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In the time period of about three months, fourteen papers
dedicated to this special issue were submitted to me as a
guest editor. From them nine were rejected, while five were
accepted for publication after minor changes.
Here I would like to make a short characteristic of the
five accepted articles. The paper entitled “Calculation of
differential propagation constant determined by plant morphology using polarimetric measurement,” by C. Hu and
N. Li, investigates one important problem related to measurement of polarimetric properties of different materials.
In order to validate this phenomenon, the mathematical
relation between the differential propagation constant of
forest vegetation and its polarized echo is derived by using
backscattering power profile. The accurate copolarized data
of 3–10 GHz frequency-domain of small trees are obtained
by indoor wideband polarimetric measurement system. At
low frequencies, the plants with structural features presented
oriented distribution. However, the plants show random
distribution of the echoes at higher frequencies, which is
mainly from the canopy. The research provides important
information to choose the coherence models employing the
parameters retrieval of vegetations.
The paper entitled “Fast and reliable locating of points
with the maximum value of total electromagnetic field using
a modern experimental method for radio coverage in urban
environment,” by P. S. Medjedovic and D. S. Suka, explores

one modern experimental method for determination of
radio coverage in urban environment. The ultimate goal
of the project is the installation of a monitoring network
for continuous measurement and recording of nonionizing
electromagnetic (EM) radiation levels in the wider area of
Banja Luka city centre covering about 10 km2 . For this reason
it was necessary to make an optimal choice from a dozen
of measurement points with the maximum value levels of
total EM field. It was a difficult task, because in this case,
with the resolution of 5 m × 5 m, approximately 400.000
points should be examined. Therefore, the pedestrian zones,
areas, and routes with significantly smaller surfaces but with
the largest flow of people have been examined, so the time
required for their mapping with values of total EM field has
been reduced to a more realistic framework.
The paper “The radiation problem from a vertical Hertzian
dipole antenna above flat and lossy ground: novel formulation
in the spectral domain with closed-form analytical solution
in the high frequency regime,” by K. Ioannidi et al., makes
a novel analytical treatment of one classical problem: the
radiation of a short vertical dipole above the ground. The
problem is formulated in a novel spectral domain approach,
and by inverse three-dimensional Fourier transformation
the expressions for the received electric and magnetic (EM)
field in the physical space are derived as one-dimensional
integrals over the radial component of wave vector, in
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cylindrical coordinates. This formulation appears to have
inherent advantages over the classical formulation by Sommerfeld, performed in the spatial domain, since it avoids
the use of the so-called Hertz potential and its subsequent
differentiation for the calculation of the received EM field.
Subsequent use of the stationary phase method (SPM) in the
high frequency regime yields closed-form analytical solutions
for the received EM field vectors, which coincide with the
corresponding reflected EM field originating from the image
point. In this way, we conclude that the so-called in the
literature “space wave” (line of sight plus reflected EM field)
represents the total solution of the Sommerfeld problem in
the high frequency regime, in which case the surface wave
can be ignored.
The paper “Determination of measurement points in urban
environments for assessment of maximum exposure to EMF
associated to a base station,” by A. Linhares et al., is dedicated
to measurement related to assessment of the maximum
exposure to electromagnetic field radiated by the base station.
A base station (BS) antenna operates in accordance with the
established exposure limits if the values of electromagnetic
fields (EMF) measured in points of maximum exposure are
below these limits. In the case of BS in open areas, the
maximum exposure to EMF probably occurs in the antenna’s
boresight direction, from a few tens to a few hundred meters
away. This is not a typical scenery for urban environments.
However, in the line of sight (LOS) situation, the region of
maximum exposure can still be analytically estimated with
good results.
The paper entitled “Rigorous 2D model for study of
pulsed and monochromatic waves propagation near the Earth’s
surface,” by S. S. Sautbekov et al., investigates a rigorous 2D
model for study of transient electromagnetic fields. In the
paper, a model is analyzed which allows solving rather complex 2D problems of the electromagnetic wave propagation
with a required accuracy using ordinary personal computers.
The problems are of great importance for the theory and
practical applications. The basis for constructing models of
the kind is the exact absorbing conditions whose use makes
it possible to reduce the original open initial boundary value
problems to equivalent closed problems, that is, to such
problems which can be solved numerically using the standard
net methods.
Panayiotis Frangos
Dwight Jaggard
Seil Sautbekov
Georgi Georgiev
Sava Savov
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A base station (BS) antenna operates in accordance with the established exposure limits if the values of electromagnetic fields (EMF)
measured in points of maximum exposure are below these limits. In the case of BS in open areas, the maximum exposure to EMF
probably occurs in the antenna’s boresight direction, from a few tens to a few hundred meters away. This is not a typical scenery
for urban environments. However, in the line of sight (LOS) situation, the region of maximum exposure can still be analytically
estimated with good results. This paper presents a methodology for the choice of measurement points in urban areas in order to
assess compliance with the limits for exposure to EMF.

1. Introduction
The mobile communications technology has revolutionized
the telecommunications industry worldwide over the last two
decades. In order to attend the demand of users of cellular
services, a substantial growth has been observed in both the
amount of BS and the number of available frequency bands.
International bodies have established EMF exposure limits
for personal protection [1, 2] that are endorsed by World
Health Organization (WHO) [3] as well as measurement
standards to assess the compliance of radio communication
stations with the exposure limits [4].
Three basic components have to be taken into account
when evaluating human exposure to EMF: radio frequency
(RF) source, wireless channel, and exposed person. The first
considers technical characteristics of the radiating system,
like radiated power, antenna gain, height, tilt, and half-power
angle. The second is related to the path loss, considering
that the wave propagates in an uncontrolled and lossy
medium and is subject to variations not only due to distance
between EMF source and exposed person but also due to
shadowing and multipath [5]. The third component is related
to characteristics of the exposed person, including, but not

limited to, height, weight, and position (standing up, sitting
down, lying, etc.).
It is worth noting that EMF exposure and coverage
prediction deal with the propagation phenomena. Nevertheless, the human exposure to EMF is a quite different issue
compared with the coverage problem, given that the relevant
region of the former is in the vicinity of the station, where
higher power density levels can be measured. Therefore, the
selection of measurement points located in the region of
maximum exposure due to the BS being evaluated is very
important to guarantee compliance with EMF exposure limit.
For practical reference level assessment in far field region,
measurement of derived quantities like electric field intensity,
magnetic field intensity, or power density are sufficient to
ensure that the basic restrictions are satisfied [2].
This paper presents a methodology to estimate the probable location of maximum exposure to EMF associated with a
BS antenna in urban areas as well as suburban or rural areas,
filling a gap not covered by current international standards
[6–8], which address selection of points of investigation,
without covering how to identify locations of maximum
exposure. In [9], an approach was developed based on open
area modeling, including simulations and measurements in
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such type of environment. The present work improves and
generalizes the previous methodology, so that it could be
suitable for any environment, including paths with slopes, for
LOS condition.
The remainder of this work is structured as follows. In
Section 2, we present an overview of urban environments and
traditional propagation models are revisited. In Section 3, we
present the methodology of how to select points of investigation based on chances of maximum exposure. In Section 4,
the proposed methodology is tested using simulation and
measurement results. Finally, in Section 5, some conclusion
remarks are presented.

2. Propagation Models
For proper evaluation of the path loss of radio waves, the
propagation models should adequately consider the main
characteristics that impact the wireless system, such as
frequency, antenna height, and the environment (terrain,
building, vegetation, LOS, NLOS, etc).
Urban areas are more complex than open areas scenarios
in relation to the RF, presenting multiple objects in the
environment that produce reflected, diffracted, or scattered
replicas of the original signal. In these cases, the free-space
propagation model overestimates the real exposure level;
besides, complex environments enhance nonuniform field
distribution along an exposed person, once those replicas
reach the human body with different amplitudes, phases, and
time delays.
Figure 1 shows a typical scenario of the set RF source,
wireless channel, and person exposed. Point 𝑃1 (building
rear) is reached with the maximum radiation intensity direction, part of the energy is reflected, and part will penetrate and
pass through the building, being both refracted and absorbed
in a multilayer environment. Part of the signal will pass
through the building and reach 𝑀1 and 𝑀2 . The absorbed
wave may be more relevant at 𝑀1 than 𝑃2 and 𝑃3 diffracted
waves. However, at certain distance the diffracted signal
becomes predominant, for instance, at 𝑀2 . The 𝑀3 person
will be reached by a direct ray combined with reflected (𝑃3
and 𝑃4 ) and scattered components (𝑃5 ). Basically, shadowing
is the effect of diffraction while multipath is the effect of
reflection and scattering.
Multipath (or small-scale) fading creates nonuniform
field distribution along human body. Therefore, performing a
spatial averaging process is highly recommended for a wholebody assessment [5]. It must be noted that spatial averaging,
for the purpose of human exposure to EMF, is performed by
averaging the electric field intensity squared and then taking
square root of the result, or by averaging the power density.
Spatial averaging of the electric field intensity will result in
higher values compared with simple averaging.
The combination of path loss and shadowing can be
written as
𝑑
PL (𝑑𝐵) = 𝐴 + 10𝛾 log ( ) + 𝑠,
(1)
𝑑0
where 𝐴 and 𝛾 can be function of one or more of the following
parameters: frequency, antenna height, and environment; 𝑑

P2
P1

P5
P3
P4

M1
M2

M3

Figure 1: Representation of the main propagation mechanisms in a
complex environment: LOS, reflection, diffraction, absorption, and
scattering.

is the distance from the antenna; 𝑑0 is a reference distance
in the same unit of 𝑑; the shadow (or large-scale) fading
parameter 𝑠 is a zero-mean Gaussian random variable, with
standard deviation 𝜎 [10]. Nevertheless, it can be assumed
that the spatial variations at a local scale are only due to
small-scale fading [11]. For instance, for the free-space model
𝐴 = 32.4+20⋅log(𝑓), where 𝑓 is frequency, in GHz, 𝑑0 = 1 m,
and 𝛾 = 2.
If the path loss follows (1), then the average power density,
in W/m2 , can be estimated using the following generalized
formula:
𝑆 (𝑑, 𝜃, 0) =

𝑃 ⋅ 𝐺max ⋅ 𝐹 (𝜃, 0)
,
𝐾 ⋅ 𝑑𝛾

(2)

where 𝑃 is the power supplied to the antenna, in 𝑊; 𝐺max
is the maximum gain of the antenna; 𝐹(𝜃, 𝜙) is the relative
numerical gain, varying with elevation and azimuth angles; 𝐾
is a fix value for the specific considered model; 𝛾 is the path
loss exponent. The influence of 𝐹(𝜃, 𝜙) for NLOS is studied in
[12].
2.1. The Two-Ray Propagation Model. The two-ray model
considers that between the EMF source and the receiver there
are just the direct ray and a single specular reflected ray that
dominates the multipath effect. The direct ray propagates
through free space and the reflected ray is proportional to the
direct electric field intensity, by a complex factor Γ (reflection
coefficient). With this model, the nonuniform distribution
along the whole body can be shown, mainly for ultrahigh
frequencies (UHF) or above.
For a fast and conservative estimation of the power
density, it is common to consider that the reflected ray is inphase with the direct ray, so that the power density can be
calculated as
𝑆 (𝑑, 𝜃, 0) =

(1 + |Γ|)2 ⋅ 𝑃 ⋅ 𝐺max ⋅ 𝐹 (𝜃, 0)
,
4 ⋅ 𝜋 ⋅ 𝑑2

(3)
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where |Γ| is the modulus of the ground reflection coefficient
(a typical value is 0.6).
2.2. Walfisch-Ikegami Model: Line of Sight Scenario. COSTWal-fisch-Ikegami model (COST-WI model) takes into
account more information to describe the urban environment, like height and separation of buildings, widths of
streets, and street orientation with respect to the direct radio
path. This model distinguishes between LOS and NLOS cases,
where the EMF source and the receiver are within a street
canyon in the former case. This formulation is based on
measurements performed in Stockholm, Sweden [13].
For the LOS COST-WI model, 𝐴 = 42.6 + 20 ⋅ log(𝑓),
and 𝛾 = 2.6. This model is suitable for use over the ranges of
800–2,000 MHz, height of base station antenna (𝐻) between
4 and 50 m, height of mobile antenna (ℎ) in range of 1–3 m,
and 20 m ≤ d ≤ 5,000 m.
Considering the relationship between the equivalent
isotropically radiated power (EIRP) and the power received
by an isotropic antenna, it is possible to estimate the power
density at the receiving point in scenarios that follow LOS
COST-WI model, as (see Appendix)
𝑆 (𝑑, 𝜃, 0) =

𝑃 ⋅ 𝐺max ⋅ 𝐹 (𝜃, 0)
.
2.08𝑑2.6

Figure 2: Simulation of a BS located in downtown of São Paulo.
Buildings in both sides of the streets block the EMF propagation.
However, directions with fewer blockages present stronger EMF
signals, even for back radiation of the antenna.

(4)

It should be noted that the exponent in (4) is the same
path loss exponent 𝛾, while the value 2.08 is associated with
the parameter 𝐴.
2.3. Other Models. Reference [14] verified that for their LOS
measurements, the results were very close to free space, with
average path loss decaying as 𝑑−2 . Therefore, for these cases,
𝛾 = 2 and 𝐾 ≠
4𝜋. Reference [15] also identified 𝛾 close to
2 in rural areas (2.1 for receiving antenna at 10 m and 2.7 for
receiving antenna at 6 m).
Other path loss propagation models like Hata, ECC-33,
and SUI can also be written in the form PL = 𝐴+10⋅𝛾⋅log(𝑑),
with some correction or gain factors being added.
All these complex models present better results for NLOS
and typically overestimate path loss for LOS environments. In
general, LOS presents 𝛾 ≈ 2 (2.6 for LOS COST-WI), while
NLOS presents 𝛾 between 3 and 5.

3. Methodology for Determination of
Measurement Points
In [9] an approach was developed based on open area modeling, including simulations and measurements in such type
of environment. The present work improves and generalizes
the previous methodology, so that it could be suitable for any
LOS condition, including paths with slopes.
It is quite clear that the maximum exposure region is
likely to occur parallel to the antenna boresight for open area
cases. Nevertheless, depending on the antenna installation
and technical characteristics, the main lobe might not be
responsible for maximum exposure point, but the sidelobes
[16]. On the other hand, as the maximum exposure may be
located some hundreds of meters away the BS, chances are

Figure 3: A tridimensional view of the BS among densely tall
buildings. Antenna height is 30 m, azimuth is 0∘ , tilt is 10∘ , and
half-power angle is 88∘ and 26∘ , for horizontal and vertical planes,
respectively, EIRP = 1000 W and 𝑓 = 900 MHz.

that buildings constructions might obstruct the LOS in urban
environment. Therefore, not only positions in the direction of
the antenna’s boresight are relevant, but also other positions
with LOS to the antenna may be a point of interest.
Figure 2 illustrates a simulation in downtown of São
Paulo, Brazil, where just one sector of the BS is presented
in order to evaluate the single source influence. It must be
noted that the antenna azimuth is 0∘ north, the crossing
street orientation is approximately 35∘ , and there are huge
buildings in 3 of 4 corners, as shown in Figure 3. In this
case, relevant maximum exposure points will occur not in
the direction of the antenna’s boresight but according to the
orientation of crossing streets that have LOS with the BS. The
simulation tool used is ICS Telecom V12 Radio Planning and
Technical Spectrum Management software [17], configured to
run propagation model based on ITU-R Rec. 525, calculation
of free-space attenuation, and Rec. P.526, propagation by
diffraction.
The tridimensional radiation pattern 𝐹(𝜃, 𝜙) can be
approximated by 𝐹(𝜃) ⋅ 𝐹(𝜙), where 𝐹(𝜃) and 𝐹(𝜙) are
vertical and horizontal radiation patterns, respectively. This
is a good approximation for the forward radiation and a
sufficient approximation for the backward radiation, which
is satisfactory from the point of view of exposure assessment
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𝛽
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Figure 4: Approximation of a sloped path by a plane path with tilted antenna. (b) is not exactly equivalent to (a) because the 𝑦-axis should also
be rotated by 𝛽 degrees. However, the error introduced by this assumption is small compared to the estimated maximum exposure location.

1/2

calculated substituting 𝑑 = [𝑥2 + (𝐻 − ℎ)2 ] in (2), where
𝑥 is the horizontal distance from the BS to a reference point,
𝐻 is the antenna height, and ℎ is the approximate head level
height. Taking 𝑑𝑆/𝑑𝑥 = 0 and isolating 𝑥, we obtain
exp
𝑥 = 𝑋max

𝑞 2 4 ⋅ 𝑞 ⋅ (𝐻 − ℎ)2
= (√ [(𝐻 − ℎ) ⋅ 𝑡𝑔𝛼 ⋅ (1 + )] +
𝛾
𝛾

6
Power density (mW/m2 )

[18]. The main lobe of 𝐹(𝜃) can be approximated by cos𝑞 (𝜃 −
𝛼), where 𝛼 is the antenna tilt [9].
A BS antenna operates in accordance with the established
exposure limits if the values of EMF measured in points
of maximum exposure are below these limits. Additional
measurement points may be required, but the proposed
methodology provides guidelines on how to judiciously select
the necessary measurement location, that is, the region where
the antenna main lobe reaches the exposed person, in a LOS
case. Reference [16] showed that, in some cases, side lobes
can be responsible for maximum exposure, even transporting
less energy. Nevertheless, it is very unlikely that any EMF
exposure problem will happen in these cases.
The estimated maximum power density location can be

5
4
3
2
1
0
0

50
100
Horizontal distance (m)

150

Figure 5: Power density evaluated based on ICS Telecom simulations. The simulated maximum exposure point is located at 75 m,
same as estimated for 𝛾 = 2 and higher than estimated for 𝛾 = 2.6.

4. Testing the Proposed Methodology

(5)

𝑞
− (𝐻 − ℎ) ⋅ 𝑡𝑔𝛼 ⋅ (1 + ) ) × 0.5,
𝛾
where 𝑞 = log(1/2)/ log[cos(𝜃bw /2)] and 𝜃bw is the halfexp
is
power angle in the vertical plane. Consequently, 𝑋max
a reference measurement point, since it is likely that the
maximum exposure location is near this point.
exp
can be
The impact of street inclination (𝛽) in 𝑋max
mitigated by adequately adding/subtracting 𝛽 to the antenna
tilt 𝛼, turning the sloped path a plane region, as presented in
Figure 4. The error introduced by this assumption in the 𝑥exp
. Therefore, (5)
axis is ℎ ⋅ sin 𝛽, which is much less than 𝑋max
can be applied for these cases with adequate correction in 𝛼,
generating a 𝛼 .

Three urban areas cases are presented to test the methodology. The first case considers the site of Figures 2 and 3. The
technical characteristics of the BS are presented in Table 1,
as well as the results for different 𝛾 values and simulation.
Figure 5 shows that the simulated and calculated maximum
exposure locations are compatible. The result matched the 𝛾 =
2 due to the propagation model selected in the simulation,
that is, free space combined with diffraction.
The second case considers path loss propagation measurements at 910 MHz made in downtown core of Ottawa,
Canada, using transmissions from an antenna at 8.5 m height
to a receiving antenna mounted on a van at 3.65 m height [19].
The author conducted LOS and NLOS measurements in areas
with buildings taller than the antennas in both street sides,
but just LOS measurement in the westward of Slater Street is
considered for testing the proposed approach.
The transmitter and receiver antennas are omnidirectional and the elevation discrimination was discounted, so
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Table 1: BS 1—São Paulo.

Table 2: BS 2—300 Slater Street—Ottawa.

Technical parameters
Antenna height (𝐻)
Reference height (ℎ)
Vertical 3-dB angle
Horizontal 3-dB angle
Tilt (𝛼)
EIRP

Technical parameters
30 m
1.5 m
25.6∘
88∘
∘
10 (mechanical)
1,000 W (60 dBm)

Results
exp
Calculated 𝑋max
exp
Calculated 𝑋max
exp
Simulated 𝑋max

75 m @ 𝛾 = 2
68 m @ 𝛾 = 2.6
75 m

95

Antenna height (𝐻)
Reference height (ℎ)
Antenna model
Vertical 3-dB angle
Horizontal 3-dB angle
Tilt (𝛼)
EIRP

11.5 m
1.5 m
CommScope CV3PX308R1
10.5∘
64∘
5∘ (electrical)
10 W (40 dBm)
Results

exp
Calculated 𝑋max
exp
Calculated 𝑋max
exp
Simulated 𝑋max
exp
Simulated 𝑋max

56 m @ 𝛾 = 2.66
61 m @ 𝛾 = 2
56 m for estimated PL
62 m for free space

90

Table 3: BS 3—Aarhus/Denmark.
Path loss (dB)

85
80
75
70
65
60
55
20

200
Distance (m)
Meas.
LS
FS

Figure 6: Path loss westward of the transmitter located at 300 Slater
Street. In this case, the PL = 23.4 + 26.6 log(𝑑), with 𝜎 = 3.84,
was obtained using least square (LS) regression analysis and then
compared with free space (FS). The intercept point between both
models is 18 m.

the presented results are just path loss, which were recovered
from the graphical curves presented in [19]. The received
power was sampled approximately once per meter with a
calibrated receiver.
The resulting path loss is shown in Figure 6. Based on a
simple linear regression analysis, a path loss model is given
by
PL = 23.4 + 26.6 log (𝑑) ,

(6)

where 𝑑 is the distance, in meter, and 𝑑0 = 1 m.
It can be seen that the proposed model is very close to LOS
COST-WI model, given by PL = 23.8 + 26 log(𝑑), at 910 MHz,
𝑑 in meters, and 𝑑0 = 1 m.
Using the formulation presented in the Appendix, the
power density can be estimated by
𝑆 (𝑑, 𝜃, 0) =

𝑃 ⋅ 𝐺max ⋅ 𝐹 (𝜃, 0)
.
1.89 ⋅ 𝑑2.66

(7)

Technical parameters
Antenna height (𝐻)
23 m
Reference height (ℎ)
2.5 m
Antenna gain (dBi)
16
Vertical 3-dB angle
5.4∘
Horizontal 3-dB angle
60∘
∘
Tilt (𝛼)
6
10∘
∘
Street slope (𝛽)
≈3.8
Transmitter max. power
2 × 46 dBm
Results
𝛼 = 9.8∘
𝛼 = 13.8∘
exp
Calculated 𝑋max
,𝛾=2
116 m
79 m
𝛼 = 9.8∘
𝛼 = 13.8∘
exp
Calculated 𝑋max , 𝛾 = 2.6
113 m
78 m
exp
for 𝛼 = 9.8∘
107 m (mov.ave.)/101 m (peak)
Measured 𝑋max
exp
for 𝛼 = 13.8∘
67 m (mov.ave.)/76 m (peak)
Measured 𝑋max

Simulations with the proposed path loss model and freespace model were executed following procedures used in [20],
as presented in Figure 7. The BS has the technical characteristics presented in Table 2. As expected, the simulated and
calculated maximum exposure locations are equal or very
close.
The third case uses [12] data collected in a measurement
campaign performed in the centre of Aarhus, an urban
medium city in Denmark, with average building height
about 15–18 m and street width about 20 m. The technical
characteristics of the BS are presented in Table 3, as well
as the results for different 𝛾 values and simulation. Based
on GPS collected data and Google Earth path profile, the
average street slope is approximately 3.8∘ within a 100 meters
radius from the BS (Sector 1 of [12]). The receiver was a
van with a 5 dBi omnidirectional antenna with ground plane
at 2.5 m height and a network scanner. The sampling rate
was 50 samples/s for an average driving speed of 15 km/h.
Of course, the maximum received power point is the same
as the maximum power density point. In the present work,
no correction for receiving vertical antenna pattern was
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Figure 7: Power density depending on the distance 𝑥 from the BS, as
computed with the free-space model and the case specific PL model.
It is being considered that PL below the intercept point at 18 m is
equivalent to free-space propagation.

0
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PL = 23.4 + 26.6 log d
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100
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150

200
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Figure 8: Reference signal received power (RSRP) of a 20 MHz LTE
signal for antenna tilt of 10∘ .

used; therefore, only measurement farther than 20 m was
considered in order to minimize its influence. Figures 8 and
9 show that the expected maximum exposure locations are
coherent with the proposed methodology.
As it was shown in the cases of study, the estimated
exp
indicates the probable region of local maxilocation 𝑋max
mum exposure. Nevertheless, it must be taken into account
that scattered and diffracted fields may shift the real local
maximum exposure closer to or farther from the radio communication station. Besides, there are uncertainties related to
the exact BS technical information as well as GPS altitudes
to estimate street slopes and results are sensible for these
parameters. Therefore, a procedure of walk around the
estimated location measuring the electric field intensity must
be performed to identify the point of maximum exposure.
Spatial averaging might be used when appropriate.

Figure 9: RSRP of a 20 MHz LTE signal for antenna tilt of 6∘ .

5. Conclusion
This paper presented a methodology to estimate the probable
location of maximum exposure to EMF associated with a BS
antenna in any environment for LOS cases, filling a gap not
covered by current international standards.
The results of the proposed methodology are consistent
with the presented case studies and previous work. For
LOS scenarios the estimated maximum exposure location is
dependent of path loss exponent, 𝛾, but its influence does not
play major role for short distances, as maximum exposure
point is usually located in vicinity of the base station, below
few hundreds of meters.
Results show that higher 𝛾 brings maximum exposure
location closer to the base station. Results suggest that in
case of urban environment with canyon streets characteristics
and LOS, technical staff should consider 𝛾 = 2.6 for a
reference point, and then walking around the estimated
location measuring the electric field intensity to identify the
real maximum exposure point.
Results also suggest that in other LOS cases, technical staff
should consider 𝛾 = 2 for a reference point, knowing that
there are more chances to have maximum exposure location
closer to the base station, without disregarding the walking
around measurement procedure.
NLOS cases are likely to present low power density levels
for human exposure concerns, although it would provide
satisfactory signal level for mobile communications. Therefore, when selecting measurement points for EMF exposure
assessment, LOS places should be preferable compared with
NLOS locations.

Appendix
This Appendix demonstrates how the parameter 𝐾, (2), can
be evaluated based on the path loss model. The received
power of an ideally isotropic antenna (0 dBi) is given by
𝑃𝑅 =

EIRP 𝑃 ⋅ 𝐺max ⋅ 𝐹 (𝜃, 0)
=
,
𝐿
𝐿

(A.1)
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where 𝐿 = 10𝐿 dB /10 and 𝐿 𝑑𝐵 = PL at distance 𝑑. The received
power density is
𝑆=

𝑃𝑅
EIRP
=
,
𝐴 eff 𝐾 ⋅ 𝑑𝛾

(A.2)

where 𝐴 eff = 𝜆2 /4𝜋.
Applying (A.1) in (A.2), it is possible to calculate 𝐾 as
𝐾=

𝐴 eff ⋅ 𝐿
.
𝑑𝛾

(A.3)
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We consider the problem of radiation from a vertical short (Hertzian) dipole above flat lossy ground, which represents the wellknown “Sommerfeld radiation problem” in the literature. The problem is formulated in a novel spectral domain approach, and
by inverse three-dimensional Fourier transformation the expressions for the received electric and magnetic (EM) field in the
physical space are derived as one-dimensional integrals over the radial component of wavevector, in cylindrical coordinates. This
formulation appears to have inherent advantages over the classical formulation by Sommerfeld, performed in the spatial domain,
since it avoids the use of the so-called Hertz potential and its subsequent differentiation for the calculation of the received EM
field. Subsequent use of the stationary phase method in the high frequency regime yields closed-form analytical solutions for the
received EM field vectors, which coincide with the corresponding reflected EM field originating from the image point. In this way,
we conclude that the so-called “space wave” in the literature represents the total solution of the Sommerfeld problem in the high
frequency regime, in which case the surface wave can be ignored. Finally, numerical results are presented, in comparison with
corresponding numerical results based on Norton’s solution of the problem.

1. Introduction
The so-called “Sommerfeld radiation problem” is a wellknown problem in the area of propagation of electromagnetic
(EM) waves above flat lossy ground for obvious applications
in the area of wireless telecommunications [1–6]. The classical
Sommerfeld solution to this problem is provided in the
physical space by using the so-called “Hertz potentials” and
it does not end up with closed-form analytical solutions.
Norton [7, 8] concentrated in subsequent years more on the
engineering application of the above problem with obvious
application to wireless telecommunications and provided
approximate solutions to the above problem, which are represented by rather long algebraic expressions for engineering

use, in which the so-called “attenuation coefficient” for the
propagating surface wave plays an important role.
In this paper, the authors take advantage of previous
research work of them for the EM radiation problem in
free space [9] by using the spectral domain approach.
Furthermore, in [10], the authors provided the fundamental
formulation for the problem considered here, that is, the
solution in spectral domain for the radiation from a dipole
moment at a specific angular frequency (𝜔) in isotropic media
with a flat infinite interface. In that paper, the authors end
up with integral representations for the received electric and
magnetic fields above or below the interface (line-of-sight
(LOS) plus reflected field-transmitted fields, resp.), where the
integration takes place over the radial spectral coordinate

2

International Journal of Antennas and Propagation

𝑘𝜌 . Then, in the present paper, the authors concentrate on
the solution of the classical “Sommerfeld radiation problem”
described above, where the radiation of a vertical dipole
moment at angular frequency 𝜔 takes place above flat lossy
ground (this is equivalent to the radiation of a vertical
small (Hertzian) dipole above flat lossy ground, as it will
be explained by formula in the main text). By using the
stationary phase method (SPM method [11–13]), integration
over the radial spectral coordinate 𝑘𝜌 is performed and the
high frequency solution to the problem (“space wave,” which
represents the interference of the line-of-sight (LOS) and
the wave scattered from the ground) is derived, as it will
be explained in detail in Section 4. Finally, numerical results
which show both the “space wave” mentioned above and
Norton’s “surface wave” [7, 8] are presented in Section 6. A
shorter version of the present paper of ours can be found in
[14].

2. Geometry of the Radiation Problem
The geometry of the problem is given in Figure 1. Here, a
Hertzian (small) dipole with dipole moment 𝑝 directed to
positive 𝑥-axis, at altitude 𝑥0 above the infinite, flat, and
lossy ground, radiates time-harmonic electromagnetic (EM)
waves at angular frequency 𝜔 = 2𝜋𝑓 (exp(−𝑖𝜔𝑡) time
dependence is assumed in this paper). Here, the relative
complex permittivity of the ground (medium 2) is 𝜀𝑟 =
𝜀 /𝜀0 = 𝜀𝑟 + 𝑖𝑥, where 𝑥 = 𝜎/𝜔𝜀0 = 18 × 109 𝜎/𝑓, with 𝜎 being
the ground conductivity and 𝑓 the frequency of radiation,
and 𝜀0 = 8.854 × 10−12 F/m is the absolute permittivity in
vacuum or air. Then, the wavenumbers of propagation of EM
waves in air and lossy ground, respectively, are given by the
following:
𝑘01 =

𝜔
= 𝜔√𝜀1 𝜇1 = 𝜔√𝜀0 𝜇0 𝜀𝑟1 𝜇𝑟1 = 𝜔√𝜀0 𝜇0 ,
𝑐1

𝑘02 =

𝜔
= 𝜔√𝜀2 𝜇2 = 𝜔√𝜀𝑟2 𝜇𝑟2 𝜀0 𝜇0 = 𝑘01 √𝜀𝑟 + 𝑖𝑥.
𝑐2

(1)

The Maxwell equations for the time-harmonic EM fields
considered above are given by
rot 𝐸 − 𝑖𝜔𝜇0 𝜇𝑟 𝐻 = 0,
rot 𝐻 + 𝑖𝜔𝜀0 𝜀𝑟 𝐻 = 𝑗,

x

Hertzian dipole

x

̂ex
y

3.1. EM Fields in terms of Spectral Domain Current Densities.
Following [9, 10], the EM field in physical space is derived
from current density 𝐽̃ in spectral domain and Green’s

𝛼

z

𝜌

̂ea

z

̂e𝜌

y
(𝜀2 , 𝜇2 )

Figure 1: Geometry of the radiation problem considered in this
paper. The radiating dipole is at position (𝑥0 , 0, 0) above infinite, flat,
and lossy ground situated at plane 𝑥 = 0.

̃ also in the spectral domain, through inverse
function 𝜓,
three-dimensional (3D) Fourier transformation as follows:
̃ ,
𝐻 = −𝑖𝐹−1 [𝜓̃ ⋅ (𝑘 × 𝐽)]
𝐸=−

(3)

𝑖
̃ 𝑘]} ,
𝐹−1 {𝜓̃ [𝜀𝑟 𝜇𝑟 𝑘02 𝐽̃ − ⟨𝑘, 𝐽⟩
𝜔𝜀𝑟 𝜀0

(4)

where the symbol ⟨⟩ denotes the inner product, 𝐹−1 is the
inverse 3D Fourier transform (FT) operator, and
−1

2
− 𝑘2 )
𝜓̃ = (𝑘01

−1

2
= (𝑘01
− 𝑘𝜌2 − 𝑘𝑥2 )

(5)

is 3D Green’s function in spectral domain and cylindrical
coordinates. Furthermore, by noting that, for the problem
̃ 𝜌 ), 0, 0] has only 𝑥considered here, current density 𝐽̃ = [𝐽(𝑘
component and that wavevector 𝑘 = (𝑘𝜌 , 𝑘𝛼 = 0, 𝑘𝑥 ) does
not possess azimuthal 𝛼 component, by performing the cross
product and inverse FT operation of (3), we obtain

(2)

3. Formulation of the Sommerfeld
Radiation Problem in the Spectral Domain:
Integral Representation for the Received
Electric and Magnetic Fields

Observation point
A(x, y, z) = (𝜌, 𝛼, x)

(𝜀1 , 𝜇1 )

x0

𝐻 (𝑟) =−

where 𝑗 is current density (source of EM fields considered
here).

p = p · ̂ex

∞
2𝜋
∞
𝑖
̃ 𝜌
𝑘𝑥 𝐽̃ (𝑘𝜌 ) 𝜓𝑘
𝑒̂ ∫ ∫ ∫
3 𝛼
𝑘𝜌 =0 𝛼=0 𝑘𝑥 =−∞
(2𝜋)

⋅ exp (𝑖𝑘 ⋅ 𝑟) 𝑑𝑘𝜌 𝑑𝛼 𝑑𝑘𝑥 .
(6)
Similarly, by performing the inner product and inverse FT
operation of (4), we obtain
𝐸 (𝑟) = −

∞ 2𝜋 ∞
𝑖
∫
∫ ∫ (𝜀𝑟 𝜇𝑟 𝑘02 𝑒̂𝜌 − 𝑘𝜌 𝑘)
(2𝜋)3 𝜀𝑟 𝜀0 𝜔 0 0 −∞

̃ 𝜌
⋅ 𝐽̃ (𝑘𝜌 ) 𝜓𝑘
× exp (𝑖𝑘 ⋅ 𝑟) 𝑑𝑘𝜌 𝑑𝛼 𝑑𝑘𝑥 ,
(7)
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where

to write the appropriate expressions for the reflected (𝑅) and
transmitted (𝑇) EM field, as follows:
𝑘 = (𝑘𝜌 , 0, 𝑘𝑥 ) = 𝑘𝜌 𝑒̂𝜌 + 𝑘𝑥 𝑒̂𝑥

(8)

𝐻𝑅 (𝑟) = −

is the wavevector of propagation and 𝑟 = (𝜌, 𝛼, 𝑥) is the point
of observation (see Figure 1), all in cylindrical coordinates.
Furthermore, by taking (8) into account, (7) for the received
electric field can also be written in the following form:
∞

2𝜋

∞

𝑖
𝐸 (𝑟) =−
∫ ∫ ∫ ((𝜀𝑟 𝜇𝑟 𝑘02 −𝑘𝜌2 ) 𝑒̂𝜌 −𝑘𝜌 𝑘𝑥 𝑒̂𝑥 )
3
(2𝜋) 𝜀𝑟 𝜀0 𝜔 0 0 −∞

∞
∞
𝑖
̂
𝑘 𝐽̃ (𝑘 ) 𝜓̃ 𝑘
𝑒
∫
∫
8𝜋2 𝛼 𝑘𝜌 =−∞ 𝑘𝑥 =−∞ 𝑥 𝑅 𝜌 1 𝜌

⋅ 𝐻0(1) (𝑘𝜌 𝜌)
× exp (𝑖𝑘𝑥 𝑥) 𝑑𝑘𝜌 𝑑𝑘𝑥 ,
𝐸𝑅 (𝑟) = −

𝑖
8𝜋2 𝜔𝜀𝑟1 𝜀0

∫

∞

⋅ 𝐽̃𝑅 (𝑘𝜌 ) 𝜓̃1 𝑘𝜌 𝐻0(1) (𝑘𝜌 𝜌)

1 2𝜋
∫ exp (𝑖𝑘𝜌 𝜌 cos 𝛼) 𝑑𝛼 = 𝐽0 (𝑘𝜌 𝜌) ,
2𝜋 0
∞

1 ∞
∫ 𝐽0 (𝑘𝜌 𝜌) 𝑑𝑘𝜌 = ∫ 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,
2 −∞
0

⋅
𝐸 (𝑟) = −

∞
∞
𝑖
̂
𝑘𝑥 𝐽̃𝑇 (𝑘𝜌 ) 𝜓̃2 𝑘𝜌
𝑒
∫
∫
𝛼
8𝜋2
𝑘𝜌 =−∞ 𝑘𝑥 =−∞

⋅ 𝐻0(1) (𝑘𝜌 𝜌)
× exp (𝑖𝑘𝑥 𝑥) 𝑑𝑘𝜌 𝑑𝑘𝑥 ,
𝐸𝑇 (𝑟) = −

∞
∞
𝑖
((𝜀 𝜇 𝑘2 − 𝑘𝜌2 ) 𝑒̂𝜌
∫
∫
8𝜋2 𝜔𝜀𝑟2 𝜀0 𝑘𝜌 =−∞ 𝑘𝑥 =−∞ 𝑟2 𝑟2 02

−𝑘𝜌 𝑘𝑥 𝑒̂𝑥 )

× exp (𝑖𝑘𝑥 𝑥) 𝑑𝑘𝜌 𝑑𝑘𝑥 ,

(11)

(13)
where 𝑘01 and 𝑘02 are given by (1) and

∞
∞
𝑖
̃ 𝜌
̂
𝑘𝑥 𝐽̃ (𝑘𝜌 ) 𝜓𝑘
𝑒
∫
∫
𝛼
8𝜋2
𝑘𝜌 =−∞ 𝑘𝑥 =−∞

𝐻0(1)

𝐻𝑇 (𝑟) = −

⋅ 𝐽̃𝑇 (𝑘𝜌 ) 𝜓̃2 𝑘𝜌 𝐻0(1) (𝑘𝜌 𝜌)

where 𝐽0 is the Bessel function of first kind and zero order
and 𝐻0(1) is the Hankel function of first kind and zero order,
we obtain
𝐻 (𝑟) = −

× exp (𝑖𝑘𝑥 𝑥) 𝑑𝑘𝜌 𝑑𝑘𝑥 ,

(10)

where 𝛽 is the azimuth angle of the projection of vector 𝑘
on the 𝑦𝑧-plane (see Figure 1). Then, by using the following
identities for Bessel functions:

2
((𝜀𝑟1 𝜇𝑟1 𝑘01
− 𝑘𝜌2 ) 𝑒̂𝜌

−𝑘𝜌 𝑘𝑥 𝑒̂𝑥 )

× exp (𝑖𝑘 ⋅ 𝑟) 𝑑𝑘𝜌 𝑑𝛼 𝑑𝑘𝑥 .
(9)

𝑘 ⋅ 𝑟 = 𝑘𝑥 𝑥 + 𝑘𝜌 𝜌 ⋅ cos (𝛼 − 𝛽) ,

∞

𝑘𝜌 =−∞ 𝑘𝑥 =−∞

̃ 𝜌
⋅ 𝐽̃ (𝑘𝜌 ) 𝜓𝑘

Furthermore, in order to integrate expressions (6) and (9)
with respect to azimuthal angle 𝛼 (see Figure 1), we take into
account the fact that

∫

(𝑘𝜌 𝜌) exp (𝑖𝑘𝑥 𝑥) 𝑑𝑘𝜌 𝑑𝑘𝑥 ,

∞
∞
𝑖
((𝜀 𝜇 𝑘2 − 𝑘𝜌2 ) 𝑒̂𝜌
∫
∫
8𝜋2 𝜔𝜀𝑟 𝜀0 𝑘𝜌 =−∞ 𝑘𝑥 =−∞ 𝑟 𝑟 0

𝜓̃1 =

1
𝜓̃2 = 2
.
𝑘02 − 𝑘𝜌2 − 𝑘𝑥2

𝜔2 𝑝
exp (𝑖𝑘𝑟)
sin 𝜃
√𝜀0 𝜇0
4𝜋
𝑟

𝜔𝑘01 𝑝 exp (𝑖𝑘𝑟)
sin 𝜃,
=
4𝜋
𝑟

̃ 𝜌 𝐻0(1) (𝑘𝜌 𝜌)
× 𝐽̃ (𝑘𝜌 ) 𝜓𝑘
× exp (𝑖𝑘𝑥 𝑥) 𝑑𝑘𝜌 𝑑𝑘𝑥 .
(12)
3.2. Formulation of the Boundary Value Problem. For the
problem considered in this work (Figure 1), we now use (12),

(14)

𝐽̃𝑅 = [𝐽̃𝑅 (𝑘𝜌 ), 0, 0], 𝐽̃𝑇 = [𝐽̃𝑇 (𝑘𝜌 ), 0, 0] are the Fourier components of surface current density. Furthermore, the line-ofsight (LOS) EM field of the Hertzian dipole in thefar field is
given by [11, 15]
𝐻𝛼LOS (𝑟, 𝜃) =

−𝑘𝜌 𝑘𝑥 𝑒̂𝑥 )

1
,
2 − 𝑘2 − 𝑘2
𝑘01
𝜌
𝑥

(15)

where spherical coordinates (𝑟, 𝜃) are given in terms of
cylindrical coordinates (𝜌, 𝑥) (see Figure 1) by
2

𝑟≈𝜌+

(𝑥 − 𝑥0 )
,
2𝜌

(16)

4
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𝜃 = 𝜋 − tan−1 [

𝜌
],
(𝑥0 − 𝑥)

for 𝑥0 > 𝑥,

(17a)

or
𝜃 = tan−1 [

𝜌
],
(𝑥 − 𝑥0 )

for 𝑥 > 𝑥0 ,

3.3. Application of the Boundary Conditions (BCs): Solution
for the Unknown Current Densities at the Interface in Spectral
Domain. We now apply the BCs that at the interface (𝑥 = 0)
the tangential components of electric field 𝐸 and magnetic
field 𝐻 must be continuous; namely,

(17b)

𝐻𝛼LOS + 𝐻𝛼𝑅 = 𝐻𝛼𝑇 ,
𝐸𝜌LOS + 𝐸𝜌𝑅 = 𝐸𝜌𝑇 ,

𝐸LOS (𝑟, 𝜃) = 𝜁𝐻𝛼LOS cos 𝜃̂
𝑒𝜌 − 𝜁𝐻𝛼LOS sin 𝜃̂
𝑒𝑥 ,

(18)

where 𝐻𝛼LOS is given by (15)–((17a) and (17b)).
Then, the total EM field in the regions 𝑥 > 0 and 𝑥 < 0
(see Figure 1) is given by

𝐸LOS (𝑟) + 𝐸𝑅 (𝑟) ,
𝐸 (𝑟) = { 𝑇
𝐸 (𝑟) ,

𝑥 > 0,

𝐸 (𝑟) = 𝐸LOS (𝑟) −

𝑒̂𝛼 ∞ ̃
∫ 𝑘 𝐽 (𝑘 ) 𝐻(1) (𝑘𝜌 𝜌) 𝑒𝑖𝜅1 𝑥 𝑑𝑘𝜌 ,
8𝜋 −∞ 𝜌 𝑅 𝜌 0

∞
1
𝑒𝑥 ∫ 𝑘𝜌2 𝐽̃𝑅 (𝑘𝜌 ) 𝐻0(1) (𝑘𝜌 𝜌) 𝑒𝑖𝜅1 𝑥 𝑑𝑘𝜌 ,
8𝜋𝜔𝜀𝑟1 𝜀0
−∞
(20)

where

(22)
−

Then, from (23), we find

=−

+ 𝐽̃𝑅 (𝑘𝜌 )) 𝐻0(1) (𝑘𝜌 𝜌) 𝑘𝜌 𝑑𝑘𝜌

1 ∞ ̃
∫ 𝐽 (𝑘 ) 𝐻(1) (𝑘𝜌 𝜌) 𝑘𝜌 𝑑𝑘𝜌 ,
8𝜋 −∞ 𝑇 𝜌 0

∞
1
∫ (−𝑖𝜔𝑝𝑘𝜌 𝑒𝑖𝜅1 𝑥0 + 𝐽̃𝑅 (𝑘𝜌 ) 𝜅1 ) ⋅ 𝐻0(1) (𝑘𝜌 𝜌) 𝑘𝜌 𝑑𝑘𝜌
8𝜋𝜀𝑟1 𝜀0 −∞
∞
1
∫ 𝐽̃𝑇 (𝑘𝜌 ) 𝜅2 𝐻0(1) (𝑘𝜌 𝜌) 𝑘𝜌 𝑑𝑘𝜌 .
8𝜋𝜀𝑟2 𝜀0 −∞

𝑖𝜔𝑝𝑘𝜌 𝑒𝑖𝜅1 𝑥0
𝜅1

+ 𝐽̃𝑅 (𝑘𝜌 ) = −𝐽̃𝑇 (𝑘𝜌 ) ,

−𝑖𝜔𝑝𝑘𝜌 𝑒𝑖𝜅1 𝑥0 + 𝐽̃𝑅 (𝑘𝜌 ) 𝜅1 =

(25)

𝜀𝑟1 ̃
𝐽 (𝑘 ) 𝜅 .
𝜀𝑟2 𝑇 𝜌 2

(26a)
(26b)

The solutions of systems of (26a) and (26b) are the unknown
Fourier components of surface current densities, as follows:
𝐽̃𝑅 (𝑘𝜌 ) = 𝑖𝜔𝑝𝑘𝜌 𝑒𝑖𝜅1 𝑥0

2 − 𝑘2 ,
𝜅1 = √𝑘01
𝜌

𝜅2 =

∞
1
∫ 𝜅2 𝑘𝜌 𝐽̃𝑇 (𝑘𝜌 ) 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 .
8𝜋𝜔𝜀𝑟2 𝜀0 −∞
(24)

Therefore, from (25), we obtain the following system of
algebraic equations:

∞
1
𝑒̂𝑥 ∫ 𝑘𝜌2 𝐽̃𝑇 (𝑘𝜌 ) 𝐻0(1) (𝑘𝜌 𝜌) 𝑒−𝑖𝜅2 𝑥 𝑑𝑘𝜌 ,
8𝜋𝜔𝜀𝑟2 𝜀0
−∞
(21)

𝑘𝜌2 .

1 ∞ ̃
∫ 𝑘 𝐽 (𝑘 ) 𝐻(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,
8𝜋 −∞ 𝜌 𝑇 𝜌 0

𝐸𝑇 (𝑟) = −

=

∞
1
𝑒̂𝜌 ∫ 𝜅2 𝑘𝜌 𝐽̃𝑇 (𝑘𝜌 )⋅𝐻0(1) (𝑘𝜌 𝜌) 𝑒−𝑖𝑘2 𝑥 𝑑𝑘𝜌
8𝜋𝜔𝜀𝑟2 𝜀0
−∞

2
√𝑘02

∞
1
∫ 𝜅1 𝑘𝜌 𝐽̃𝑅 (𝑘𝜌 ) 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,
8𝜋𝜔𝜀𝑟1 𝜀0 −∞

1 ∞ 𝑖𝜔𝑝𝑘𝜌 𝑒
∫ (
8𝜋 −∞
𝜅1

𝑒̂ ∞
𝐻𝑇 (𝑟) = 𝛼 ∫ 𝑘𝜌 𝐽̃𝑇 (𝑘𝜌 ) 𝐻0(1) (𝑘𝜌 𝜌) 𝑒−𝑖𝜅2 𝑥 𝑑𝑘𝜌 ,
8𝜋 −∞

+

𝐻𝛼𝑇 =

1 ∞ ̃
∫ 𝑘 𝐽 (𝑘 ) 𝐻(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,
8𝜋 −∞ 𝜌 𝑅 𝜌 0

𝑖𝜅1 𝑥0

∞
1
𝑒̂𝜌 ∫ 𝜅1 𝑘𝜌 𝐽̃𝑅 (𝑘𝜌 )
8𝜋𝜔𝜀𝑟1 𝜀0
−∞

while for the lower half space (𝑥 < 0)

𝐸𝑇 (𝑟) =−

𝐻𝑅 = −

𝑥 < 0.

2 𝑖𝜅1 𝑥0
1 ∞ 𝑖𝜔𝑝𝑘𝜌 𝑒
𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,
∫
8𝜋 −∞
𝜅1

∞
1
∫ 𝑖𝜔𝑝𝑘𝜌2 𝑒𝑖𝜅1 𝑥0 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,
8𝜋𝜀𝑟1 𝜀0 −∞

𝐸𝜌𝑅 = −

⋅ 𝐻0(1) (𝑘𝜌 𝜌) 𝑒𝑖𝑘1 𝑥 𝑑𝑘𝜌
+

𝐻𝛼LOS = −

(19)

Furthermore, by performing the integrations of expressions
(13) over 𝑘𝑥 , by using the residue theorem [16], we obtain the
following integral expressions for the EM fields.
In the upper half space (𝑥 > 0),
𝐻 (𝑟) = 𝐻LOS (𝑟) −

where

𝐸𝜌LOS =

𝐻LOS (𝑟) + 𝐻𝑅 (𝑟) , 𝑥 > 0,
𝐻 (𝑟) = { 𝑇
𝐻 (𝑟) ,
𝑥 < 0,

(23)

𝜀𝑟2 𝜅1 − 𝜀𝑟1 𝜅2
,
𝜅1 (𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2 )

(27a)

2𝜀𝑟2
.
𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2

(27b)

𝐽̃𝑇 (𝑘𝜌 ) = −𝑖𝜔𝑝𝑘𝜌 𝑒𝑖𝜅1 𝑥0
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3.4. Expressions for the Reflected and Transmitted EM Fields
in Integral Representations. Substituting expressions of (27a)
and (27b) for the unknown current densities (at the interface,
in spectral domain) in (20)–(21), we obtain the reflected and
transmitted EM fields in integral representations, as follows.
In the higher half space (LOS field plus reflected field,
𝑥 > 0),
𝑖𝜔𝑝̂
𝑒𝛼 ∞ 𝜀𝑟2 𝜅1 − 𝜀𝑟1 𝜅2
𝑘2
𝐻 (𝑟) = 𝐻LOS −
∫
8𝜋 −∞ 𝜅1 (𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2 ) 𝜌
⋅ 𝐻0(1) (𝑘𝜌 𝜌) 𝑒𝑖𝜅1 (𝑥0 +𝑥) 𝑑𝑘𝜌 ,
𝐸 (𝑟) = 𝐸LOS (𝑟) −

𝐼1 = ∫

∞
𝑖𝑝
𝜀 𝜅 −𝜀 𝜅
𝑒̂𝑥 ∫ 𝑘𝜌3 𝑟2 1 𝑟1 2 𝑒𝑖𝜅1 (𝑥+𝑥0 )
8𝜋𝜀𝑟1 𝜀0
𝜅1 (𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2 )
−∞

In the lower half space (transmitted fields, 𝑥 < 0),
∞
𝑖𝜔𝑝
𝜀𝑟2
𝑒𝑖(𝜅1 𝑥0 −𝜅2 𝑥)
𝑒̂𝛼 ∫ 𝑘𝜌2
𝐻 (𝑟) = −
4𝜋
𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2
−∞
𝑇

(29)

4. Electromagnetic (EM) Fields Reflected
from Infinite, Flat, and Lossy Ground
in the Far Field Region: Analytical High
Frequency Expressions Obtained through
the Application of the Stationary Phase
Method (SPM)

∞

𝜀2 𝜅1 − 𝜀1 𝜅2
⋅ 𝑘2 ⋅ 𝐻(1) (𝑘𝜌 𝜌) ⋅ 𝑒𝑖𝜅1 (𝑥+𝑥0 ) 𝑑𝑘𝜌 .
𝜅1 (𝜀2 𝜅1 + 𝜀1 𝜅2 ) 𝜌 0
(34)

(35)

for which case function 𝐻0(1) (𝑘𝜌 𝜌) becomes a highly oscillating function of 𝑘𝜌 . Then, since stationary phase method
(SPM) is to be applied, we just replace 𝐻0(1) (𝑘𝜌 𝜌) in (32) by
its asymptotic large argument approximation:
𝐻0(1) (𝑘𝜌 𝜌) = √

−2𝑖
⋅ 𝑒+𝑖𝑘𝜌 𝜌 .
𝜋𝑘𝜌 𝜌

(36)

Then, integral 𝐼1 of (32) takes the following form:
𝜀 𝜅 −𝜀 𝜅
−2𝑖 1 ∞
𝑘3/2 ⋅ 2 1 1 2 ⋅ 𝑒𝑖𝜅1 (𝑥+𝑥0 ) 𝑒+𝑖𝑘𝜌 𝜌 𝑑𝑘𝜌 .
⋅
∫
𝜋 √𝜌 𝑘𝜌 =−∞ 𝜌 𝜀2 𝜅1 + 𝜀1 𝜅2
(37)

𝑓 (𝑘𝜌 ) =

𝜅1 (𝑥 + 𝑥0 )
+ 𝑘𝜌 .
𝜌

(38)

𝜀2 𝜅1 − 𝜀1 𝜅2
.
𝜀2 𝜅1 + 𝜀1 𝜅2

(39)

Amplitude function is
𝐹 (𝑘𝜌 ) = 𝑘𝜌3/2 ⋅

In order to calculate the EM field above lossy ground (i.e., for
𝑥 > 0), we write (28) in the following form:

𝑖𝜔𝑝
𝐼 ⋅ 𝑒̂ ,
8𝜋 3 𝛼

⋅ 𝑘𝜌2 ⋅ 𝐻0(1) (𝑘𝜌 𝜌) ⋅ 𝑒𝑖𝜅1 (𝑥+𝑥0 ) 𝑑𝑘𝜌 ,

Moreover, in order to apply SPM method, we define radial
distance 𝜌 (see Figure 1) as “large parameter,” and we also
define the following.
Phase function is

⋅ 𝑒𝑖(𝜅1 𝑥0 −𝜅2 𝑥) 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 .

𝐻𝑥>0 = 𝐻LOS −

𝜅1 (𝜀2 𝜅1 + 𝜀1 𝜅2 )

𝑘𝜌 ⋅ 𝜌 ≫ 1

𝐼1 = √

⋅ 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 ,

𝐸𝑥>0

𝑘𝜌 =−∞

Furthermore, in order to calculate integral 𝐼1 (in an
almost identical manner, integrals 𝐼2 and 𝐼3 will be calculated,
using the SPM method [11–13, 17]), let us assume large
argument approximation for the Hankel functions of (32)–
(34); namely, let us assume that

(28)

𝑖𝑝
𝑖𝑝
= 𝐸LOS −
𝐼1 ⋅ 𝑒̂𝜌 −
𝐼 ⋅ 𝑒̂ ,
8𝜋𝜀0 𝜀𝑟1
8𝜋𝜀0 𝜀𝑟1 2 𝑥

𝑘𝜌 (𝜀2 𝜅1 − 𝜀1 𝜅2 )

(33)

⋅ 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌 .
The physical interpretation of (28), which represent one of
the main results of this paper, is that the scattered EM field
at the observation point consists of a complex summation
of the EM waves scattered from the different points of the
flat and lossy ground, each one with its own local reflection
coefficient (here, the term “complex summation” means that
the amplitude and phase of these individual scattered waves
must be taken into account).

𝜀2 𝜅1 − 𝜀1 𝜅2 2
⋅ 𝑘 ⋅ 𝐻(1) (𝑘𝜌 𝜌) ⋅ 𝑒𝑖𝜅1 (𝑥+𝑥0 ) 𝑑𝑘𝜌 ,
𝜀2 𝜅1 + 𝜀1 𝜅2 𝜌 0
(32)

∞

𝐼2 = ∫

𝑘𝜌 =−∞

∞
𝑖𝑝
𝜀 𝜅 −𝜀 𝜅
𝑒̂𝜌 ∫ 𝑘𝜌2 𝑟2 1 𝑟1 2
8𝜋𝜀𝑟1 𝜀0
(𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2 )
−∞

𝑘𝜌2
𝑖𝑝 ∞
𝐸𝑇 (𝑟) = −
∫ (𝑘𝜌 𝑒̂𝑥 − 𝜅2 𝑒̂𝜌 )
4𝜋𝜀0 −∞
𝜀𝑟2 𝜅1 + 𝜀𝑟1 𝜅2

∞

𝑘𝜌 =−∞

𝐼3 = ∫

⋅ 𝑒𝑖𝜅1 (𝑥+𝑥0 ) 𝐻0(1) (𝑘𝜌 𝜌) 𝑑𝑘𝜌
+

where

(30)
(31)

Next, according to the SPM method [11–13, 17], the
“stationary point” is calculated from the following relation:
𝑓 (𝑘𝜌 ) =

𝑑𝑓 (𝑘𝜌 )
𝑑𝑘𝜌

=0

(40)
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Note here that 𝑓 (𝑘𝜌 ) is always negative; that is,

x

Hertzian dipole
p = p · ̂ex

sgn [𝑓 (𝑘𝜌𝑠 )] = −1

x0

Observation point
A(x, y, z) = (𝜌, 𝛼, x)
̂ex
x

z

whose relation is needed in the application of SPM method.
Then, by actually applying the SPM method [11–13, 17],
from (37), we find

𝜌
y



𝐼1 = 𝑖𝐹 (𝑘𝜌𝑠 ) 𝑒𝑖𝜌𝑓(𝑘𝜌𝑠 ) ⋅ 𝑒𝑖(𝜋/4) sgn[𝑓

x0

(𝑘𝜌𝑠 )]

x0

⋅√

𝜌

Figure 2: Geometry of the radiation problem considered in this
paper, where also the image 𝐴 of the radiating Hertzian dipole is
shown. Regarding angle 𝜑 shown in this figure, cos 𝜑 is given by (41).

2
𝑖𝜋
exp ( )
𝜋𝜌
4

or
𝐼1 =

which finally yields the following expression for the “stationary point” (only one stationary point exists):
𝑘𝜌𝑠 =

𝑘01 𝜌
2

[(𝑥 + 𝑥0 ) + 𝜌2 ]

= 𝑘01

1
𝑖2
𝐹 (𝑘𝜌𝑠 ) 𝑒𝑖𝜌𝑓(𝑘𝜌𝑠 ) .
𝜌 𝑓 (𝑘 )1/2

𝜌𝑠 

(46)

Then, by using expressions (33)-(34) and (45), we finally end
up with the following expressions:

1/2

𝐼1 =

1

2𝜋
√  


𝜌 𝑓 (𝑘𝜌𝑠 )
(45)

𝜑
A

(44)

(41)
2 1/2

1
𝑖2
3/2 3/2 𝜀2 𝜅1𝑠 − 𝜀1 𝜅2𝑠 𝑖𝑘𝜌𝑠 𝜌 𝑖𝜅1𝑠 (𝑥+𝑥0 )
𝜅1𝑠
𝑘𝜌𝑠
𝑒
𝑒
,
1/2
1/2
𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠
𝑘01 𝜌 (𝑥 + 𝑥0 )
(47)

[1 + ((𝑥 + 𝑥0 ) /𝜌) ]

𝐼2 =

= 𝑘01 cos 𝜑,
where 𝜑 is the angle defined by the image point of the
radiating dipole, the observation point, and the horizontal
line drawn from the above-mentioned image point and cos 𝜑
is given by (41). Furthermore, note that angle 𝜑 is the wellknown “grazing angle” in the literature [15], as shown in
Figure 2.
Note here that for the air-lossy ground problem considered here 𝑘𝜌𝑠 is real and positive and 𝑘𝜌𝑠 < 𝑘01 . Also, we can
easily see that
lim 𝑘𝜌𝑠 =

𝜌→∞

lim 𝑘𝜌𝑠 = 𝑘01 .

(𝑥+𝑥0 ) → 0

𝜀 𝜅 −𝜀 𝜅
1
𝑖2
𝜅1/2 𝑘5/2 2 1𝑠 1 2𝑠 𝑒𝑖𝑘𝜌𝑠 𝜌 𝑒𝑖𝜅1𝑠 (𝑥+𝑥0 ) ,
𝑘01 𝜌1/2 (𝑥 + 𝑥0 )1/2 1𝑠 𝜌𝑠 𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠
(48)

𝐼3 =

𝜀 𝜅 −𝜀 𝜅
1
𝑖2
𝜅1/2 𝑘3/2 2 1𝑠 1 2𝑠 𝑒𝑖𝑘𝜌𝑠 𝜌 𝑒𝑖𝜅1𝑠 (𝑥+𝑥0 ) ,
𝑘01 𝜌1/2 (𝑥 + 𝑥0 )1/2 1𝑠 𝜌𝑠 𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠
(49)

where
2 − 𝑘2 = 𝑘 sin 𝜑,
𝜅1𝑠 = √𝑘01
01
𝜌𝑠

(50)

(42)
where angle 𝜑 is defined in Figure 2, and

Furthermore, according to the SPM method [11–13, 17], we
also have to calculate the second derivative of the phase
function, which in our case is calculated, from (38) and (40)
as
𝑓 (𝑘𝜌𝑠 ) = −

2
𝑘01
(𝑥 + 𝑥0 )
.
⋅
3/2
𝜌
2 − 𝑘2 )
(𝑘01
𝜌𝑠

(43)

2 − 𝑘2 .
𝜅2𝑠 = √𝑘02
𝜌𝑠

(51)

Then, our final solution in the high frequency regime (i.e., by
using the SPM method) consists of (30)-(31) and (47)–(51),
where 𝑘𝜌𝑠 is given by (41).
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5. Final Formulae for the Received Electric
and Magnetic Field Vector: Fields Reflected
from the Lossy Ground
5.1. Electric Field Vector. By using (30), (47), and (48),
we obtain the following result for the electric field vector,
scattered from the lossy ground, at the observation point:
𝐸sc
𝑥>0 =

𝑝
1
1
1/2
4𝜋𝜀0 𝜀𝑟1 𝜌 (𝑥 + 𝑥 )1/2
0
⋅

sc 
𝐸𝑉
𝑥>0

𝜀2 𝜅1𝑠 − 𝜀1 𝜅2𝑠 𝑖𝑘𝜌𝑠 𝜌 𝑖𝜅1𝑠 (𝑥+𝑥0 )
𝑒
𝑒
𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠

(52)

𝐻sc
𝑥>0

(53)

is the usual (complex) “Fresnel reflection coefficient” for the
“Sommerfeld radiation problem” considered in this paper
(since 𝑅𝑉 is complex, this means change in magnitude and
in phase of the incident EM wave upon reflection from the
lossy ground).
Furthermore, in order to elaborate a little more in formula
(52), we define the “amplitude factor” 𝐹0 by
(54)

and the “phase factor” 𝜑0 by
(55)

which is the phase in (52) in addition to the phase 𝜑𝑉
originating from the complex “Fresnel reflection coefficient”
𝑅𝑉 of (53). Then, from (52)–(55), we obtain
𝐸𝑥>0 =

1
𝐹 𝑅 𝑒𝑖𝜑0 (𝜅1𝑠 𝑒̂𝜌 + 𝑘𝜌𝑠 𝑒̂𝑥 ) .
𝜀0 𝜀𝑟1 0 𝑉

(58)

3/2

𝜔𝑘01 𝑝 (sin 𝜑) (cos 𝜑)
1/2
4𝜋
𝜌1/2 (𝑥 + 𝑥0 )

𝜀2 𝜅1𝑠 − 𝜀1 𝜅2𝑠
𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠

(59)

× 𝑒𝑖𝑘𝜌𝑠 𝜌 𝑒𝑖𝜅1𝑠 (𝑥+𝑥0 ) 𝑒̂𝛼

where angle 𝜑 and distance (𝐴 𝐴 ) are shown in Figure 2
(note that (𝐴 𝐴 ) is the distance between the image point and
the observation point and 𝜑 is the so-called “grazing angle”
[15]). Moreover, we observe that function

𝜑0 = 𝑘𝜌𝑠 𝜌 + 𝜅1𝑠 (𝑥 + 𝑥0 )

(57)

𝜀2 𝜅1𝑠 − 𝜀1 𝜅2𝑠 𝑖𝑘𝜌𝑠 𝜌 𝑖𝜅1𝑠 (𝑥+𝑥0 )
𝑒
𝑒
𝑒̂𝛼
𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠
1/2

=

⋅ (𝜅1𝑠 𝑒̂𝜌 + 𝑘𝜌𝑠 𝑒̂𝑥 ) ,

1/2 3/2
𝜅1𝑠
𝑘𝜌𝑠
𝑝 1
1
𝐹0 =
4𝜋 𝜌1/2 (𝑥 + 𝑥 )1/2 𝑘01
0

𝐹0 𝑅𝑉𝑒

𝑘 cos 𝜑
= 01
𝐹 𝑅 𝑒𝑖𝜑0 ,
𝜀0 𝜀𝑟1 0 𝑉

1/2 3/2
𝜅1𝑠
𝑘𝜌𝑠
𝜔𝑝 1
1
=
4𝜋 𝜌1/2 (𝑥 + 𝑥 )1/2 𝑘01
0

⋅

𝑝𝑘01 cos 𝜑
𝜀 𝜅 −𝜀 𝜅
⋅ 2 1𝑠 1 2𝑠 𝑒𝑖𝑘𝜌𝑠 𝜌 𝑒𝑖𝜅1𝑠 (𝑥+𝑥0 )
4𝜋𝜀0 𝜀𝑟1 (𝐴 𝐴 ) 𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠

𝜀 𝜅 −𝜀 𝜅
 
𝑅𝑉 = 𝑅𝑉  𝑒𝑖𝜑𝑉 = 2 1𝑠 1 2𝑠
𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠

𝜀0 𝜀𝑟1

𝑖𝜑0

5.2. Magnetic Field Vector. Similarly, by using (31) and (49),
we find the following expression for the scattered magnetic
field vector above the flat and lossy ground:

⋅ (𝜅1𝑠 𝑒̂𝜌 + 𝑘𝜌𝑠 𝑒̂𝑥 )
=

=

𝑘𝜌𝑠

𝑘
 sc 
 2  sc 2
 
𝐸tot 𝑥>0 = √𝐸ℎsc  + 𝐸𝑉
 = 01 𝐹0 𝑅𝑉 .
𝜀0 𝜀𝑟1

3/2

𝑝𝑘01 (sin 𝜑) (cos 𝜑)
4𝜋𝜀0 𝜀𝑟1 𝜌1/2 (𝑥 + 𝑥 )1/2
0
⋅

𝑘 sin 𝜑
𝜅

𝐹 𝑅 𝑒𝑖𝜑0 ,
𝐸ℎsc 𝑥>0 = 1𝑠 𝐹0 𝑅𝑉 𝑒𝑖𝜑0 = 01
𝜀0 𝜀𝑟1
𝜀0 𝜀𝑟1 0 𝑉

𝑘01

𝜀2 𝜅1𝑠 − 𝜀1 𝜅2𝑠 𝑖𝑘𝜌𝑠 𝜌 𝑖𝜅1𝑠 (𝑥+𝑥0 )
𝑒
𝑒
⋅ (𝜅1𝑠 𝑒̂𝜌 + 𝑘𝜌𝑠 𝑒̂𝑥 )
𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠
1/2

=

1/2 3/2
𝜅1𝑠
𝑘𝜌𝑠

Finally, by taking (41) and (50) into account, we find the
following expressions for horizontal (along 𝑒̂𝜌 ) and vertical
(along 𝑒̂𝑥 ) components of electric field vector, respectively:

(56)

=

𝜔𝑘01 𝑝 ⋅ cos 𝜑 𝜀2 𝜅1𝑠 − 𝜀1 𝜅2𝑠 𝑖𝑘𝜌𝑠 𝜌 𝑖𝜅1𝑠 (𝑥+𝑥0 )
𝑒
𝑒
𝑒̂𝛼 .
4𝜋 (𝐴 𝐴 ) 𝜀2 𝜅1𝑠 + 𝜀1 𝜅2𝑠

Furthermore, by using the definitions of quantities 𝑅𝑉, 𝐹0 ,
and 𝜑0 , (53)–(55), we obtain

(60)
𝐻sc 𝑥>0 = 𝜔𝐹0 𝑅𝑉𝑒𝑖𝜑0 𝑒̂𝛼 ,
 
 sc 
𝐻 𝑥>0 = 𝜔𝐹0 𝑅𝑉 .

Finally, note that from (58) and (61) it follows that
𝐸sc 
 tot 𝑥>0 = 𝜁 = 𝜇0 ,
√
 sc 
𝜀0
𝐻 𝑥>0

(61)

(62)

where 𝜁 is the free space impedance.
Expressions (52) and (59) are the classical expressions for
the EM field reflected from the lossy ground and originating
from the image point, as shown in Figure 2. Then, by using
the newly derived expressions for the received EM field in
spectral domain in this paper, (28), and by applying the SPM
method, that is, in the high frequency regime, the classical
“space wave” in region 𝑥 > 0 [15] is derived. This result has
the following two interesting consequences.
(1) The “space wave” [15], which corresponds to the
complex summation (interference) of the reflected
fields, (52) and (59), and the line-of-sight (LOS) fields
(the latter not included in these equations, but shown
in (15) and (18)), is the solution to the Sommerfeld
radiation problem in the high frequency regime,
where the so-called “surface wave” can be ignored
[7, 8, 15].
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Figure 3: Electric fields at observation point as a function of
horizontal distance 𝜌 between transmitting Hertzian dipole and
observation point, for frequency 𝑓 = 80 MHz. Here, the various
components of received electric field are shown as follows: lineof-sight (LOS) field (circle), field scattered from ground (asterisk),
“space wave” (square), and “surface wave” (diamond). Note that in
this case Norton’s “surface wave” is rather negligible as compared to
the corresponding “space wave” [15].

(2) The validity of expressions (28) for the scattered EM
field above the lossy and flat ground, derived in
a novel way in this paper, has been confirmed in
all aspects in the high frequency regime. Then, it
appears that expressions (28)–(29) represent a very
convenient starting point for further research with
respect to the calculation of the received EM field for
any frequency of the radiating dipole (i.e., including
also low frequency effects), either above or below the
ground, in an exact analytical way using the “residue
theorem” [16], or in a numerical way (i.e., through
numerical integration techniques).

6. Numerical Results in the High Frequency
Regime: Comparison with Norton’s Results
In this Section, indicative numerical results are provided
for the electric field (magnitude) at the receiver point as a
function of the horizontal distance (𝜌) between transmitting Hertzian dipole and receiver position. These numerical
results include the electric field scattered from the ground,
magnitude of (52), the line-of-sight (LOS) field, the socalled “space wave” (which is just the complex summation
(interference) of the two fields mentioned above), and, finally,
the so-called “surface wave,” according to Norton [7, 8,
15]. Furthermore, these numerical results are provided for
frequency of radiating dipole 𝑓 = 80 MHz (Figure 3) or
𝑓 = 30 MHz (Figure 4).

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
𝜌 (m)
Escattered
Esurface wave

ELOS
Espace wave

Figure 4: Similar to Figure 3, except that here the frequency of
radiating Hertzian dipole is now equal to 30 MHz (lower frequency).
In this case of lower frequency, the “surface wave” cannot be
considered negligible, as compared to the “space wave” [15].

Comparison of numerical results for LOS electric field,
scattered electric field, and space wave, derived from our
formulation, and Norton’s results [7, 8, 15] shows very good
agreement, as it can be seen in Figures 3 and 4. The surface
wave represented in Figures 3 and 4 is the so-called “Norton
surface wave” [7, 8, 15]. Note that at the higher frequency of
80 MHz (Figure 3) the surface wave, according to Norton’s
formulation [7, 8, 15], is rather negligible, as compared to
the “space wave,” while it becomes rather more important
at the lower frequency of 30 MHz (Figure 4). Our proposed
SPM method of Sections 4 and 5 (which is inherently a “high
frequency method”) ignores this surface wave contribution in
the high frequency regime.
Moreover, note that the problem parameters in Figures
3 and 4 are selected as follows: height of transmitting dipole
𝑥0 = 60 m, height of observation point (receiver position) 𝑥 =
15 m, current of the radiating Hertzian dipole 𝐼 = 1 A, length
of the Hertzian dipole 2ℎ = 0.1 m (much smaller than the
wavelength 𝜆 = 𝑐/𝑓 in both cases), relative dielectric constant
of ground 𝜀𝑟 = 20, and ground conductivity 𝜎 = 0.01 S/m.
Finally, note that the relation between current 𝐼 and dipole
moment 𝑝 is given by 𝐼(2ℎ) = 𝑖𝜔𝑝, where 𝜔 = 2𝜋𝑓 and 𝑖 is
the unit imaginary number.

7. Conclusions: Future Research
In this paper, we formulated the radiation problem from a
vertical short (Hertzian) dipole above flat and lossy ground in
the spectral domain, which resulted in an easy-to-manipulate
integral expression for the received EM field above or below
the ground. As also explained above, this formulation appears
to have inherent advantages over the classical formulation by
Sommerfeld [6], since it avoids the use of the so-called Hertz
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potential and its subsequent differentiation for the calculation
of the received EM field. Subsequently, by applying the stationary phase method (SPM) in the high frequency regime,
the classical solution for the “space wave” was rederived in a
new fashion, thus showing that this is the dominant solution
in this high frequency regime. Mathematical derivations
regarding the application of our proposed method in spectral
domain, as well as the application of the SPM method, were
provided in reasonable detail above. Finally, numerical results
in this high frequency limit were obtained and they were
compared to Norton’s results [7, 8, 15].
Corresponding research in the near future by our research
group will concentrate on the calculation of the received EM
field below the ground at the high frequency regime (by
using again the SPM method). Furthermore, we will calculate
the received EM field, above or below the ground, for any
frequency of the radiating dipole, in an exact and analytical
manner [16] or in a numerical way (i.e., through the use of
numerical integration techniques [18]). In this context, the
behavior of surface waves will become evident through the
use of the residue theorem, when applied to (28), in a way
similar to [6].
Moreover, we intend also to investigate the formulation of
the same radiation problem in spectral domain, but now in
the case of a horizontal radiating Hertzian dipole above flat
and lossy ground. In addition, further investigations will be
performed in the case of rough (and not flat) ground and in
the case of curvature of the earth’s surface for large distance
communication applications. Finally, in the near future, our
research group will focus on the design of a software product
for accurate prediction of pass loss in different types of
environment, like urban, suburban, and rural environments.
The above software tool will be based on the exact electromagnetic (EM) method proposed in this paper, and therefore
it is expected that it will exhibit important advantages over
previously developed corresponding software tools. In this
framework, comparisons with existing commercial software
tools will also be performed [19].
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A model problem considered in the paper allows solving rather complex 2D problems of the electromagnetic wave propagation
with a required accuracy using conventional personal computers. The problems are of great importance for the theory and practical
applications. The association of FDTD schemes with exact absorbing conditions makes up the basis for constructing models of the
kind. This approach reduces the original open initial boundary value problems to the equivalent closed problems which can be
solved numerically using the standard grid methods.

1. Introduction
The free-space radio wave propagation, with application of no
special guiding structures, is widely used in communication
and broadcast systems. In this condition the transmission
line is represented by the medium (an assemblage of natural
and artificial elements and objects) filling the space through
which the radio waves travel from a transmitting antenna to
a receiving one. In the case of not very long landlines such a
medium includes all the objects located in the near-surface
strata of the atmosphere and Earth.
The Earth’s atmosphere and near-surface strata of the
globe represent absorbing inhomogeneous media. Their relative permittivity and specific conductivity do not remain
unchanged in space and time and at times are essentially
dependent on the propagating electromagnetic wavelength.
Usually, these media are regarded to be nonmagnetic since
their relative permeability practically does not differ from
unity.
The literature sources (see, e.g., [1, 2]) present a comprehensive notion concerning the effects that should be taken
into account in the calculations of the optimum propagation

trajectories, loss, and possible distortions of the transmitted
signals. Most importantly these are (i) the effects associated
with electromagnetic wave scattering by local contrast irregularities of the space through which the signals propagate, (ii)
interference effects which play an important role in the case
of multipath propagation, and (iii) effects provoking gradual
variations in the wave propagation direction and velocity in
the case of smooth changes of the electric parameters of the
medium (refraction). The suggested recommendations on the
consideration of these effects are quite various [1, 2]. However,
none of these can guarantee reliability of the propagation
factor magnitudes obtained using these methods. Recall
that this is a parameter to characterize attenuation of the
radio wave field strength in the case of propagation in
real conditions as compared with the respective magnitude
corresponding to the free-space propagation.
It is understandable why the capabilities of most
approaches used in practice to calculate electromagnetic
fields near the Earth’s surface are limited with respect to
both the accuracy of the obtained results and the scope of
the analyzable situations. The reason is that too many local
centers of scattering with various geometrical and electrical
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parameters occur on the wave propagation path and too
complex can be smooth variations of the electrical parameters
of the air medium for each specific relief. Under these
conditions the conventional deterministic and statistical
methods (as a rule, approximate, or grounded on rough
approximations of the real objects by objects of a regular
geometrical shape) considering the relief and atmospheric
inhomogeneities [2] are capable of providing, at the best, only
a qualitatively true picture of what is going on. At the same
time, application of the classical numerical methods, namely,
the frequency domain approaches which are based on solving
integral equations, for example, would require enormous
computational resources and the real errors would occur far
from always to be estimated with a sufficient accuracy.
2D version of the problem which has been briefly
described above, we suggest to solve rigorously using the
familiar advantages of the time-domain approaches [3–6],
specifically, their universality (the constitutive and geometrical parameters of the wave propagation medium can be
practically whatever you like), computational efficiency (all
the computations are carried out within explicit schemes not
requiring inversions of any operators), and the possibility of
the quick and accurate conversion of the obtained numerical
data into usual amplitude-frequency characteristics. To take
these advantages, it is necessary to correctly reduce (bound)
the computational space of the primary initial boundary
value problem describing space and time transformations of
the electromagnetic waves which propagate near the Earth’s
surface. In other words, it is necessary to reduce the open
problem to an equivalent closed one. In the paper, this rather
complex procedure is performed using the method of exact
absorbing conditions [6, 7], which made it possible over the
recent several years to comprehensively study a number of
important problems of radio physics.
The models of the method of exact absorbing conditions
are quite universal and the spectrum of phenomena and
situations analyzable within each of these are extremely wide.
Thus, in this case we will analyze a minor complication of
the standard problem, namely, the employment of instantaneous field sources collected in special way (or computed in
advance), enables the study of the propagation features of
directed electromagnetic waves and allows to “pass through”
rather long channels, cutting them to the intervals that are
much less exacting to computational recourses.

2. Formulation of the Model Problem
All the processes, the necessity of which has been discussed
above, are described by the following 2D initial boundary
value problem [6, 7]:
[−𝜀 (𝑔)

𝜕
𝜕2
𝜕2
𝜕2
− 𝜎 (𝑔) 𝜂0 + 2 + 2 ] 𝑈 (𝑔, 𝑡) = 𝐹 (𝑔, 𝑡) ;
2
𝜕𝑡
𝜕𝑡 𝜕𝑦
𝜕𝑧


𝑈 (𝑔, 𝑡)𝑡=0 = 𝜑 (𝑔) ,
𝜕𝑈 (𝑔, 𝑡) 
 = 𝜓 (𝑔) ;
𝜕𝑡 𝑡=0

𝑡 > 0,

𝑔 ∈ Ω,

𝐸𝑡𝑔 (𝑞, 𝑡) , 𝐻𝑡𝑔 (𝑞, 𝑡) are continuous when crossing Σ𝜀,𝜎 ,

𝐸𝑡𝑔 (𝑞, 𝑡)𝑞={𝑥,𝑦,𝑧}∈Σ = 0;

(1)

(𝜕/𝜕𝑥 ≡ 0—each section by plane 𝑥 = const has uniform geometry; fields and sources are 𝑥-independent). Here
𝑈(𝑔, 𝑡) = 𝐸𝑥 (𝑔, 𝑡) in the case of waves of the 𝐸-polarization
(𝐸𝑦 = 𝐸𝑧 = 𝐻𝑥 ≡ 0, 𝐹(𝑔, 𝑡) ≡ 𝜂0 ⋅ 𝜕𝑗𝑥 /𝜕𝑡) and 𝑈(𝑔, 𝑡) =
𝐻𝑥 (𝑔, 𝑡) in the case of 𝐻-polarized waves (𝐻𝑦 = 𝐻𝑧 =
𝐸𝑥 ≡ 0, 𝐹(𝑔, 𝑡) = 𝜕𝑗𝑦 /𝜕𝑧 − 𝜕𝑗𝑧 /𝜕𝑦); 𝐸𝑥 , 𝐻𝑥 , 𝐸𝑡𝑔 , and so
forth are components of the electric (𝐸)⃗
and magnetic (𝐻)⃗
⃗
field vectors; 𝑗(𝑞, 𝑡) is the vector of excitation current; 𝜀(𝑔) ≥
1 and 𝜎(𝑔) ≥ 0 are the relative permittivity and specific
conductivity of a nondispersive and nonmagnetic medium of
wave propagation, respectively; 𝜂0 = (𝜇0 /𝜀0 )1/2 is the freespace impedance; 𝜀0 and 𝜇0 are the electric constant and
permeability of vacuum; 𝑔 = {𝑦, 𝑧} is a point in space 𝑅2 ;
and 𝑞 = {𝑥, 𝑦, 𝑧} is a point of space 𝑅3 . All the physical values
figuring in the paper are presented in the SI system of units.
An exception has been made for the “time” 𝑡 which represents
a product of the true time and the free-space velocity of light
and hence is expressed in meters.
The symbol Σ = Σ𝑥 × [−∞, ∞] denotes surfaces of the
perfect conductor, while the symbol Σ𝜀,𝜎 = Σ𝜀,𝜎
𝑥 × [−∞, ∞]
is used for the surfaces on which the constitutive parameters
of the wave propagation medium, that is, piecewise smooth
(in the 𝐸-polarization case) or piecewise constant (in the case
of the 𝐻-polarization) functions 𝜀(𝑔) and 𝜎(𝑔), have a break.
The domain of analysis Ω represents a part of the 𝑦0𝑧-plane
bounded by the contours Σ𝑥 . The supports of the functions of
the current (𝐹(𝑔, 𝑡)) and instantaneous (𝜑(𝑔) = 𝑈𝑖 (𝑔, 0) and
𝜓(𝑔) = [𝜕𝑈𝑖 (𝑔, 𝑡)/𝜕𝑡]|𝑡=0 ; 𝑈𝑖 (𝑔, 𝑡) are the exciting wave field
sources bounded in Ω. The supports of the functions 𝜀(𝑔) − 1
and 𝜎(𝑔) are bounded there as well; that is, all the scattering
dielectric and metal irregularities of the wave propagation
medium are concentrated within a bounded part Ωint = {𝑔 =
{𝑦, 𝑧} : 𝑦 ∈ (𝑦1 , 𝑦2 ), 𝑧 ∈ (𝑧1 , 𝑧2 )} of the domain Ω.
It is supposed that all the data of the problem (1),
specifically the functions 𝜀(𝑔), 𝜎(𝑔), 𝐹(𝑔, 𝑡), 𝜑(𝑔), and 𝜓(𝑔),
are such that the problem is uniquely solvable in the Sobolev
space 𝑊21 (Ω𝑇 ), with Ω𝑇 = Ω × (0, 𝑇) and 𝑇 < ∞ being the
upper bound of the observation time interval (0, 𝑇) [6].
The initial boundary value problem (1) is an open one.
Its domain of analysis is unbounded and goes to infinity
along two spatial directions, specifically, along the 𝑦- and 𝑧axis. It can be rigorously solved by the net methods only for
small values of 𝑇 which case is of no interest for practice.
We suggest replacing it by the following closed problem
of analysis domain Ωint and exact boundary condition
𝐷[𝑈(𝑔, 𝑡)]|𝑔∈Γ,𝑡≥0 = 0 (see [8, 9]) in its virtual rectangular
boundary Γ = {𝑔 : 𝑦 ∈ [𝑦1 , 𝑦2 ] for 𝑧 = 𝑧𝑗 and 𝑧 ∈
[𝑧1 , 𝑧2 ] for 𝑦 = 𝑦𝑗 , 𝑗 = 1, 2}:
[−𝜀 (𝑔)

𝑔 = {𝑦, 𝑧} ∈ Ω,

𝑡 ≥ 0,

𝜕
𝜕2
𝜕2
𝜕2
−
𝜎
(𝑔)
𝜂
+
] 𝑈 (𝑔, 𝑡) = 𝐹 (𝑔, 𝑡) ;
+
0
𝜕𝑡2
𝜕𝑡 𝜕𝑦2 𝜕𝑧2
𝑡 > 0,

𝑔 ∈ Ωint ,
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𝜕𝑈 (𝑔, 𝑡) 
 = 𝜓 (𝑔) ;
𝜕𝑡 𝑡=0


𝑈 (𝑔, 𝑡)𝑡=0 = 𝜑 (𝑔) ,

The solution 𝑈(𝑔, 𝑡) of the problem (2) which is constructed for the points 𝑔 ∈ Ωint and values of 𝑡 from
the observation time interval [0, 𝑇] using the standard
computational schemes of the finite-difference method [4]
and which continued, if it is necessary, from the domain
Ωint into the domain Ωext by the operator method (by the
method of transport operators which determine space-andtime deformations of pulses along finite segments of their
propagation in regular structures [6–9]) can be converted,
using the integral transformation

𝑔 = {𝑦, 𝑧} ∈ Ωint ,
𝐸𝑡𝑔 (𝑞, 𝑡) , 𝐻𝑡𝑔 (𝑞, 𝑡) are continuous when crossing Σ𝜀,𝜎 ,

𝐸𝑡𝑔 (𝑞, 𝑡)𝑞={𝑥,𝑦,𝑧}∈Σ = 0,

𝐷 [𝑈 (𝑔, 𝑡)]𝑔∈Γ = 0;

𝑡 ≥ 0.
(2)

The problems (1) and (2) are equivalent in Ωint [7, 8]
as exact absorbing conditions do not distort the simulated
physical processes. The outgoing from domain Ωint wave
𝑈(𝑔, 𝑡) seems to be absorbed by domain Ωext = Ω \ Ωint or by
its boundary Γ, and there is no reflection in domain Ωint .

3. Computational Procedures
The standard discretization of the closed 2D initial boundary
value problem (2) by the finite-difference (FD) method
[4] using a uniform rectangular mesh referred to as the
coordinates 𝑔 = {𝑦, 𝑧} leads to an explicit computational
scheme with uniquely defined mesh function 𝑈(𝑝, 𝑠, 𝑚) ≈
2

𝑈(𝑦𝑝 , 𝑧𝑠 , 𝑡𝑚 ). The approximation error is 𝑂(ℎ ); however, it
could be improved, for example, using higher-order schemes.
Here ℎ is the mesh width in the spatial coordinates; 𝑙 is the
mesh width with respect to the time variable 𝑡; 𝑦𝑝 = 𝑝ℎ, 𝑧𝑠 =
𝑠ℎ, and 𝑡𝑚 = 𝑚𝑙. In order to achieve desired second-order
accuracy, all integrals are computed using the composite
trapezoid rule and all one-sided first-order derivatives are
approximated using the FD operators [10]:
𝑑𝑓 (𝑥) 
≈ 𝐵± [𝑓 (𝑥𝑗 )]

𝑑𝑥 𝑥=𝑥𝑗
=

[∓3𝑓 (𝑥𝑗 ) ± 4𝑓 (𝑥𝑗±1 ) ∓ 𝑓 (𝑥𝑗±2 )]
2ℎ

(3)

0

(5)

into amplitude-frequency characteristics which are required
for physical analysis. These are (i) distributions of the
̃ 𝑘) of the harmonically oscillating field
magnitudes 𝑈(𝑔,
in the domain Ωint and (ii) magnitudes 𝑉(𝑔, 𝑘) =
̃ 𝑘)|/|𝑈
̃free (𝑔, 𝑘)| (or 𝑉(𝑔, 𝑘)[𝑑𝐵] = 20𝑙𝑔𝑉(𝑔, 𝑘)) of
|𝑈(𝑔,
attenuation factor characterizing variation of electromagnetic
field of radio wave while propagating in real situation in
comparison with the magnitude of the same variable if radio
wave propagates in free-space. Here 𝑘 = 2𝜋/𝜆 > 0 is the
wavenumber (frequency parameter or simply frequency); 𝜆
is wavelength in the free-space; 𝑇 is the upper limit of the
observation time interval 0 ≤ 𝑡 ≤ 𝑇; and for all 𝑡 > 𝑇 the
function 𝑓(𝑡) in (5) is assumed to be equal to zero.

4. Some Numerical Results
Consider the case of 𝐸-polarization and the channel (the
wave propagation environment), comprising natural and
artificial elements, shown in Figure 1. The points, where the
attenuation factor has been computed, are fixed on the roofs
of buildings (𝑔1 and 𝑔5 ), inside dry soil at the depth one meter
approximately (𝑔2 ), in woodland (𝑔3 ), and at the top of the hill
that is out of line-of-sight (𝑔4 ).
Current pulse
𝐹 (𝑔, 𝑡) = 𝐺 (𝑔) 𝑃 (𝑡) ;

.

The range of 𝑝 = 𝑃− , 𝑃− + 1, 𝑃− + 2, . . . , 𝑃+ , 𝑠 = 𝑆− , 𝑆− + 1,
−
𝑆 + 2, . . . , 𝑆+ , and 𝑚 = 0, 1, . . . , 𝑀 integers depends on the
size of the Ωint area and the length of the observation time
interval [0, 𝑇]; namely, 𝑔𝑝𝑠 = {𝑦𝑝 , 𝑧𝑠 } ∈ Ωint and 𝑡𝑚 ∈ [0, 𝑇].
The condition
𝜂√2 𝑙
𝑙
< 1 or/and √4𝜂 < 1;
√𝜉 ℎ
ℎ
𝜉 ≤ 𝜀−1 (𝑔) ≤ 𝜂,

𝑇

𝑓̃ (𝑘) = ∫ 𝑓 (𝑡) exp (𝑖𝑘𝑡) 𝑑𝑡,

(4)

𝑔 = {𝑦, 𝑧} ∈ Ωint ,
which ensures the uniform boundedness of the approximate
solution 𝑈(𝑝, 𝑠, 𝑚) with decreasing ℎ and 𝑙 (see [11, formulas
(10.35) and (10.49)]), is met. Hence the FD computational
scheme is stable, and the mesh function 𝑈(𝑝, 𝑠, 𝑚) tends to
the solution 𝑈(𝑔𝑝𝑠 , 𝑡𝑚 ) of the original problem [11].

2

𝐺 (𝑔) = 𝜒 [2.25 − (𝑧 − 150)2 − (𝑦 − 25) ] ,
̃ cos [̃𝑘 (𝑡 − 𝑇)]
̃ (𝑡 − 𝑇)
̃ −1 𝜒 (𝑇 − 𝑡) ,
𝑃 (𝑡) = 4 sin [Δ𝑘 (𝑡 − 𝑇)]
̃𝑘 = 1.0,

Δ𝑘 = 0.5,

̃ = 100,
𝑇

𝑇 = 200,
(6)

(no instant sources) in computational domain Ωint , generates
the signal 𝑈(𝑔, 𝑡), covering the frequency range 0.5 ≤ 𝑘 ≤ 1.5.
̃ and 𝑇 are
Here 𝜒(⋅ ⋅ ⋅ ) is the Heaviside step function; ̃𝑘, 𝑇,
the central frequency, time of delay, and pulse 𝑃(𝑡) duration
correspondingly.
The principal peculiarities that are characteristic of the
signal propagation (6) are illustrated by data shown in
Figure 2 (patterns of 𝐸𝑥 (𝑔, 𝑡), 𝑔 ∈ Ωint at different observation
moments) and Figure 3 (the values of attenuation factor
in observation points 𝑔𝑗 ). The result presented in the last
fragment of Figure 2 (𝑡 = 1500) can be used for examination
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Figure 1: Geometry of the problem: 1: atmosphere (𝜀 = 1.0, 𝜎 = 0), 2: dry soil (𝜀 = 4.5, 𝜎 = 10−3 ), 3: fresh water (𝜀 = 90, 𝜎 = 2.0 ⋅ 10−2 ), 4:
forest (𝜀 = 1.2, 𝜎 = 1.0 ⋅ 10−4 ), and 5: brick buildings (𝜀 = 3.0, 𝜎 = 10−4 ). 𝑔𝑗 , 𝑗 = 1, 2, . . . , 5-observation points.

t = 100

t = 600

t = 1200

t = 1500

Figure 2: Spatial patterns 𝑈(𝑔, 𝑡), 𝑔 ∈ Ωint taken at various moments of time 𝑡 for propagation of extra wideband signal.

of following interval of signal propagation channel 1250 ≤
𝑦 ≤ 2750.
For that the spatial pattern of 𝑈(𝑔, 𝑡)|𝑡=1500 and
[𝜕𝑈(𝑔, 𝑡)/𝜕𝑡]|𝑡=1500 in the domain 0 < 𝑧 < 250, 1250 <
𝑦 < 1500 has to be used for assignment of instant sources
𝜑(𝑔) and 𝜓(𝑔) in the problem (2) with new computational
domain Ωint = {𝑔 : 1250 < 𝑦 < 2750, 0 < 𝑧 < 250} and new
current sources 𝐹(𝑔, 𝑡) = 0.
The investigation of spatial patterns of 𝑈(𝑔, 𝑡) corresponding to quasi monochromatic signals propagating in the
domain Ωint may be rather useful.
For the results presented in Figure 4, the signal is generated by super narrowband pulse of current 𝐹(𝑔, 𝑡) =

̃ = 1.0, and 𝑇 = 2000.
̃
− 𝑡), ̃𝑘 = 1.0, 𝑇
𝐺(𝑔) cos[̃𝑘(𝑡 − 𝑇)]𝜒(𝑇
Here one can clearly see the local centers of signal scattering
and regions of signals dying, which are caused by interference
of multiple rays, generated of such scattering domains that are
weakly or strongly shadowed due to the relief ’s irregularity,
and so forth.

5. Conclusion and Future Research
In the paper, a novel algorithm has been applied for rigorously
solving problems which allow studying the space-and-time
and space-and-frequency transformations of electromagnetic
waves propagating near the Earth’s surface. The algorithm
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Figure 3: The magnitudes of 𝑉(𝑔𝑗 , 𝑘) obtained in different points 𝑔𝑗 ∈ Ωint .

is based on the closed model problems whose domain of
analysis is confined by the exact absorbing conditions which
do not distort physics of the modeled processes. Its capacity is
supported by computational examples for rather complicated
radio channels, comprising objects of natural and artificial
origin.
All computer codes, which are the implementation of
algorithm developed, are authentic, developed by authors of

the paper, and strongly oriented to the particular problem in
the focus.
The patterns of field strength 𝑈(𝑔𝑝𝑠 , 𝑡𝑚 ) in the points
𝑔𝑝𝑠 = {𝑦𝑝 , 𝑧𝑠 } of computational domain Ωint are calculated
at each time stratum 𝑡𝑚 and are displayed at monitor; some
of them are presented in Figures 2 and 4. Such patterns at any
required time moments 𝑡 may be saved in.bmp-format. The
sequences of such files are incorporated and are in.exe-files.
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t = 100

t = 600

t = 1200

t = 1520

Figure 4: Spatial pattern 𝑈(𝑔, 𝑡), 𝑔 ∈ Ωint taken at various fixed moments 𝑡 when the quasi monochromatic signal with central frequency
̃𝑘 = 1.0 is travelling along.

Their activation allows visualization of the signal propagation
within all possible time intervals of interest.
The results of calculations can be treated in FD if
necessary and arranged within computational domain Ωint as
patterns |𝑈(𝑔, 𝑘)| = const, arg 𝑈(𝑔, 𝑘) = const, or 𝑉(𝑔, 𝑘) =
const for each 𝑘 from frequency band, covered by excitation
pulse.
The algorithms and computer codes developed open the
opportunity for rather wide physical problems:
(i) the study of over-the-horizon wave propagation
above both ground and sea surface;
(ii) the study of tropospheric waveguides appearing due
to vertical distortion in near surface atmosphere layer;
(iii) the solution of the problems of subterranean and
undersea surface communications.
In simulation of waves and signal propagation the various
types of souses may be used; besides the current type of
souses generation omnidirectional radiation (see, e.g., (6)),
the sources (current and instant) relevant to real life scenario
and sources with given directivity of radiation field may be
also considered.
Natural limitations of this approach are basically connected with possible simulation errors (within 2D-models),

with wave dimensions of computational domain and wave
dimensions of particular scattering objects, filling the
domain.
The algorithms and computer codes presented in the
paper, similar to other algorithms of the exact absorbing
condition method [6–8], are thoroughly tested. The principal
tasks for computer codes generalization and unification that
we are about to resolve are the following: (i) the automation of
the routine for trace “prolongation” by means of introduction
of the new instant sources 𝜑(𝑔) and 𝜓(𝑔) in the problem
(2) with new computational domain Ωint and new current
sources 𝐹(𝑔, 𝑡) = 0; (ii) the construction of more efficient
computational schemas for the solution to the problem
(2) that can essentially reduce required computer resources
(the usage of acceleration scheme based on the blocked
fast Fourier transform [12] for calculation of the temporal
convolutions in exact absorbing conditions of the problem
(2), changing from computational schemes of the finitedifference method to schemas of the discontinuous Galerkin
finite-element method [13]); (iii) the straightforward comparison (basing on criteria of universality, accuracy, and
consumption of computer resources) of our approach with
approaches of other authors, with those ones which are
already considered to be classic [1, 2, 14, 15] and with relatively
novel [16–24].
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As we can see the implementation of the task (iii) has
to start with benchmark analysis of the results of (i) integral equation method or method of approximate boundary
conditions (elementary scatterers, plane or spherical electrically inhomogeneous Earth’s surface, and homogeneous
atmosphere), (ii) methods realizing approximation of small
and sloping discontinuities (uneven or rough Earth’s surface
and atmosphere), and (iv) perturbation method (turbulent
atmosphere).
The listed above method provides the possibility to
simulate only idealized model traces or particular fragments of real traces of signal propagation [2, 14, 15]. But
these methods are rather useful for description of various
local effects (interference signal attenuation, obstacle gain,
beyond-the-horizon propagation, rays diffusion, etc.), which
contribution is still necessary to summarize correctly (that is
rather a complicated problem) in order to obtain practically
significant result.
It is well known that field prediction models are fundamental tools for design, planning, and optimization of
stationary and mobile radio systems. This is particularly
true for arrangement of steady connection on the landscape
with complicated relief and in an urban environment, where
radio waves strongly interact with the multiple artificial and
natural objects changing their amplitudes and direction of
propagation and where the coverage prediction is no longer
easy to perform. That is why the variety of new models
and modifications of well-known models, enabling study and
analysis of the process of wave propagation along traces of
different complexity and filling, is permanently discussed
in various scientific journals. Several of these models are
planned to be implemented in research works of master and
Ph.D. students at the department of radioengineering, electronics, and telecommunications of physic-technical faculty
in L.N. Gumilyov Eurasian National University. It is planned
to implement and to carry out the comparative analysis of
various approaches (including approach briefly described in
present paper) to the solution of fundamental and applied
problems of the radio waves propagation theory. More likely
we will consider approaches, basing on various models of
the ray-tracing method [16–18], of the method utilizing the
formalism of the integral geometry [19], of a novel dual-field
time-domain finite-element domain-decomposition method
[20], of the efficient integral and parabolic equation methods
[21–23], and of Kirchhoff integral method [24].
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The morphology of vegetation greatly impacts propagation of polarized electromagnetic wave. In order to validate this
phenomenon, the mathematical relation between the differential propagation constant of forest vegetation and of its polarized
echo is quantitatively derived by using backscattering power profile. The fluctuation of differential propagation constant with
frequency is analyzed by combining the morphological characteristics of vegetation. The accurate copolarized data of 3–10 GHz
frequency-domain of small trees are obtained by indoor wideband polarimetric measurement system. The results show that
morphological characteristics of vegetation at different frequencies can be obtained by the differential propagation constant of
polarized electromagnetic wave. At low frequencies, the plants with structural features presented oriented distribution. However,
the plants show random distribution of the echoes at higher frequencies, which is mainly from the canopy. The research provides
important information to choose the coherence models employed in the parameters retrieval of vegetations.

1. Introduction
As polarimetric radar contains more information of object
spectrum characteristics, it has shown great potential in
target detection and classification in remote sensing [1–
4]. Moreover, polarimetric synthetic aperture radar (SAR)
and polarimetric SAR interferometry (POLINSAR) will gain
more attention and become a development trend in the
future [5, 6]. In order to use these techniques, the relation
between observations and vegetation parameters (such as
topography, height, and extinction coefficient) needs to be
developed. Up to now, the inversion models on extracting
physical parameters from radar data can be divided into three
models: (1) empirical models [7], (2) electromagnetic scattering models [8, 9], and (3) coherence models [10, 11],which are
well suited for POLINSAR [12–14]. However, the applications
of the models are greatly influenced by such conditions
when attenuation of plant is related to polarization [15]. For
example, many crops, like maize, are a kind of oriented
vegetation with a vertical stem; when electromagnetic wave
propagates through these crops, the vertically polarized field
will attenuate more rapidly than horizontally polarized one

[16]; then the orientation volume models should be employed
to retrieval algorithm.
Therefore, the investigation of differential propagation
constant determined by plant morphology is of great significance. In the next part, a quantitative expression between
copolarized (HH and VV) backscattering power profiles and
differential propagation constant is derived. Then, a wideband polarimetric measurement system is constructed in a
laboratory, and some small fir trees with horizontal branches
and leaves are measured. In the third part, the propagation
inside the vegetation is analyzed by high-resolution timedomain response, and the differential propagation constants
are compared at many frequencies. The results show that the
differential propagation constant of copolarization not only
depends on plant morphology, but also relates to frequency.

2. Quantitative Estimation of
Differential Propagation Constant
The propagation of wave is shown in Figure 1. After passing
through space, the wave penetrates into plant from the
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Figure 1: Propagation of waves in vegetation.

canopy. Due to the absorption and scattering of vegetation,
the magnitude of the wave decreases. It can be expressed by an
exponential factor exp(−𝑘𝑅), where 𝑘 is complex propagation
constant and 𝑅 denotes the position along the propagation
direction. If the transmitting power is 𝑃0 , then the receiving
power 𝑃 after attenuation yields
𝑃 = 𝑃0 ⋅ 𝑒−𝑘𝑅 .

(1)

If a wideband signal is transmitted and inverse Fourier
transform is applied to the echo, the time-domain response
of scene is obtained as shown in Figure 1(b). It shows the
mutual coupling between transmit and receive antennas,
the scattering of the signal by plants, and the reflection by
the ground. Thus the attenuation of plants with different
polarization can be analyzed by the time-domain response
[17, 18].

Let us analyze the region of vegetation samples which can
be regarded as a cube shown in Figure 1(c). The upper-left
corner of the cube near the antennas is defined as the origin of
coordinate; that is, 𝑥1 = 0, and the energy of electromagnetic
waves at different locations can be analyzed quantitatively. If
the plant morphology appears at certain oriented directions,
the time-domain response for different polarization channel
will be different as was given in Figure 1(d).
Assume the vegetation exhibits some kinds of horizontal
characteristics. When the electromagnetic waves propagate
into the canopy of plants (from 𝑥1 to 𝑥2 ), the response of
copolarization is almost the same. The influence of horizontal
branches is much more obvious, so the HH polarization
signals are weaker than the VV polarization. From the
position 𝑥3 to 𝑥4 , the HH polarization signals continue to be
weak, and the ground begins to reflect energy. At the corner
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Figure 2: Measurement system.

= 10 log10 (𝐺2 ⋅
far away from the antennas, the echoes of copolarization are
approximately equal.
Considering the differential propagation constant of
copolarization, the attenuation of vertical and horizontal
polarizations is defined as 𝑘V and 𝑘ℎ , respectively, expressed
in Np/m; the difference between them is 𝑘diff = 𝑘ℎ − 𝑘V .
Assuming the transmitting power of horizontal polarization
is 𝑃𝑡ℎ and the gain of the antenna is 𝐺, the power density 𝑠𝑡ℎ
at position 𝑥 in the vegetation is given by
(2)

Let the radar cross section (RCS) at this position be
equivalent to a projection area 𝜎ℎℎ ; then the intercepted
power 𝑃𝑖ℎ can be expressed as
𝑃𝑖ℎ = 𝑠𝑡ℎ ⋅ 𝜎ℎℎ

𝑒−𝑘ℎ 𝑥
= 𝑃𝑡ℎ ⋅ 𝐺 ⋅ 𝜎ℎℎ ⋅
.
4𝜋𝑅2

(3)

Since the intercepted power radiates isotropically, the
returned power density 𝑠𝑟ℎ at received antenna (assuming
horizontal polarization) yields
𝑠𝑟ℎ = 𝑃𝑖ℎ ⋅

𝑒−𝑘ℎ 𝑥
𝑒−2𝑘ℎ 𝑥
=
𝑃
⋅
𝐺
⋅
𝜎
⋅
.
𝑡ℎ
ℎℎ
4𝜋𝑅2
(4𝜋)2 𝑅4

(4)

The received power 𝑃𝑟ℎ is obtained by multiplying
returned power density and antenna effective aperture 𝐴.
According to the antenna theory, the relation between 𝐺 and
𝐴 is as follows:
𝐴=𝐺⋅

𝜆2
,
4𝜋

(5)

where 𝜆 is the wavelength; then the received power can be
written as
𝑃𝑟ℎ = 𝑃𝑡ℎ ⋅ 𝐺2 ⋅ 𝜆2 ⋅ 𝜎ℎℎ ⋅

𝑒−2𝑘ℎ 𝑥
;
(4𝜋)3 𝑅4

(7)

similarly, the power ratio of vertical polarization is

Turntable

𝑒−𝑘ℎ 𝑥
.
𝑠𝑡ℎ = 𝑃𝑡ℎ ⋅ 𝐺 ⋅
4𝜋𝑅2

𝜆2
) + 10 log10 (𝜎ℎℎ )
(4𝜋)3 𝑅4

(6)

𝜆2
) + 10 log10 (𝜎VV )
(4𝜋)3 𝑅4

(8)

− 20𝑘V 𝑥 ⋅ log10 𝑒;
therefore, the difference between copolarized power ratios
can be expressed as
VV (dB) − HH (dB)
= 10 log10 (

𝜎VV
) + (20 log10 𝑒) ⋅ (𝑘ℎ − 𝑘V ) 𝑥.
𝜎ℎℎ

(9)

The theory and experiments prove that copolarized RCS
of trees are almost equivalent [19], so the ratio of copolarized
RCS can be regarded as a constant approximately, and then
the differential propagation constant (expressed in dB/m) is
𝑘diff (dB/m) =

(VV (dB) − HH (dB))
.
𝑥

(10)

Note that the derivation is also appropriated to the other
two polarizations.

3. Measurement System
The system was constructed in the anechoic chamber of
the National Key Laboratory of Science and Technology on
UAV (shown in Figure 2). A vector network analyzer and
four wideband horn antennas constitute a radar system that
can transmit and receive vertical or horizontal signals. The
antennas are aligned at an incident angle of 45∘ with respect
to ground. The distance from antennas to the center of sample
is 7 m.
The vegetation sample consists of a stand of 3 × 3 small
fir trees, uniformly planted in a square container with side
length 1.5 m. The small fir tree is shown in Figure 3. It has a
vertical stem with a diameter of about 2.5 cm. The stem carries
5-6 horizontally oriented branches at certain distances, whose
diameter is about 1 cm. A number of needle-like leaves grown
on the branches are horizontally distributed as well. The soil
with 20 cm thickness filled in the bottom of trees.
Stepped-frequency signal [20] is generated by a vector
network analyzer. The span of frequency is 2 GHz to 12 GHz,
and the interval is 10 MHz. The sample rotated by 360∘ in
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cutting off time-domain data will be reduced. The Hamming
window is taken here as the following expression:
𝑠 (𝑛) = 0.5 − 0.5 cos (

2𝜋𝑛
),
𝑁

(15)

where 𝑛 = 0, 1, . . . , 𝑁 − 1. Finally, a Fourier transform is
applied to the time-domain response of selected region to
obtain accurate frequency-domain data.

4. Experimental Results
Figure 3: The small fir trees.

azimuth during the measurement, acquiring the polarimetric
radar backscattering at 120 angles with a step of 3∘ . The echoes
include many clutters, such as the mutual coupling between
two antennas and residual reflections from the walls and
floor as well as ceiling of the anechoic chamber. In order to
remove the unwanted reflections, some pretreatments must
be employed to obtain the accurate measurement data. Firstly,
the plural frequency-domain data of anechoic chamber without target are subtracted from original measurement data at
the same angles. Therefore, the frequency-domain response
at all frequencies can be obtained as follows:
𝑦 (𝑖) = exp [−𝑗2𝜋 (𝑓0 + 𝑖Δ𝑓) 𝑡] ,

(11)

where 𝑓0 is the start frequency, Δ𝑓 is the step of frequency,
and 𝑖 = 0, 1, . . . , 𝑁 − 1. The phase of 𝑦(𝑖) is a linear sequence,
so time-domain response can be obtained by inverse Fourier
transform (IFFT) [21]:
𝐻𝑙 =

1 𝑁−1
2𝑅
2𝜋
] × exp (𝑗 𝑙𝑖) ,
∑ exp [−𝑗2𝜋 (𝑓0 + 𝑖Δ𝑓) ×
𝑁 𝑖=0
𝑐
𝑁
(12)

where 𝑅 is the distance and 𝑐 is the velocity of light. The
amplitude of response is gained by a modular arithmetic
equation of the form shown in (13). The location of target and
the other interferer resources, especially the mutual coupling
between two antennas, can be seen from the high-resolution
time-domain response. Consider


   sin 𝜋 (𝑙 − 𝑁Δ𝑓 ⋅ 2𝑅/𝑐) 
𝐻𝑙  = 
 ,
 𝑁 sin 𝜋 (𝑙/𝑁 − Δ𝑓 ⋅ 2𝑅/𝑐) 

(13)

where 𝑙 = 0, 1, . . . , 𝑁 − 1. The area of target can be chosen
by an appropriate time-domain gating as (14); therefore, the
clutters of background are eliminated effectively. Consider
 
𝐻  , 𝑙 ∈ area of target,
 
𝐻𝑙  = { 𝑙 
0,
other area.

(14)

The time-domain gating removes most of the unwanted
signals; meanwhile, the spectrum information of original
echoes is lost. If a suitable window function [22] is added
to the spectrum of returning echoes, the impact caused by

The data are processed by using 1 GHz bandwidths centered at S-band (2–4 GHz), C-band (4–8 GHz), and Xband (8–12 GHz). After averaging each angle, the frequencydomain data on different polarization are transformed into
time-domain response as shown in Figure 4. The 𝑥-axis
started in the position when waves propagate into vegetation.
From the backscattering power profiles, some obvious
phenomena can be seen and the explanations are given as
follows.
(1) The copolarized responses are nearly close at the
beginning of propagation, and the cross polarized
response is slightly lower, which can be explained by
the random distribution of canopy.
(2) As the depth of penetrability increases, the echoes
of HH polarization are decreased gradually, and the
differential propagation constants begin to appear
between HH polarization and VV polarization. The
reason for this is that the horizontal branches and
leaves are more and more dominated. Meanwhile, the
ground begins to contribute backscattering, so the
attenuation of horizontal polarization waves is greater
than vertical polarization ones.
(3) At the end of penetrability, the response of vegetation
tends to disappear, and the backscattering is mainly
caused by ground, so each polarized echo increases
gradually.
(4) All of the three bands show such phenomena and the
trend is clearer at lower frequency. It indicates that
the variation of differential propagation constant is
related to frequency.
The phenomenon is greatly related to the morphology
of vegetation. According to (10), the region of vegetation
with differential polarimetric attenuation characteristic is
analyzed, and the distance near the upper-left corner of cube
along the propagation direction is selected at 0.5 m, 1.2 m,
and 1.5 m, respectively. The differential propagation constants
are drawn as a function of frequency given by Figure 5.
The differential propagation constants at 0.5 m remain substantially unchanged, indicating that the canopy has a random distribution characteristic. When the incident distance
increases, the differential propagation constants at 1.2 m and
1.5 m monotonically decreased with increasing frequency,
which quantitatively explains the frequency characteristics of
electromagnetic wave propagation in horizontally oriented
vegetation. The results explained that the propagation of
polarimetric wave greatly depends on plant morphology.
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Figure 4: Backscattering power profiles for different polarization.

5. Conclusion
In this paper, a sample of fir trees has been measured with a
wideband polarimetric measurement system in an anechoic
chamber. Backscattering power profiles reveal an expected
behavior of differential propagation constants due to the horizontal orientation of vegetation. The attenuation difference
is strongly determined by frequency. At low frequency, the
copolarized difference is large. However, it reduces with the
increases in frequency. It has been observed that the main
scattering sources come from canopy at high frequency, and
the impact of inner morphology can be ignored.

All of these conclusions are useful for the application of
coherence models based on POLINSAR. At the same time,
the qualitative scattering mechanism of oriented vegetation
is investigated at different frequencies. In future research,
electromagnetic wave propagation characteristics in more
different morphology of vegetation will be investigated, and
the effect of surface environment will be considered.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

6

International Journal of Antennas and Propagation

Differential propagation constant (dB/m)

5

ring of fire”,” in Proceedings of the 32nd IEEE International
Geoscience and Remote Sensing Symposium (IGARSS ’12), pp.
1465–1468, July 2012.

4

[7] F. T. Ulaby, K. Sarabandi, K. McDonald, M. Whitt, and M.
C. Dobson, “Michigan microwave canopy scattering model,”
International Journal of Remote Sensing, vol. 11, pp. 1223–1253,
1990.

3

[8] Y. C. Lin and K. Sarabandi, “Electromagnetic scattering model
for a tree trunk above a tilted ground plane,” IEEE Transactions
on Geoscience and Remote Sensing, vol. 33, no. 4, pp. 1063–1070,
1995.

2

1

0

3

4

5

6
7
Frequency (GHz)

8

9

10

0.5 m
1.2 m
1.5 m

Figure 5: Differential propagation constants as a function of
frequency.

[9] G. Q. Sun and K. J. Ranson, “Radar backscatter modeling of 3D
vegetation structure,” in Proceedings of the 1998 IEEE International Geoscience and Remote Sensing Symposium (IGARSS’98),
pp. 1496–1498, Seattle, Wash, USA, July 1998.
[10] R. N. Treuhaft, S. N. Madsen, M. Moghaddam, and J. J. van Zyl,
“Vegetation characteristics and underlying topography from
interferometric radar,” Radio Science, vol. 31, no. 6, pp. 1449–
1485, 1996.
[11] R. N. Treuhaft and P. R. Siqueira, “Vertical structure of vegetated
land surfaces from interferometric and polarimetric radar,”
Radio Science, vol. 35, no. 1, pp. 141–177, 2000.
[12] K. P. Papathanassiou and S. R. Cloude, “Single-baseline polarimetric SAR interferometry,” IEEE Transactions on Geoscience
and Remote Sensing, vol. 39, no. 11, pp. 2352–2363, 2001.

Acknowledgments
The work was supported by the National Science Foundation
of China (Grant nos. 61201320 and 61371023) and the Fundamental Research Funds for the Central Universities (no.
3102014JCQ01103).

References
[1] Y. Yamaguchi, “Disaster monitoring by fully polarimetric SAR
data acquired with ALOS-PALSAR,” Proceedings of the IEEE,
vol. 100, no. 10, pp. 2851–2860, 2012.
[2] L. Coulibaly, A. Tlili, E. Hervet, and K. Adegbidi, “Mapping forest stands using RADARSAT-2 quad-polarization SAR images:
a combination of polarimetric and spatial information,” in
Proceedings of the IEEE International Geoscience and Remote
Sensing Symposium (IGARSS '12), pp. 3359–3362, Munich,
Germany, July 2012.
[3] C. N. Kovama and K. Schneider, “Vegetation effects on Lband soil moisture retrieval—lessons learned from 5 years of
ALOS PALSAR observations,” in Proceedings of the 2012 32nd
IEEE International Geoscience and Remote Sensing Symposium
(IGARSS ’12), pp. 1231–1234, July 2012.
[4] A. Schmitt, A. Hogg, A. Roth et al., “Shoreline classification
using dual-polarized TerraSAR-X images,” in Proceedings of the
European Conference on Synthetic Aperture Radar, 2012.
[5] S. R. Cloude, “POLInSAR: from SIR-C to Tandem-X,” in
Proceedings of the IEEE International Geoscience and Remote
Sensing Symposium, 2011.
[6] W. M. Boerner, “Future perspectives of SAR polarimetry
with applications to multi-parameter fully polarimetric polsar
remote sensing & geophysical stress-change monitoring with
implementation to agriculture, forestry & aqua-culture plus
natural disaster assessment & monitoring within the “pacific

[13] S. R. Cloude and M. L. Williams, “A coherent EM scattering
model for dual baseline POLInSAR,” in Proceedings of the IEEE
International Geoscience and Remote Sensing Symposium, vol. 3,
pp. 1423–1425, Toulouse, France, July 2003.
[14] J. D. Ballester-Berman, J. M. Lopez-Sanchez, and J. FortunyGuasch, “Retrieval of biophysical parameters of agricultural
crops using polarimetric SAR interferometry,” IEEE Transactions on Geoscience and Remote Sensing, vol. 43, no. 4, pp. 683–
694, 2005.
[15] J. M. Lopez-Sanchez, J. D. Ballester-Berman, and Y. MarquezMoreno, “Model limitations and parameter-estimation methods for agricultural applications of polarimetric SAR interferometry,” IEEE Transactions on Geoscience and Remote Sensing,
vol. 45, no. 11, pp. 3481–3493, 2007.
[16] J. Martinez, N. Floury, T. L. Toan, A. Beaudoin, M. T. Hallikainen, and M. Mäkynen, “Measurements and modeling of
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This research has been performed within the project “prediction, measurement, and analysis of composite electromagnetic field of
artificial radiation sources,” funded by the Ministry of Science and Technology of the Republic of Srpska, Bosnia and Herzegovina.
The ultimate goal of the project is the installation of a monitoring network for continuous measurement and recording of
nonionizing electromagnetic (EM) radiation levels in the wider area of Banja Luka city centre covering about 10 km2 . For this
reason it was necessary to make an optimal choice from a dozen of measurement points with the maximum value levels of total EM
field. It was a difficult task, because in this case, with the resolution of 5m × 5m, approximately 400,000 points should be examined.
Therefore, the pedestrian zones, areas, and routes with significantly smaller surfaces but with the largest flow of people have been
examined, so the time required for their mapping with values of total EM field has been reduced to a more realistic framework. In
this paper, in the volume allowed by the defined criteria, a fast and reliable experimental method has been described, which has
been examined at one of the studied areas in the named project, with surface of 0.008 km2 .

1. Introduction
Public systems of mobile telephony are nowadays commonplace communication technology around the world. This
wireless technology relies upon an extensive network of
fixed antennas or base stations, exchanging information by
means of radio frequency (RF) signals. About two million
base stations exist worldwide and the number is increasing
significantly with the introduction of fourth generation technology devices and also with planning and developing the
fifth generation of it. During the last decade, the installation
and operation of several wireless networks, such as GSM,
UMTS, TETRA, and Wi-Fi systems, have led to an increasing
public concern about the exposure to EM radiation emitted
by such sources. In conjunction with traditional broadcasting
systems (FM Radio and VHF-UHF TV), radar systems, and
so forth, these concerns require the continuous information

regarding public exposure to EM radiation levels. The first
step for estimating the exposure levels is the so-called “ad
hoc” measurements. Those measurements are referred to a
specific time (usually 1-2 hour during the day, e.g. during
the peak traffic hour) and date. On the other hand, the
notion of continuous measurement of EM radiation levels
on a basis of 24 hours is more appealing to the concerned
public. Namely, due to the fact that the radio-frequency range
is active 24 hours a day, the monitoring process must cover
the same period of time, as well. Only under such conditions,
the full image on the use of the observed frequency ranges
can be acquired. This is due to the fact that the recorded
values can be directly compared to the public exposure limits
(reference levels-safety values), which are set by the relevant
organizations, such as ICNIRP [1], and local governmental
authorities [2]. Namely, the protection against acute health
effects is defined through exposure limits that are given as the

2

International Journal of Antennas and Propagation

values of electric, magnetic, and electromagnetic field which
shall never be exceeded in any exposure condition [2]. Also,
the quality targets are the set of field safety values that should
be pursued, when a new telecommunication infrastructure is
planned, as discussed in [3]. It is not important if the structure
is isolated or inserted in a context where other installations
already exist. As an example, during a base station planning
phase, it is necessary to take into account the fact that the
field level in proximity of the structure should not exceed the
quality targets, no matter if the station is a single structure
or coexisting with other similar installations. In such case,
a reduction of emitted power by the station itself or by the
surrounding emitting structures should be imposed. Furthermore, the same quality targets may be imposed by the local
authorities in densely crowded areas (like airports and railway
stations, etc.) even in the case of a reduced presence time.
For that reason, a network for the measurement and
recording of nonionizing electromagnetic radiation levels
during 24 hours is one of the best solutions serving such purposes, as discussed in [3, 4]. Another important parameter of
such network is the ability to present the measurement results
to the public via a user-friendly web site. This is also necessary
for practical reasons, because in real life the authorized
use of frequency spectrum does not guarantee that it is
properly used. This can happen due to complex or incorrect
equipment, interaction with other types of equipment, or
intentional abuse.
It is possible that the main concern in monitoring network design was to ensure the independence of the measurements carried out, so the citizens might be confident that the
presented results were not influenced by particular interests,
such as those from telecommunication operators, as well as
political parties or other similar groups. To this aim, network
must be entirely funded by public money, without any form of
sponsorship by operators or other noninstitutional subjects.
In addition, in monitoring networks design, it is important that measuring points, in which sensors sensitive to EM
fields would be placed, are chosen as the best representatives
in the project area. Representative measuring points for the
monitoring network are those with the maximum EM field
levels of nonionizing radiation.
As the treated area was approximately 10 km2 , with a resolution of 5 m × 5 m, the number of potential measurement
points was about 400,000. Measurement of EM field radiation
in all these points would require a few years. Because of that,
a way had to be found to locate the points with the maximum
levels in reasonable and acceptable time. For now, it was
possible to proceed only with the assistance of fast and reliable
experimental method (discussed here), based on occupancy
quality software for urban EM wave propagation modelling
[5].

2. Fast and Reliable Experimental Method
Under this method, the following activities are considered:
(a) software prediction of the total EM field on the surface
with a good resolution which means acceptable and
reasonable number of points (e.g., 320),

(b) measurement of total EM field at the same points,
(c) measurement and prediction results comparison,
(d) software prediction of total EM field on observed area
of 10 km2 in a great number of points (e.g., 400,000),
(e) locating of points with maximum value of total EM
fields,
(f) additional measurement at point(s) with maximum
electric field value(s) and immediate surrounding
area of that point(s).
So, first the software prediction of total power density
and total electric field strength for each of all the existing
licensed sources of electromagnetic radiation was separately
conducted, except microwave links and professional mobile
radio (PMR), such as GSM900 MHz, DCS1800 MHz, UMTS
2100 MHz, FM radio, TV 5–12th channels, and TV 21–66th
channels. All necessary relevant technical data about these
sources were obtained from the Communications Regulatory
Agency of Bosnia and Herzegovina. The simulation was
performed by using a powerful software tool, Wireless InSite
(WI) [6], developed by Remcom USA company. In this
case, an area of approximately 0.008 km2 was observed,
with a resolution of 5 m × 5 m (320 points). This program
predicts how the locations of the transmitters and receivers
within an urban area affect signal strength, also models the
physical characteristics of rough terrain and urban building features, performs the electromagnetic calculations, and
then evaluates the signal propagation characteristics. The
computations are ray based with reflections from ground
(triangular pixels) as well as from building walls and roofs.
Wireless InSite makes these calculations by shooting rays
from the transmitters and propagating them through the
defined environment. These rays interact with environmental
features and make their way to the receivers. Interactions
include reflection of the ground or of the building surface,
diffraction of the building edge, or transmission through
the wall. The selected propagation model is Full 3D, which
is the most complex from the viewpoint of computation
time. This model places no restriction on object shape and
includes transmission through surfaces. The selected ray
tracing method is SBR (Shot-and-Bounce Ray). Ray paths are
traced without regard to the location of specific field points.
Rays are first traced from the source points. Some of them
that hit building walls would be reflected and then continue
to be traced up to the maximum number of reflections.
For the particular application, rays are stopped when they
hit the study area boundary. WI combines the ray paths,
which follow nearly the same path through environment,
with the phase. It then adds the powers of all the correlated
groups. Software prediction results are given in the form
of colour maps, tables, and diagrams. The measurements
were performed by using FSH3 spectrum analyzer from
Rohde&Schwarz [7, 8]. The measurement results are also
presented in the form of tables and diagrams.
2.1. EM Field Prediction at Krajina Square. Krajina square
shown in Figure 1, together with seven typical routes, was
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Figure 1: Observed surface and routes in the city centre.

chosen for this occasion, as the busiest pedestrian zone with
the largest population flow in the city.
For quality and reliable software prediction of the electromagnetic field spatial distribution, or to simulate the
propagation of EM waves, it is necessary to possess highquality prediction and simulation software; databases to store
the location and technical details of all transmitters and
antennas; digital maps that contain terrain heights at locations with a resolution good enough and a map that shows
land use (e.g., urban, rural, etc.) as the terrain height map
of the observed area; appropriate computer hardware capacity. Wireless InSite software provides efficient and accurate
predictions of radio wave propagation and communication
channel characteristics in complex urban, suburban, indoor,
rural, and mixed path environments.
Before the software prediction of the spatial distribution
of EM fields for the observed area of 10 km2 was carried out,
all relevant data about sources of EM radiation were collected
in the database. That enabled the data entry to WI program
for
(i) 29 GSM900 MHz base stations- (BS-) 85 sectors
(transmitters),
(ii) 19 DCS1800 MHz BS-49 transmitters,

configuration of terrain in digital form. Digital orthophotos
of observed area are the satellite images with resolution of 1
meter in Tiff format. 3D models of all buildings have height
attributes (the absolute height of the building and the relative
height of the building).
Data for objects and terrain are given in ESRI shape
format, whereby the available terrain model has 20 m × 20 m
resolution and a height accuracy of 10 m. Adaptation of digital
data used for WI software was successfully performed only
after consultation with the manufacturer of the program and
additional data conversion.
Thanks to the WI program and all submitted data, it was
possible to make the simulation of physical characteristics
of rugged terrain and buildings in urban environment, to
calculate the electric field strength (EFS) due to the presence
of buildings, facilities, and terrain on EM wave propagation,
and finally to evaluate the signal propagation characteristics
in the frequency range from 50 MHz to 40 GHz. More details
about this are described in [10, 11].
Software prediction of the spatial distribution of total
electric field strength (𝐸rms ), caused by the radiation of
all GSM900, DCS1800, UMTS2100, TV5–12th, TV21–66th,
and FM radio transmitters, on the surface of approximately
0.008 km2 in the centre of Banja Luka, was shown on six maps
in Figure 2. Figure 2 is a magnified part of the square from
Figure 1, and white areas on all maps represent buildings and
structures. Software prediction of 𝐸rms was performed with
the resolution of 5 m × 5 m, which means that the appropriate
value of 𝐸rms is assigned to each of the 320 points and is
symbolically represented in colour and in accordance with
the legend below the maps. The points were numbered in
the same manner as the WI program numbers the receiving
points from left to right, so the 1st point is placed in the lower
left and the 320th point is placed in the upper right corner of
the observed surface, as shown in Figures 2 and 3. Each new
row begins with a number which is higher for one number
than the last number of the previous neighbouring row, (e.g.
first row ends with number 4, the second row starts with
number 5) as shown in Figure 4 as well.
WI software counts the total electric field strength like
root mean square. For example, 𝐸rms caused by radiation from
85 GSM900 transmitters for 𝑛 = 1 to 320 points is calculated
according to
2 .
𝐸rms𝑛 = √𝐸12 + 𝐸22 + 𝐸32 + ⋅ ⋅ ⋅ + 𝐸85

(1)

(iii) 41 UMTS2100 MHz BS-121 transmitters,
(iv) 25 TV transmitters,
(v) 31 FM radio transmitters.
By using WI editing tools, virtual objects and surrounding terrain can be constructed or the same data can
be imported from several different formats such as DXF,
Shapefile, DTED, and USGS. In this case, a digital map of
Banja Luka city in GK6 map projections, made by GisData
Effective Solutions company from Zagreb, Croatia, was used
[9].
GIS data represent real objects and parameters such
as buildings, roads, trees, water flows, height, length, and

It is obvious in Figure 2 that the dominant colours are for
GSM900 MHz (a) yellow and orange; DCS1800 MHz (b) and
UMTS2100 MHz (c) orange and red; TV5–12th (d), TV21–
66th (e), and FM radio (f) yellow and green. So, in accordance
with the legend, it can be concluded that
(a) DCS1800 MHz transmitters are the biggest and FM
radio broadcasters are the smallest “polluters” of the
environment, in this case;
(b) the mobile telephony transmitters are larger “polluters” of the environment than television and radio
broadcasters, in this case.
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Figure 2: Software prediction of electric field strength for (a) GSM900; (b) DCS1800; (c) UMTS2100; (d) TV5–12; (e) TV21–66; (f) FM radio
at Krajina Square in 320 points.

WI software separately displays the results in the form of
tables for each studied source of radiation, but due to the very
limited space in this paper, it is not possible to show all of it.
For the same reason, it is not possible to show the complete

schedule for all 320 points. Therefore, Table 1 summarizes 24
maximum 𝐸rms values like the example of software prediction
results for DCS1800 MHz at 320 observed points. X (m), Y
(m), and Z (m) point coordinates are defined as the receiving
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Table 1: Software prediction of total electric field strength for
DCS1800 MHz.
Rx
5706
6861
7147
7440
7877
7880
8026
8171
8172
8316
8461
8463
8464
8466
8609
8610
8612
8615
8756
8762
8905
8909
9193
9344

X (m)
250
225
205
220
230
245
250
250
255
250
250
255
260
270
265
270
280
295
275
305
295
315
285
315

Y (m)
195
235
245
255
270
270
275
280
280
285
290
285
285
285
295
295
295
295
300
300
305
305
315
320

Z (m)
166.1
165.2
165.2
165.5
165.5
165.5
165.8
165.8
165.8
166.1
166.1
166.1
166.1
166.1
166.4
166.4
166.4
166.1
166.4
166.4
166.4
166.4
166.4
166.4

Distance
160.43
143.71
151.97
134.90
119.19
108.09
101.76
99.09
95.54
96.60
94.32
92.95
89.44
82.86
81.15
77.74
71.49
63.92
72.22
57.59
58.85
52.89
60.61
47.31

𝐸rms
0.43
1.00
1.80
0.46
1.54
0.80
1.46
1.52
1.09
1.54
2.49
3.97
3.26
1.86
3.04
3.16
2.28
2.05
2.33
2.00
1.72
2.42
2.76
2.41

PP: Prediction Point.

points Rx, with the assigned numbers (5706 ⋅ ⋅ ⋅ 9344) by WI
software.
Figure 3 shows software prediction of total electric field
strength obtained according to (2) for each of the 320 points.
Consider the following:
2 + 𝐸2
2
2
2
2
𝐸𝑇 = √𝐸900
1800 + 𝐸UMTS + 𝐸TV5–12 + 𝐸TV21–66 + 𝐸FM .
(2)

As expected in Figure 3, red colour is the prevailing one,
which means that the average total field value is about
6 dBV/m (2 V/m) in accordance with the legend below. Visually, using simple method, as it was explained in [6], points
with minimum (−5 dBV/m or 0.55 V/m)) and maximum
(12.5 dBV/m or 4.2 V/m) values of EM fields can be located,
respectively.
Also, Table 2 shows the software predictions of total
electric field strength at 24 points with potential maximum
values. In the first column, 24 points (23 ⋅ ⋅ ⋅ 304) are selected,
and in the second, third, fourth, fifth, sixth, and seventh
columns are the software predictions of total electric field
strength for GSM900, DCS1800, UMTS2100, TV5–12th,
TV21–66th, and FM radio, respectively.
Total electric field strength according to (2) and quotients
between the above mentioned total values and their public

16.651

297
286
274
263
252
242
232
220
207
194
181
169
157
145

(dBV/m)

PP
23
94
118
146
181
184
197
209
210
221
232
234
235
237
244
245
247
250
255
261
269
273
288
304

318

313
306

132
118
104
90
77
65
54
45
37
31
26
23
20
17
13
9
5

−40.951

1

Figure 3: Total electric field strength software prediction map.

318 320
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317
306
312
305
297
296
286
285
274
273
263
262
252
251
242
232
241
231
220
219
207
206
194
193
181
180
169
157
168
156
145
132
144
131
118
104
117
90
103
89
77
76
65
64
54
45
53
37
44
36
31
30
26
23 25
20 22
17 19
16
13
9
12
5 6 7 8
1 2 3 4

Figure 4: Numeration of the prediction points.

exposure limits (𝐸𝑇 /𝐸𝐿 ) obtained according to (3) are shown
in the last two columns. Consider the following:
300 GHz

∑

1 MHz

𝐸𝑇
≤ 1.
𝐸𝐿

(3)

The 𝐸𝐿 value is the standard threshold for electric field
strength value in V/m, expressed as a function of frequency
𝑓 defined in [1]. It is obvious that the expected value of the
total electric field strength is significantly below all limits
prescribed in [1, 2]. Also, in all prediction points, a condition
for the reference values in (3) is fully satisfied, in the case of
electromagnetic fields caused by multiple sources at different
frequencies [2].
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Table 2: Software prediction of total electric field strength at 24 points with maximum values.

PP

𝐸rms1 (V/m)
[GSM900]

𝐸rms2 (V/m)
[DCS1800]

𝐸rms3 (V/m)
[UMTS]

𝐸rms4 (V/m)
[TV 5–11]

𝐸rms5 (V/m)
[TV 21–66]

𝐸rms6 (V/m)
[FM radio]

∑(𝐸𝑇 /𝐸𝐿 )

𝐸𝑇

23
94
118
146
181
184
197
209
210
221
232
234
235
237
244
245
247
250
255
261
269
273
288
304

0.7555
0.9398
0.2391
1.0435
0.9670
0.6768
0.9701
1.0726
0.6032
1.1669
1.0191
0.4674
0.4079
0.4370
0.7270
1.0758
0.7431
0.4091
0.5173
0.7331
0.3467
0.2090
0.9769
0.4765

0.4305
0.9975
1.8032
0.4599
1.5412
0.8040
1.4591
1.5207
1.0894
1.5360
2.4900
3.9698
3.2560
1.8556
3.0402
3.1574
2.2760
2.0542
2.3343
1.9980
1.7218
2.4158
2.7587
2.4089

1.4085
1.6934
1.4255
1.9998
1.6114
2.2075
2.6772
1.6171
2.0864
1.5047
1.8773
1.1972
2.0270
2.4619
1.1425
1.4160
1.3630
1.5004
1.5318
1.4120
2.1812
0.7254
1.0712
0.8561

1.4387
0.6510
0.4869
0.5211
0.3854
0.3421
0.2406
0.1944
0.2784
0.2292
0.2109
0.2199
0.2652
0.3698
0.2973
0.4620
0.2482
0.0893
0.3575
0.2694
0.2096
0.0674
0.4699
0.1121

0.9917
0.3210
0.5969
0.7023
0.3399
0.3449
0.3323
0.2493
0.3244
0.3028
0.2909
0.4099
0.2852
0.3698
0.2883
0.3320
0.4482
0.1993
0.3075
0.2594
0.3410
0.1074
0.2299
0.1921

0.4986
0.5010
0.2461
0.2570
0.1888
0.1647
0.1864
0.1744
0.1584
0.2018
0.1521
0.2252
0.1864
0.2026
0.1477
0.2020
0.2482
0.1293
0.2004
0.1197
0.1410
0.0994
0.2470
0.1321

0.3766
0.2974
0.2646
0.2916
0.2688
0.2390
0.2954
0.2485
0.2338
0.2602
0.3002
0.3197
0.3100
0.2878
0.2832
0.3434
0.2786
0.2094
0.2683
0.2429
0.2430
0.1688
0.3026
0.2038

2.4580
2.3503
2.4484
2.4760
2.4913
2.4981
3.2312
2.4917
2.4722
2.4839
3.3038
4.2045
3.8811
3.1638
3.3571
3.6737
2.8132
2.5890
2.8854
2.5841
2.8324
2.5361
3.1697
2.6133

PP: Prediction Point.

2.2. EM Field Measurements at Krajina Square. EM field
broadband measurements were performed with portable system from Rohde&Schwarz [7], which consists of FSH3 spectrum analyzer, TS-EMF three orthogonally isotropic antenna
sensors with the tripod and laptop PC (Figure 5). In conjunction with software R&S RFEX [8], which has been especially
designed for environmental EM compatibility applications,
the system has been used for accurate measurements and
statistical evaluation of the resultant electric field strength in
the frequency range from 30 MHz to 3 GHz, particularly in
densely populated areas. The isotropic radiation pattern of
the sensor considerably simplifies measurements since it need
not be carried out with different polarizations and in different
directions. This means that the sensor used for measurements
did not have to be positioned in any particular direction
during the measurements, as the total electric field strength
was calculated according to (4) for each band as follows:
𝐸measured = √𝐸𝑥2 + 𝐸𝑦2 + 𝐸𝑧2 .

(4)

So, the results of measurement are mean values, in a long
time interval (6 min), of the electric field strength caused by
six examined radio communication services. Measurement of
total electric field strength in each point took 36 minutes of
time, because 6 different bands were measured in each point.

Figure 5: Portable system for EMF measurements.

Total electric field strength measurements were performed in accordance with [12], at the same 320 points in
which the software prediction was previously performed.
Figure 6 shows measurement map of total electric field
strength in the same 320 points, as it was previously indicated.
Also, Table 3 presents the measurement results in the same 24
points in which the maximum values of 𝐸𝑇 were previously

International Journal of Antennas and Propagation

7

Table 3: Measurement results of total electric field strength at 24 maximum points.
MP

𝐸𝑚1 (V/m)
[GSM900]

𝐸𝑚2 (V/m)
[DCS1800]

𝐸𝑚3 (V/m)
[UMTS]

𝐸𝑚4 (V/m)
[TV 5–11]

𝐸𝑚5 (V/m)
[TV 21–66]

𝐸𝑚6 (V/m)
[FM radio]

∑(𝐸𝑚𝑇 /𝐸𝐿 )

𝐸𝑚𝑇

23
94
118
146
181
184
197
209
210
221
232
234
235
237
244
245
247
250
255
261
269
273
288
304

0.2589
0.3937
0.1438
0.6533
0.3845
0.3669
0.3828
0.4479
0.3921
0.5371
0.4531
0.4663
0.3595
0.4928
0.5459
0.5830
0.3539
0.3346
0.4629
0.3320
0.2619
0.2381
0.6921
0.1912

0.3886
0.5345
0.5919
0.4338
1.0720
0.6247
1.5517
1.4384
1.0047
0.7531
2.4590
3.8327
2.8084
1.6503
2.7362
2.6731
2.1035
1.9236
1.7947
1.8901
1.6806
2.3632
1.6638
1.9295

0.6889
0.6337
0.5433
0.7891
0.6421
0.9586
1.3982
0.6244
0.8301
0.6184
0.6887
0.4863
0.7879
0.9499
0.4102
0.6678
0.5573
0.5154
0.7746
0.6324
0.9953
0.7945
0.8995
0.9795

0.7718
0.2999
0.2598
0.3329
0.1868
0.1805
0.1272
0.1671
0.1491
0.1170
0.2031
0.1637
0.1856
0.2358
0.1602
0.2823
0.1354
0.0574
0.1758
0.2155
0.1921
0.0841
0.2970
0.0889

0.4945
0.2365
0.2619
0.2805
0.1356
0.2176
0.1876
0.1996
0.1743
0.2185
0.1844
0.2263
0.2032
0.2628
0.2012
0.2429
0.2228
0.1271
0.1706
0.1670
0.2819
0.0582
0.1402
0.1225

0.2822
0.2332
0.1574
0.1905
0.0754
0.1022
0.1274
0.0857
0.0784
0.0812
0.0833
0.1851
0.1231
0.1741
0.0664
0.0881
0.1427
0.0563
0.1132
0.0580
0.0698
0.1205
0.1502
0.0783

0.1955
0.1395
0.1151
0.1598
0.1295
0.1311
0.1845
0.1527
0.1350
0.1253
0.2008
0.2608
0.2177
0.1970
0.2027
0.2291
0.1768
0.1436
0.1757
0.1644
0.1748
0.1704
0.2005
0.1588

1.2698
1.0210
0.9094
1.2097
1.3297
1.2386
2.1394
1.6537
1.3824
1.1428
2.6093
3.9059
2.9543
2.0059
2.8326
2.8421
2.2246
2.0250
2.1268
2.0397
2.0012
2.5095
2.0462
2.1790

MP: Measuring Point.

318

313
306
297
286
274
263
252

the header of the table. In the eighth and ninth columns there
are values of Σ𝐸𝑚𝑇 /𝐸𝐿 and the total electric field strength
obtained by using (2) and (3) in which the measured electric
field strength values are used, instead of the predicted ones.

16.651

242
232
220
207

(dBV/m)

194
181
169
157
145
132
118
104
90
77
65
54
45
37
31
26
23
20
17
13
9
5
1

−40.951

Figure 6: Total electric field strength measurements map.

2.3. Comparison of Measurement and Prediction Results.
Comparison of measurement and software prediction results
of total electric field strength was carried out in two ways, by
visual comparison of colour maps and by the comparison of
table results displayed in 320 points. Namely, it is obvious that
colour maps are not the same but they have closely similar
mosaics, because the points with maximum values are located
at almost the same places. Table 4 shows, for example, a comparative overview of software prediction and measurement
results of electric field strength in 24 points selected from
the table with 320 measurement and prediction points. The
fifth and the sixth columns are deviation 𝜎, expressed in V/m,
and deviation 𝛿, expressed in dB, presented, respectively, and
calculated in accordance with (5) as follows:
𝜎 = 𝐸𝑇 − 𝐸𝑚𝑇

predicted, wherein 𝐸𝑚1 to 𝐸𝑚6 represent the measured
electric field strength for six specified frequency bands in

𝛿 = 10 log

𝐸𝑇
.
𝐸𝑚𝑇

(5)
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Table 4: Comparative overview of prediction and measurements
results at 24 points with maximum values.

4

𝐸𝑇 (V/m)

𝐸𝑚𝑇
(V/m)

Deviation
(V/m)

Deviation
(dB)

2.46
2.35
2.45
2.48
2.49
2.5
3.23
2.49
2.47
2.48
3.30
4.20
3.88
3.16
3.36
3.67
2.81
2.59
2.89
2.58
2.83
2.54
3.17
2.61

1.27
1.02
0.91
1.21
1.33
1.24
2.14
1.65
1.38
1.14
2.61
3.91
2.95
2.01
2.83
2.84
2.22
2.02
2.13
2.04
2.00
2.51
2.05
2.18

1.19
1.33
1.54
1.27
1.16
1.26
1.09
0.84
1.09
1.34
0.69
0.30
0.93
1.16
0.52
0.83
0.59
0.56
0.86
0.54
0.83
0.03
1.12
0.43

2.87
3.62
4.3
3.11
2.73
3.05
1.79
1.78
2.52
3.37
1.02
0.32
1.18
1.98
0.74
1.11
1.02
1.07
1.53
1.03
1.51
0.05
1.90
0.79

3
2
1
0
1

3

5

7
9 11 13 15 17 19
Prediction and measurement points

21

23

ET (V/m)
EmT (V/m)

Figure 7: The diagram of 24 points with maximum values.

4.2
4.0

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.2
1
9
17
25
33
41
49
57
65
73
81
89
97
105
113
121
129
137
145
153
161
169
177
185
193
201
209
217
225
233
241
249
257
265
273
281
289
297
305
313
320

ON PP
MP
1
23
2
94
3
118
4
146
5
181
6
184
7
197
8
209
9
210
10
221
11
232
12
234
13
235
14
237
15
244
16
245
17
247
18
250
19
255
20
261
21
269
22
273
23
288
24
304

5

Measurement points

Prediction ET (V/m)
Measurements EmT (V/m)

Figure 8: Predicted and measured values of total electric field
strength.

ON: Ordinal Number.

It is obvious from Table 4 that the predicted values of the
total electric field strength are greater than the measured
values at all observed points, and the diagram for 24 points
with maximum values in Figure 7 shows that predicted
values have their maximums at almost the same points as
the measured values. In that way, the maximum value in
the 234th point (4.20 V/m), obtained by prediction, was
confirmed by measuring the maximum value (3.91 V/m) in
the same point. The same case is at all the other points except
at 118th point (0.91 V/m).
All of the stated above is confirmed by Figures 8 and 9,
as well, where it is clear that deviation 𝜎 is in range from
0.054 V/m up to 1.525 V/m or deviation 𝛿 from 0.046 dB up
to 4.44 dB.
2.4. Discussion. Results obtained by software prediction
and measurements are different because the mobile traffic
changes significantly over time. Namely, some objects are
changing their position versus time which leads to hardly
predictable field distributions. Such moving scatterers can be
not only persons or cars but also windows or doors. Apart
from the impact of such objects, the influence of seasonal
variations and the weather should also be considered. Field
propagation can vary due to snow, rain, and other ambient

conditions, for example, wet versus dry ground, snow, and
humidity.
Also, as a rule, the predicted values exceed the measured
ones. That is the consequence of the software approximation
of some parameters and because of the influence of the
environment leading to multipath EM wave propagation
causing fading effects due to multiple reflections, disseminations, diffractions, and absorptions of the signals on
different objects, for example, buildings, ground, or trees
which do not exist in the digital city map in this case. The
measurement results are 6-minute mean values in contrast to
the prediction results where it is presumed that transmitters
work continuously and simultaneously. In addition, it should
be noted that within contemporary mobile base stations two
significant techniques are applied: automatic power control
(the power transmitted by the base stations can be changed
depending on the propagation conditions that exist between
base station and mobile terminal) and the radiation with
interruptions (transmitter of base station can be excluded
from transmitting the signals when the speaker stops his
conversation). However, spatial field distributions derived
by prediction and measurement have close similarity, and
predicted values have their maximums at almost the same
points as the measured values. Therefore, WI software is a
reliable tool for planning of territory signal coverage and
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1
9
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33
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49
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65
73
81
89
97
105
113
121
129
137
145
153
161
169
177
185
193
201
209
217
225
233
241
249
257
265
273
281
289
297
305
313
320

(dBV/m)

16.651

Measurement points

Deviation:
𝜎 (V/m)
𝛿 (dB)

Figure 9: Deviation and logarithmic quotient of predicted and
measured values of total electric field strength.

−40.951

Figure 11: Total electric field strength prediction map of TV 5–12th
channel broadcasting service.

(dBV/m)

16.651

−40.951

Figure 10: Total electric field strength prediction map of
DCS1800 MHz mobile service.

especially for locating the points at which the maximum value
of the electric field strength can be expected.
2.5. Locating of the Points with the Maximum Value at Area
Surface of about Ten Square Kilometres. At first, a software
prediction for total electric field strength for each of the
licensed sources of EM radiation, such as GSM 900 MHz,
DCS1800 MHz, UMTS2100 MHz, TV 5–12th channel, TV 21–
66th channel, and FM radio, was conducted separately in the
wider city centre of Banja Luka (area of about 10 km2 surface),
in the same way as it had previously been performed for
significantly smaller surface. Here typical representatives are,
for example, only total electric field strength prediction maps
of DCS1800 MHz mobile (Figure 10) and TV 5–12th channel
broadcasting services (Figure 11).
These figures clearly show that the levels of electric field
strength values had been incurred due to broadcasting of
TV and FM radio transmitters and that they are significantly lower than the levels caused by radiation of mobile
systems on this area. This means that those lower levels
have negligible impact on maximum values of electric field
strength, and therefore they are not taken into account in
further consideration. Using suitable selection of minimum
and maximum value of electric field strength in colour legend
given by WI software [6], maps with very visible maximum
values (red points) were obtained. A map of maximum values

of total electric field strength (Figure 13(b)) was obtained
quickly and simply by overlapping maps of maximum values
of total electric field strength caused by radiation of mobile
systems (Figures 12(a), 12(b), and 13(a)). Of course, in the map
legend of total electric field strength, different minimum and
maximum values (7 and 10) dBV/m are selected, in relation
to mobile services (4 and 6) dBV/m. Now it was very easy
to determine the location of points with maximum values
by additional measurements approximately in twenty points
in areas labelled with red colour, in order to precisely locate
points with maximum values of total electric field strength
[6].
Those points are shown in Table 5 in rows from the
highest (𝑀1 ) to the lowest (𝑀10 ) maximum values (except
the predicted values in points 𝑀2 and 𝑀7 ). Figure 14 shows
diagrams of ten predicted and measured maximum values of
total electric field strength and the sum of quotient obtained
by using (3). Although measured values are mainly less than
predicted values, however, they follow the predicted values
(except in point 𝑀7 ), so the measured maximum values are
located in most of the cases at the same places as the predicted
ones. For easier orientation, all points with maximum values
of total electric field strength are labelled on Google map in
Figure 15.

3. Conclusion
A satisfying similarity between prediction and measurement
results is actually a verification of Wireless InSite (WI)
software accuracy and it can be stated that WI is acceptably
accurate and is a very reliable urban wave propagation
calculation tool for planning and designing mobile wireless
networks.
As such, it can be successfully used to locate the points in
which the maximum values of the total electric field strength
can be expected, like places for the potential installation
of sensitive measuring sensors, as the basic components of
the system for continuous remote monitoring and storage of
nonionizing EM field radiation values.
Also, the measurement results indicate that the nonionizing electromagnetic radiation levels are several times below
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6.0

(dBV/m)

(dBV/m)

6.0

4.0

4.0

(a) GSM900 MHz

(b) DCS1800 MHz

Figure 12: Maps of maximum values of total electric field strength for GSM900 and DCS1800 mobile services.

6.0

(dBV/m)

(dBV/m)

10.0

4.0

(a) UMTS2100 MHz

7.0
(b) Total electric field strength

Figure 13: Maps of maximum values of total electric field strength for UMTS2100 and total electric field strength.

Table 5: Locations of points with maximum values of total composite electric field strength.
Maximum
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10

Location
R.K. Boska
Castle
V.Z. Cosmos
Houses of Parliament
Houses of Government
Banski dvor
High building
Cajavec
Ring stream-Laus
Hotel Bosna

𝐸𝑇 (V/m)
4.21
5.27
4.84
4.63
3.92
3.91
1.29
3.89
3.88
3.87

∑ 𝐸𝑇 /𝐸𝐿
0.32
0.45
0.37
0.37
0.36
0.27
0.10
0.31
0.28
0.38

𝐸𝑚𝑇 (V/m)
3.91
3.69
2.55
2.15
2.14
2.10
2.07
1.96
1.86
1.46

∑ 𝐸𝑚𝑇 /𝐸𝐿
0.26
0.28
0.21
0.17
0.23
0.28
0.14
0.21
0.16
0.15
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