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ABSTRACT Great progress has been made in providing convenient wireless communications with easy
connectivity for users everywhere. Many empirical path loss (PL) models have been developed to assess the
performance of new radio networks. This article first studies the state-of-the-art of empirical PL models,
along with vegetation effects on radio signal propagation. Next, an accurate empirical PL model is proposed
for fixed wireless networks under challenging rural propagation conditions. The proposed model is based on
a Canadian dataset from a wireless internet service provider, using the Wireless-To-The-Home technology
in the unlicensed 900 MHz, 2.4 and 5.8 GHz ISM bands and in the licensed 3.65 GHz band. The proposed
model considers several parameters, such as line-of-sight obstructions, frequency bands and dynamic link
distance splitting, in addition to seasonal variations in PL attenuation. It outperforms other models in terms
of accuracy when tested on a dataset from a different Canadian region, and it provides excellent and steady
accuracy when tested on a largely different open-access dataset for mobile communication technology from
seven different regions in England.

INDEX TERMS Radio signal propagation conditions, propagation empirical models, path loss, seasonal

effect.

I. INTRODUCTION

Wireless communication networks are a good alternative
for providing connectivity in rural regions thanks to their
robustness, easiness of deployment and low costs. However,
a serious challenge remains in terms of predicting the radio
signal attenuation caused by environmental parameters, such
as ground relief or vegetation. Many wireless standards are
used by WTTH (Wireless-To-The-Home) providers, such as
IEEE 802.11 (particularly the wide-range Wi-Fi versions),
which attracted a lot of interest due to its practical advan-
tages [1]. A successful deployment of wireless networks
requires careful planning due to radio signal impairments
caused by the surrounding environment, resulting in prop-
agation path loss (PL) and limiting the quality of service
(QoS). Accurate PL estimation is crucial for network plan-
ning and troubleshooting. This estimation can be made either
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with PL propagation modeling or with costly and complex
propagation measurements. The PL propagation models can
be used for feasibility studies, resource allocation and per-
formance prediction. The choice of the appropriate model
depends on the geographic location (e.g., urban, rural) and
radio link parameters (e.g., operating frequency). Empirical
models are used most frequently because they provide a good
compromise between accuracy, computational efficiency and
complexity [2]. Consequently, this work focuses on empirical
PL modeling and studies its applicability for fixed wireless
access (FWA) networks.

Empirical PL. models have been traditionally designed for
frequencies lower than 2 GHz and for mobile networks in
urban areas. With the emergence of new wireless standards,
it has become necessary to update or extend them to consider
the recently diversified technology parameters. Each empiri-
cal model is usually designed for a specific environment and
has its own validity range of radio parameters (e.g., operat-
ing frequency, coverage, antenna heights). Consequently, this
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work examines the accuracy of these models for our studied
environment, in order to select a convenient PL model or
design a new one.

Despite the redundancy of empirical PL. models, just a few
are handling rural environments and frequencies less than
6 GHz. In addition, empirical PL models have specific valid-
ity intervals (distance, frequency, environment type, and so
forth), and their performances outside these intervals have not
been fully investigated. Previous PL models have, in general,
been tested on a single (or two, at most) frequency band or
a single technology. Thus, wireless engineers need assistance
and guidelines with regards to how to choose a convenient
PL model. This work is a step towards dealing with these
problems.

The main contributions of this article can be summarized
as follows:

1) We survey the state-of-the-art PL empirical models and
focus on the vegetation effect.

2) We study the accuracy of listed PL models by compar-
ing their predictions based on our dataset in four fre-
quency bands below 6 GHz for outdoor Wi-Fi WTTH
in Canadian rural regions.

3) We establish the effect of long-term seasonal variations
on radio signal PL attenuation.

4) We propose a new PL empirical model based on
obstruction level, frequency band, dynamic distance
splitting and long-term seasonal variation.

5) We test and validate the proposed model on datasets
from different regions and countries.

The paper is organized as follows: Section II presents
the state-of-the-art of empirical PL models. In Section III,
quantitative performance metrics for PL. model accuracy are
detailed. In Section IV, the data collection and measurement
are presented, and the accuracies of listed PL. models are
compared. The proposed PL model is detailed in Section V.
In Section VI, seasonal PL variations have been integrated
into the proposed model. Section VII presents the model
validation conducted via independent international measure-
ments. Finally, conclusions and future work are provided in
Section VIII.

Il. STATE-OF-THE-ART

A. RELATED WORK

Many research papers have studied existing PL models.
In [3], Sicker et al. described and implemented 30 propaga-
tion models proposed over the last 70 years for urban and
rural areas. They found that the landscape of PL models is
precarious. Furthermore, they affirmed that PL. modelling
achieves, at best, 8 to 9 dB Root Mean Squared Error (RMSE)
in urban environments and around 15 dB RMSE in rural ones.
The authors of [4] developed a new taxonomy by conducting
a deep survey covering more than 60 years of continuous
research. They stated that the next generation of PL models
will be data-centric, that attempt to extract information from
directed measurements. Phillips et al. analyzed 28 PL models
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by using a large set of data from a wireless network in rural
New Zealand [5]. They demonstrated that: “the state-of-
the-art, even for the “simple” case of rural environments,
is surprisingly ill-equipped to make accurate predictions.”
The best accuracy they achieve is a 12 dB RMSE.

Sarkar et al. [6] reviewed various propagation models
for both indoor and outdoor environments and summarized
their advantages and disadvantages. Sun et al. [7] presented
mmWave propagation measurements and PL models for
outdoors and indoors, then investigated their performances
across 5G networks. Erunkulu et al. [8] surveyed existing
techniques and mechanisms for network coverage prediction.
They provided an up-to-date review of existing PL. models,
along with a comparative analysis, to aid in the planning and
implementation of cellular networks. Wang et al. [9] com-
pared the prediction performances of several channel models
in terms of three important metrics: the cell radius, spectral
efficiency, and outage probability in both indoor and out-
door scenarios for Internet of Things (IoT) communications.
Anusha et al. [10] surveyed different propagation models to
calculate path attenuation in rural, suburban and urban areas.

Most of the research considered PL modelling for mobile
technologies in urban areas [11]. Whereas some works
focused on empirical PL. models for FWA in rural areas, but a
good proportion of these studies were simulation-based only,
with just a few including measurements. Moraitis et al. [12]
examined the accuracy of PL models at 3.7 GHz for FWA
Long-Term Evolution (LTE). They recommended the stan-
dard propagation model (SPM) as the best option for network
dimensioning and planning. MacCartney and Rappaport [13]
studied rural macro-cell (RMa) propagation models and the
current 3rd Generation Partnership Project (3GPP) RMa path
loss models for frequencies from 0.5 GHz to 30 GHz. They
used measurements in rural Virginia to develop a new RMa
PL model for 73 GHz that is more accurate than the exist-
ing 3GPP RMa models and can be used for frequencies
from 0.5 GHz to 100 GHz. Chee et al. [14] studied the
effects of carrier frequency, antenna height and season on
a FWA network deployed in a rural area at 825 MHz and
3535 MHz. They found that the frequency dependence of
a wireless channel varies strongly with the environment.
El Chall et al. [15] investigated LoRaWAN radio channel in
the 868 MHz band. Extensive measurement campaigns were
carried out to develop a PL model for indoor and out-
door environments in urban and rural locations of Lebanon.
Maurya et al. [16] studied the PL in urban and rural areas
by considering several parameters, such as frequency, loca-
tion and best fit. De Guzman et al. [17] applied 3-ray PL
analysis to evaluate the impact of variation in evaporation
duct height and antenna height in rural coastal areas. Rakesh
and Nalineswari [18] analyzed PL models at Global System
for Mobile Communications (GSM) 940 MHz and IEEE
802.16’s WIMAX 3.5 GHz frequencies in different terrains
including rural areas.

Since Wi-Fi is classically used for indoor communica-
tions, most studies have considered its PL modeling for
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indoor applications. However, Wi-Fi-based long-distance
networks have emerged as an alternative technology for pro-
viding Internet access in rural areas. Fendji et al. [19] com-
pared slope-based empirical PL models to measurements at
2.4 GHz using the 802.11n standard. They proposed a new
model based on the Liechty model because the number of
obstacles was known in their experiment. The Liechty model
provided a better prediction in a non-line of sight (NLOS)
scenario, while the new model outperformed in combined
scenario (line of sight (LOS) and NLOS). In our context, it is
impractical to apply this model since the link distance exceeds
twenty kilometers, and the number of obstacles is unknown.
El-Keyi et al. [20] updated the log-distance PL. model for
indoor Wi-Fi to take wall penetration, reflection, scattering,
and diffraction effects into account. Oni and Idachaba [21]
reviewed PL models and their adaptation to Wi-Fi indoor
propagation environments. Rademacher et al. [22] conducted
outdoor experiments to measure the PL for Wi-Fi links at
distances of up to 10.3 km. They found that the Longley-
Rice model provides accurate results. Hong and Wu [23]
estimated the signal loss of Wi-Fi at 2.4 GHz to improve
search and rescue operations after disasters. Brinkhoff and
Hornbuckle [24] studied the Wi-Fi signal range in agricultural
crops environments. They proved that the coverage distance
exceeded 1 Km. We [1] investigated the Wi-Fi coverage for
outdoor IoT applications, and we compared the predictions
of many PL models.

B. PATH LOSS EMPIRICAL MODELS

Effective wireless network deployment requires accurate
PL modeling to predict the coverage range and minimize
required infrastructure. Many PL models have been devel-
oped for specific environments [2]. In this section, the most
well-known empirical PL. models and their pertinent param-
eters are revisited.

1) 3GPP TR 38.901 MODEL

This model was mainly designed for mobile networks [25],
with a frequency bandwidth of 10% around the center value
of no larger than 2 GHz. It considers LOS and NLOS links,
and supports urban, indoor and rural links, but, in this article,
we focus only on its rural macro-cell configuration. It is
described using the following formula [26]:

PL N PL, forlOm <d < dgp (1)
kMa=LOS =\ pr,  fordgp < d < 10Km
2w HapH,f
dpp = —————

Cc

PLI = 2010g10 <

407 df )

fmin (O.O3h1'72, 10) log; (d)

—min (0.044h] 72 14.77)—|—0.002 log o(h) d
@
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d
PL, = PL(dgp) + 40log, <—> 3)
dpp
PLRya—NLOs = max (PLrya—10s. PL' RMa—nNLOS) 4)

For 10m < d < 5Km

PL’RpMa—NLOS
= 161.04 — 7.11og;o (W) + 7.510g,o (h)

h 2
Hpp

+(43.42 — 3.1log, (Hap)) (log;o (d) — 3)
+20log,of — (3.2 (log,o (11.75H,))* — 4.97) (5)

where d is the distance, f is the frequency, PLry,—r0s and
PLRrya—NLOs are the macro-cells path losses in rural areas for
the LOS and NLOS links respectively, dpp is the break point
distance, & is the average building height, W is the average
street width, c is the free space propagation velocity, H, is
the receiver height, and Hyp is the access point (AP) height.
This model is valid for frequencies of 0.5-100 GHz, receiver
heights of 1-10 m, AP antenna heights of 10-150 m, average
building heights of 5-50 m, street widths of 5-50 m and link
distances of 0.01-10 Km for LOS links and 0.01-5 Km for
NLOS links.

2) FREE SPACE AND LOG-DISTANCE MODELS
The free space model describes the radio signal power loss in
LOS links and is written as [2]:

PLf = 32.45 +201log; o d + 20log;(f 6)

The log-distance model considers NLOS links and random
shadowing effects. It is given by [27]:

d
PL1p = PLgo + 10nlog (d—) + x @)
0

where n is the path loss exponent, PL is the PL in dB at the
reference distance dp, and yx is the shadowing effect, which
is zero-mean Gaussian distributed with a standard deviation
between 5 and 16 dB [28].

3) OKUMURA MODEL

This model was built using data collected in the city of Tokyo,
Japan [29]. It considers urban, suburban and open areas. The
urban area model is the most widely used in cities without tall
blocking structures. It is given by [29]:

PLOso = PLﬂ+Amu (f: d)_G(HAP)_G(Hr)_Garea (8)

where PLOsg is the median PL, A, (f,d) is the median
attenuation relative to free space, G (Hap) is the gain due to
the AP antenna height, G (H,) is the gain due to the receiver
or Customer Premises Equipment (CPE) antenna height, and
Garea 18 an environment-related correction factor. Okumura
developed a set of curves for A, (f,d), in an urban area
over quasi-smooth ground with an Hap of 200 m and H,
of 3 m, and vertical omnidirectional antennas on both the
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AP and the receiver sides. The values of A, (f, d) and Ggyreq
are obtained from Okumura’s empirical plots, G (H4p) and
G (H,) are described as follow:

H
1010g10WAg for Hyp < 30m
G (Hap) = )
H
201og10WAg for 30 < Hyp <1000 m

H,
lOloglo? for H, <3m

G(Hy) = P (10)
2010g10?r for3 < H, < 10

This model is restricted to the 150-1920 MHz frequency
range, receiver heights of 1-3 m, AP antenna heights of
30-100 m and link distances of 1-100 km.

4) OKUMURA-HATA MODEL (OH)

This model [30] is based on the graphical information
obtained in the Okumura model but considers the effects
of the diffraction, reflection and scattering caused by city
structures. Additionally, it applies corrections for suburban
and rural environments. The PL in urban areas is given by:

PLOH y = 69.55 4 26.161og,,f — 13.8210g,( Hap
+ (44.9 — 6.55log,o Hap) log|gd — Cy (11)

where
0.8 — 1.561log;of + (1.1 logiof — 0.7) H,
for small or medium cities
2 _
Ch = 8.29(log, (1.54H,)) 1.1 (12)

if 150 < f < 300MHz for large cities
3.2(log, (11.75H,))> — 4.97
if 300 < f < 1500MHz for large cities

the path loss in suburban areas is given by:
2
PLOHsy = PLOHy —2 <log10 5_8) —-54 (13)

and the path loss in open areas is given by:

PLOH o=PLOHy —4.78(log | f)’ +18.33 log,, f —40.94
(14)

where Cpy is the antenna height correction factor. This
model is restricted to frequencies of 150-1500 MHz, receiver
heights of 1-10 m, AP antenna heights of 30-200m and link
distances of 1-20 km.

5) EXTENDED COST-231 HATA MODEL

COST is a European Union forum for cooperative scientific
research, which developed this model based on measurements
in multiple European cities. It extends the urban Okumura-
Hata model to cover frequencies of up to 2 GHz [31]. It is
most often cited as the COST 231 model, but it also referred
to as the Hata Model PCS extension. It is given by [32]:

PLcost = A1 + Azlogof + Aszlogo Hap
+ (Bl + By log g Hap + B3 X HAP)
x(logod) — aH, — C, (15)
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where Ay, ..., B3 are the Hata parameters described below:
Al = {69.55 at 900 MHz }
46.3 at 1800 MHz
Ay = {26.16 at 900 MHz }
33.9 at 1800 MHz
A3 = —13.8
By =449
B, = —6.55
B3 =0

where, aH, is the receiver antenna height correction factor, it
is calculated as:

0.8 —1.56log o f + (1.1 logof — 0.7) H,
for suburban or rural environments

) 8.29(log, (1.54H,))* — 1.1
aHty = if f < 300MHz for large cities (16)

3.2(log;o (11.75H,))* — 4.97
if f > 300MHz for large cities

C, is a correction factor that is equal to O dB for suburban or
rural environments and 3 dB for urban areas. At 900 MHz,
according to this model, the PL is:

PLcost = 69.55 4 26.16logof — 13.82log oHap
+ (44.9 - 6.5510g10HAp) logod —aH, — C,
(17)

For a frequency of 1800 MHz, the PL is:

PLcost =46.3 4+ 33.9logof — 13.821og o Hap
+ (44.9 — 6.5510go Hap) log,gd — aH, — C,
(18)

This model is restricted to frequencies of 1500-2000 MHz,
receiver antenna heights of 1-10 m, AP antenna heights
of 30-200 m and link distances of 1-20 km.

6) OKUMURA-HATA EXTENDED MODEL (ECC-33 MODEL)

This model was developed by the Electronic Communication
Committee (ECC) and extrapolated from the original Oku-
mura measurements. It subdivides urban areas into ‘large’
and ‘medium’ categories. Since the characteristics of a highly
built-up area such as Tokyo are quite different from those
found in European suburban areas, the use of the ‘medium
city’ model is recommended [33]. It can be stated as [34]:

PLgcc (dB) = PLg + Apy — Gap — G (19)

where PLg;, Apn, Gap and G, are the free space attenuation,
the basic median PL and the AP and receiver antennas’ height
gain factors, respectively. They are expressed as:

Apm = 20.41 +9.83 log,y d + 7.894log,o f

+9.56 (log,0.f)°
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Gap = <10g10 %) [13.958 458 (1og10d)2]

G, = (42.57 + 13.710g,o f) (log,o H, — 0.585)

G, = 0.759H, — 1.862 for medium cities (20)

This model is restricted to frequencies < 2000 MHz,
receiver heights of 1-10 m, AP antenna heights of 30-200 m
and link distances of 1-20 km.

7) STANFORD UNIVERSITY INTERIM (SUI) MODEL

This model is an extension of the Hata model for frequen-
cies above 1900 MHz. It introduced the PL exponent y and
the weak fading standard deviation S as random variables
obtained through a statistical procedure. It was originally
proposed for FWA networks in the 3.5 GHz band [35].
It divided geographic areas into three types of terrains: A,
B and C. Terrain A has the highest PL for hilly areas with
moderate to dense vegetation, so it can be considered for
densely populated urban areas. Terrain B has an intermediate
PL, and it is used for hilly terrains with sparse vegetation or
flat terrains with moderate to high tree densities, making it
suitable for suburban environments. Terrain C used for flat or
rural terrain with light vegetation. The model is given by [28]:

d
PLsy;r = A + 10y logy o + Xy +Xn+ S
0
4 dy

)xA = 20 loglo

c
y =a—bHap+ —
Hyp

Xy = 6logy 2000

H
X, = —10.8log; 7r for terrains A and B

H,
X, = —20logy, 7’ for terrain C, (21)

where dy = 100 m, and S is a log-normally distributed factor
for the shadow fading of trees and other clutters. It is capped at
8.2 dB for rural environments, 9.6 for suburban environments,
and 10.6 dB for urban environments. X is a correction factor
for frequencies larger than 2 GHz, X}, is a correction factor for
the receiving antenna height and A is the intercept parameter.
The PL exponent y is set to 2 in free space, 3—5 in an urban
NLOS and greater than 5 inside buildings. Parameters a, b,
and ¢ depend on the terrain and are given in Table 1.

This model is restricted to frequencies < 11 GHz, receiver
antenna heights of 2-10 m, AP antenna heights of 10-80 m
and link distances of 0.1-8 km.

TABLE 1. The SUI model parameter values.

Parameter Terrain A Terrain B Terrain C
a 4.6 4 3.6
b(1/m) 0.0075 0.0065 0.005
c(m) 12.6 17.1 20
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8) ERICSSON (9999) MODEL
This model was also built off of the modified Okumura-Hata
model according to the propagation environment. Sometimes
it is called 9999 model. Regardless, it is given by [36]:
PLgg9 = ag + ai log (d) + az log (H 4p)
+az logyo (Hp) % logy (d)

—3.2(logo (11.75H,))* + g (f) (22)

where

g (f) = 44.491og, (f) — 4.78 x (logo (f))*

The constants ag, a;, az and a3 are given in Table 2.

TABLE 2. Values of ericsson model parameters.

Environment ao ai a as
Suburban 43.20 68.93 12 0.1
Urban 36.2 30.2 12 0.1
Rural 45.95 100.6 12 0.1

This model is restricted to frequencies < 11 GHz, receiver
antenna heights of 2-10 m, AP antenna heights of 10-80 m
and link distances of 0.1-8 km.

9) WALFISCH-IKEGAMI (WI) PROPAGATION MODEL

This model was developed by the COST-231 project. Four
additional factors are included for better prediction within the
urban context: heights of buildings, widths of roads, building
separations and road orientations. As a result, its applicability
in rural area with vegetation is doubtful. It considers only ver-
tical buildings and distinguishes LOS and NLOS situations
[37]. The LOS PL is given by:

PLwiros = 42.6 + 26 loglo (d)+ 20 loglo o) (23)

where d is in Km, and f is in MHz. For NLOS situations,
the PL is:

PLwinrLoS
_ { PLgs + PL, + PL,,5q (urban and sub urban)

PLps(urban if PL s + PLjysq < 0) } @4)

where PL, is the rooftop-to-street diffraction, and PL,,q
is the multi-screen diffraction loss. This model is restricted
to the frequencies of 800-2000 MHz, AP antenna heights
of 4-50 m, receiver antenna heights of 1-3 m and link dis-
tances of 0.02-5 km.

10) STANDARD PROPAGATION MODEL (SPM)
This model is based on Hata PL formulas but it ignores the
effects of diffraction, clutter, and terrain. It is appropriate for
cellular technologies [38]. The PL is given by [39]:
PLSPM = K] + K2 10g10 (d) + K3 10g10 (HAP)
+Kslog o (H4p) x logo (d) + Ke

xhy + K7 logyo () (25)
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where K1, ..., K3 are the SPM parameters. They are given
according to Hata models as follow:

Ky = A; +Azlogo (f) — 3B

Ky = B
K3 = A3 —3B;
Ks = B

The correction function for the receiver antenna height was
also ignored for 4, < 1.5 m since it has negligible values in
that range.

Ke=K7;=0
For h, > 1.5, K¢ is the same as in the Hata model, namely,
K¢ =a
For 900 MHz and A, < 1.5 m, the PL is given by [40]:

PLspy = 12.5+44.91og; (d) + 5.831og;o (H 4p)
—6.551og g (H 4p) x logo (d)

For 1800 MHz and A, < 1.5 m, the PL is given by [40]:

PLSPM =22 + 44.9 loglo (d) + 5.83 loglo (HAP)
—6.551ogo (H zp) x log;q (d)

This model is restricted to frequencies of 150—-1500 MHz,
receiver antenna heights of 1-10 m, AP antenna heights of
30-200 m and link distances of 1-20 km.

C. THE IMPACT OF VEGETATION

Radio signal attenuation through vegetation is traditionally
assumed to increase exponentially with the crossed distance
through foliage [41]. In the literature, we can find essentially
two groups of models: empirical models based on obser-
vations and measurements, and analytical models based on
propagation theory. Foliage empirical models have attracted
a lot of attention since they provide a good compromise
between accuracy and simplicity. In the literature, we can
find many such models, including the modified exponen-
tial decay [42], Weissberger [43], ITU-R [44], COST 235
[45], FITU-R [46] and maximum attenuation [47] models.
In general, the foliage PL can be described with the following
exponential decay model:

L=AxfBxd° (26)

where the parameters A, B and C are fitted empirically
according to the foliage type. Here, f is the frequency, and
d is the distance crossed through vegetation.

During our literature search, we noticed that most research
studies were done in controlled laboratory-like environments.
Hence, the distance crossed through foliage must be known
for an accurate estimation of the vegetation loss to be formu-
lated. Unfortunately, such information is difficult to obtain,
especially in rural environments where the locations and
types of trees and the densities of the vegetation (in-leaf and
out-leaf propagation) are not uniform within the radio signal
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path. In addition, available models cover only relatively short
foliage distances (400 m), while radio links may exceed
10 Km.

Furthermore, there are other parameters that affect the
vegetation loss, such as the presence or absence of leaves on
deciduous trees, and the humidity of the vegetation, as they
are involved in the estimation of trees’ dielectric constants
(permittivity and conductivity) [48]. In general, high humid-
ity increases the propagation loss, but the amount of loss
is still difficult to predict, as it depends on the tree types,
frequency, humidity level, rainfall rate, and so on. In general,
isolated trees do not represent an important problem, but
dense vegetation has a major effect on a wireless signal.
In addition, the CCIR report [44] has assessed the vegetation
attenuation per meter through foliage for many frequencies
for greater simplicity. It is about 0.05, 0.1, 0.2, 0.3 and
0.4 dB/m for 0.2, 0.5, 1, 2 and 3 GHz, respectively. At low
frequencies, the horizontal polarization has less attenuation
than the vertical one due to scattering from tree trunks, but
this difference vanishes above 1 GHz [49].

Finally, as the vegetation PL requires a wide set of param-
eters and existing models are not practical for real and rural
deployments, it is important to establish a more accurate and
easier-to-use PL model for rural areas. With this aim in mind,
we integrate the vegetation effect implicitly through the PL
empirical modeling for NLOS links because vegetation is the
major source of obstructions in rural areas.

D. DISCUSSION

According to our review, the most relevant parameters for PL
estimation are the AP and receiver antennas heights, link dis-
tance and frequency band. As the PL increases with frequency
band and link distance, it is important to choose the lowest
possible frequency to raise the radio signal coverage and the
quality of NLOS links. On the other hand, the PL is inversely
dependent on the antennas’ heights since taller antennas
decrease the effect of obstructions on the radio signal. Most
existing empirical models’ validity intervals were developed
to respect mainly GSM applications. In this context, fixed
wireless applications have not been investigated well, and
not enough measurements have been made to confirm the
accuracy of these models in such applications.

Table 3 compares many research studies according to the
relevance of the existing PL empirical models to their mea-
sures. When a new model is proposed by the authors to fit
their measures, it is listed as ‘“‘author proposed” in the “fitted
path loss”” column. This table lists the frequency band, cover-
age distance, area type, main wireless technologies and if the
mobility is considered in each study. It also indicates whether
the measurements were taken in a controlled environment.
It is noticed that most existing research papers consider the
PL for mobile technologies and urban areas. In most cases,
the coverage distance does not exceed 1 Km for Wi-Fi. The
locations of these experiments are mostly controlled. Wi-Fi
is often considered for indoor or small outdoor areas such as
university campus. Recently, this technology has been used
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for outdoor long-range links to bring cheap and convenient
broadband fixed Internet access to rural or difficult-to-access
areas. Furthermore, only one wireless technology or two
frequencies are considered at most. While with the diversi-
fication of services and applications, many communication
technologies can be offered in the same area to satisfy various
communication needs.

Unfortunately, it is difficult to find research papers dealing
with FWA for long-range Wi-Fi in rural areas that include
several frequency bands or several technologies. It is also
difficult to get any agreement concerning the best PL. model
to use for a given area, technology or frequency. A PL
model cannot be blindly used in a given environment unless
its inherent parameters are well-tuned to that environment.
Furthermore, propagation in rural areas is considered less
challenging since it is assumed that there will be a clear LOS
or free space. This observation is not true, in general, due
to high vegetation densities and the differences inherent in
seasonal propagation conditions. Hence, this article explores
the applicability of existing empirical PL models for FWA
in rural areas for Wi-Fi long-range radio links with many
frequency bands.

lll. PERFORMANCE METRICS

In order to compare the prediction accuracies of PL models
quantitatively and efficiently, many performance metrics are
used [58], [59]. The prediction error is given by:

e = (PLye — PL™) @7)

where PL"% and PLY red are the measured and predicted PLs,
respectively, and i is the index of each PL sample. The mean
error is then given by:

_ 1 N
E= Zi:l & (28)
where N is the total number of observations. The mean

absolute error (MAE) expresses the mean shift between the

measurements and the predictions and is given by:
& ! N meas pred 1 N
=y Zi:l ‘PL" —PL =N Z,:l leil (29)

The root mean squared error is among the most important
metrics with which to assess prediction accuracy and is per-
ceived as the shadow factor. It is provided by:

- 1 N 2
lel = \/ v . (PLl’.”e’“ - PLf’ed)

T
=/ ZL g2 30)

The standard deviation of a given PL model is given by:

1 N - \2
o= \/(N 5 Zi:l (PL; — PL) 31)

where PL; is the path loss model at a given index, and PL
is the mean. The cumulative distribution function (CDF) of a
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PL evaluated at a given value, say x, is the probability that the
PL will take a value less than or equal x. It is given by:

CDF p (x) = Porbability(PL < x) (32)

The five-number summary can be deduced from the CDF: the
maximal and the minimal PL values, the lower and the upper
quartiles and the median value. The maximal PL value PL,,,
is given by:

PLyax = MAX(PL1, PLy, ...PLi,...PLy)  (33)

The minimal PL value PL,,;, is given by:
PL,,j, = MIN(PLy,PL;,...PL;,...PLy) (34)

The path loss median value (PLg,50) separates the ordered PL
values into two equal intervals and is given by:

PLyedian = PL(NTH) (35)

The lower quartile PLy59, divides the interval between the
minimal and median PL values into two equal halves and is
expressed as:

PL)59, = PL(¥) (36)

The upper quartile PL759 divides the interval from the
median to the maximal PL values into two equal halves and
is expressed as:

PL759, = PL%(NJFI) (37

The coefficient of determination or ““R squared’ assesses the
ability of a given model to predict a given observation. In the
best case, RZ = 1, the model fits the measures perfectly.
When R? = 0, the model predicts mostly PL™¢% . A negative
value means that the model fails in its predictions. R? is
expressed by:

SV (pLre - prres)
1= l

2 _
R =1-
ZN . (PLMeas — PLmeaS)2
i= i

(38)

The statistical dependence between two parameters, x and
v, is given by the cross-correlation coefficient, also referred
as the sample Pearson correlation coefficient. It evaluates
whether the relationship between these two variables can be
described with a linear function. Hence, this function can be
used to extract the parameters that influence the path loss the
most. It is defined as:

YN =D — )
\/ |2 6= 2] x [ XX 05— 7]

where x and y are the mean values of x and y, and N is
the total number of observations. Since the measurements
include thousands of observations, a logarithmic regression
is used to ease and clarify the visualization. Hence, the cloud
of observations can be simplified via a logarithmic curve. Its
equation is given by:

f(x) =A+ Blog(Cx + D) 40)

ony = (39)
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TABLE 3. Comparison of research studies on path loss empirical models according to their relevance to the measurements.

. . . . Controlled
Ref Year Freq. (GHz)  Distance max. (Km) Area Fitted path loss Mobility Main technology environment
rural,
[50] 2005 35 2 suburban, SUIL, COST-231 No FWA Yes
urban
4,5. . Ul Yes Wi-Fi Yes
51 2016 24,58 0.1 ‘;;‘;;;fs“y s i-Fi
[52] 2014 24 0.55 rural Liechty Yes Wi-Fi Yes
[53] 2016 0.8 3 urban COST 231, author Yes LTE No
proposed
urban, ECC HATA, author .
(54] 2013 33 4 suburban proposed No WIMAX Ne
55 . . es i 0
2010 3.5 6.2 ;ﬁf&;ﬁ’:ﬁ“’ sut Y WiMAX N
[12] 2020 3.7 12 rural SPM No LTE No
[56] 2020 2.1 35 rural Hata Yes 3G No
mountainous
7 7 rural PP RMa No FWA No
13 201 3 11 1 3G
[14] 2012 0.82, 0.35 2 rural COST-231 WI No WiMAX No
rural
[15] 2019 0.86 45 author proposed No LoRaWAN No
urban
[57] 2019 35 13 rural, urban, 3 5pp RVt Yes 5G No
suburban
[19] 2019 24 0.55 rural ‘L*i“‘:tchlftryp“’p"“d’ No Wi-Fi Yes
[22] 2016 24,58 10 rural Longley-Rice No Wi-Fi Yes
[24] 2017 2.4 1 rural Log-distance No Wi-Fi Yes
[1] 2019 2.41 0.55 outdoor Ericson No Wi-Fi Yes

where A, B, C and D are tuned for the best fit according to
f, and x is the input variable. For example, if logarithmic
regression is used to clarify the curve of the measures accord-
ing to distance, then these variables are fitted according to
the measured PL and the corresponding distance. In the same
manner, the listed PL. models produce a cloud of points that
are difficult to visualize according to each pertinent parameter
(e.g. distance). The use of logarithmic regression can simplify
and clarify the visualization of a given PL model according
to a pertinent parameter.

IV. DATA COLLECTION AND MEASUREMENT METHODS
The measurements were provided by an Internet ser-
vice provider servicing two different rural regions with
FWA networks: SLSJ and OUT in Quebec, Canada.
Figures 1 and 2 present the distribution of the wireless links
in the two regions. The signal paths contain hills, plains
and lakes and are largely covered by trees. The propagation
environment varies between two conditions: (i) extremely
cold, snowy weather with coniferous trees during the winter,
and (ii) hot, rainy weather with deciduous leaves during the
summer. Essentially, the networks consist of Wi-Fi long-
range links based on the 802.11 standard, as previously pre-
sented in [1], [60]. The networks include thousands of CPE
units connected to hundreds of APs.

Measurements include relevant information such as trans-
mitted and received signal power, data rates, signal-to-noise
ratios, noise floors and so forth. Operating frequencies cor-
respond to the ISM bands: 915 MHz, 2.4, and 5.8 GHz
as well as the licensed 3.65 GHz band. These frequencies
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FIGURE 1. Distribution of the wireless links in the SLSJ region.

are diversified to provide various penetrations capabilities.
Bandwidths range between 5 and 80 MHz for diversified
throughput options. AP and CPE antennas of various types
and gains are used. Many transmitted powers are used for
various radio link configurations. Additional pertinent infor-
mation includes antenna gains and heights, link distances
and obstruction type (LOS or NLOS). Only links within
the AP coverage are used. CPE nodes are mostly installed
on rooftops of houses, whereas APs are installed on com-
munication towers, churches’ steeples or the rooftops of
houses. Hence, the effects of ground reflection and moving
objects can be neglected. The proposed model is always tuned
according to the SLSJ region and tested separately in the
OUT region in order to verify the generalizability of our
assumptions.
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FIGURE 2. Distribution of the wireless links in the OUT region.

The PL is computed with the Friis link budget formula [61]:
P, =P, +G;+Gepeg — L 41)

where P, and P; are the received and transmitted signal pow-
ers, respectively; G; and G¢pg are the AP and CPE antennas’
gains, respectively; and L is the total link loss, which includes
the PL and the total losses of the internal devices L;,; for the
APs and CPE units. As all variables are known through data
sheets (Ljy;, P, G;, G,) and measurements (P,), the PL is
assessed via the following formula:

PL =P+ G+ Gy — Py — Ling (42)

Figure 3 presents the PL. measurements and their loga-
rithmic regressions (Eq. 40) for easy visualization. The dis-
tance varies between 0.05 and 18 Km, and the PL interval is
within 70 and 150 dB.

A. MEASUREMENT COMPARISONS WITH PATH LOSS
MODELS

Each listed PL model has many configurations depending
on area (e.g., urban, rural), frequency, antenna heights and
radio link distances. Their accuracies are assessed according
to their RMSEs. Then the best configuration in terms of
the RMSE of each listed PL model is used in Fig. 4. The
logarithmic regression of each model configuration is added
to clarify the curves. According to this figure, urban or big-
city configurations are mostly retained, which confirms the
inaccuracies of the rural or open-area configurations of most
of the listed PL models since they considered rural areas to
be low-obstruction areas, whereas radio signals are highly
attenuated by the increased vegetation density. To obtain a
more detailed picture of these PL models’ accuracies, the
RMSEs of all their configurations are compared in Table 4.
This table presents the RMSE:s for all the aggregated data in
the first column, then measurements are grouped according
to regions (SLSJ and OUT), line of sight obstruction (LOS
and NLOS) and frequency bands (0.915, 2, 3.65, 5.8 GHz).
The orange lines are for the LOS configurations of PL
models. These configurations exhibit better performances for
LOS links than for NLOS links since they are optimized
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for low obstruction. The LOS configuration of Walfisch PL
model is the most accurate for LOS links, with an RMSE of
12.85 dB. The large-city configuration of the urban Okumura
Hata model predicts the NLOS links best, with an RMSE
of 15.24 dB. When the measurements are split according
to regions, the Walfisch LOS and suburban Okumura Hata
models are the most accurate, yielding RMSEs of 16.50 dB
for SLSJ region since most of links have lower obstructions in
this region. Whereas, in the OUT region, the urban Okumura
Hata model does best due to the higher vegetation density
in this region, yielding an RMSE of 14.77 dB. This model’s
configuration is still accurate for the 0.915 and 2.4 GHz bands
since it has RMSEs of 14.12 and 16.51 dB for these fre-
quencies, respectively (sub 2.4 GHz frequencies are generally
used for obstructed NLOS links). For the 3.65 and 5.8 GHz
frequencies, the Walfisch LOS is the best, turning in RMSEs
of 13.9 and 15.29 dB respectively. This result is to be expected
since 3.65 and 5.8 GHz frequencies are mostly used for direct
LOS links. Note that the listed PL models are not accurate
enough in the context of this study since the best RMSEs vary
between 12.85 and 17 dB, all high compared to the receiver
sensitivity. At an accuracy in this range, a radio link can
easily be predicted to be feasible while proving impossible
to deploy in a real environment. In the remainder of this
article, a new, accurate PL. model is proposed and optimized
according to many data types and scenarios. Then its accuracy
and statistical performance metrics are compared with the
listed PL models in order to highlight the improvements it
brings.

V. PROPOSED PATH LOSS EMPIRICAL MODEL

The advantage of empirical PL models is their good balance
between the low computing complexity and the improved
prediction accuracy. Once generated, the proposed PL model
is similar in terms of computational complexity to any other
mathematical formula that involves arithmetic operations
with few input parameters. Regarding the input parameters,
the PL models are generally dependent on the following
ones: distance, frequency band and antennas’ heights. This
finding was confirmed by the previous review on PL models,
where most listed models are dependent on these parame-
ters. Table 5 contains the cross-correlation coefficients (see
Eq. 39) of the PL measurements with the pertinent param-
eters. Note that link distance and AP antenna height are
highly correlated, as higher APs cover, in general, wider
distances. Hence, the proposed model must contain both
parameters in the same term. The PL cross-correlation with
frequency is —0.01, which is low due to the non-uniform
data distribution. This finding is confirmed by the LOS links’
measurements, which are uniformly scattered according to
frequency bands, which have a cross-correlation with fre-
quency of 0.17. Antennas’ heights are negatively correlated to
PL measurements, which means that when antennas’ heights
rise, the PL generally decreases. This conclusion reflects
the expectation that since higher antennas can better clear
LOS obstructions, they can consequently decrease the PL
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FIGURE 3. PL measures and the logarithmic regression curve for easy visualization.
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FIGURE 4. Comparison of PL measurements with the best configurations of all listed PL models. Their logarithmic regression curves are added

for greater clarity.

attenuation. Whereas, distance is positively correlated to PL,
which increases logically for wider radio links.

Fig. 5 presents the PL measurements versus the perti-
nent parameters: frequency, distance, AP and CPE antennas’
heights, respectively. The logarithmic regressions are added
for better visibility of the relationships and the variabil-
ity between the PL and various pertinent parameters. The
PL variability with frequency is low due to non-uniform
data distribution as discussed earlier. When the dataset is
conveniently scattered according to frequency, as for LOS
links, the PL variability improves considerably, and the
cross-correlation increases from —0.01 to 0.17. According
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to the logarithmic regression curves, the PL variability with
distance is within the range of 105-130 dB, whereas it
is 114-122 dB and 115-122 dB for AP and CPE heights
respectively.

Since the PL can be logarithmically approximated by per-
tinent parameters, as in Figure 5, and by considering the pre-
vious arguments, the proposed model is expressed as follows:

PLei = Ag + Atlogo(f) + Az logyo (d) + Az logyo (H 4p)
+A4logyg (h,) + Aslogyo (Hsp)x logg (d)  (43)

where f, d, Hyp and H, are the frequency, link distance
and AP and CPE antennas’ heights, respectively. Ag, A,
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TABLE 4. Comparison of the RMSEs of all listed PL models.

Region Obstruction Frequency (GHz)

Path_loss_models All SLSJ ouT LOS NLOS 0.915 24 3.65 5.8

Walfisch_LOS 17.04 16.49 18.03 12.85 20.16 19.28 17.99 13.90 15.29
OH_U_large_cities (300 < f < 1500) 17.40 18.65 14.77 1947 15.24 14.12 16.51 20.16 18.88
OH_SU_large_cities (300 < f < 1500) 17.77 16.50 19.95 15.37 19.74 17.11 1895 14.97 16.10
Cost231_hata_large_cities(300 < f) 18.05 19.48 1499 20.49 1544 1447 16.51 2131 20.56
SUI_terrainB_suburbain 19.25 1993 1791 20.50 18.02 16.77 18.96 20.94 19.79
SUI_terrainC_rural 20.15 18.48 22.96 17.47 22.34 20.01 2160 16.65 17.91
Log_distance 20.70 19.00 23.57 16.90 23.70 16.41 21.51 17.22 20.90
SUI_terrainA_urbain 22.61 2450 18.52 25.28 19.82 19.30 21.59 25.883 24.19
Ericson_Urban 23.79 26.61 17.25 28.16 18.85 20.28 22.41 30.06 24.91
OH_O_large_cities (300 < f < 1500) 33.21 30.62 37.60 28.69 36.91 31.73 34.63 27.84 32.10
Ericson_Suburban 43.74 49.90 28.76 50.86 35.90 39.20 41.16 52.56 46.66
Extended_cost231_hata_SU_rural 44.18 41.42 4898 39.33 48.26 39.46 4529 43.62 4297
OH_U_small_med_cities 4736 44.80 51.84 4297 51.10 39.56 47.89 47.37 47.86
free_space 51.04 49.13 5447 4645 5496 4857 5232 4731 50.04
OH_SU_small_med_cities 59.77 57.46 63.88 5585 63.19 4896 59.58 60.03 62.30
Ericson_Rural 60.15 68.75 39.10 69.56 49.85 53.41 56.47 70.24 65.30
OH_O_small_med_cities 80.04 78.00 83.77 76.60 83.12 66.89 79.17 80.53 84.43
ECC_33_big_cities 154.56 158.76 146.30 164.47 144.74 119.52 145.66 167.50 174.48
3GPP_TR_38.901_Rma 158.66 190.61 64.26 149.27 166.91 133.11 194.65 82.32 75.71
ECC_33_medium_cities 204.74 209.87 194.70 215.66 194.05 165.75 194.76 219.24 227.49
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FIGURE 5. Path loss dependence on pertinent paramaters: measurements and logarithmic regression
curves.

Aj, A3z, A4, and As are model parameters that are tuned for must have a positive value since the PL increases for higher

better accuracy. More precisely, Ay is the intercept parameter. frequencies. A is the distance dependent tuning parameter,
A is the frequency dependent tuning parameter, logically it its value is positive as the PL increase for wider radio links.
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TABLE 5. Cross-correlations of PL with its pertinent parameters.

TABLE 7. RMSEs of proposed model under various data splitting criteria.

T n
CPE height - -0.14
AP antenna height - -0.22
Distance 0.61 0.37
Frequency - 0.17

TABLE 6. ZEK model parameters.

Splitting
o A0 Al A2 A3 A4 A5
criterion
Region 137 1 2 2 -159
LOS 138 1 2.26 -2 -16
NLOS 141 1.22 2 2 -14
5.8 GHz 137 1 4 2 -15.46 6.28
3.65 GHz 137 1 2 2 -16
24 GHz 137 1 2 2 -15.85 6
0.915 GHz 137 1 2 -2 -16

As is the tuning parameter for the correlated distance and
AP antenna height term. A3 and A4 are respectively AP and
CPE heights’ tuning parameters. They have negative values
since higher antennas are better to clear the line of sight and
decrease the propagation PL.

A. MODEL OPTIMIZATION OBTAINED BY

SPLITTING DATA

Model parameters are extracted by using the least squares
algorithm implemented via the curve fit function in the opti-
mization module of SciPy [62]. The extraction is done with
SLSJ measurements and tested directly with the OUT ones in
order to verify its generalizability. Three optimization criteria
are used: region, line of sight obstruction (LOS, NLOS) and
frequency bands (0.9, 2.4, 3.65 and 5.8 GHz). Hence, seven
sets of parameters are shown in Table 6. Parameters extracted
according to LOS links are smaller than those extracted
according to NLOS links since there are fewer obstructions in
the LOS case. Frequency dependent parameters vary slightly
with the frequency bands since the PL is less correlated with
frequency (e.g., Table 6 ). The 5.8GHz band has the largest
parameters since the radio signal is the most highly attenuated
in this band.

Figure 6 presents the measured and the predicted PLs for
the SLSJ and OUT regions. The link distances in the OUT
region are smaller due to the vegetation obstructions. As the
links in OUT have more obstructions, the proposed model
slightly underpredicts the PL in comparison to the predictions
made for the SLSG region. Figure 7 illustrates the measured
and predicted PLs by splitting the data between LOS and
NLOS links for the SLSJ and OUT regions. The predicted
PLs for the NLOS links are around 6 to 7 dB higher than those
predicted for the LOS links. Figure 8 presents the measured
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Splitting SLSJ OUT  Total
criterion
Region Region 9.94 10.52 10.15
LOS 9.79 10.43 9.96
Obstruction NLOS 10.42 8.67 9.67
All data 10.06 9.37 9.82
5.8 9.23 10.38 9.38
3.65 9.28 10.73 9.8
Frequency 24 10.62 9.54 10.13
band
0915 7.24 8.17 751
All data 9.86 9.74 9.82

and predicted PLs by splitting the data according to frequency
bands for the SLSJ and OUT regions. The 5.8 GHz band
has the highest PL values since it is the most sensitive to
obstruction. The proposed model generalizes well since it still
accurate for a different region (e.g., OUT).

Table 7 contains the RMSEs for the various optimization
criteria. The total RMSE by region is 10.15 dB, which cor-
responds to an improvement of 6.89 dB compared to the
best of listed PL models. The RMSE difference between the
SLSJ and OUT regions is due to the high vegetation density
in the OUT region. When splitting regions’ measurements
according to obstruction or frequency bands, an additional
improvement of 0.33 dB is obtained since model has been
tuned with more specific data.

B. DYNAMIC DISTANCE SPLITTING (DDS)

Since the PL is highly dependent on the radio link distance,
which can exceed 18 Km for long-range Wi-Fi, the avail-
able measurements are dynamically split into many intervals
according to the path distance to improve the PL prediction
accuracy. Hence, each data interval is optimized separately to
extract its own parameters Ao, ..., As. The number of inter-
vals is optimized to minimize the overall RMSE. To predict
the PL of a new link, the interval parameters that include the
link distance are used. The new PL expression is then:

PLpps = Ag,i +Ay,ilogo(f) + Az ilog o (d)
+A3,:logo (Hyp) + Agilogyg (h,)
+As,;log o (H4p)x logyo (d) (44)

where Ag i, A1, A2i, Az, Ag; and As; are the PL model
tuning parameters for the ith interval. Figure 9 presents the
comparison between the PL. measurements and DDS model
results for the SLSJ and OUT regions. The DDS is tuned
according to the SLSJ measurements and applied directly to
the OUT region. It generalizes well despite the differences
between regions in terms of vegetation and terrain and shows
an additional improvement of 0.16 dB RMSE in the OUT
region according to Table 8.

Figure 10 presents the extraction of the optimal number
of intervals by comparing the RMSE for the SLSJ region
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FIGURE 6. Comparison of PL measurements and the proposed model for the SLSG and OUT regions.
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FIGURE 7. Comparison of PL measurements and the proposed model for the SLSG and OUT regions, data is split between LOS and

NLOS links.

TABLE 8. Comparison of the RMSEs for the proposed and the DDS PL
models.

PLzek PLDDS
SLSJ 9.94 9.81
ouT 10.52 10.36

(training set) to the RSME for the OUT region (testing set).
Its value is 6, and the corresponding RMSE for OUT is
10.36 dB. When the number of intervals exceeds this optimal
value, the DDS model becomes overfitted since the RMSE
continues to decrease in the SLSJ region, whereas it increases
in the OUT region. Therefore, the DDS model progressively
loses its generalizability as it memorizes the learning set.
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Figure 11 compares the CDF of the PL. measurements to
the values obtained from the proposed PL models. The PL 445
model produces values closer to the measurements because
splitting the available paths into many intervals increases the
prediction accuracy. Furthermore, the proposed PL models’
values vary faster than the measurements around their mean
values since their standard deviations are bigger.

C. COMPARISON WITH OTHER MODELS

The comparison of the RMSEs of the proposed PL models
and the most accurate configurations of the listed PL models
is presented in Table 9 by region, obstruction level, frequency
bands and whole datasets. The DDS algorithm improved the
RSME of the proposed PL,cx model by 0.2 dB for the whole
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FIGURE 9. Comparison of PL measurements and the DDS model for the SLSG and OUT regions.

dataset, while the proposed PL,.x model’s RSME is better
than those of existing models by at least 6.8 dB. When the
data are split according to regions, the RMSE for the proposed
model PL,s is 6.6 and 7.5 dB better for SLSJ and OUT
regions, respectively. For the LOS links, the improvement is
2.4 dB, while it is 6.5 dB for the NLOS links. The 0.915 GHz
frequency band showed an improvement of 5.9 dB, while the
accuracy improved by 7.0, 3.2 and 4.9 dB for the 2.4, 3.65 and
5.8 GHz frequency bands, respectively.

An additional statistical analysis is carried out in Table 10,
where the proposed PL model values are compared to the PL
measurements and to the values obtained through the best
configurations of the listed PL. models in terms of the coeffi-
cient of determination (R2), mean, standard deviation, MAE,
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min, max, and so on. The proposed models have positive
coefficients of determination since their predictions are closer
to the measurements, while the other models have negative
R? s due to their high prediction errors. The same obser-
vation holds for the other statistical parameters, where the
mean, standard deviation, min, max, and so forth are closer
to those for the measurements than the statistical parame-
ters obtained via other listed PL models. The mean abso-
lute error (MAE) of the proposed PL,x model is 8.1 dB,
which means that when designing new radio links, there
can be a difference of 8.1 dB, on average, between the
PL prediction and the real PL value. When LOS-NLOS
or frequency splitting is considered, the MAE improves
to 7.8 dB.
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FIGURE 11. CDF of PL measurements and values obtained from the
proposed PL models.

TABLE 9. Comparison of the RMSEs of the proposed PL models with the
most accurate configurations of the listed PL models.

Region  Obstruction Frequency (GHz)
PL models All  SLS) OUT LOS NLOS 0915 24 365 5.8
PLzek 10.2 99 105 104 8.7 82 95 10.7 104
PLdds 100 9.8 104 103 8.6 6.4 98 10.1 10.9
Walfisch 17.0 16.5 18.0 128 20.2 193 18.0 139 153

Okumura Hata 17.4 187 148 195 152 141 165 20.2 189
Cost231_hata 18.1 195 15.0 20.5 154 145 16,5 213 20.6

Sul 193 199 179 205 18.0 16.8 19.0 20.9 19.8
Log_distance 20.70 19.0 23.6 16.9 23.7 16.41 21.51 17.22 20.90
Ericson 238 26.6 173 28.2 188 203 224 30.1 249
free_space 51.0 49.1 545 46.4 550 48.6 523 473 50.0
ECC_33 154.6 158.8 146.3 164.5 144.7 119.5 145.7 167.5 174.5

3GPP_TR_38.901 158.7 190.6 64.3 149.3 166.9 133.1 194.7 823 75.7

Figure 12 compares the CDFs of the values generated by
the proposed PL models and the most accurate listed PL. mod-
els with measurements. It clearly confirms the findings of the
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TABLE 10. Descriptive Statistics for the proposed PL models and the best
configurations of listed PL models.

R2 Mean Std Min 25% 50% 75% Max MAE

Plzek 0.19 117.80  6.90 96.90 113.00 117.80 122.00 136.7 8.1
PLdds 0.21 118.20  7.20 92.50 114.70 118.70 122.40 136.9 8.0
PL measures 1119.17 11.40 72.36 112.64 120.64 127.33 148.7 0.0
Walfisch 0.0002 116.04 16.65 67.61 103.54 117.62 128.78 150.6 13.2
Okumura Hata -1.5 125.43 17.79 64.07 112.78 126.15 138.92 174.7 14.1
Cost 231 Hata -1.7 126.13 18.18 65.41 113.04 126.60 139.83 177.2 15.0
Sul -1.9 123.50 20.82 46.94 108.70 124.98 139.52 192.6 15.9
Log distance -2 102.16 11.35 65.71 94.15 102.36 109.49 174.9 16.5
Ericson -3.8 136.28 18.31 76.05 123.36 135.55 148.54 185.1 19.7
Free space -18.3 69.76 10.45 38.67 62.79 69.82 76.97 101.7 49.4
3GPPTR38.901 -180.3 158.45 154.26 67.98 106.7 122.6 143.1 1920.4 51.6
ECC33 -196.6 272.20 24.19 191.40 255.13 271.29 287.54 398.8 152.7
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FIGURE 12. CDF of the PL measurements, proposed PL model values and

the most accurate listed PL model values.

previous statistical analysis, especially for higher PL values,
where the link distances and the vegetation obstructions are
large. The differences between the measurements and the
values generated by the other listed PL models are high since
these models are developed and tuned for urban areas with
more obstructions. Furthermore, their rural configurations are
less accurate since they consider radio links to be mostly LOS
links, contrary to the high vegetation densities in these areas.

VI. SEASONAL EFFECT

In the rural Canadian context, the extreme propagation con-
ditions can be split according to the seasons into two groups:
cold and hot. Since our research considers only long-term
extreme PL seasonal variations that last throughout entire
cold or hot seasons, snow and rain falling are not accounted
for, as they are of limited duration and their impact is
reduced in our operation frequencies [63], [64]. The main
long-term seasonal effects are the PL difference due to leaf
growth during the hot season and snow accumulation and
leaves falling during the cold season. During the hot season,
the attenuation includes vegetation and buildings (for NLOS
links) added to the free space effects. Thus, the hot season
attenuation Ay, 1S:

Apor = Afs + Aveg + Apuild (45)
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FIGURE 13. Path loss variation in the summer and winter seasons.

where Ag, Ay and Apyq are the free space, vegetation
and building attenuations, respectively. During the autumn,
leaves fall progressively, and the total vegetation attenuation
decreases progressively to reach its value for the cold season.
During the winter, the conifers, buildings and accumulated
snow (for NLOS links) and free space attenuations are con-
sidered. The cold season attenuation Ay is given as follows:

Acold = Afx + Acon + Apuila + Aaccu (46)

where A, and Agqe, are the conifers and the accumu-
lated snow attenuations, respectively. Furthermore, most
researchers have used laboratory-like environments, where
all the influencing parameters are under control, and the path
distance is many hundred meters. Yet, in wide-deployment
networks or hard-to-access rural areas, most of these param-
eters are difficult to assess accurately. Consequently, in this
article, an easy and comprehensive PL model is developed
by considering long-term extreme seasonal variations in PL
measurements during winter and summer.

Figure 13 presents the PL during the summer when the
leaves are present and during the winter when the leaves have
fallen and snow has accumulated. The PL difference between
the two seasons is presented in the figure below; the total
mean difference is about 3.92 dB, which mean that when
installing a wireless link during the winter, a margin of at least
3.92 dB must be considered for the PL attenuation increase
during the summer. After splitting the radio links according to
obstruction levels, the mean seasonal differences in the PL are
1.22 and 5.14 dB for the LOS and NLOS links, respectively.
Hence, margins of 1.22 and 5.14 dB should be considered for
the summer. Figure 14 presents the CDFs of the PL measure-
ments for the summer and winter seasons for the entire dataset
and for when the data are classified according to line of
sight obstructions (LOS, NLOS). It reflects the expectations
that the margin for NLOS links between summer and winter

182770

1.0 =3 PLsummer
PL winter
[ PL summer LOS f
0.8 1 PL winter LOS f
1 PL summer NLOS
[ PL winter NLOS /f,r /
L 0.6

")
0.4 £
/i
§ /
FI—FF'ZI_-{_{,Z
80 90 100 110 120 130 140 150
Path loss (dB)

FIGURE 14. CDFs of PL measurements by season and obstruction.

TABLE 11. The proposed model parameters for seasonal variations.

Ay A, Ay As Ay As
Summer LOS 137 0.01 4 -2 -1494 6
Winter LOS 137 0.01 396 -2 -16 6
Summer NLOS 141.06 0.1 2 -1 -14 6
Winter NLOS 138.4 0.1 2 -2 -14 6

should be bigger than the one for the LOS links. Furthermore,
the minimal and maximal PL means are sorted logically in
the following ascending order: Winter LOS, Summer LOS,
Winter all data, Winter NLOS, Summer all data and Summer
NLOS.

A. MODEL OPTIMIZATION ACCORDING TO SEASONAL
VARIATION

To model the long-term PL variations between summer and
winter, the measurements are split into the two corresponding
groups. Then each group is split according to the obstruc-
tion level (LOS, NLOS). Later, the proposed model is tuned
for each group by using the least squares algorithm imple-
mented by the curve fit function in the optimization mod-
ule of SciPy [62]. Therefore, four groups of parameters are
obtained: LOS Summer, LOS Winter, NLOS Summer and
NLOS Winter. They are presented in Table 11, where the
NLOS and Summer parameters are generally greater than
LOS and Winter ones.

Similarly, Figure 15 presents four groups of curves, where
each one compares the measured and predicted PLs according
to seasonal variations, line of sight obstructions (LOS and
NLOS) and region (SLSJ and OUT). The predicted PLs dur-
ing the summer are higher, as leaves are growing. Similarly,
the PL seasonal variation is bigger for NLOS links than it is
for LOS ones. This variation increases for greater distances
since more vegetation can be present along the signal path.

Table 12 shows that our model accuracy has been improved
by 0.69 dB (in terms of the RMSE) when seasonal effects
are considered. The RMSE for the entire dataset is about
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FIGURE 15. Comparison of PL measurements and predictions for seasonal variations of NLOS and LOS links in SLSJ and OUT regions.

TABLE 12. RMSEs for the proposed model with seasonal variations in the
SLSG and out regions.

Winter Summer Total (No seaslll;lz;l( effects)
SLSJ 9.21 9.71 9.44 9.94
OuT 9.39 9.58 9.50 10.52
All data - - 9.46 10.15

9.46 dB, whereas it is 10.15 dB without taking seasonal
effects into consideration. When taking the seasonal effects
into consideration, the MAE drops to 7.5 dB, whereas the
MAEs are 8.1 and 8 for the PL, and PLgq4s models,
respectively.
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VII. VALIDATION WITH INTERNATIONAL INDEPENDENT
MEASUREMENTS

In order to verify the generalizability of our model, it is tested
with independent and open PL measurements for mobile
communication technology from seven different regions in
England with radio link distances of over 25 km. Measure-
ments were made during summer and winter, and they include
rural, urban and suburban areas with various obstructions,
such as vegetation, buildings, hills, and so on. Frequency
bands range from 449 MHz to 5850 GHz. A complete
description of the measurements is available in [65]. Table 13
presents a comparison of the RMSEs between our proposed
model and the most accurate PL models among all the models
listed in this article. In each location, all the configurations
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TABLE 13. Testing proposed PL model with internationnal measurements for mobile communication technology from seven different regions in England.

. Line of Frequency (MHz)
Region sight  Scason Model 449.425 915.950 1802.50 2695 3602.5 5850
PLzrk LOS 19.05 16.35 18.83 17.77 2376  29.12
PLzex NLOS 21.19 16.61 16.76 1505 2087 25.75
S " os Mostly PLzex winter NLOS 18.22 16.68 20.5 19.89 26.01 31.76
car Hi NL summer | PLzex summer NLOS 20.18 16.39 18.01 16.84 22.88 2828
PL log distance 14.39 14.46 16.02 9.63  13.58  22.95
Ericson urban 26.72 22.20 16.31 1461  13.61 12.04
PLzex LOS 11.69 13.97 17.34 - 22.19 2574
. PLzex NLOS 12.36 12.64 14.89 - 19.07 2225
London NLOS Winter- b ppo. winter NLOS 11.92 15.21 19.09 - 2442 2824
Summer ¥ py ;. summer NLOS 11.99 13.22 16.21 - 21.04 24.62
Ericson urban 12.96 11.78 8.32 - 7.82 9.63
Mostly PLzex LOS 17.72 15.29 - 13.09 1548 1936
Boston LOS  inter PLzex NLOS 20.40 16.65 ] 1256 1375 169
PLzek winter LOS 16.13 14.31 - 1374 1692 2133
PLzex summer LOS 16.27 14.33 - 13.62 1676 21.15
Walfish LOS 11.43 14.65 - 1553 17.65 18.93
PLzrk LOS 16.09 18.04 19.22 1796 2626 30.13
PLzex NLOS 16.65 16.59 16.55 1502 22.89 26.55
) PLzex winter NLOS 16.23 19.27 21.17 20.16 2873 32.84
Merthyr Tydfil NLOS Xiﬁfgr PLzex summer NLOS 16.33 17.33 18.18 1695 2523 29.22
Log distance 41.91 37.74 29.86 22504 3652 3391
COST 231 suburban rural - - 21.92 - - -
OH suburban 14.91 13.26 - - - -
PLzex LOS 18.61 13.11 15.67 1571 2171 2537
PLzrx NLOS 21.68 14.4 13.98 13.55 18.67 22.00
PLzek winter LOS 16.79 12.56 17.17 17.63 2424 2828
PLzex winter NLOS 17.21 12.9 17.13 175 2394 27.89
PLzex summer LOS 16.96 12.56 17.02 17.46 2405 28.08
Nottingham  LOS-  Winter - | PLzex summer NLOS 20.27 13.61 14.94 1491 2074 2447
& NLOS  summer 24 40 2759 4571 2453
22.60 18.71 (cosf 231 (Log (Eriéqon (Log
(OH suburban)  (OH suburban) (i rural)  gistance) Suburban)  distance)
ericson urban 26.98 21.48 15.03 14.78 12.38 12.01
9.82 13.37
walfish LOS (OH open area) (OH open area) 26.04 24.13 2934 2988
PLzex LOS 12.3 17.00 18.55 18.07 2590 30.98
PLzex NLOS 13.46 15.64 15.96 1520 22.61 2739
PLzex winter LOS 11.65 17.88 20.68 20.54 2859  34.05
PLzek winter NLOS 12.22 18.18 20.37 20.14 2826 33.62
. PLzrk summer LOS 11.64 17.74 20.50 2035 2839 33.85
Southampton LOS - Winter - | PLzex summer NLOS 12.84 16.31 17.49 17.04  24.86  30.04
NLOS  summer 10.04 9.61 15.20
Log_distance (OH suburban) (OH suburban) Su(bcu(r)bs; zjrla ) 2775 3441 2298
ericson_urban 14.44 12.31 9.27 8.91 9.77 11.27
14.62 20.21
walfish_LOS (OH open area) (OH open arca) 32.16 2933 34.06 36.01
PLzex LOS 19.61 15.51 18.27 17.59 2586 31.22
PLzex NLOS 22.50 16.25 15.87 1482 2249 2753
PLzek winter NLOS 18.36 15.59 20.02 19.63 2826  33.92
PLzrx summer NLOS 21.18 15.78 17.29 1659 24.80 30.29
Winter - 19.56 18.48
Stevenage NLOS : . 15.52
g summer Log_distance (OH suburban)  (OH suburban) Su(bcu?bs; 33:3 ) 2647 2959  23.37
- 21.68 18.15
ericson_urban (COST 231 urban) (COST 231 urban) 11.23 10.74 1046 11.20
10.09 16.41

walfish_LOS 30.46 27.70  33.81 3593

(OH open area) (OH open area)
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of the proposed PL model are compared to all listed PL
models, but, for the sake of simplicity, only the most accu-
rate configurations have been included in this table. This
comparison includes many frequency bands, the obstruction
type and the season for all concerned regions. According to
this comparison, our model is among the most accurate, with
a steady performance in various environments despite the
following issues:

1) The differences between technologies: our model has
been optimized for Wi-Fi technology, whereas the test
measurements were taken for mobile GSM.

2) The difference between countries: our model has been
optimized in Canada, whereas the other measurements
were made in England.

3) The diversity in topography: dense urban, suburban,
dense rural, high vegetation, mountainous, and so forth.

4) The difference in antennas’ heights: various heights
were used for our model, and 1.5 m was used for the
receiver antenna heights in England dataset.

5) The heterogeneous nature of our measurements, and
the homogeneous test data.

6) The wide frequency range, which is extended from
450 MHz to 5.8 GHz.

VIIl. CONCLUSION

Wireless networks operating below 6 GHz present an
attractive solution for connecting people in rural regions.
Therefore, wireless engineers need assistance in choosing a
convenient PL. model for their purposes from among the many
available models. This article provides a step towards dealing
with this issue.

This article reviews the available PL models and dis-
cusses the effects of vegetation on radio signal attenuation.
In addition, long-term extreme PL seasonal variations that last
throughout entire cold or hot seasons are considered since this
issue has not been covered well in the literature. The accura-
cies of most known PL models are characterized for FWAs of
various frequencies and configurations in two different rural
regions in Canada. Then the light is shed on how to derive
a useful PL model for the rural area by proposing a new PL
model. The improvement brought by this new model is about
7.2 dB in terms of the RSME. Taking the seasonal effect into
consideration adds an additional improvement of 0.69 dB.
The model is tested on datasets from different regions in Eng-
land, and it provides predictions with very high accuracy. The
proposed model is valid for frequencies below 6 GHz, CPE
heights of 3-81 feet, AP antenna heights of 3-220 feet and
link distances below 34 Km. Future research could consider
a solution for the user association and AP selection in order
to improve the QoS in difficult rural environments.
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