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Abstract

Over water microwave propagation is often affected by the presence of evaporation duct. The tropospheric ducting is one of the
major causes for multipath propagation. The ducting propagation mechanism is known to be highly frequency dependent whereas
the prediction methods for multipath fading distribution suggest a rather slight dependence on frequency. In order to check this dis-
crepancy, Part | of this work deals with the influence of the variations of important parameters of the evaporation duct log-linear
refractivity profile on the frequency dependency of multipath fading. The refractivity profiles serve as input to the parabolic equation
method which provides a full-wave solution to the path loss problem. Ten frequencies of microwave range are used in four hypothet-
ical over the sea links. The results are presented in form of path loss standard deviation versus frequencies for fixed ranges.

1. INTRODUCTION

The propagation conditions in coastal and maritime
regions are often complicated by changes in the
tropospheric refractive index leading to formation of
tropospheric ducts [1]. This peculiarity makes the
preliminary assessment of microwave propagation
in those regions difficult and subject to significant
errors [2]. One of the consequences of the ducts’
formation is the multipath propagation and, accord-
ingly, the multipath fading [3]. The assessment of
fading is an important part of performance predict-
ing of radio communication links. To achieve the
necessary accuracy in performance predicting,
sophisticated propagation channel modelling meth-
ods are applied which account simultaneously for
terrain irregularities, clear air propagation mecha-
nisms, and antenna patterns. Among them the Par-
abolic Equation (PE) method [4] has become one of
the most widely used to solve microwave propaga-
tion problems especially in complicated environ-
ments such as tropospheric ducting [4, 5]. Despite
the variability of the marine boundary layer [6], for
practical purposes one usually assumes lateral
homogeneity for the refractivity and applies a single
profile, approximated to account for the average
behaviour of the modified refractivity M(z) with
height z, as environmental input to the PE. Special
attention is paid to the modelling of M(z) for evapo-
ration duct due to its frequent occurrence and par-

ticular importance in coastal and maritime regions.
Most often the evaporation duct is modelled by log-
linear height profile of the modified refractivity M [7]:

M(z)=M0+c{z—zd In[z+zoﬂ : (1)
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where Mo = M(z = 0), zo is the aerodynamic rough-
ness parameter usually taken to be 1.5 x 10-4 m [4],
4 is the duct height corresponding to the height at
which dM/dz = 0, ¢ is the critical potential refractivi-
ty gradient [8] usually taken to be 0.13. The physics
behind this profile, based on the Monin—-Obukhov
similarity theory, is explained in [4, 7]. With above
values of parameters ¢y and zo, (1) has been ob-
tained assuming thermally neutral troposphere
stratification and does not account for the stability
effects on the M profile. This most usual form of
evaporation duct log-linear M profile is governed by
one parameter - the duct height, z4, which deter-
mines the other important duct parameter, the M-
deficit, AM = M(zq) - Mo. Recently attempts at im-
proving (1) have been made by changing the slope
in different parts of the log-linear curve [8, 9], thus
making it to better fit the experimental profiles and,
hence, include the influence of tropospheric stabil-
ity. In [8] the parameters of evaporation duct refrac-
tivity model (1) have been optimized using radio-
sonde data. This study has shown that the best log-
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linear model formulation would include, except for
the most important duct parameter zy, also duct
curvature and mixed layer slope (mixed layer is the
well-mixed by turbulent mixing layer above the
duct). In (1) co and zo are parameters responsible
for the profile curvature (co changes the radius of
curvature surrounding the duct whereas zo changes
the curvature below the duct only [8]). Those pa-
rameters influence also the M-deficit under the
same Zzg.

The ducting propagation mechanism is highly fre-
quency dependent whereas the prediction methods
for multipath fading distribution on line-of-sight links
suggest a rather slight dependence on frequency
[10, 11]. In order to check this discrepancy, this
work studies how the parameters of profile (1) re-
flect on the frequency dependency of (large-scale)
multipath fading in the case of microwave propaga-
tion over the sea under evaporation duct conditions.
The evaporation duct model (1), with varying pa-
rameters zq4 and co, serves as input to the PE meth-
od [4] to compute the path loss' standard deviation
in the areas of interests. Ten frequencies of micro-
wave range are used in four hypothetical over the
sea line-of-site links.

2. DESCRIPTION OF THE METHOD

The PE method is applied as implemented in "Ad-
vanced propagation model (APM) Computer soft-
ware configuration item (CSCI) documents", Space
and Naval Warfare Systems Center Tech. Doc.
3145, San Diego, CA, 2002. Those routines make
use essentially of the 2D narrow-angle forward-
scatter scalar PE, (2), which provides a full-wave
solution to the path loss problem:

L7, K o

Details on the derivation of (2), its validation and
use for electromagnetic (EM) field calculations un-
der tropospheric ducting conditions are largely re-
ported in the literature [4, 5] and will not be repeat-
ed here. In (2) k is the free-space wave number, m
= M x 106+1 is the modified refractive index, u(x,z)
is a slow-varying along the preferred propagation
direction, x, function related to the corresponding to
the polarization transverse EM field component, x
and z stay for range and altitude. The popularity of
(2) is related to its easy numerical solution through
marching algorithms. In addition to boundary condi-
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tions, (2) requires knowledge of initial field [4]. The
drawback of (2) is the neglect of backscattering.
The studied microwave propagation problem is
characterized by EM field variations over scales
much larger than the wavelength, grazing incident
angles, and smooth variation of the tropospheric
refractive index with x; under these conditions the
forward-propagated field plays dominant role and
this assures the applicability of (2).

The initial field required to start the calculations is
provided by horizontally polarized Gaussian beam
source with pattern factor given by (3) where ¢ and
& are the half power beamwidth and the antenna
elevation angle. Smooth perfect conducting under-
lying surface (sea) is assumed. The results are
presented in the form of standard deviation of the
path loss (PL in dB, see (4)) in the area of interest
versus frequency for fixed range.

In(0.707{0—6,

F(6)=ex W ’ (3)
PL=20Iog(47ﬂrj—PF : (4)

In (4) Ais the free-space wavelength, r is the dis-
tance between the corresponding points and PF is
the pattern propagation factor defined as the square
of the ratio of the electric field amplitude E received
at a given point under specific conditions to the
amplitude of the electric field Ep received under
free-space conditions with the beam of the transmit
antenna directed toward this given point [4].

3. RESULTS AND DISCUSSION

For every frequency the PL is calculated versus
height for fixed ranges R =20 km, R =40 km for
four hypothetical links: A) z=40 m, & =50 B)
z=15m, 6=5%C)z=40m, &=1%D) z=15
m, & = 19, where z stays for the transmitter height.
Three different values for co are used: ¢o=0.13,
co=0.11 and co = 0.19, the last two accounting for
the deviation from the thermally neutral troposphere
stratification. For all cases & =00 in (3). The pa-
rameter zo is kept equal to 1.5 x 104 m in all re-
ported examples. The receiver height is supposed
to start from z: = 5 m and go up to 150 m. This area
of interest is divided in two parts: z1 from 5 m to the
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top of evaporation layer, defined here as z. = 2z,
see [8], and zz which ranges from the evaporation
layer height z. up to 150 m. The frequencies are
shown in Table 1. Those frequencies belong to the
ranges used for coastal and maritime radars (lower
ranges) and fixed and mobile links (upper ranges).
The results are presented in form of PL standard
deviation versus frequencies.

Table 1. Frequencies used, GHz

24 | 31 |45 |56 | 71|84 ]93] 134 15.4 19.7

Figure 1 shows range-independent duct with z4 =
35 m = ct over the entire distance of R =20 km for
link A and the two areas of interest, z; and z».
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Figure 1. Range-independent duct: z¢ = 35 m, R = 20 km,
link A

Figure 2 reports similar results but for zg = 10 m = ct
and link B. On both figures one can see comparison
for three different values of co. On Fig. 3, which
refers to link C, the PL standard deviation for
Z4 = 35 m duct is compared to standard troposphere
conditions at distance R =40 km. As it is seen from
Figs. 1-3, the frequency dependency of PL standard
deviation is rather slight and has similar character
for the three values of c0; it is higher in area z1,
especially for the lower frequencies, see Fig.
2a). This may be due to the fact that the lower fre-
quencies are not well trapped in the thinner duct
from Fig. 2. For the three Figs., both z; and z are
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submerged inthe evaporation layer (z, z: < z.)
which determines the more pronounced
influence of the duct for area z; than for z..
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Figure 2. Range-independent duct: z¢ = 10 m, R = 20 km,
link B

Figure 3 differs from Fig. 1 through the greater dis-
tance (R =40 km) at which the PL is computed and
the narrower antenna beam (& = 19). The longer
the distance, the higher the duct influence; on the
other hand the larger antenna beam and shorter
distance determine the predominant role of the
reflections from the underlying surface - this could
explain the "smoothed" frequency dependence on
Fig. 3 compared to Fig. 1. All studied frequencies
are well trapped and strongly guided in the "thick"
duct on Fig. 3 which determines the lower scatter-
ing and, hence, the lower values of standard devia-
tion for the ducting in area z; in comparison to
standard troposphere case. As for z, on Fig. 3, in
this area the slope of the M profile above z_ is (al-
most) the same for the duct and standard tropo-
sphere which determines closer values for standard
deviation in both cases in z».

The frequency dependency of standard deviation
for range-dependent duct in sense that the start
refractivity profile has co =0.13 which changes to
co = 0.19 at the mid path has also been studied; the
results (not reported here) indicated (once again)
the rather week influence of the variation of co (ex-
cept for the lowest frequencies), especially in area
Z7.
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Figure 3. Range-independent duct: zs = 35 m, R=40 km,
link C

Further, on Fig. 4, another range-dependent case is
demonstrated by changing the zy parameter in the
middle of the path from initial zg=10 m to z4 =15
m, co=0.19=ct, R=20 km, link C. As expected,
on Fig. 4 for the area z1 the change in z4 almost
does not reflect on the frequency dependency be-
cause z for link C is above evaporation layer z_ for
both zy values. The influence of increased z4 is
higher in the area z».
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Figure 4. Comparison between range-dependent and range
independent duct, R = 20 km, link C
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4, CONCLUSION

On the basis of Figs. 1-4 the following concluding
remarks may be drawn:

— in the studied limits, the results support the
applicability of profile (1) with ¢o = 0.13;

— in general, the frequency dependency of mul-
tipath fading under ducting conditions mod-
elled by (1) for smooth sea surface is rather
slight and appears to be in accordance with
the slight influence of the frequency depend-
ent factor in widely applied prediction meth-
ods [2, 10, 11]. More attention is to be paid to
lower frequencies when ducts with low zgy are
present. The particular case when z is be-
tween z4 and evaporation layer z. needs ad-
ditional studies.
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