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Abstract. The reliable and accurate description of signal 
attenuation characteristics is important in the simulation 
and performance analysis of wireless communications 
systems. Recent works have provided analytical expres-
sions for the path loss statistics in cellular systems consid-
ering distance-dependent losses and shadowing. In this 
paper, we extend this analysis by including small-scale 
fading. A closed-form expression that gives the path loss 
density in a cellular network is given. The impact of chan-
nel parameters and cell size on signal attenuation is fur-
ther investigated. Simulation results and comparisons with 
measured data in the literature verify the accuracy of the 
solution. The derived formulation is a useful tool for the 
modeling and analysis of cellular communications systems. 
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1. Introduction 
The growth of wireless communications has spurred 

scientists toward the development of fast and reliable radio 
channel models. Nowadays, advanced propagation model-
ing that incorporates detailed representation of complicated 
propagation environments with sophisticated and compu-
tational efficient techniques are required to support new 
developments, [1-3].  

An important issue in the study of wireless channels 
is the description of signal attenuation. Most of the devel-
oped models are based on empirical measurements over 
a given distance in a specific frequency range and a par-
ticular environment. For example, in [4], an ultra wideband 
(UWB) propagation model based on measurements taken 
at 5 GHz is presented. The model studies the UWB channel 
in the time and frequency domain and describes the median 
path loss and its random variation due to shadowing. In [5], 
path loss measurements at 60 GHz were used for the de-
scription of path loss and showed the correlation between 
propagation path length and channel attenuation. A nar-
rowband elevation dependent shadowing model for mobile 

systems that was based on measurements at the S and C 
bands was proposed in [6]. This model allowed the deriva-
tion of empirical formulas that assist in system-level-
simulation and availability estimation of wireless networks. 
However, a major drawback of empirical models is their 
dependence on system parameters and environmental 
characteristics that makes their accuracy in more general 
environments questionable. Complicated approaches have 
also been developed for the description of path loss (see, 
for example, [7]). There, a unified framework was intro-
duced allowing the geometric characterization of fading. 
Proposals based on neural networks (NN) methods are also 
of great interest, [8]; they use measured or theoretical data 
and feed the NN input with the values of parameters such 
as the dimensions of buildings, roads, etc.  

In the system-level simulations of wireless networks, 
path loss is usually estimated by positioning the nodes 
according to a known distribution and calculating the dis-
tances between them. Then, the application of a propaga-
tion model calculates the losses. In order to obtain correct 
results, the procedure is repeated many times; there is thus 
a trade-off between computational cost and solution 
accuracy. Therefore, the analytical description of path loss 
reduces the simulation time. Recently, the authors in [9] 
derived the probability density function (PDF) of the path 
loss between the center of a circular cell and a node 
distributed uniformly within this cell. An extension of this 
work in hexagonal areas is given in [10]. However, both 
models assume that nodes are moving with low velocity in 
a physically stationary environment and neglect small-scale 
(fast) fading. 

In this paper, we extend [9] by comprising small-scale 
fading. This is usually modeled by the Nakagami-m 
distribution, [11-13]. Parameter m is the shape factor and it 
is related to the severity of fading. Shadowing (large-scale 
fading) is modeled by the lognormal distribution, [11-12]. 
In several cases, composite Nakagami-lognormal distri-
bution models the combined effect of shadowing and 
small-scale fading, [11-12]. In this case, the local mean 
power is considered as a random variable; the 
instantaneous PDF of the signal-to-noise ratio is obtained 
by averaging the instantaneous Nakagami-m fading 
average power over the conditional pdf of lognormal 
shadowing. 
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The main contribution of this work is the closed-form 
description of the path loss density in a cellular network. In 
contrast to prior studies that consider distance-dependent 
losses and shadowing only, we further include small-scale 
fading. The impact of channel parameters and cell size on 
signal attenuation is investigated. Comparisons with simu-
lation results and measured data in the literature verify the 
accuracy of the formulation. In our analysis, we assume 
that nodes are uniformly distributed within circular cells, 
assumptions that are common in the planning and simula-
tion of cellular systems, [9], [14-15]. 

Rest of the paper is organized as follows: Section 2 
discusses the modeling of fading channels. The proposed 
path loss PDF expression is given in Section 3. Results and 
discussions are provided in Section 4. Finally, Section 5 
concludes the paper. 

2. Lognormal and Nakagami-m 
Fading: General Principles 
In the wireless environment, path loss increases ex-

ponentially with distance, [3], [16]. Usually, it is expressed 
in the log domain as: 

  0 0 010 log ,    SL L n d d X Y d d      (1) 

where L0 (intercept value) is the path loss at a known refer-
ence distance d0, n is the path loss exponent, d is the dis-
tance between the transmitter and the receiver, XS is the 
shadowing variation and Y is the small-scale fading term. 

Shadowing is caused by large obstacles between the 
communicating nodes that attenuate signal power through 
absorption, reflection, scattering, and diffraction, [16]. It 
can be modeled as a lognormal random process; in this 
case, the PDF of the slowly varying signal power is 
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where μ and σ are the logarithmic mean and variance, re-
spectively, and ξ = 10/ln10  4.343. Usually, e.g. [9], 
shadowing is modeled in the log-domain as a zero-mean 
Gaussian random variable with pdf 
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Small-scale fading occurs over distances on the order 
of the signal wavelength when the channel coherence time 
is small relative to its delay constraints or the duration of 
the transmitted symbols, [16]. The Nakagami-m distribu-
tion is a good choice for its modeling; the PDF of the re-
ceived signal power r is 
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where Γ(·) is the gamma function and Ω denotes the local 
mean received power. The distribution includes the 
Rayleigh and the one-side of the Gaussian distribution for 
m=1 and m=0.5, respectively. There is also a simple one-
to-one mapping between m and Rician k factor that allows 
Nakagami-m to approximate the Rician distribution, [12]. 
In the limit infm  , (4) tends to a Dirac’s function and 
describes the absence of small-scale fading. 

3. Path Loss Density Expression 
In this Section, the path loss density given in [9] is 

extended and comprises small-scale fading. Recall that the 
combined effect of shadowing and small-scale fading can 
be modeled by the composite Nakagami-lognormal distri-
bution. In this case, the received signal power follows a 
gamma-lognormal distribution with pdf given, [11], by 
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To the best of the author’s knowledge, fc(x) cannot be 
given in closed form; however, we can accurately ap-
proximate it by a lognormal distribution with logarithmic 
mean and variance   
   lnc m m        , (6) 

  2 2 2 2,c m      (7) 

where Ψ(·) and ζ(·,·) are the Euler’s psi and Hurwitz zeta 
functions, respectively.  

Taking into consideration (2) and (3) and setting 

  ,0 lnc m m       (8) 

we obtain from (5)-(7) that the combined fading density in 
the log-domain can be expressed as  
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Under the assumption of uniform node distribution, 
the PDF of the distance of a node at a distance x from the 
center of a circular cell with radius R is 
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Then, the PDF of the random variable y = 10nlogx is 
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The PDF of the sum of two independent random 
variables is the convolution of their PDFs. Because  
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we obtain, after some manipulation, that the density of the 
sum of distance-dependent loss and combined fading is 
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The sum of a random variable and a constant is a new 
random variable with PDF equal to the shifted PDF of the 
initial one. As a result, (1) and (13) give that the path loss 
PDF is 
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A similar expression that neglected small-scale fading 
was derived in [9]. In that case, the path loss PDF was  
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Notice that replacing σ with σc and L0 with  

 
0, 0 ,0c cL L    (16) 

into (15), we obtain (14). It easily comes from (7) and (8) 
that the two PDFs coincide at great values of m. 

4. Results and Discussion 
In this Section, representative examples explore the 

relation between environmental parameters and path loss 
density. The analysis focuses on the study of the impact of 
small-scale fading on the PDF curves. Comparisons with 
simulation and measured results verify the accuracy of our 
proposal. In the cases we study, mobile nodes are uni-
formly distributed within a circular cell and the base station 
is located at the center of cell. 

In order to verify the accuracy of (14), we present in 
Fig. 1 simulation and numerical results for m = 1 (Rayleigh 
fading) and m = 3 (typical value in wireless systems, [17]). 
In the simulations, shadowing and small-scale fading were 
modeled as lognormal and Nakagami-m random variables, 

respectively. We set n = 3.4, σ = 6 dB and L0 = 37 dB 
(typical UMTS air interface parameters), [18]. Cell radius 
was 100 m. In each snapshot, a single node was generated 
and randomly positioned within the cell, see (10). Then, 
the distance-dependent, shadowing and small-scale fading 
losses were calculated. After one path loss estimation, 
another snapshot continued. For each curve, 105 independ-
ent runs were performed. The simulation values in Fig. 1 
were averaged over a path loss step-size of 1 dB. Good 
agreement between the theoretical values and the simula-
tion results is observed. We notice that decrease in m flat-
tens the pdf curve and shifts it slightly to the left.   
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Fig. 1. Path loss density: Numerical and simulation results. 

The proposed formulation is further validated through 
comparisons with measured data. The authors in [19] pre-
sented the results of broadband channel measurements at 
5.2 GHz in an urban macro-cell environment. The receiver 
was located above rooftop at a high building and the 
transmitter was mounted at street level and moved at 
21 km/h; the difference in height between transmitting and 
receiving antenna was 52 m. Under such conditions, a path 
loss exponent n = 3.5 is expected, [20]. Measurement area 
was divided into three regions: the first was a circle with 
radius 180 m; the other two regions where the concentric 
annuluses defined between 180 m and 400 m and from 
400 m to 800 m. The received signals consisted of both 
line- and non line-of-sight components. The measured data 
were processed in the time domain for different points in 
time after the removal of thermal noise effects. The results 
(Table I, SG1 scenario, 1st row, [19]) are given in Tab. 1. 
In the same table, the corresponding numerical values 
based on (14) are given for various m. To the best of the 
author’s knowledge, there is no campaign measurement to 
provide us with empirical data for the shape factor in this 
scenario. However, values of m reported in literature can 
approximately be used in our study. A value that ap-
proaches mostly the specific measurement conditions was 
derived in [13]. There, a measurement campaign for the 
estimation of the range of m was preformed in an urban 
area at 900 MHz. In these measurements, the difference in 
heights between transmitter and receiver was 35 m and the 
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receiver was moving at a constant speed of 20 km/h. It was 
found that m ranged from 0.5 to 3.5 and its average was 
1.56. The values m = 2 and m = 3 are common in the mod-
eling and analysis of wireless systems, [17], [21]. In order 
to compare our results with [9], results based on (15) are 
also presented. Calculations were made for L0 = 37 dB and 
σ = 6 dB, as in the previous example. Numerical results are 
very close to the measured values (esp. when m = 2). How-
ever, notice that m does not affect significantly the calcu-
lated average path loss.  
 

R(m) Meas.[a] Numerical results[b] 

  m = 1.56 m = 2 m = 3 minf [9] 

180 107.3 106.8 107.2 107.6 108.3 

400 119.4 118.9 119.3 119.7 120.5 

800 129.2 129.5 129.8 130.2 131 

Tab. 1. Measured, [a], and calculated, [b], average path loss 
(in dB). 

Next, representative results demonstrate the impact of 
channel parameters on path loss PDF curves. Fig. 2 shows 
fL(l) for some sample values of m. The rest of the system 
parameters are n = 3.4, σ = 6 dB, L0= 37 dB and R= 100 m. 
The PDF curves flatten and shift to the left as m decreases. 
In this case, the impact of the variation of shape factor on 
the PDF curves increases. 
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Fig. 2. Impact of the shape factor on the path loss density. 

The impact of shadowing and distance-dependent 
loss, on the PDF curve is illustrated for varied shape factor 
in Figs. 3 and 4, respectively. In outdoor communications, 
σ and n usually range between 4 and 10 dB and from 2 to 
6, correspondingly, [22]. The rest of the system parameters 
are left unchanged. Fig. 3 shows that increase in σ slightly 
flattens and shifts PDF curves to the left (the severity of 
shadowing increases with σ). Moreover, the impact of the 
variation of σ increases with m, i.e. as the amount of small-
scale fading decreases. Similarly, as σ decreases the impact 
of the variation of m is more significant. As n increases, 
PDF curves flatten, their shapes change rapidly and they 
shift to the right due to the increased distance-dependent 
path loss, see Fig. 4. Also notice that the lower the n, the 
greater the impact of the variation of m. 
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Fig. 3. Impact of shadowing on fL(l) for m=0.5 (black curves), 

m=3 (gray curves) and infm   (light gray curves). 
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Fig. 4. Impact of n on path loss PDF for m=0.5 (black curves), 

m=3 (gray curves) and infm   (light gray curves). 

Finally, Figs. 5 and 6 show that as L0 or R vary (the 
rest of the system parameters are as before) fL(l) shifts 
along the l-axis. This shift does not depend on m.  
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Fig. 5. Impact of L0 on fL(l) for m=0.5 (black curves), m=3 

(gray curves) and infm   (light gray curves). 
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Fig. 5 shows that change in the intercept value shifts 
equally the pdf curve along the l-axis. Moreover, the shift 
of the curves decreases with cell size, see Fig. 6 (the author 
believes that the extended analysis of the last issue is 
beyond the scope of this paper; for further information, see 
[10]). 
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Fig. 6. Impact of cell radius on fL(l) for m=0.5 (black curves), 

m=3 (gray curves) and infm   (light gray curves). 

It was shown that (15) can describe small-scale fading 
by replacing σ and L0 with σc and L0,c, respectively. At this 
point, we propose as a measure of the contribution of 
small-scale fading on combined fading the quantities 
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As the two ratios approach unity, the contribution of small-
scale fading diminishes. In Figs. 7 and 8, the dependence 
of S and Λ on channel parameters is explored. Fig. 7 shows 
that as shadowing decreases, small-fading becomes more 
significant. Moreover, small-scale fading is always impor-
tant at small values of m. In Fig. 8, we observe that the 
dependence of Λ on m is significant at low m. Notice also 
that the impact of m on Λ decreases with L0. 
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Fig. 7. Impact of m and   on parameter S. 

Small-scale fading affects system performance sig-
nificantly, especially when shadowing and/or distance-
dependent loss are small. Moreover, it modifies the impact 
of the rest of the channel parameters on signal attenuation 
statistics. Our analysis has shown that small-scale fading 
should always be considered in the study of a cellular net-
work when shape factor, shadowing deviation, path loss 
exponent and intercept value are small. 
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Fig. 8. Impact of m and   on parameter  . 

5. Conclusions 
In this paper, we derived a closed-form expression for 

the path loss density in cellular networks. Its main contri-
bution is the consideration of small-scale fading. The im-
pact of channel parameters and cell size on path loss was 
investigated and provided with interesting results. The 
paper also discusses the importance of the consideration of 
small-scale fading on system analysis. Not only it degrades 
system performance, but also modifies the way in which 
the rest of the channel parameters affect path loss density. 
Use of the proposed formulation assists in network plan-
ning and design and reduces computational complexity; 
compared to other proposals, it is more suitable for the 
simulation and analysis of cellular networks when small-
scale fading is comparable to the rest of the signal attenua-
tion factors. 
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