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Abstract—Fifth generation (5G) mobile communication sys-
tems aim to provide high data rate wireless transmissions
and ubiquitous coverage to users but achieving this objec-
tive remains a challenge particularly in regions with high
user density, such as urban/metropolitan areas and within
buildings. To support users in indoor environments, indoor
wireless communication systems are required, but frequency
spectrum allocations are limited and requires reuse of the
limited spectrum. Frequency reuse causes co-channel interfer-
ence, which is detrimental to the performance and capacity of
indoor systems. In order to design efficient and reliable indoor
systems, a thorough understanding of co-channel interference
within buildings is vital. This paper presents a comparative
study of the performance of indoor deployed small cell base
station (SBS) and indoor distributed antenna systems (DAS) in
an isolated multi-storey building. Each floor of the building
is equipped with either an indoor SBS or an indoor DAS
where geographically distributed remote radio heads (RRHs)
are connected to a central unit (CU), and frequency reuse
is employed among floors. Signal propagation characteristics
within multi-storey buildings and the impact of inter floor
interference on system performance is analysed and compared
for both systems. The effect of different reuse distances, pathloss
exponents, penetration loss and co-channel interference on
achievable rate is analysed over a wide range of potential mobile
equipment (ME) locations.

Index Terms—Distributed antenna system (DAS), Co-channel
interference, Multi-floor in-building propagation, Spectral effi-
ciency.

I. INTRODUCTION

As the popularity of real-time data applications (apps) such
as social networking apps and high-quality wireless video
streaming increases, supporting a large number of users with
high data rates remains a challenge for modern mobile com-
munication systems, particularly in regions such as urban and
metropolitan areas and within buildings. Providing adequate
coverage and reliable system performance in these regions
is difficult as, not only is the user density at its greatest,
the communication traffic density and capacity demand can
be extremely high. Furthermore, because the base station
transmitters are generally located outside of buildings, large
penetration losses are often encountered as the signal moves
deeper into the interior of large buildings, thus limiting
system performance and capacity [1].

To achieve adequate coverage and support increasing
wireless traffic density within buildings, in-building wireless
communication systems that will use small cells and employ
extensive frequency reuse have been suggested. Among these

are small cell base-stations (SBS) [2] [3] and distributed
antenna systems (DAS) [4] designed to be located indoors to
improve cellular system performance within small buildings,
or across several floors of multi-storey buildings.

Indoor SBS are typically low-powered, short-range (10-50
m) cellular network base stations deployed within buildings,
where each base station is a unique physical cell. Small
cell densification using SBS is seen as an enabler for future
5G systems to address capacity demands [5]. However, to
support a large number of users, multiple SBS are often
required [6], necessitating the reuse of frequency spectrum.
Frequency reuse introduces cochannel interference, which
can severely limit system performance, reduce reliability,
maximum transmission rates, and number of users that can
be supported.

In indoor distributed antenna systems (DAS), remote radio
heads (RRHs) are deployed to provide better coverage and
improve system performance across several floors within a
building. In contrast to indoor SBS where all service antennas
are located in a compact area, the RRH are geographically
distributed, effectively reducing the radio transmission dis-
tance between the transmitter and the receiver. The DAS thus
reduces path loss, transmit power, and cochannel interference
[7], thereby improving system performance, particularly for
those mobile equipment (MEs) near the edge of a cell [8].
It is expected that the DAS will outperform SBS due to
spatial diversity gain, however, it is not clear quantitatively
how much of these gains can be achieved when compared
with SBS for deployment in multi-storey buildings where
frequency reuse is employed. Achieving adequate coverage
for SBS or DAS is usually not an issue within buildings as
the transmission distances are considerably shorter, rather it
is co-channel interference that constrains performance.

The performance of cellular networks with co-located and
distributed base-station antennas have been evaluated in many
prior studies for outdoor environments where cell sizes are
generally within thousands of meters. For example, [9],
[10] and [11] compared the performance of co-located and
distributed antennas and indicated that the distributed antenna
layout has potential for higher data rates than co-located
antenna layout. However, results obtained from these studies
cannot be applied directly to in-building environments where
a large number of potential users are distributed throughout
a relatively small three-dimensional (3D) space, and divided
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into smaller sub-spaces, such as in high-rise office buildings.
Signal propagation in indoor systems occurs over shorter
ranges than outdoor macro and microcellular systems and
large losses can be experienced over very short distances.
This is a major concern in multi-storey buildings where
the same frequency channels may be reused on adjacent
floors of the building to support a high density of users.
Severe co-channel interference can occur and greatly limit
the performance of the indoor system. Therefore, a thorough
assessment of the way co-channel interference interacts with
the 3D in-building environment is vital when planning indoor
mobile communication systems.

This paper comparatively investigate the downlink perfor-
mance of indoor deployed SBS and indoor DAS employing
frequency reuse in a multi-storey building. Indoor radio
channel propagation characteristics in multi-storey buildings,
with frequency reuse among floors, and the resulting impact
on system performance are examined and compared for both
systems. Analysis of both line-of-sight (LOS) and non-LOS
(NLOS) propagation conditions are considered.

II. RADIO PROPAGATION AND INTERFERENCE IN INDOOR
ENVIRONMENTS

Radio propagation in indoor environments differs from
outdoor environments in a number of different ways [12]. For
example, the distance between the transmitter and receiver, as
well as propagation path lengths are typically much smaller
(between 0-50 m); indoor environments are inherently 3D
in topology and arguably more cluttered; both LOS and
NLOS propagation paths exists, consequently, large losses
can be experienced over a very short distance; signal losses
are determined by floor plans, construction materials used,
peoples’ positions and movements, type and number of office
equipment, scale of MEs used, and so on. Propagation studies
presented in [13]-[15] for multi-storey buildings indicate that
interference can arise via three propagation paths: 1) internal
paths that involve transmission through the floor partitions,
which may include multiple reflections between the walls,
floors and ceilings; 2) external paths that involve transmission
via diffraction down the window edges; 3) external paths
that involve involve signal reflections and scattering from a
nearby building. In an isolated multi-storey building (Fig. 1),
the diffraction down the window edges is the only external
path possible, however, its impact is insignificant and can be
safely ignored [13].

III. INDOOR SMALL-CELL SYSTEM MODEL

Fig. 1(a) shows the downlink transmission of an indoor
small-cell system in a multi-storey building where each floor
of the building has one SBS centrally mounted on the ceiling
to serve one ME on that floor. Each floor of the building has
a similar construction with an open floor space plan, and
frequency reuse is employed among the floors. There is no
frequency reuse on the same floor, which implies that co-
channel interference can only originate from adjacent floors.
The worst case downlink performance of the indoor small-
cell system is likely to occur when a ME is located in the

corner of a floor, because at this location, the desired signal
power will be weakest.

In the building, it is assumed there are a total of K SBS,
one in each floor. Accordingly, K also denotes the number
of floors in the building. The desired ME is located on the
4th floor of the building. Each floor has a common inter-
floor spacing of F meters, and one active ME equipped with
a single antenna is evenly located across each floor at height
of v meters. The reuse distance C measured in floors, is the
distance at which the frequency resource can be reused (Fig.
1 illustrates a reuse distance of three floors). Thus, FC is the
total reuse distance in meters.
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Fig. 1. (a) Indoor SBS with Frequency Reuse. (b) Indoor DAS with
Frequency Reuse

The transmitted signal from SBS-k to the reference user is
given by

Xelt) = VR Y~ bililpr(t—iT) (D)

where P; denotes the transmit power which is assumed to
be the same for all SBS, by, [7] is the transmitted symbol, T
represent the symbol duration, E[bx] = 0 and E[b]* = 1.
pr, (t) is a pulse waveform defined as pr (t) = 1 for 0 < ¢ <
T, and pr, (t) = 0 otherwise and f,. is the carrier frequency.

The channel between the SBS-k and reference user on the
middle floor is given by the low pass equivalent impulse
response as

hi(t) = (i) "2 @Y% g% 5(t—m) Q)

where dj; is the 3D path lengths from a SBS-k to the desired
ME on the reference floor. Assuming a Cartesian coordinate
system, where (z, yi) represents the coordinate of the SBS-
k, and (x,y) denotes the coordinate of the the desired ME
on the reference floor, d;, can be written as

de =V (2k — )2+ (yp —y)? + [Fl+ (v — F)]?

3



In (2), p is the path loss exponent, typically varies between
2 to 6 depending on the physical layout and construction
of the building [16]. ¢ is the penetration loss through a
single floor and [ is the number of floors in the transmission
path. v, 0y, and 7, are the channel fading factor, path phase,
and path delay, respectively, and are statistically independent.
It is assumed that 0 and 74 are uniformly distributed over
[0,27] and [0, T], respectively. §(¢) denotes the Dirac delta
function.

Accordingly, the received lowpass equivalent signal at the
reference user is given by

K
y(t) =D Xi(t) @ hi(t) + Zo(t)
k[:(l
=3 (de) P - Xyt — ) + Zo(t)
k=1

“)
where the notation ® denotes the convolution operation and
Zy(t) is the additive white Gaussian noise (AWGN) with zero
mean and a double sided power spectral density Ny/2.

Assuming the phase and the path delay of the desired
signal are precisely known at the receiver of the reference
ME i.e, 7, = 0, the demodulated signal over one symbol
period T is given by

I :
sz/ y(t) - e % dt =Sy + 1, +Z Q)
s Jo

where Sj denotes the desired signal component received from
the SBS on the reference floor, given by

1 T _ . ‘
So = 7/ (dy) ne. ay el - Xy (1) ce 0 dt
TS 0
= VP (d) " by -y (©)
I; is the total co-channel interference term received by the
reference user, given by
K

I = Zk:m o T @)

where [j is the co-channel interference component from
other floors, given by

1 [T ,
Ik:?/ Q,--Xk(t—Tk)~6_]6k/dt
s JO
Ts
= % / Xk(t - Tk)dt (8)
TS 0

where Q, = (di) "% @/% a9, Qi = (di) *-G)/%
o - @) Since Ela2] = 1, E[by] = 0, E[by - 03] =1
2

and E[r}] = E[(Ts — )% = 7;3 , the real and imaginary
parts of I, have the same variance derived as
Py b~
of, = 5 ()" Bl ©)

The total co-channel interference term [; is a zero mean
Gaussian distributed random variable [17]. Thus, the expec-
tation of Ij is a sum of complex Gaussian random variables

easily derived as E[I;] = 0 and the variance denoted by o7,
is derived as

o}, = E|L - If]
_ B —n,
=73 Zk=1,k;ﬁk’ (di) - &y

Z in (5) is the noise component with zero mean and a
variance of 0% = Ny/(4T5), which is assumed to be equal
for all SBS.

Thus, using (6) and (10), the instantaneous signal to
interference plus noise ratio (SINR) ~ at the reference ME
is given by

(10)

s mede
= Ny I8 yra——
of, +t & D hetn (de) P+ iVT“

According to various propagation studies, the possibility of
a line of sight propagation is somewhat difficult to predict
within buildings [18][19], particularly for SBS with colocated
antennas. Consequently, it is assumed that the small scale
fading oy is Rayleigh distributed. Thus, ai, is exponentially
distributed and the pdf of ~ in (11) is given by

Py(v) = %exp <—z>

where 74 is the average SINR for the reference ME given by

12)
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ffo in (13) is the average received symbol energy-to-noise

density ratio at the ME receiver location and F; is expressed
as

E,=P, - T;s -d;,“ (14)

Therefore, the maximum possible rate of the indoor SBS
system per floor for a giving location of the reference ME is
given by

Cr— / Cy-logs (1+7) Py(1)dy (1)
0

where C, = 1/Ty is the channel bandwidth. The conditional
rate per Hz is given by

C o0
C.= T*/ loga (14 ) Py(7y)dy (16)

G o
By substituting (12) into (16), the conditional achievable rate
per Hz C. is rewritten as

Ce=—log2 (1 +7) - exp (—3)
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IV. INDOOR DAS MODEL

In this section, the system model and achievable rate
expressions for indoor DAS is presented. These will be used
in Section V to compare performance of indoor small cell
system and indoor DAS.

For indoor DAS, the downlink transmission of the hypo-
thetical building shown in Fig. 1(b) is considered, where each
floor of the building is equipped with a CU comprised of N
evenly spaced, ceiling mounted RRHs to serve MEs on each
floor. Similar to the indoor small cell system, each floor is
treated as a cell with the floors forming natural boundaries
and frequency reuse is employed among the floors. In order
to make a fair comparison between the indoor small cell
systems and the indoor DAS, the same building geometry,
same number of antennas per floor, same total transmit power
per floor and same total system bandwidth are assumed for
both systems.

In the downlink, the reference ME located in the middle
floor of the building is served by one or more RRH in order
to improve the received signal strength via spatial diversity
[20]. Due to frequency reuse, the performance of the indoor
DAS will depend on the strength of the desired signal and
the relative strength of the interfering signals originating
from nearby floors. Although the radio transmission distance
between the transmitter and the receiver is further reduced
in the indoor DAS due to geographically distributed RRH,
the indoor DAS is exposed to strong cochannel interference,
which can severely limit system performance as RRHs and
ME:s are located in close proximity.

In downlink transmission, since the signals transmitted
from different RRHs experience different large scale fading,
an efficient power allocation over the RRHs is necessary
in order to significantly enhance the SINR at the ME
and increase the achievable rate. Several power allocation
strategies have been proposed in literature including the well
known water filling solution, an optimal power allocation that
maximizes the capacity when the channel state information
is available at the transmitter. However, the water filling solu-
tion is very complicated, thus a simplified scheme proposed
in [11] is employed to allocate tranmit power to the RRHs.
Accordingly, the transmit power to be allocated to the nth
RRH on the reference floor is given by

—u )
PS : (dn',k) ’ an/ k
N —K
N 2
Zi:l (dn/,i) ’ an,ﬂ,

where d,; ; denotes the distance between the nth RRH and
the ME on the reference floor. The distance d,, j, is written
as

dn,k’ = \/(xn - x)Q + (yn - y)2 U)P (19)

where (2,, ¥, ) represents the coordinate of the nth RRH, and
(x,y) denotes the coordinate of the the desired ME on the
reference floor. Note that the number of intervening floors [
between the desired ME and its target RRH on the reference
floor is zero (i.e., [ = 0). Assuming that the channel phase 6,

Pn = (18)

+[Ul+ (v—

and the path delay 7,/ are precisely known at the nth RRH
on the reference floor, the transmitted signal can be expressed
—iTs+7, 1)

as
—J0n .k o
R D
(20)

Xn k(t) =
where b,, ;, denotes the transmitted symbol with E[b,, ;] =0
and E[b, x]? = 1, and assumed to be the same for all RRHs.
The channel between the nth RRH and the reference ME
on the middle floor is modelled as a low pass equivalent
impulse response, given by

R (8) = (i) ™% G5 - v

where 0,,, and 7, are the path phase and path delay
between the nth RRH and the reference user respectively,
and are statistically independent. Given the geographical
distribution of the RRHs, it is assumed that there is a
possibility of LOS propagation between the nth RRH and the
ME on the reference floor. Thus «,, ;, undergoes Nakagami
fading, hence, o/ . is Gamma distributed with the probability
distribution functlon (pdf) expressed as [21].

bnk[] (

eIk 5t — T k) (21)

me 2\myp—1

paplaf) = (™ (P exp(- o),

ay >0 (22)

where my, is the Nakagami factor and 2 is the average
fading power of the received signal. The parameters §2; and
my can be expressed as
Qi = E[a?] and my, = W ,my, > % respectively.
When my, = 1, Nagakami fadmg reduces to Rayleigh fading
[21].

Accordingly, the received lowpass equivalent signal at the
reference ME is given by

2

K N

51 =33 Xon(t) @ hus(t) + Zo(t)  (23)
k=1 i=1

Assuming the receiver has a perfect timing synchronisation

with the RRHs on the reference floor, i.e 7,, 1 = 0,, the

demodulated signal over one symbol period T is given by

where Sy denotes the desired signal component received from
all RRHs located on the reference floor, given by

=So+L+7Z (24)

N

o
by g § :{dn/,k} Ok

i=1

_ P,
So =

—H

Zi\;l [dn/,ii| ! Oéi, i
N —p

VP by - \/ > [dnlvk} a2,

I, is the total co-channel interference term received by the
reference ME, given by

(25)

(26)



where fn,k is the co-channel interference component from
other floors, given by

_ 1 7T
In,k’ = ? / Qd . Xn,k(t - Tn,k)dt
s JO

_Qu [Ty d 27
- i : 0 n,k(t_Tn,k) t ( )

where Qd = (d7L,k)7u/2'¢iﬁi'Oén,k'ejen‘k, Qd = (dn,k)iM/Q'

_1/2 (0 1—0 . . .
goil/k “Qp g /50,01 Similar to the analysis in Section

1L, since Elo?2 ;] =1, E[b, ] = 0, E[by - b ] = 1 and

E[r2 ] = E[(Ts — Ta)?] = 7;;2, the real and imaginary
parts of I, ;, have the same variance derived as
P -
o =3 (k) P (28)

The total co-channel interference term I; is a zero mean
Gaussian distributed random variable [17] and the variance
denoted by 0% is derived as

o2 = E[L,-I]

P. K N
3.}(] Yo D [du) " Bk

k=1k#k" i=1

(29)

Z in (24) is the noise component with a variance of 0% =
No/(4Ty), which is assumed to be equal for all RRHs.

The instantaneous SINR 7 at the reference ME is given
by

g N
- 0 -
7= 5w =D (30)
ot o
where 7, is given by
4B,
- No 2

In = —

4 E. K N dn, ke -

IN N Dokl kAk Doim1 (dn/ l) Pht1
(31

f,o is the average received symbol energy-to-noise density

ratio at the ME receiver location and E, is expressed as

(32)

E,=P-Ts- di/u
n ,k

Assuming arbitrary values of the Nakagami fading parame-
ters, the pdf of the instantaneous SINR, 7,, in (31), is then
obtained as [22]

1 /oo cos {2521 My tan ! (6%) — t’:y} "G
0

s . 2 mp /2
N
where 83, = M., /Yn. A is the average SINR per RRH given
by

Pi(3) =

4FE4
No
: Qn

- —n
B. K N dos N
TN Dok hak Diel (dn/ Z) Pl tl
(34)

%/n =

SIS

The maximum possible rate of the indoor DAS per floor
for a giving location of the reference ME is given by

Cr= [ Crlopen) Py 09
0

The conditional rate per Hz is derived by substituting (31)
into (16), written as

C. :/ loga (14 7)
0

1 oo cos [25:1 My, tan ™! (ﬁ%) — t’:y}
-f/ dt
0

T 2 mn/2

s (1 (4))

V. NUMERICAL RESULTS

(36)

In this section, the achievable rate performance of the
indoor SBS is compared with the indoor DAS using the
analytic formulas derived in Sections III and IV for the
hypothetical multi-storey building shown in Fig.1. For fair
comparison, the same number of antennas per floor is as-
sumed for both systems. MEs are assumed to be evenly
located across the floor and 10000 possible ME locations
are considered and used to numerically calculate the average
value of the achievable rate across the entire floor. Unless
otherwise stated, Table 1 presents the summary of parameters
used in evaluating the performance of the systems.

Fig. 2 shows the average achievable rate of the indoor
SBS and the indoor DAS for frequency reuse distances of
C = 1,2 floors. Note that a frequency reuse distance of 1
floor implies that the same frequencies are reused every floor,
while in a reuse distance of 2 floors, channels are reused
every second floor (co-channel interfering users are located

n';k on the 3rd, 5th and 7th floors). Clearly, superior performance

is obtained with the indoor DAS over the indoor SBS. This
is due to lower transmission path loss to the desired ME.
In the indoor DAS, interfering signals experience a higher
distance dependent rate of attenuation than that observed in
the indoor SBS. Consequently, the received power by the
desired ME dominates the performance and the resulting
achievable rate is higher than that achieved with indoor SBS.
It can be seen that increasing the reuse distance from one
floor to two floors improves the performance of both systems
significantly, especially at high SNR regions. This is due to
high inter-floor isolation of co-channel floors which ensures
high SINR, and high achievable rate across the floor. At high
SNR values, the indoor DAS provides nearly 1 Bit/Sec/Hz
increase in achievable rate over the indoor SBS for a reuse
distance of 1 floor. Much larger achievable rates are observed
for a reuse distance of two floors. At lower SNR values
below 35dB, the achievable rate of both systems increase
linearly and the the curves tend to be flat at SNR values more
than about 40dB because co-channel interference dominates
channel noise. Note that the performance of the indoor SBS
tends to flatten more rapidly at higher SNR values because
the system becomes more interference limited.



Fig. 3 shows the average achievable rate of the indoor
SBS and the indoor DAS for a range of floor penetration
losses with respect to frequency reuse distances of C' = 1,2
floors. A significant reduction in the total received signal
to interference power is due to floor penetration losses.
The penetration loss introduced by each floor depends on
thickness of the floor inside the building and can vary
from building to building. It is observed from the figure
that the achievable rate of the indoor DAS are consistently
higher than those of the indoor SBS. For both systems,
the achievable rate increases as the penetration loss values
increases. This is due to increase in the attenuation of the
interfering signals. Results indicates that in buildings with
low penetration loss less than 6dB, the indoor SBS may
not tolerate a reuse distance of one floor due to low inter-
floor isolation which results in low SINR, and low achievable
rate values. Therefore an indoor DAS is mandatory in such
buildings to ensure reliable wireless service.

Fig. 4 shows the average achievable rate of the indoor SBS
and the indoor DAS for path loss exponent values A = 2, 3.
The internal layout of the building is known to play a
significant role in determining the path loss exponent values.
Lower path loss exponent values represent environments with
fewer obstacles between the transmitter and the receiver,
while higher values represents a NLOS environment with
more obstructed paths. It is observed from Fig. 4 that the
indoor DAS significantly outperforms the indoor SBS in both
values of path loss exponent. For both systems, increasing the
pathloss exponent value results in lower system performance.
This is due to increase in the path loss of the desired signals.
Although a higher path loss exponent value results in greater
level of isolation from co-channel floors, thereby reducing
the impact of co-channel interference. However, the power
of the desired ME is also reduced due to increased path loss,
resulting in lower spectral efficiency values. The indoor SBS
are much more affected with by higher path loss exponent
values. This is due to the fact that the indoor SBS antennas
are co-located and thus experience approximately the same
reduction in transmit signal power. This is not the case in
indoor DAS as RRHs are geographically distributed. Note
that at higher SNR values, channel noise dominated the
performance and the achievable rate for A = 2,3 tends to
merge for both systems.

VI. CONCLUSION

Indoor mobile communication systems are required to
provide high data rate transmissions for mobile users located
inside the building. However, these indoor system are likely
to be deployed in dense in-building environments where the
frequency channels are reused. This paper has comparatively
analysed the performance of indoor SBS and indoor DAS
employing frequency reuse. The in-building environment is
mathematically defined and the performance of both systems
is analytically quantified in terms of achievable rate for a
7-storey building. The propagation channel model is derived
from multi-floor, in-building measurement data obtained from
published propagation studies. It is been identified that su-

perior performance is obtained with the indoor DAS over
the indoor SBS. It is shown that in some buildings, it
may be difficult to achieve adequate isolation between co-
channel floors by increasing the reuse distance alone with an
indoor SBS. For such buildings, an indoor DAS is therefore
mandatory.

TABLE I

SUMMARY OF PARAMETERS
Parameters Value
Number of floors in the building, K 7
Inter-floor spacing, F' 4m
Floor dimension, (z,y) 40m X 40m
ME located across the floor at height, v Im
Reuse distance, C' 1 floor
Number of RRH on each floor, N 4
Number of antenna on each floor 4
Path loss exponent, A 2.5
Penetration loss, ¢ 13dB
Nakagami fading value, m 1.8,1.5,1.25,1.0
Transmit SNR, F, /Ny 30dB
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Fig. 2. Achievable rate comparison of indoor SBS and indoor DAS for
different frequency reuse distances
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