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Measurements and Modeling of Path Loss over Irregular Terrain
for Near-Ground and Short-Range Communications

Jiawei Zang* and Xuetian Wang

Abstract—In this paper, radio wave propagation over irregular terrain is investigated in 200-600 MHz
(VHF /UHF band). Measured results are compared with different path loss models such as Fresnel knife
edge diffraction and uniform theory of diffraction (UTD). It is shown that, for low antenna heights,
using a combination of the two-ray path loss model and knife-edge diffraction, great improvement in
path loss prediction accuracy is achieved. The derived model is aimed to effectively predict path loss
for near-ground and short-range communication applications.

1. INTRODUCTION

The wireless sensor networks (WSN) have shown great potential in military and commercial applications
such as military surveillance, environmental observation, and disaster monitoring [1]. Generally, such
applications are characterized by low antenna heights with short propagation range. Path loss is a
key parameter in wireless communications. The topic of near-ground path loss modeling has been well
discussed in [2-9]. Nevertheless, these studies do not offer measurement data or path loss models for
irregular terrain that can be used by wireless networks designers. It is necessary to model the path loss
over irregular terrain in order to make radio link more reliable. Therefore, radio wave propagation over
irregular terrain needs further investigations.

To investigate radio wave propagation over irregular terrain with low antenna heights,
measurements are conducted in a hilly region within the 200-600 MHz frequency range. Measured
results are compared with several path loss solutions like Fresnel knife-edge diffraction and UTD. This
paper introduces a new path loss model, which is a hybrid of the two-ray path loss model and knife-edge
diffraction loss model. The proposed model could be used to predict path loss over irregular terrain
with non-line-of-sight (NLoS) communications.

2. MEASUREMENT DETAILS AND RESULTS

The selected hilly region mainly consists of soil, low height grass, and small trees. A two-dimensional
terrain profile of the measurement site is shown in Fig. 1(a), and a picture of the measurement site
is given in Fig. 1(b). The transmitter (Tx) is stationed at the bottom of the hill, and the receiver
(Rx) moves on the top of the hill. Different from high mountains with sharp peak, the top of the
hill in measurement is a large and fairly flat area, which is usually used for farming. This is also a
common scenario in rural area for WSN applications. Near-ground measurements are conducted for
Tx-Rx distances of 35400 m. The line-of sight (LoS) path will be blocked due to the existence of the
hill. That means all measurements are performed under NLoS condition. It is clear that the obstructed
height tends to increase as the Tx-Rx distance is increased.
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(a) (b)

Figure 1. Measurement environment. (a) Two-dimensional geometry. (b) Real picture.

Vertical-polarized omnidirectional dipole antennas are used for both the Tx and Rx. An Agilent
E8257 signal generator working in continuous-wave mode is used to feed the transmitting antenna,
and the transmit power is fixed at 10dBm. The measured results are collected by means of an
Agilent E4447A spectrum analyzer connected to the receiving antenna through a coaxial cable.
The Tx and Rx are fixed at 3.5m above ground. The parameters of the measurement setup are
summarized in Table 1. It should be noted that the distance from the transmitter d; should be larger
than three wavelengths of the lowest operating frequency for wire antennas to satisfy the far-field
conditions. As the frequency range is from 200 to 600 MHz, d; = 8 m is used. Additionally, this paper
mainly concentrates on NLoS communications, to meet NLoS condition, geometry gives the following
relationship d > dy (h + h, — hy)/(h — hy). Therefore, the Tx-Rx distance starts from 35 m.

Table 1. Parameters of measurement setup.

Omnidirectional radiation, vertical polarization,

Tranimitting hy = 3.5m,
ampenna Tx-hill distance dy = 8m
Measurement Agilent E8257 signal generator, coaxial cable,
equipment Agilent E4447 spectrum analyzer
. . Omnidirectional radiation, vertical polarization,
Receiving antenna
h, =3.5m
Hill height h=5m
Frequency 200 250 300 350 400 450 500 550 600
(MHz)
Tx-Rx distance 35 50 70 90 110 130 150 180 210
d (m) 240 270 300 350 400

Since the path loss is the difference value between the transmitting power and the receiving power,
the measured path loss PL,, is calculated in the following method based on the receiving power.

PLy(dB) = P, — P, + Gt + Gy — Leaniec (1)

where P, is the transmitting power (dBm), P, the receiving power (dBm), Gy the transmitting antenna
gain (dB), G, the receiving antenna gain (dB), and L.qe the total coaxial cable loss of measurements
system (dB). Representative results of the measured path loss versus propagation distance at 450 MHz
are shown in Fig. 2. The linear regression lines using least mean squares error fitting are also plotted.
It is observed from Fig. 2 that path loss increases exponentially with distance. Traditionally, path
loss exponent n, which is related to the radio wave propagation environment, is used to express how
fast path loss increases with distance. As reported in [10], different environments exhibit different path
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loss exponent values. For example, path loss exponent is 2 for free space, and path loss exponent varies
from 2.7 to 3.5 for urban cellular communications. Therefore, it is worthwhile to investigate path loss
exponent in irregular terrain with low antenna heights. The derived values of path loss exponent for all
frequencies in measurement are given in Table 2. These results show that path loss exponent is large
for low antenna heights varying from 3.5 to 4.2. It indicates that the effect of irregular terrain on path
loss is noticeable. Therefore, path loss increases more rapidly with distance for low antenna heights.
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Figure 2. Measured results and linear regression  Figure 3. Geometry for wedge diffraction using
at 450 MHz. UTD and knife-edge diffraction.

Table 2. Path loss exponent for each frequency.

Frequency (MHz) | 200 250 300 350 400 450 500 550 600
n 42 39 39 41 36 41 35 38 36

3. PATH LOSS MODELING AND DISCUSSIONS

It is conventional to calculate diffraction loss using knife-edge theory and UTD method. The geometry
for wedge diffraction using UTD and knife-edge diffraction is shown in Fig. 3. The obstructed height
above the LoS path is u, do denotes the distance between Rx and ideal knife edge, the faces of the wedge
are labelled as 0-face and m-face, respectively, s’ is the distance from Tx to the diffracting wedge, s is
the distance from the diffracting wedge to Rx, ¢’ and ¢ are the angles of incidence and diffraction, and
the interior angle of the wedge is (2 —m)w. Clearly, m = 1.5 in our cases. From Fig. 3, using knife-edge
diffraction theory, the electric field at Rx can be expressed as [11]

e—Jk(ditdz2) 1 +j [ . 5
Exp =E —Im /2 gy 2
ko=t | [T @)

where Ej is the electric field at Tx, v = uy/ 2(/‘\152‘22) the Fresnel-Kirchhoff diffraction parameter under

the conditions that dy, do > w and dy, do > A, and X the wavelength. The square bracketed term is
known as the complex Fresnel integral. The UTD gives the electric field at Rx as [11, 12]

e ks | s’ jks
E =F D - 3
UTD 0 S I s(s + ') € (3)
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where Dﬁ is the diffraction coefficient, which is determined by polarization. For a finitely conducting

wedge, Dﬁ is given by

_—jm/4 — &
Dﬁzz%;éﬂg«&m<”+§;‘“)-F@uﬁW—¢w

-mm<W@W§-FwMLW—¢n

2m
+R) - cot <7T_(2¢nj—¢)) - F (kLa™ (¢ + ¢"))
+ Ri - cot <W) - F (kLa™ (¢ + ¢’))} (4)
where -
F(z) = 2]\/56”/ e ITdr (5)
and
ss’
L= (6)
+
a*(B) = 2cos? (W\;_ﬁ) (7)
Nt = round (é;ﬁ:) (8)

1 1
R} and R), are the reflection coefficients for perpendicular or parallel polarization for the 0-face,
incidence angle ¢, and for the m-face, reflection angle mm — ¢. The typical dielectric constant e, = 15
and conductivity o = 0.005S/m [13] is used in this paper to model the finite conductivity wedge surfaces,
and hence the reflection coefficients can be calculated.
Finally, path loss based on UTD is given by

A |Eurpl
PL =201 —
urp = 20log; <47T 1| (9)
Similarly, path loss based on knife-edge diffraction theory is given by

A|E

= [—27.55 + 201log;q (d) + 201logq (f)] +201ogq (

V2 / i/ g ) (10)
2 v

where the term within the first square bracket is known as free-space path loss PLpg, with d in meter
and f in MHz. Equation (10) shows that the total path loss calculated by classical knife-edge diffraction
theory is a combination of free-space path loss and knife-edge diffraction loss L (v). It is well known that
free-space path loss model is established under ideal conditions. That means the classical knife-edge
approach ignores ground effects, which usually applies to high antenna heights. However, it has been
proved that the effect of ground on path loss for low antenna heights is significant. Intuitively, the
plane earth path loss model [13] showing a fourth-power law with distance is reasonable to replace the
free-space path loss model, which includes the effect of ground. The plane earth path loss model is given
as PLpjgne= 40log;, (d) —201logq (ht) —201og;, (hy). However, the plane earth path loss model is used
only when both antennas are on the same ground surface. Therefore, a new variable hill height A should
be introduced for situations where transmitting and receiving antennas have different reference levels.
In such situations, the calculation of the total path loss is demonstrated in Fig. 4. It is a combination
of the two-ray path loss and knife-edge diffraction loss.
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(a) (b)

Figure 4. Illustration of the proposed path loss model. (a) Two-ray path loss. (b) Knife-edge diffraction
loss.

The two-ray path loss can be obtained by the following approach. From Fig. 4(a), simple geometry
gives

ra =@+ (h+ by — )

= \/d2+(h+ht+hr)2

where r4 and 7, indicate the direct and reflected rays. Assuming that the field strength of the direct
ray is £4. Based on two ray theory, the total received field F is

E=FEq[1+p-exp(—jAd)]

(11)

Ar=r. —1y (12)
2
Ap = TWAT
where A¢ is the phase difference between the direct and reflected ray, Ar the path difference, and
p the ground reflection coefficient. For low antenna height with grazing incidence, p = — 1. Thus,

|E| = 2|E4|sin (A¢/2). For isotropic antennas, assuming the transmitting power is Py, then the
received power P; can be expressed by

/ AZ
P =25
1 An AV
_|EP?
Sav = 1500 (13)

[30F,
Ed — rg
7T7"d

where S 4y is the average power density at the Rx. For d > hy, h,., h, using Taylor’s expansion, we obtain
PL;, = Py/P, = d* / (h% (h + hf)) In logarithmic form, the plane earth path loss model for irregular
terrain based on two-ray theory can be written as PLr,.= 40log,, (d) — 201og;o (ht) — 201og; (hyr + h).
Compared with the traditional plane earth path loss model PL pj4ne, a new parameter hill height h is
added to the path loss model PLj,.. In addition, PLj, still shows fourth-power law with distance as
expected.
From Fig. 4(b), the knife-edge diffraction loss can be easily obtained, which equals L (v) in
Equation (10). Then, the total path loss over irregular terrain is
2 [ _.
\g / eI/ gy ) (14)

v
Note that the plane earth path loss of irregular terrain only includes antenna heights and hill
height and is independent of frequency. In fact, the frequency factor is incorporated in the knife-edge

PLpTO: [40 lOglO (d) —20 loglo (ht) —20 10g10 (hr + h)] +20 10g10 (
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diffraction loss (parameter v). It is also observed that the plane earth path loss model for irregular
terrain shows a fourth-power law with distance rather than the square law of free space path loss of
Equation (10). This means a far more rapid increase in path loss with distance, and hence the proposed
path loss model appears to be consistent with the measured results.
Other path loss models applicable to the measurement environment are also briefly presented. The
Lee model for irregular terrain (obstructive condition), which accounts for additional diffraction loss, is
given by [13, 14]
PLpee = PLo+ vlogyg (d) + Fo + L (v) (15)

where PLg and ~ are derived from empirical data, for example, PLy = 89 and v = 43.5 for rural
environment. Fp is adjustment factor, and L (v) is the knife-edge diffraction loss which can be calculated
using the method discussed above. The Blomquist-Ladell model combines the free-space path loss,
plane-earth path loss, and knife-edge diffraction loss expressed as [13, 15]

1/2
PLgp_1 = PLpg + |(PLpiane — PLrr)* + L (v)? (16)

The Edwards-Durkin model calculates the total path loss over irregular terrain as [16]
PLp_p = max (PLFR,PLpl(me) +L(U) (17)

where the larger of the free-space and plane-earth path loss is taken. Note that the knife-edge method
is used to calculate diffraction loss for the Lee, Blomquist-Ladell, and Edwards-Durkin models.

Next, we consider which path loss models introduced above best fit irregular terrain with low
antenna heights. The traditional free-space-knife-edge path loss model (10), UTD path loss model (9),
the proposed path loss model (14), Lee model (15), Blomquist-Ladell model (16), and Edwards-Durkin
model (17) are compared with the measured results. The values of mean error and root mean square error
(rmse) for these models are summarized in Tables 3 and 4. Figs. 5-7 are illustrative examples showing
the comparisons. It is observed that the measured data exhibit small fluctuations. This phenomenon
is mainly due to the scattering loss caused by the leaves and grass in measurement environment. We
can find that the proposed path loss model predicts a closer fit to the measured results as expected.
Compared with the measured data, the Lee model shows large prediction errors with rmse varying from
5.6 to 13.9dB. This is because the Lee model is an empirical model optimized from collected data for
cellular systems. It can be found that the UTD model and the traditional free-space-knife-edge model
both show similar predicted results, whereas these two models have slightly poor prediction accuracy
with relatively large rmse. It can also be observed that the Blomquist-Ladell model and Edwards-Durkin
model show larger rmse than the proposed path loss model. In addition, it is interesting to note that
for higher frequencies, the free-space-knife-edge model is likely to overestimate path loss. This findings
is consistent with the reported results at 5120 MHz by other investigators in [17, Fig. 7]. This is mainly

Table 3. Mean error (dB) for each path loss model.

Frequency Fre.e—space— UTD  Proposed Blomquist- Edwar.ds— Leo
(MHz) knife-edge Ladell Durkin

200 —-2.2 —2.7 —1.4 -0.1 2.4 —11.4
250 -0.3 -0.7 —-1.5 1.5 3.0 —13.6
300 0.2 -0.3 —2.6 1.8 2.6 —11.2
350 0.7 0.2 -3.5 2.3 2.4 —-11.3
400 3.7 3.2 —1.6 5.5 4.9 —4.0
450 2.9 2.5 —-34 4.9 3.8 —10.5
500 5.4 4.9 -1.9 7.6 5.9 -7.9
550 5.1 4.6 -2.9 7.6 5.5 -9.9
600 9.9 9.5 1.1 12.6 10.1 5.1
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because the free-space-knife-edge model has a square law with frequency term, which produces a large
value at high frequency. In all, the proposed two-ray-knife-edge path loss model is suitable for irregular
terrain path loss prediction with low antenna heights.

Table 4. Rmse (dB) for each path loss model.

430

Frequency Free-space- Blomquist- Edwards-
(MHz) knife-edge UTD  Proposed Ladell Durkin Lee
200 7.4 7.6 3.9 6.9 5.4 12.0
250 5.3 5.4 2.6 5.9 4.4 13.9
300 5.4 5.5 3.5 6.7 4.0 11.6
350 5.9 5.9 4.2 7.9 4.8 11.7
400 5.8 5.5 3.1 8.6 5.9 5.6
450 6.2 6.1 3.8 9.6 6.1 10.8
500 6.5 6.2 3.4 9.9 6.6 8.9
550 6.8 6.5 3.8 10.7 6.8 10.6
600 10.7 10.3 3.0 14.6 10.8 6.5
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Figure 7. Measured and predicted path loss at 600 MHz.

430



62

Zang and Wang

4. CONCLUSION

In this paper, radio wave propagation over irregular terrain with low antenna heights is investigated.
The two-ray-knife-edge model is proposed for path loss prediction. The measured results are compared
to various path loss models. It is observed that the proposed model gives a better agreement with
measured results, and hence can be adopted to predict path loss over irregular terrain with low antenna
heights.
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