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ASSESSMENT OF PRINCIPAL PLANES
ORIENTATION IN A TERRESTRIAL
LINK AT 18 GHz DURING INTENSE

RAINFALL
Indexing lerms: Radiowave propogation, Polarisation, Rain-
induced attenuation
Simult of fon and depol
isation 41 18 GHz collected during a propagation experiment

on a 95 km terresirial link have been empioyed to extract
information about the angle formed by the principal planes
with respect to the veri.cal-horizontal or ions (canting
angle). Tilted polarisation planes have been adopted in order
to increase the system sensitivity and te deteet the sign of the
angle according to a new technigue recently devised.

Introduction: Using simultancous attenuation and depolar-
isation measurements at 18 GHz, in a 9-5 km terrestrial link,
information was inferred about the effective canting angle of
the principal planes (better known as the ensemble-average
angle of the raindrop axes projected on the transverse plane).

For this purpose a new experimental technique, making use
of a tilted linear polarisation (17-5 degrees with réspect to the
vertical} has been employed in order 1o achieve a higher cross-
polar level for most of the time and to defect the sign of the
canting angle even using incoherent detection.!?

Rain intensity measurements along the radio path have also
besn carried out in order to achieve information on the true
rainfall intensity profile and to assess its effect on the canting
angle statistics.

Table t summarises the main characteristics of the radio
link: the experiment lasted about 1wo years; the data were
automatically recorded whenever a significant atteauation
(> 5dB) was exceeded. The recording time amounted to 1500 5,

Table | CHARACTERISTICS OF RADIQ
LINK

Frequency 178 GHz
Path Jength %5 km
Polarisation Linear

Polarisation tilt angle

(with respect to the vertical) 17-5 degrees
Fade-margin 55dB
Detection Incoherent

Algorithm: The algorithm employed here consists in cxiracting
the canting angle ¢ from the following expression which gives
depolarisation (XPD) in a general medivm characterised by
principal planes:

sin U — ¢ sinh (A/2)

XPD = | 14/2) = sinh (A72) cos 2i$ —~ ¢y)

(1)

Tn egn. | A is the anisotropy and ¢, is the angle of the
transmitted polarisation, which, as eqn. | shows, plays the role
of an angular bias to be chosen 50 as to optimist the system
sensitivity as far as the measurement of ¢ is concerned. Unfor-
tunately the anisotropy is not directly measured as the only
measured parameters are XPD and copolar stienuation A.

Then we can only estimate A {rom its relationship with the
coherent attenuation A, with a certain degres of uncertainty.

The linkage berween these two variables requires 4 number
of additional hypotheses about the rain profile, drop-size dis-
tribution, water temperature, spreading of drop oricniation
and their vibration.

The first set of assumptions made were: uniform rain
profile, Laws-Parson drop-size distribution and water tem-
perature of 18°C. With these hypotheses an upper-bound
value of ani py can be evaluated, and precisely the value
which would result if all the drops were equisligned non-
oscilizting oblate spheroids saccording to the well known
earlier Oguchi calculations

A, =(Ag~ A) + (B, ~ By} 2)

: Gy

In eqn. 2 A;, Ay, B, and B, are the attenuations and phase
shifts along the principal planes of the medium, and are
related to the average rain intensity R along the path by a
power-law relationship of type KR'L (L = path length).
Values of K and 7 are given by CCIR.* .

Eqn. 2 overestimates anisotropy because of spreading in
drop oricntation and their vibration.** Cafling P the
reduction lactor of ani py. we then put

A=pA,, p<l (3

We assumed here, tentatively, an average value of P 4% mez-
sured in a previous experiment conducted on the same site:’

P

p=08 8]

As for the copolar attenuation it is fairly close to A, indepen-
dently of ¢ — ¢, and p. With these assumptions, starting from
8 given value of average rain inlensity R, assumed as o free
conditioning parameter, a set of curves giving XPD as a func-
tion of A = A, can be drawn for various tilt angles ¢,

One of these curves has been drawn for ¢ = 0 and p = 0-8
in Fig. 1, where the experimental points have also been
reported. In the same Figure, the curve for p =1 has been
plotted for comparison.

Tt is seen that the value p = 0-8, unlike the value pw=lisa
better fit to the points on the curve, corresponding to average
canting angles, well balanced around zero.

aitenuaiion A dB

5 70 =

depolarisaon APR gf [ ]

Fig. 1 Scarrerplot of copalar fon A against depolari XPD
Curves are for canling angle ¢ = 0°, reduction factor p=i
(broken linc) and p = 0-8 {solid line}

We thus felt confident about the fact that the assumption
p =08 was adequate to accoumt for the drop dynamics,
largely unknown so far. despite their importance in XPD pre-
diction. Values close 10 p = 0-8 on the other side have been
found by many other researchers.® A more sophisticated anal-
ysis could be undertaken to find out a value of p as & function
of R, in order to better balance the experimental points
throughout the whole range of R. Also, an assessment of the
apparent variance induced on ¢ by the variance of p and by
the nonuniform rain profile could be usefully tried; however,

-8
Flg. 2 Simvistics of canting angle § agoing doerage roin inrensity R
Stars give the average value of ¢ in each inlerval of R; wertical bars
pve the +o (standard devistion) interval



we limited ourselves to the above-mentioned first approx-
imation analysis with & fixed value of p and uniform profilc, as
we think that with the data so far available more sophisticated
hypotheses coukd not be verified in detail.

Results: Fig. 2 shows, for various classes of average rain inten-
sity. the average value of ¢ and its variance represented by
means of vertical bars giving the limits +a (o = standard
deviation). Note that this variance includes a contribution
induced by the variance of p, which is estimated to be of the
order of 50% on average (still utilising information taken by
Reference 7),

An apparent bias (average @) exists which can be ascribed
to a prevailing wind direction or to an imperfect choice of the
average p (which could in principle depend on rain intensity as
noticed previously).

A remarkable feature appears to be the clear tendency of
the variance 1o decrease as the rain intensity increases: values
of the order of 3 degrees in o for low rain intensitics decrease
10 less than 1 degree for high rain intensities {> 50 mmsh;,
This behaviour points 10 an increased tendency to stability as
the drop size increases owing 10 its increasing inertia.

The average rain intensity as acquired by means of rain
gauges alignment beneath the link was found to match the
value estimated from ettenuation extremely well.

The results found in the present study confirm some analo-
gous ones found in References 9 and 10, even if the more
detailed analysis performed here, linking the canting angle
statistics to rain intensity, offers a tool. if tentative at the
present stage. to generalise the results to sites characterised by
Cifferent climates,
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Determination of Rain Anisotropy and Effective Spreading
of the Orientation of Ellipsoidal Raindrops During
Intense Rainfall

E. MATRICCIANI, 4. PARABONI, (. POSSENTI, AND 8. TIRR(

Abstract—Depolarization measurements performed in circular
polarization @t centimeter wavelength have frequestly shown de-
polarization values lower than those theoretically expected by ap-
plication of the Oguchi theory, which assumes equicriented ellipsoidal
raindrops. This discrepancy can be explained by coasidering that in
reality the drop-axes ace oriented st & given instant sccording o
certain statistical disirlbution the spreading of which casuses » de-
crease in the anisotropy {differeniial propagatlon constaats along the
principal planes), whick is the prime source of rain depotarization
(both in circular and in linear polarization). The reduction of
anlsotropy with respect to the equioriented drops model Is exper-
imentally assessed and the spreading necessary in a particulsr model
distribution for the same reduction is determined in this commu-
nication. The study Is based upon simultaneous messurements of
attenuation and depelarization In circular polarization gathered in
1974-1975 during the Magnola experiment (Italy) on & low-elevation
terrestrial path (%°) at 11.6 GHz. The results confirmed that the
tquiorientation of raindrops is too severe an assumptioa, being the
true anisotropy 20-30 percent (on average) bess than the expected
ralue In case of equiorientation. This figure correspoads Lo an average
spreading of about 20-30° which is in agreement with the results given
by other authors,

INTRODUCTION

The canting angle of raindrops 15 an important parameter in
determining rain depolarization at centimeter and millimeter
wavelength. Its determination however is very complicated
and expensive, and as a consequence the related experimental
activities are very limited. Some experimental results can be
found in [1]-[7]. Theoretical models which sccount for the
raindrops orientation have been developed by several authors
and may be found in [8]-[14]. Different distributions of the
raindrop orientation give different values of rain anisotropy
(i.e., the differential attenuation and phase along the princi-
pal planes), therefore affecting the rain depolarization both in
linear and in circular polarization. It has been found [ 5] that
anisotropy in terrestrial links is rather insensitive to the mean
canting angle and therefore depends mainly on the spreading
of the distribution. In this communication we suggest 8 new
method For evaluating the rain anisotropy and the related ef-
fective spreading based on a particular model distribution.
The method uses a single circutar polarization and the incoher-
ent detection of the copolar and x-polar signals received.

As an azpplication of the method we analyze some experi-
mental datd taken during 1974-1975 in the Magnola experi-
ment performed by Telespazio under an ESROF contract. The
method consists of companing a direct measurement of the
rain depolarization in circular polarization with a simultaneous
indirect messurement of the rain depolarization, which is ex-
trapolated (through reasonable physical assumptions) from an
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attenuation measurement. This comparison allows us to eval-
uate the decrease in anisotropy [15] with Tespect to the ex-
pected value in case of all tquioriented drops. From a bare
"“system oriented” point of view this decrease can be con-
sidered a goal “per se.” owing to the possibility it offers to
estimzte the anisotropy (and hence the circular depolarization)
from copolar attenuation measurements only. However com-
Munication engineers often require model-oriented informa-
tion in order to obtain better insight into the physical phe-
nomencn for frequency extrapolation and to pumue con-
nections with other interacting factors as those used for mete-
orglogical predictions. For this task a physical modei for the
oblateness and orientation of the drops must be assumed.
Assumptions made may contain some degree of arbitrariness,
in particular, ailowance can be made for only the main cause
of loss of anisotropy (the spreading) to the detriment of pas-
sible other ones (ie., presence of spherical drops).? It turns
out however that the resulting values of spreading are in good
agreement with those given by other authors, indicating that
the neglected factors are of a lower importance.

THE MODEL

In the present communication we develop a model based
on one first proposed by the Massachusetts Institute of Tech-
nology {MiT) Laborataries [10). MIT suggested the assump-
tion of the coexistance of two subpapulations of taindrops.
The first should include all equioriented raindrops and behave
according to the Qguchi model, The other should include
raindrops with equiprobable orientations which wil] therefore
not affect the wave polarization. This model is referred to as
the “bimodal” madel. The first population will be called
“active population” and is a fraction of the total raindrops
mumber: we call this Fraction P, which is assumed to apply to
the whaole raindrops population, independent of raindrops
diameter. The model is described in 2 standard polar reference
by the probability density function

1
f(9,¢)=p'6(0)+(|—p)-—- (¢}
n

In (1) & represants the impulse of the active population in the
origin () = 0) and the latter term stands for a constant density
over & selid angular domain 27(0 < CR2n | Poos 0).
Since the propagation constant is additive with respect to the
single mindrop contributions, we can express the difference
of the propagation constants in the two principal planes as
follows:

TN =0 (Yo~ 110) (2)

where )1, — 11, is the maximum value abtained through the
Oguchi model, in the case of all equioriented raindrops. Ac-
cording to [9] the depolarization in circuiar polarization is
given by

18] =

™m—n
tarth ~—; — L) l {L = path length). )

2 Even the Presence of spherical drops may contribute to decrease
the 'lniso:ropy: however in practice they as¢ confined in the lowest
dizmeter clusses which jn Any case contribyle kittle 1o the anisotropy

Then we can write the equation
Aafd)+;
tanh (p _‘L)z_.f-’-!_ﬂ (A)L) l (4)

where the differential attenuation and phase shift, given by

AQ(A) =Re (7[[0 ~ Yok M(A) =Im (TIIO_ Tie )s‘ (5)

can be obtained fram the capolar attenuation by means of the
Oguchi algozithms [i6] aad from suitable physical assump-
tions. If |8 and 4 are measured, (3) can be solved, obtaining
the value of the active population p. The parameter P can be
directly employed in anisotropy predictions; it can be related
to the spreading (100t mean square) rms angular deviation from
the vertical through the bimodat model defined above. This re-
quires the evaluation of the mean square angle associated with
the probability density function (PDF) 18, ¢) of the drop-
axes orientation. The rms is given by

n Q N
= . 2 -
] [/o '] jl VA8, 3)d(—cos 9)]

=V0=-p)- a3 (6}

THE ALGORITHM

Equations (2)--(5) have been written for the particular sit-
uation of the Magnola radio link (f=116GHz, L =38 km,
elevation = 9°), The following physical assum ptions have been
made: 8) uniform rainfa)] intensity along the path; b) raindrop
size distributions according to Laws-Parson, c) ellipticity zc-
cording to Jones [18)73. Aa(A4) and AP(A) have been evaluated
using the values of Yo and Ty, obtained in the studies of
Bordoni [21} for different rainfall rate and & medium fem.
perature of 20°C, For the same rain intensities the attenug-

18] =

tien in circular polarization i computed according to the

equation below:
e~ Mok | ,~71ok

A== 201log;, 2

N

This equation is valid for ¢quioriented raindrops, but it gives a
Very good approximation also in the case of the model which
is proposed here. Aa{A) and Af{4) have been computed with
the following equations:

Ax- L=01578 A(1-0781-0.00128 tog; g4)

A+ L=4.774 « A(0-837240.02384 10,94}, 8

Using (8), (4} ¢an be immediately solved and Bives a value of
2 for each pair |8 ), A,

EXPERIMENTAL RESULTS

Measurements performed in circular polarization pn the
Celano-Magnola path provided many pairs of 151, A valyes
122]. These values have been cntered into (8) and (4) and the

3 The effects of the rait-rate profile along the path and of the rain-
drop slze distribution have been investigated in [19]: they give rise to
an overall variation of p of 16 Percent. As for the ellipticity, different
shapes, as thom given by Pruppacher snd Pitter 120], have been found
to have very small effect on the overall anisotropy.
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corresponding values of the active population p have been
computed. The values of p have then been statistically classi-
fied. Fig. 1 shows the histogram of the active papulation p.
The histogram is normalized to the observation time during
which the attenvation exceeded 3 dB. Fig. 2 gives the carre-
spanding histogram of the equivalent spreading dg of rain-
drop axas otientation.

1t is found that the mean value of p is 0.80 in good agree-
ment with [3], while the standard deviation is 0.] 25. Corre-
spondingly the mean value of 85 is 25° while the standard
deviation is 10°. This is in good sgreement with [1) ané {5].
Fig. 3 shows histograms of the active population conditioned
by given levels of attenyation. Fig. 4 shows mean values and
standard devistions of p as functions of the atienuation. It can
be noted that the mean vajue of the active population is prac-
tically independent of attenuation: cenversely the standard

f
l'l
i
"l
ﬂ"+
1_.,__an<!¢!
fe1----3<cacras
- Ar am
g e
H
£ oo T
3
= o3 peee
: -
£ o2 I
o :
oo Ly
9% 03 o4 07 om ov 10 P
Fig. 3. Conditional histogs of sctive population p.
10 L]
o0 « s acths pogulation

/‘)J’

N . 3

Ml 2

.

e 3

H

(2] A

PR $tandard geviation of p - g

i §

13 =

uTﬂ—__¢—_‘. I?8) _ Jaos 3
3 . 3 s ' ¥ attenuaton

Fig. 4. Mean value and standard deviation of active population P as
a function of attenuation level.

deviation tends to decrease as the attenuation increases; the
same happens for the drop spreading. These observations are
coftsistent with the well-known fact that large drops, owing to
theie inertia, zre less sensitive to the faster vatiation of turbuy-
lence. As anisotropy is mainly build up by very large drops,
the effect of the lowest frequency components of turbulence
is then emphasized to detriment of the highest ones. Apparently
in the case of moderate rain and lower attenuation a wider
spectrum of turbulence gives contributions to the anisotropy,
thus enhancing its variance [ 14].

CONCLUSION

An algorithm for the determination of rain anisotropy and
effective spreading of raindrop axes orientation has been pro-
posed. An equivalent parameter expressing the reduction of
anisotropy due to spreading has also been suggested.

The results show that ¢quiorientation of raindraps is tog
severe a hypothesis and implies a value of anisotropy always
larger than thal measured. It seems recessary to reduce the
1ain anisotropy by 15-2% percent on average for a direct
prediction of the circular depolarization from copolar attenua-
tion measurements. The effective spreading seems in good
agreement with the results obtained in [1] and 15].
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A Technique for Improving Depolarization
Measutements Beyond 10 GHz: Tilting
the Polarization Planes

D. MAGGIOR], P. MIGLIORINI, AND A. PARABONI

Abstraci—Depolarization measuremenis I linear polarization siming
at determining the effective casting sngle of 1he principal planes and the
related anisotropy can be improved, is many important cases, by adopt-
ing the simple expedient of tilting the polarization planes with respect 1o

. the vertical/barizontal orientations. Optimum tilt angles depend om the

system configurstion but the chokce is wel critical in & range spamning
From gbout 20° to about 30° previded that the disturbance I smalt enough
tsay 50 dB under the copotar level) and/er the antsotropy of the medium is
large enough (say 2 dB in i differeatial sttenuation}.

L. INTRODUCTION

A model-oriented approach to assess the transfer characteristics
of a dual-polarization radio link undergoing severe depolarization
by hydrometeors has been recently proposed [1]. The aim of this
approach is to achieve information closely relsted to the physicat
phenomenon causing depolarization and is therefore advantageous
for extrapolation to other polarizations and for the possibility
it offers of comparing results obtained in different conditions.
This information consist mainly of three “quasi-physical” param-
eters: the anisolropy, the mean apparent canting angle of the drop
axes, and the longitudinal homogeneity index, The finst two,
which are sufficient for a first apptoximation description, have
received in the past considerable autenticn by a number of
theoetical and experimental researchers |2]-{11}. in addition
the CCIR has recently proposed a prediction method which takes
them into account {12]. Therefore, il seems justified 10 think of
future depolaization experiments specifically designed o assess
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them asa primary goal, leaving the determination of depolarization
in whichever condition to a subsequent step,

This paper is an #ffort in this direction: it is shown here, both
theoretically and expsrimentally, that the simple expedient of
tilting the polarization planes of aboul 25° with respect to the
vertical/horizontal in linear polarization systems allows a sub.
stantial improvement in the sccuracy and measusing range of
most of the envisaged experimental configurations aiming at
measuzing canting angle and anisotropy of the depolarizingmedium.
Mioteover in case of incoherent detection, the sign of the canting
angle is detectable, differenty from what would happen other-
wise. Accordingly the experiment at 20 and 30 GHz 1o be per-
formed with the future European satellite L-sat will make use of
tilted polarization planes [13], as seen by any experimenter in
Europe.

11. MATHEMATICAL BACKGROUND

Even though the comsiderations in the following apply in
genetal, in this paper reference will be made o 2 medium which
can be described in terms of principal planes, as this model has
been proved to be a good simplification in many practical cases
£7], [8). As is known. such medium is completely determined
by the anisotropy A (differential attenuation and phase shift
along the principal planes) and the angle ¢ of the principal planes
{perpendicular to each other) with respect to a general reference
system (see Fig. 1).

Anisotropy is complex and is related to a number of physical
variables such as the drop ellipticity the spreading in the orienta-
tions of the drop axes, the raindrop size distribition and the rain
intensity profile along the path.

The other parameter ¢ is related to the mean orientation of
the drop axes and i real because of the assumption of the exist.
ence of the principal planes,

The complex depolarization ratios between the cross-polar
and the copolar voltages ate given by [10]

4
sin 2{¢ — &,) tanh (;)

$1301 = v’ 1)
1t cot 2(¢ — ) tanh (;)

where the suffix 12 means “transmission on channel one and
teception on channel two™ and vice versa; g is the tilt angle of
the system polarization planes, which is our major concem.

In the present communication we will restrict our consideration
to experimental setups able to measure §,, and/or 85, with the
aim of determining ¢ and A.

Even if there ia in principle the posibility to extract polariza-
tion-related information also from the copolar voltages complex
ratio we will not consider it; It is thought in fact that there will
be a significant number of cases in which this parameter will
not be measured owing to the experimental difficulty of doing so
and the very high related cost of the receiving equipment.

A. Double-Polarization System

From the measured depolarization ratios (1) the canting
angle ¢ can be derived directly by the formula

T G I B
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Fig. 1. System gtometry.

in which it is expected that only the real part assumes 2 signifi-
cant value while the imaginary one, which is related to the
departure from the hypothesis of Ptinciple planes, is much
smaller and of no concern hers, The exoression 11784, — 18,517}
in the second member of (2) (kernel] becomes singular when, the
depolarization ratios approach each ather. In practice this means
that when the depolatization ratios are very close to each other
the system is very vulnerable to any kind of disturbance such as
noise, antennas, polarization mismatch, multipath, etc. This
happens when ¢ — ¢, tends to 0° or +45°; because ¢ s ordinarily
fess than a few degrees it follows that choosing the bias P =0°
of ¢ £ 45" would be very detrimen:al as the system would be
lead to work very close to its “blind” 2ones for most of the time,

€t10r in measuring ¢. A detailed statistical analysis of this error
shoutd take into accoun: the nature of the disturbance, which
affects both &,, and 331, and woulc be a rather complicated
exercise owing to the nonlinearity of (2},

Fortunately this is not strictly necessary as an envelope of the
maxamum error can be easily obtained as shown in Fig. 2 where
some curves for varicus signak-to-disturtance ratio and anistropy
have been plotied as function of p— gy,

These curves have been computed sinply by substituting (1)
in (2} after having added to the ratios & a quantity € to account
for a disturbance affecting the cross-polas level as follows:

V*+V"=5+e, (3)

Smeas =
c
where &p,,,, is the measured etror-affected ratio, ¥, is the dis-
turbance superimposed to the ¢c1oss-polar voltage ¥, (copolar
voltage Vc is assumed errotless), & is piven by (1) and e is the
disturbance to copolar signal ratio,

The difference between the value of ¢ given by {2) and the one
Inzerted in (1) gives the error, the upper bound of which, ob-
Wained using opposite values of ¢ jn the two &, is represented in
Fig. 2 as function of ¢ - ¢o-

The curves show thal high values of signal-to-disturbance

- ratio (350 dB) are necessary with jow BRiSOIropY 10 assure
error bounds of a few degrees(say 5°). Astae ASTLIUPY Increases
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Fig. 2. Envelopes giving the maximum error jn the measarement of the ef-
fective canting angle versus the canting angle ¢ — #g: ¢ = level of the
maximum disturbance voltage at the crosspolar output with respect to
the copolus siymal; 5 = anisotiopy. Dotted curves: g 0.38+/0.35(3.3
4B, 20°). Solid curves: a = 0.23 + 0.13 (3 db, 13%). In came of squi-
aligned drop axes the st case corresponds approximately to & 15 dB
copolar attenuation xt 30 GHz while the socond case 10 2 7.5 dB co-
polar attenuation.

however the situstion improves very quickly and mode rate
FITOr can be made even in the presence of 45 dB or less in the
signal-to-disturbance ratip,

Similar conclusions apply to the determination of &, which
also depends on the kernei of (2).

B. Single-Polarization System

Systems able to perform depolarization measutements in a

single polarization can evidently provide less information on the
transfer channel than the Previous ones, as they allow determina-
tien of two parameters (i.e., amplitude and phase of 5) in the case
of coherent systems or only one parameter {the amplitude) in the
<ase of incoherent systems. The artifice of tilting the polarization
planes is particularly advantageous in this Jatter case for which 2
larger degree of uncertainty in the determination of @ must be
accepted. In this section we will restrict our aitention to these
systems.

The reason why here the (it angle ¢4 turns out to be advantz.
Beous lies on the fact that the modulus of (1) is a nonmonotonic
function of the argument ¢ - Po Owing to-a cusp for ¢ — ¢y = 0,
The choice ¢ = 0 would then imply three fundamental disad-
vantages,

It would not allow bilateral measurements of ¢ (ie., in
clusive of the sign).

2} It would lead the envelope detector to work near the zero,
thus introducing a drastic detericration of the output
signal-to-noise 1o ratio with Tespect o the input one, when
signal is comparable with noise {14]; in this case post-detec-
tion filtering is of little &dvantage a3 the rectified noise has
* noticeable dc componend,

3) 1t would introduce an ambiguity which in the common case

(er)
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Fig. 3. Seatterplot of copolar attenuation versus depolarization for a terrestrial 9.5-km lintarly polarized link ut 17.8 GHz. Model-curves refer to an
¢lfective canting angle o (with Tespect to the vertical) as indicated and to an atisotrapy derived from an equialigned drop-axes rain model scaling of
# facter p to take into account the partial randomization in the drop-axes orientations. No titing.

of biaslike disturbances {such as the antenna depolarization)
would give the same output for couples of asymmetrical
values of ¢, therefore distorting the resulting statistical
distributions.

It is then conciuded thar ®a must be suitably chosen so
as 1o keep the variation range of ¢ sufficiently far from the
ambiguous zones about 0° and 45°. A value around 20°ap-
PEars appropriate in many cases [15].

LI AN EXPERIMENTAL CHECK

The points exposed in the previous section are experimentally
confirmed by the results obtained in 3 series of depolarization
measurements at 18 GHz using lineat polarization f1s].

The aforementioned experimented  was  performed by
Fondazione Bordoni in (wo operational phases: in the first phase
a vertically polarized wave was transmitted afong a 9.5 km ter-
testrial path and received with a verticalty horizontally dually
polarized antenna. Both channels were equipped with incoherent
Iogarithmic amplification/detection chains and, at the end, the
depolarization XPD (modulus of §) was extracted together with
the copoiar attenuation A. During the second phass the polariza.
tion planes were changed by tilting both the transmitting and the
receiving antennas of an angle of 17° with 1espect to the vertical,

In Fig. 3 2 scatterplot of copolar attznuation versus XPD taken
during the first phase is shown; on the same figure model-curves
have been drawn assurning far the anistropy the vaiue given by
the Oguchi theory with equi-aligned drop axes (p = 1} and
partially randomized axes (P = 0.8) [10]. The considered tilt
angles are 4%, 5°, and 6® with respect 10 the vertical.

It is clear that the “cloud” of measurements is superiosly
bounded by an imaginary borderline which turns oul to be
approximately represented by the equation:

A+ XPD =55 4. @

which is near to the minimum jevel (relative to the clear-air
copolar received level) detectable by the system. It foliows
that canting angles lexs than about 4° (in absclute value) give rise
10 an undetectable cross-polar level and could net therefore be
measured.

o8 1 aAlTEwuarion
&

2 OEFOLAR.ZATIW
L
o8
Fig. 4. The mme a5 Fig. 3. Here the mode! curves refer to 2 0° canting

angle with respect to the vertical and 1o the same values of p. Tilting:
7 with respect to the vertical

In Fig, 4 an analogous scatterplot s represented for the sec.
ond-phas¢ experiment (17" 1ile angle). On the same figure two
curves for ¢ = 0° and for P =12and 0.8, asin the previous case,
are plotted.

It is clear that no “blind zone™ exists. The measurements of
@ were statistically analyzed and found to fal2 within 2 narrow
Tange around the zero.

Fig. 5 gives a cumulative statistical distribution of this vagi-
able, based on data collected whenever the copolar artenvation
exceeded 6 4B in order to avaid excessive errors due to Jow anj-
sotropy and considering that depolarization will be particularly
imporiant in future applications, when occurring simultaneously
with attenuation. The distribution shows that without tilting,
the data base would have been reduced to about the 20 percent,

IV. CONCLUSION

Tilting the polarization planes in radic links at centimetric
or rillimetric waves performing depolarization measurements
is an economic expedient allowing increased accuracy, data base
enhancement and bifateral ‘detection of the effective canting
angle of the depolarizing medium principal planes.
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A model-oriented approach
to measure rain-induced cross-polarization

Carlo CAPSONI *
Aldo PARABONI *
Francesco FEDI **

Daric MAGGIORT **

Abstract

In this paper @ new model oriented appreach to
measuring rain-induced cross-polarization is outlined :
it aims at characterising the physical properties of
the depolarising medium vather than ar directly measur-
ing the channel depolarization, which is the variable
of direct interest for system design. This approach.
which allows subsequent determination of depolari.
zation has the advaniages of allowing a better under-
standing of the propagation mechanism, thus yielding
informarion applicable to any svstem configuration
and establishing common procedure 1o compare cross-
polarization data obtained in different circumstances.
Differcnt  experimental  configurations are reviewed
together with their ability to identifv and assess various
possible models for the depolarizing medium.

Key words : Cross-pelarization, Rain. Wave propagalion,
Microwaves, Physical pioperty, Scatiering medium.

METHODE DE MESURE
A PARTIR DE MODELES
DE LA TRANSPOLARISATION
DUE A LA PLUIE

Analyse

Cet article présenie une nouvelle méthode de mosure,
& partir de modéles, de la transpolarisation due 4 Ja
pluic destinde & caractériser les proprictés physiques
du milicu dépolorisant pluror qu'a mesurer directement
la dépolarisation de la voic de transmission, Cette
méthode  est  Surtour  intéressamre  aw  Hiveau  de
la conception. Efle permer le calcul ultériewr de la
dépolarisation et conduit & une meilleure compréhension

du mécanisme de propagation. Les résultats sons
applicables da des systémes de configuration quelconque
et permertent d'établir des procédures générales de
comparaison des domnées. Différentes configurations
expérimentales sont examinées du point de vue de
leur modélisation éventuefle,

Mots c¢ls : Transpolarisation, Pluie, Propagation onde,
Hyperfréquence, Propriéi physique, Miliew diffusant.
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1. INTRODUCTION

The important role played by rain-induced cross-
polarization in adopting frequency reuse techniques
for radio systems at frequencies above 10 GHz is
well recognized. From an experimental point of
view, cross-polarization phenomena can be studied
following two different approaches. The first one.
which could be described as system design-oriented,
consists of directly measuring cross-polarization with
an experimental set-up as similar as possible to the
envisaged radio system configuration. This approach

* Politecnico di Milzno, Piazza Levnardo da Vingi, 32, 20131 Milano (l1alia).

** Fendazione U Bordoni. Viale Eurcpa, 100, 00100 Roma {halia).
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has led to the use of iinear polarization to gather
infprmation for terrestrial systems, and circular pola-
rization for earth satellite systems. The second
approach, which could be-termed modei-oriented,
aims at characterizing the physical properties of the
depolarizing medium in order to establish models
from which information for system design can be
subsequently derived. This approach might lead to an
experimental sct-up different from the envisaged
configuration of the actual system. However it has
the advantages of allowing a better understanding
of the propagation mechanism and yielding infor-
mation applicable to any system configuration. More-
over it enables a common procedure 1o be established
for the comparison of cross-polarization data obtained
in different locations, based on the parameters of a
mode! which seems to have physical significance.

The purpose of this paper is to emphasize the
advantages of the second approach and 1o review
different possible experimental configurations, toge-
ther with their ability to identify and assess the various
models adepisd for the depolarizing medium. The
paper starts from the most sophisticated experiment,
which uses three independent polarizations and cohe-
rent detection 1o characterize the most general linear
depolarizing medium. Various degrees of decreasingly
complex experiments are then examined in order
to study media for which additional hypotheses must
be accepted. The paper ends with the simplest experi-
ment which utilizes onfy ore polarization and inco-
herent detection of copolar and ecross-polar signals.
Advantages and disadvantages of each solution are
illustrated taking into account the conflict between
the complexity of the experimental set-up and the
accuracy which can be achieved.

2. BACKGROUND

Let us consider two electromagnetic waves E, and
E;, generically polarized and propagating through
& lincar medium. The input-output relationship bet-
ween the complex amplitudes can be expressed, in
matrix form, as

(l) [Elﬂ] — [Tll Tl.l] [El[]

Ezo T Taa) LEL]'
where T), = exp — |4,, + |8, are general complex
parameters, A,, are their associated levels (expressed
in logarithmic units), and B,, are their associated
phase shifts.

In polatization-related problems, only relative values
of levels and phases are involved and so the T, - pata.
meters can be normalized without loss of information
about the depolarization capability of the channel.

Among all the possible normalizations, we will assume
hers the one which makes the term$ of the main
dizgonal the inverse of the other, i..

- : Dy, X2
@ [x,. UD.,]’
where

l’ Dy == expltA;; — 4,){2 ~ KBy, — 2],

Xy o= C"P‘*[Au — {4y, + A2 -
j(‘BlZ - (Bil "‘_ 322)12}]!
3)
’and
Ky =exp—[dy — (4, — A2)2 +
i (B, — (8, + By3)2)

D is the copolar unbalance associated with the devia-
tion of the copolar levels and phases from their
averages. Similarly the X, parameters are associated
with the deviations of the cross-polar levels and
phases from the average copolar ones.

The complex parameters (2). (3) will be referred
to as the normalized marrix paramesters ; they fully
characterize the depolarizing capahilities of the chan-
nel for any polarization, In particular the depolari-
zation 1atios considered by communication engineers
as primary goals are (Watson [1]) :

8:1 = X:D13,

4 ?and
\ 321 = erlbu-

However. the normalized matrix parameters strongly
depend on polarization, so a common basis must be
established in order 10 compare measurements made
with different polarizations. For this purpose, we
propose the use of the intrinsic parameters, A, B L,
which seem to have some physical significance. For
convenience, we express them as a function of the
normaiized matrix parameters in circular polarization
{the relationships are in fact more compact) afthough
they could be expressed in any polarization, ie

(5)
A = 2tanh~! J¥ X, = 2tanh~' 575,
(Re (A) = 0),
_j .‘" Xlr \
@ = ok { Du i
= b Y =

x
- . { i) -
5 log, (g'FT,; = 3 < Re(®) « 7

kS A

and
L = j(D} — DN + 1.

The following properties hold (see appendix) :

i) if the medium is longitudinally homogencous
and filled with particles with axial symmetry, then
L=29;

i} if the medium has principal planes, that is two

Ann. TELECOMMUNIC., 36, n® 1-2, 198t
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perpendicular planes along which linearly-polarized

waves propagate without being depolatized, then
® is real and the real and imaginary parts of the
anisotropy become the differential attenuation (in
Nepers) 4 = Re |Al and the differential phase shift
(in radians) B = Im |Al along these planes. @ (in
radians) identifles the orientation of the first principal
plane with tespect to the reference system (*) (Capsoni
{2y ;

iii) A and L are invariant with eespect to a rotation
of the reference system. © varies oppositely to this
rotation. .

Therefore let us call A the generalized anisotrapy,
D the generalized conting angle (Brussaard [3)) and
L the longitudinal homogeneity index. In an appendix
an outline is given as to how the normalized marriz
parameters (and therefore the depolarization 5 in
any polarization) may be obtained from the inrinsic
paremeters,

_ The main advantages of this description are the
following :

13 it ailows the comparison of measurements made
under different conditions ;

2) it allows some testing of the physical properties
of the medium ;

3) if the experimental set up does not allow 2
complett measurement of the medium {three inde-
pendent complex parameters), it is straightforward
to see which assumptions must be considered and
how they reflect on the channel description. In the
following section it will be shown how the infrinsic
parameiers can be experimentally identified.

3. THREE POLARIZATION SYSTEMS

It is well known that a possible way of identifying
a general radio-channel consists in performing sepa-
rate measurements of the depolarization ratios using
three independent polarizations (Beckman {4]. This
is achieved using a system which is able 1o transmit
three polarizations with adequate time or frequency
division. For instance, for three linear x, »y and 45°
polarizations, this means the inputs are :

"E -0 E
¢ ' ECE

The intrinsic paramefers in this case have the
expressions

(*) In circular polarization, the reference system can be identi-

by the two axes along which a linearly-polarized wave
produces two in-phase (x axis) and in-opposition {y axish signals
at the ourputs of a dual-circulasly-polarized antenna.

ANN. TELECOMMUNIC, 36, n* 1-2, [93]

S D= DV (T~ o

—_ -1 -
A D 1D m (Y X

| go_t Po—UDy) —ithy - Xy
20Dy D) — i, — X
(6) ' ]
’ tanh (373)°
and
. =X

Dy + 1D

with D, , X,,, X, rclated to the measured potari-
zation ratios

Dy=\ 8, = Nifeso

IS, + 1T 5,500,

™ Xy = 8,/ D,
{ and
K = Bu &y

Using this measuring system, no assumptions
about the physicat nature of the medium need be
made (but for its linearity). Yet the procedure out-
lined in the previous section can be applicd, thus
allowing some basic properties of the medium to be
tested, the assessment of the effectiveness of simpli-
fied channel models based on these properties (homo-
geneity, principal planes), and the comparison of
cross-polarization data, even if collected for different
polarizations and locations.

4. DUAL-POLARIZATION SYSTEM

With a system which transmits only two polari-
zations but which is also able to measure complex
ratios between quantities relative to the two polari-
zations, the procedures of sections 2 and 3 can be
still applied. Measured quantities in this case are
8304 812, A7z — Ay, By; — By, ; the latter two
are the differenmtial amplitude and phase of the two
copolar signals, which define the parameter D, .

The application of (5) or of (6) and (7) is then
straightforward. Conversely, with a simple two.-
orthogopal-polarization system, only the complex
quantities §;, and §,, are measured. This implies
that the medium must be supposed longitudinally
homogeneous, with particles having rotational sym-
metry (L = 0) in order to simplify the model.

4.5. Linear polarization.

The condition L = O implies X, = X, = X (see
eq. (6} ) so that, from (7) we get
s D-I‘l = fm:.

(8)
! X = \gxr Su -
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Then from (6) we obtain :

- -y OB, =R )
A = 2tanh-! \/—(_H'B_—ﬁ,, IR v

9 and

M Rty e T e S

The existence of the principal planes can then be
tested by checking if & is real. This condition is
equivalent to

(10) Im(1/8,,) = im(1/3,,).

Notice that equations (%) are very critical because
they depend on the differences between large numbers
s0 that small errors in the measurement of § are
greatly emphasized. Moreover the linear polarizations
usually adopted are vertical and horizontal, namely
the less depolarized ones, This implies that the cross.
polar signal levels are very low, thus seriously limiting
the measuring range. An improvement could be
achicved by tilting the polarizations with respect to
the horizontal and the vertical in order to increase
the cross-polar levels. A tilting of 45°, however, the
one which gives maximum cross-polar level, is not
allowed becaase in this case 8,, = 3,, and equations
(9) become singular. It has been shown that the best
tilt angle is about 15° This intrinsic criticity of linear
polarization does not exist if the copolar unbalance,
D,, . is measmed in the modulus and argument ;
anyway, a tilting of the polarization is still recom-
mended in order to improve the measuring accuracy.

4.2, Circular polarization.

In this case equation (5) can be directly apptied.
The test about the existence of the principal planes
(@ real) becomes :

(1 (8, = 3,].

Unlike the case of linear polarization, no criticity
exists for circular polarization, Moreover the cross-
polar levels are always higher than any other polari-
2ation, thus allowing the best signal-to-noise ratio.
For this reason, as far as propagation is concerned,
circular polarization appears best suited for a com-
plete identification of the medium, whether the copolur
unbalance D is measured or net.

5. SINGLE-POLARIZATION SYSTEMS

With a single-polarization system, ¥ is the only
complex quantily measured. This implies that the
medium has to be a priori supposed linear and homo-
8encous, with particles having rotational symmetry

(L = 0). Also, the existence of two principal planes
has to be assumed (D real), However, such a medium
needs 3 scalar parameters to be characterized, and
50 information obtainable from copolar attenuation,
A, has to be utilized and additional hypotheses concern-
ing the medium must be made (shape, raindrop-size
distribution and temperature of raindrops, know-
ledge of rain rate profile along the path). Moreover
it is assumed in the present paper that only 4 fraction,
p. of the raindrops contributes to depolarization.

5.1, Circular polarization,

In this case we get
\ 3] = }tanh (pA,2)].

arg 8 = arg tanh (pAy/2) + 2 @,
land A=Ay,

where :

{12)

+ corresponds to left and right respectively ;

ij and arg § are the modulus and argument of the
measured depolarization ;

O < p < 1} is the fraction of raindrops contribut-
ing to depolarization [5] ;

Ay = f{4) is the maximum theoretical anisotropy
which can be evaluated by using the well known
algorithm of Oguchi [6] and assuming a model for
precipilation (shape, raindrop-size distribution and
temperature of raindrops) and from a knowledge
of the rain rate profile along the path (A is the copolar
atténuation).

A and ¢ can be evaluated by inverting (12). An
example of the evaluation of A and @ s given in
Figure 1. In the chart the values of the constant
18] = |tanh (Af2)| {dB} and arg tanh (Af2) (deg)
are given as a function of Re |4 and Im 'A|. More.
over, a curve for copolar attenuation (dB) at 11.6 GHz
is shown assuming uniform rain-rate along a path
8 km long. {(Obviously the curve changes il another
rain rate profile is assumed ; for instance the actual
profile, or a uniform one having a length less than
8 km, or others). The points on this curve correspond
to A, . Ifata certaininstant A = 15dB. |3| = -— 13 dB
and & = 60° then the intersection of the straight line
joining 4 = 15 dB with the origin with the curve
[8] = — 13 dB gives the values of Re |a] = 1.3dB
and Im || = 23 Moreover, from (12) we obtain
D = (60-68}/2 = — » Rt s interesting 1o note
from the figure that = OP,/OP, . This procedure
altows a direct evaluation of p. It appears that no
information about ® can be obtained if only |3! and
A are measured, but evaluation of p is still possible.

5.2. Linear polarization.

In this case

(62)
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Fii. |. — Evaluation of A and @
with a single-circular-polarization system.

Evoluation de A et © dans le cas de polarisation circulaire.

© & = sin 2 @f(cotanh(Agpf2) cos 2 D),
(13) \ and
f A = Ayp.

Tt appears that it is possible to evaluate A and ‘D on
the basis of the measured § and 4. However, it is
not possible to draw a general chart similar to _that
for circular polarization, because the real and ima-
ginary parts of § depend simultaneously, and in a
more complicated way, on A and P.

If only |3] is measured, a certain value of P has 1o
be a priori assumed. This can lead to conm_derable
inaccuracy, if (as in the real case} p differs sigmﬁcam]y
from one [5] Moreover, information about the sign
of @ is lost. However, it has 10 be remembered that
an angular bias for the polarization with respect to
the vertical (obtained by a tilt angle as indicated
above) is advantageous not only because the level
of cross-polar signal is enhanced. but also because
the sign of ¢ can be obtained.

6. CONCLUSIONS

A procedure for standardizing the prese_malion of
the cross-polarization data based on a physical model

for the depolarizing medium has “been suggest‘ed.~

A triple-polarization system, or a dual-polarization
system capable of complex differential measurements,
allows a complete characterization of a general
depolarizing medium. Moreover the hypotheses _or
a homogeneous medium filled with particles f\nt.h
rotational symmetry, and the existence of two princi-
pal planes can be tested, With decreasipg complexity
of the experiments, an increasing number of hypo-
theses regarding the mediom has to be @ priori assu-
med. These hypotheses have been outlined in various
cases of practical interest.

APPENDIX

Relationships between the various polarizations

Let us deseribe a pair of orthogonal waves E, and
, 85
E, = E,(vos wil, + ¢ sinai,) = E, 0, ,

(la) and
E, = E,(sin ail, — &V cos aif,) = E; @, .

where o0 < a < =/2) is a parameter such that the
powers along x and y are proportional to cos®=z
and sin?a, ¥ is the phase-shift of the y-component
with respect to the x-component, and i, and &, are
elliptical unit vectors.

Starting from the transfer matrix in circular polari-
zation {left, right), the transfer matrix for a.general
pair of orthogonal polarization E, , E, is given by

c+£s C—!Es \/D,, X.
2a) b

S—“jc S-ﬁ-JC X, D,
£ 4
C—jes §4jeC
C—js8 S5+ jeC

where € = cos o, § = sin a, and & = ¢¥ Maitrix
(2 a) is not normalized as is (2). It aflows the evalua-
tion of the depolarization ratio for any polarization,
starting from the intrinsic parametelts gven by (5)
after proper inversion. A formula S|mlllar 1o (2 a),
suitable when starting from linear pelarization para-
meters, is

c -s||b, x, || €C s

|
.
(3a) |
5§ —-C X,, b, s —C

£

Using (3a) with & = =4 and ¥ = =/2 (linear 1o
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circular), formulae (6) can be derived easily. The
invariances iii) of Section 2 can be proved by putting
¥ = = in (32) so that the twe external matrices
become the usual transformation of coordinates when
the reference axes rotate an angle =

Relationship between the transfer parameters
and the scattering properties of the particles

As is shown in [2). the transfer matrix of a longitudi-
nally homogencous medium for linear polarization
is given, ighoring normalizations. by

4a)  cosh(Af2) [{U]] — [sin A f2)1A72)5|L1],
where || U] = unit marrix

and the terms of the ||L]j matrix are
Su—5S,

$5a) f,=—1f,=2zk"?I% ccos2W,.
LIS .
and
a) l,=1,=21zk"2I¥ 5'!‘72‘—5!‘ sin2d, .
1

where [ is the path length and & is the wasenumber.

Sy and 5, are forward scatiering functions along
the first symmeury plane of the particle (the one
containing the symmetry axis and the propagation
direction z), and the second symmetry plane (perpen-
dicular to the first one and containing the propagation
direction) ;

Z means that all the forward seattering functions

L

in 2 unit volume have to be summed ;

@, is the angle of the first symmetry plane with
respect 1o the reference plane x:.

Equation {6 a) together with (6) proves the property
(i) of section 2.

If the medium comuains the principal planes, it
can be thought of as a cascade of rain slabs the
principal planes of which share the same orientations.
Then it is possible 10 assume homogencity along the
path by mixing up all the particles thereby obtaining
two effective propagation constants resulting from
averaging the true ones along the whole rainy path.

The transfer matrix (4 a) can then be used, in
equation {9). It is insensilive to any normalization,
and gives

(Ta) A=2npk-t}wx

N

\ 555 G

o] /

and
(S — 5 eli®

10 P | _

o o \ ' ? (S — 5y e7i7%7

(7 a) reduces 10 the well known expression of aniso-
tropy as given by Oguchi [6] for &, = 0. (8 @) shows
that the effective canting angle can be thought of
as resulting from a weighted average of many phasors
of the type e'**, each corresponding to a particle
and having a weight proportional to its electrical
asymmetry S;,-§, .
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