171

21

226

238

253

257

310
312
315

m@m A technical journal published quarterly by RCA

R H e w Research and Engineering in cooperation with
e V I the subsidiaries and divisions of RCA.

Contents

Cross-polarization Performance of the RCA Satcom System
M. K. Lee

Properties of Amorphous Silicon and a-Silicon Solar Cells
D. E. Carlson, C. R. Wronski, J. I. Pankove, P. J. Zanzucchi, and D. L. Staebler

Electron Trapping Noise in SOS MOS Field-Effect Transistors Operated in the Linear
Region
S. T. Hsu

A Novel FET Frequency Discriminator
A. Rosen, D. Mawhinney, and L. S. Napoli

A Dual-Gate GaAs FET RF Power Limiter
A. Rosen, H. J. Wolkstein, J. Goel, and R. J. Matarese

Depolarization Due to Precipitation in Satellite Communications
1. P. Shkarofsky

Technical Papers
Patents

Authors

June 1977 Volume 38 Number 2



170

RCA Corporation

E. H. Griffiths President and Chief Executive Officer

Editorial Advisory Board

D. M. Cottler Government and Commercial Systems

N. L. Gordon RCA Laboratories

G. C. Hennessy RCA Laboratories

G. B. Herzog RCA Laboratories

J. Hillier RCA Senior Scientist

E. 0. Johnson RCA Research Laboratories, inc.
H. Lane Picture Tube Division

S. McCoy Consumer Electronics

. Merz Laboratories RCA, Ltd.

. H. Powers RCA Laboratories
Rappaport RCA Laboratories

H. Scott, Jr. RCA Laboratories
A. Shotliff international Licensing
0. Stanley, RCA Laboratories
Sterzer RCA Laboratories

J. Tietjen RCA Laboratories

W. M. Webster RCA Laboratories

C.
D.
w
K
P.
J.
L.
T.
F.
J.

Secretary, Charles C. Foster RCA Laboratories

Editor Ralph F. Ciafone

Associate Editors

D. R. Higgs Missile and Surface Radar Division
W. A. Howard National Broadcasting Company
C. Hoyt Consumer Electronics

H. A. Linke RCA Limited

D. A. Lundgren RCA Americom, inc.

E. McElwee Solid-State Division

J. C. Phillips RCA Research and Engineering

M. G. Pietz Government and Commercial Systems

C. W. Sall RCA Laboratories

W. S. Sepich Commercial Communicatons Systems Division

J. E. Steoger RCA Service Company

© RCA Corporation 1977 All Rights Reserved Printed in USA

RCA Review « Vol. 38 ¢ June 1977




Cross-polarization Performance of the RCA Satcom
System

M. K. Lee

RCA American Communications, Inc., Piscataway, N. J. 08854

Abstract—To significantly increase the efficiency of the available spectrum and the use
of the orbital arc, the RCA Satcom system employs the technique known as
"'Spectrum Reuse,’’ whereby two or more separate channeis within the same
frequency band are transmitted (or received) on two separate orthogonal linearly
polarized beams. Since polarization isolation between the orthogonally polarized
beams is not perfect due to various depolarization mechanisms, the desired
channel will receive some interference from adjacent cross-polarized channels,
causing interference to the desired channel which may result in degraded per-
formance. Since this degradation can not be altowed to compromise the system
performance, the amount of interference must be determined so that allowances
can be made for its effect on system design. This paper describes the loss of
polarization isolation that occurs when a signal travels from transmitter to receiver,
with emphasis on the depolarization caused by the propagation medium. A sta-
tistical estimation (availability) is made of the overall polarization isolation for
various earth station locations throughout the United States. Additionally, some
examples of how this isolation is translated into signal interference and then al-
located relative to the overall interference to the signal are given.

1. Introduction

An ever increasing requirement for channel capacity in the satellite
common carrier band, together with the need to minimize cost, is the
reason for employing a spectrum reuse technique. The RCA Satcom
System accomplishes this by use of a cross-polarized antenna system
to divide the 24 channels into two groups that are carried on two or-
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thogonal linearly polarized beams. Each channel is offset 40 MHz from
the adjacent copolarized channel, with an interleaving offset of 20
MHz.

This configuration doubles the capacity achieved in 12-channel do-
mestic and international satellite systems over the same allocated 500
MHz band. An ideal doubling of the total information capacity in the
given frequency band is based on the assumption that the isolation of
the two orthogonal linearly (horizontally and vertically) polarized waves
has a value that will result in negligible interference to the cross-polarized
channel. Polarization isolation between the orthogonally polarized beams
is not perfect in practice due (1) to various depolarization mechanisms
caused by system imperfections and (2) to propagation effects that may
result in a degradation of performance of the desired channel or a re-
duction of the channel capacity for a given performance, depending on
the severity of depolarization. To meet specified performance objectives,
one of three approaches can be taken: (1) a corrective procedure may be
incorporated in the system, (2) allowance can be made in the systems
margin of performance for depolarization, or (3) a traffic configuration
can be established that results in negligible degradations. To evaluate
these alternatives, an understanding of the various depolarization
mechanisms and the prediction of their magnitudes are essential.

What follows is a description of each of the depolarization mechanisms
encountered in the entire transmission system, the prediction of their
magnitudes, and an estimation of the overall polarization isolation for
various earth-station locations and for different climatological condi-
tions. Based on the predicted cross-polarization isolation, interference
from adjacent cross-polarized channels is evaluated for a certain traffic
model in order to determine the effect of this interference upon the signal
performance.

2. Antenna

2.1 Earth Station Antenna

When a signal propagates between an earth station and a satellite, the
earth station or satellite antenna itself is the first source of depolariza-
tion. Cross-polarization generated at an earth-station antenna is due
to antenna imperfections, and is a function of the basic design of the feed
and the sophistication of various add-on circuits. The following factors
must be considered:

¢ TE/TMy; cross-polarized lobes as a result of nonsymmetries in the
square portion of the feed. This is the main contributor to the
generation of cross-polarized radiation, and the major source of this
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mode in the feed subsystem is the orthomode transducer (ortho-
coupler or zero-dB coupler).

» Cross-polarized lobes generated by nonequal amplitude of higher-

order modes (such as TE/TM ;5 modes) when a multimode horn is
used for optimum excitation of the symmetrical reflector.

e TE,q cross-polarized lobes when a horn is fed with the E-field on

the diagonal.

» Generation of a cross-polarized component by the curved surface

of the reflector.

» Cross-polarization radiation produced by feed support.
» Scattering in a conventional front-fed paraboloid (for front-fed

antenna).

o Mechanical disturbance of the antenna or feed (wind, ice, rain, and

thermal expansion and contraction).
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Fig. 1—Secondary patterns measured with 33.3-foot (10-meter) diameter main reflector;

3700 MHz; main and cross polarization, vertical; « = 0 dB main lobe region,
=0.

Considering the factors listed above, it is clear that a theoretical pre-
diction!2 of antenna performance is of limited value, and measurements
must be made. Figs. 1 and 2 are the co- and cross-polarized responses
of a typical 10-meter spectrum-reuse antenna at 3.7 GHz and 6.425 GHz,
respectively. These are the measured secondary patterns that have been
expanded for the range of off-axis angles of interest. The cross-polar-
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ization isolation of the earth-station antenna, which is the difference
between the main polarized response and the cross-polarized response,
is indicated by dotted lines in each figure. As shown in these figures, the
polarization isolation of a state-of-the-art earth station antenna is about
40 dB or greater on the main beam axis, and it decreases as the off-axis
angle increases. Unequal cross-polarization levels on opposite sides of
the antenna axis are due to the way the TE, lobes combine with TE/
'TM1, lobes. The off-axis null of cross-polarized response is generally
sensitive to frequency and mechanical stability.
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Fig. 2—Secondary patterns measured with 33.3-foot ( 10-meter) diameter main reflector;
6425 MHz; main and cross polarizations, horizontal; & = 0 dB main reflector re-
gion; § = 0.

Notice that cross-polarization levels in the 4-GHz band are lower than
for the 6-GHz band. As a result of this and because the 6-GHz main re-
sponse decreases more rapidly than 4-GHz response, the cross-polar-
ization isolation at 4 GHz is considerably higher than that at 6 GHz, i.e.,
4 dB to 8 dB as the off-axis angle increases. Therefore, the pointing error
between the earth station antenna and the spacecraft, which is discussed
later, must be calculated in order to determine the magnitude of the
cross-polarization isolation.

1.2 Satellite Antenna

The RCA Satcom spacecraft antenna complement consists of four sep-
arate grated reflectors overlapping in orthogonally polarized pairs with
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offset feed horns mounted on the earth-facing platform. Two of the
antennas generate vertically polarized beams and the remaining two
antennas produce horizontally polarized beams, each beam providing
8.4° X 3.2° elliptical coverage (of the continental U.S. and Alaska) with
the major axis rotated 20.5° with respect to the equatorial plane after
achieving proper azimuth and elevation angles. The polarization vector
of a horizontally polarized beam is parallel to the major axis of the el-
lipse.

According to specification, the cross-polarization isolation of the given
beam from any other beam that is nominally orthogonally polarized shall
be at least 33 dB at any point within the specified coverage of any given
beam and at any frequency within the specified frequency band. By
proper setting of the F/D ratio (focal length/diameter) of the reflector
and the amount of offset and by incorporating a polarization filter (fil-
tering screens forming the actual reflecting surface of the antenna) to
suppress the unfiltered lobes,? an isolation of the order of 39 dB can be
achieved, which is more than sufficient to meet the specification.

Table ]—Cross-Polarization Isolation (dB) of the Satellite Antenna (Y, horn,
N-S Polarization, Satellite at 124°W)

Down Link Up Link
3700 3950 4200 5925 6195 6425
City MHz MHz MHz MHz MHz MHz
Inside 8.4° x 3.2” Contour
Boston 43.2 49.0 42.8 33.7 37.6 42.5
New York 43.1 49.9 42.2 33.8 37.1 41.6
Chicago 42.7 45.0 52.5 33.5 33.6 52.3
Denver 36.7 41.6 49.7 36.1 34.6 43.0
San Diego 38.6 37.5 41.9 34.1 34.0 33.1
Los Angeles 39.3 37.8 43.6 35.4 34.5 33.2
San Francisco 43.3 40.8 48.7 36.0 38.4 36.0
Seattle 37.7 39.7 41.5 37.2 45.2 48.4
Prudhoe Bay 35.5 34.3 35.1 412.8 48.8 43.0
Outside the Contour

Tampa 36.9 49.5 44.1 39.2 39.4 45.1
King Salmon 39.4 42.1 34.3 40.1 45.9 46.7
Nome 37.5 39.7 34.3 39.2 46.0 46.8

Full spatial cross-polarization measurements made on the breadboard
antenna SW (south-west) reflector, “vertical” N-S polarization, (fed by
the dual band Y, horn) at band center and edges for both bands showed
that at cities within the beam coverage the cross-polarization isolation
is greater than 33 dB as shown in Table 1. The SW reflector was utilized
for the measurements because it is the worst of the four reflectors. The
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wide variation in magnitude shown in the table, depending on the fre-
quency and the location, is further confirmed by the measured data on
the antenna test range. Fig. 3 shows such a measurement of a vertically
polarized beam of the SW reflector of the RCA Satcom F-2 spacecraft
taken on an antenna range.3# In-orbit test data® has shown a better
performance than the range tests, which unavoidably include scatter
from near-field surfaces. A two-way link (from South Mountain, L.A.
to Vernon Valley, N. J.) demonstrates isolation of greater than 34 dB
over the whole 500 MHz on channel 12, which is the channel with the

lowest isolation.
M (4UV2 BEAM SW REFLECTOR)

| il u"'.‘l ﬁ-,-‘ i\
H’*‘ﬁi WA WY r'i'
—— H-__

aatl

_ww‘u WW"‘" R\W.u.p WA ,",apUS"

p— '_ ’;I ”. : ? 1
RMMM W M R

Fig. 3—Measured swept-frequency cross-polarization isolation of an overlapped N-S po-
larized beam over 8.4 X 3.2° elliptical coverage.

3. Angular Misalignment and Pointing Error

3.1 Angular Misalignment Due to Spacecraft Movement

Movements of the satellite and imperfect pointing to the satellite by
ground stations result in off-axis arrival of the signal, causing a loss in
gain as well as degradation of the isolation (See Figs. 1 and 2).
Conservative estimates derived from analytical and statistical data
indicates that the nominal control maintains the spacecraft within
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+0.042° E-W and +0.069° N-S for approximately 85% of the time
(corresponding to normal operation period), whereas the spacecraft is
at the specification limit (£0.1° E-W and +0.1° N-S) for less than 5%
of the time (corresponding to the station keeping period). The maximum
pointing error (space angle ¥ shown in Fig. 4) can then be calculated
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Fig. 4—Pointing error due to spacecraft movement.
using the four corner positions of the spacecraft:
07 = cos™ (M Ae + mus + vy). [l]
Here,
v = space angle (pointing error) in degree in Fig. 4
A1 = sin(90 — B) cosay
M1 = sm(90 - Bl) sinal [2]
v = cos(90 — B3y)
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where «y, ) are the initial azimuth and elevation angles, and
Az = sin(90 — fB9) cosay
ue = sin(90 — B3) sinay [3]
ro = cos(90 — 3y)

where a9, B2 are the azimuth and elevation angles corresponding to the
new position of the satellite (one of the four corner positions). (Ay, u;,
1) and (Ay, uo, vo) are the direction cosines of vectors I'; and 1', as shown
in Fig. 4.

The desired location of the satellite is assumed to be (—119°E, 0°N).
We substitute a4, 81, as, and 8,, which are evaluated from a computer
program, into Egs. [1], [2], and [3], and calculate the pointing errors for
fifteen earth station locations throughout the United States. The results
are summarized in Table 2.

Table 2—Maximum Pointing Error Due to Spacecraft Movement (Assume
Initial Operation Has Zero E.S. to S/C Pointing Error) for Several
Representative Stations

Under Normal During Station
Operation Keeping
(85% of the time)* (5% of the time)*
Los Angeles 0.1° 0.17°
New York 0.077° 0.14°
Average Station in the 48 0.092° 0.156°
Contiguous States
Average Station in Alaska 0.083° 0.144°
Hawaii 0.084° 0.145°

* For 10% of the time, pointing errors are between the two limits given above.

As can be seen from the table, the pointing errors are different for
different earth station locations. Los Angeles shows the largest pointing
error, and the pointing error that the New York earth station antenna
will experience is small compared to those for other stations. This can
easily be understood from the fact that Los Angeles is closer to the sat-
ellite than New York and thus, experiences more angle error due to
spacecraft movement.

3.2 Earth-Station Pointing Accuracy and Total Pointing Error

Besides the pointing error due to spacecraft movement, there is a
pointing error associated with the earth station itself due to various error
sources such as gravity, wind, thermal differentials, and foundation
displacement. The analysis of this pointing error is beyond the scope of
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this paper and accordingly, for the purpose of the analysis, the pointing
error that current antenna manufacturers can achieve will be used. A
33.3-foot (10 m) antenna can be installed with an initial pointing accu-
racy of 0.01° and will maintain its accuracy to within 0.1° in a 60 MPH
(96 km/h) wind. For smaller size antennas, the pointing accuracy can
be maintained to within 0.2° in an 87 MPH (139 km/h) wind with 0.5
inch (1.3 cm) of ice.

Let 6, be the pointing error due to spacecraft movement when the
earth station is initially aligned to the desired satellite position (i.e., 119°
W, 0° N), and # the pointing error of the earth station itself with respect
to its initial setting due to gravity, wind, and the various other sources
of error. Then the combined pointing error can be as high as 8; + 6, or
as low as the difference between 6, and 0., depending on the relative
movement of the spacecraft and earth station. Based on Table 2, the

I 1 T T T i 1 1 1

oF THE TIME)

MAXIMUM POINTING ERROR — DEGREE

/e
DIIR\NG s/C SIAI ON KEE! ING (-]
. I \ P *,
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NORM L € \ 85 /e ]
$/C UND R
. T
o] i l l |
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EARTH STATION POINTING ACCURACY FOR THE AVERAGE U.S. STATION
WITH RESPECT TO ITS INITIAL SETTING, IN DEGREE

Fig. 5—Maximum pointing error between the earth station antenna and the satellite.

maximum angle error, 8; + 65, is shown in Fig. 5 for spacecraft normal
operation and for station keeping. The term pointing error as used
hereafter in this paper will refer to the combined error.

3.3 Spacecraft Pointing Error

Even though the polarization vector of the earth-station antenna is
initially aligned to that of the satellite antenna, without assuming any
effects caused by the propagation medium, two polarization vectors can
be misaligned due to the movement of the spacecraft about its yaw axis.
Pitch and roll angle errors of the spacecraft merely cause a slight shift
of the beam in east-west and north-south direction, respectively, but yaw
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error causes a rotation of the beam. This rotation causes the polarization
vector of the spacecraft antenna to be misaligned relative to the polar-
ization vector of the earth-station antenna. Therefore, polarization
isolation on the link can be degraded depending on the magnitude of the
yaw error of the spacecraft.

Analysis indicates that the yaw angle error is of the order of +0.25°
under normal operation. This corresponds to a cross-polarization iso-
lation of 45.6 dB (£0.3°). However, when the Faraday rotation angle
(rotation due to the ionisphere) is taken into consideration, we find that

DIRECTION INWHICH S/C POLARIZATION VECTOR

/ IS ALIGNED DUE TO YAW ERROR

DIRECTION IN WHICH EARTH
/STATION POLARIZATION VECTOR

1S AUGNED \‘ A
| 4

(On the Up-Link} (On the Down - Link)

Fig. 6—Effective rotation angle of the polarization vector (as viewed from the spacecraft)
when the spacecraft experiences yaw angle error.

the yaw angle error effectively decreases the Faraday rotation of the
polarization vector on the uplink, while it increases it on the downlink
(or vice versa). Assume that the uplink Faraday rotation angle is Qy and
the downlink Faraday rotation angle is Qp,. Then, for a yaw error of +0.3,
the uplink polarization rotation angle becomes Oy, 0.3 while the rotation
angle on the downlink becomes Qp, ¥0.3, depending on the direction of
the spacecraft movement about the yaw axis as shown in Fig. 6. Thus,
yaw-angle error effectively decreases the polarization isolation on one
link while it increases the polarization isolation on the other. An example
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Table 3—Numerical Example to Show the Effect of Yaw Angle Error

No Yaw Angle Error

1.14° ———————= 34.0 dB (uplink isolation)

Qu
2.58° — —+ 26.9 dB (downlink isolation)

p

26.12 dB (overall isolation)
Yaw Angle Error of 0.3°

Qu - 0.3° = 0.84° ——— 36.7 dB (uplink isolation)
), +0.3° = 2.88° — 26.0 dB (downlink isolation)

25.65 dB (overall isolation)
Yaw Angle Error of -0.3°

Qu + 0.3° = 1.44° ——= 32.0 dB (uplink isolation)
Q) - 0.3° = 2,28° —— 28.0 dB (downlink isolation)

26.54 dB (overall isolation)

of this is shown in Table 3. The results verify that the effect of yaw-angle
error on the overall system polarization isolation is negligible.

4.0 Rain-Induced Depolarization

The propagation medium between the satellite and the earth station can
modify the polarization status of the wave. The jonosphere will cause
Faraday rotation of the polarization vector. Heavy rain is likely to con-
vert linear polarization to elliptical polarization with a significant
cross-polarized component. Atmospheric turbulence and the fluctuation
in the angle of arrival also introduce linear cross-polarization, but cal-
culation shows this effect to be negligible.! In addition, depolarization
due to the propagation medium shows strong time variations, whereas
the imperfections in the earth station and the satellite antennas are
nearly independent of time.

The effect of rain on polarization is discussed in this section. Faraday
rotation is discussed in Section 5.

4.1 Theory

Depolarization due to rain is caused by the non-spherical nature of the
rain drop and the geometrical orientation of the rain drop with respect
to the incoming field vector of a given polarization.

The incoming linearly polarized field vector can be resolved into two
components polarized along the major axis 0X and the minor axis OY
(or OC direction for the satellite-earth path with an elevation angle of
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B) of the rain drop as shown in Fig. 7. The two components orthogonal
to each other will experience different attenuation and different phase
shifts relative to each other, due to the nonspherical nature of the rain-
drop. This effect is measured by two parameters called differential at-
tenuation and differential phase shift, which result in a change of po-
larization status of the incoming wave depending on how the rain drop
is canted with respect to the wave field vector.

:WAVE FRONT

Ry S

Fig. 7—Geometrical orientation of rain drop with respect to linearly polarized field vec-
tors.

Assume the following geometrical orientation of the rain drop with
respect to the polarization vector shown in Fig. 7, where,
OY = Local vertical perpendicular to the ground (XZ plane)
m = wave front inclined by 8° from XY plane
B = elevation angle
OB = minor axis of the horizontally disposed spheroidal rain drop.
Therefore, OB is the shortest distance from the center of the rain
drop.
OA = major axis of the horizontally disposed spheroidal rain drop.
Therefore, OA is the longest distance from the center of the rain
drop.
L =pcircular contour made cutting the rain drop horizontally. Therefore,
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OA = OA,. OA, can also be a major axis, but assume OA as the major axis
for the purpose of this discussion.
I, = elliptical contour made by cutting the rain drop perpendicularly to
the XY plane. Therefore, OB < OC < (OD = OA, or 0A)
R, = one of the two linear orthogonally polarized wave vectors, Riand
Ro.
R¢ = component vector of R resolved in OC direction.
R4 = component vector of R resolved in OA direction.
# = angle between vector R; and Rc. It will be called canting angle
hereafter.

As outlined in Appendix 1, the differential attenuation causes the
original linearly polarized field vector, Ry, to rotate from its original
attitude. The angle of rotation, 9, is

6=10-—tan™! <tan() - log™! [_—(a"- _—_a(iL])
20

where,

# = canting angle defined in Fig. 7.

a, — a = differential attenuation in [dB/km], o/, and a¢ are
attenuation coefficients [dB/km] of the waves polarized along
the OA and OC directions.

L = effective rain path length

For frequencies of 4 and 6 GHz, the cross-polarization generated by
angle 5 is negligible. In this frequency range, the effect of differential
phase shift is more important. The differential phase shift converts the
linear polarization of the original wave into elliptical polarization. At
the same time, the major axis of the polarization ellipse rotates relative
to the original attitude of the linearly polarized field vector. This is shown
in Fig. 8. The axial ratio and é are as follows (also see Appendix 1):

5=0+tan! [2—“"’”—“’?—“’] - 90° (5]
2 1 — cot=f
AR = Major Axis/Minor Axis

= tan [% sin~ (£ sin20 sin«/))] |6]

where,

¢ = (84 — Bc)L, differential phase shift through the effective
rain path length, L. 84 and 8¢ are the phase shifts in deg/km
of the waves polarized along OA and OC direction.

For AR > 1, 90° < sin™!(sin 20 sin¢) < 180°.
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Since 4, in this case, is extremely small in the frequency range of in-
terest, the major effect of the differential phase shift is the conversion
of linear polarization to elliptical polarization with a significant cross-
polarized component depending on rainfall rate. The cross-polarization
isolation then is expressed as

XPI = 20 logAR [dB] (7]

MAJOR AXIS

Ref-——-- ~ 2 Ry

S
~e

S~V Ra
L MINOR AXIS

Fig. 8—Axial ratio deterioration due to differential phase shift.

4.2 Prediction

If the elevation angle is not zero, the differential phase shift to be used
in Eqs. [5] and [6] is B4 — B¢ [deg/km]. Limited data for this case is
available. However, the data for 8, — Bg, which is the phase difference
between components of the field vector polarized along the major axis
and the minor axis of the rain drop, is available from perturbation cal-
culations and point-matching procedure.5-8 Results from Oguchi are
reproduced in Fig. 9.9 Since (84 — 8g) is greater than (84 — B¢), the
worst-case results are predicted using 84 — g, even though there exists
an approximate relationship!® such as 84 — 8¢ = (84 — Bg) sin2(90 —
B8).

The effect of canting angle distribution on the resultant cross-polar-
ized signal strength is also taken into consideration. The canting angle
distribution measured by Saunders!! was assumed around 6c = 20°, 0¢
= 30°, and ¢ = 45° (note that Saunders’ distribution was centered at
zero degrees, but the same distribution is assumed to be centered at 20°,
30°, and 45° in this analysis). In this case, Eq. [6] becomes
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AR = tan [%sin‘l (:!: 2 fi sin 26; sin d;)] [8]

where f; is the fraction of the nonspherical drops having canting angle
f;,and > .;f; = 1.

The effective rain path length, L, is assumed to be related to the
rainfall rate as follows:

'a = PHASE SHIFT IN THE DIRECTION OF THE MAJOR AXIS
5 = PHASE SHIFT IN THE DIRECTION OF THE MINOR AXIS

F e

F (‘_///
F

§

PHASE SHIFT - deg/kn
3

® =654 GHz, MORRISON,
CROSS AND CHU, 1973)

% +-Bg{¢ GHz, OGUCHIS RESULT) -

— _— —_— — —

50 75 100 125 154
RAIN RATE {mm/hr)

o
2}

Fig. 9—Phase shift versus rain rate.

Vertical Extent = 5.34 — 1.67 logP [km]
Horizontal Extent = 17.18 — 5.13 logP [km] 19]

where P is rain rate in mm/hr, the statistics of which are shown!? in Figs.
10and 11.

The cross-polarization isolations thus calculated are shown in Figs.
12 and 13 for 4 and 6 GHz, respectively. When Saunders’ canting angle
distribution is used in the calculation, the canting angle distribution
around 6¢c = 30° gave a worse result than that for the canting angle
distribution around 8¢ = 45°, while constant canting angle § = 30°
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Fig. 11—Rain climates of the United States.
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Fig. 12—Depolarization caused by differential phase shitt for the distribution of canting angles
around . = 30° (4 GHz).

yielded a better result® than that for # = 45°. This is due to the assumed
distribution of the canting angle. Since contributions from positive and
negative canting angles cancel (sin26; changes sign), the resultant
cross-polarization isolations for the canting angle distribution around
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Fig. 13—Depolarization caused by differential phase shift for the distribution of canting angles
around 6, = 30° (8 GHz).
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8¢ = 30° are improved by approximately 6 dB from those for the con-
stant angle distribution 6§ = 30°. The estimated cross-polarization iso-
lations for various earth-station locations throughout the United States
are also tabulated in Table 4.

5. Faraday Rotation

5.1 Theory

When a linearly polarized radio wave is incident upon a homogeneous
anisotropic ionized medium, such as the ionosphere, it splits into two
characteristic waves (or modes), the ordinary and extraordinary waves
of the magneto-ionic theory. These waves are generally elliptically po-
larized with opposite senses of rotation and travel independently with
different phase velocities. For a sufficiently high frequency (i.e., a wave
frequency much larger than the plasma, collision, and gyromagnetic
frequencies) and a direction of propagation that is not too nearly normal
to the magnetic field (quasi-longitudinal approximation), these waves
will be nearly circularly polarized. They also have complex, anisotropic,

Table 4—Estimated Cross-polarization Isolation for Various U.S. Sites Due to
Rain (Distribution of Rain Drop Canting Angles Assumed)

4 GHz 6 GHz
Cate- 0.01% 0.1% 1% 0.01% 0.1% 1%
gory Site ] (dB) (dB)
2  Boston 21.58 24.5 34.1 40.5 21.2 30.5 37.2
2 New York 24.50 25.5 35.1 414 221 31.4 38.2
2  Houston 46.72 30.6 39.9 46.3 26.5 36.1 42.6
2 Chicago 32.16 27.8 37.3 43.0 24.1 33.5 40.3
2 Denver 41,79 29.6 39.0 454 25.7 35.2 41.8
4 San Diego 51.87 34.9 41.7 47.4 30.8 37.8 434
4 Los Angeles 50.47 34.6 41.4 47.1 30.5 37.5 43.1
3 San Francisco 46.10 32.9 40.6 46.2 28.8 36.8 42.5
3 Seattle 35.22 30.8 386 44.0 26.9 34.9 40.8
1 Tampa 38.37 26.7 36.9 44.7 22.8 33.2 413
Average (Canting Angle
Distribution) 29.7 385 446 25.9 34.7 41.1

Average (Constant Canting
Angle). . .. 23.7 32.5 38.6 199 28.7 35.1

refractive indices, i.e., they are absorbed as they propagate, and for
neither characteristic wave do the wave-normal and ray directions
coincide. Since the refractive indices are different, i.e., the two compo-
nents have different phase velocities, the plane of polarization of the
resultant wave field gradually rotates as the wave progresses through
the ionosphere. This phenomenon is known as the ionospheric Faraday
rotation.
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If the wave frequency is much higher than the plasma frequency and
gyromagnetic frequency (above 100 MHz), both ordinary and extraor-
dinary rays can be assumed identical to a straight line joining the
transmitter and receiver (first-order approximation). To a first-order
approximation, the angle between the ray and the wave normal is also
approximately equal to zero. In this case, the Faraday rotation in radians
is expressed by13. 14

0 = 2365 X 104 ~2f N(B cosf)ds [10]
or

=2.97 X 10~%f~2f N(H cosf)ds

where

f = wave frequency, Hz,
N = electron density, electrons/m?
B = magnetic flux density, Wb/m?2 = uoH
po = 1.257 X 107% henry/m
H = magnetic field intensity, ampere-turns/m
6 = angle between the wave normal and the geomagnetic field
vector.
s = ray-path length, meters
Thus, the rotation of the plane of polarization is proportional to the
product of the electron content and the magnetic field component along
the path of ray propagation and inversely proportional to the square of
the radio frequency.
For convenience, Eq. [10] can be written in terms of a differential
length of height h above the earth instead of an element of ray-path
lengths. Thus, from Fig. 14,

_ 2.365 X 10"
2 B
_2 365 X 104

J; " (B cosh) cse(¢ + AN (h)dh [11]

f V(h, I)N(h)dh
)

_2 365 X 104

o Vi, 1) f) N(h)dh

where

f N(h)¥(h,T')dh

f N(h)dh
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and hp, is some intermediate value of height between zero and h,,
called ‘““mean ionospheric height.” B cosf csc(¢ + B) calculated at this
mean ionosphere height approximates the weighted mean value of the
product B cosf csc({ + ) over the signal path for targets beyond the
ionosphere. The mean height of the ionosphere is normally assumed to
be around 340 to 400 km, which is near the centroid of the electron

<&
b“”\\\
<0 S/’ r

EARTH STATION \

Fig. 14—Ray path geometry.

concentration distribution. Then Eq. [11] becomes
_2.365 X 10
f2

where 400 km is taken as the mean height.

The sense of polarization rotation of the wave as it travels toward the
satellite is CCW and as it travels toward the earth station is CW. Viewed
from the receiving end, obviously, the sense of rotation of the wave is
reversed, i.e., viewed from the earth station it is CCW and from the
satellite it is CW.

he
Q ¥(400, T') f Ndh (12]
0

5.2 Prediction

Using the theoretical ionospheric model available,!®16 the integrated
electron density, { N(h)dh (usually called electron content or columnar
electron content, electrons/m2 column) was predicted for various loca-
tions, time of the day, season of the year, and solar activity. It is impor-
tant to note that the behavior of the Faraday rotation angles follows
exactly that of the electron content. One example of such predictions
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Fig. 15—Diurnal, seasonal, and solar cycle variations of the electron content at New
York.

is shown in Fig. 15 for an earth station in New York. The ¥(400, I')
function is also evaluated, as shown in Appendix 2, for various earth-
station locations using the earth’s magnetic field model described by
Jensen and Cain!? and Chapman and Bartels.!8 The ¥ function evalu-
ated in Appendix 2 is shown in Table 5. With this ¥ function and the
electron content predicted by the theoretical ionospheric model, the

Table 5—Calculations of W(400,1") for Various Earth Station Sites (For
Satellite at 119°W)

B W (400, ")
(in107*  (in 107

Station g ¢ cos Wb/m?) Wb/m?)
Boston 21.58 7.3717 -0.612 047 0.594
New York 24.50 6.6007 -0.659 0.46 0.587
Houston 46.72 3.1063 -0.943 0.41 0.506
Chicago 32.16 5.0328 -0.802 0.47 0.623
Denver 41.79 3.6551 -0.945 0.45 0.597
San Diego 51.87 2.6084 -0.996 0.40 0.490
Los Angeles 50.47 2.7373 -0.993 0.40 0.496
San Francisco 46.10 3.1710 -0.965 0.42 0.535
Seattle 35.22 4.5398 -0.866 0.46 0.623
Juneau 22.26 7.1814 -0.693 0.47 0.663
Hawaii 38.36 4.0912 -0.522 0.31 0.240
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Fig. 16—Faraday rotation angles for the transmission path from New York to San Francisco
for winter solstice in the year of sunspot maximum.
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Fig. 17—Faraday rotation angles for the transmission path from Houston to Chicago for winter
solstice in the year of sunspot maximum.

192 RCA Review ¢ Vol. 38 ¢ June 1977




SATCOM SYSTEM

Faraday rotation angle can be calculated. Figs. 16 and 17 are some of the
results of the model calculations for transmission paths between New
York-San Francisco and Chicago-Houston. These predictions were
made for winter in a year of high solar activity (Wolf sunspot number,
R = 100).

It is important to make an estimation of the maximum or minimum
values of the Faraday rotation angles for the system design so that proper
compensation techniques can be implemented or allowances can be made
for its effect in the system design. In order to predict the magnitude of
Faraday rotation angles, the solar activity in the year of interest must
first be predicted. Fig. 18 shows the predicted sunspot numbers for solar
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Fig. 18—Predicted sunspot numbers for cycle 20.

cycle 20. This prediction made by the lonospheric Propagation Predic-
tion Group of ITS, ESSA Research Laboratories, is derived from a re-
gression analysis based on the previous solar cycle.!® The maximum of
the next cycle will be expected to occur somewhere around 1980 with the
sunspot number R = 100 or above. Therefore, in years around 1980 the
Faraday rotation angle will also show its maximum value throughout
the solar cycle. Table 6 shows the daytime maximum and nighttime
minimum values of the Faraday rotation angles at 4 GHz for three sea-
sons and two solar activities. The results shown in this table are for the
mean variations of the electron content for one month. If these monthly
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mean values of electron content are assumed to be exceeded by 20% on
a particular day of the month for various reasons, such as magnetic storm
and solar flare effect, the corresponding mean values of the Faraday
rotation will also be exceeded by 20%. The Faraday rotation angle at 6
GHz is 0.40629 times the 4-GHz rotation based on the frequency de-
pendence, (1/f2).

Cross-polarization isolation (XP1) due to the Faraday rotation effect
is then defined as follows:

Table 6—Daytime Maximum and Nighttime Minimum Values of the Mean
Faraday Rotation Angle, (in degrees) at 4 GHz (Satellite at

119° W)
R=0 R =100
Daytime Nighttime Daytime Nighttime
Station Max. 2 in. 2 Max. (2 Min. Q2

Spring Equinox
Boston 0.53 0.11 1.70 0.22
New York 0.53 0.11 1.68 0.22
Houston 0.74 0.15 2.04 0.28
Chicago 0.56 0.11 1.78 0.35
Denver 0.62 0.15 1.89 0.27
San Diego 0.66 0.16 1.94 0.28
Los Angeles 0.67 0.16 1.96 0.29
San Francisco 0.63 0.16 1.89 0.27
Seattle 0.53 0.11 1.63 0.22
Juneau 0.24 0.05 1.31 0.15
Hawaii 0.87 0.07 1.72 0.12

Summer Solstice
Boston 0.47 0.18 0.95 0.29
New York 0.47 0.18 0.94 0.28
Houston 0.59 0.17 1.23 0.34
Chicago 0.49 0.18 0.98 0.28
Denver 0.51 0.19 1.05 0.30
San Diego 0.51 0.18 1.14 0.32
Los Angeles 0.52 0.18 1.15 0.33
San Francisco 0.50 0.19 1.10 0.33
Seattle 0.47 0.20 0.94 0.31
Juneau 047 0.22 0.87 0.33
Hawaii 0.62 0.09 1.24 0.20

Winter Solstice
Boston 0.63 : 2.00 0.16
New York 0.62 0.07 1.98 0.15
Houston 0.63 0.12 1.73 0.18
Chicago 0.66 0.07 2.15 0.23
Denver 0.65 0.10 2.03 0.15
San Diego 0.55 0.10 1.62 0.16
Los Angeles 0.56 0.11 1.64 0.16
San Francisco 0.56 0.10 1.74 0.15
Seattle 0.58 0.04 1.99 0.09
Juneau 0.49 0.02 1.77 0.07
Hawaii 0.58 0.06 1.26 0.09
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. = A R A T4 R A ™A N W, S

received power polarized orthogonally
to the transmitted power

XPI =10log —
received power polarized in the same
sense as the transmitted power
- %0 log <|1§'_| st_>
|E] cosQ

=~ 20 log(sin{), for small Q

where E is the original transmitted E field vector.

Based on Table 6, the daytime minimum and nighttime maximum
values of the cross-polarization isolation, X P, at 4 and 6 GHz are shown
in Tables 7 and 8, respectively.

6. Overall Cross-polarization Isolation and Its Effect on Signal
Performance

6.1 Overall Cross-polarization Isolation

Cross-polarization is the transfer of energy from one state of polarization
to the other orthogonal state. Therefore, summation of cross-polarization
is carried out in terms of the total transmission loss of the desired signal
due to depolarization.

For the purpose of this discussion, it is assumed that the original E
field vector rotates by «° (see Fig. 19) at the first cross-polarizing stage

cosa

[N}
)
8
[e]
g
sINQ 'f
sNa SING

Ist CROSS Al
CTEEAIUGHLT SR 2nd CROSSPOLARIZING STAGE

a
xP1, = 20 LoG S0 Q. cosfB
S T ARIZRIZOL0G SIN3

Fig. 19—Geometry of co-polar and cross-polar electric field as the wave passes each
cross-polarizing stage.
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(i.e., where only rain-induced differential attenuation is considered) and
further rotates by 8° at the second cross-polarizing stage, such as the
Ionosphere. Then the cross-polarization isolations at the first and the
second stages are expressed as follows:

(XPI); = 20 log 2% = 29.14 dB, assuming a = 2° [13]
sina
(XPI)y, = 20 log (s%)r%} = 25.61 dB, assuming 8 = 3° [14]

The overall cross-polarization isolation is calculated to be (see Fig.
19)
(XPD)otal = 20 log

Resultant E vector component
polarized in the desired direction

Resultant E vector component polarized
perpendicular to the desired direction

= 20 log (C()sa cosf} — sina sinB>

cosa sinf + sina cosf
0.9962
0.0872

[15]

=20 log =21.16dB
Eq. [15] is exactly equal to 20 log{cos(a + B)/sin(a + B)], that is, 20
log(cos5°/sin5°) if the original vector rotates by 5° from its original at-
titude.

Since sina sing is much less than unity, Eq. [15] can be approximated
as

(XPD)gotal ~ 20 log( Cosar cosf )

cosa sinf + sina cosf

. . .
= 20 log <sma o smB)
cosa  cosf

= 20 log (10~ (XPD1/20 4 10— (XPD2/20)—1 (16]

which is the expression for the voltage summation of (XPI); and
(XPI),. Thus, for N cross-polarization stages, each characterized by an
isolation (XPI); of the wanted polarization, the total cross-polarization
is given by the voltage summation of (XPI);:

(XPDotal = 20 log (10— (XPDi/20 4 10— (XPDa/20

+ ... 10~ (XPhn/20)—1 [17]
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Since the characteristic of each cross-polarizing stage is different
from others in practice, the way E vectors are added together as the
signal travels through various cross-polarizing stages is a complicated
problem. However, the worst situation described above can be evaluated
using Eq. [17] to determine the total cross-polarization isolation.

As examples of such calculations of cross-polarization on an up or
down link, two cases are presented below. One case is for a pointing error
0.1°, and the other for 0.2° for the determination of the cross-polarization
isolation of an earth station 10-m antenna. As discussed in Section 3,0.1°

Table 9—Uplink and Downlink Cross-polarization Isolations As a Function of
% 'Time Availability and the Earth Station Location (Pointing Error
of 0.1 was Assumed)

99% 99.9% 99.99%
Up- Down- Up- Down- Up- Down-
link link link link link link
Zone 1l Tampa& 22.53 2144 21.12 20.61 17.17 18.05
Memphis
Willmington 22.38 21.33 20.66 20.29 16.47 17.47
Zone 2 Boston 21.95 21.07 20.36 20.12 16.30 17.17
New York 22.12 21.17 20.63 20.31 16.77 17.59
Houston 22,68 21.54 21.75 21.01 18.91 19.30
Chicago 22.41 21.31 21.19 20.67 17.83 18.44
Denver 22,59 21.48 21.57 20.90 18.57 19.01
Zone 3 San Francisco 22.67 21.53 21.88 21.09 19.80 19.86
Seattle 22,48 21.39 21.51 20.85 19.07 19.35
Zone 4 Los Angeles & 22.73 21.58 22.00 21.17 20.36 20.22
San Diego
Zone 5 Phoenix 22.76 21.58 22.61 21.52 21.86 21.09
Salt Lake City 22.61 21.49 22.45 21.42 21.57 20.91
Moscow 22.49 21.42 22.32 21.33 21.33 20.77

is the maximum pointing error that can be experienced during the nor-
mal operation of the spacecraft when the earth station maintains a
pointing accuracy of 0.01° with respect to its initial setting. 0.2° is the
maximum pointing error when the earth station maintains an initial
pointing accuracy of 0.04° during spacecraft station keeping.

The case for the clear weather condition is considered first, and then
results are modified to include the rain depolarization effect as a function
of availability and the earth-station locations as shown in Tables 9 and
10. The worst-case Faraday rotation (winter or fall daytime maximum
value of the Faraday rotation angle in the year of maximum solar ac-
tivity) and a polarization isolation of 33 dB for the satellite antenna were
used throughout the calculation. When the duirnal and seasonal varia-
tions of the Faraday rotation angle are considered, the availabilities given
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in the tables are low, because they represent availability associated with
rain statistics and worst-case Faraday Rotation. The overall system
cross-polarization isolation can be obtained by combining uplink and
downlink polarization isolations via power addition for the satellite link
of interest.

Table 10—Uplink and Downlink Cross-polarization Isolations As a Function
of % Time Availability and the Earth Station Location (Pointing
Error of 0.2° was Assumed)

99% 99.9% 99.99%
Up- Down- Up- Down- Up- Down-
link link link link link link
Zonel Tampa & 19.82 20.20 18.76 19.48 15.60 17.19
Memphis
Willmington 19.70 20.11 18.41 19.19 15.01 16.66
Zone 2 Boston 19.39 19.88 18.18 19