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The nonspherical shapes of both rain and ice particles contribute
to microwave depolarization on an earth-space path. A two-tier
Gaussian model for rain, which assumes Gaussian distributions both
for instantaneous canting angle and time-varying mean canting
angle, together with gross features of ice particles, provides a theo-
retical framework to organize the experimental data and to yield
functional dependence of cross polarization on freqency, polarization,
and elevation angle. In spite of the lack of physical data on ice
clouds, we have obtained agreement between measured depolariza-
tion data and theoretical results that are essentially independent of
details of ice clouds. In particular, we have found a linear relation
between cross-polarization amplitude and frequency throughout the
centimeter wavelengths for a given earth-space path. The dependence
of depolarization on orientation of an arbitrary linear polarization
can be described by a simple, nearly sinusoidal expression that is
relatively insensitive to the mean canting angle except within about
ten degrees of the local “vertical” or horizontall direction. We show
measured depolarization data for paths of various elevation angles
to be consistent with each other using an empirical effective path
length and the approximate cos® 8. factor for the differential atten-
uation and differential phase shift. Procedures of estimating cross
polarizations for satellite communication systems and typical numer-
ical results are summarized.

. INTRODUCTION
Investigation of depolarization of an earth-space path is motivated
by the planning of frequency reuse in dual-polarization satellite com-

munication systems. Since an earth-space path is usually free of
multipath fading, microwave depolarization will be contributed essen-

* Part of this paper was presented at the 1979 USNC/URSI spring meeting, Seattle
Washington.
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tially by rain and ice particles. The lack of physical data of ice clouds
prevents precise predictions. However, a theoretical framework to
organize the experimental data can be established upon the gross
features of the ice particles and the extrapolation of terrestrial rain
models."> We look for functional dependence of cross polarization on
frequency, polarization, elevation angle, and rain rate in order for
existing experimental data*'' to serve system planners. For example,
systematic extrapolation of 19/28 GHz cOMSTAR beacon measurements
to 4/6 GHz is needed for the current design of the second generation
of AT&T satellites.

It is now well known that rain-induced differential attenuation and
differential phase shift cause microwave depolarization. In this paper,
the differential attenuation and differential phase shift on earth-space
paths between polarizations perpendicular and parallel to the plane of
incidence (i.e., that plane which contains the directions of propagation
and raindrop axis of symmetry) will be approximated by

2
a> — a1 = (@2 — ai)g,,,COS et

Bz - ﬁl = (ﬁz - B])ak,,_uCOSzBel, (1)

where the terrestrial cases of f..-o are simply those between polariza-
tions perpendicular and parallel to the axis of symmetry of oblate
raindrops. This approximation, which was checked by previous nu-
merical calculations when the raindrop axis of symmetry is vertical,’
is very useful, since extensive data are available for the terrestrial
case.”

The satellite elevation angle affects not only the differential atten-
uation and differential phase shift of raindrops but also the effective
path length, which is a very important parameter for depolarization
statistics. We make use of an empirical formula for effective path
length, which was previously developed for estimating rain attenuation
distribution:'?

B h/sin 6.
L=1% [(h/sin 8.) /L]’ (22)
where
_ 2636
L= 2b
762" (2b)

R is the five-minute point rain rate in mm/hr, 8., is the satellite
elevation angle, and the rain height 4 is assumed to be 4 km.

For an area-coverage or a scanning spot-beam satellite, the antenna
polarization seen from earth stations is often neither “vertical” nor
horizontal. The following model appears convenient for the treatment
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of an arbitrary linear polarization: Let the microwave propagation
through rainstorms be simulated by a random uniaxial, anisotropic
medium with the anisotropies given by the aforesaid differential atten-
uation and differential phase shift. The instantaneous orientation of
its axis of anisotropy, which is the projection of the raindrop axis of
symmetry onto the plane perpendicular to the direction of propaga-
tion,* will be Gaussian-distributed over the path with time-varying
mean 6, and a standard deviation of ;. Over the long term, 8, is also
assumed to be Gaussian-distributed over various rainstorms with zero
mean and a standard deviation of o,,. This two-tier Gaussian distri-
bution is an extension of the single Gaussian distribution®" in order to
provide nonzero rain-induced cross polarization (averaged over various
rainstorms) for all linear polarizations.

Ice particles also contribute to depolarization. Very little is known
about ice particles except that they are small compared with centi-
meter wavelength and have an essentially lossless dielectric constant
of 3. However, this observation together with the rain-model calcula-
tions will lead us to an important prediction of a simple linear relation
between cross-polarization amplitude and frequency.

Il. CALCULATIONS

Let a pair of orthogonal linear polarizations be designated quasi-
vertical V and quasi-horizontal H according to their proximities to the
local vertical and horizontal directions, respectively. The quasi-vertical
polarization is oriented at an angle T = 45° from the vertical plane of
incidence which contains the directions of propagation and local grav-
ity. For an anisotropic medium with the axis of anisotropy at an angle
@ from this vertical plane of incidence, the polarization transformations
can be easily obtained by the multiplication of the following matrices:

H.\ _ (cos(@—17) —sin(@—1)\[T>- 0
V.,)] \sin(@—1) cos(@—n/\0 T,

) cos(@ —7) sin(@—1)\[(H, 3)
—sin(@ — 1) cos(@—1)/\V.)
where T, and T are transmission coefficients over a path length L for

polarizations perpendicular and parallel, respectively, to the axis of
anisotropy,

T> = exp[— (a2 — jf:)L] (4)
T exp[—(a: = jB)L]. (5)

* The random component parallel to the vertical plane of incidence is expected to
contribute a variation in cross-polarization signal level of less than 1 dB (Ref. 13).
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Then the relationship between transmitted and received polarizations

will be
H, — ann  Qhe H,
Vr Auh Quu ‘/t ’ (6)
where
T: + T.—T
amn = — T T 26— (7)
2 2
T, —
Aoy = L+ T -2 T cos 2(0 — 1) (8)
2 2
ane = an =222 T gin 20 — 7). 9)

If, at a given instant,  is a Gaussian-distributed random variable with
a standard deviation of gy and a mean value of 8., the expected values
of the above matrix elements are

— T+T T:—T 2
A = — 5 Ly 2 5 = €08 2(0 — T)e 2 (10)
J— T+ T T, — T 2
Aoy = ———L =~ 22— "L cos 2(f — T)e > (11)
2 2
— T.—-T , 2
Qpy = Aup = 2 - s 2(6"1 - 'r)e-z':rlﬁi (12)

The corresponding power coefficients are
|a_’rh |* = exp[—(an + az) L][D + C cos*2(0,, — T)e %
— E cos 2(0, — )e 7] (13)
| @ |2 = exp[—(a1 + a2) L][D + C cos?2(6 — e~
+ E cos 2(0,, — T)e ] (14)
|a_;,; |*= |‘1—vi'=|2 = exp[— (a1 + a2)L]C sin’2(0, — T)e ",  (15)

where
C = sinh®aL + sin’BL (16)
D = cos’BL + sinh’aL (17)
E = 2 cosh aL sinh aL (18)
20 =Aa = (a2 — ;) and 28 =AB8= (82— B). (19)

Now if the time-varying mean canting angle 8, is also Gaussian-
distributed over various rainstorms with zero mean and a standard
deviation of on, then integrating over this distribution will yield the
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long-term average expected attenuation and cross-coupling coeffi-
cients:

| am|®

= exp[—(ay + az)L]

| @ |?

C —40% . . ,
-{D + ez [1+ cosdre™=] F E cos 2r e 2% +"ﬁ"} (20)

—40?

| @ho|? = | @on|? = exp[—(a; + a2)L] [1— cosdr e 5] (21)

Dividing eq. (21) by eqs. (20) will give the cross polarization of
linearly polarized waves:

1{C 2 1
XPL =§ (B et ) (1 — cos4r e ™% =)§, (22)

where the quantity in the first parenthesis will be identified below in
eq. (25) as rain-induced cross polarization of circularly polarized waves.
The differential attenuation factor § is the ratio between egs. (25) and
(20). When the differential attenuation is small, | 10 logié | is approxi-
mately half of the differential attenuation AA between quasi-horizontal
and quasi-vertical polarizations, i.e.,

AA Sl
| 10 logmﬁl = T = 5 logio (l Ayy |2/| Qhh |2) (22a)

Since o,, is small compared with unity, the cross polarization of a
linearly polarized wave with 1 = 45° is almost the same as that of a
circularly polarized wave.

Since a circularly polarized wave can be treated as two orthogonal
linearly polarized components in phase quadrature, its polarization
ratio can be obtained from the following transformation:

HY [am an\fl
(%)= &)C) @

The ratio of the undesired rain-induced circular polarization to the
desired circular polarization is"

(o))

From eq. (23), the cross polarization of circular polarization becomes

C

XPC = (| aun/ @ |}i-n-s5)| € |* = D e . (24)
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o, is absent in eq. (24) because the cross polarization of circularly
polarized waves is independent of the mean orientation of ramdrops
The power attenuation coefficient of a circularly polarized wave is

simply
A. = D exp[—(a1 + a2)L]. (25)

Expanding egs. (16) and (17) gives
2 2
%= (aL)zl:l - 2(?) + ] + (BL)2[1 +%)—+ ] (26)

When aL (in nepers) and AL (in radians) are small, D is approximately
unity and, using eq. (19),

% ~ % (VBa): + (BB)’L)? (27)

which indicates the proportionality between rain-induced cross-polar-
ization amplitude and differential propagation constant.

The effects of ice particles are not included in egs. (22) and (24). A
correction factor for ice-induced cross polarization will be determined
by the comparison between numerical results and measured data.

Il. NUMERICAL RESULTS AND DISCUSSIONS
3.1 Circular polarization

Now let us test the proposed model with the measured data of
received signals from satellite beacons. We first make the comparison
between calculated and measured results for depolarization of circu-
larly polarized waves versus attenuation as shown in Figs. 1 through 3.
Previous measurements of differential attenuation'® and photographs
of falling raindrops'’ suggest 30° as the probable value for o;. The
calculated curves are obtained from eqgs. (24) and (25) for each of a
sequence of rain rates. Measured data® in Fig. 1 are determined’ from
measured results of the complete transmission matrix of two orthogo-
nal linear polarizations (21° and 69° from the vertical plane of inci-
dence) of the COMSTAR beacon. Measured points in Fig. 2 were obtained
by A. J. Rustako from the cts 11.7-GHz circularly polarized beacon.”
The measured curve in Fig. 3 represents rain depolarization measure-
ment using INTELSTAT-IV at Yamaguchi, Japan.®

In each comparison at three separate frequencies and elevation
angles, the measured data, all of which are median values, show a
consistent discrepancy of about 2 dB above the calculated curves. The
measured values are expected to be higher than those predicted for
rain because of other depolarization effects such as those due to ice
particles. The residual system cross polarizations in clear weather are
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Fig. 1—Comparison between calculated rain-induced cross polarization and measured
data from comsTaR II. Higher measured values are expected due to ice particle
contributions. The standard deviation of raindrop canting-angle distribution is os.

negligible in Fig. 1, -33 dB for Fig. 2, and —23.5 dB for Fig. 3. At the
lower end of attenuation values, the depolarization effects of ice
particles become predominant. Since the cross-polarization level re-
mains low here, any uncertainty of its prediction is tolerable in system
engineering. The larger discrepancy at the higher end of attenuation
values may be attributed to either small sample size or shortcoming of
the model. However, the consistent picture in the range of moderate
cross polarization (< —10 dB) indicates reliable predictions of the
model (including 2-dB correction for ice particles) in this most inter-
esting range for system planning and suggests that the measured data
are predictable from each other.

3.2 Frequency dependence

Equation (27) implies that the cross-polarization amplitude is ap-
proximately proportional to the differential propagation constant
V(Aa)® + (AB)™. In Fig. 2, we show that this approximation holds very
well up to a cross-polarization level of about —10 dB, where the
discrepancy is less than 0.5 dB. Using the previously calculated rain-
induced differential attenuation and differential phase shift,” Fig. 4
presents the differential propagation constant for various rain rates
from 4 through 30 GHz. It is seen that the differential propagation
constant is proportional to frequency practically throughout the cen-
timeter wavelength range. Only in the upper end of this frequency
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Fig. 2-—Comgarlann between calculated rain-induced cross polarization and measured
data from crs beacon. The dotted curve is an approximation using eq. (27) for small
differential attenuation and differential phase shift. Higher measured values are expected
due to ice particle contributions.

range at very heavy rain rates does the deviation from linear depend-
ence begin to appear. At lower microwave frequencies where the
differential attenuation is negligible, the differential phase shift is
proportional to the frequency.” As the frequency increases, the rise in
differential attenuation just makes up for the slowdown of the increase
in differential phase shift to maintain the linear dependence on fre-
quency for a given amount of rain.

The other contributor to depolarization on an earth-space path is
the effect of small lossless ice particles. They are expected to be free
of differential attenuation, and their microwave differential phase
shifts, which obey the Rayleigh approximation, are certainly also
proportional to frequency. The above arguments lead us to an impor-
tant conclusion for frequency extrapolation, that is, the simple linear
relation between cross-polarization amplitude and frequency for a
given earth-space path. A direct confirmation of this prediction is
shown in Fig. 5, where the two solid curves are measured cross-
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polarization statistics at 19 and 28.5 GHz' received from the COMSTAR
beacon at 38.6° elevation angle with the transmitting polarization at
21° from the vertical plane of incidence. The three dotted curves are
linear frequency extrapolations from the measured curve of 19 GHz.
The measured statistics of 28.5 GHz show slightly smaller cross polar-
ization than the prediction of linear frequency extrapolation just as
expected from the differential propagation constant data for this
frequency range in Fig. 4.

In the absence of measured depolarization statistics at lower fre-
quencies for the same satellite elevation angle, let us test the frequency
extrapolation by comparing measured cross polarization versus rain
attenuation data from the 11.7-GHz cTs beacon at 27° elevation angle
with results obtained by extrapolation from the 19-GHz comsTAR
beacon at 38.6° elevation angle. The dotted curve in Fig. 6 is predicted
from the 19-GHz measurements using the procedure described in
Section 4.2.2 and shows good agreement with the measured 11.7-GHz
cTs data. One notes that this process of extrapolation is insensitive to
the raindrop model, the assumed canting angle standard deviation,
and the empirical expression for the effective path length.

3.3 Elevation angle dependence

It is also interesting to check the elevation angle dependence by
comparing the depolarization data obtained from the same 11.7-GHz
cTs beacon at different locations. The crs depolarization data were
also available at Austin, Texas with an elevation angle of 49.5°° and at

MEASURED AT YAMAGUCHI, JAPAN
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4-GHz CIRCULAR POLARIZATION
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L 1 | | | |
0 0.2 0.4 0.6 0.8 1.0

RAIN ATTENUATION OF DOWN LINK (4GHz) IN DECIBELS

Fig. 3—Comparison between calculated rain-induced cross polarization and measured
data from INTELSAT IV. Higher measured values are expected due to ice particle
contributions.
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Fig. 4—Calculated differential propagation constant at zero elevation angle vs fre-
quency for various rain rates.

Blacksburg, Virginia with an elevation angle of 33°." The measured
cross polarization versus attenuation data at the above two locations
have been given respectively as XPC = —40 + 20.6 log A and XPC =
—41 + 23.2 log A, where both XPC and A are in decibel units. Using
the procedure described in Section IV, the solid and dotted curves in
Fig. 7 are predictions for New Jersey from the Texas and Virginia
measurements. The predictions are seen to be in good agreement with
the data points’ for an elevation angle of 27° measured at New Jersey.
Extrapolations from Canadian crs data'' at an elevation angle of 24.5°,
which are not shown here, yield slightly higher cross polarization for
a given attenuation. One notes that the Canadian data, which are
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confined to attenuation values of less than 10 dB, probably have a
higher content of ice particles.

3.4 Linear polarization

The cross polarization of an arbitrary linear polarization is given by
eq. (22). For g, = 3° and 6°, Fig. 8 shows the cross polarization relative
to that of a circular polarization which is very close to that of a linear
polarization at 45°. This relative cross polarization is independent of
frequency. The horizontal and “vertical” polarizations are predicted
to have much smaller cross polarization, as is now well known. Recent
experiments*’ indicate the cross polarization of the preferred horizon-
tal and “vertical” polarization to be 15 to 20 dB below that of circular
polarization,* i.e., g, = 3° to 6°. Since the measured data appear to be
limited by residual system cross polarization (< —40 dB) in clear

01—

PERCENT OF TIME CROSS—POLARIZATION EXCEEDS ABSCISSA

0.01 |—
POLARIZATION 21° FROM VERTICAL
MEASURED '{E LEVATION 38.6°
- — — — EXTRAPOLATED
1 | | | | 1 |
-10 15 ~20 —25 Z30 35 —a0 Zas

CROSS—POLARIZATION IN DECIBELS

Fig. 5—Measured depolarization statistics and predictions by linear frequency extrap-
olation from 19-GHz measurements.
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Fig. 6—Comparison between measured 11.7-GHz depolarization at . = 27° and
prediction from measured 19-GHz data at ., = 38.6°.

weather, o, is probably 3° or less. The relative cross polarization of an
arbitrary linear polarization is not very sensitive to o, until the
polarization angle becomes smaller than about 10°, where the variation
of the relative cross polarization is seen to be within +1 dB. This
observation implies that in spite of the uncertainty about o., using
circular polarization data, quantitative prediction can be made of
depolarization at most earth stations for an area-coverage linearly
polarized satellite. The measured depolarization data' of COMSTAR
beacon showed that the cross polarization of the linear polarization at
21° from the vertical plane of incidence is lower than that of a circular
polarization by 3 dB, which agrees very well with the calculated value
in Fig. 8.

3.5 Comparison between two cross-polarization statistics

Circular polarization measurements of 4 GHz at Yamaguchi, Japan
using INTELSAT IV at 9° elevation angle recorded rather high cross
polarization statistics as shown by the solid curve in Fig. 9, whereas
very low cross polarization is shown by the rightmost dotted curve,
which is the linear frequency extrapolation to 4 GHz from 19 GHz
measurements of Fig. 5 with a linear polarization at 21° from vertical
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using the COMSTAR beacon at 38.6° elevation angle. However, if the
measured cross-polarization statistics from the coMsTAR beacon are
extrapolated to the earth-space path at Japan using the procedure
described in Section IV, the leftmost dotted curve is predicted. It is
seen that measured results at Japan agree within 2 dB with predictions
from coMSTAR measurements. For a given percentage of time, the rain
rate at Yamaguchi, Japan is assumed to be greater than that at
Holmdel, N.J. by a factor of 1.4, which is inferred from available
precipitation data.®*'*'® The prediction of depolarization statistics is
more sensitive to the empirical expression for effective path length,
which is a function of elevation angle and rain rate, than the prediction
of depolarization versus attenuation. At least part of the discrepancy
in Fig. 9 is contributed by the higher residual system cross polarization
(—23.5 dB) in INTELSAT measurements.

IV. PROCEDURES OF ESTIMATING CROSS POLARIZATION FOR SATEL-
LITE COMMUNICATION SYSTEMS

For the convenience of system engineers, this section will summarize
the procedures for estimating cross-polarization statistics on an earth-
space path.

oo // 11.7-GHz CIRCULAR POLARIZATION
—20 | / CTS BEACON

PREDICTED FROM MEASURMENTS
4 AT TEXAS, fg, =49.5° (VOGEL)

CROSS-POLARIZATION IN DECIBELS

/ ——— PREDICTED FROM MEASURMENTS
AT VIRGINIA, B, = 33° (BOSTIAN}
25
O  MEASURED MEDIANS AT HOLMDEL,
NEW JERSEY, flg, = 27° (RUSTAKO)

-30 | 1 I | I
0 5 10 15 20 25 30

CO-POLARIZATION ATTENUATION IN DECIBELS

Fig. 7—Comparison between measured 11.7-GHz circularly polarized cts beacon
depolarization at New Jersey and predictions from measured data at Texas and Virginia.
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Fig. 8—Calculated cross polarization of an arbitrary linear polarization relative to
circular polarization versus polarization angle. Half-differential attenuation (in decibels)
should be added and subtracted for quasi-vertical and quasi-horizontal polarizations,
respectively.

4.1 Prediction of cross polarization statistics from point rain rate distribu-
tion
4.1.1 Calculation from the model

If we are given point rain rate statistics at an earth station antenna
of a certain elevation angle, then for any frequency and polarization
the expected cross polarization level (= —10 dB) can be calculated as
follows. Adding a correction factor of 2 dB for ice-particle depolariza-
tion to eq. (24) for circular polarization and to eq. (22) for linear
polarization, we have
sinh’aL + sin’8L
cos’BL + sinh’aL

XP.;:(dB) = 10 logm[ }94"3 + 2dB (28)

1 ,
XPlin(dB) = XPLlr(dB) + 10 logm 5 [1 — cos 47 eigu;"] + % y (29)

where 7 is the polarization angle from the vertical plane of incidence
and AA/2 is the differential attenuation factor given by eq (22a). The
probable values of the parameters, o, = 30° and o, = 3°, should be
expressed in radians. The square bracket in eq. (28) can be approxi-
mated by eq. (27), that is,
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2
’

Vi [J(Aa)z + (Aﬂ}ZL}

where the differential propagation constant, Vida)T + (AB)?, is cos®f.
times those in Fig. 4, and L is the effective path length of eq. (2).

1
L= Gno.7m + (B —62)/263

(km), (30)

where R is the five-minute point rain rate in mm/hr, €., is the satellite
elevation angle, and the rain height A4 is assumed to be 4 km.

The expected cross polarizations of circularly polarized waves versus
rain rate have been computed using eq. (28) for 11 GHz at various
elevation angles as shown in Fig. 10. Since the cross polarization
amplitude is linearly proportional to frequency for a given earth-space
path, the cross polarizations at other frequencies can be approximately

0.1
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Fig. 9—Comparison between measured 4-GHz circularly polarized iNTELSAT IV de-
polarization statistics at 9° elevation angle and predictions from COMSTAR measurements.
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Fig. 10—Expected cross polarization of circularly polarized waves vs rain rate from
eq. (28) including 2-dB correction for ice cloud. Ordinates indicate linear frequency
dependence of cross-polarization amplitude. Frequency <30 GHz, cross polarization <
—10 dB.

determined by adding another factor, 10 logio( f/11)*, which is indicated
in the ordinates. To find the cross polarization of linearly polarized
waves from eq. (29), the factor Y2 [1 — cos 41-248""']"] has been presented
in Fig. 8 and the differential attenuation factor AA/2 has been com-
puted from eq. (22a) for 7 = o as shown in Fig. 11. For moderate cross
polarization (=< —10 dB) and small differential attenuation, it is obvious
from eq. (20) that the differential attenuation in decibels is approxi-
mately proportional to cos 2.

4.1.2 Extrapolation from measured data

The cross polarization statistics of an earth-space path can be
predicted from that of another path with different system parameters
if point rain rate distributions are available on both paths. The
difference between corresponding cross polarizations (in decibels) of
paths 1 and 2 for the same percent of time in statistics is given by

XP,(dB) — XP,(dB) = P, — P;

v z 0 2 1 2 e
+20 logio [( (Ba)” + (AB0) )1c0S ber, &] (31)
(V(Bao)® + (ABo)?)2c08%0e;, L2
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where the bracket in the logarithmic expression consists of the ratios
between differential propagation constants of Fig. 4, cos’f.;, and effec-
tive path lengths of eq. (30). The polarization factors P are zero for
circular polarization and

1 .
P =10 logio 5 [1—cosdre®r] + A7A (32)
for linear polarization is the difference between XPyi, and XP,;, in eq.
(29).

4.2 Prediction of cross polarization statistics from rain attenuation statis-
tics

4.2.1 Calculation from the model

If rain attenuation statistics are already available on an earth-space
path, the cross polarization statistics can be obtained from the relation
between rain attenuation and cross polarization. This relation is given
by calculating the corresponding attenuation and cross polarization for
each of a sequence of rain rates. The cross polarization can be calcu-
lated from the procedures described in Section 4.1.1, while the atten-
uation can be calculated from eq. (25) for circular polarization and
from eq. (20) for linear polarization. The calculated cross polarization
versus attenuation data in Figs. 1, 2, and 3 were obtained by the above
method except without the 2-dB correction factor for ice-particle
depolarization.

Attenuation versus rain rate for circular polarization from eq. (25)
has been presented in Fig. 12 for various elevation angles. Combining

AA/2 IN DECIBELS
N

HALF DIFFERENTIAL ATTENUATION

5 10 20 30 40 50 60 80 100 150
RAIN RATE IN MILLIMETERS PER HOUR

Fig. 11—Differential attenuation between “vertical™ and horizontal polarizations (r
= u) for various frequencies and elevation angles.
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Figs. 10 and 12 for each of the corresponding rain rates will yield the
cross-polarization-versus-attenuation curve for circular polarization
such as those for 11 GHz shown in Fig. 13. The measured 11.7-GHz
crs depolarization versus attenuation data at various elevation an-
gles”®!° are also plotted in Fig. 13 for comparison. The relation
between rain attenuation and cross polarization for linear polarization
can be approximately determined by the following simple additional
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FIVE—MINUTE RAIN RATE IN MILLIMETERS PER HOUR

Fig. 12—Rain attenuation vs rain rate for various frequencies and elevation angles.
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CALCULATED INCLUDING 2 dB
25 CORRECTION FOR ICE CLOUD
—-— MEASURED AT TEXAS

g1 = 49.5° (VOGEL)

———— MEASURED AT VIRGINIA

—30 |— fe = 33° (BOSTIAN)

O MEASURED MEDIANS AT NEW
JERSEY, fg = 27° (RUSTAKO)

CIRCULAR POLARIZATION CROSS—POLARIZATION IN DECIBELS

=35 | | | | 1
0 5 10 15 20 25 30

RAIN ATTENUATION OF CIRCULAR POLARIZATION IN DECIBELS

Fig. 13—Comparison between calculated 11-GHz cross polarization vs rain attenua-
tion and measured 11.7 GHz cTs beacon data at various elevation angles.

steps: Fig. 10 will be modified by eq. (20) which is the combination of
Figs. 8 and 11, while Fig. 12 will be increased or decreased by the half
differential attenuation in Fig. 11.

4.2.2 Extrapolation from measured data

A considerable amount of experimental data on cross polarization
versus attenuation are now available. The procedure of extrapolating
this relation from one earth-space path to another with different
system parameters can be summarized as follows. First, the corre-
sponding attenuations of two cases will be calculated for each of a
sequence of rain rates using eq. (25) or (20). Next, the corresponding
cross polarization amplitude of the unknown case will be obtained
from that of the known case using eq. (31) for the same rain rate.

V. CONCLUSIONS

A two-tier Gaussian model for rain together with the gross features
of ice particles have provided a consistent theoretical framework to
organize the available experimental data of microwave depolarization
of an earth-space path. The differential attenuation and differential
phase shift have been approximated by cos’f.; times those for the
terrestrial case. An empirical formula for effective path length such as
eq. (2) is needed to predict depolarization statistics from point rain-
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rate distribution data; however, the effects of frequency and polariza-
tion are essentially independent of the uncertainty of empirical path
length as well as details of the ice clouds. Both measured depolarization
statistics and cross-polarization-versus-attenuation data with different
sets of frequency, polarization, and elevation angle have been shown
to be predictable from each other using the proposed model.

A linear relation has been found between cross-polarization ampli-
tude and frequency throughout the centimeter wavelengths for a given
earth-space path. The dependence of depolarization on orientation of
an arbitrary linear polarization is relatively insensitive to the mean
canting angle except within about 10° of the vertical or horizontal
polarization, whose cross polarizations are about 20 dB below those of
circularly polarized waves. A recipe of estimating cross polarization for
system engineering together with the probable values of model param-
eters and typical numerical data have been given in Section IV.

This simple model for prediction of cross polarization has been
confirmed by measured medians of long term (= 1 year) data. It is not
to be used for prediction of cross polarization from rain rate or
attenuation at any particular instant of time. The short-term relation-
ship between the cross polarization and the attenuation or point rain
rate is erratic and difficult to predict. Since the rain-rate distribution
strongly depends upon the rain-gauge integration time, caution should
be exercised in the application of a rain-rate distribution with integra-
tion time other than five minutes. Lin has given an empirical relation
among rain rate distributions with integration time from 5 minutes up
to 60 minutes."
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Note added in proof: Since the rain attenuation (in decibels) is
approximately proportional to the square of frequency from 10 to 30
GHz (see Fig. 2 of Ref. 20), the linear frequency dependence of cross-
polarization amplitude for a given amount of rain also implies that the
rain-induced cross-polarization amplitude in this limited frequency
range is inversely proportional to frequency for a given rain attenua-
tion.
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