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Abstract—In this paper, we propose the radio channel model 
for propagation by reflection over realistic ground. The formulas 
for electromagnetic field strength, power density, received power, 
and path-gain are derived for arbitrary oriented antennas. The 
results obtained by the proposed model in an example of a 
vertical half-wave dipole above real ground transmitting at a 
5G frequency are first v alidated b y f ull-wave m odel results 
and discussed upon. Also, the dosimetry parameters for human 
exposure at a 5G frequency are inspected for radiated power 
of 100 W and different transmitter heights. Finally, the power 
received by a half-wave dipole is calculated.

Index Terms—radio-propagation over ground, incident field 
strength, incident power density, path-gain.

I. INTRODUCTION

The contemporary development of cellular networks, aimed
at satisfying an increasing number of services and users
[1], places new demands on network planning opening new
issues in electromagnetic compatibility (EMC) and exposure
dosimetry [2], [3]. In order to build a radio network that
ensures good Quality-of-Service (QoS) and that, at the same
time, obeys EMC and exposure limits, proper estimation and
characterization of the received field s trength a nd p ower are
of the outermost importance. For that purpose, extensive radio
measurements and complex simulation tools are commonly
used.

As in classic cellular networks the mobile receiver is usually
in the radio shadow (of buildings, etc.), their physical layer
is characterized statistically, as in [4], with the possibility to
estimate the mean power and path-loss law analytically as in
[5]. Examples of the radio-channel characterization in new
generations of the networks can be found in, e.g., [6], [1].

However, new generations of mobile networks (5G/6G) will
also result in a larger number of base station antennas erected
at lower or moderate heights serving nearby users with a
clear Line-of-Sight (LOS) path to their devices [3]. In such
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scenarios, the received field pattern is shaped mostly by the
energy arriving via a direct path and a ground-reflected path,
whereas the diffuse multipath component can be expected to be
rather small. Then, a quite accurate prediction of the received
signal strengths is possible to obtain analytically.

However, the often used classic far-field model for radio-
propagation by reflection over ground from [7] (Eq. (3.37)) or
[8] may not be fully adequate for the purpose when dealing
with cellular networks. On the other hand, the influence of the
ground should not be neglected (as often done, e.g., in [9] for
near field) by relying solely on the Fris formula for the free-
space propagation [10]. Furthermore, although it accounts for
the impact of the antenna radiation pattern on the direct and
ground-reflected field, the enhanced model of [11], [12] does
not fully take into account their different angles of arrival to
the receiving point.

Therefore, in this paper, we propose an analytical approach
to the analysis of the LOS radio propagation over ground based
on ray-tracing method, including the scenarios where the an-
tennas’ heights are comparable to their mutual separation. This
analytical model can provide a quick assessment of the radio
channel and dosimetry parameters, for various situations using
different frequencies, polarizations, radiated powers, antennas’
heights and radiation patterns. Besides antenna characteristics
and propagation geometry, the proposed two-path model takes
into account the properties of soil through Fresnel’s reflection
coefficients, resulting in an excellent agreement with the
numerical results calculated by 4nec2 software.

The two-path model approach adopted herein showed to
be rather effective prediction tool in practical radio measure-
ments, e.g. for WiFi-based Long Distance (WiLD) networks
[13]. It is also used as a channel model for Vehicular Ad-
Hoc Networks in [14]. However, the applied approximation of
parallel propagation paths applied there does not hold when
the antenna separations are comparable to the antenna heights.
Such scenarios occur frequently in cellular networks, and the
model extensions that provide a remedy taking into account
the accurate field vector sum are worked out in this paper.
It is an extension of our conference paper [15] with further
development of the model. Herein, we derive the relations for
the power received by a directional antenna and upgrade the
proposed path-loss model accordingly. Also, a more detailed
discussion is provided along with some additional results.

The paper is organized as follows. In Sec. II, based on

10 JOURNAL OF COMMUNICATIONS SOFTWARE AND SYSTEMS, VOL. 22, NO. 1, MARCH 2026

1845-6421/03/2025-0232 © 2026 CCIS

Original scientific article



Fig. 1. Vertically (TM) polarized EM field incidence above lossy ground.

the ray-tracing method and modified image theory, the full
two-path channel model for the wave propagation over arbi-
trary soil is derived for vertically and horizontally polarized
electromagnetic (EM) fields. The proposed model is verified
by a detailed analysis of an example of a vertical half-wave
(electric and magnetic) straight dipole transmitter radiating at
a 5G frequency above ground in Sec. III, whereas Sec. IV
concludes the paper.

II. ELECTROMAGNETIC FIELD OF DIPOLE ABOVE
GROUND

The strength of the electric field (in volts per meter) in
free space at a distance r far from the transmitter with the
gain pattern GTx = GTx (ψ) that radiates the power PTx (in
watts) is given by [7]:

E =

√
Z0PTxGTx

4π

1

r
(1)

where Z0 = 120π Ω is the free-space impedance. The
magnetic field strength in the far zone of the transmitter
is simply H = E

Z0
. The fields propagate through space as

E,H ∝ e−jβr, β = 2π
λ = 2πf

c , c being the velocity of light
and λ is the wavelength.

Let us now consider the radiation in far-field at a frequency
f of a matched dipole settled at a height hTx >> λ
above infinite real soil of permittivity ϵr and conductivity σ.
Following Fig. 1, the incident field at the observed point T in
the upper space is the sum of two components:

E⃗ (T ) = E⃗LOS (T ) + E⃗REF (T ) (2)

where, applying (1), E⃗LOS (T ) = E⃗ (r⃗0) is the direct
wave component and E⃗REF (T ) = E⃗ (r⃗i) is the reflected
wave component. Here, r0 and ri are the radio path lengths
of the direct and the reflected wave, respectively, r0,i =√
d2 + (hTx ∓ hRx)

2, d being the lateral distance from the
transmitter. The angles of arrival of the incoming rays ψ =
ψLOS,REF are measured as sinψLOS,REF = hTx∓hRx

r0,i
.

The reflected field can be calculated applying modified
image theory and Fresnel reflection coefficients RH and RV

for perpendicular (horizontal or transversally electric (TE))

polarization and for parallel (vertical or transversally magnetic
(TM)) polarization, respectively. In the case of flat smooth
ground in Fig. 1, they can be expressed as [7]:

RH =
sinψREF −

√
ϵc − cos2 ψREF

sinψREF +
√
ϵc − cos2 ψREF

(3)

RV =
ϵc sinψREF −

√
ϵc − cos2 ψREF

ϵc sinψREF +
√
ϵc − cos2 ψREF

(4)

where ϵc = ϵr − j60σλ is the complex permittivity of soil.
The roughness and curvature of the ground surface can also be
included in the calculation, according to the Rayleigh criterion
and applying the divergence factor, respectively [7] .

A. Vertically polarized wave

Accounting for the field components parallel to the ground
and the perpendicular ones while applying (2) and the modified
image theory, the strength of the vertically polarized total
electric field above ground can be expressed as:

EV
Rx = gV∥

√
Z0PTxGV

Tx (ψLOS)

4π

1

r0
(5)

where, in the case of parallel polarization, the influence of the
ground on the total electric field is expressed by the parameter:

gV∥ =√
1 + 2κVRe (RV e−jβ∆) cos (ψLOS + ψREF ) + κ2V |RV |2

(6)
in which ∆ = ri − r0, and:

κV =
r0G

V
Tx (ψREF )

riGV
Tx (ψLOS)

(7)

where GV
Tx refers to the vertically polarized antenna radiation

pattern. In a sense, the parameter κV weights the contribution
of the field component reflected from the soil to the total field
relative to the antenna radiation pattern and the receiver height.

Applying (2), the total electric field at the observed point
above ground is found to be oriented in the direction of the
complex unit vector:

e⃗V =
1

gV∥
{
[
sinψLOS − κVRV sinψREF e

−jβ∆
]
e⃗∥

+
[
cosψLOS + κVRV cosψREF e

−jβ∆
]
e⃗⊥}

(8)

At the same time, the total magnetic field at the observation
point is perpendicular to the incident plane (in direction of ort
vector n⃗ = e⃗∥ × e⃗⊥) and its strength can be expressed as:

HV
Rx = gV⊥

√
PTxGV

Tx (ψLOS)

4πZ0

1

r0
(9)

where, in the case of parallel polarization, the influence of
the ground on the total magnetic field is expressed by the
parameter:

gV⊥ =
√
1 + 2κVRe (RV e−jβ∆) + κ2V |RV |2 (10)
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The intrinsic impedance of the upper half-space in the case
of vertically polarized incident field is ZV

i =
EV

Rx

HV
Rx

=
gV
∥

gV
⊥
Z0.

Considering that the electric and magnetic fields are mu-
tually perpendicular, the power density at the observed point
can be expressed as:

SV = EV
RxH

V
Rx = GV

G

PTxG
V
Tx (ψLOS)

4πr20
(11)

where GV
G = gV∥ g

V
⊥ .

B. Horizontally polarized wave

The analysis for the case of horizontal polarization follows
the same procedure as for the vertical one. The horizontally
polarized electric field is in the direction of the ort vector −n⃗,
and its strength is:

EH
Rx = gH⊥

√
Z0PTxGH

Tx (ψLOS)

4π

1

r0
(12)

where:

gH⊥ =
√

1 + 2κHRe (RHe−jβ∆) + κ2H |RH |2 (13)

Here, GH
Tx refers to the horizontally polarized antenna radia-

tion pattern and:

κH =
r0G

H
Tx (ψREF )

riGH
Tx (ψLOS)

(14)

The total magnetic field is in the direction of the unit vector:

e⃗H =
1

gH∥
{
[
sinψLOS − κHRH sinψREF e

−jβ∆
]
e⃗∥

+
[
cosψLOS + κHRH cosψREF e

−jβ∆
]
e⃗⊥}

(15)

where:

gH∥ =√
1 + 2κHRe (RHe−jβ∆) cos (ψLOS + ψREF ) + κ2H |RH |2

(16)
The horizontally polarized total magnetic field strength can

be expressed as:

HH
Rx = gH∥

√
PTxGH

Tx (ψLOS)

4πZ0

1

r0
(17)

The intrinsic impedance of the upper half-space in the case
of horizontally polarized incident field is ZH

i =
EH

Rx

HH
Rx

=
gH
⊥

gH
∥
Z0.

The power density of the horizontally polarized wave is
given by:

SH = EH
RxH

H
Rx = GH

G

PTxG
H
Tx (ψLOS)

4πr20
(18)

where GH
G = gH⊥ g

H
∥ .

C. Received power

With knowledge of the incident power density via (11),
(18), the power absorbed by an omnidirectional antenna with
directivity gain GV,H

Rx = const. in the incident plane can be
represented as:

PV,H
Rx,omni =

λ2

4π
GV,H

Rx SV,H

= PTxG
V,H
Tx (ψLOS)G

V,H
Rx GV,H

G

(
λ

4πr0

)2 (19)

where the indices V and H refer to vertical (parallel) and
horizontal (perpendicular) polarization, respectively.

Depending on polarization, the direction of arrival of the
power at the receiving antenna is determined (using (8), (15)
and Fig. 1) by the unit vector:

e⃗V,HS = e⃗V,H × n⃗

=
1

gV,H∥

(
e⃗β + κV,HRV,He

−jβ∆e⃗g
) (20)

where: e⃗β = cosψLOS e⃗∥ − sinψLOS e⃗⊥ and e⃗g =
cosψREF e⃗∥+sinψREF e⃗⊥ are the unit vectors in the direction
of the direct wave and the wave reflected from the ground,
respectively (see Fig. 1) .

However, as the EM energy arrives at the receiving antenna
from the two different directions, the total power absorbed
by the conjugate matched antenna with arbitrary gain pattern
GV,H

Rx = GV,H
Rx (ψ) can be calculated allowing for both

transmitter and receiver gain patterns to equally shape the
contribution of different radio-paths as:

PV,H
Rx = PTxG

V,H
Tx (ψLOS)G

V,H
Rx (ψLOS) Γ

V,H
G

(
λ

4πr0

)2

(21)
where:

ΓV,H
G = γV,H⊥ γV,H∥ (22)

in which:

γV,H⊥ =√
1 + 2KV,HRe (RV,He−jβ∆) +K2

V,H |RV,H |2
(23)

γV,H∥ =

√√√√ 1 +K2
V,H |RV,H |2

+2KV,HRe
(
RV,He

−jβ∆
)
cos (ψLOS + ψREF )

(24)
In (21)-(24) the influence of the ground is reshaped relative

to (19) by the factor KV,H that, respecting (7), (14), can be
written as:

KV,H = κV,H
GV,H

Rx (ψREF )

GV,H
Rx (ψLOS)

=
r0G

V,H
Tx (ψREF )G

V,H
Rx (ψREF )

riG
V,H
Tx (ψLOS)G

V,H
Rx (ψLOS)

(25)

Note that, when the receiver is an omnidirectional antenna
in the incident plane, γV,H∥,⊥ = gV,H∥,⊥ , i.e., ΓV,H

G = GV,H
G .
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D. Path gain

Respecting the previous considerations while using (21), the
total path gain for radio channels over ground can be expressed
as:

GV,H =
PV,H
Rx

PV,H
Tx

= GFSΓ
V,H
G GV,H

Tx (ψLOS)G
V,H
Rx (ψLOS)

(26)

where GFS is the free-space path gain when both antennas
have the directivity gain pattern equal to that of the isotropic
radiator.

In decibels, expressing ΓV,H
G = GV ;H

FF GV ;H
NF , it is given by:

GV,H(dB) = GFS(dB) +GV,H
FF (dB) +GV,H

NF (dB)

+GV,H
Tx (dB) +GV,H

Rx (dB)
(27)

where GV,H
Tx (dB) = 10 logGV,H

Tx (ψLOS), GV,H
Rx (dB) =

10 logGV,H
Rx (ψLOS), and:

GFS(dB) = 20 log
λ

4πr0
= −32.45− 20 log fGHz − 20 log r0

(28)

is the Fris equation for the isotropic antennas where fGHz is
the frequency in gigahertz,

GV,H
FF (dB) =

10 log
[
1 + 2KV,HRe

(
RV,He

−jβ∆
)
+K2

V,H |RV,H |2
] (29)

GV,H
NF (dB) = 5 log[

1−
2KV,HRe

(
RV,He

−jβ∆
)
[1− cos (ψLOS + ψREF )]

1 + 2KV,HRe (RV,He−jβ∆) +K2
V,H |RV,H |2

]
(30)

The factor GV,H
FF dominates at long distances and depicts the

radio propagation of the far field. On the other hand, GV,H
NF

has an impact on the radiation near-field of the antenna above
ground where the antenna separations d are comparable to
their heights, and it vanishes at very large distances from the
transmitter where d >> hTx, hRx. Then, the incident angle
ψREF is small, therefore in the case of real ground: RV,H ≈
−1, KV,H ≈ 1 and (30) reduces to GV,H

FF ≈ 4 sin2 β∆
2 .

Furthermore, in that case, after considering the Taylor series
expansion of the path difference it is found that ∆ ≈ 2hTxhhx

d ,
and the last local maximum of GV,H

FF is found to be at the
distance dmax = 4hTxhhx

λ . Beyond this point, it decreases as
GV,H

FF ≈
(
4πhTxhhx

dλ

)2
, which is essentially the result already

given in [7]. Given that it is multiplied in (26) by GFS which
decreases with the square of distance (see (28)), the total radio
gain GV,H drops with the fourth power of distance in the far
zone. For the same reason, unless the antenna gain patterns
vary in frequency, it is also independent on frequency there.

It should be noted that the factor ΓV,H
G in (26), (27) shows

a dependence on the antennas’ radiation patterns (through the
factor KV,H ). Thus, in the sense of the classic digital radio
channel block scheme given in [16], there is not always a clear
distinction between the propagation channel and the antennas
in the radio channel in this case. According to (23), (24), and

(25), unless the antennas are omnidirectional in the incident
plane, they can be distinguished only in the far zone of the
transmitter when KV,H ≈ κV,H ≈ r0

ri
. This condition is not

always fulfilled in cellular networks. Therefore, the proposed
model offers a straightforward approach to address some of
the network design issues raised in [10].

If necessary, besides the introduction of ground roughness
in (3), (4), the proposed model can be easily upgraded by
additional gain factors in (26), i.e. in (27), such as rain
attenuation or attenuation caused by water vapor and oxygen
in the atmosphere. In addition, the radiopath lengths r0 and
ri can be estimated allowing for tropospheric refraction [7].
Note that existing path-loss models depicting more complex
propagation scenarios, such as in [17], can be easily upgraded
by this model.

Of course, the main limitation of the proposed model stems
from the Fresnel reflection coefficient approximation to the
Sommerfeld solution, i.e. it is tied to the antenna height
relative to the signal wavelength. More about that can be found
in [18]. However, it is safe to say that whenever the antenna
heights above ground are greater than a wavelength, the error
will be negligible. This is confirmed in Figs. 2, 3. given in the
section that follows.

III. VERTICAL DIPOLE ABOVE GROUND

Let us now take a typical example of a vertical half-wave
(electric or magnetic) dipole radiating the power PTx = 100
W at a 5G frequency of f = 3.6 GHz. It is erected at a
height hTx = 8 m above flat lossy ground. Following [19], its
directive gain pattern can be expressed as:

GV,H
Tx = 1.64

cos2
(
π
2 sinψ

)
cos2 ψ

(31)

where the launch angle ψ is measured relative to the line
perpendicular to the antenna axis, which is parallel to the
ground and in the direction of maximum radiation.

The soil permittivity at the selected frequency is taken to
be εr = 4, and the conductivity σ = 3 · 10−3 S/m. As εr >>
60σλ, the soil behaves as a low-loss dielectric.

First, in order to validate the proposed analytical model for
radio-propagation over ground, we verify the results of the
received electric field strength at a distance d of 10 m from
the half-wave electric dipole calculated by (5) with the results
of the full-wave model obtained by 4nec2 using the Method
of Moments and Sommerfeld solution in Fig. 2. In 4nec2, a
4.15 cm long straight wire with a radius of 0.1 mm fed at the
center is used to simulate the transmitter. There is excellent
agreement between the analytical and numerical results. The
field strength varies in an oscillatory manner with the height
showing a quasi-linear trend of increasing as the distance from
the antenna becomes less.

Next, the model is tested for the results of the vertically
polarized electric field strength versus the distance from the
transmitter. The results are depicted in Fig. 3. Again, there
is excellent agreement between the results. As expected, the
field varies in an oscillatory manner with the distance from the
transmitter. First, it shows a trend of increasing as the receiving
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Fig. 2. Comparison between analytical and numerical results for the received
electric field above ground 10 meters from the dipole (vertical polarization)

Fig. 3. Comparison between analytical and numerical results for the received
electric field 1.8 m above ground versus distance from the dipole erected at
8-m height (vertical polarization)

point enters the antenna beam and then, after approximately
eight meters, it starts to decrease oscillatory.

The received electric field normalized to the strength of
the electric field in free space versus the distance from the
transmitter is given in Fig. 4 in the cases of the half-wave elec-
tric dipole transmitter (vertical polarization) and of the half-
wave magnetic dipole transmitter (horizontal polarization).
The oscillations of the field strength are more emphasized
for horizontal polarization, which is caused by the difference
between the reflection coefficients.

By distance of somewhwere about d = hTx+hRx = 9.8 m,
the horizontally polarized and vertically polarized fields vary
in phase with the distance. Inside that area, the component
parallel to the ground of the vertically polarized electric field
incident to the ground prevails over the perpendicular one.
According to the image theory, it reflects in counter-phase
with the incident wave component parallel to the ground,
similarly as the ground-reflected component of the horizontally

Fig. 4. Normalized electric field over ground vs. distance from the transmitter

polarized electric field does.
As the receiving point departs further from that distance,

the incident field component perpendicular to the ground that
is in phase with the direct wave prevails. The horizontally
polarized and vertically polarized fields then start to vary in
counter-phase until the point of the pseudo-Brewster angle
ψB = arcsin 1√

1+εc
is reached at approximately 20 m from

the transmitter, where the reflected field is minimum (see (4)).
Beyond that distance, because of the change in phase of the
reflected field when the incident angle becomes less than the
pseudo-Brewster one, they commence to vary in phase again.

By approaching the position of the last maximum, the oscil-
lations of the field become maximal (between zero and twice
the free-space field strength). This position is equal in both
cases (as expected) showing that, for the receiver at a height
of 1.8 m, the 3.6-GHz far-field of the dipole erected eight
meters over ground begins at d = dmax = 4hTxhhx

λ = 692
m. At larger distances, d > dmax, the field strength decays as
ERx ∝ d−2, and the received power as PRx ∝ E2

Rx ∝ d−4

[7]. This is in accordance with the discussion on the far-field
radio gain from Sec. II.D.

In addition to network optimization, accurate predictions of
the incident field strength are also very important for reliable
EM dosimetry. Besides the incident field being one of the
dosimetry parameters itself [20], it is an input parameter
for the calculation of other exposure parameters such as the
incident power density (see (11), (18)), the in-body induced
electric field, etc. [2]. However, following ICNIRP [20], it is
not applicable to the selected 5G frequency. An applicable one
is the incident power density, for which the reference level for
exposure to electromagnetic fields at f > 2 GHz averaged
over 30 min and over the whole body is 10 W/m2 for general
population and 50 W/m2 for occupational.

The incident power density against the distance from the
transmitter calculated by (11) for the selected scenario is
given in Fig. 5 for both polarizations. In addition to distance,
it is vividly governed by the properties of the ground and
antenna radiation pattern. The maximum power density is at
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Fig. 5. Incident power density vs. distance from the transmitter erected at
height of 8 m

Fig. 6. Incident power density vs. distance from the transmitter erected at
height of 1.8 m

the distance of approximately eight meters from the trans-
mitter, exhibiting more oscillatory behavior as the distance
increases. The values obtained are found to be well below
the exposure limits. However, the power density oscillations
should be considered when measuring the total exposure in
real environments.

To assess the impact of the antenna radiation pattern in
combination with the transmitter height, we checked the same
scenario, but of the dipole at height hTx = hRx = 1.8 m
where GV,H

Tx (ψLOS = 0) = 1.64 = 2.15 dBi. The results are
shown in Fig. 6. In this case, however, the power density has a
continuous trend of decreasing with distance. For the radiated
power of PTx = 100 W, regardless of the polarization, the
exposure limit for general public is exceeded in the antenna
vicinity up to more than a meter from.

Finally, the power received by a conjugate matched vertical
half-wave dipole 1.8 m above real ground versus antenna
separation is calculated by (21) and given in Fig. 7. Be-
cause of the shape of the dipole radiation pattern, the power
received immediately below the transmitter antenna is zero
and increases as the receiver departs from the transmitter
by a distance of approximately 10 m. Beyond this distance,

Fig. 7. Power received by matched half-wave receiver above real soil

the received power decreases, increasing the intensity of the
oscillations until the last local maximum at d = dmax is
reached, after which it continuously drops with the fourth
power of the distance.

IV. CONCLUSION

The proposed channel model for radio-propagation over
realistic ground ensures reliable predictions of the channel
parameters and dosimetry in all cases where the soil is out
of the near-field region of the antennas, and it can be easily
upgraded by additional gain factors if needed. As such, it can
be well applied to the characterization of LOS radio channels
in cellular and radio networks of other types in similar
scenarios. With some caution necessary due to the Fresnel
approximation for the Sommerfeld reflection coefficients, it
could also be tested for the transmitter in greater proximity
to the ground. However, we are leaving this matter for future
considerations.
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