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Abstract F’reviously reported measurements of radio 
propagation into and withiin buildings at 900, 1800 and 
2300 MHz, have established that the Rayleigh plus 
Lognormal model can describe successfully the statistical 
distribution of the received signal withiin buildings. In this 
paper, a multiple regreasion analysis method is used to 
predict the signal path loss encountered by radio 
transmissions into and withiin buildings at these frequencies. 
Statistical methods have been also used in order to 
determine the reliability of the prediction. 

1. Introduction 

The move towards personal communications has led to the 
realisation that not enough is known about radio 
propagation either into or within buildings. In this context, 
into is used to identify the propagation scenario where a 
base station, o b  located on a hilltop site or m t b p  of a 
high building, communicated with a radio receiver that is 
inside another building, and withiin is used to identify the 
case when both transmitter and receiver are inside the same 
building. Several researchers have studied the problem of 
receiving radio signals into buildings and model it as the 
distancudependency of the path loss when the mobile is 
outside a building, plus a building loss factor, which is 
included in the model to account for the increase in 
attenuation of the received signal observed when the mobile 
is moved h m  outside a building to inside. This model was 
f i t  proposed by Rice [l] and has been used in most 
subsequent investigations. For personal communications 
with cell diameter even less than 500m. it w a s  concluded 
in reference 2 that prediction of the path loss for radio 
transmissions into buildings should be undertaken directly 
and not merely as an extension of outdoor propagation 
models. A similar approach was adopted by Barry and 
Williamson [3] in order to analyse measurements 
undertaken in New Zealand at 851 MHz. 

One of the earliest approaches to statistical modelling of 
propagation totally within buildings was reportcd by 
Alexander [4], who stated that the path loss within 
buildings at 900 M H z  can be predicted using the simple 
distancelpower law. Motley and Keenan [S] have also 
undertaken a series of indoor measurements at 900 and 
1700 MHz, and they have shown that a better fit to the 
experimental data can be achieved by introducing, to the 
Alexander model, a correction factor (Fk) representing 
the signal attenuation per floor. 

The primary emphasis of this study is to examine the above 
(into and withiin buildings) models and to determine their 
relative accuracy in modelling the indoor envhnments. 
The experimental data of a previously reported series of 
field trials [6] will be used in thii paper. The validity of the 
models will be asscsscd by evaluating the m t  mean square 
ermr (RMSE) between the predicted and measured path 
loss values. In addition to the evaluation of the previous 
models, the emphasis of thii study is also to investigate and 
develop ways of improving these models, such as their 
RMSE values are reduced to acceptable levels. This will be 
undertaken by introducing as many additional factors as 
necessary. 

Measurements of the received signal strength were 
undertaken withiin buildings in the University of Liverpool 
precinct. The Buildings were Block A and B of the 
deparlment of El&l Engineering & Electronics and the 
Deparlmentr of Computer Science and Life Sciences. A 
general description of the buildings was given previously in 
re femce  6. Perhaps it is important to point out that 
experiments were conduct4 in every single room and 
corridor of the four buildings. Enough data samples were 
collected in each experiment in order to determine 
accurately the mean signal level in every room/corridor. 
The path loss for a given floor of a certain building is the 
mean of the path loss values of all rooms and corridors in 
that floor. In this study only the mean floor path loss 
values will be used in developing the into building model. 

The withiin buildings measurements were undertakenwithiin 
the same four buildings. Twenty two survey measurements 
at 1800 and 2300 MHz, and six survey measurements at 
900 M H z  were conducted within the four buildings. In 
every survey, experiments were conducted, once again, in 
every room and corridor of the building for a certain base 
station location. 

2. Modelling 

It has been previously found 161 that propagation into 
buildings is highly affected by the condition of 
transmission, i.e. the prcsenccor absenceof a lincof-sight 
path. Therefore, it wu decided to include this as a 
variable. The line-of-sight variable was subjected to two 
different trcatments. The f i t  approach w a s  to consider it 
as a qualitative factor, S,, of value 0 or 1, depending upon 
whether or not a line-of-sight exists between the transmitter 
and the receiver. The second approach was to consider the 



number of building sidcs seen by the transmitter on each 
floor of the building housing the receiver. If the transmitter 
could see only one side, then the lincof-sight quantity, k, 
was valued at 0.25 (i.e. 1 divided by 4). Obviously, when 
no linwf-sight existed or two sides of the building were 
seen by the transmitter, S, was given the value 0.0 or 0.5. 

The path length, d (i.e. the distance between the antennas), 
area of the floor, A,, average room a m  on each floor, a,,, 
receiver height, &, number of rooms, N,, on each floor. 
the relation belween the number of rooms which contain 
external windows and the number of rooms with no 
windows, R,.,., the relation bctwetn the length and the 
width of the floor, R,, and the angle of illumination, 8, 
were some of the other independent variables considered. 
Some of t h e  variables, however, were considered in both 
linear and logarithm terms. Overall, 15 variables were 
considered for the multiple regression analysis. 

As in the case for propagation into buildings, the path 
length, d, area of the floor, A,, room area, aR, number of 
rooms, N,, on each floor, and the receiver height, h,, 
were also considered as independent variables for the 
modelling of the within buildings measurements. It has 
been shown previously 161 that part of the transmitted 
signal propagates from inside the building to the outside 
and then returns back to the other floors of the same 
building. The f m t  approach to account for this propagation 
situation was to introduce a new qualitative variable, S,,, 
which is called sight. S,, can take the value 1 or 0, 
depending upon whether or not the surveyed rooms were 
located at the same side of the building where the 
transmitter was located. The second approach was to 
consider the variable sight (represented by S,3 as a 
quantitative factor: for rooms located at the same side of 
the building where the transmitter was located S,, was 
given the value 1. For rooms located in the lateral sides 
(i.e. the sides which are perpendicularto the side where the 
transmitter was located) S,, was given the value 0.5. The 
S,, factor was made equal to 0.25 for the rooms located 
on the opposite side of the building to where the transmitter 
was located. Finally, for internal rooms where no windows 
existed towards the outside. S,,, was considered equal to 
0. In fact, the above treatment is similar to the line-of-sight 
factor discussed above. 

Becauseof the signal leveis were consistently higher on the 
floors where the transmitter was located, a third approach 
was investigated for the variable sight. In addition to the 
specification used for S,,, in areas, rooms and corridors 
which are close to the room housing the transmitter, and 
where the barriers bdween the transmitter and the receiver 
include only wooden doors, the variable sight (identified 
now simply by S,) was made equal to 1, 0.5 or 0.25 
depending upon the proximity and the number of corners 
which have to be turned in the free path joining the 
transmitter and the receiver: for rooms located in front of 
the room housing the transmitter, S, was considered equal 
1. If there was one corner (or two corners) in the corridor 
joining the transmitting and receiving rooms, S, was made 

equal to 0.5 (or 0.25). S, was considered equal to 0 for 
any other condition. Life Scienccs was described in 
reference 6 as an ekven-floor reinforced concreie building 
with M annex structure (in its south direction) from the 
ground floor up to the seoond floor. Thenfore, a new 
variable, B,, WM created mainly for this building. in 
order to deal with this specific situation, and it WM treated 
as a qualitative factor. e,-, waa made equal to 1 for all 
rooms located below the third floor. Obviously for rooms 
located above the second floor B,-l was equal 0. In the 
second approach, only the rooms located in the half 
partition of the building, in the south direction, where the 
annex structure is present, had the factor B, , = 1. 

Some buildings include main corridors which provide 
acccIls to most of the rooms on both sides of the building. 
A new qualitative indicator variable identified by CA can 
be used in this building and made equal to 1 for the main 
corridors or 0 for every other area, room or secondary 
corridor. 

The analyses of past measurements such as those reported 
in reference 6 have shown that the signal levels in the fmt  
two floors of a building tend to be relatively higher than 
expected. That was due to signals propagating from the 
inside of the building at higher floors and then returning 
back to the building at the lower floors. A new qualitative 
variable, identified here as ground factor, Go, and which 
defmes whether the rooms are located on the fmt  two 
floors (Go = l), or are positioned on any other floor (Go 
= O),was introduced to account for this situation. 

3, Modclline of the into buildines measurement.$ 

Both the overall and partial quality tests [21 have been 
applied to the regression analysis of the experimental 
measurements at 900, 1800 and 2300 MHz. The level of 
significance, (I, for the F and t tests was set to 1%. 

In total, over 60 models have been considered: some of 
them failed completely, while others have shown a 
reasonable degree of acceptance. Table 1 shows only 13 
examples of the analysis conducted with the data at 2300 
MHz. The first two models of Table 1 compare a number 
of possible combinations using six independent variables. 
These included two of the four variables generally found to 
be influential in modelling path loss (mobile antenna 
height, h,, and path length, d), three variables which were 
used in the Barry and Williamson model 131 (floor area, 4. 
angle of arrival of the signal, 8. and number of rooms in 
the tested floor, N,) and finally, a sixth independent 
variable relating the number of rooms without and with 
windows, L. It can be observed that there is a general 
improvement in the overall quality of the multiple 
regression equation, i.e. with a few exceptions, the 
coefficient of determination, 8, and the F-value have 
increosed. The interesting fact about the 11' model was the 
coefficient 37.8, calculated for the independent variable 
log,d, significantly close to 40 dB per decade, which is the 
predicted coefficient in the theoretical model for path loss, 



. -  . 

140 

when two waves are combined: a direct wave and a 
reflected wave. Coefficients close to 40 were always 
observed a h r  replacing d by log,d (e.g. see models 8 to 
11). For the following models, the coefficient of the 
independent variable log,p was assumed equal to 40 and 
the measured path loss was adjusted accordingly. The best 
of all results (13" model) was obtained when only two 
variables were present in the r e p s i o n  equation and, the 
resulting model for the path loss, at 2300 MHz, wm found 
tobe 

U,=-7.9+40.0~g,B+16.1~g,~,-~.~p (1) 

where the RMSE determined was 1.7 dB. It must be noted 
that although the coefficient of determination, 3, was found 
to be slightly better for the 12" model when comparing it 
to the 13" model (e.g. 96.4 versus 96.1 % respectively), the 
independent variable h,, of the 12" model yielded an 
unacceptable tcoefficient (e.g. t equal to 1.5). and it was 
therefore dropped in the 13" model. In contrast to the 
coefficient of determination, the F-value improved 
substantially when h,. was dropped (e.g. the F-value 
increased from 231.0 to 331.1). 

A similar analysis carried out for the measurements at 1800 
and 900 MHz yielded respectively the following equations: 

Yl,D=-27.9+40.010g,p+23.310g,$20.9sp (2) 

and 

~,=-37.7+40.01og~dl+i7.610g,~,-27.~~~ (3) 

with RMSEs equal to 2.2 dB and 2.4 dB respectively. The 
appropriateness of the models was verified graphically. 
Fig. 1 compares the proposed and Barry and W b m n  
models, with the measured values. The path loss between 
antennas for Electrical Engineering Block A are shown as 
cas= 1 to 7, Electrical Engineering Block B as cased 8 to 
11, Computer Science as cases 12 to 20 and Life SciCncea 
as cas= 21 to 30. Examination of this graph reveals a very 
good agreement between the proposed model (i.e. q n .  1) 
and the measured values. 

4. Modellinr of the within buildine measuremrntr 

Table 2 shows some of the successful models for the within 
buildings measurements conducted in the Life Sciences 
building at 2300 MHz. The fmt  model comsponds to the 
well-known distandpower law that was proposed by 
Alexander [4]. It can be observed that the Linear regression 
is defined by regression coefficient (gradient) 
51.7dB/dccPde. The RMSE was found to be 12.4 dB, and 
the coeficient of determination 8 was 0.44. i.e. 44% of 
the path loss is explpined by the line defined by the 
gradient 51.7 dB/dccPde. The Motley and Keenan model, 
i.e. the second model of Table 2. displays improved RMSE 
and 9: the RMSE decreased by 0.3 dB and the coefficient 
of determination increased by 3%. Additional 
improvements were obtained in the values of RMSE and 8 

in models 8 and 9, where the other two variables CA and 
G, are used. In these two models B, = B--*. 
Compared with the Alexander model, the last model 
decreased the RMSE by 45% (from 12.4 dB to 6.8 dB), 
and improved 8 by 91% (from 0.44 to 0.84). It is also 
interesting to observe that the improvement of the Motley 
and Keenan model in relation to the Alexander model was 
only 2% for the RMSE and 7% for 8. The resulting model 
for the path loss for the Life Sciences building with the 
transmitter in room R411 (located in the middle of the 
building), is given by the equation. 

(4) Y_,,l)-35.9+36.410gl&2.9kM 
-23.7S4-16.3C,-7.3B,-4.2Gff 

It is evident therefore that good predictions can be made 
for radio transmissions within buildings where the features 
and transmission conditions are well known because, in that 
case, particular models such as those analysed previously 
can be applied yielding smaller errors. In the absence of 
these specific information, there will be a need for global 
models, which are more dependent on globaVuniversa1 
variables. Three such models were obtained by collating all 
the data of all the survey measurements at the three 
different frquencies. The models were found to be 

r,,=21.6+39. i~og,d+3.1k~ 
-17.8Se-0.01A-8.8Gff 

Y,1DD=24.5+33.810g,d+4.~~ (6) - 16.6S4-0.017A,-9.8Gff 

Y-,=18.8+39.010gl&5.6kM (7) 
-13.0se-0.~,- 1 l.OGff 

wherethe RMSE determined were 12.4, 10.9 and 11.6 dB 
for 2300, 1800 and 900 MHz. 

5. C O I I C h l S ~ Q  

Modelling propagation into and within buildings at 900, 
1800 and 2300 MHz, has been described in this papcr. It 
has been shown that the path loss of radio transmissions 
into buildings was found to be linearly dependent on the 
logarithm of the floor area, on a relation representing the 
number of building sides seen by the transmitter and on the 
free space path loss quation. The path loss for radio 
transmissions within buildings has been found to be Linearly 
dependent on the logarithm of the distance, on the floor 
area, on the number of floors bdwccn transmitter and 
receiver, and on two factors identified in lhis study as sight 
and ground. Bcttcr predictions are possible in buildings 
where features and transmission conditions are well known 
because, in that w e ,  partiaular models can be applied. 
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Fig. 1 Murured and predicted ligna1 strength for into buildings 
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