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Site-specific Validation of Path Loss Models
and Large-scale Fading Characterization for a
Complex Urban Propagation Topology at 2.4
GHz
Theofilos Chrysikos and Stavros Kotsopoulos

Abstract—This work presents a measurement campaign in a
complex urban propagation scenario in downtown Patras,
Greece, where a community-based metropolitan area Wi-Fi/
WLAN operates at 2.4 GHz. Path loss and shadow fading
characterization has been accomplished and the fine-tuning of
respective models and distributions has taken place in order to
compare empirical data with theoretical assumptions. These
measurements have allowed for an extension of well-known
path loss models from their established cellular-frequency
operating range to the 2.4 GHz channel, and the relative mean
error has been calculated for each model employed in our case
study. Practical conclusions are derived, confirming, among
others, the log-normal nature of shadow depth in an urban
propagation environment for specific topology characteristics
(road width, building separation, average building height).
Index Terms—path loss; shadowing; outdoor propagation;
metropolitan area network; urban topology; model fine-tuning

I. INTRODUCTION

W

IRELESS Channel Characterization consists of
describing the quantitative and qualitative phenomena
that alter the useful signal when transmitted over a wireless
propagation link [1]. Signal attenuation, namely path loss,
and fading due to shadow obstruction (large-scale) and
multipath (small-scale), distort the signal amplitude and
phase at the receiver [2]. The fundamental mechanisms of
reflection, diffraction and scattering have been studied and
investigated in a series of works in both outdoor and indoor
propagation topologies [3]-[11].
Whereas in indoor propagation topologies we are mostly
interested in describing in our mathematical formula all
phenomena that influence signal propagation and attenuation
to the best possible degree, in outdoor propagation case
studies, the precise and reliable prediction of the average
path loss and large-scale fading characterization remains an
open issue [12]. Many textbooks and well-known research
works deal with channel modeling and path loss calculation
for the GSM-GSPRS-3G cellular frequency band (900 MHz,
1800 MHz, 2 - 2.1 GHz), investigated mostly during the
1990’s, when urban propagation modeling was very crucial
in the context of micro-cellular design [13].
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Urban channel modeling and characterization, however, is
not important only for cellular networks but also in higher
frequencies of interest, for metropolitan and wide-area
networks in the 2.4 GHz frequency (Wi-Fi/WLAN) as well
as the WiMAX frequencies, i.e. 3.5 GHz. In addition,
roadside and other vehicular-oriented applications at the 5
and 5.85 GHZ bands can also operate within the boundaries
of an urban or suburban environment [14]. Thus, knowledge
of the intrinsic channel characteristics, and the
urban/suburban topology irregularities, and validation of
their impact on the propagated electromagnetic waves, is
highly critical for the design, implementation and operating
evaluation of all these systems and applications [15].
In this work, a community-run metropolitan area WiFi/WLAN operating at 2.4 GHz in downtown Patras, Greece
is investigated [16]. In this urban propagation scenario, a
measurement campaign has been conducted with the aid of a
laptop equipped with an omni-directional antenna. Local
mean power values have been recorded in various locations
around the transmitting antenna, located on top of a
building, and all topology characteristics (road width,
building separation, average building height) for the area
under investigation have been considered and incorporated
in the validation of employed path loss models, including the
urban formula of the Hata model and the Walfish-Ikegami
model, two fundamental path loss models for urban areas for
the cellular frequency band. For this case study, the path loss
models have been employed outside their suggested
frequency range. Mean error and deviation from the
measured received power values are employed to evaluate
the robustness of these models for the 2.4 GHz channel. In
addition, the shadow depth according to Jakes [17] has been
calculated and the Gaussian distribution has been employed
for the logarithmic (dBm) values of the residue path loss in
order to investigate the log-normal nature of large-scale
fading due to shadow obstruction, as mentioned in other
works of interest as well [18]-[22].
The paper is structured as follows: Section II presents the
basic urban-area path loss models and their parameter
limitations within the cellular frequency band. Section III
describes the measurement campaign and the urban topology
characteristics. Section IV presents the path loss models
validation based on the measurements, whereas Section V
describes the characterization of large-scale fading. Finally,
Section VI sums up the conclusions and addresses future
work issues in the area of wireless channel characterization
for urban propagation topologies.
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II. OUTDOOR RF MODELS
A. Path loss modeling
The reliable prediction of average path loss, and therefore
of the local mean received power, throughout an urban
topology, requires the employment of error-checked path
loss models, that can range from the most simplistic and
idealistic in terms of assumed propagation mechanisms, to
the most elaborate, in terms of incorporating topology
characteristics (building height, antenna height, road width)
to the path loss formula.
In this work, three different path loss models will be
validated: the Free Space model, which is theoretical and in
fact a logarithmic expression of the Friis equation, assuming
idealistic free space propagation, and two standard empirical
models for urban areas, the Hata model and the WalfishIkegami model.
B. Free Space Model
As already mentioned, the Free Space model assumes that
no obstacles or other terrain irregularities meddle with the
signal path. The model does not consider any antenna height
for either transmitter or receiver and idealistic propagation
in three-dimensional plane is considered. The average path
loss (in dB) is provided by the following formula [2]:

PL = 32.45 + 20log10 f ( MHz ) + 20 log10 d ( km) (1)
The Free Space model can be applied to any given
propagation topology as no distance or frequency limitations
exist. The model assumes an inverse-square law for the
attenuation of received power over distance.
C. Hata Urban Model
The Hata model [23] is a mathematical expression of the
empirical model first developed by Okumura in the 1960’s
[24]. Whereas the Okumura model was based on curves
obtained from extensive measurements in urban areas in
Japan, the Hata model, developed in 1980, allowed for an
elaborate mathematical logarithmic formula [23]:

PL (dB) = 69.55 + 26.16 log10 f ( MHz ) − 13.82 log10 ht

− a (hre ) + (44.9 − 6.55log10 ht ) log10 d ( km)

D. Walfish-Ikegami Model
The Walfish-Ikegami path loss model is an elaborate path
loss model for urban propagation topologies, originally
developed for cellular bands (800 MHz – 2 GHz limitation)
with a 5 km upper distance-bound [25]-[26].
In the case of an urban Line-of-Sight (LOS) scenario, the
Free Space model is employed for d< 20 m, and beyond that
the following formula applies:

PL = 42.6 + 20 log10 f ( MHz ) + 26 log10 d (km) (4)
In the Non-Line-of-Sight (NLOS) case:

PL (dB ) = Lo (dB ) + Lrts (dB ) + Lmsd (dB )
Where:
Eq. 1,

(5)

Lo represents free space loss and is provided by

Lrts is a correction factor representing diffraction and

scattering from rooftop to street, and

Lmsd represents multi-

screen diffraction due to urban rows of buildings. These
terms vary with street width, building height and separation,
angle of incidence.

Lrts (dB) = −16.9 − 10 log10 w + 10 log10 f ( MHz )

+20 log10 (hroof − hre ) + Lori
Lmsd (dB) = Lbsh + K a + K d log10 d (km) +

(6)

(7)

K f log10 f ( MHz ) − 9 log10 b

w is the average street width, b the average
building separation, hroof the building height and hre the
Where:

receiving antenna height, all expressed in meters.
Since in our work a metropolitan center (downtown
Patras, Greece) is considered and the transmitting antenna is
on the rooftop of the building, namely

ht > hroof , ht being

the transmitting antenna height expressed in meters, then

K a = 54 , K d = 18 and the other parameters in Eq. 6 and
7 are provided by:

(2)
Where

a (hre ) is a correction factor for the receiving

antenna height, based on the topology and the channel
characteristics. In our case,

a (hre ) is provided by:

a (hre ) = 3.2 ( log10 (11.75hre ) ) − 4.97
2

Where

(3)

ht and hre are the effective antenna heights for

transmitter and receiver respectively, expressed in meters.
The original Hata model is distance-bound (1-20 km) and
frequency-bound (150-1500 MHz). Various extensions have
been suggested, none however beyond the 2 GHz bound
[13].
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Lbsh (dB ) = −18log10 (1 + ht − hroof )

(8)

K f = −4 + 1.5( f / 925MHz − 1)

(9)

In addition, Lori is provided by Table I as a function of

ϕ,

defined as the road orientation with respect to direct

radio path, expressed in degrees:
TABLE I: LORI VALUES

−10 + 0.354ϕ
2.5 + 0.075(ϕ − 35)
4 − 0.114(ϕ − 55)

ϕ ≤ 35 º
if 35 º ≤ ϕ ≤ 55 º
if 55 º ≤ ϕ ≤ 90 º
if 0º ≤
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Fig.1. Measurement site at downtown Patras, Greece.

III. MEASUREMENT SITE AND CAMPAIGN

IV. VALIDATION OF PATH LOSS MODELS

Our set of measurements was conducted in downtown
Patras, Greece, in one of the operating nodes of the Patras
Wireless Network (PWN), a community-run metropolitan
area network, involving many students of the Department of
Electrical and Computer Engineering, and the Department of
Computer Engineering and Informatics of the University of
Patras, as well as self-taught local residents. PWN provides
Wi-Fi and WLAN at 2.4 GHz (802.11b/g) for all users in the
surrounding area of each node (within coverage range) and
the backbone network of nodes runs at 5.2 GHz (802.11a).
This node and the neighbourhood, depicted in Fig.1, are
located in the corner of Ellinos Stratiotou and Thessalonikis,
in the center of Patras. A total of 19 measurements were
conducted in the surrounding area. The received power
value was detected and recorded in a laptop computer
equipped with an omni-directional antenna of 2 dBi gain and
the NetStumbler 0.40 software, which has already been
validated as appropriate for measuring local mean values of
received power in a given propagation topology at 2.4 GHz
[27].
Measurements were conducted late at noon and repeated
late at night, so that the body shadowing effect [28] would
be minimized. In all cases, a time window of six minutes
was allowed for each measurement, and an averaging of
10λ was performed around each location, so that smallscale phenomena would be discarded.

The transmitting node consisting of an omni-directional
antenna with a total effective isotropic radiated power
(EIRP) of 16 dBm. The building height was 14 m, whereas
the effective transmitting antenna height was at 20 m. The
receiving antenna height was 1 m (waist level), whereas the
receiving antenna gain has been removed from all measured
values in order to concentrate on the propagation channel
(wireless interface between transmitter and receiver). All
measurement locations provided a NLOS scenario. The
average street width w was measured via GPS aid (latitude,
longitude) and was found to be equal to 25 m approximately.
Concerning the average building separation, it is
commonly set equal to 2 w , hence set to 50 m, which
approximates the actual building separation in the buildings
surrounding the transmitting node in Fig.1. A minimum
mean square error (MMSE) estimation technique fit to the
empirical data provided an optimal value of 64.56 meters for
the b parameter, however it is usually considered to be
upper-bound at 55 meters, with standard values around 50
m, as in our case.
The actual transmitter –receiver distance (T-R separation)
was calculated on the basis of Fig.2, by considering a
properly scaled map of the area as well as GPS data. The
‘horizontal separation’ b was employed in order to
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estimate ϕ , for the calculation of Lori , as shown in Table II.
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Fig.2. Precise calculation of T-R separation
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Based on the horizontal distance x as defined in Fig.2,
the angle ϕ was calculated for each measurement location,
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Fig.3. Measured vs. Predicted values

as shown in Table II. The area-mean angle, employed for the
Walfish-Ikegami model, was found to be ϕ

= 76.46o .

Based on these values of the aforementioned parameters,
the mathematical expressions for the Free Space model, the
Hata model and the Walfish-Ikegami model, allow for a
fine-tuning of the Hata and Walfish-Ikegami model at 2.4
GHz, outside their frequency limitations.

Pr ( FS ) = −84.05 − 20 log10 d (km)

(10)

Pr ( Hata ) = −125.31 − 36.38 log10 d ( km) (11)
Pr (WI ) = −128.86 − 38 log10 d ( km)
TABLE II
ESTIMATION OF ANGLE

(12)

Fig. 3 provides the measured values of local mean power
versus the ones predicted by the employed path loss models.
It is obvious that the Free Space model is inappropriate for
this complex urban propagation topology as its predictions
are unrealistically optimistic, based on the inverse-square
law and discarding all obstacles and topology irregularities
between transmitter and receiver.
On the other hand, the Hata model and the WalfishIkegami model provide much more reliable prediction for
the local mean values of the received power, and perform
quite similarly. Table III presents the relative error (%) for
all employed models in each measurement location. Overall,
the Free Space model has a mean error of 26.88%, the Hata
Model has a mean error of 5.08% and the Walfish-Ikegami
model a mean error of 5.2%.
TABLE III
RELATIVE ERRORS OF PATH LOSS MODELS

ϕ

Pr
(dBm)

Error %
(FS)

Error %
(Hata)

Error %
(W-I)

82.03

-89

29.97

3.60

1.58

78.35

-87

28.82

2.21

0.19

C

76.85

-80

22.80

5.96

8.14

D

70.98

-77

20.68

8.46

10.65

E

37.13

-70

20.79

4.68

6.44

F

34.51

-77

28.82

6.34

4.80

G

20.01

-76

34.11

16.44

15.39

H

36.04

-75

26.42

2.93

1.31

I

82.42

-87

28.31

1.29

0.77

J

79.13

-91

31.85

6.34

4.40

K

84.12

-91

31.27

5.28

3.29

L

104.56

-93

30.71

3.62

1.51

M

88.87

-87

27.56

0.08

2.20

N

77.56

-78

20.71

8.87

11.11

O

116.25

-87

24.88

4.95

7.29

P

70.46

-77

20.77

8.31

10.50

Q

60.85

-80

25.33

1.35

3.33

R

60.43

-86

30.61

5.85

4.01

S

60.32

-81

26.35

0.07

1.87

x (m)

φ( rad)

φ(º)

Loc.

79.55

1.45

82.84

A

75.75

1.44

82.48

B

74.20

1.44

82.32

68.10

1.43

81.65

31.28

1.26

72.27

28.12

1.23

70.43

0.63

0.06

3.62

29.98

1.25

71.55

79.96

1.45

82.87

76.56

1.44

82.56

81.71

1.45

83.02

102.63

1.47

84.43

86.59

1.46

83.41

74.94

1.44

82.40

114.52

1.48

85.01

67.56

1.42

81.58

57.47

1.40

80.13

57.02

1.40

80.05

56.91

1.40

80.03
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To overcome these obstacles, we fit the shadow depth

V. LARGE-SCALE FADING
The large-scale variations of the average received signal
over a given propagation environment, namely the local
mean values of the received power, have been known to
follow the log-normal distribution, the Probability Density
Function (PDF) of which is given by [17]:
−
1
p( x) =
e
σ 2π

( x− x )
2σ 2

2

(13)

Where x is the received power (logarithmic value) in
each measurement location (local mean strength), x is the
average received power (logarithmic value) for all
measurement locations (mean value of the received power
overall the topology in question), and σ is the standard
deviation of the shadowing losses (in dB).
The large-scale variations of the received power have
been attributed to losses by obstacles of proportions
significantly larger than the signal wavelength, which remain
constant over a time scale of seconds or minutes (large-scale
fading). The shadowing deviation, or shadow depth,
expresses the excess path loss, defined by Jakes as “the
difference (in decibels) between the computed value of the
received signal strength in free space and the actual
measured value of the local mean received signal” [17].
To incorporate shadow fading losses and the large-scale
fluctuations of the received signal power to the path loss
formula, the Log-distance model is usually employed. The
mathematical expression of the Log-distance path loss model
is given by [12]:

X σ to the measured data by assuming distance-dependent
free space propagation with a path loss exponent of n = 2 .
Thus, in each measurement location, we can calculate the
shadow depth according to Jakes’ definition. Results are
provided in Table IV. The shadow depth

mean value of 22.35 dB and a deviation of 4.54 dB (or 4.66
dB if Bessel’s correction is employed).
Fig. 4 depicts the cumulative distribution function (CDF)
of these empirical values of the shadow depth, compared to
the theoretical respective log-normal distribution (a
Gaussian distribution is fit to the logarithmic values).
TABLE IV
SHADOW DEPTH VALUES

Ltotal = PL(d 0 ) + N log10  d  + X σ (14)
 d0 
Where

PL(d 0 ) is the path loss at the reference distance,

usually taken as (theoretical) free-space loss at 100 m in
classic cellular band scenarios, N = 10n is the slope factor

n is the path loss exponent) and X σ is a Gaussian

random variable with zero mean and standard deviation of
σ dB. N and σ are derived from experimental data.
A fundamental problem with the Log-distance path loss
model is that it requires a simultaneous attribution of values
to various parameters. Even in the case of model fine-tuning,
where a pool of measured local mean values of the received
signal power are available, it is difficult to provide reliable
values for all these parameters simultaneously. In addition,
modifying the path loss exponent clearly distorts Jakes’
definition of the shadow depth and does not regard the
shadow fading process as independent of distance-dependent
free space propagation, a problem commonly met in both
outdoor and indoor scenarios, as noted in [18]-[19]. Even
worse, in the case of path loss prediction, where no pool of
measured values exists, the log-distance model can be really
difficult to implement without violating the definition of
shadow depth by Jakes, thus altering the nature of the
findings in regard to large-scale fading.
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Pr
meas.
(dBm)

Pr
F-S
(dBm)

Loc.

T-R
(m)

Xs
(dB)

A

82.03

-89

-62.33

26.67

B

78.35

-87

-61.93

25.07

C

76.85

-80

-61.76

18.24

D

70.98

-77

-61.07

15.93

E

37.13

-70

-55.44

14.56

F

34.51

-77

-54.81

22.19

G

20.01

-76

-50.07

25.93

H

36.04

-75

-55.19

19.81

I

82.42

-87

-62.37

24.63

J

79.13

-91

-62.02

28.98

K

84.12

-91

-62.55

28.45

L

104.56

-93

-64.44

28.56

M

88.87

-87

-63.03

23.97

N

77.56

-78

-61.84

16.16

O

116.25

-87

-65.36

21.64

P

70.46

-77

-61.01

15.99

Q

60.85

-80

-59.74

20.26

R

60.43

-86

-59.68

26.32

S

60.32

-81

-59.66

21.34

Empirical vs. Theoretical CDF for Shadow Depth
1
Empirical
Theoretical

0.9
0.8
0.7
0.6
F(x)

(where

X σ has an area-

0.5
0.4
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0.2
0.1
0
14
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22
x

24

26
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Fig.4. Empirical vs. Theoretical CDF for shadow depth
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VI. CONCLUSIONS
Several conclusions can be drawn from the findings
above. First of all, it is demonstrated on the basis of the
measured values of the local mean power of the received
signal that both the Hata and the Walfish-Ikegami model can
perform adequately even beyond their frequency limitations
(1.5 GHz and 2 GHz respectively), for the 2.4 outdoor
channel in an urban complex propagation topology, both
providing a mean relative error marginally above 5%. On the
other hand, an idealistic assumption as the one represented
by the Free Space model is totally inappropriate for such a
propagation environment.
In addition, it is quite remarkable that whereas both
models perform in satisfactory fashion, the Hata model
provides an equally reliable prediction as the more elaborate
Walfish-Ikegami model. Calculating the average street
width, the building separation and providing a precise
estimation for the angle of incidence, parameters all required
by the more complicated Walfish-Ikegami model, is
certainly a much more time-consuming effort than the faster,
on-the-fly urban formula of the Hata model. Even though the
Hata model went further in terms of overriding the
frequency limitation (from 1.5 GHz to 2.4 GHz), even
though it does not incorporate as many parameters in its
formula as the Walfish-Ikegami model, it predicts equally
well (marginally better in this scenario). If this can be
confirmed in other complex urban topologies for the 2.4
GHz channel, then the Hata model can be a fast and easy
solution for path loss prediction in such environments.
Moreover, the shadow depth, as defined by Jakes based
on the fluctuations of the large-scale fading due to shadow
obstruction by buildings and other materials of significant
dimensions compared to the signal wavelength, has been
calculated empirically and it has been found to follow,
indeed, the log-normal distribution (Gaussian fit to the
logarithmic values), confirming similar findings in both
outdoor and indoor scenarios.
Future work, focusing on more measurements in outdoor
scenarios for the 2.4 GHz, will help further investigate the
wireless channel characteristics and their impact on signal
propagation and attenuation, as well as shadow fading
characterization, for such topologies, which is of critical
importance as metropolitan area networks are developing in
the lower region of the SHF band.
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