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Uplink Spectral Efficiency Analysis of In-Building
Distributed Antenna Systems

Temitope Alade, Huiling ZhuMember, |EEE, and Jiangzhou Wangenior Member, 1EEE .

Abstract—Providing high data rate wireless transmissions has increased capacity and data rates [2]. With DAS, multiple
been difficult in indoor environments, particularly in multi-floor  remote antenna units (RAUS) are geographically distribute
buildings. One way to achieve high data rate wireless transmis- 5,4 connected to a central unit (CU) via optical fibre or
sions is to reduce the radio transmission distance between the . .
transmitter and the receiver by using distributed antenna systens coaxial cable. DAS thus reduces pa_lth IOSS' transmit power,
(DASs) and employing frequency reuse. However, due to the and cochannel interference, thereby improving systenoperf
reuse of the limited available spectrum, co-channel interference mance, particularly for those mobile terminals (MTs) near

can severely degrade system capacity. In this paper, the uplink the edge of a cell. Prior work has established the benefits

spectral efficiency of an in-building DAS with frequency reuse 4 pAS for improvin ver r in n th
is studied, where remote antenna units (RAUs) deployed on ° S fo proving coverage [3], reducing outage on the

each floor throughout the building are connected to a central upllnk_[4],_ reducing OUtag_e on the downlink [I‘_:’]’ and enhagci
unit (CU) where received signals are processed. The impact of Capacity in [6]. Results in [7] show that with the same an-
co-channel interference on system performance is investigated tenna density, DAS outperforms the colocated antennarayste
by using a propagation channel model derived from multi- (CAS) in terms of average and outage spectral efficiency.
floor,.ln-bundlng measurement results: The proposed scheme In [8], a thorough comparison of DAS and microcellular
exploits the penetration loss of the signal through the floors, ) .
resulting in frequency reuse in spatially separated floors, which SYStemS was presented, which theorethally proved th"_"t DAS
increases system spectral efficiency and also reduces co-chahn With frequency reuse outperforms the microcellular system
interference. A comparative analysis with conventional co-locad spectral efficiency per sector, and cell edge spectral efiigi
antenna deployment at the floor center is provided. Location Furthermore, cell edge performance analysis of the DAS was

based RAU selection and deployment options are investigated. gy cted in [9] and transmission schemes based on sum rate
System performance is evaluated in terms of location-specific

spectral efficiency for a range of potential mobile terminal (MT) gna!yss were prqposed in [10]. The appllcatlon of the DAS
locations and various in-building propagation characteristics. in high speed trains has been proposed in [11]
, o . However, most recent studies about DAS have focused
Index Terms—Wireless communications, spectral efficiency, L . . .
distributed antenna system, frequency reuse, co-channel inte on performa_.n(_:e analysis in outdoor scenarios with Ce!ISS'Z(_a
ference, multi-floor in-building propagation, Nakagami fading. generally within thousands of meters. The results derived i
outdoor DAS cannot be applied directly to three-dimendiona
(3D) in-building multi-floor propagation scenarios becaads
numerous interference sources from the upper and loweisfloor
which are generally within a few meters. Furthermore, ttré va
UE to the increasing penetration of smartphones amtbility of the environment can be vast for a short transmitte
tablet-type devices, the demand for indoor wireless meeceiver separation [12]. Hence, in cochannel deployments
bile communications continues to increase. More than 80% iaterference modelling used in the conventional DAS is not
mobile traffic in existing mobile cellular networks origiea suitable in building environments, and insightful resbas:
from or terminate inside buildings [1]. However, penetati are needed. Although the performance of the DAS and femto
losses and complex indoor environments make deliveriogll system was compared in an enterprise office building-env
high data rate wireless transmissions inside buildingsughto ronment in [13], the channel modelling, interference peots
challenge, particularly in high-rise residential and effiuild- and performance analysis in multi-floor in-building DAS are
ings, airports, shopping malls, and other indoor enviromsie not well understood. Also in [14], the achievable rate of in-
where concentrations of mobile users can be extremely higluilding DAS was evaluated for single user downlink trans-
Moreover, penetration losses are more prominent at highmission in high building environments. However, the luxury
frequencies. As new multimedia services and high data rateno frequency reuse in each floor may be far from reality
application intensifies, providing high quality indoor @eiand in large buildings. It is difficult to understand the effedt o
data services becomes increasingly important. multiple cochannel floors in a multi-user uplink scenaridhwi
The distributed antenna system (DAS) has become a prontise results derived since the interfering sources in dawnli
ing solution for next generation wireless systems becatfiset@ansmission are RAU which are fixed in a location in the
its advantages of reduced access distance, extended geyetauilding. Furthermore, the impact of walls, RAU selection
and deployment options, which can have a large impact on
T. Alade, H.Zhu and J. Wang are with the are with School of Beefing the performance of the overall communication system was not
and Digital Arts, University of Kent, Canterbury, CT2 7NT ited Kingdom . . ,
E-mails{t.t.alade, h.zhu, j.z.waj@kent.ac.uk considered in [14]. To the best of the authors’ knowledge, th
Manuscript received January 8, 2015; revised March 5, 2014. uplink spectral efficiency achievable in a multi-floor mulger

I. INTRODUCTION



indoor environment employing the DAS with frequency reusean expect MTs to be equipped with multiple antennas as well-
has not been previously reported in literature. this is indeed the case already in long term evolution ads@nc
This paper investigates the uplink spectral efficiency ¢ETE-Advanced) [15]. Each MT located across each floor at
an in-building DAS with multiple users, where RAUs area height ofv meters. The MT of interest,’, is located on
deployed on each floor throughout a multi-storey building. Ithe middle floor (reference floor) of the building. It is also
contrast to the conventional DAS, the radio signal is couffin@ssumed that there is a multi-storey building located a few
to a smaller area, consequently, the path loss of the tratesini meters away from the reference building. Similar assumptio
signal is much smaller, which implies that data rate is likel have been reported in [12]. The same set of system parameters
be a great deal higher in the in-building DAS. However, the imre assumed for comparative analysis with conventional co-
building DAS is likely to face a critical problem of interfamce located antenna deployment where all antennas are caetbcat
if the same frequency channels are reused within the bgildirat the center of the floor.
This is mainly because the propagation environment is con-

siderably more compact and in-building architectural desd . % adjacent g
are irregular. The achievable spectral efficiency of the DAS 7 /;?/‘
this type of environment has received very little attentsmn L 4 T —2
far. o

channel, and propose an indoor channel model which accou -
for inter-floor interference caused by the effect of the din 7/1} 7@
structure and its terrain. Frequency reuse among floorsnis ci | 1 J
sidered, and the resulting impact on uplink spectral efiicye o ;<\ = ‘/ 7 d
in a multi-user scenario is presented. We show a comparat Py b/ F
analysis with conventional co-located antenna deploynagnt
the floor center to justify the benefits of the DAS. The impa
of antenna selection and RAU deployment strategy on systt !

More specifically, our contributions are the following: We j ’
first explore the characteristics of the indoor propagatic AV 4 oy
/ H =

performance is also determined. Throughout the paper, i 1 w 7 7

achievable uplink spectral efficiency is used as the metric & Bt = j R . & DesredMT = pesiredSignal

measure the performance of the wireless system. L o % oo Corchannel MT = > Iterference: irctPath
The remainder of the paper is organised as follows. Deta k 77w L * merferenc:effctedFth

X

of the propagation and system models in high-rise buildings

which are used to analyse the performance of the systerrf,:ig- 1. An illustration of in-building DAS with frequency reuse

are presented in Section Il. The achievable spectral affigie

under a given BER constraint is analysed in Section Ill.

Location based antenna selection via interference avoilan In radio propagation between floors of multi-storey build-
is discussed in Section IV. Section V provides a range #fgs, experimental results have shown that there are two

representative numerical results and conclusions arerdiaw possible sources of interference. Depending on the steictu
Section VI. of the building, and the location of the transmitter and the

receiver, as shown in Fig.1, co-channel interference could

[I. CHANNEL AND SYSTEM MODELS emanate from [16]

A. Channel model 1) direct signal transmission through the floor partitions,

Th link . del i " - which may include multiple reflections between the
e uplink transmission model in a multi-storey office walls, floors and ceilings:

building is shown in Fig. 1, where each floor represents a Ce‘”2) transmissions that involve signal reflections and scatte

equipped withN evenly spaced, ceiling mounted RAUs which ing from a nearby building that propagates back into the
are located in the same position on every floor to serve a set reference floor

of U uniformly located MTs across each floor. The RAUs are

connected to a CU where received signals are constructivélythis paper, specifically, the impact of co-channel irgerf
processed. All antennas are assumed to be omni-directioB@¢e from the direct and the reflected paths is studied.  thi
with an orientation that is freely adjustable. It is assurttet case, a RAU will receive a desired signal from a MT, and
there are a total of CUs, one on each floor (i.e. frequency i$0-channel interfering signals from other MTs on the same
reused on every floor). Each floor has a similar constructi®¥ adjacent floors via direct signal penetration through the
with internal walls, and the same frequency band is assumalls and floors, and reflections from a nearby building. For
to be shared on each floor. For simple analysis, it is assuntB@ sake of simplicity of the model, and focusing attention
that the floors are shaped as rectangular boxes with a comn@n getting considerable insight into the in-building DAS,
inter-floor spacing of meters. Due to the limited form factorit is assumed there is no interference originating from a
of MTs and for the convenience of analysis, we have assum@gighbouring building.

that each MT is equipped with a single antenna, however, weThe transmitted signal by Mi-to the n-th RAU can be



expressed as It is also assumed that, ,, andr, , are uniformly distributed
. over [0,2x] and [0, Ty], respectively.j(t) denotes the Dirac
&u(t) = Re [z(t)] delta function.
= Re [\/175 ZOO by [i] pr, (t — iTs)e’>™ /<] (1) Similarly, the complex low pass equivalent impulse resgons
e of hy ,(t) in (2) can be expressed as
whereRe[z] represents the real part of =, (¢) is the complex A
representation of the transmitted signél, is the transmit ilun(t) _ (du’n)”‘/z_ A1/2 -

. . . s 2% n'@u,n'@i{i'du.n'ejéu’n 6(t_7A-u,n)
power which is assumed to be the same for all M&s)] is ’ ’ ’ (5)

thedtgazsn;z[teg ?ymﬁol (either real c:r t;ﬁmplex) }NEH)“] = 0 ‘ where duﬁn denotes the propagation distance betweenuMT-
and Efby -by] = 1, W erex represents Ine complex Conjugate, 4 then-th RAU on the reference floor when the signal is
Note thatb, can be binary or non-binaryly represents

. . , flected b ighbouring buildi illustrated in Fig. 1
the symbol durationpr, (t) is a pulse waveform defined as; Coed by a neighbouring buliding as fiustrated in Fig

pr.(t) = 1for 0 <t < T, and pr, (t) = 0 otherwise andf. du.n can be approximated by
is the carrier frequency. dyp = dy + dy (6)
The channel from MT to the n-th RAU on the reference
floor is modelled as the sum of low pass equivalent impulsenered; is the distance between MT-and the neighbouring
responses of the individual paths which can be expressed bsilding, andd- is the length of the reflected path from
, N the neighbouring building to tha-th RAU on the reference

hun(t) = hoy g (£) + hun(t) ©) floor. In (5), ii is the path loss propagation exponent of

dhe reflected path towards the neighbouring building (free

whereh;’n(t) and h,, ,(t) are the impulse responses for th au ) Rt )
direct paths and the reflected paths from a neighbouringibuifPac€ Propagation is assumeds= 2), .., is the reflection

ing, respectively. The complex low pass equivalent impu|§é)efficient at the building _surface ard, ,, is the transmission
loss through the glass windows. Note that the reflection path

response fo,, , (t) can be expressed as . X . . "
’ experiences glass penetration loss twitg,,, 0., , and,
h;,n(t) = (du,n)_“/Q-sﬁﬁﬁl~<pﬁ7/3-ozu,n-€j9“""~5(t—Tu,n) (8) are the channel fading coefficient, path phase and channel
delay, respectively, for the reflected path. Since the lirsght
where (d, )" is the distance dependent path loss whemOS) path of the reflected signal is blocked and scattered
the signal propagates through the floafs,, is the distance py the glass windows and the neighbouring building respec-
between MTu and then-th RAU on the reference floow. tively, the fading distribution ofé, , can be approximated
is the path loss propagation exponent, and typically takesza Rayleigh distributed [l6]§u7n and 7, , tend to have the
value between 2 to 6 depending on the propagation conditiggme distribution a#,, and 7,, respectively. The small
(the variation can be attributed to the physical layout angblay spread relative to long symbol interval is assumed as
type of building, as summarized in [17}, » andy, » are in modulation schemes like orthogonal frequency division
the penetration loss through a single wall and a single ﬂoﬁfultiplex (OFDM) [20]-[22]. Hence, the effect of intersymib

respectively, and and k are the number of walls and floorsinterference (ISI) on the system performance is negligible
in the transmission path respectively. The reported patietr

loss for brick internal walls were found to be 3dB to 8dB per
wall while floors made of concrete were found to be 10dB. Received signal

to 15dB per floor. Floors made of concrete over corrugatedpq uplink received signal by theth RAU on the ref-
steel exhibit penetration loss as Igrge as 26dB _at 1700MHfZance floor includes components from the desired WMT-
(measurement values of penetration loss for different flopti o fioor interfering MT4, inter-floor interfering MTu and

materials and wall types are summarized in [18]). It shouldyannel noise. This can be represented by its complex low-
be noted that, over the frequency range of interest (1.0-%533 equivalent as

GHz) assumed in this study, the electromagnetic propeofies
typical materials encountered within buildings can be nlede Tun(t) =2, () @b, (1) + Z 24(t) @ han(t)
as frequency independent [19]. In (3), ., is determined by ’ 2€0. !

the locations of the MT and the RAU. Assuming(a, vy, z)
Cartesian coordinate system, {et,, v.,) denote the coordinate v
of the MTw, and (z,,,y,) represents the coordinate of the

th RAU on the re(ferezcé flopor. Then the MT-RAU distance in + Z Z Zu(t) @ hun () 1 (?)
3D space is given by

du,n = \/(xu - In)2 + (yu - yn)Z + [Fk + (U - F)]2 (4)

intra-floor interference

u=1,u#u’ UES

inter-floor interference

=D .wul(t_,rul,n)—’_ Z (Id+IT) 'l'ﬁ(t_'rﬂ7n)

Note that the number of intervening floors between the desire 4€0,a#u’

MT and its target RAU on the reference floor is zero (i.e. v

k = 0). ayn, 0un and 7, in (3) are the channel fading + Z Z(GdJrQr) Ty (t — Tum) + 00 (t)
coefficient, path phase, and path delay, respectively. It is u=1,uzu’ u€ES

assumed that,, », 0, , andr, , are statistically independent. @)



where the notation® denotes the convolution operatio®, as
denotes the set of intra-floor interferers,denotes the set of

~ j0
inter-floor interferersD, = (d, ,,)~*/2- <pl/,2 s, -€

— ~1/2 . D
Id = (dﬁ,n) M/Q Sou/n au n ejau n I — (dﬂ’
. ~1/2 N B Y
Pa,n %/m Sl @0 Gy o= (dyn) M /

© Pumn
€%, Q= (dyn) /2 51/2

’
u ,n
l

~1/2

Pu,n (Pun Spu/n aun ejeu "
andn, (t) is the additive white Gaussian noise (AWGN) at the
n-th RAU, with zero mean and a double sided power spectral
density Ny /2.

In [23], channel measurements were performed to determine
channel characteristics in and around office and factorlgbui
ings where a LOS is present. The measurements showed that
the channel follows a Nakagami-fading distribution, where
the received signal consists of several specular compsnent
plus several Rayleigh fading components. The Nakagami-
distribution provides a very good fit for measured data in a
variety of fading environments. The envelop of the desired
signal is modelled by Nakagami-distribution. Hencea '
is Gamma distributed with the probability distribution iion

O
yisz. gy e =

where Iy = (dan) "2 -

(dﬂ n)_ﬂ/2

(Ig-wa(t — Tam) - e 7%%n

+ 1 - za(t — Tam) - 67]'97"‘”) dt

r Ta,n Ts
d ’ . .
= — b b 1] | dt
T. </0 “[ZH/W bt ]>
f Ta,n T
+ = / ba[z‘]+/ bali +1] | dt
s 0 o

a,n

fi, . .
T Bali () + balic+ 1] (T = 7]
47 ) (Fu) + bali+ 1) (T,
~1/2 J(0a,n—0

un'aﬁ»n'e
~1/2 .. /2
bq a,n " Pan @un

- 7A—ﬂ,n)] (11)

’
u ,n
l

g P00 ) bali] and

(pdf) expressed as in [24]

2 my—1
m (a2, e
Da2, (ai,m) = (Q:)mn u,n

u',n

Q <0

un—

I'(ma)

exp(—

mﬂ,

. ozz, n),

where I'(-) is the Gamma function defined by (z) =
ﬁfc t*~le~tdt, m, is a parameter accounting for the fading “*"

severity and(,, is the average fading power of the received

signal. The parametef3, andmn can be expressed &, =

bali + 1] are the previous and current symbols transmitted by
MT-4 within [0, T;] respectively.

If,n is the inter-floor interfering signal component ex-
pressed as

s I —jo
1> = T (Gd Ty (t = Tyn) €70
s Jo

+ Q’r‘ : xu(t - %u,n) : e_jéu‘n) dt

Elo?, ] andm, = gz ig gy ma > 4, respectively. It _ Gu ( / " bl + / it 1}) dt

is assumed that mterferlng 5|gnals have no specular coempon T 0 Tu,n

due to intervening wall and floors; therefore, the envelop of 9] Fum T,

the interfering signal is Rayleigh distributed with meaniae + = (/ b ] +/ bult + 1]) dt

Elo2 ] = 1. The pdf of the instantaneous interfering signal T \Jo Fun
ower in the Rayleigh fading channel can be obtained b G

|p6tting My, = 1. Yl J d = ?j [bul] - (Tun) + buli + 1] - (Ts — Tun)]
Assuming the phase and the path delay are known at the 9}

receiver and the receiver has a perfect timing synchrdoisat + ?T [buli] - (Fun) +bufi + 1] - (T — Tun)] (12)

with the MT« i.e., 7, ., = 0, the demodulated signal of °

MT-u over one symbol period’ is given by whereG, — (o 2 ~z/2 @ﬁ/ﬁ - J6un0, ) and

1 [T ,
Zn = Re ?/ Tun(t) - e—I2mfet
s Jo

>

4E€0, atu’

= Re | S, +

7]9 /

undt}

1%
0,+ Y S 1i,

u=1,u#u’ UES

©)

whereS,, is the desired signal component received byritb
RAU on the reference floor, expressed as

1 T Y .
:7/ D.s'xu/(t)'eju-,n-e_j wfet gt
Ts Jo
—1/2
= \/1?S <du/7n) . @L/,?n by, (10)

IO

u,n

QT' = (du,n)_ﬂ/Q @1/5 (pu n QDU/%L au n-€

andb, [i + 1] are the previous and current symbols transmitted
by the MTu within [0, 7] respectively. The total co-channel
interference term received by tlmeth RAU on the reference
floor, denoted byl,,, is written as

9un=0.0 ) b 1]

I, = (13)

>

€0, iy’

qu+ Z Z u,n

u=1,uu’ UES

Note that interfering signals are independent of each pther
accordingly, the total co-channel interference tdinis a zero
mean Gaussian distributed random variable. The expectatio
of I, as a sum of complex Gaussian random variables can be

is the intra-floor interfering signal component expresseghsily derived as?[l,,] = 0 and the variance denoted by



is derived in Appendix A as SubstitutingE [I,, - I¥] with (A4) as derived in Appendix A

into (17), p,, is rewritten as
2 Py

=% X ()Gt () P Runth P, Chd
€0, itu’ == D, WM+ > D lU+o (19
P. vV a€0,a#u’ u=1,uzu’ uES

+ ? Z Z[(d%n)_u(ﬁz,nwz,n

u=1,uzu’ vES where ] = (d;, ”)w%m + (fzﬂ’”)fﬂ%vn%,n%,n and] =
(du n) C,Ou ngau n + (du,n)i'u@%ngéi,n@ﬁhn'

+ (dun) ™" % "50“ "% nl (14) Therefore the optlmum weighty/,,, is given by

In (9), n,, is the noise component with zero mean and a a, n(du/ ) u/2¢l/,2
variance ofo2 = Ny/(2T;), which is assumed to be equal for W, = — L _
all RAUs. ! 3 ZﬂEO,'&;ﬁu’[ ] + 75 Zu:l,u;ﬁu' Zues[ﬂ + 072]

(19)

Correspondingly, the instantaneous SINR is written as
C. Minimum mean sguare error combining with successive

interference cancellation (zjj WS )2 (zﬁj:l W,,Sn)2
At the receiver of the CU, the minimum mean square errgr Z VV2 Zn W2a 2 25:1 w2 (ff%n + U?;)

combining (MMSEC) is applied, where the received signal by N F 2

the n-th RAU, given in (9), is multiplied by a controllable > on=1 o (dy ,) 7" <Pu/ " i ,L)

weight in order to achieve spatial diversity. In the MMSEC — N %, (d, )re,

spatial diversity scheme, the combiner output used for the — >_» 1( - 2z | P

detection is a linear combination of the weighted signalalof N pod, )

the RAUs on the reference floor. To get better performanee, th _ Z S\u,n u'in 2 (20)

MMSEC is followed by a successive interference canceltatio Pn v

where the order of decoding MT is based on decreasing SINR
[25]. In MMSE-SIC, the input for detecting M- is the Sincea? 2, i1s Gamma distributed, the pdf of the instantaneous

received signal after subtracting the signal componenhef tS5/NR; 7, n (20), for arbitrary values of the Nakagami fading

MT-1 through MT{u — 1). The MMSEC decision variable for Parameters is then obtained as [26]

detecting the desired signal on the reference floor is giwen b | oo cos [Zgzl m,, tan—1 (ﬁT
P’y( )= 7/0

) _ tv] dt (21)

N Q- N 2\ mn/2
-3z, e (1 (#))

n=1

N 1% where 8,, = m.,, /7n- 7 is the average SINR per RAU given

n=1 u=1,uu’

b 15 B P - (du' n) QD“/ n
RS IS LS S
3 [ a#u’ + & u=1,u#u’ u + 57

whereW,, is the optimum weight which maximizes the signal- g eonr 2B, 3d ,1# i s 2
to-interference-plus-noise ratio (SINR). In the preseoiceo- _ No (dy ) Pu' i .0

. . . . . ~ v ~ n
channel interference, _MMSEC spat_lal dl\_/er5|ty is u_sed not % . ﬁ; (ZﬁeO,ﬁqéu' [1] + Zu:l,u;&u/ Zues[l]) +1
only to combat the fading of the desired signal (as with max- 22)

imal ratio combining (MRC), which is the optimum combiner
in a noise only system) but also to suppress the power where£= is the transmit symbol energy-to -noise density ratio
the interfering signals at the receiver. However, whenehsgr at the MT transmitter location and, is expressed as
no interference, MMSEC maximizes the output signal-tesaoi
ratio (SNR) and its performance is then equivalent to that of Es =P T (23)
MRC. The optimum weight}V,,, is expressed as [25]
I11. ACHIEVABLE SPECTRAL EFFICIENCY
W = 220 (d,, )25

Pn u ;N u ,n

(16)  The adaptive multi-level quadrature amplitude modulation
(MQAM) which dynamically determines the modulation level
where o/, is the channel fading coefficient of the desiretbased on the received SINR is applied to maximize spectral
signal andp,, is the variance of the interfering signal plusefficiency while keeping the bit error rate (BER) under a
background noise at tha-th RAU on the reference floor, target value. This is important since applications require
written as certain maximum BER. During a good channel condition, a
higher modulation level is used, while during a poor channel
on=FE[L, - L'+ Jf] = o?n + 05 (17) condition, a lower modulation level is used. The relatiopsh



between BER and SINRy, under a certain modulation level % v/

M; =27 for MQAM can be approximated as [27] ¥ ¥ ¥ Y e g
R 1 _ 37 :| (a) Seenario - Single Line Configuration (b) Scenario I1:- Square Configuration
P.(v) = - ex < 24
() = e [ 550 (24 ,/ ,,

wherej (an even number) is the number of bits per symbol.
Given a target instantaneous BER equaf$othe SINR region
boundaries (or adaptive modulator switching threshojel$pr
switching across the modulation level can be solved from the
inverse of (23)

7} = 7%(2J - 1) 1I1(5P0); ] = 07 27 43 ) J (25) O ©) ©) --->mmrmg:,~m|
where J is the maximum number of bits per symbol. The ) (5 v
average spectral efficiency with unit of bits per secoqd p §M MidaeRsgh Side
Hertz, is defined as the sum of the data rales, ();) = j, BaclcLen Side (&) Backecener BaclcRight Side

weighted by the probability that thgth modulation constel-

L2 . / . Fig. 2. RAU locations and MT geometrical arrangements
lation is assigned to MT+. This can be expressed as g g g

J Vi+1
7,= Y los0n) [ Eme @)
j=1 K

i

In conventional two dimensional (2D) outdoor cellular DAS
networks, the path loss-based antenna selection is dtilise
where the values ofyj and V4, are obtained respectivelywhere the RAUs closest to the MT would be selected for
from (24) for a givenP,. Note thaty,; is assumed infinite. combining [5]. However, selecting such RAUs in uplink trans
By substituting (20) into (25), interchanging the order omission of 3D inter-floor communication may not enhance
integration and simplifying trigonometric identitied;, is the system performance if a co-channel MT is located on a

rewritten as floor directly above (or below) the selected RAU. Therefore,
J a selection strategy which determines the appropriate RAUs

T, :Zbg?(M}) to select for combining based on specific location of MTs is
P suggested as follows. If both the desired and co-channel MTs

are located at the center of the floor, &l RAUs can be
dt  selected for combining however, when both MTs are located
at the side of the floor, selecting just two RAUs may in fact

1> sin(Bi(t) — ty;44) — sin(Bi(t) — ;)
<l - B

™

@7) pe sufficient. This way, only RAUs with significant SINRs
where B, = Zﬁf:l My, - tan—l(ﬁiﬂ) and B, = Hfzle(l 4 are sglegteq for (.:t')mb'lnlng bgfore taking dgtectlon degisio
(o y2ymn/2 This finding is verified in Section V through Fig. 9, where the

Pn achievable spectral efficiency is shown as a function of the
parameter SNR for different values 8f at specific locations
V. LOCATION-SPECIFICANTENNA SELECTION of MTs.

In this section, a location-specific antenna selectioriesisa
where a set ofV' strongest RAUs out dfl available RAUSs is
selected for combining, is investigated in the in-buildDS.

In uplink transmission, the system performance is semsitiv In this section, a range of results for illustrating the aghi
not only on the closeness of the desired MT to its RAU, b@ole spectral efficiency of the exemplified DAS in multi-stpr
also to the location of the co-channel MTs within the buitgin buildings is presented.

This is due to the range of possible geometric arrangeménts oln order to present numerical results, the analytic formula
MTs. With reference to Fig. 2, the path loss of the interfgrinderived in Sections I, lll and IV are evaluated for the
MT can even be much smaller than that of the desired Matilding structure shown in Fig. 1 in an uplink scenario. é&s

in some locations across the floor. Accordingly, the systepRecified otherwise, the following assumptions are made.
performance is evaluated to show the effect of MT locationse A 7-story building is considered.

for various geometric arrangements and two RAU deploymente Inter-floor spacingF' is 4m.

options shown in Figs. 2(a) and (b), single line configuratio « The floor dimensiorn(z,y) is 40m x 40m.

and square configuration respectively. It is also important « 2 MTs are evenly located across each floor at height
note that due to large transmission path loss or the effect of of 1m.

strong co-channel interfering signals, some RAUs may have. 4 RAUs are deployed on the ceiling of each floor.
insignificant contributions to the total received signalic « 4 antennas are co-located at the center of each floor for
RAUs could be discarded in order to avoid interference and the conventional centralized deployment i(e,,, y,) =
save considerable amount of the receiver’'s signal praogssi (0,0) for any antenna.

V. NUMERICAL RESULTS



« Path loss exponent is 2.5.

« Path loss exponent of the reflected patis 2.0

« Penetration loss is 6.5dB per wall andy is 13dB per
floor, which is consistent with the results reported in [1€
for penetration loss of about 5 to 8dB for brick walls ani
10 to 15dB for concrete floors.

« Reflection lossg at the surface of the neighbouring
building and penetration loss through two sets of glass
windows is 18dB, which is consistent with observation

/
M
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made by [16]. AN A\
« The distance between the reference and the adjac 1 ////l/;lz"‘:‘:‘:“‘:‘\}\§\\\\
building d.,,,, is 10m. : 8O SN

V94
» Nakagami fading values {mi, ma,ms, my} 5

{1.8,1.5,1.0,1.0}. :
« E,/Ny is 30dB. a0

e The target BERI50 is 1073, o . . (b) Co-located antenna deployment
« The achievable spectral efficiency is with respect to therig. 3. Achievable spectral efficiency comparison between
desired MT located on the reference floor. in-building DAS and co-located antenna deployment

Figs. 3(a) and (b) compare the achievable spectral effigienc
between the system with conventional deployment with co-
located antenna and the in-building DAS. In order to make . . . . -
a fair comparison, 4 antenna elements are assumed for i the entire floor (i.e. 2.4 b|ts/seg/Hz for in-building\®
systems and total transmitted power is the same for botlsca d 13 bits/sec/Hz for the conventlonql system) shows _th_at
It can be clearly seen from these figures that the in-buildi \g—bundlng DAS outc-lasses the conventional system and it i
DAS outperforms the conventional system with co-Iocateb orth the change. It is also expected that the performanpe ga

antennas thanks to the reduction in access distance. Uhkke etween the two systems becomes more pronounced as the

conventional system, the in-building DAS shows four peal&umber of _intra-floor MT reduces, Iead_ing to a mgch_h?gher
at the location of each RAU as shown in Fig. 3(a), th ectral efficiency across many floor regions for the inebng

providing a more uniform coverage. RAUSs in floor region AS' ) .
close to the same floor co-channel MT suffer from much F19s- 4(a) and (b) presents the location specific perforeanc

higher interference thus leading to degraded performance®Ver @ range of possible MT location with the consideratibn o
that location. The performance of both systems is sensiti¥® RAU deployment scenarios, the single line configuration
to the locations of MTs but the conventional system is mofd!d the square configuration as shown in Fig. 2(a) and (b).
sensitive to localised effects. As illustrated in Fig. 3(bgh Ntuitively, the system performance is considerably ieite
spectral efficiency is generally localised to (relativetypall Se€nario Il than in Scenario I, especially at the floor sides
regions directly above base-stations antennas locatetieat ¥ing to the short distances between the desired MT and
floor center. MTs located at the floor boundary suffer froff!€ RAUS in this configuration. For example, for Scenario

much higher interference and path loss than those at the dbifit IS observed that 25.9% of location combinations show
center - cell edge problem. The average spectral efficiend@h spectral efficiency values greater than 2.0 bits/sgcé
value close to the best case, while for Scenario I, high splect
efficiency values greater than 2.0 bits/sec/Hz occur onlgrwh
the desired MT is located at the middle-left and middletigh
sides of the floor. However, it is important to note that the
square configuration is more sensitive to MT locations. it ca
be seen from Fig. 4(a) that 8.9% of MT location combinations
show low spectral efficiency close to the worst case value,
while for single line configuation in Fig. 4(b), only 4.1% of
MT location combinations show spectral efficiency lowemha

\ “\. 2.5 bits/sec/Hz, The average of these spectral efficiersies
//I/II":‘:“\\{\\ /1 ‘) ‘ ;“\\ 6;1 large nudmb?r of uniformlyddistributsed MT Iocations,fshogxlls
7/ WS/ N7 O that RAU deployment according to Scenario Il is preferable.
”%'%%‘s\‘}));‘”i%w\\\&s‘%ﬁk This result is significant, as it indicates that the RAU fosit

i ““\\ R

Average Spectral Efficiency[Bits/Sec/Hz]

¢ LN, MRS « is important in the design of in-building wireless system fo
? ///[[[' ‘ﬁ\\\ 5 S p g g Y
”%'@20“’&\\\\{%%}‘ high data rates. Scenario Il will be assumed from hereon.

The advantage of the above analysis is that, it does not only
takes into account the performance of the system associated
(a) In-building DAS with fading and the effect of co-channel interference, lut i
also takes into account the likelihood of MTs being in certai
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(a) Co-channel MT located at the back-right side of the floor, a Fig. 5. Effect of the number of MTs per floor
position corresponding to one RAU location
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Fig. 6. Effect of reflection loss on achievable spectral

efficiency
(b) Co-channel MT located at the floor center (Scenario )

Fig. 4. Location-specific achievable spectral efficiency

building. The desired MT is located at the middle-right side
of the floor, a position which is strongly affected by severe
locations across the floor. Thus, based on the above analysigeflection from the neighbouring building, i.e. positi@ in
location-specific spectral efficiency, efficient resourteca- Fig. 2(f). It is observed from the figure that when reflectien i
tion schemes through intelligent channel reuse in a mskFru not considered, an optimistic system performance is glearl
environment can be proposed. For example, an MT can &@dent especially at high SNR region. In general, it is
assigned the same channel if a co-channel MT is not vesticalbund for both cases that the main impairment to achievable
aligned at the same location on immediate adjacent floors gifectral efficiency is co-channel interfering signals nesm
the building. from direct signal transmission through the floors. Howgver
Figs. 5 illustrates the achievable spectral efficiency witlvhen there is reflection from a neighbouring building, co-
respect to the number of users per floor. The results shaewannel interference from reflection contributes towaitus t
that the system performance reduces as the number of meeeived interference power. It can be seen that ignoring
channel users/user density increases. For the two usey casfiection makes the result too optimistic. The co-channel
the spectral efficiency increases linearly with SNR, but dsterference from the neighbouring building should be con-
more users are introduced, the distance between same fisidered in the worst case. The total co-channel interferenc
MTs reduces and more RAUs suffer from high co-channelakes the achievable spectral efficiency to gradually becom
interference. Interference dominates the performancettaad flat when SNR is higher than about 40dB. When SNR is
achievable spectral efficiency saturates and tends to batflasmaller than 30dB, the noise dominates the interferenad, an
high SNR regions. it can be seen from this figure that performance for both
Fig. 6 shows the achievable spectral efficiency for a scenadases are almost indistinguishable. However, the combined
without reflection loss from a neighbouring building corgahir effect of the interference from the direct and reflected gath
with a scenario with reflection loss from a neighbouringn the performance dominates noise at high SNR values. It is



apparent that the system achieves a better performance wiibe reason is that the effect of channel noise on achiev-
the desired MT is located at the left side of the floor thaable spectral efficiency dominates the co-channel intenfes
at the right side. This is because, at the right side, desireffect. Thus, the effect of co-channel interference bemme
MT is closer to the neighbouring building, where the effefct megligible with increasing penetration loss values. Oratier
reflection from the neighbouring building is most dominantand, the system benefits from the increase in SNR, e.g. when
This lowers the received SINR and thereby reduces the syst8iR = 35dB, the achievable spectral efficiency grows liryearl
performance. and then tends to be flat as penetration loss increases tod abou
Figs. 7(a) and (b) shows the achievable spectral efficiengddB due to the dominant effect of co-channel interference
for different floor and wall types respectively. Depending ofor very large SNR values. Similar effect is observed forlwal
the composition of the floors and walls inside the building, penetration loss in Fig. 7(b). Although the desired sigroagr
significant reduction in the total received signal to integhce is reduced due to the walls, the interfering signal of theesam
power is due to wall and floor penetration losses. If floors af@or MT also decreases but not eliminated.

made of corrugated steel panels of about 20dB penetrassn 10 (g g gepicts the achievable spectral efficiency as a fancti

for example, an evaluation of the potential spectral effic¥e 4t SNR when the strongest RAUs are selected. It is observed

can be made. It can be seen from Fig. 7 that the spectigh \when the reference MT is located on the left side of
efficiency achievable increases with increasing penetrati. fioor. the system performance f&f = 4, N' = 3 and

loss, owing to greater isolation from co-channel MTs. High;' _ 9 i5 the sameR,1 and R,3 are the useful diversity
inter-floor/wall isolation ensures high SINR and high spect panches that can appreciably contribute to the receigbi

efficiency across the floor. Moreover, it is evident from FiQNithout any redundancyR,2 or R,4 could be discarded due
7(a) that when SNR = 30dB, the achievable spectral efficiengy girong co-channel interference and the wall penetration

increases linearly at first, and saturates when penetrii&™ |55 The discarded RAU represents no loss in appreciable

is larger than 16dB. received signal. This way, the requirement for phase and
amplitude estimation on each RAU can be reduced. However,
— e when MTs are positioned at the center of the floor, all RAUs

SNR = 3508

- - SIR=368 should be selected.
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(a) Effect of floor penetration loss on achievable spectral efficienc

[— WallPenetration Loss =10
Wall Penetration Loss = 6

- Wl Pentmionloss =3 Fig. 8. Achievable spectral efficiency at specific MT
locations when the strongest RAUs are selected

251

Fig. 9 show the results for scenarios with different path
loss exponent. In reality, the path loss exponent can vary fo
different building layouts. It is observed that the highke t
pathloss exponent, the lower the system performance. This
is due to increased path loss. Although the path loss for the
interfering MTs is increased, the path loss of the desired MT
is equally increased ag increases. Thus, similar trends are

Average Spectral Efficiency[Bits/Sec/Hz]

O E 3 w ;3 = observed for the given values @f. The spectral efficiency
'&pcreases linearly with SNR and saturates at high SNR region

Fig. 7. Achievable spectral efficiency versus penetratass | due to the impact of co-channel interference which domsate
the system performance.

(b) Effect of wall penetration loss on achievable spectral efficienc



Fig. 9. Achievable spectral efficiency versus pathloss T

10

APPENDIXA
DERIVATION OF VARIANCE OF CO-CHANNEL
INTERFERENCE IN (14)
In this appendix, the variance of the total co-channel inter
ference term in (14) is derived. From (13)

I" = Z + Z Z u,n (Al)

a€0, aztu’ u=1,usu’ UES
wherel?, andI?

u,n

I, is rewrltten as

In = Z (;d [bali] - (Tan) + bali + 1] - (Ts — Ta.n)]

S
AWEO, u#u’

is given in (11) and (12) respectively, then

Average Spectral Efficiency[Bits/Sec/Hz]

L il 1 L - L L L
15 20 % 30 3 40 45 50 5 60

I [bald] - (Fan) + bali + 1] - (Ts%f,,,n)]>

exponent

4 Z Z(Gd oli] - () + bali + 1] - (Ts = )

u=1,u#u’ u€s
VI. CONCLUSION
Qr

In-building DAS can provide high data rates for indoor — *7- (bul] - (Tun) + buli+ 1] - (T — fu,nﬂ) (A2)

MTs. By considering vertically located co-channel MTs, the
achievable spectral efficiency in a multi-storey buildirgy iThe variance can be expressed as
studied, by using a propagation channel model derived frq;@ = E|[l, - I
multi-floor, in-building measurement results. The follogi

\/ﬁs . (dﬁ,n)_

2 ~l/2
w CQqn

conclusions have been drawn: —E Z
1) The in-building DAS outperforms the conventional sys-
tem with co-located antennas for indoor wireless com-
munications. The highest spectral efficiency values are
shown in floor regions closer to the desired RAU, if

a€0,u#u’

T

a co-channel MT is not vertically aligned above the
RAU location, while regions directly above/below the .
interfering MTs are found to have the lowest spectral - [bald] - (Tan
efficiency values compared to rest of the floor. The worst

T

Dol (i) + bali 4 10 (T, = 7,0
\/ﬁs'(dﬂ,n) /2. géu/n Qau n (pu/n dﬂ,n

)

[ ] (Ts — 7an)])

case spectral efficiency occurs when the desired MT and + Z Z (
the co-channel MT are both located close to the window. u=1,uzu’ u€S

Ts

spectral efficiency.

)+
\/Ps (un) NZ/Q ‘/97]3/7% Oéun]

2) The square configuration for RAU deployment (Scenario bult] - (Tun) F0ufi +1] - (Ts — Tun)]
II) outperforms the single line configuration (Scenario S 5 N—u/2 A1/2 . 12 4
. . . Ps : du n M/ u,mn u,n (%% u,n
I) especially at the floor sides/boundaries. However, low + (dun) SOT [ Pun  Puin ' & ]
spectral efficiency near the worst case value is not likely s
to occur in the single line configuration, due to greater [buli] - Fum) + buli +1] - (Ts — 7un)))}
isolation from co-channel MTs. Consequently, RAU (A3)
location can have a major impact on system performange e [ _ [ba] = 0, Efbu-b] = 1 andE [TQ ] _
in high-rise buildings and as such is an important deS|gn ” 2 2 u,n
consideration and should be determined to mammm@[ = Tumn ] +, and 5|m|larly Ela;,] =1, and
(T

[un}*E[ Tun)}

3) By selecting RAUs for combining based on maximu

received instantaneous power at specific locations o P
S

?ry parts ofl,, have the same variance expressed as

MTs across the floor, which also reduces the effect off = == N [(dan) @, + (dan) " Gan@? ,@h ]
co-channel interference, it is found that RAUs with weak 3 o ’ o
signal can be eliminated. The discarded RAUs represent P %
no loss in appreciable spectral efficiency. s dun) "3, ok

4) Penetration loss has a significant impact on achievable " u_%:#u, 1;[( ) Punun
spectral efficiency especially when SNR is large. S o—pa w2 sl

5) The impact of reflection from a neighbouring building + (dun) ™" PuinPrunPu,n] (Ad)

cannot be disregarded when the reference MT is locatEduation (A4) leads to the variance of the total co-channel
in floor regions close to the neighbouring building. interference term in (14) at-th RAU on the reference floor.
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