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Abstract— This paper proposes the effective outdoor-to-indoor radio wave propagation model at 2.4 GHz to predict the 
accurate and efficient received signal strength power based on the COST 231 model. The original COST 231 model consists 
of outdoor, indoor and building penetration loss only for 900-1800 MHz frequency band. With the passage of time, the 
demand for higher frequency range and stronger signal strength is rising up. Therefore, in the proposed scheme, the received 
signal strength is calibrated by considering the building parameters, transmitter’s and receiver’s heights which are not taken 
into account in the original COST 231 model. Moreover, the receiver inside the measurement room is placed in matrix 
pattern to get the definite signal strength. The accuracy of the proposed model is validated using the experimental data which 
are carried out at the outdoor-to-indoor scenario of Computer Engineering and Information Technology Department in 
Mandalay Technological University. Finally, the received signal strength and path loss values of the experiments, COST 231 
model and proposed model are compared and simulated by using the Matlab programming language. 
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I. INTRODUCTION 
 
The growing demand for wireless communication 
service is driving to the small cell deployment in 
urban areas. Wireless networks are becoming built in 
many different types of locations–private homes, 
offices, or even in large public buildings such as 
airports, shopping malls and canyons. For this reason, 
network designers have to make the suitable design 
not only for outdoor but also for indoor area in order 
to meet the user’s requirements and to provide 
sufficient data rates to the users. An important 
consideration in successful implementation of the 
wireless communication services is designing the 
junction coverage area between outside and inside of 
the building; for transmission of voice, data and video 
to people on the move inside buildings. Therefore, the 
outdoor-to-indoor radio wave propagation system is 
needed to be optimised. 
 
From the viewpoint of wireless service providers, 
providing the strong received signal variability to the 
users is a big challenge in the outdoor to indoor 
wireless communication area. As the transmitted 
signal travelled to the receiver inside of the building 
through the building wall, the effects of building 
height, conditions of transmission, construction 
materials, and operating frequency degrade the signal 
strength. Therefore, the degradation of the signal is a 
major drawback that affects the data throughput in the 
outdoor to indoor wireless communication 
environment. To overcome these challenges, the 
signal strength is firstly needed to analyse both 
theoretically and experimentally. 

A lot of research has been carried for modeling the 
outdoor-to-indoor scenario and several prediction 
models have been proposed using either empirical 
model or deterministic models [1, 2]. Largely, among 
all empirical models presented in literature, the COST 
231model (European Cooperation in the field of 
Scientific and Technical research) is considered to be 
the most accurate and widely used model for outdoor-
to-indoor coverage prediction as it can provide not 
only both outdoor and indoor propagation loss but 
also penetration loss [3]. The purpose of this paper is 
to estimate the received signal strength values from 
outdoor-to-indoor propagation scenarios for wireless 
communication based on the COST 231 model.  
 
This paper is organised as follows. Section II explains 
the literature review of the radio wave propagation 
system. Section III presents the outdoor-to-indoor 
propagation model briefly. Section IV describes 
optimized model and its parameters. Section V states 
experimental region in the measurement environment. 
Section VI highlights experimental procedures with 
the configuration of the signal generator and test 
receiver, and Section VII discusses experimental 
results. Finally, conclusion of the paper is given 
details. 

 
II. OUTDOOR-TO-INDOOR MODEL 
 
The COST 231 model is the well-known model for 
outdoor-to-indoor coverage estimation. The model 
gives the path loss between the outdoor transmitting 
antenna and the receiving antenna inside the building. 
The model is illustrated in the following Fig. 1. 



International Journal of Advanced Computational Engineering and Networking, ISSN: 2320-2106,  Volume-4, Issue-8, Aug.-2016 

Outdoor-To-Indoor Radio Wave Propagation at 2.4 GHZ Measurement For Wireless Communications 
 

42 

External Antenna

External Wall, We

Internal Wall , 
Wi

Internal Antenna

D
S

θ

d d´

 
Fig. 1. Principle of the COST 231 model [1] 

 
2.1. Path Loss Analysis 
The COST 231 propagation loss was introduced in 
the final report of the COST 231 project [1]. There 
are three main parts: outdoor path loss Lout or free 
space path loss Lf, indoor loss Lin and penetration loss 
sections Lpn. The formula of original COST 231 
propagation loss model is as follow: 
ΔL = Lout + Lpn + Lin (1) 
 
Firstly, the outdoor propagation loss is defined as the 
loss that occurred between the external wall and the 
transmitter. This loss is also referred to as free space 
loss. 
Lout = Lf =32.44 +20log10 (f) + 20log10 (S + d) (2) 
 
Indoor propagation loss is calculated based on the 
two indoor attenuation factors Γ1 and Γ2 shown in 
the following equation: 
 
Lin = max ( Γ1, Γ2 ) (3) 
Γ1 = Wi p (4) 
Γ2 = α (d − 2) (1 –D/S)2 (5) 
 
Penetration loss is the difference between the average 
indoor received signal power and the average outdoor 
received signal power of the building or measurement 
area. The penetration loss formula in the original 
COST 231 model is: 
Lpn = We+ WGe (1−D/S)2 (6) 
 
where S is the distance between the external antenna 
and the external building wall, d is the distance from 
the internal building wall to the internal antenna, D is 
the perpendicular distance to d. The distance dʹ is a 
path through a corridor without internal walls. All 
distances are measured in meter, frequency is in GHz. 
Wi is the internal wall loss in dB and p is the number 
of penetrated internal walls. α is the indoor 
attenuation constant and has units of dB/m. We is the 
external wall penetration loss in perpendicular 
grazing angle, i.e., θ = 90 degrees. WGe is the 
additional loss in the external wall due to θ = 0 
degrees. θ takes the elevation angle into account as 
well. 
 
2.2. Received Signal Strength Indicator (RSSI) 
The received signal strength indicator is a measure of 
how strong the radio signals are when they reach to 

their destinations. Higher RSSI values indicate the 
stronger signal. If the RSSI is too low, the wireless 
communications may become intermittent or fail 
entirely. The received signal strength power can be 
calculated as 
Pr(COST 231) = Pt + Gt + Gr – ΔL (7) 
 
wherePr is the received signal strength power (dBm). 
Gt and Gr are the transmitter and receiver antenna 
gains (dBi). ΔL is the total path loss of the outdoor-
to-indoor propagation model. 

 
III. OPTIMIZATION OF OUTDOOR-TO-
INDOOR MODEL 

 
The original COST 231 model is commonly designed 
for a carrier frequency of 900-1800MHz. Generally, 
COST 231 model approaches the outdoor-to-indoor 
propagation model. Moreover, in the original COST 
231, the parameters for lower frequencies and the 
measurements indicated that the COST 231 values 
are not sufficient for higher frequencies. In addition, 
this model considered only the building height 
without including other building parameters. Thus, in 
order to estimate more accurate received signal 
strength, transmitter and receiver heights and any 
other building parameters are taking into 
consideration in optimization.  
 
In this paper, it is assumed that the transmitter outside 
of the room and the building wall are situated in line-
of-sight (LOS) condition. Parameters Wi, We and 
WGe are derived separately for 2.4 GHz directly from 
measurements. Α=0.6 dB/m [4] is the attenuation 
coefficient for indoor propagation media. The 
wavelength of the signal is estimated in consideration 
of received power based on speed of light (3×108 
m/s) and frequency (2.4 GHz). The parameter values 
of the proposed model are shown in Table 1. 

 
Table1: Parameter Values of Proposed Model (2.4 

GHz) 

 
Based on these parameters, outdoor-to-indoor 
received signal strength and propagation loss are 
approximated and compared to measured data. After 
making the comparison of experimental and 
estimated values, the difference range of received 
signal strength values between experimental and 
estimation data reaches in the unacceptable region. In 
order to get a good prediction of received signal 
strength from the outdoor transmitter to indoor 
receiver, the additional factor (Af) needs to consider 
for the enhancement of the estimation data. 

A = 10log 	 Δ  (8) 
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wherebw, bl and bh are the width, length and height of 
the measurement room. ht is the transmitter height. 
Δd is the distance from the outdoor transmitter to the 
building external wall and then to the indoor receiver. 
d0 is the reference distance of the outside or free 
space environment (d0=1m). All the building 
parameters and distances are expressed in meter. By 
subtracting the considered additional factor from the 
original received signal strength model, the difference 
range between the estimated data and experimental 
data are glaringly decreased in the acceptable region. 
푃 ( ) = 푃 ( ) −퐴   (9) 

푃 ( ) = 푃 ( ) − 10푙표푔
푏 	푏 훥푑
ℎ 푏 푑  

 (10) 
 
The parameters for the proposed outdoor-to-indoor 
propagation model are given in Table 1. By taking 
into consideration of the additional factor, the 
accuracy of the received signal strength power 
increased about 3dBm than the original situation as 
shown in Fig. 8. 

 
IV. EXPERIMENTAL REGION 

 
The outdoor-to-indoor received signal strength and 
propagation loss are measured in the Software 
Development and Simulation Lab of the department 
of Computer Engineering and Information 
Technology in Mandalay Technological University. 
In this section, measurement environment is 
described. 

Fig. 2. Top view of the Measurement Environment (Building 
Layout) 

 
The building is mainly constructed with brick wall, 
glass windows and wood frames. At the center of the 
building, there is a small garden or free space outdoor 
area. In the above figure, the experimental area is 
demonstrated in the shaded form. In the shading 
region, nine measurement points are settled in the 
matric pattern. The horizontal distance among points 
is 2.5 m and the vertical distance is 2.2 m. The 
measurements presented in this paper are worked out 
in a large room with no penetrated internal walls. 

However, there is a thin wooden partition near the 
measured points 1, 4 and 7. At points 4 and 7, the 
signal from the transmitter outside area needs to 
penetrate both the building external wall and the 
partition according to the direct distance of the 
transmitter and receiver. Therefore, as depicted in 
Fig. 3, the received signal strength of point 4 and 7 is 
obviously less than that of other points. Fig. 3 briefly 
shows the received signal strength identification of 
each point of the measurement area. 
 

 
Fig. 3. Received Signal Strength levels of Experimental Room 

 
As the result of the experiments, the RSSI values and 
path loss can be changed depending on not only the 
distance that the signal travelled but also the number 
of the penetrated walls or internal partition. 

 
V. EXPERIMENTAL PROCEDURES 

 
Most radio propagation models are derived from a 
combination of analytical and empirical methods. The 
empirical approach is based on analytical expressions 
that recreate a set of measured data. In order to 
acquire the precise measured data, firstly the 
measurement points are positioned with the 
appropriate settlement of the measured area. The 
Rohde&Schwarz SMBV100A Vector Signal 
Generator and Rohde&Schwarz EMI ESL Test 
Receiver are used as the transmitter and receiver for 
the collection of experimental data. It is also 
interesting to allocate the relative position of the 
transmitter concerning the measured building such as 
the distances and line of sight condition. As the 
consequence, the signal generator is placed at 20m 
distance in front of the building and the test receiver 
is located at the arranged points inside the 
experimental room. The transmitter and receiver are 
mounted on the trolley. To avoid undesirable 
deviations of the received signal level, the received 
antennas of the test receiver and the signal generator 
are tightly tilted. Experiments are carried out on 
sunny days. After allocating the signal generator and 
test receiver, the signal strength values are measured. 
In each point, the measurement course lasted at least 
3 minutes which is enough time to get accurate 
number of samples for each measured data. The 
similar experiments were carried out at different time 
and on different days.  The experimental set up of the 
signal generator and test receiver used in experiments 
is described in Table 2. 
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Table 2: Experimental Setup 

 
 
After making the measurements, the average value of 
the results are analysed for each points. After that, the 
estimated and experimental data are compared and 
simulated using the Matlab programming language. 
After all, this brings to the important circumstance of 
making the proposed model because the difference 
between the original model and the experimental 
results are relatively quite high. In order to make 
adjustment of the difference outcomes, the effects of 
building parameters, construction materials, 
conditions of transmission such as line of sight or 
non-line of sight, and frequency of operation are 
needed to consider to increasing the received signal 
variability.  
 
The measurement configuration and testing system in 
the location of indoor and outdoor is demonstrated in 
Fig. 4. 
 

 
Fig. 4. The locations of transmitter (left) and receiver (right) 

 
VI. EXPERIMENTAL RESULTS 

 
The emphasis of this work is the modeling of the 
effective outdoor-to-indoor radio wave propagation 
system at 2.4GHz. Before going to analyse the whole 
received signal strength level and path loss values of 
the outdoor-to-indoor scenarios, the rates of change 
of signal level are firstly investigated. 
 

 
Fig.5. Different Rate of RSSI Values between COST231 Model 

and Experiments 

 
Fig. 5 depicts the overview of the different RSSI 
values between the original COST231 and 
experimental data. The inconsistency rate among 
them is relatively high in received signal strength 
level. The maximum difference rate is about 3.9 and 
the minimum is 3.3 as shown in the above figure. 

 
Fig. 6. Different Rate of RSSI Values between Proposed Model 

and Experiments 
 
In Fig. 6, the comparison of the received signal level 
is analysed between the proposed and experimental 
results. As illustrated in Fig. 6, the discrepancy 
among them is not enough large. Even the maximum 
difference amount is less than 1. The minimum rate is 
about 0.2 at points 4 and 7 in the Fig. 6. Therefore, it 
can be said that the proposed and experimental data 
are nearly identical. 

 
Fig.7. Different Rate of RSSI Values between COST231 and 

Proposed Models 
 
Fig. 7illustates the received signal different rate 
between the COST 231 model and proposed model. 
According to the implementation results, the RSSI 
different values at each point are about -3dBm. 
After investigating the various dissimilarities between 
the estimated, experimental and proposed results, the 
relationship result of RSSI values among them are 
demonstrated in Fig 8. 

 
Fig.8. Comparison Results between COST 231, experimental 

and proposed RSSI values 
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The red line shows the RSSI values of the estimated 
model. The green line represents for the experiments 
and the blue symbolizes for the proposed model. The 
best signal strength is achieved nearly at the points 1, 
2 and 3. The RSSI values of points 4 and 7 of the 
experiments fall in around -65dBm because the signal 
from the transmitter outside the building come to the 
receiver at points of 4 and 7 by passing through not 
only the building external wall but also the wooden 
partition near these points. Therefore, the received 
signal strength of points 4 and 7 is the weakest among 
the measurement points in the experiments shown in 
Fig. 8. But, the values of the other points are not quite 
different. The RSSI values of estimated model are 
alternated from -57dBm to -61dBm. 
On the other hand, the comparison results of the path 
loss between the estimated, experimental and 
proposed model are shown in Fig. 9. The minimum 
path loss values of the estimated model are about 
73dB and the maximum is nearly 77dB. From the 
analyses of the experiments, the greatest and lowest 
path loss values are roughly 81dB and 71dB. The 
path loss of the proposed model is closely matching 
with the experimental path loss values. 
 

 
Fig.9. Comparison Results between COST231, Experimental 

and Proposed Path Loss Values 
 
After analyzing the RSSI and path loss results 
according to Fig. 8 and 9, the proposed RSSI model is 
nearly identical with the experimental at each point. 
However, the received signal strength of the 
COST231 model is exceeded than the experimental 
results and proposed model because it is not taken 
into account the attenuation effects of the building 
parameters in line of situation. From the point of path 
loss view, since the path loss is inversely proportional 
with the received signal strength, the path loss result 
of the COST231 model is less than the proposed 
result and experimental result. For the experiments 
and proposed model, the path loss values are nearly 
coincided. 

 
CONCLUSIONS 
 
This paper has proposed the new scheme for the 
prediction of received signal strength of the outdoor-

to-indoor measurement for wireless communications. 
The establishment of the proposed model is derived 
from the consideration of the direct distance, building 
parameters, construction materials, transmitter’s and 
receiver’s heights. Therefore, as shown in Fig. 8 and 
9, the total received signal strength values and path 
loss of optimized model are lower than that of the 
original COST 231 model. So, the curve according to 
the proposed model is lower than that according to 
the original model. The comparison pointed out that 
the proposed model predicts the outdoor-to-indoor 
propagation loss more accurately than COST 231 by 
nearly 3dB. This model is recommended for the large 
room of the same building type at the same operating 
frequency.For the future work, the channel capacity 
of the outdoor-to-indoor wireless communication 
environment will be analysed. 
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