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Abstract— This paper proposes a method to predict line-of-sight
(LOS) path loss in buildings. We performed measurements in
two different type of buildings at a frequency of 1.8 GHz and
propose upper-and-lower bounds path loss models which
depend on max and min values of sample path loss data. This
makes our models limit path loss within the boundary lines. The
models include time-variant effects such as people moving and
cars in parking areas with their influence on wave propagation
that is very high. The results have shown that the proposed
models will be useful for the system and cell design of indoor
wireless communication systems.

Index Terms—Indoor LOS path loss, upper and lower bounds,
time-variant effects

I.  INTRODUCTION

NDOOR wireless communication is widely used in different

type of buildings therefore it needs  suitable network
planning to provide the best service. This makes it necessary
to have a way to predict the propagation in indoor
environments in order to determine the best location of the
base stations to provide an efficient service. Another objective
in the network designs is the limiting of the received signal
level in order to comply with public health regulations.

For indoor communication system design, the line-
of-sight (LOS) path loss characteristics have to be clarified
because the transmitter is generally installed in section of a
corridor. Therefore, a path loss model for LOS is still needed.
Previously, there were three different approaches for the
prediction of the field strength, both LOS and non line-of-
sight (NLOS), inside buildings. On the one hand there are
empirical models, based on the regression of measurement
data[1]-[2]. There are also deterministic models like ray
tracing[3]-[5]. On the other hand, there are semi-deterministic
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models, based on the regression of measurement data and/or
some of the uniform theory of diffraction (UTD) [6]. These
models do not include time-variant effects such as people
moving, cars in parking areas and door or window opening.
Their influence on wave propagation are very high, because
dimensions of windows, doors, people or cars are nearly
equal to dimensions of time-invariant walls and columns,
while in outdoor environments, time-variant effects are often
negligible because their dimensions are very small compared
with dimensions of time-invariant buildings.

In deterministic models, it is not possible to include
these time-variant effects in the data base and scattering is
ignored. Although the authors [7] have shown the effect of the
human body in indoor environments, but they have not
considered the nature of people in the building nor shown the
building data base in details.

To solve this problem, we propose a new upper-and
lower-bound LOS model that takes into consideration the
time-variant effects, including breakpoint distance. The spread
of upper- and lower-bounds depend on max and min value of
a sample path loss data, therefore they provide accurate
prediction while they still maintained least square error.
Although upper-and lower-bound estimations have been
performed for outdoor communication in UHF band [8] and
microwave band [9], they can not be applied for indoor
communication because of the different environment. We
found that the breakpoint distance depends on ceiling height
and is independent from corridor width. Because there are
only three dominant reflections, one from the direct path, two
from the floor, and another from the ceiling, the reflections
from side walls within the studied buildings suffer from
numerous losses due to penetration through glass, porous
materials, etc., before reflection.
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II.  MEASUREMENT PROCEDURE AND LOCATION

A Measurement Procedure

The equipment for propagation measurement consisted of
a fixed transmitter and a narrow- band (20KHz) portable
spectrum interfaced with a microcomputer at a frequency of
1.8 GHz. The fixed transmitter consisted of a network
analyzer (with 18 dBm power output) and A/4 omni-
directional antenna with 10x10 cm” ground plane (2.2 dBi
gain). We also used the same type antenna for signal strength
measurement via a recorder.

To receive propagation data for modeling, the samples of
the actual field at a frequency of 1800 MHz in the building
were acquired by moving the mobile unit along LOS
corridors in the building areas. Since the standing waves
repeat every 0.5A, we took the sample data every distance of
0.25\. The velocity of the mobile is about 8.3 cm/s, then the
effective sampling rate is about 2 samples/s at the frequency
of 1.8 GHz.

To characterize the time-variant objects along the LOS
way, we selected days and times with high traffic in the
buildings for recording. That is at midday for a school
building and a Saturday afternoon for a Future park building.

B Measurement Location

The stationary transmitter was placed at the end of a
corridor  of the building to determine the effects of wave
propagation. For measurement locations, the mobile receiver
thoroughly moved the building at transmitter-receiver (T-R)
separations in LOS corridors. For modeling, two different
buildings were considered as follows:

1) Concrete school building

The concrete building of the Faculty of Engineering,
Mahidol University was completed in 1993. It consists of five
floors with dimensions of 100 x 270 m”. The construction of
the building is of concrete block, plaster board, and mirror
walls, the floor to ceiling height is 3.5 m with a light
plasterboard suspended ceiling containing air conditioning and
service ducts 2.6 m above the floor. The material of walls in
corridor are 60% of glass and 40% of concrete block. The
building capacity is an average 490 people per floor.

2) The Future car park building
The parking building of Future park center was completed
in 1990. It consists of eight floors with dimensions of 130 x
270 m*> . The construction of the car park building is of
concrete column and flat ceiling, the floor to ceiling height is
2.25 m. The ceilings are mostly hard concrete. The building
capacity is about 300 cars per floor.

III.  SINGLE REGRESSION LINE MODELS
The mean LOS path loss is a function of distance to the n
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Figure. 1 Three-ray model
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where L;os is the path loss at distance d from the transmitter
and L(dy) is the path loss at the reference distance, d; from the
transmitter. Because of first Fresnel zone region, propagation
loss as a function of distance has two distinct regions as follow
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Where dp, is the distance of the breakpoint from the
transmitter, L, ; and Ly, are path loss at breakpoint distance
on either side of the breakpoint, and #n; and n, are the path-
loss exponents on either side of the breakpoint.

The breakpoint distance dj, can be calculated by using
the diameter of the first Fresnel zone, a distance d from the
transmitter in a corridor, is approximately given by Z¢
~.Jad [6]. However, for the large corridor which has a

width much more than ceiling height or where the reflections
from side walls suffer from numerous losses due to
penetration through glass, porous materials, etc., before
reflection, we found that the first Fresnel zone effect then
depended on only reflecting from ceiling and floor and was
calculated by using a three-ray model [10] in Fig. 1 from

dbp’: 4(H—h2)h2/7\, (3)

Where H and h; are the ceiling height and receiving antenna
height respectively. The path loss-distance characteristics of
the concrete school building are shown in Figure 2 a). We
found that there are a lot of fast fading and path loss
exponents changed when people move between the
transmitter and the receiver. It is observed that the
disconnected scatter plots are caused by two sub-building

Figure 2 b) shows scatter plot and regression line of
path loss-distance characteristics in the Future Park building.
We also found that there are a lot of fast fading and path loss
exponent
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Figure 2 shows path loss measurement and the regression lines in
two buildings.

changed when cars move between the transmitter and the
receiver. The dot lines in the figures show the regression lines
before and after breakpoints.

The estimation for the path loss exponents #» and
coefficients of determination R’ regressing by one straight line
are summarized in Table I, where subscript 1 and 2 denote the
case for before and after breakpoint distances respectively.

TABLE 1
ESTIMATION OF PATH LOSS EXPONENT AND COEFFICIENTS OF
DETERMINATION

with time-variant

Building Type no time-variant effect effect

7 5 7 7
n; n R R n; n R R,

Concrete school

- First floor 1.3 1171068 |072] 12|21 |0.67 | 0.37
- Second floor 1.6 | 2.6 | 0.69 | 0.83 - - - -
Future Park 1.0 | 1.7 1 052 | 0.7 14 | 2.1 ] 040 | 0.58

IV. NEW UPPER AND LOWER BOUND MODELS

Upper-and lower-bound evaluations for linear regression
analysis have been done using fuzzy liner regression model
(FLR model)''. We applied those evaluations to the mobile
propagation path loss characteristics. The general regression
model is written in the form
Y =ZA 4

where:

WZ)=3+az+.+4z, i=1.2,...n (5)
The FLR model in (5) is represented using symmetric
triangular fuzzy parameters 3, - [a;; a;;] as shown in [11] by:

v(z)=la.al+a., a1z +. +E.a8,1z (©)

Vidz)=a +a.2,+...+4Z Q)
Vz)=a,+a,z,+...+4,2 ®)

where: y. a. are center parameters of fuzzy numbers at
membership function L = 1, y,,a, are spreads of fuzzy numbers,
geometrically the spread is a half of the base of the triangular.
The parameters 3; of the vector A of the FLR model are
determined by a solution of a linear programming, LP problem
which is to minimize the sum of spreads y,(z;) of elements of
vector y Therefore the following LP problem is formulated.

C= yir(z)+y2r(22)+"'ynr(zn)—>Mlh/mum (9)
y,eY(z), i=12,..n (10)
a, 20, 1=0,1,2,....k (11)
from (6) - (8), the LP problem (9) - (11) can be written as
follows:

Subject to
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The parameters a; = [aj.. a;] of vector A are determined as
the optimal solution of the LP problem (12) — (14). The FLR
models for propagation path loss are presented in form

Lios = [doci 8o, 1+ (8,8, ]l0g(d) (15)
Where upper bound can be written as

Liosy = (@ +3,.1+[a, +4a,]logld) (16)
and lower bound can be written as
= [ay. —ay, 1+[a, —a,, ]log(d) (17)
and d = distance between transmitter and receiver. The LP
problem corresponding to the given data was formulated from
(15) — (17). By solving this LP problem, the following FLR
models are obtained:

A. Concrete school building
Lios = [49.6,11.5]1+[15.4,0]log(d) ; for d < d,, (18)

LLOS,I

Lios = [10.8,0]+[35.5,7.1]log(d) ; ford > dy, (19)
B. Future park building
Lios = [44.5,10.8]+[12.3,0]log(d) ; ford < d,, (20)
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Figure 3 Shows path loss measurement and the proposed models
in other concrete building.

Lios = [27.5,2.51+[28.5,6.5]log(d) ; ford > dy, (21)

From above results, the average path loss exponents nl and n2
were (15.4+12.3)/2 = 13.9 and ((35.5 - 7.1)+(28.5 - 6.5))/2 =
25.2. Since the maximum fading depth indoor propagation
was about 30 dB, we modified the boundary indoor path loss

models as
1410g10[d:} for d < dp, (22)
Lrosu =Lpp + dp
2510g10[db} Jor d > dpp
P
and
d
1410g10(db} for d < dbp (23)
LLos) =Lpp+30+ dp
2510g10(db], for d > dbp
P

when L, is propagation loss at dj,. According to the three-ray
model in Fig.1, the received power Pr is

n
P, = Pt(ﬂ) sin 2 A 24)
2rd 2
Where Pt is the transmitted power, and A the phase difference
between the direct and reflected waves. A lower bound occurs
when A/2 = m/2. By using dy,= 4(H-h)h,/A and above
equation, setting d = dj,, and sin” (A/2) =1, Ly, can be defined
as

. (25)
20 '°91°{8n(H “h)h, }

L, =

To validate the proposed model, we performed path loss
measurements for different locations at high traffic hours in
the buildings. Comparisons between proposed models and
measured path loss are shown in Figure 3. Estimated path loss
bounds are shown by the solid lines in the figure. The upper-
and lower-bound models agree with the measured data at the
other concrete building with ceiling height of 2.77 m.

V. CONCLUSION

New upper and lower bound models were proposed for
mobile communication in the business building. These models
were based on fuzzy linear regression of the measured data.
The path loss measurements were performed at a frequency of
1.8 GHz in LOS corridor of the buildings. We found that the
breakpoint characteristics influenced from ceiling height and
antenna height. These models agree with the measured data in
mobile communication band. The boundary model predicts
path loss accuracy within the boundary that will be useful for
the system and cell design of indoor wireless communication
systems in the realistic propagation environments including
for limiting of the received signal level in order to comply
with public health regulations.
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