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Abstract 
 
Many empirical and theoretical models have been developed, over the past 50 years, to predict coverage areas of 
propagation. These models are not actually appropriate for every area, since each model was developed in a specific 
district. These models, no matter how accurate, cause power loss and co-channel interference when they used in the 
environments where they have not been properly adapted. It’s vital to determine the measured field strength for 
efficient radiocell planning and prediction of the minimum power of transmission required from a base station at a 
specific frequency to ensure sufficient quality of coverage over a  service area. A unified propagation loss model is 
developed in this work to determine the radio coverage of GSM service areas to improve quality of wireless services 
for 2G, 3G and 4G.This is the only  unified model in the literature. Then, we make site-specific Received Signal 
Strength measurements and making a detailed comparison of simulation with the measurement results performed at the 
site.The good agrements are obtain.We also verify our unified propagation loss model with literature. 
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1 Introduction 
 
Radio propagation is vital to the technology that emerges for 
any wireless provider. It is largely site-specific and can vary 
depending on various features such as operating frequency, 
antenna properties, etc. Proper characterization of a radio 
channel by means of a mathematical model is important to 
estimate signal coverage, available data rates, and the 
specific performance characteristics of alternative 
signalization and reception schemes [1]–[5]. 
 Planning is very important before establishing and 
implementing wireless communication systems. Location 
propagation characteristics should be known. Generally, 
duplication provides two types of data corresponding to 
large-scale path loss of fading problem and small-scale 
statistics. Knowledge of path loss is very important to know 
and optimize the coverage of a base station (BS). Without 
propagation predictions, these parameter estimates can only 
be obtained with time-consuming and costly electromagnetic 
field measurements. Propagation path loss (PL) (or 
attenuation) is the major component in analysis and design 
of link budget of a communication system [6], [7]. It can be 
caused by many effects such free space loss, diffraction, 
refraction, reflection, aperture, medium coupling loss and 
absorption. Estimation of propagation path loss models has 
an important role in the design of cellular systems to specify 
main system parameters such as transmission power, 
antenna height, frequency etc.  

 Propagation path loss models can be considered into 
three groups; empirical, deterministic and stochastic [8]–
[16]. Empirical models are basically only based on 
observations and measurements. While they are 
computationally efficient, they may not  elucidate the 
specific propagation phenomena [6]. Deterministic models 
use rules that govern the propagation of electromagnetic 
waves to determine the strength of a signal received at a 
particular location. They provide good accuracy but lack in 
computational efficiency. As onother group, in the case of 
stochastic models, the environment is modeled by taking 
into account a number of random variables.  Artificial neural 
networks (ANNs) besed model are also available in the 
literature claiming that they are more accurate than standard 
empirical models while being more computationally 
efficient than deterministic models [15], [17]–[20] 
 Global System for Mobile Communications (GSM) is in 
the scope of wireless communication, which depends on the 
propagation of radio waves in the environment and 
supplying data transmission [21], [22]. In the early 1990s, 
the 2nd-generation (2G) cellular systems have been 
developed [23]. Firstly 3G and then 4G systems provide 
multimedia services and satisfy more requirements in terms 
of applications and communications. The general trend in 
the development of wireless communication is the use of 
higher data rates 5th-generation (5G) systems are planned 
with new technologies and network design [24]–[26]. Since 
a cellular network depends on the frequency re-use principle, 
estimated coverage is a very important concept. Hence, to 
achieve a much more accurate design, the coverage of 
modern cellular networks and received signal strength 
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measurements will be considered as data sources to provide 
reliable and efficient coverage. Mainly, five different cell 
sizes in a GSM network, namely macro, micro, pico, femto 
and umbrella cells can be considered. In this work we will 
work with macrocells. Macrocell is a cell phone network 
that ensure the radio coverage provided by a high power 
(typically tens of watts) base station. Macrocells are 
generally large, providing a coverage range in kilometers 
and used for outdoor communication [27]. Generally, they 
provide coverage larger than microcells. 
 
 
2 Developing a Unified Propagation Model  
 
We have studied the properties of models in detail and in 
this section, we will develop a unified propagation model 
which takes the powerful sides of all these propagation 
models in the literature. Firstly, empirical models were 
studied. These models are not really appropriate for every 
area, because each model was developed for a specific 
district. They have their inputs for different environmental 
and path parameters and they account for different 
propagation factors. They were developed from various 
perspectives and with different original intentions. While all 
give median transmission loss as an output, some also give 
location variability and time fading information. 
 On the other hand, physical models give us more correct 
results but these models aren’t easy-to-implement and needs 
some complex computations.A unified model will be very 
helpful in the sense that we could estimate the path loss 
much more accurately. Now we can compare the 
propagation models, according to their important parameters 
such as the distance between transmitter antenna R, and the 
frequency of the signal fc. We will also give some extra 
variables, which are the valid ranges to apply the model, like 
the receiver antenna height hr. Table 1 shows below the 
validity ranges of each model existed in the literature [8]–
[16]. 
 Cellular networks operate on different frequency bands. 
They are regulated specifically for each country. Mobile 
frequency band assignments are 900MHz (for GSM 900), 
1800 MHz (for GSM 1800), 2100MHz (for 3G), and 
2600MHz (for 4G). We will develop our unified propagation 
model to these frequency ranges. 
First of all, Okumura-Hata is a widely-used model which 
works well for both urban and suburban areas. For the 900 
MHz, we decided to use this model. However, Okumura-
Hata model is appropriate for the R>1 km, as shown in the 
table above. Therefore, for the distances less than 1 km, we 
preferred to use the Cost231-Walfisch-Ikegami Model. 
 
Table 1. Validity Ranges of Models 

Model Name fc (Mhz) R (km) ht (m) hr (m) 
Okumura-Hata 150-

1500 
1-10 30-200 1-10 

Cost231-Hata 1500-
2000 

1-10 30-200 1-10 

Ibrahim-Parson 150-
1000 

<10 30-300 <3 

Egli 40-900 <60 - - 
Algorithm9999 <2000 - - - 

Stanford 
University Interim 

(SUI) 

>1900 0.1-8 10-80 2-10 

Standard 
Propagation Model 

150-
3500 

1-20 - - 

Cost231-Walfisch-
Ikegami 

800-
2000 

0.01-5 4-50 1-3 

ITU P.1411 300- - - - 

100000 
ITU P.1546 30-3000 - - - 

 
 
 Next, to extend the unified model’s validity range to 
1800 MHz, Cost231-Walfish-Ikegami Model can be utilized 
as our second model. Please note that, the validity of 
Okumura-Hata model at this frequency is over. We can also 
make use of the Cost231-Hata Model since it is a modified 
version of Hata Model for the frequencies from 1500 MHz 
to 2000 MHz.  
Lastly, for the 2100 MHz and 2600 MHz frequencies, our 
preference is Stanford University Interim Model (SUI), 
because this model works well for these frequencies and it is 
valid for both small and large distances between 0.1 and 8 
km. Now, in The table 2 given below, we show explicitly 
which models is used and their corresponding frequency 
ranges while developing our unified model.  
 
Table 2. Preferred models for the Unified Model 

R 
(km) 

fc=900 Mhz fc=1800 Mhz fc=2100 
Mhz 

fc=2600 
Mhz 

0.1-1 Cost231-
Walfisch-
Ikegami 

Cost231-
Walfisch-
Ikegami 

SUI SUI 

1-10 Okumura-
Hata 

Cost231-Hata SUI SUI 

 
 When we consider small frequencies as 900 MHz, we 
could use Ibrahim-Parson, Lee’s or Egli’s model as well, 
because their frequency range seems suitable for us. 
However, they gave many errors as we learned during our 
simulations. The paper [9] was made for the Benin City of 
Nigeria. They had estimated path loss by the SUI, Cost231-
Hata, Lee’s and Egli’s models, and then plotted against 
distance on the same graph as that of the measured path loss, 
which makes a indeed very good comparison of these path 
loss models for 800 MHz. In this paper they had also made 
Path Loss Model Optimization. In this process the 
theoretical propagation model is adjusted by considering the 
measured values provided form the test field data. The 
objective is to take the estimated field strength as close as 
possible to the measured field strength. According to 
research made with 800 MHz frequency, Hata’s model gave 
the closest prediction to the real measurement data with a 
path loss exponent of 3,40. Based on this closest agreement, 
Hata’s model is selected as the best model for optimization 
in this research. As can be seen in the  [16] Lee’s and Egli’s 
models are not suitable to use at all in this frequency. It can 
be also observed that Stanford University Interim (SUI) will 
deviate from the real measurement results, as it should be 
utilized when the frequency is greater than 1900 MHz. They 
didn’t use Ibrahim and Parsons Model at all in this research 
and we will also won’t use it, since it was tried in London 
and it cannot be a general prediction model. So this model 
cannot be utilized to create our unified model. Therefore, we 
decided to use Okumura-Hata and Cost231-Walfisch-
Ikegami models for fc=900 MHz as they will give much 
better results.  
 In the figure 1 below, it can be seen the algorithm which 
we make use of while developing unified model propagation 
loss model, in a manner as simple as possible: 
 
Step1.For the frequencies fc=900 MHz, the unified model 
will utilize Okumura-Hata Model if the distance from the 
transmitter to the receiver is between 1 to 10 kilometers. As 
we mentioned before, Okumura Model is probably the most 
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widely quoted of the available models since it is intended for 
use over a wide variety of radio paths. But several 
modifications have been developed on Okumura’s results. 
Hata has developed an empirical formula for the propagation 
loss which is based on Okumura’s results [6]. It works very 
well where the frequency lies in the range 150-1500 MHz, 
base station height lies in the range 30-300 m and distance 
lies in the range 1-20 km. It can be found the path loss (L) 
formula given below: 
 

 
Fig. 1. Algorithm of my Unified Model 
 
 

     (1) 

 
where A, B, C and D are the parameters used to simplify the 
(1) and given as: 

 

     (2) 

 
where fc is frequency (150 – 1500 MHz) and a|hm| is the 
correction factor for the mobile antenna height. 
 

 (3) 

 
 Hata gives predictions almost indistinguishable from 
those produced by the Okumura method although Hata’s 
formulations do not include any of the path specific 
corrections available in the Okumara model. Hata’s 
expressions can be of course very easily implimented to a 
computer.  
Step2.It can be found below the algorithm we will use, if the 
distance from the Base Transceiver Station is less than 1 

kilometer when the frequency is still the same as 900 MHz, 
according to Cost231-Walfisch-Ikegami: 
 

 (4) 

 
 Where, LFS: free space path loss, Lrts= roof-to-street 
loss, LMSD: multi-diffraction loss 

 

 (5) 

 
Where Lori: street orientation function, and 
 

     (6) 

 

  (7) 

 
 Please note that during simulations, we will take the 
height data as an array from the terrain profile of each route, 
originating from the base station. 
 
Step 3. In order to verify if the unified propagation loss 
model really gives accurate results for the coverage 
prediction of a city, we will compare our simulation results 
of the unified model algorithm. For this comparison, actually 
we will need simulations only in the frequency of 900 MHz, 
because the experimental measurements were done when the 
mobile frequency band assignment was 900MHz (for GSM 
900). 
 
Step 4. Now, if the frequency is 1800 MHz and provided 
that the distance is less than 1 km, will utilize Cost231-
Walfisch-Ikegami formula again as below: 
 

  (8) 

 

L dB( ) =
A+ B + logd Urban

A+ B + logd −C Suburban
A+ B + logd − D Open

⎧

⎨
⎪⎪

⎩
⎪
⎪

A = 69.55+ 26.16log fc −13.82log hb − a hm
B = 44.9− 6.55log hb

C = 5.4+ 2 log fc / 28⎡⎣ ⎤⎦
2

D = 40.94+ 4.78 log fc⎡⎣ ⎤⎦
2
−19.33log fc

a hm =

1.1log fc − 0.7 hm − 1.56log fc − 0.8 Medium or small city

8.28 log 1.54hm
2
−1.1 fc ≥ 400MHz,large city

3.2 log 11.25hm
2
− 4.97 fc < 400MHz,large city

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

L dB⎡⎣ ⎤⎦ = LFS + Lrts wr, f ,ΔhMobile,φ( )+ LMSD ΔhBase,hBase,d , f ,bS( )
LFS = 32.4+ 20log10 ⋅d km⎡⎣ ⎤⎦ + 20log10 ⋅ f MHz⎡⎣ ⎤⎦

Lrts = −8.8+10log10 f MHz⎡⎣ ⎤⎦( )+ 20log10 Δhmobile m⎡⎣ ⎤⎦( )−10log10 w m⎡⎣ ⎤⎦( )+ Lori

LORI =
−10+ 0.35φ 0 ≤φ < 35!

2.5+ 0.075 φ − 35( ) 35! ≤φ < 55!

4− 0.114 φ −55( ) 55! ≤φ < 90!

⎧

⎨
⎪
⎪

⎩
⎪
⎪

LMSD = Lbsh + ka + kd log10 d km⎡⎣ ⎤⎦( )+ k f log10 f MHz⎡⎣ ⎤⎦( )− 9log10 b( )

Lbsh =
−18log10 1+ Δhbase( ) hBase > hRoof

0 hBase ≤ hRoof

⎧
⎨
⎪

⎩⎪

ka =

54 hBase > hRoof
54− 0.8ΔhBase d ≥ 0.5km,hBase ≤ hRoof

54− 0.8ΔhBased km⎡⎣ ⎤⎦ / 0.5 d < 0.5km,hBase ≤ hRoof

⎧

⎨
⎪
⎪

⎩
⎪
⎪

kd =
18 hBase > hRoof

18−15⋅ ΔhBase / hRoof hBase ≤ hRoof

⎧
⎨
⎪

⎩⎪

k f = −4+
0.7 f / 925−1( ) medium sized city

1.5 f / 925−1( ) metropoli tan center

⎧

⎨
⎪

⎩
⎪

L =
L+ Lrts + Lmsd Lrts + Lmsd > 0

L Lrts + Lmsd ≤ 0

⎧
⎨
⎪

⎩⎪

Lrts = −16.9−10log10 w+10log10 fMHz + 20log10 h− hm( )+ Lori

Lori=

−10+ 0.354ϕ 0! ≤ϕ < 35!

2.5+ 0.075 ϕ − 35( ) 35! ≤ϕ < 55!

4.0− 0.114 ϕ −55( )ϕ 55! ≤ϕ < 90!

⎧

⎨
⎪
⎪

⎩
⎪
⎪
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  (9) 

 
 Where 

  (10) 

 

    (11) 

 

  (12) 

 
Step 5. Now, if the frequency is 1800 MHz again, but this 
time the distance is greater than 1 km, we will utilize 
Cost231-Hata model, shown as below: 
 

  (13) 
 
for sub urban or rural environments: 
 

  (14) 

 
Step 6. And finally, if the frequency is 2100 MHz or 2600 
MHz, whatever the distance is, we will utilize the Stanford 
University Interim (SUI), given as below: 
 
La=A+10gamaA*log(1000R/d0)+Xf+Xhab+sa 
Lb=A+10gamaB*log(1000R/d0)+Xf+Xhab+sb 
Lc=A+10gamaC*log(1000R/d0)+Xf+Xhab+sc 
A=20*log(4*pi*d0/lambda) 
lambda=c/(fc*10^6) 
Xf=6*log(fc/2) 
Xhab=-10.8*log(hm/2) 
Xhc=-20log(hm/2) 
gamaA=4.6-0.0075hb+12.6/hb 
gamaB=4-0.0065hb+17.1/hb 
gamaC=3.6-0.005hb+20/hb 
 
 
3 Comparison of Simulation and Measurement Results 
 
Our experimental site is located in Üsküdar,Istanbul and 
eight different measurement routes are taken as radials. 
These radials are chosen at different directions as can be 
seen in the figure 2. They include open areas, trees, building 
covered areas, sea and hilly terrain. The receiving locations 
along a radial were chosen at about 112 m apart from each 

other which is our sampling distance interval used in the 
calculations. The measurements are made by using some 
equipment mounted in car in the main streets and by hand 
held mobile phone in narrow streets and over the sea.  
 

 
Fig. 2. Eight different measurement routes shown as numbered radials 
 
 
 Measurements are realized by MSTS (Mobile Station 
Test System) equipment. MSTS is developed for the 
monitoring of system parameters and the execution of test 
programs. It is mounted on a car and the transmission 
between MSTS and the base station is provided by bi-
directional antenna. MSTS enables call setup and monitoring 
of parameters within a GSM network. These parameters are 
the strength of received radio signal, handover conditions, 
neighbor cell data, selection of the frequency to be 
monitored, and suppression of handover by changing of 
measurement of reports. All parameters can be recorded in 
files or displayed online on the screen of PC. 
 

 
Fig. 3. Basic MSTS hardware configuration 
 
 Technical data of the equipment is: 
 

a) Frequency bands: Transmitter 890-915 MHz, 
Receiver 935-960 MHz 

b) Carrier spacing: 200 kHz 
c) Output power: maximum output power 39 dBm 
d) Receiver characteristics: Sensitivity level -104 

dBm, Blocking -23 dBm for 3 MHz carrier offset 
e) Frequency and phase accuracy: Frequency error 

0.1 ppm maximum, Phase error 5 degrees rms 
f) Power supply: Supply voltage 12 V DC, Power 

consumption 150 W 
g) Temperature range: 0 to +50 degrees Celsius 

 
 On the radials which passes through the main streets, the 
measurements are realized by the MSTS connected to a 
Laptop computer mounted in a car. Sector average of 
received radio signal strength in dBm is measured 
continuously. Measurement results are monitored and 

Lmsd = Lbsh + k + kd log10 dkm + k f log10 fMHz − 9log10 b

Lbsh =
−18log10 1+ hb − h( )⎡⎣ ⎤⎦ hb > h

0 h ≤ hb

⎧
⎨
⎪

⎩⎪

ka =

54 hb > h

54− 0.8 hb − h( ) hb > h and dm ≥ 0.5km

54− 0.8 hb − h( ) d0.5 hb > h and dm < 0.5km

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

kd =
18 hb > h

18−15
hb − h( )
h

hb ≤ h

⎧

⎨
⎪⎪

⎩
⎪
⎪

k f = −4+
0.7

fMHz
925

−1
⎛
⎝⎜

⎞
⎠⎟

formedium sized cities

1.5
fMHz
925

−1
⎛
⎝⎜

⎞
⎠⎟

for urban

⎧

⎨

⎪
⎪

⎩

⎪
⎪

L = 46.3+ 33.9log f −13.82loghB − a hR , f( )+ 44.9− 6.55loghB⎡⎣ ⎤⎦ logd +C

a hR , f( ) = 1.1log f − 0.7( )hR − 1.56log f − 0.8( )

C =
0 dB for medium cities and suburban areas

3 dB for metropoli tan areas

⎧

⎨
⎪⎪

⎩
⎪
⎪
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recorded on the computer at the same time. When the car 
reaches the receiving points on the radials, a numbered mark 
is put via the keyboard of computer and the mark is 
displayed on the screen with measured value. Later the 
marked measurement results are listed for each radial. On 
the narrow streets and over the sea measurements are 
realized by Siemens S3 handheld mobile station. The 
equipment shows the field strengths in dBm of six different 
radio signals which it receives all around. Approximate 
average of the measurement results are taken waiting for five 
or ten seconds in order to obtain sector averaged or, at least, 
settled value of the field strength because the equipment 
shows only the instantaneous values which include the deep 
notches sometimes due to fading. The measurements on the 
two routes over the sea are done again by the Siemens 
mobile station on the ships that transport passengers from 
Üsküdar to Beşiktaş and to Eminönü which they are located 
the other side of the bosphorus. The start and stop time of 
the movement of the ship is recorded and the time difference 
between these is linearly spaced according to the number of 
receiving points along the route over the sea. Then the 

measurement results are obtained at these time intervals in 
the explained manner above. In the following part, it is seen 
the plots of experimental measurement results for each route 
originating from the base station in Üsküdar. Please notice 
that Route 3, Route 4 and Route 5 are taken over the sea. As 
can be seen from the figures below, they involve 0 m height 
while they go across the Sea of Marmara and the Bosphorus.  
 These values below are all real data. Also, according to 
each terrain profile of the all eight routes, we changed the 
heights accordingly: 
 
hte = 25m.; Height of the base station antenna from ground 
in meters 
hm = 1.5m.; Receiver antenna height in meters, h = 20m; 
Average height of the buildings in meters, w = 10m; 
Building separation distance in meters, fc = 
900MHz;Frequency of base station in MHz, fay = 60; Street 
orientation angle for the Cost231-Walfisch-Ikegami.The 
figures 4 a-h illustrates simulation of unified model and 
measurement results for route 1-8. 

 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

Fig. 4. (a-h) Simulation results of Unified Model, along with the real measurements results for Route 1-8 
 
 We made our simulations of the Unified Model with the 
frequency of 900 MHz. However, in order to make our 
propagation path loss model more clear, we will also make 
simulations for the frequencies of 1800 MHz (for2G) ,2100 
MHz (for 3G) and 2600MHz (for4G) using Unified Model. 
As it can be seen from the plots below, Unified Model gives 
very accurate information about the propagation path loss in 
units of dBm. When the distance from Base Transceiver 
Station is exactly 1 kilometer, the very small gap it can be 
seen in the plots is due the fact that, we have changed our 
formula of path loss calculation after the distances become 
greater than 1 kilometer.  
 Also, simulation results are indeed very close to the real 
measurement results. Therefore, we can say that unified 
propagation path loss model is indeed applicable. Some little 
deviation in the results may be due to the differences in 
heights of buildings over each routes, widths of roads, 
building separation distances and also road orientations with 
respect to direct radio paths. Also, during the measurements, 
some miscalibrated equipment may have been used. Please 
note that, in the routes over the sea, the results deviate less to 
the routes on the land at further distance. Now let’s look at 
the simulation results of the unified propagation path loss of 
İstanbul for the frequencies 1800 MHz 
(Fig.5),2100MHz(Fig.6) and 2600 MHz(Fig.7). We do not 
have real measurement data for these frequencies, but they 
are indeed very close to the literature. 

 
Fig. 5.  Simulation results of Unified Model for fc=1800 MHz 

 
Fig. 6. Simulation results of Unified Model for fc=2100 MHz 

 
Fig. 7. Simulation results of Unified Model for fc=2600 MHz 
 
 Some of curves are shown are good agreement between 
model and experiment. There are some differences between 
model and measurement in some figures. Main reason for 
his that difficult geological features and terrain profiles of 
routes and heavy traffic are not allow as to made more 
experiments. 
 From the figures 5 and 6, we can conclude that 
maximum loss represents hilly terrains, minimum loss on the 
other hand represents flat terrains. Intermediate loss can be 
used for the terrain types neither hilly nor flat. We can extent 
the results of the simulation above, with the building density 
of the cities. Maximum loss can be used for urban cities with 
high buildings and dense population. It is proper to use 
intermediate loss for suburban and min loss for open areas. 
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Now we will apply my Unified Model for different 
frequencies and show the simulation results altogether in the 
same graph below: 

 
Fig. 8. Application Of Unified Model For Different Frequencies 
 
 From figures, if frequency increases from 900 MHz to 
2600 MHz, attenuation increases as expected, as the 
frequency increases, the wavelength and power decrease 
accordingly. Hence, we end up with a lower penetration and 
a higher path loss. 

 

 
Fig. 9. Path loss prediction at 2100 MHz, for the Benin City of Nigeria 

 
 The above Figure 9 were taken from ref. [9]. They used a 
transmitter with height 22 m and receiver antenna with 1.5 
m. Now using their data in the Unified Model,we obtain 
figure 10.From fig.10,our path loss values are almost the 
same as the measured path loss. Thus, Unified Model gives 
us satisfactory results also for the frequencies greater than 
2000MHz. 

 

 
Fig. 10. Path loss simulated by Unified Model for Nigeria at 2100 MHz. 

 
 
 
4 Conclusion  
 
This study will enable us to determine the radio coverage of 
GSM cells.We have observed that standard empirical path 
loss models, which are used by many operators worldwide, 
do not take into consideration the unique geological features 
and terrain profiles of cities. Therefore, this unique work 
present an adaptable and suitable unified propagation path 
loss model. Hence, outcomes of this study will be beneficial 
as it is both time and cost saving. The unified propagation 
model gives very close results to the real experimental 
result,it takes into consideration the unique geological 
features and terrain profiles of cities,by estimating the loss 
of signal strength very accurately, it will lead to high level 
network planning. 
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