15) and (15).
" # Meanwhile, using [37, Lemma 2], we get
X = AL+ A, A kh k .
- Az kh k Aokh kkh k lim oF1(n mg (K+L)Ci+ ) )Ciy (it i)
1o o+ 1) Cxt )
hH = h" h*; _ f Dy i+ ) : (24)
mQ 2 ’
h =h, h U or, .

1=1 I=m 1
and and are given in (16) and (17), respectively [36], where =f 1; 2;:; mgis anm-dimensional vector whose

Proof: See Appendix. elements are dlstmct
Theorem 1 The MPDF of an unordered squared singular

value of H is computed [ (18) [37], where the two non- zero]c "1n m+1], 11; 1 i m 2
squared singular values ofK H are given by i()= 1 n m+l: K+1 | otherwise
_ KNRNt " m 1 _ KNRNt' 'm 1, 19 (25)
" TR A (9) by, is given in (21) andC; in [37, (3)] is the(i;] )-co-
q factor of them m matrix A whose(i;j )th entry isA;; =
an (n m+j DFi(h m+jn m+1; ;). Since the
KN grNT' KN gNT' ’ v
m = R T2 T = R Tz = (20) H has only two non-zero squared values, its MPDF can be
kH 1k KA.k derived as (18) by substituting (24) and (25) into [37, (3.

andD;; is the(i;j )-co-factor of them m matrix Z whose
(I; k)th entry is given by
(n m+k+l 2, 1 I m 2

(Z)|;k = 1Fa(n m+In m+1; ).
(n m+1 Dy T

B. Closed-form ergodic capacity

1) Theorem 2 The ergodic capacity at a typical position is

otherwise given by (26), where the average signal-to-noise-ratio (SNR)

f( )_ e m m 1 (K+1) Xn (K +1) n m+j
= . -
MmO MY T 2w w2l me Iy
1=0 | (18)
X 2 i Fin m+1:(K+1 Fin m+1:(K+1 '
Dy K+1 i1, oFs i ( l)m1 L oFs ,(l ) m
i=1 (Dm l;j) (Dm;j )
!
= 7 # kel kel
o im (D) tio =Nt P mEpi( i m)) =N 1

(26)
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Algorithm 1: An Wireless Friendliness Evaluation

o— Scheme for a Building Material
o e 1 Input: "o, ,K, ,W,L,X,Y,Nt,Ng,D,Dy, 7
gl | Output: Cquyg
35 ‘;"28' 132 he 1 Calculate the step ir axis: x = \)/\(/7;
e ((2.'50” 128 1 2 Calculate the step iy axis: , = 5B,
6 |d (1.50,1.25 1 3 Determine the coordinatgs;y) of all sample points :
= e: (0.50,1.25 — - ) - . W= —o.
E s |t (050325 ge 1 X _ W__2+_( _X_Z)' x:W=2 (0 x=2);
> g: (0.50,5.25 y=Da1: y:L;
4r |'h (0.50,7.25 : ] 4 Determine the BS position located @; D1);
ii (0.50,9.25) f e P
3/ | Bs:(0,00375 ] 5 for ]l 1_' T X d$ q
2t e d ¢ b af 6 ory =44 ¥ do .
o o o o 7 Determine the UE locatiofx;; y; );
1 8 Calculated,, dz, T,, 1,, R, and gr,, ;
ol . BS - o Calculate with (4)-(7);
5 4 3 -2 -1 0 1 2 3 4 5 10 ConstructeH with (8)-(13);
x (m) 11 Derive C (xi;y;j) with (26)-(28);

Fig. 2. Cartesian coordinates for a room, é\.= L = 10 (m), where the . ; .
BS is close to the considered wall and there is an L-shaped route inside -2 CalculateCayg With (31);
13 returnCayg;

at each receiver branch is given by

KKH (K 1 of E(C) cannot be calculated straightforwardly. An alternative
= m; (27) solution is to average the capacity values over dense sample
RUT points inside the room, since the limit of the mean capacity

in which = E kxk? ' E knk® refers to the SNR at values over sample points equ&léC) as the sampling density

. . approaches in nity.

transmitter side, Building a two-dimensional Cartesian coordinate system
eXp sk 0m m 1 inside aW L rectangular room as shown in Fig. 2, we take
= oE ;X Y sample points spatially evenly distributed throughout the

m2(n mMH™ *(m m )™ *(m m 1) 1 room. For a UE at the locatiofx;;y;) wherei 2 1;2;::;;Xg

|:0(28) andj 2 f1;2;:::;Yg, its downlink ergodic capacity can be
_ . _ . dE _’ computed by (26)-(28) and denoted @gx;;y;) in bit/s/Hz.
fpmn mEj+i L =n m+j+p andEg(x)= The capacity spatially averaged over all sample points, used as

et Q. . . : . an evaluation indicator for measuring the wireless friendliness
Proof: The ergodic capacity can be derived by taking the

expectation with respect to as follows [38] Of a building material, is given by

L X X
C()=mE log, 1+ NT Cavg = XYy C(xiyy;): (31)
7 N T (29) i=1j=1
=m log, 1+ — f()d; According to [20], a simple expression of relative permit-
0 N+ . . )
tivity " is given by" = "¢ " 1, where the real part and the

where f () is given in (18). The integral overimaginary part can be expressed as a function of frequency
in (29) is computed by the series expansion gf je "= ufY and"; = 17:98=f , where = rf ! is the

oFt n m+1; K+1 ; in(22)and conductivity of the building material, and constants/, r and
Z, ( 1! X t are compiled in [20, Table Ill]. In the following, we focus
n(1+$ ) e d = . E 111 = on the permittivity and thickness of the building material.
0 €s a 3230) Permittivity: The permittivity in this paper refers to the real

] ) ) ] . part of relative permittivity'y. The imaginary part is assumed
in [39, Appendix A]. Thus, the ergodic capacity at a typica}y pe 4 constant. Note that bothand”, are unitless.
UE position is given in (26). B Thickness: Since the building material in this paper is
assumed to be a homogenous dielectric re ector, the building

IV. WIRELESSFRIENDLINESS EVALUATION SCHEME FOR  material's thickness of equals to that of the wall.

BUILDING MATERIALS The scheme for evaluating the wireless friendliness of a

In this section, we investigate how friendly a wall is tduilding material is given in Algorithm 1. The permittivityy

indoor LOS MIMO transmissions. Aiming to quantify theand the thickness of a wall material are the inputs, and the
wireless friendliness of a building material, a reasonable indiutputC,,g is computed following (31) as an indicator of its
cator is the expectation of capaci®(C). However, the value wireless friendliness. A highe€,,4 indicates that a wall made
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‘ Main lobe Wl Back IObd UE MAIN SIMUI:rAA‘I'IB(I)_I\IJEAI\SSUMPTION
antenna
Parameter name Parameter value
Frequencyf (GHz) 6
BS Room widthw (m) 10
antenna Room lengthL (m) 10
Inter-antenna spacind = =2 (m) 0:025
The distance from BS to walD 1 (m) 0.0375
Number of BS antennal 4
Number of UE antennallg 4
'f Samples along room axis X 100
D Samples along room axis Y 100
1
° wall Z VI. NUMERICAL RESULTS
x In this section, we present and analyse the numerical
Fig. 3. The impact of the radiation pattern of a directional BS antenna 5§SUItS for both OmnldlreCtlonal_ and dlreCtlon?I BS am?nna
the EM propagation along the LOS path and the WR path. arrays to present a comprehensive understanding of the impact

of building materials as re ectors on indoor LOS MIMO
communications. Subsection A-C show the results for the
of this kind of material would be more friendly to indoor LOSomnidirectional BS antenna array, while Subsection D shows
MIMO communications. the results for the directional BS antenna array.
The parameters used in the simulations are given in Table I.
The incident wave is assumed to be TE polarised. The trans-
mission power of the BS is assumed to be equally allocated

In this section, we consider each transmit element in the 8% every transmit antenna element. The BS is deployed at
linear array as a directional antenna, as shown in Fig. 3. TReint (0,D1) and its antenna array is deployed parallel to the
main lobe d|rect|v|ty gain and the back lobe d|rect|\/|ty gaiﬁonSiderEd wall. In the Monte Carlo Simulations, the ergOdiC
are denoted asy, and p, respectively, where? + 2 =2 capacity at poin{(x;;y;) is computed by
according to the energy conservation law. Due to the dynamic
attitude of UE, we assume an omnidirectional antenna for the  Csim (Xi;yj)= E log, det |+ N—HH oo (36)

UE antenna for analytical tractability. The deterministic part T
of H; should be rewritten accordingly as

V. IMPACT OF DIRECTIONAL RADIATION PATTERN

A. The ergodic capacity for a speci ¢ sample point

H = mAh"h  + LAhfh (32) 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
The two non-zero squared singular valuesidf are derived analytical expression of (18)-(20) and (26)-(28). The Rician

by replacingX in (14) and (15) with factor K of the three points is computed by (12) accordingly.
" # Fig. 4 depicts the MPDF of an unordered squared singular
woo  mALT bA2 bA2  kh Kk . (33) Value of the LOS MIMO channel. It is found that the MPDF
bAz  kh k pAskh kkh k becomes more concentrated Ksis reduced, which reveals

that the squared singular values of matrxare more evenly
The K in channel model (9)-(13), the squared singulatistributed and thus results in a larger ergodic capacity.
distribution of channel (18)-(20) and the ergodic capacity (26)- Fig. 5 shows the ergodic capacity versus the transmit
(28) should all be replaced b ° whereK®= KS® K is SNR. The ergodic capacity increases when the transmit SNR
the Rician factor given by (12), and increases. Meanwhile, a larg&r leads to a lower ergodic

) capacity under the same transmit SNR due to the less con-

H 2 2 centrated MPDF of an unordered squared singular value of
s0= 7= @2 * NN q +1 : (34) channel matrix.
kA1k 2 m THRY2 m From the results for being 0 and= 2 in Fig. 4 and Fig.

Meanwhile, the ergodic capacig( 9 for directional an- 5, respectively, we can see that has a limited impact on the

tenna cases should be derived by the average SNR at eIXI(EFPF of an unordered squared singular value and the ergodic
receiver antenna®, which is given by capacity of indoor LOS MIMO channel. This is because

in (16) is hardly affected by . When increase from O

K %H 9K2 to is always very close to 1. As a result, the squared

0_ KT . X . .

= KO+ D) NaNy - (35) singular values o derived by (14)-(15) will not change
ROT much with . Consequently, the MPDF of an unordered

The wireless friendliness evaluation scheme for directionsdjuared singular value in (18)-(20) and the ergodic capacity
BS antenna arrays is similar to Algorithm | by using (32)-(35)n (26)-(28) of H will stay nearly constant for varying
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03 o (0.3,0.25) K =8.7187 dB A§ =0 9 . | o p;=50dB No WR
=] (4.57 8400) K =9.1665 dB A9 =0 gl ?\ A p-=60dB No WR
I A (-2.5,0.55) K = 8.8302 dB A9 =0 T
0.25 * (0.3,0.25) K = 8.7187 dB A = 7/2 ] o p;=50dBWR
O (4.5, 8.00) K = 9.1665 dB Af = 7/2 ! ¢ py=60dB WR
0.2 v (-2.5,0.55) K = 8.8302 dB Af = 7/2 6

Ergodic Capacity (bit/s/Hz)

L 5 [ /e \ ]
2015
= 4
0.1 3r
y.
0.05
1
0 0
0 a b c d e f g h i

Fig. 4. The MPDF of an unordered squared singular value at three poirfésg. 6. Ergodic capacity at the points for L-shaped route, for 0:2,
for =0:2,"=5:31 j0:5861f 0:1905 [20, Table Ill]. Markers represent " = 5:31 j0:5861f 0-1995  Markers represent simulation values while
simulation values while red solid lines and blue dash lines represent analytibath the solid and dash lines represent analytical values.

values when =0 and = =2, respectively.
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Fig. 5. Relationship between ergodic capacity and transmit SNR at three . L
points, for = 0:2, " = 5:31 j0:5861f 01995 Markers represent Elg 7. Ergodic capacny distribution in the 10 m 10 m square room, for

; 0:1905
simulation values while red solid lines and blue dash Ilnes represent analytical ~ =60 dB, =0:2"=5:31 j0:5861f - Markers represent
values when =0 and = =2, respectively. simulation values while the lines represent analytlcal values.

Therefore, due to the space limitation, all the numerical results\ys design a L-shaped route that includes some typical UE
hereinafter are conducted when =0. 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
To verify the accuracy of the evaluation indicatBg, in point a to e, we observe an increase in capacity as the UE is
(31) and the usefulness of Algorithm 1, the ergodic capacigpproaching the BS except for point d, where the slump in
at different positions is studied in this subsection. ergodic capacity is due to the power cancellation caused by

B. The ergodic capacity distribution in a square room
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considered omnidirectional BS antenna array fer= 60 dB. averaged capacity for the omnidirectional BS antenna array-for 60 dB.

the destructive combination of the LOS path and the WR path. the constructive and destructive interference between the
When the UE moves from point e to i, the capacity declineEM waves along the LOS path and the WR path. The length
This is different from the ergodic capacity under the Riciadifference inO( ) leads to the great changes of the amplitude
fading model without considering the WR path that wouldnd phase of the superposed EM wave arriving at the UE.
monotonically decrease with an increasing UE-BS distance,Fig. 8 plots the ergodic capacity difference between our
as shown by the solid lines in Fig. 6. proposed channel model based on (8)-(13) and the Rician
The spatial distribution of the ergodic capacity in a squafading channel model. The position with a positive/negative

room using our proposed model is shown in Fig. 7. It idifference corresponds to a location that experiences the
observed that the ergodic capacity is not a monotonic functiconstructive/destructive interference between the EM waves
of the UE-BS distance. This phenomenon can be attributatbng the LOS path and the WR path. We can see that the
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positions suffering from the destructive interference appear 9

$1l o p;=500dB No WR
A p;=60dB No WR
o py=50dB WR
p;=60dB WR

in certain directions, along which the Fabrg+Bt 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.

[e¢]

~
T

[e)]
T

N

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

w

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

Fig. 9 and Fig. 10 plot the spatially averaged capacity as a b c d e f g a b
a function of the permittivity and the thickness of building Point
materials, respectively. In Fig. 9, as the permittivity increases _ _ _
flom 35 to 7.5, the envelope of each spatially averagth 1%, FUC SRR e pone I Lo e 0%
capacity curve presents a upward trend. The variation in then the solid and dash lines represent analytical values.
spatially averaged capacity becomes more signi cant with the
increase of the permittivity. In Fig. 10, for a given permittivity,
as the wall thickness increases, the spatially averaged capacityhe composite impact of the building material's permittivity
rst uctuates with it under a decreasing envelope and gradnd thickness on the spatially averaged capacity is illustrated
ually converges to a constant value when the thickness gaesFig. 11. When the permittivity and the thickness are
beyond 0.25 m. We observe quite severe uctuations of tle®n gured in the range from 1.5 to 7.5 and from 0.1 to
spatially averaged capacity at relatively small wall-thickne€s25 m, respectively, we observe that the optimal parameter
values. That is because the re ection coefcient amplitudpair of ['g, ] resulting in the highest spatially averaged
uctuates more severely when the wall is thinner. It shouldapacity of 2.763 bits/s/Hz is [6.92, 0.1], while the worst
be highlighted that a tiny lapse in the wall permittivity or thepair resulting in the lowest spatially averaged capacity of
thickness would bring about changes in the spatially averaged 15 bits/s/Hz is [1.50, 0.1]. We can conclude that certain
capacity of up to 0.19 bits/s/Hz. combinations of the wall thickness and permittivity values lead

Ergodic Capacity (bit/s/Hz)
(&)}

N
T
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to peak values of the spatially averaged capacity, which cal
be more than 14.4% higher than the lowest spatially average
capacity values associated with some combinations of the wa <
thickness and permittivity values that should be avoided during z

3.05

the selection and/or design of building materials. 305
=
. . . 2 3. 13

D. Analysis for directional BS antenna array 3

In this subsection, Fig. 12-17 depict the numerical results §
for the directional BS antenna array. The main lobe directivity o &8
gam and the back lobe directivity gain are assumed,as éﬂ

1=83and , = 5=3, respectively. e 29 . 4 4 2.95

Fig. 12 and Fig. 13 are plotted for the same three sampli &,
points shown in Fig. 3 and Fig. 4., i.e. (0.3, 0.25), (4.5, 8.0) F 2.85 |
and (-2.5, 0.55). It is found in Fig. 12 that the MPDF of an *go.zs B
unordered squared singular value of the LOS MIMO chan-“ 02 " 6
nel becomes more concentrated and that the largest squar : 15\\ //4 2.9
singular value of the LOS MIMO channel becomes larger, ) S 2

Thickness (m) 01 o Permittivity

when compared with the omnidirectional BS antenna array
in Fig. 4. Moreover, the difference between the MPDF under

different Rician factoK becomes less substantial. In Fig. 13
Fig. 17. The composite impact of permittivity and thickness on spatially

the ergodic capacity shows an increasing trend with the nseaq%raged capacity for the directional BS antenna array for 60 dB.
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 tb& In Fig. 17, it is found that the optimal wall parameter pair
omnidirectional BS antenna array. of ["p, ] leading to the highest spatially averaged capacity
Given the same 9 points along the L-route drawn in Fig. &f 3.057 bits/s/Hz is [6.84, 0.10], while the worst pair leading
Fig. 14 shows similar results from Fig. 6. Even though thereis the lowest spatially averaged capacity of 2.887 bits/s/Hz
less change in ergodic capacity in the presence or absencésdfl.50, 0.10]. The 5.9% difference in the spatially averaged
the WR path compared with the omnidirectional BS antenmapacity generated by the certain combinations of the wall
array, it still appears some positions that suffer destructipermittivity and thickness is worthy to be considered.
interference, such as point d. The results above indicate that for directional BS antenna
With regards to the impact of the wall permittivity andarrays, the EM and physical properties of building materials
thickness on spatially averaged capacity, signi cant variatiomill de nitely exert a substantial in uence on a room's wire-
up to 0.093 bits/s/Hz can be observed from Fig. 15 and Figss performance.
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VIl. CONCLUSIONS ANDFUTURE WORKS 1 A; O 1 0

X
In this paper, we rstly construct a new indoor LOS MIMO 0 kh k 0 Az kh k
downlink channel model by considering the impact of building . ) ) H
materials on indoor wireless performance. Then, the MPDF/Nitidlly using Gram-Schmidt procesh, , andh™, are or-
of the squared singular value and the ergodic capacity of t@normalized with /kh kandh" kh k, respectively,
indoor LOS MIMO channel and the squared singular valughich means thaB"B =1 andA"A = 1.
of its deterministic part are obtained in closed forms. On Then X can be simplied as &2 2 matrix, with four

this basis, a scheme for evaluating the wireless friendlinesgments given in (14). Assumirj could be decomposed as
of building materials is provided. The analytical results are I

veri ed through Monte Carlo simulations conducted in the X = pH p'ﬁ 0 0: (38)

6 GHz band. Numerical results demonstrate that building - 0 an '

materials as re ectors have to be well selected or designed

to avoid the risk of reducing indoor wireless performanceyhereP"P =1 andQ"Q =1, then' , ; and' , are two

because a minor discrepancy in the con guration of the relatigguared singular values of mati. Hence we obtain

permittivity and thickness of the wall material might cause P 0 !

over 14.4% losses in indoor capacity. _ _ H,=(PB)" m 1 o QA: (39)
This work is the rst attempt to investigate how indoor 0 m

capacity is inuenced by the EM and physical properties o .

Y . : . ) : Here it is interestin nd th nd' re the twi
of building materials, which has laid a solid foundation of u:rsdtsisn J;re\s;talugeéobf d;sacvgllls?ngquZi)SI;Bej IO
wireless friendliness evaluation of indoor built environment§- A gA | . ' -

In future works, there are some extensive research directi kEQ f) ch_t- d sinaul luds of
worthy of in-depth study, including but not limit to: 1) Multi- lere ore,d 'e Wo nont-)zero S‘?}uarit ;ln%u Er valu q gt'
layer building materials: It is of great necessity to analyéee‘ Im L aln dm’ can .? eatsull 0 dr?une 2y Icon ;ﬁc ng
both single-layer and multi-layer building materials. One ingular va u1e4 eczmi)gﬁ 'on to t.OWI Imensional matx
the challenges is that the analytical relationship between tha 9'V€n N (14) and (15), respectively.
indoor MIMO capacity and the EM and physical properties of
multi-layer building materials is hard to nd due to the non- REFERENCES
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