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Abstract—The effects of the variation in canting angle of falling
raindrops and the distribution of raindrop sizes in different types
of rain on cross-polarization discrimination (XPD) on line-of-

Both theory and experiments on terrestrial links, especially
in the mid and high latitude regions, have shown that rain is
the most important hydrometeor responsible for the reduction

sight propagation paths in a tropical location in the frequency . .2 N .
range 1-50 GHz are investigated. The dropsize distribution (DSD) I the cross-polarization discrimination (XPD) on terrestrial

model of [1] has been used. Although, some previous studiespath, especially for the high availability time requirements
of XPD assumed equi-orientation of the raindrops along the [2]. It is also clearly understood now that rain depolarization
STOF’%Q""_“O” ?aths_, the prlesenlt StUdﬁ’ emp;:o_ﬁ the mlore tr)e""_“St('jC occurs due to: 1) the nonsphericity of the falling raindrops, thus
Istribution o cantlng angles along the pat . e results obtaine . ) . . .
show that the XPD improves by about 4-7 dB over those based making the speC|f|c_: attenuatlon_ po_larlzatloh deper_1den_t and 2)
on the equi-orientation model. It is also shown that for the same the tendency for raindrops to align in a particular direction at a
copolar fade and for frequencies greater than about 10 GHz, the time (canting angle). It is therefore essential to have adequate
variation of the XPD with copolar attenuation (CPA) is relatively  jnformation on the raindrop shape, raindrop size distributions,
orientation of raindrops along the path, and so on, in order

insensitive to the assumed DSD in rain and that the deterioration
in signal quality or outage will be influenced more by the signal L .
gnie: ue iy g y d to study the cross polarization due to rain. The present study

attenuation rather than by the cross-polarization interference.

deals with the latter two points.

Index Terms—Canting angle, cross-polarization discrimination,
differential attenuation, differential phase shift, dropsize distri-
bution, tropical path.

I. INTRODUCTION

HE frequency reuse is a technique often employed to

minimize frequency separation and to increase spectrum
capacity without increasing spectrum occupancy. The rapid
congestion of the frequency band lower than 10 GHz used
by many terrestrial line-of-sight communication links and
the need to accommodate the new high-speed digital data
transmission systems necessitated the use of higher frequency
bands. The use of orthogonal polarization systems in these
frequency bands has to contend with rain attenuation along
the propagation path. The occurrence of heavy tropical rain
over a propagation path will severely limit the reliability
of system performance since rain induces cross-polarization
interference, which tends to reduce the cross-polarization
isolation between orthogonal channels along the propagation
path as rain attenuation is polarization dependent.
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The reasons for the present study are, therefore, as follows.
1) The previous studies of the problem using tropical data

[3]-[5] assumed equi-orientation of the raindrops along
the propagation path. Studies have, however, shown
that the orientation of the raindrops varies along the
path. The raindrop orientation tends to be approxi-
mately Gaussian distributed along a terrestrial path [2],
[6]. Therefore, the previous studies tend to produce poor
levels of cross-polarization isolation.

The previous studies also employed a generalized drop-
size distribution (DSD) at all rain rates (e.g., [7]).
The studies of [8] and [9] on the measurement of
differential phase shift at 36.5 GHz showed that the
differential phase shift is very sensitive to DSD in rain
as only the Joss thunderstorm distribution as modified
by [10] described accurately their results in contrast
to the often-assumed DSD model of [11]. Since the
differential phase shift is important in estimating the
XPD at the lower frequencies, the prediction of XPD
based on the variation of the DSD in rain will be
essential. In this respect, it will be adequate to use
the recent DSD of [1], which classified tropical rain
into drizzle, widespread, shower, and thunderstorm with
distinct DSD to predict the XPD levels on tropical
terrestrial links.

For the purpose of comparison, the specific attenuation and
gphase-shift data based on the DSD of [11] have been taken
from [12], while those based on [7] have been taken from
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[13]. The XPD derived for equi-oriented raindrops is based Also in the reference are the comparisons of the phase shift
on [3]. This study is, therefore, intended to provide improvefdr the rain types. Some typical results of the variation of XPD
XPD statistics over those derived for the constant canting angkh path length obtained at some frequencies are presented.
model for tropical paths. As the present results represent m&@iace the measured XPD data became available only recently,
realistic statistics, it can form the basis for a reliable futurespecially from the mid and high latitude regions of the world
XPD data base for terrestrial tropical applications involvingpr frequencies up to about 50 GHz [17], [18] and because
the variation in rain DSD. of the interest in the utilization of these frequency bands for
new services such as digital high-speed data transmission and
application to satellite systems, our comparisons are limited to

Il. COMPUTATIONAL METHOD these frequency ranges.

Using small argument approximations based on an assump-
tion by [6] that the propagation constants associated with
the two characteristic polarizations propagated through a rajin _. . . . . .
medium without depolarization are approximately equal, [%. Differential Attenuation and Differential Phase Shift
simplified the semiempirical model of XPD prediction from The differential attenuation and differential phase shift are
which the theory is derived. The XPD and CPA are thuso important parameters required to compute the XPD as
approximated by defined in (3). The normalized differential phase shift per deci-

bel of vertical attenuation when computed, is one parameter
XPD ~ — 2010g(lcosQE|Ak|e*2"2 sin|p —7(/2) (1) that shows the frequency range over which the differential
and phase shift is the dominant contributor to XPD. The detailed
5 _oy2 results of the differential attenuation and differential phase
CPAR[An + Ay + (An — Ay)cos”ec shift obtained for Nigeria are available in [3] and [14], while
-cos2(¢p — 7)] ¥ ! ) the results of the normalized differential phase shift per decibel
of vertical attenuation obtained by [16] show that it is the
gominant contributor at frequencies lower than 10 GHz. It is
portant to mention that the results in [3] and [14] show
that the differential phase shift decreases to negative values at
frequencies greater than 30 GHz. This has been attributed to
IAK| = |kg — ky| = (Aa® + AB2)Y? 3) the real part of the forward scattering amplitude for vertical
polarization reaching a maximum at a raindrop size, which
H’s much larger than the drop size over which the maximum
occurs for horizontal polarization. The results also show that
the frequency of cross over was bounded in the range of 30-50
GHz in all the cases considered.

Ill. RESULTS

where Ay and Ay represent the specific attenuations asso
ated with the principal planes of the raindrop axes (major a
minor axes of the raindrop) where

with A« and Ap representing the differential attenuatio
and phase shift, respectively. defines the effective canting
angle 7 is the polarization tilt angles( = 0 for horizontal
polarization andr/2 for the vertical polarization)g is the
effective standard deviation of the canting angle distribution, o ]
¢ represents the path elevation angle< 0 for terrestrial B- Variation of XPD with Frequency
propagation path), ands a measure of the pathlength through 1) Effect of Canting Angle and Dropsize Distribution:
uniform rain. Fig. 1 shows the comparison of the frequency characteristics
This study utilized the specific attenuation and phase shift the XPD obtained for thunderstorm rain using a distribution
computed by [14] in which the forward scattering amplitudef canting angles of 10with a standard deviation of 19
functions were computed by the least square method for oblatith the earlier results of [3] for equi-oriented raindrops for
spheroidal raindrops at a water temperature df @@h the a constant canting angle of 1@t rain rates of 50 and 150
complex refractive index obtained using Ray’s method [15] imm/h. The results show that the XPD improves by about 7 dB
order to estimate XPD for an effective canting angle of 10over those of the equi-orientation model. Also computing the
with a standard deviation of 2Qver a propagation path of 1 XPD using the generalized DSD model of [7] but utilizing a
km. The recent DSD models of [1] were utilized to computdistribution of canting angles of $@with a standard deviation
the number of raindrops per diameter interval in each raof 19 and comparing the results with those obtained by [3]
type over the applicable rain rates. Comparison was mafde constant canting angle of 10an improvement of 7 dB in
with the results based on the Laws—Parsons and Ajayi—-Oldbe XPD is also noticed over the constant canting angle.
[13] generalized DSD models. Reported computed specific2) Effect of Variation in Dropsize Distribution in Rain;
attenuation and phase shift using these models used forwdfidss. 2 and 3 show the frequency characteristics of the varia-
scattering amplitude functions obtained from point-matchirtgpn of XPD due to the variation in rain DSD in widespread
method, which is less efficient when applied to large distorteshd thunderstorm rain types, respectively, at frequencies from
raindrops such as are prevalent in the tropical regions. 1Ato 50 GHz, varying rain rates, path length of 1 km in rain,
comparison of the frequency characteristics of the differencasd canting angle distribution of 1@vith standard deviation
between the specific attenuation obtained using the modelodfl9°. In Fig. 2, for the widespread rain type, the similarity
[1] and the other models has been shown in [16]. in the prediction of the XPD between the models of [1], [11]
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Fig. 1. Comparison of the frequency characteristics of horizontal XPD f
the Ajayi et al. (1987) equi-orientation model with thteopical thunderstorm
model using effective canting angte= 10° and standard deviation = 19°
for rain rates of 50 and 150 mm/h.

?—rig. 2. Comparison of the frequency characteristics of horizontal XPD for
widespread rairwith the models of Maggiori (L—P) and Ajayi (Ajayi—Olsen)
for a pathlength of 1 km and effective canting angle= 10° and standard
deviationo = 19°.

is a consequence of the similarity in the specific attenuation %f XPD level irtually th I rai d
these models arising from the similarity in number density(g € evel was virtually the same at all rain rates an

raindrops in the attenuation integral. Also, the similarity in thgutade the frequency wmdqw of 20-100 GHz, the p.resent
XPD at the low frequencies is a result of the comparable ph qu shows that t_he XPD is poorer by abogt 1 dB in .th(.a
shift predicted by the three models at frequencies lower th R_nzor_ltal_polarlz_atlon at_all frequenm_es a_md rain rates. Th's 'S
20 GHz [16]. However, at frequencies higher than 10 GHuite S|gr_1|f|cant in choosing the polarization to be transmitted
and rain rate in excess of 5 mm/h, the DSD model of [ﬂver a given path.
predicts the XPD’s that are poorer by about 2—4 dB because o ) )
it overestimates specific attenuation under these conditiofrs, Variation of XPD with Copolar Attenuation
In Fig. 3, however, the results utilizing [7] show comparable Figs. 5 and 6 show the comparison with the other models
XPD values with those due to thunderstorm rain type at ragf the variation of XPD with copolar attenuation (CPA) at
rates higher than 50 mm/h and frequencies slightly lower th&nequencies of 4, 6, 10, 20, 30, and 50 GHz derived for the
50 GHz. However, because of the higher attenuation predictgtbwer and thunderstorm rain types. A distribution of canting
by this model at frequencies between about 10-30 GHz aaxgles is assumed along the propagation path. The results
rain rates lower than about 100 mm/h, lower values of thehow that at the low-frequency end (4—10 GHz), the models
XPD are predicted for these conditions. The higher XPDtilizing DSD due to [7] and [11] yielded slightly higher XPD
predicted by [11] at frequencies higher than 20 GHz and far the 4-GHz frequency at all fade levels, at about 0.1-1
all rain rates is a consequence of the underestimation of raB for the 6 GHz, and at about 2-5 dB fade levels for the
attenuation due to tropical convective thunderstorm rain by tHi§-GHz frequency in the two cases presented. At the higher
model. Similar results were obtained for convective showé&equencies, the variation of the XPD with copolar attenuation
rain and the magnitude of the difference in each case is ab@RA seems to be insensitive to the assumed DSD. For a system
2-3 dB. with a designed outage margin of about 20 dB, the distortion
Fig. 4 shows the frequency characteristics of XPD fasf the purity of the signal in a channel and/or signal outage
horizontal and vertical polarizations for the shower rain typat frequencies higher than 10 GHz will be due more to the
at some rain rates. As an improvement over the earlier residignal attenuation on the link than due to the cross-polarization
of [3] which utilized constant canting angle and in whichinterference. This can be deduced from the diagrams since the



AJEWOLE et al: CROSS POLARIZATION ON LINE-OF-SIGHT LINKS IN TROPICAL LOCATION 1257

30 90

80
_.Adimula-Ajayi(Thunderstorm)

C 70
- -Maggiori{L-P)

— Ajayi-Qlsen

70 Y]

50

XPD (dB)

40 Horizontal Polarization
Tropical shower{Adimula-Ajayi)
30 _ Maggiori(l.-P)
60 _Ajayi-Olsen
20 b=
0.0001 0.00t 0.01 0.1 1 10 100

CO-POLAR ATTENUATION (dB)
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Fig. 6. Comparison of the variation of the XPD with CPA thunder-
Fig. 3. Comparison of frequency characteristics of the XPDtanderstorm  storm rain for horizontal polarization with the three DSD models at some
rain (Adimula—Ajayi) with the models of Maggiori (L-P) and Ajayi-Olsen frequencies.
at some rain rates for a terrestrial path length of 1 km and effective canting
angle¢ = 10° and standard deviatios = 19°.

of the XPD with CPA for two polarization states (horizontal

and vertical polarizations is shown in Fig. 7 for thunderstorm
rain type at a rain rate of 100 mm/h. Similar results were
obtained for the shower rain type, while the degree of the
deterioration of the XPD is insignificant in the low-intensity
stratiform rain type because the rain drops are almost spherical
and since most operating systems have more than enough
Fig. 4. Frequency characteristics of the XPD for horizontal and vertical PYilowable margin to cope with any likely degradation or
larization forshower rain(Adimula—Ajayi) at some rain rates using effective . - .
canting angles = 10° and standard deviation = 19°. outage. Fig. 7, however, shows that, at frequencies higher than
10 GHz, the XPD will deteriorate to levels lower than 20 dB,
o implying extremely very poor cross-polarization isolation in
worst discrimination even at a fade Ieyel of about 45 dB rthogonal channels at path lengths longer than about 2 km
around 25 dB, a margin that can be fairly supported by Magfth a thunderstorm rain envelope along the path. In order
line-of-sight systems regardless of the type of convective rai§ maintain a reasonable level of cross-polar isolation in the
that is responsible for the degradation of the signals. The ab@tfannels, repeater stations may have to be closely spaced so
observation is also an important parameter that will be use&# to reduce the significant incidence of fading, in addition to
in locating repeater stations for line-of-sight communicatioallowing for the margins which could be poorer than say 15 dB
links in the tropical regions. The typical result of the variatiomlong the path. Nevertheless, the XPD may be responsible for

30

80 - - and vertical) shows that the XPD is better in the vertical by
‘Y ‘ W about 0.5 dB at all frequencies. This is also an improvement
70 ; \\*l\\\“ _ _Vertical over [3]
'; g 20 e Horizontal |
60 ) !
&8 _ : D. Variation of XPD with Pathlength
g 50 \ An example of the variation of the XPD with path length
~ -- at frequencies of 4, 6, 10, 20, and 30 GHz for horizontal
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Cp cross-polarization isolation prediction between the orthogonal
channels at frequencies higher than 20 GHz, whereas [1] and
N [11] will provide reliable results for widespread rainfall. The
T A O _ __ Vertical frequency characteristics of the XPD for a given rain rate and
frequency appear to be sensitive to the distribution of raindrop
sizes in the rain storm, whereas the variation of XPD with
copolar attenuation at high frequencies seems to be insensitive
to the DSD. However, there are no experimental data from
tropical regions available to the authors for comparing the
theoretical with measured data.

The present study has also shown that XPD could be poorer
by up to 1 dB in the horizontal polarization compared with
the vertical polarization at all rain rates and frequencies in
modification to the results of [3].

The degradation in the quality of the signals transmitted
with a defined polarization due to cross polarization inter-
ference from an orthogonal channel will be as a result of
cross polarization interference from an adjacent channel at
low frequencies over long paths, while at high frequencies,
degradation in the purity of signals in the wanted polarization
or complete outage will be due more to the substantial signal
attenuation along the propagation path.

The dependence of XPD on raindrop shape using models of
raindrop shape in [19] and [20], which represent more recent
but realistic raindrop shape models should be employed in the
investigation of dependence of the XPD on raindrop shape. In
ST such a study, suitable scaling relationships between the XPD
and the CPA will be derived for each tropical rain type.

50

XPD (dB)
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