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Preface

The results of data obtaincd at The Uni\}ersity of Texas at Austin
during the 80 days preceding the solar eclipse shutdown on 30 August
1976 of the CTS 11.7 GHz righthdand circularly polarized beacon trans-
mitter are presented. Attenuation and cross-polarization isolation were
measured, It was determined that depolarivzation presents a serious
limitation to satellite system reliability when frequency reuse by polari-
zation diversity is employed. A 27 dB isolation margin would reduce
reliability below 99.95%. For the same percentage the required fade

margin was below 3 dB.
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I. Introduction
A, General

Satellite-terrcstrial communication systems depend upon the
propagation of electromagnetic waves through the atmosphezze. A success-
ful design of such a system is one that meéts realistic §pc~:cifi;:ations.

These must be based on the knowledge of any limitations introducad by

the a.t;nosphere. At millimeter wave frequencies £or.eleyation angles
above about 10° mainly two mechanisms exist that introduce limitations:

(1) the absorption and reradiation of radio waves by oxygen and water vapor
and (2) the absorption and scattering of radio waves by precipitation. The
first can be determined by applying appropriate atmospheric models and
radio sonde data (Straiton, 1975)., The second causes attenuation, inter-
ference and depolarization, Attenuation and interference due to rain can

be predicted if the spatial and temporal variation of rain intensity is known
(Crane, 1977). The prediction of depolarization effects requires a know-
ledge of other parameters such as drop shape and canting angle distributions.
These have not (yet) been linked to intensity to allow accurate a priori esti-
mates:

For this purpose and in anticipation of tHe future need of satellite
systems operating at around 12 GHz with a required reliability of 99, 99 per-
cent the Communication Technologies Satellite (C'];‘S) ix;;:ludes.. a propagation
experiment, The gign:;d from the 11.7 GHz beacon transmitter could be

used by participating experimenters for pertinent measurements.
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This repor. describes the efforts by the Eléctrical Engincering

Research Lakoratory, The University of Texas at Austin and presents the

J data collected during the initial phase, from 12“June 1976 to 30 August
1976. |

, B. Experiment Objectives

. Fregquencies above 10 GHz are attractive for satellite communi-

j cations because (1) they provide the opportunity for increased bandwidth

a- the frequencies are increased, (2) they are in a part of the spectrum

where overcrowding has not yet occirred and (3} they make possible narrow

beams with relatively small antennas.
b Increasing attenuation does occur, however, because of the iso-

tropic absorption of energy by water vapor and oxygen in the atmosphere

and the anisotropic absorption anci scatter{ng by raindrops. To fully utilize
; . the spectral capacity of the geosynchronous arc it ha.s been proposed to
transmit"'sil;qultz“meously in the same frequency band but with orthogonal
polarization. This is called fx'eéuency reuse by polarization diversity.

At millimeter wave frequencies the success of this scheme is

limited by two factors.. One is the clear-air isolation between the two

N TR TR R T T o

s"igna"l channels over the recuired bandwidth ancl_béamwidth. ~ The other
. “is the depolarization caused by particles (ic__c or raindrops) present in the

propagation path. These tend to couple energy from each signal into both

channels, destroying the integrity of both'messages. - Thus 1 akage of

energy from one channel to the other causes cross talk and may restrict



the full use of the communication channel during rain storms. This is
especially true at the microwave frequenciaus (10-;’5'1‘ GHz) where the theory
predicts higher cross pelarization for a given fade depth.n

The objective of the rescarch reported here was to obtain data
on the attenuation and cross-polarization isolation for circular polari-
zation due éo the atmospherc at 11.7 GHz. Besides relating cross-polari-
zation to attenuation the fraction of time that either exceoded a given level

hasg been determined for Austin, Texas for the 80 days of measureme s,

II. Receiver Description
A. Turnstile Feed
The 11,7 GHz beacon transmitter aboard GTS is nominally right
hand eircularly polarized (RHC). n That means as the wave travels away

from an observer the electric field vector rotates in a clockwise direction.

In reality the beacon transmits a right hand elliptically polarized wave with

an axial ratio of less than 1.5 dB anywhere within an enclosed angle of 17°
centered on the electrical axis of the spacecraft antenna.

Any receiver which hopes to measure cross-polarization must
therefore be able to fully couple to the transmitted signal polarization in
one channel so that the other channel with orthogonal polarization receives
no signal during clear air propagation. Since the cross-polarized receiver
wag to be able to detect a signal 45 dB below the co-polarized signal level,
at least that much isolation was required from the antenna - feed point of

view. A gecond requirement for the receiving antenna polarization arose



e R B k. T N i

from the fact that the exact polarization of the beacon was not known.
Therefore the receiver polarization had to be adjustable after the receivers
went into operation,

These requirements are met by a turnstile feed, built by us for
this experiment. The turnlstiie is o six-port waveguide junction. 1t has
been deseribed by Dicke (1948) and received some attention, mainly in
radar work, because it can be used as a duplexer (Crandell, 1955; Meyer
et ai. » 1955; Fellers, 1960; McCormick, 1968). The unique property of
the turnstile is that it ¢an be adjusted to simultaneously receive any two
orthogonally polarized waves with high isolation and negligible lo;ss.

Figure 1 shows a sketeh of a turnstile. The 90° intersection of
two X-~band waveguides results in four ports. To the center of the inter-
section connects a circular waveguide with its axis perpendicular to the
plane formed by the rectangular guides. This represents two ports, one
for each of the no:-thogonal waves that can be propagated down the circular
guide. The radius of the circular guide is decided by its desired cutoff
frequency. A match of the junction is achieved by adjustment of the pene-

tration of three centered concentric ping. Two opposite rectangular arms

have moveable shorts with remote control. The two receivers are connected

to the other two rectangular arms. Isolation between these was adjusted to
be greater than 55 dB with a VSWR of less than 1,06 The circular wave-

guide as prime focus foed was flared to put the 14 dB points of its radiation
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pattern at the edge pf e 3 m parabolic receiving antenna, The entire front
end assombly can be rotated about the feed axis,

The polarization of an electromagnetic wave is defined by two
numbers. Thercfore two adjustments are necessary to null the sipgnal in
the cross polarized channel, Using the complex polarization coefficient
(Beckmann, 1968) defined by

vertical

-+ p — E
__ _Ehomzontal

= |p| exp (i arg p)

all possible polarization states can be represented in the complex p plane.
(See Fig. 2) It is easy to show that when the positions of the short circuits
in the turnstile are adjusted (with their dii:.[arence kept at Ag/fl) the two
orthogonal receiver polarizations move around the unit circle. Rotating
the eintire receiver changes its pc;la.rization over the complex plane asg
indicated in Fig. 2. By proper adjustment any incoming wave polarization
can be matched.

Fipures 3 and 4 give the &zimuth and elevation co- and cross-polari-
zed antenna patterns measured on the CTS signal, Better than 40 dB iso-
lation has been achieved on the electrical axis of the antenna. This iso-
lation was rﬂaintained even after the antenna was wet with a éar‘den hose.

B. Antenna

The beacon receiver utilizés aldm parabolicw digh attached to an

azimuth-clevation steerable converted ballistic radar mount, The pointing

of the antenna is under program control with an accuracy of about .02°,
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The antenna has a prime focus feed (turnstile}). A 30 cm long aluminum
cylinder with 23.5 cm diameter is supported by a tripod at the focus and
serves as universal receiver box.

C. Dual Channel Receiver

Figure 5 is a simplified block diagram of the RF front end. The
two orthogonally polarized antenna outputs are connected.through wave-
guide switches to two mixer~preamplifier agsemblies.” The local oscillator
is a.phase locked signal source. Its 11,65 GHz output is derived from a
stable 107.8 MHz crystal oscillator. Isolators in the local oscillator path
preserve high isclation between the two channels, The resulting 54" MHz,
 IF signals are processed in the bankenci housed ih a building adjacent tlo the
antenna, From theze an 11,7 GHz calibration signal is fed through coaxial
canvle to the front end. 99 percen;: »f the calibration signal can be directed
into the co-polarized channel and 1 percent can be switched into“the cross-
polarized channel.

The backend is a modified Martin Marietta phase locked loop re-
ceiver. It wés built for the A'“I‘S-S program and has also been uged for the
ATS-6 experin;xents. The 54 MHz IF signals are 'l“)andpa.ss filtered, ampli~
fied and with a 44 MHz VCO mixed to 10 MHz in the Martin Marietta receiver.
T};e operation of this receiver has been thoroughly described in the literature
(Martin Marietta, 1969). The stronger co-pslarized signal is used to lock
the receiver up. The co- and crom-polarizedf uiénﬁl channeis have noige

bandwidths of 100 and 20 Hz, respectively. The receiver stays locked to
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the beacon for fades of over 30 dB, Clear air isolation between channels
exceeds 40 dB. Logarithimic outputs of the signal strengths in each channel
are recorded on a dual pen chart recorder.
D, Calibration
The output of a phase locked signal source at 11.7 GHz is fed
through a calibrated attenuator into the front end agsembly where the larger
output from a 20 dB directional coupler can be switched into the co-polarized
channel and the smaller output into the cross-polarized one. The difference
in power level to the two receivérs in the calibra.tior; mode has been mea-
sured to be 20,5 dB. By stepping the calibrated attenuator over a total
range of about 30 dB a scale is created on the recording chart which can
then be used to determine the relative power levels in the co- and cross-
polarized channels. This calibraiion is performed at regular intervals
(about once a week) and whenever attenuartion or cross-p.olarizaffion events
occur.
E. Operation
The receivers were operated on a 24 hour per day basis starting
12 June 1976 until the beacon transmitter was shut down on 30 August }976

for the duration of the solar eclipse.

II1. Meteorology of Austin
A, Thunderstorm Climatology for Central Texas
High attenuation events were always associated with thunderstormg

in the Austin area. The storm climatology is given to help in the inter-

pretation of the attenuation data.
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Information on thunderstorms in Central Texas is given in Table
1. The frequency of occurrence refers to the mean over a thirty year ob-

servational period and was obtained from Local Climotological Data for

Austin, Texas. The other information was obtained from Mr. William Hare,
Meteorologist in Charge at the National Wealher Service Meteorological
Obscrvator;r, Radar Center, Hoﬁdo, Texas. Data obtained from the radar
at Hondo (which includes Austin in the scope area) for the two years this
site has been in operation were used. These data should be fairly repre-
sentative of the Austin area. Cloud (t}}understorm) tops are given in kilo-
meters above mean-gea-level, the translational speed of the individual rain
cells is given in km/hr; and the direc;ion of movement of the rain cells “is
given as the direction from true north from which the cell is"moving. It
should be pointed out that when th;a showers are arranged in a line (a

squall line) as they frequently are in the spring (March through May) the
line usually moves from 300° to 310° (i.e- from the northwest). The in-

dividual shower cells within the line, however. =r.ove in the direction as

indicated in the Table.

Thunderstorm frequency is bimodal, as shown in the Table. May"

and August have the highest observed mean frequencies (though the standard

deviation is very large throughout the year). Maximum cloud tops occur
almost concurrently with maximum frequency. Translational speed of in-
dividual cells is at a maximum in early spring (March) when mean wind

speeds within the troposphere at this location are at a maximum. Minimum

-
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Table I
MEAN VALUES OF THUNDERSTORM PARAMETERS

FOR CENTRAL TEXAS BY MONTH OF YEAR

Month Frequency of Height of Cloud Tops Cell Speed Direction of Movement

Occurrence km (km/hr) (degrees)
Jan 1 8.5 46 - 240
Feb 2 9.1 56 250
Mar 3 1.6 “ 65 270
Apr 5 S 12,2 56 250
May 7 12.8 46 240
Jun 4 10,7 7 180
July 4 9.8 28 170
Aug 5 9.8 . 28 150
Sept 4 “ 12,2 46 230
Oct 3 " 11,6 46 230
Nov 2 . 9.1 46 240

Dec 1 8.5 46 240
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speéds are observed in late summer., The direction of movement of
individual cells has a strong southwesterly to westerly component most
of the year, except in the summertime when cells rr;ovc from the south
(June) to southeast (August),
B. Meteorology for 12 June 19?6 - 30 August 1976
The total rainfall for 12 June - 30 August 1976 was 112 mm.
During this 80 day period there were 11 days with more than 2.5 mm total

pre'cipitation. The fraction of time the rainrate exceeded values between

2 and 200 mm/hr is shown in Fig. 6 for this time period. The data are

based on one stahdard 20 cm tipping bucket rainzauge located at the re-

ceiving site,

IV. Rerults of the Attenuation and Crosg-polarization Isolation
‘Measurements '

The chart records were digitized at one minute intervals for all periods
of data events. These are defined by either the attenuétion exceeding 1 dB
or the cross-polarization isolation reduced below 3% dB. Cross-polarization

isolation (CPI) is defined by

_ Power received in the co-polarized channel -
Power received in the cross-polarized channel

CP1

The most severe data event occurred on 26 August 1976. A time plot of the

rainrate, attenuation and isolation for that event is shown in Fig. 7, The

raingauge recorded a peak rainrate of over 250 mm/hr, While tipping

bucket gauges are not very accurate at such high rates they nevertheless "
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give an indication of the severity of the downpour. During this storm
isolation was reduced to 14 dB and the maximum attenuation was 28 dB.
In Fig. 8 the isolation is plotted versus the attenuation A for this

event. A logarithmic curve fit resulted in a relationship of

CPl = 36.8 - 15,7 log A
with a coefficient of determination rz = ,90. Also indicated in the graph
is the time sequence of the measured points. It is interesting to note that
the attenuation at first increases without much deterioration of the isolation.
Figures 9, 10 and 11 give isolation versus attenuation for three other
rainstorms. Logarithmic curve fits were made to describe the relation.

The results are

CPl - 34 - 10.6 log A for 15/16 June 76
CPI = 36.6 - 13.8 log A for 19 June 76
and CPl =43 - 24.2 log A for 25 July 76.
All the ] minute samples of data events collected have been plotted in
Fig. 12. Note that by the way data events were defined periods with atten-
uation less than 1 dB and isolation better than 35 dB are not usually digitized.

A least squares fit for all data with A > 2 dB resulted in

CPl = 38.9 - 17.4 log A.
Added in the plot are theoretically derived curves for 17 and 30 GHz.
They were calculated by applying a point matching procedure to drop shapes

of rain falling in still air and assuming a statistical distribution of canting
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angles of the drops in the rain volume (Vogel, 1973), It is appa;ron_t that
at low attc;nuations {<3 dB) the logarithmic fit of the points i_:_s deterioratéﬁ.
with the cross-b’olnrizatior‘i igolation generally less than predicted. A con-
tributing factor to this behavior ig the anisotropic phaseshift introduced
to the wa.v; by frozen particles in the atmosphere, resuiting in a change of
polarization with very little accompanying attenuation. Such behavior was
ge_neran}:r observed in conjunction with thundersto_;jrns_wiiich a,.re an indication
of ice formation, On these ouasﬂ;-ds isolation was frequently r;:éuced to
about 30 dB, but never bélow 25 dB, with;:ut any».noticeéble change of the co-
éblarized power received,

| Figure 13 shows the chart record for one of these events. It is obvious
that over 15 dB changes of the cross-polarization isolation within a few
seconds are not correlated to the ‘attex-mation of the co-polarized signa,l".

When attenuation finally occurred the character of the cross-polarization

" fluctuations changed.

The cumuir;ttive time fraction for which the isolation was rcduc:éd below
a certain level together with the time fraction for which the attenuation ex-
ceeded a certain value has been plotted in Fip. :14 for the measurement |
period. It should be emphasized that these curves are based on only 80
days of measurements. Thereforec the extrapolation to yearly statistics,
as indicg:ate.d on -‘."hc righthand margin of the graph, should be considered

oaly a rough estimate.
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A frequency reuse system with a 27 dB isolation requirement would
have not been fully operational for .05 perce;mt of the time at this location
during the indicated 80 days. For this outage time the required fade margin
with less than 5 dB would have been no severe constraint, A frequency reuse
system with a 10 dB fade margin and a 27 dB isolation requirement would be
limited by t“hc loss of isolation, .Applying polarization adaption methods
could improve isolation and make attenuation the limiting factor. Besides
*ha gain in reliability this would havg the advantage of making the system
more predictable, since 'e__xttenuation ouﬂtages. can be determined if rain in-
tensity statistics are known, whereas depolarization outages can not (Crane,

1977).

V. Conclusicuy

The depolarization of electromagnetic waves by rain or ice in the

atmosphere presents a limitation to {fwe reliability of frequency reuse

systems operating at 11,7 GHz., Cross-polarization events can be divided
into two categories. (1) Low attenuation aflisotropic phaseshift through ice
clouds causes depolarization to about 25 dB CPIH. (2) Proﬂpagatio:? through
rain ccn;tples depolarization and attenuation with a rclgtti_onsiﬁp approxi-

mated by

CPl=a-blog A
where CPI and A are cross-polarization isolation and attenuation in dB.
For circular polarization the constants a and b take valucs of near 39 -

and 18, Thereforein systems that employ no depolarization compensation
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techniques the fade margin and required isolation can not be specified
independently, For the data presented here a realistic system with a
fade margin of 10 dB and an isolation of at least 27 dB would have been

limited in its operation most seriously by depolarization.
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