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w CHAPTER 1 B 3
| L , Co gy
INTRODUCTION 1
J { nd '.1“
d , P
| 1.1 Purpose of Thesis l «%
i |
RS Overcrowding of the radio frequency spectrum is forcing users to ' @
: 3
2 consider operating at higher and higher frequencies and to investi- {
b .
%ate the practicality of orthogonal polarization frequency reuse [1].
v PR ’fz
q owever, this combination of higher frequencies and dual polariza- § ! 2
, tions poses certain problems. Atmospheric effects, principally i '§
i rain, depolarize the transmitted wave. This depolarization results in : 2
! !
ig a crosspolarized signal component which creates undesired crosstalk P4
g between otherwise independent channels. !
lé ) The phase of this crosspolarized signal is probably the most
|
: difficult rain propagation effect to measure. In general, theoretical
S VR
@ & werd priedictions of phase are either absent from the literature, or they

are presented as a byproduct of an attenuation-isolation model.

Theo#etica1 phase predictions are often suspect for these reasons.

- This thesis investigates the crosspolarized signal phase in i !
detai1. This investigation was motivated by several factors. First,
the phase has implications in the theoretical modelling of rain

bropagation. It is a particularly sensitive function of certain ﬂ B

prdperties of a rain-filled medium and its measurement aids in the

o~

determination of these properties. In addition, phase can have a

\ direct bearing on communications system performance. To illustrate

the system implications consider a can;e11ation system (or a cross-

-1 -

v B e
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coupling system as it is often called) which injects a signal from

channel A of a dual-polarized receiver into channel B of the receiver.

; 3 : ! . ) X
. « . y . N P ok .~ & 4, .
T e e et U G mei kS o g s ik o S
. R S Tt Sl T 3 L it ) :
SRR R AIR TRVt N PO} A b N i

. If the injected signal has the correct amplitude and phase the

% result is a cancellation of the crosstalk in channel B. A signal from

- channe] B is similarly injected into channel A. The phase of the

T c;ncellation signal must be 180° different from that of the inter- B

z fering signal. It is therefore necessary to know something about the :f g

11 characteristics of the crosspolarized signal phase in order to ;?’?é

i implement a cancellation network. 'g‘é ;%

- The questions to be answered by this these are: (1) what can E f@

[i ’ be learned of the rain propagation medium from phase measurements; ! 'j
(2) how will phase variations affect a cancellation system; and :g

B (3) 1is there a particular set of conditions that will enhance the ?

- operation of a cancellation system? In the work to follow a brief h ;fi

section of definitions is followed by the development of a mathemat- ’ 5

jcal model to predict the phase. This chapter, 2, will also present

g

several phase predictions for different frequencies and polarizations.

Chapter 3 describes the VPI&SU Satellite Communications experiment

with emphasis on the hardware and software related to the measure-

ment of phase. Presented in Chapter 4 are experimental data for a

wide range of propagation events at 11.7 GHz and 28.56 GHz along with a ;
discussion of the correlation between data and theory. Explanations ‘

for observed differences are proposed and substantiated. Chapter 5

addresses the cancellation system and its performance in a real

communications link. An inexpensive cancellation device suitable for
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H the small earth terminal will be proposed as a conclusion to this ; g
H thesis. B
{1 B
t 1.2 Definition of Phase :;?;

Risiicigan

Phase is defined as "the fraction of a complete cycle elapsed as

measured from a specific reference point" [2]. In this thesis the

S

ph\sé of concern is that of the crosspolarized wave and the reference CRR
% point is defined as the beginning of a cycle of the copolarized wave. ?E j
The copolarized wave is the wave of the desired polarization and ;@
é the crosspolarized wave is the undesired rain-induced wave. These

definitions are equivalent to stating that the relative phase of the
|
crosspolauihed wave with respect to the copolarized wave is to be

measured. As in most electrical engineering work the phase will
be expressed as an angle in degrees.

Electromagnetic waves and their corresponding waveguide fields

3

il

é%;

4

.é
B
|

and circuit voltages may be expressed as sinusoids in the general

form

v](t) = Vm -sin(wt + §) (M)

where ¢ is the phase angle relative to the sinusoid

va(t) sJﬁﬁ sfﬁ(@é) v; | N | (2)

and Vm is a positive number. ' ' o
3
~The angle ¢ represents the amount by which v1(t) leads vg(t).

This is illustrated in Figure 1-1 where v](t) and v,(t) are plotted.
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Here ¢ is the angle by which v1 (broken line) is shifted to the left
of vo. Corresponding points of v](t) = Vm sin(wt + ¢) occur ¢/w
seconds earlier than vz(t) = Vm sin(wt).

Similarly if

Vm sin(ot + ¢,) | (3)

vs(t)

and

v4(t) Vm sin(wt + ¢4) (4)

vy leads v, by ¢53 - ¢, where v, is assumed to be the reference sinu-
soid. If V3 lags Va then the sign of b3 - ¢4~is'negative which
indicates this condition.

fhe copolarized wave is the reference sinusoid and is analogous
to va(t) = Vm sin(wt +'¢4). The crosspolarized wave is analogous to
vé(t) = Vm sin(wt + ¢3). The phase of the crosspolarized wave

referenced to the copolarized wave is then o9 = #g-

Expressed mathematically,
beo = Phase{v4(t)} = Phase{Vm sin(wt + ¢4)} = 4 (5)
and

= Phase{V3(t)} - Phase{Vm sin(wt + ¢3)} = § (6)

*cross 3

and the relative phase is




i

-

7

93
= Phase{Vm sin(uwt + $3)} - Phase{Vm sin(ut + ¢4)}

* Pcross ~ %co - (7)

Therefore the relative phase is defined as

8= %cross ~ %co - (8)

With this definition of relative phase a retardation of the cross-
polarized signal phase results in a negative change in A and an
advance in the cfosspo1ari:ed sfgna] phase causes a positive change in
A.

The phase of the crosspolarized wave with respect to the

copolarized wave, 4, will henceforth be termed the crosspolarized

~ phase or simply the phase.

1.3 The Phase of a Circularly Polarized Wave

In dealing with linearly polarized waves, linearly polarized
fields in a waveguide, or circuit voltages, the phase is completely
specified as in the discussion above. The electric (and magnetic)
%ield vectors of a linearly polarized wave oscillate in amplitude at
;he radian frequency of the wave. However, the field vectors of a
¢ircu1ar1y polarized wave are ccnstant in amplitude and this leads to
an ambiguity in the meaning of phase. Several definitions have been
proposed for the phase of a circularly polarized wave [3]. The

definition to be used here requires a reference direction in space
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fo be established. Figure 1-2 illustrates a right-hand circularly
bolarized (RHCP) wave in space with the E-vector rotating in the x-y
ﬂlane. Also shown is a left-hand circularly polarized (LHCP) wave.
A reference direction in the x-y plane is established along the
positive x-axis and the phase of the wave is measured by the angle
through which the E-vector has rotated beyond this reference
d%rection. The sense of the positive angle ‘or the RHCP wave and the
LHCP wave is opposite. The phase difference between the two waves
remains constant as the vectors rotate in their respective directions.
If a new reference direction were chosen or if two different
rqference directions were chosen for the two waves a constant value
is added to the relative phase. In the studies to follow only
changes in the relative phase and the correlation between these
chhnges and weather phenomena are important. Many constant terms
ap%ear; for example, differences in the waveguide structure of a
praétical receiver introduce a constant term. Therefore the choice

of reference directions is completely arbitrary.
1.4 Differential Phase Shift

The term differential phase shift, or the more concise term
differential phase, will be used throughout this thesis. Differen-
tiil phase (and differential attenuation) refer to the difference in
&rupagation constants for a wave polarized in a direction parallel
to the major axes of an ensemble of raindrops and a wave polarized

parallel to the minor axes of the raindrops. The propagation
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difference exists because most raindrops are elongated in an
approximately horizontal direction.
Differential phase and crosspolarized phase are different

quantities. A relationship between the two is developed in the next

chapter. The differential phase will henceforth be referred to by

its complete name.
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CHAPTER 2
A MATHEMATICAL MODEL FOR PHASE

2.1 Review of the Rain Medium Propagation Properties

In this section expressions are developed which relate cross-
polarized phase directly to the properties of a rain-filled propaga-
tion medium. Thase new expressions were developed in order to

z
provide simple equations from which the effects of the medium are

readily apparent. These equatiens lead in turn to relatively

S

straightforward computer routines for predicting phase behavior.
The properties of a rain-filled medium which are of concern are : i
path length, canting angle of the raindrops, differential attenuation,

and differential phase. For convenience all raindrops in the medium

| :
are assumed to have the same canting angle 0. This assumption, : -

vhile not ideal, is realistic and is necessary to the development of

simple equations for phase. The assumption of equal canting anales

for all drops is equivalent to defining an effective canting angle

for the medium. It has been stated that by defining an effective

[o—_

canting angle the cancelling effects of drops canted posi;ivgwfrmn5
the effective angle and those canted negative from the e?feéiive
angle;are approximated [1].

A rain-filled propagation medium is shown in Figure 2-1 with

an x-y coordinate system along the horizontal and vertical

directions. One raindrop is shown in order to define a 1-2 coordi-

nate system which is rotated from the x-v coordinate system by the

-0 -
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. 3
Raindrop
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{

i

Receiving
Antenna

A rain-fii1éd propagation medium.

Figure 2-1.
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canting angle a. Differential attenuation and differential phase are

.
—

N defined as properties of the medium and are related to :he propagation
4 '%. of two waves, one polarized in the l-direction and the other in the
' i 2-direction.

IS L

A wave which is polarized in the direction of the l-axis

‘{ Q{ experiences an attenuation of S and a phase delay of 8y upon
g propagation through one kilometer of the rain medium. A wave polar-
! ized in the direction ot the 2-axis experiences an attenuation and
- ‘J phése delay of G and Ba respectively. Differential attenuation is
r !
g,ﬂ “n defined as
;Y !
:' % S (9)
S B and differential phase is defined as
1 =8y - 8 - (10)
!;I
E %f The differential quantities & and 5 are properties of the total
S v
E rain-filled medium. They are related to the scattering properties of
§ ;‘~§ the individual raindrops by [4]
SR . VD ne - «
o
(e and
L . f
8y.2 = _ 36 f“  Im{Sy 5} n(3) degr/kn (12) %T
by 4,"\_. L Rl v ‘:
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A = wavelength in cm
n(a) = density of drops with equivolumic radius a
S1 2 = complex scattering functions

and where the summation is performed over all drops in the medium.
The scattering functions S1 and S2 represent the effects on a

ﬁgvé propagating perpendicularly to the axis of symmetry of the

réindrop. In the case of a satellite communications 1ink the wave

propagates along a slanted path through the atmosphere. This path

intersects the plane containing the raindrop axes of symmetry at an -

angle of less than 90°. Therefore an additional factor must be

inéluded in the above relations since they use the scattering
functions Sy and §,.

The geometry of this situation is shown in Figure 2-2. The
angle Y is the elevation angle from the earth station to the

satellite. The angle between the direction of propagation of the

incident wave and the axis of'symmetry of the raindrop is g = 90° - v,

It has been shown that [5]

Q
n

a, sin? ¢ (13)

and

8 =8, sin?g (14)

where

s acsia il
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differential attenuation and phase values for

a, B
incidence angle < 90°
@y, By = differential attenuation and phase values for

perpendicular incidence

(Al
"

angle between raindrop symmetry axis and direction

of propagation .

Substituting ¢ =£90° - v into these expressions yields

Q
n

o, sin2(90° - v)

a, cos? ¥ (15)
and ' —

B, 'sin?2(90° - v)

R
[}

8, cos2 vy (16)

where

<
1]

elevation angle of the satellite

These relationships will be used in the sections tp follow.
2.2 Development of the Model

2.2.1 The Rain Transmission Matrix

A wave entering the rain medium can be decomposed into two
orthogonal wave components. A convenient choice is to decompose

the wave such that one of the components is linearly polarized in
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the x-direction and the other component is linearly polarized in the
~direction. However, the attenuation and phase properties of the
m%dium are defined for waves polarized along the 1 and 2 axes.
Tﬁerefore it is necessary to transform the incident wave with x and
Yy polarization components into a wave with 1 and 2 polarization
compdnents. After accounting for the propagation of the wave through
the medium it is necessary to transform back intO”fhe original x and
y component representation.
Figure 2-3a illustrates an x-polarized electric field vector

(representing the E-field of a propagating wave) and a y-polarized

E-vector and their projections onto the 1 and 2 axes. It is seen |

that
i_ i ROy
E] = Ex cos ¢ + Ey sin o (17)
and
i_ 1. i ,
E2 = -Ex sin 8 + Ey cos 8 (18)

where the superscript i is included to represent the wave incident

upon the rain medium. In matrix form these equations are

] ]
E] cos 9 | sin @ EX
= (19)
i . i ‘
_EZJ ] sin ¢ cos ed _EyJ

The resulting components propagate through the ra1n-f111ed ‘

medium according to their respective propagation constants,
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S a5 = attenuation neners/km hi ﬁ\
EER » TR
;? }é By o phase delay radians/km B "
2; Ji L = path length km §
3 '.! v . ®
![' . BN ‘ .

H§ Both o and 8 are positive numbers and the negative sign on the /

exponents in these relations assures that the wave is attenuated and

. pew

(\,w«, ‘
AT LR
B e -

phase delayed.

é
1K
i .
§ The effects of the rain are expressed in matrix form as [6] fé
’:‘ 2' T 1 T1r 11 r‘%
[ ’ i

i Il JLe.

In a manner which is analogous to the decomposition of the

wave into 1 and 2 components, the wave leaving the rain medium is

recomposed into x and y components. This is illustrated in Figure

= R

2-3b. The resuits are

= (22)
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n
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are integrated into a single expression by forming the matrix

prbduct
‘ i oo
ST T 1T .
Ex cos o -sin @ d] 0 ]| cos o sin 6
EyJ L’sin 8 i gos eJ 0 d2 -sin © cos ©
-.E — . - - i-‘
Fos 9 -sin 6 d] cos 8 d1 sin @ Ex
¥ . i
_;sm 8 cos 6"1 --dz ;m 8 dz, cos edv -Ey,
i ) o, _ . I .
d1 cos® 8 +d, sin 8 (d] d2)51n 6 cos 8 []E,
o - 2 e
(d] - d2)s1n 8 cos 9 d] sin® 0 + d2 cos i -Fy

The transmission matrix

. 2 ;2
q1 cos- 6 + dz sin< 8

(d] - dz)sin 8 cos @

(d] -~d2)sin~9 cos 0 |

!

s 02 2
d1 sinc 8 + d2 cos z

(23)

(28)

is a compact expression which includes the total effect of the rain

medium. This expression is in agreement with expressions derived by

others [6].

2.2.2 Circular Polarization

In this section a pure circularly polarized wave is assumed to
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be transmitted and the medium effects are modelled with the
transmission matrix developed in the previous section. The wave
which exits the depoliarizing rain medium will have both a RHCP
component and a LHCP component. These components are to be extracted
and the relative phase of the two determined. This yields the |
crosspolarized phase assuming the receiving antennas are perfect
circularly polarized antennas. Deviations in the crosspolarized
phase because of imperfect antennas will be discussed in sections
2.6 and 2.7.

Assuming that the incident wave is right-hand circularly
polarized, the x-component of the wave leads the y-component by 90°.

This is expressed in vector notation as

s SURE BESRR
E' = Ex X + E.y y
= x + ey .
~ L4 o) -
= x + gi(-90 ))7
=x-3iy (25)

and in matrix notation as

E:( 1 : |
>4 . '
e ] -3 o i
- jd b J

The magnitude is suppressed and proportionality signs are used here
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Secause the phase is not dependent upon the magnitude of the incident
Qave. This concept will be used in several pfaces in this derivation
in order to reduce the complexity of equations.

This representation of the incident wave is multiplied by the

transmission matrix. The results are the x and y components of the

wave leaving the rain medium: .i
i B 2 in2 i B :- A - h
Ex1 d] cosZ ¢ + d2 sin? @ (q] d2)51n 8 Cos 8 T 1 :
{ - ing. in2 3 2 o1 | o -
Ey i(d] dz)s1n 8 cos o dy sin? 3 + d, cos? 8} i J T
3 2 (] 2 - - - - 9 ;
d1 cos? 8 + d, sin? o J(d1 dz)s1n 8 cos 6 -
) : A cin2 ) H
(d] d2)51n B cos 8 J(d1 sinZ 8 + d, cos 9) ﬁi]
- e y "
d](cosz 8 - sin o cos 8) + dz(sin‘ 9 + Jj sin 8 cos o) =
dy(sin 8 cos & - j sin? @) - dz(sin nocos 8 + j cos? 9) ,
L . ,
rd] cos 8{cos 8 - j sin 8) + j d, sin 8(cos 8 - j sin o)
d, sin 8(cos 8 - j sin 8) - j d, cos s(cos § - j sin 9)
d1 cos 8 + d2 sin &
= (cos 8 - j sin 8)

d1 sin 8 - § d2 cos 9

o mr SR T RN
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d1 cos 6 + j d2 sin 9

=% ~ (27)
d] sin 8 - J d2 cos 6
o d

Although it is not obvious from this expression, the pure RHCP wave
has been depolarized into a wave with RHCP and LHCP components. It
is necessary to extract these two components.

‘ The copolarized wave is RHCP and will bhe received by a RHCP
anfenna, the output voltage of such an antenna will be proportiocnal
in magnitude and phase to the RHCP wave. The vector representation
of this antenna is determined by the wave that it transmits, and,
as in the case of the incident RHCP wave, this is

ea(co) =Xx=Jy (28)
The phasor voltage at thc sntenna output port as a result of the
feceivedawave is expressed as the dot product of the wave vector and

the complex conjugate of the receiving antenna vector:

T c E e (29)
= . o
co ar(co)
where
v ° phasor output voltage of the copolarized antenna
co
C = constant of proportionality

The subscript r appearing on the antenna vector indicates that the

receiving polarization state of the antenna must be used. The

ety eprrrse:
s i
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ﬁolarization vector of an antenna upon receiving is not necessarily
the same as the polarization vector of the wave which it transmits.

s s . . . +
| A transformation is required to obtain e, from e,-
) r

This transformation is discussed in detail in Appendix 1 where

?» : it is shown that the required transformation is

ol i 5, = 180° - § (30)
f _L where § is the phase angle of the y-component of the wave transmitted
A by the antenna in question.

In this case,

4l 'éa()ci-:;&
! co -~ 3 QN° -~
- =x+ er & where § = -90° . : (31)
4 i N
N Therefore
1 ,
U | 5. =180° - § = 180° - (-90°) = 270° (32)
4 r ;
i and
|
. .~ Js. .
é {. g *; =x+e "y
g re) o, )
Lo ) . z
, {j 3 =x-J . (33)

The output of the copolarized antenna is
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V., =E.e*
|A = s e
{4 7 co 3 (co)
IR =(Eyx+E y) - (x= ]y
: = (B, x+E y) - (x+]y)
: ,l =EtIE | (34)
é-, E ; and the ph&ée of this voltage is simply
4 - = Phase{E, + j E } (35)
1 Yeo ase{E, +J v
Substituting the Ex and Ey components of the wdve Ieaving the rain
medium (from (27)) yields
bco = Phase{[e'je(dl cos 8 + j d2 sin 8)]

+ 3le™(d; sin o - j d, cos o)1) (36)

and simplifying

¢

co iPhase{e'je[d](cos 8 +j sino) + dz(cos 0 +j sine)]}

Phase{e'je[eje(d] + dz)]}
Phase{d] + dz} . (37)

Similarly, the crosspolarized LHCP antenna is represented by

tiy

Z;(») «
. + o3(*90°) y . (38)

-

[N A T BP U

X> X»

The angle of the y-component, §, is +90°, therefore
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18, = 180° - 5 = 180° - (90°) = 90° (39)
and
35' Cax+ed 90° y )
r(x) . R “ ——
' =x+jy . (40)

The voltage at the crosspolarized antenna output is

V =E. e
=F.p@
X | ar(x)

= (B x +E,¥) « (x+ 3y

(Byx+E y) - (x-3y)
=E - JE | (41)

and the phase of the voltage is]

¢x Phase{Ex - J Ey}

Phése{[e'je(d1 cos 9 + j d, sin 8)]

-j[e"je(d1 sin 8 - j d, cos 8)]}

?hase{e'je[d](cos § - j sin g) - dz(éos 8 - j sin 3]}

Phase{e'je[e°j9(d] - dz)]}

Pha;g{e'jze(d] - d4,)}

Recalling the definition of»théfphase of the crosspolarized

! defined in Chapter 1.

The phase Oy is thé same as ¢ .ocq

-20 + Phase{d, - d,} . (42)'
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signal with respect to the copolarized signal, the crosspolarized

phase is

8= ¢y = %o

-26 + Phase{d] - d2} - Phase{d.| + dz} (43)

for the case in which the transmitted wave is RHCP.
Consider now a LHCP transmitted wave. The matrix representation

of the wave incident upon the medium is

i1 7.7

3 | 1

: @ ) (44)
i ,

LEY_ -J §

Multip]ying this by the transmission matrix of the medium yields the

x and y components of the wave exiting the mediwn.'

BT N e e e e A e iy
PR ¥ R R ) S e

- ~ o qr -
E%T d cosZ o + dy sinZ2 o (d] - dz)sin 8 cos 8 ||1
- . - . ‘2 ' 2’” .
Eyj (d] dz)s1n 8 cos 8 dy sin? o + d2 cos? o JJ
e - d
d] cos 6 - J d2 sin 8
= o¥° (45)

d1 sin 8 + J d2 cos 8

- -

This result was obtained in a manner idential to that of (27).
Again this represents a depolarized wave with both LHCP and

RHCP components. The copolarized antenna in this case is a LHCP
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antenna. Its vector representations are

Za(co) =x+jy (46)
and |
ey <1 W

The crosspolarized antenna (RHCP) vector representations are

->o A -~

e, . =Xx-=Jy (48)
(x)
and
- A A
ear(x) =x-Jjy . (49)
Using these, the expression V « E . Z: » and (45) the copolar-

r
ized signal phase and the crosspolarized signal phase are determined.

bo = Phase(V_} = Phase{E'Q'Zir(co)} |
- Phase(E, - j E,} a
= Phasei[eje(d] cos 8 - j d, sin 8)] | -
-ile3%(d; sin 6 + d, cos ¢)]}
= Phase{d; + d,} | (50)

and

'"[‘6.&..‘:.5:2‘:.0&' A AR
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Phase{Vx} = Phase{E - e; }
, " %r(x)

"
T
©-
x
"

Phase{Ex + ] Ey}

[}

oy
]

= Phase{[eje(d1 cos @ - j d2 sin a)]

:3 + [eje(d1 sin s + j d, cos 8)1}
‘ @
- = Phase(e?(d; - d,))
= 28 + Phase{d] - d2} . (51)

oo |
»

The relative phase betﬁeen the crosspolarized signal and the

copolarized signal is

A S < Mt
A T v =
R SN SRR IO R o
At 6 Gt PR e midh ok -

,MQ e
>
1]

wave differ only in the sign of 28. The 25 indicates that the

] L
F ) = ¢x < ¢"Co B . ‘ ‘):"
v N =29 + Phase{d; - d,} - Phase{d] +dy) . ' (52) ot
[ E ] ‘<

£ |}

. o The results using a RHCP transmitted wave and a LHCP transmitted

crosspolarized phase is directly dependent upon the canting angle

© g e g AR L e ki £

gfwthe raindreps. Thus, canting angle changes translate directly

into phase variations in the received signals when circular polari-

I

zation is used. The direction of the phase change is dependent on

%é o the sign of 2.

By closely examining the portions of the equations for RHCP and Vw;
| LHCP that are identical, several simplifications can be made. , : | f
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[~
[{]

Phése{d1 - dz} - Phase{d] + d2}

| d, - d,
= Phase {-————75—} *

Recalling the definitions

{a jBy )L
e(1+361)

dk _ ‘(32 + Jsz)l-
2° ¢ .

their ratio is l
~(ay + jByIL
El _e. 1 ’ 1
AR
_ e-([u] - ap] + jl8; - 8,00L

-

= e"(a + js)L

where

Substituting the above relations into (53) results in the

(83)

(54)

(55)

c%osspolarized phase as a function of the differential propagation

properties of the medium.

joy ds,  d(sy - 8,)
* This is a consequence of (e /e “) =e
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' = Ph ( 1/d a
A' = Phase
{13;73—7—;7—&
_ PH e'(“ * JB)L -1
i

- = Phase { (cos gL - j sin gL) - 1}

; (cos gL - j sin gL) + 1
o 4 v ' (e cos 3L+'l)-;je"°"L sin gL

i The numerator and denominator of the expression in brackets may be

¥ multiplied by the complex conjugate of the denominator. The resultant
in the denominator is a real number which may be neglected with no

affect upon the phase angle.

-al

£ A' = Phase{[(e'o‘L cos L - 1) - j e sin BL]
13 X [(e‘°‘L cos gL + 1) + j e sin gL1}
!
A' = Phase{[(e'aL,cos gL - 1)(e'°‘L cos BL + 1) + (e'“L sin BL)Z]
' + j[e™ sin aL(e™ cos oL - 1 - e cos 8L - 1)1
o' = Phase{[e 2% cos2 gL - 1+ "2 gin2 g] &
. + j[-2 e sin oL} 'ﬁ
j a' = phasef(e” 2L - 1) - j(2¢™ sin L)) ]
i | -1 -2e7% sin gL =
£ = tan = { %l _ } . (57) -
)
L]
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Considering again the +26 term, the complete expression for
crosspolarized phase for perfect circularly polarized waves and
antennas is
? e-mL

o sin BL
{ _eé?uL ; } (58)

1

420 + tan”

&
[}

where

+2¢ for LHCP transmitter
canting angle

" -20 for RHCP transmitter

a = differential attenuation of the medium in nepers/km
g = differential phase of the medium in degrees/km

L = path length in km

Predictions based on this equation will be presented and discussed in

section 2.5.
2.2.3 Linear Polarization

© The procedure used in the preceeding section for circular
polarization is essentially duplicated for the case ofv1inear1y
polarized waves. Nevertheless there are several important differences
that Warrant briefly proceeding through the steps.
Assume a horizontally polarized transmitting antenna. The
véctor representation of the wave leaving the transmitter and

incident upon the rain medium is

AN i Lk 5

AR e

B e ahectiiie




O ! i1y
* ¥
N
W} ]
Al b

$
L

. &
’ ¥
‘| L

b
i
3
-,
-y
? L
= N O
\ L
: i
A s
i
P Eod
AN
3 "
’L B
: ‘
b S 1
% |
AR R
pH i l
=
Wy
f b4 oy
“ .
Hih
1.
. K
y cyE
i i
R AN
; fod
W :
i ;
N oy
A H
SERREE
41
TR
o

L

-32 -

and in matrix form it is represented by

o iﬁ ~ -
Ex ]
+ | -
E' = x (60)
el o
L ‘y.l L. J

After propagating through the medium, the wave is given by the
product of the transmission matrix and the incident wave matrix.
The results of this multiplication are the x and y compbnents of the

wave leaving the mediunm.

- 1 o

The copolarized receiving antenna responds to the horizontally
polarized wave. This horizontal component of the wave can be
extracted by inspection. Because the phasor voltage output of the

copo]arizeq,antenna is proportional to the horizontal wave component,

V;o dy cos? 8 + d, sin? o (62)

and the phase is

5 ) 2.... » . . 7. - ’— -
E, dy cos? @ +d, sin? v (d_T - dy)sin @ cos © 1
- i sh2 2
LEya (dI d2)s1n 8 cos © d] sin® o + d2 cos? 8 OJ
d1 cos? g + d2 sin? g
= | (61)
(d] - dz)sin 8 cos B
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d = Phasefvco} = Phase{d] cos*~ 8 f d2 sin® 9}

co
= Phase{d] cot? g + d2}

The voltage at the output port of the crosspolarized antenna is

proportion?I to the vertical component of the wave
V* «"(d; - dz)s1n 8 cos 8

Therefore the phase of the crosspolarized wave is

<
(1}

Phase{V,} = Phase{(d, - d,)sin & cos a}

Phase{d] - d2}

The crosspolarized phase is by definition

A= ¢y = 9o

Phase{d] - dz} - Phase{d] cot< g +d

i

ol

. Mk b »
g e G g s g, e e i
ity S gler ey FA Pt L0 AR : o

ot e

B St e
R T T e

o
ok M

s et

R NCR
" PPN Sl

This is remarkably similar to the expression for a circularly

polarized wave in (43) and (52).

If a vertically polarized wave were transmitted the wave

incident upon the medium is

E; 0
[ «

£l 1

L Y) L

E——

Multiplication of this by the transmission matrix and reduction to

the copolarized and crosspolarized signal phases yields
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A = Phase{d; - d,} - Phase{d; tan2 o + d,} . (68)

This is an expected result because rotating the transmitted wave
polarization by 90° is equivalent to a change in 8 of 90° in the
opposite direction. Replacing 6 in (66) with 8 x90° gives (68).
This concept may be extended and any linear po]arizatipn can be

accounted for by defining the proper 6 +y.

These expressions may be further simplified:

>4
]

Phase{d] - d,} - Phase{dl'cbt2 0+ d,)

d
Phase { ] 2
d] cot? o + d2

-d

}

(diyg,) - 1
Phase { — } . (69)
H(d1/d2)cot 9 + 1

Using (55)

= -l *+ 8L

Q.'O. -

7 2
and substituting this into (69) yields

e'(d + ig)L 1

A = Phase { : }
e-la + 3Bl (he g 4
-al . =al _.
= Phase { — (e cos gL - 1) - j ? : sin gL y . (70)
(™" cot? & cos 8L + 1) - j ™™ cot? o sin BL

Multiplying the numerator and denominator by the complex conjugate

of the denominator, then suppressing the resultant real denominator
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|
gives
- phaset(e=ok cos ol s
s =/Phase{[(e™" cos 8L ~ 1) - j e sin L] |
‘ ab

x [e""‘L cot2 8 cos BL + 1) + j e cot? s sin 5L]}

abk

‘Phase{[(e™ "~ cos gL - l)(tf"‘L cot® 8 cos BL + 1)

>4
[

+ (e'“L sin isl_)(e""L cot? 9 sin gL)]

+

j[(e'“L cos gL - 1)(e'“L cot? @ sin BL)

-ab

- (e sin sL)(e'“L cot? 8 cos gL + 1)]}

Phase{[e'z“L

e-nL

cot? 8 cos® BL - cot< 8 cos BL

-2al

-
H

+ e~mL

ab

cot? 8 sind aL]
al

cos L = 1 + e

( e"GL

cot? 8 cos pL-cot® g-e - cot® 9 cos pL-1)]}

ab

+

sin gL
-2ab

ile”
Phase{[e
+ j[e'“L sin gL(-cot2 & - 1)1}

cot? 8 + e " cos BL(1 - cot? @) - 1]

-
"

-1 e ok

sin 8L(1 + cot? )
{e-sz o (71)

A = tan
ol cos gL(1 - cot? g) -1

cot? 8 + e

where

8 = canting angle

a = differential attenuation nepers/km
B = differeptﬁg] phésé per km B

Lk= path length km .

As in the case of circular polarization this equation is a
compact expression relating crosspolarized phase directly to the
properties of the medium. This equation lends itself very well to

computer programming andlpredictions based on this equation are

TS

‘N,-~v

PO S o

e e ¥ A A
o KT

B

CF
[T T e e
BT R AR P 3

#
b

R R

ke
O A .r=4' .
LAY g e et RO

PR

te e e Gy Ry
SR T ol PR T S TRE T PP T Sr: T N

g
t

i

IR R T A VR PO VT LT o o S I

SRS SR




~

fomctized

{

Sien

"ot

e

o)

SURT |

- 36 -

presented in section 2.5.

The crosspolarized phase for a linearly polarized incident wave
éoes not exhibit the direct canting angle dependence noted with
circular polarization. Although it is not directly apparent from
an inspection of the equations, the crosspolarized phase for linearly
po]arized waves is only slightly affected by 6. This is a strong
boint in favor of using linear polarization rather than circular
whén a cancellation system is considered. The 6 dependence of phase
for both linear polarization and circular polarization will be

discussed and illustrated in detail in section 2.5 and in Chapter 4.
2.3 Characteristics of the Crosspolarized Phase

An intermediate result in the derivation of the A equations is
of significance for both circular polarization and linear polariza-

tion.. This result, which is in identical form for both po]arizations,

is

A = Phase{d] - dz} - Phase{d1 + dz} (72)
For circular polarization, and for linear polarization

& = Phase{d; - dy} - Phase{d, cot? ¢ + do} . (73)

It is recalled that d1 and d2 represent the propagation of
anes polarized along the major axis and minor axis of the rain-

drops, respectively.
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“(ay + j Bq)L
d, = e } !
. -(a, +§ 85)L
dy=e 2 ", (74)
From this cpnsideration
|d]| < |d2‘ (75)
and
' angle{d;} < angle{d,} . (76)

The quantities d] and d2’ being complex numbers, can be
represented as phasors or vectors, as indicated in Figure 2-4. Both
3& and Eé are drawn below the horizontal axis because of the negative
sign on the exponent.

i The sum and difference vectors are also included in Figure 2-4.
The angle between the sum and difference vectors is A, the cross-
po]a?ized phase.

~ Decreasing rain rate causes a corresponding decrease in
attenuation and phase delay. This is illustrated in the sequence of
Figures 2-5a, b, and ¢c. The sum vector always lies between 31 and 32
and as rain rate approaches zero this vector falls nearly on the
horizontal axis. The sum vector represents the copolarized signal
phase and the angle of this vector is insignificant at low rain rates.

The difference vector represents the phase of the crosspolarized

signal. This vector is very sensitive to 3] and Eé and its angle
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can vary widely. Since the angle of the sum vector is negligible at

low rain rates
A = Phase{d; - d,} . ‘ (77)

The angle of this difference vector approaches -90° in the
ljmit of zero rain rate as illustrated in the inset of Figure 2-5¢.
A mathematical analysis of the limit of crosspolarized phase is
presented in Appendix 2. McEwan has shown that the phase associated
wfth jce depolarization is +90° [7]. Ice depolarization is
cﬁaracterized by the lack of both significant attenuation and thus
differential attenuation. This corresponds to vectors E] and 32
béing of equal length, a case which results in a -90° crosspolarized
phase. The +90° result is explained by other factors [7].

It is obvious by an inspection of Figure 2-5 (in reverse
sequence) that with increasing rain rate the difference vector can
r@tate only in the negative direction since |d1| < ld2|- The sum
véctor also rotates in the negative direction but through a smaller
angle than the difference vector. This indicates that the cross-
polarized phase must retard with increasing rain rate.

; Of course the -90° 1imit of crosspolarized phase neglects the
Zé term for circular polarization. Any other constant term that

might appear in a practical system has been neglected also.
2.4 Phase Predictions

The equations for crosspolarized phase are
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-2¢”% sin gL
A = £26 + tan-! { sin 6L,
=2al
e -1
for circular polarization, and
- -GL . 2
A= tan'] e " sin gL(1 + cot? o) } (79)

{
e-ZaL L

cotZ g + e * cos 8L(1 - cot2 ) -1

for linear polarization. The usefulness of these equations is that
'éhanges in the crosspolarized phase A can be directly related to the
meqium properties. In order to use these equations functions relating
a and B to a parameter such as rain rate are needed.

B Raindrop scattering functions S] and S2 have been computed by
-Mofrison and Cross [8]. The 1 and 2 subscripts indicate orthogonal
directions along the axes of a raindrop. By summing the scattered
waves from all raindrops in a medium one kilometer thick and using a
Laws and Parsons [9] drop size distribution the attenuations o and
az‘and the phase delays g, and 8, may be determined [4]. These
reéults are presented by T. S. Chu in tabular form for rain rates
from 0 to 150 mm/hr and for frequencies up to 30 GHz [5]. Chu's
tabulated values were ysed to compute differential attenuation and

differential phase according to

[}
(]

= (a] - az)cos2 Y

and (80)

™
(1]

(8 - By)cos? ¥

b e SR e som
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elevation angle to the satellite.

. {33° CTS (11.7 GHz)
44° COMSTAR D-2 (28.56 GHz) .

b o i i M I s i S i

et

i EF: | Polynomial regressions on these points yield equations of
«g L differential attenuation and differential phase as functions of rain
j } rate. Plots cf the fwo equations for 11 GHz are shown in Figures
'g | 2-6 and 2-7.
g‘ % | When using perfect antennas the reciprocal of the crosspolariza-
; .l tion ratio (CPR) is equal to the isolation between the copolarized
: % channel and the crosspolarized channel. Simple relations for CPR as
! E % a function of a‘ahd 8 [10] are used to determine isolation,
l«j% I = 20 log,, {{i v e_(: - jzit:} B (81)
g EE for circular polarization and
E¢§% I = 20 log;, (128 _E: i ji;t tan” ol; g (82)
’ 1 - ) tan e[
gé % for linear polarization.
- i o These equations, the A phase equations, curve fits to differen-
<; % tgal attenuation and differential phase, and curve fits to effective
| path length at 11.7 GHz and 28.56 GHz were integrated into a
. % cqmputer routine to prov1de theoretical phase versus isolation curves.
:& i ' Before presenting these predwct1ons, a consideration of the path
& length is in order.
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The effective path lengths used in the predictions in this
thesis were derived from measured attenuation statistics at 11.7 GHz

and 28.56 GHz. Measurements were made over a three month period at

the VPI&SU satellite tracking station. Theoretical attenuation values

Aide e, i

1

needed to compute effective path length were provided by the VPI&SU

Rain Propagation Prediction Model [11].
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Computations using the A phase equations have shown phase to be

very insensitive to path length. This is reasonable, for as

illustrated in Figure 2-8 the phase of the crosspolarized signal is
i primarily dependent on the raindrop scattering functions. Al1l
coholarized waves add in phase at the receiver as do all crosspolarized

o waves. The relative phase between the two waves at the receiver is
es%entia]ly the same as the relative phase when they leave the
ra%ndrop. In the case of linear polarization and a very long path
thé differential phase of the medium (in some cases) causes the

|

co?o1arized wave and the crosspolarized wave to experience slightly

different delays. Linear polarization at lower frequencies is

{
i
WK

subject to this differential phase effect more severely than at

higher frequencies. This will be illustrated in the phase predictions

to be presented in the next sectibn.

jé ? : | 2.5 Theoretical Curves

i : . .
13 | . Isolation versus phase curves are presented on polar coordinate

axes because phase is an angular variable. Polar axes are established

with the high values of isolation (corresponding to low rain rates or
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clear weather) at the origin. Propagation through rain causes a
réduction in isolation which means moving radially outward in the
pqlar coordinate system. Phase variations which occur at low values
of isolation appear to be magnified in comparison to the same change
at high values of isolation. This is because the transformation from
re¢tangu1ar to polar coordinates is nonlinear. The effect is
desirable because the phase variations at Tow values of isolation are
important both in propagation research and to the opefation of a
caﬁce]]ation system.

The predictions to follow are based on perfect antennas.
Imperfect antennas introduce errors in both isolation and phase, but
;hese errors are small for low values of isolation (again those va]ues
éf importance). More will be said about antenna effects in the -
next section.

‘ Figure 2-9 is the polar representation of crosspolarized phase
for an 11 GHz circularly polarized wave with a constant canting angle
= 0°. It should be noted that the limit of phase for high values
of isolation (zero rain rate) is near -90° and that the phase retards

withsdecreasing isolation (increasing rain rate). Of course, a
practical receiving system will introduce a constant phase value in
addition to the variable phase shown in Figure 2-9. As an example,
this constant phase value can be introduced by the separate front
endﬂamplifiers of a dual-polarized receiver. The constant term can

be simulated in the polar plot by simply rotating the plot about its

- origin.
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Figure 2-9. Predicted phase for 11 GHz circular
- polarization, canting angle 8 = 0°.
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Figure 2-9 shows isolation decrzasing to 5 dB. A more realistic
sﬁtuation is illustrated in Figure 2-10 which assumes the same
conditions as before except that isolation is restricted to the range
of 35 dB to 15 dB. This range is more typical of measured values
seeh at the VPI&SU satellite tracking station.

Figure 2-11 illustrates the effect of changes in the canting

angle upon a circularly polarized wave. It is seen from (58) that

26 is a term in the phase expression derived for circular polarization.

The figure shows two curves, one for a 0° canting angle and the other
for a 20° canting angle. This places bounds on the crosspolarized
phase which are separated by 40°. The phase behavior within the
bounds depends upon how the canting angle changes. There is
e?idence that the canting angle can change by as much as 20° either
b§ canting angle oscillations [12] or by an absolute change in the
mean canting angle [13].

o Figures 2-12 and 2-13 illustrate phase versus isolation
pfedictions for an 11 GHz linearly polarized wave. These plots show
phase for a variety of canting angles. For canting angles near 45°
the magnitude and direction of phase change are essentially the same
as in the case of the crosspolarized phase of a circularly polarized
wave. It is immediately obvious, though, that with linear polariza-
tion the canting angle variation has very small effect in comparison
to its effect upon a circularly polarized wave. Note that Figure :
2112 shows canting angles over a range of 60°. This range

translates to a 120° phase variation when considering circular
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polarization.
These linear polarization predictions assume a horizontally
polarized wave. The canting angle as defined here is actually the

angle between the major axis of the raindrop and the polarization |

direction. This fact can be used to obtain predictions for waves

polarized other than horizontally.

The unusual behavior of the phase at small canting angles can be

explained by considering the properties of the medium. Recall that

'

f .o PRI o i i § ’, Ky
! [ BRIt ‘n L ra eI e PR & 2 i Sy 4
e S otk AR LM o e 2

the crosspolarized phase starts at -90° and retards with increasing | §{

rain rate. This is the case in Figures 2-12 and 2-13 but at higher , iﬁ“ F

¥a1n rates some curves diverge and begin to advance in phase. This f§
js because of the differential phase of the medium. The differential X gg
bhase causes the horizontal wave component to be delayed more than the ;S
vertical component. For small angles 6 the horizontal component is :ff g?

approximately the copolarized wave and the situation exists where : ‘ii

= l phe copolarized wave is retarding faster than the crosspolarized wave. gff@ ?f
[E N This is equivalent to an advance in the relative phase. In other %,.
g | Qords, for small 8 and high rain rate the differential phase of the b

medium dominates the phase of the rain-induced crosspolarized wave. ’ f}"i f%

i} This condition requires the effects of the differential phase of the ;?h‘:ié

- | medium to be relatively large compared to the effects of the éftf’ﬂﬁ
§§ differential attenuation. This is the case at frequencies below | 2::

approximately 15 GHz. The.phase predictions for 28 GHz do not show

this behavior.

Figures 2-14 and 2-15 show crosspolarized phase versus isolation
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for 28 GHz circular polarization. A larger absolute phase change
occurs at 28 GHz than at 11 GHz but a comparison of Figure 2-14

(28 GHz) and Figure 2-9 (11 GHz) shows that most of this change
oécurs at high isolations corresponding to very low rain rates.
D{fferentia1 phase values at 28 GHz and 11 GHz differ by a factor of
aéproximate]y two. Differential attenuation values (measured in dB)
at 28 GHz and 11 GHz differ by a factor of about three except at very

1qw rain rates where the 28 GHz differential attenuation is almost an

order of magnitude larger than the differential attenuation at 11 GHz.

Tﬁis relatively large differential attenuation at low rain rates for

Kﬁfa frequency of 28 GHz causes the initial large crosspolarized phase

change.
Figures 2-15 and 2-17 illustrate crosspolarized phase for 28 GHz
linear polarization. These curves exhibit the same initial phase

Jump at low rain rates. As with 11 GHz linear polarization,

canting angle variations have 1ittle effect on the crosspolarized

phase. Note that the phase advance seen in the 11 GHz linear

pglarization curves does not appear in the 28 GHz curves. This is
because of the smaller differential phase of the medium at higher

frequencies.
2.6 Ground Station Antenna Effects

"‘A11 of the mathematics and discussions up to this point have
assumed perfect antennas for both transmitting and receiving. This

section will examine the errors that may have been introduced by this
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Figure 2-17. Predicted phase for 28 GHz linear
polarization, canting angle
8 =2°, 4°, and 6°.
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assumption.

Given a real antenna, what is the maximum deviation in phase from
thé predictions based on perfect antennas? Consider for now the case
of circular polarization. The transmitted wave is assumed to be
RHCP and the depolarized wave leaving a rain-filled medium is RHEP
(right-hand elliptically polarized). This wave can be considered to
be composed of a RHCP wave and a LHCP wave. The crosspolarization

ratio (CPR) of the wave is defined as the ratio of these two

components.
CPR. (dB) = 20 Tog Eyce! (83)
W 10 TEpyce] |
where
IERHCPI = magnitude of the RHCP wave (asSuﬁed to be tne

copolarized wave)

IELHCPI = magnitude of the LHCP wave

Therefore if _

]
>

| |ERucp! =

then ‘ (84)

CPRw(dB)/ZO
10

|E yep! = A

i An imperfect antenna may be considered to be an array composed
of two elements. One element is a perfect RHCP antenna and the

other is a perfect LHCP antenna. The relative magnitude of the

|
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response of these two elements to equal amplitude RHCP and LHCP waves
respectively is the CPR of the antenna.

_ e ycp!

CPR, =
| ®RHcP |

A (85)

where € HCP and eRHCP represent the antenna responses. The CPR is
related to the axial ratio of the antenna by [14]
|ARA] -1

The antenna parameter ¢ is also related to the axial ratio by

e = cot~! ARy . | (87)
From these equations the relative contribution of the component
elements is

legucp! _ IARAl -1 jeot o] -1 (88)
|%rucp]  [ARql ¥ 1 jeot el + 17

i
The antenna has been assumed to be RHEP (i.e. the copolarized antenna,

dominantly RHCP). Therefore if

1}
(=~

co
legucp! =

lcot e | =1 o
co _ co
leLHCP - [cot e ] + 1 B . (89)

| - The voltage output from the imperfect antenna is the phasor sum
of the response of the copolarized antenna RHCP element to the RHCP

component of the wave and the response of the copolarized antenna
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LHCP element to the LHCP component wave. The output of the RHCP

element is proportional to
| co ) _ | g
|Equce | Ieice| = AB - (90)

and the output of the LHCP element is proportional to

o CPR,(dB)/20 |cot e | - 1
- |ELhcp! leuep! = (10 ot e FTe - (97)
|

ror a CPR, of -20 dB and a copolarized antenna ¢ of 40° (|ARA| = 1.5

co
co

dB) this latter output is less than 1% of the former output and isw
considered negligible.
i  The crosspolarizad antenna is more severely affected by
imperfections. An imperfect crosspolarized antenna may respond to the
strong copolarized wave with an output comparable in magnitude to its
response to the weaker crosspolarized wave.

Again the relative response of the antenna to equal magnitude

RHCP and LHCP waves is related to the antenna parameters by

. !
legucp! AR =1 leot e | -1

(92)

X TTART+T 7 Teot e ] 1
€ hep! ARyl |0t &
where ‘efHCPI is now the larger quantity. Therefore if
X =
lepuepl = C
then
‘ lcot e ] -1
X . X
leguce| = Teot e, 77T ¢ - - 93
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The output voltage from the crosspolarized antenna LHCP element is
proportional to
X CPRw(dB)/ZO
|ELhcp 1€ kep! = 10 AC (94)
which is the desired response of the antenna. The output of the
RHCP element is proportional to

|cot ¢, | - 1
|Erucp | |%Ruep! = cot sxl FTAC . (95)

This quantity represents the error due to an imperfect antenna. The
phasor addition of this to the desired response yields the antenna
output. This is illustrated in Figure 2-18 where 3 is the desired
response and G is the undesired response. The angles of the two
pﬁasors are arbitrary and the tip of ﬁ can lie anywhere on the circle
with radius |ﬁ|.

The maximum phase error is n as indicated in the figure.

Therefore
- -+,
n = sin-! |U|/|D]
lrot € ] -1
|C0t € | + 1 AC
= sin=1 ]| - X
PR, B
L 10 AC
o [ leot e -1
[cot e | + 1
= sin-1! ——tpﬁam- . (96)
W
i _ 10

The angle ¢ of a perfect circularly polarized antenna is +45°, Let

sd‘bepresent the deviation from this perfect value; then

it
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and undesired antenna responses.

Figure 2-18.
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P = °o _
It | ]exl 45 & - (97)
- |
Using this, cot [exl = |cot exl for -45° < ¢ < 45°, and the trigono-
- metric identity '
X +
5 cot(A - B) = SO B GOt AT (98)
; k a simplified equation results.
tan €4
, n o= sint i@z (99)
i w R
10
j A typical antenna with a CPR, of 30 dB (e = 43.2°, [AR,] =

1.065 + .55 dB) receiving a wave with CPRw = -20 dB can generate a

fond

maximum phase error of 18°.

Isolation is defined as the ratio of the measured copolarized

Lo

signal magnitude to the measured crosspolarized signal magnitude.

Figure 2-18 illustrates that the measured crosspolarized signal

2

1
reda Ty ]

amplitude associated with the maximum phase error is

I

R=1|D] cosn » n<09°, (100)

Laved

thus large phase errors n are accompanied by an improvement in the
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3 isolation.
L ' o ' ,
In the case of a perfect antenna isolation and CPRw are related
! by ‘ |
! i .' 'i
= L
| | L= R, 1
] A
1 or i
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I(d8) = - CPRw(dB) . (101)
The improvement in isolation is expressed as
I = -CPRw - 20 1oglo(cos n) dB8 . (102)

Ihis improvement amounts to only 0.4 dB in the preceeding example.
The analysis of antenna phase errcrs- for lfnear polarization
proceeds in a similar fashion but now the polarization parameter of

interest is Y rather than e, where

‘ IEvl
Y = tan-1 m (103)

where

IE, |
g, |

magnitude of vertical wave component

magnitude of horizontal wave component

- A horizontally polarized wave becomes an elliptically polarized
wave upon propagation through a depolarizing medium. This elliptical
wave can be decomposed into a horizontally polarized component and
a.vertically polarized component. 7Again CPRw is defined as the ratio

of these components,

| |
LPRw(dB) é 20 10910 ]—;;r . (104)

Therefore if

|Eyl = A
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then
CPRw(dB)/ZO - . o
|Ev| =10 A . (105)

The imperfect copolarized (dominantly horizontal) antenna may be
deqomposed into a horizontally polarized element and z vertically ‘
poiarized element. As was the case with circularly polarized waves
and antennas the undesired output component from the copolarized
antenﬁa is negligible.

The imperfect crosspolarized antenna is also decomposed into a
horizontally polarized element and a vertically polarized element.
Figure 2-19 illustrates a possible polarization ellipse of the
crosspolarized antenna. The quantities ey and ey are the responses
ofjthe component elements to equal magnitude horizontally polarized

and vertically po1arized waves respectively. It is seen that

e
AL | (106)
leH' X

Therefore the two components can be expressed as
|ev| = C |eH| = cot Y c . (107)

The output vo]tgge from the vérfita]]y polarized element is
proportional to

CPRw(dB)/ZO

1Eylley| = 10 AC » (108)

and fhé'output of the horizontally polarized element is proportional

to
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IEHlleHI = cot v, AC . (109)

The phasor sum of these voltages yields the true output from the
imperfect crosspolarized antenna. The angle between the phasors is
arbitrary therefore the worst case phase error is

- cot v, , ' .
10

A relatively good vertically polarized antenna will have a large
axial ratio and a tilt angle very close to 90°. Referring to Figure
2-19 it can be seen that

e ®90° - v ()

and that as the tilt angle approaches 90° this approximation becomes
an equality. 7 |
With relatively good antennas, th@{rgplacement of Y, with 90° -

€y is justified, and

— tan ex
, n=sin” —erayo | (112)
; 0 ¥

A perfect 1inar1y1po1arized antenna has € = 0° and its deviation

from perfect. is
Ed‘= ‘ex s (]]3)

therefore

) 11 tan €4 o :
10 \
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This is identical to the results obtained with circularly polarized
antennas.

Figures 2-20 and 2-21 are polar-plot representations of cross-
Jo]arized phase for 11 GHz circular polarization and 28 GHz linear
polarization. Also included on these plots are maximum phase error

bounds n for an antenna with € = 43.7° corresponding to an axial

ratio of 1.047 or 0.4 dB. The CPR of this antenna is -33 dB.

These values were chosen because they closely approximate the 11.7
GHz antenna at the VPI&SU tracking station.

~ The solid lines in Figures 2-20 and 2-21 represent calculated
Qalues of n. The broken portion of the line represents an approxi-
ﬁatﬁon to the error. When the desired and undesired antenna
responses become equal in magnitude the inverse sine equations, (99)
énd (114), beqome invalid and the crosspolarized phase error can be

as much as 360°. The wave CPR at which this situation occurs is

easily determined by solving for CPR with the argument of the inverse

Jine set equal to one. This value is approximately 33 dB and the
broken line indicates a maximum phase error of 360° for isolations

reater than 33 dB. This is a very conservative estimate because

J
large phase errors such as this are accompanied with a substantial

t

increase in isolation. The actual error bound Wi11 be smaller than
B

that indicated.

| The VPI&SU 11.7 GHz system uses a 12 foot diameter prime focus-

fed parabolic reflector antenna. Manufacturer's measurements on

this antenna include axial ratio on boresight and at the -10 dB .




The antenna

polarization with maximum imperfect

Predicted phase for 11 GHz circular
antenna error bounds.

axial ratio is 0.4 dB.

ISOLATION VS PHASE
Figure 2-20.
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- polarization with maximum imperfect antenna
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éoiht. These values are tabulated in Table 2-1. It is noted that

off axis pointing causes a rapid degradation of axial ratio which N

correspondingly increases the maximum phase error. The -10 dB point

is approximate1y 0.5° from boresight.

F———
s 3

Antenna pattern measurements are performed on the 11.7 GHz

antenna by adjusting antenna pointing to scan the mainbeam across a

et ¥

‘satellite beacon. This scan is performed in both the elevation and

azimuth planes while received signal amplitude and phase are - !
{ , f reéorded. The results of the phase measurements are plotted in

Figufétz-zz. Note that large phase variations occur off axis. d‘;

Ifi ! i This particular exercise was performed during clear weather
: f :
cdnditions when the system was operating with a high on-axis isola- !

I
tfon. This corresponds to the area near the origin of Figure 2-20. * f
Phase errors during a depolarizing event will be substantially less

MJE ~ than those measured during clear weather. This discussion serves ; )
; H

Tl; only to illustrate potential problems involved with antenna 3 iy

pointing.

S Bcar o

2.7 Satellite Antenna Effects |

The discussion in the previous section neglected the effects of

ju§t1f1ed because in some cases much is known about the earth station : :

yf‘ o an ‘imperfect transmitting antenna. This approach is probably

; 'ankenna but little is known about the spacecraft antenna and, as will

t[ ; be seen, the effects of an imperfect transmitting antenna can act to
‘

cancel errors caused by an imperfect receiving antenna. This is a
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syatement that two elliptically polarized antennas may be matched in
pélarization better than an elliptically polarized antenna and a
circularly polarized antenna.

o The spacecraft antenna polarization can be decomposed into two
o#thogona] elements, one desired and one undesired. The relative
m?gnitude of these components is set by the antenna parameters e and
Ygas in the previous discussion. The undesired transmitted wave is
r?presented by a vector, 32’ which is included in the vector diagram
o# the receive antenna output voltage along with the vectors B and G.
This is shown in Figure 2-23a.

For circular polarization a further simplification can be made.
Most earth station antennas are operated such that their polarization
tilt angle is aligned with the polarization tilt angle of the

satellite antenna (i.e., the polarization tilt angle of the incoming

wave in clear weather). If the crosspolarized receiving antenna is

| . .
indeed orthogonal to the copolarized receiving antenna its tilt angle

will be 90° from that of the satellite antenna.

When the copolarized wave is RHCP, the crosspolarized receiving
antenna responds to the RHCP wave with a voltage \El at an angle of,
say, zero degrees. Define the tilt angle of the crosspolarized
antenna as zero degrees. This sets the tilt angle of the satellite
anéenna to be £90°. Therefore, the LHCP wave component leaving the
satellite must be 180° out of phase with the RHCP transmitted wave.
The crosspolarized antenna responds to this with a voltage Iﬁzl at

an angle of 180°. Therefore, GZ is displaced from U by 180° and
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Figure 2-23a. General case.

Figure 2-23b. Transmit and receive antennas
with aligned tilt angles.

Figure 2-23. The phasor addition of desired and
undesired antenna responses including
an imperfect transmitting antenna.
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| cancellation occurs. This is illustrated in Figure 2-23b where it is
seén that n is substantially less than the phase error for perfect
[J | transmitting antennas (n' in Figure 2-23b).

o ~ The process of rotating the receiving antenna during clear

weather for the maximum isolation is a procedure used to force the

‘ : +> -+ ->
F " 180° difference in U and U2. The vector D does not exist in clear

-+ ->
weather conditions therefore the mangitude of the resultant U + U2 is

! f inversely proportional to clear weather isolation.

gy e vy s e St -
N

This argument indicates that n used in plotting Figures 2-20 and

st
AR

2-21 is larger than the error that will be seen in a practical system;

!fj | Again this shows that Figures 2-20 and 2-21 illustrate the worst
NI _ l possible case.
E The situation presented by linearly polarized systems is more
5

-+ -
difficult to visualize because the angle between U and U2 is

.
.

determined by the §'s of the antennas rather than the physical tilt

éngles of the antennas. However, if the receive antennas are truely
i

|
3rthogona1 the process of maximizing the clear weather isolation is

- | ‘ g -
| équiva]ent to minimizing the resultant of U and U, thus reducing j

phase errors.
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CHAPTER 3
THE VPI&SU RECEIVING SYSTEMS

3.1 The Experiment

The VPI&SU satellite communications experiment is a research
project within the Department of Electrical Engineering and is jointly
funded by the National Aeronautics and Space Administration, the
Defense Communications Agency, and the U. S. Army Research Office.

The purpose of the project is (1) to collect rain attenuation, rain
depolarization, and weather data, (2) to correlate these data with
éach other, (3) to produce statistics, and (4) to develop theoretical

models to explain and predict weather-related propagation phenomena.
é The satellite tracking station located adjacent to the Virginia
féth campus houses three dual-polarized receiving systems. The
éommunications Technology Satellite (CTS) circularly polarized beacon
fs received at 11.7 GHz and the Comstar D-2 linearly polarized beacons
{re received at 19.04 and 28.56 GHz. The diversity of frequencies
;nd polarizations provides a unique opportunity for conducting milli-
meter wave propagation research.

~ The three receivers, a variety of weather instruments, and a

weather radar are interfaced with a Digital Equipment Corporation

!
PDP-11/10 computer. The computer continuously monitors the status

of the experiment, points the 11 GHz antenna, and records data from .

all devices. )

An IBM 370/158 VM facility is available for processing the data
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? i

gf recorded by the experiment. A statistical software package is used
{ ' to reduce data taken over long periods of time and a computer graphics

package is provided for displaying data on a storm-by-storm basis.

R R Sy

The graphics package is of particular interest because of its ability

to display phase data for a given propagation event.

O0f the three systems only the 19 GHz beacon is alternately

g ‘ switched between two polarization states. It was for this reason

%: | and because of the similarity of the 11.7 GHz and 28 GHz systems that

a decision was made to present only 11.7 GHz and 28 GHz phase data in

oy
Vesssonnraas

this thesis. A detailed descriptioh of the 11.7 and 28 GHz receiving

system follows.

p—
|

3.2 The Receivers

EE

3.2.1 General Discussion

The 11.7 GHz receiver and the 28 GHz receiver are identical with

‘QE thé exception of a parametric amplifier in the crosspolarized channel

of the 11.7 GHz system. A detailed discussion of the operation of
only the 11.7 GHz system will be presented for this reason.

Considerable care has been taken in the design, analysis, and

calibration of the receivers to insure the accuracy of the phase
& : measurements. Of particular concern are nonlinear devices which can

introduce a phase inversion. A phase inversion is characterized by

-

an actual phase advance being translated into an apparent phase

¥ retardation. A phase inversion is equivalent to a sideband inversion - S

i
e T b S A

N . sl pi S T LTI
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of the type which occurs when a signal frequency is subtracted from
the local oscillator frequency by the action of a nonlinear mixer.
One situation responsible for a phase inversion is illustrated
fn Figure 3-1 where two mixers are shown. The input to the mixers is
at frequency Wy and at phase +¢. Local oscillator frequencies wyg @

wpy are selected such that w and Wpy = wg are both equal to

s~ %o
Qhe IF frequency. In mixer A the local oscillator frequency is
éubtracted from the signal frequency. Mathematically the mixer isva

multiplier and its operation is expressed by

{Efn(wst + ¢) cos(uyt)

= %—[Sin([ws - wydt + 0) + sin(fug + wy dt + 0)] l

|

Filtering out the sum component yields the mixer output
5 sin(lug - w)odt +¢) . (115)

The function of mixer B is to:subtract the signal frequency from

the Tocal oscillator frequency,
Siq(“st +¢) cos(whit)
= - ?ESi"([“’hi - (us]t - ¢) - Sin([mhi + ws]t +4)]
which yie1d§ upon filtering

L sin(luy; - 0t - 0) . - (116)

Tﬁe -¢ and -wg in the case of mixer B represents the phase and side-

band inversion.

nd

T gt T
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Figure 3-1. A phase inversion introduced by the
nonlinear action of a mixer,
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A phase inversion should not be confused with a 180° phase

reQersal. A phase reversal only introduces a constant term in the
relafive phase of two signals.

In a dual-polarized receiver the copolarized signal provides the
re%erence phase. A phase inversaion in either one or both of the
channels would invalidate the phase data.

Other sources of potential problems are amplitude-dependent phase
variations and frequency-dependent phase variations. Practical
Ci;CUitS exhibit amplitude-dependent phase distortion but these
effects are usually negligible. A1l resonant circuits exhibit a
frequency-dependent phase characteristic, but as will be shown, this
is not a factor in the equipment used in this experiment.

A discussion of the individual components forming the 11.7 GHz
receiving system follows. Each component will be analyzed in terms
of its phase characteristics. Figures 3-2 and 3-3 are simplified

block diagrams of the system.
3.2.2 The Antenna

The 11.7 GHz antenna is a prime focus-fed parabolic reflector
adtenna 12 feet in diameter. The feed horn is supported by the
wdveguide and there are no supporting spars to generate cross-
p&]afization. The antenna is program pointed by the station computer
uging orbital elements provided by NASA. Possible phase effects that
m{ght be caused by improper antenna pointing have already been

discussed. The computer continuously monitors the status of the
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“Figure‘ 3-2. The 11.7 GHz antenna and RF components.
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an%enna pointing mechanism and if wind or some other factor causes a
pointing error the computer stops data collection until correct
pointing is resumed.

The prime focus feed was chosen rather than a Cassegrain feed
ié order to reduce problems associated with water on (or in) the
féed-horn. Wet antenna and wet feed tests have been performend and
the resulting phase effects were negligible. Careful analysis of
d%té from this system”has shown that many phase events occur before
the onset of local rainfall, this further eliminates wet antenna
phase effects.

The incoming RHCP wave becomes a LHCP wave upon reflection from
éhe metal surface of the antenna. Thus the feed horn "sees" a LHCP
wave instead of a RHCP wave in the copolarized channel. The same
rev%rsa] occurs on tha crosspolarized wave. No problems are
introduced since the antenna waveguide ports are labled to account
f07 this change. Even though the reflection at the antenna surface
changes the sense of the wave, it can in no way alter the phase
relationship of the copolarized and crosspoliarized waves.

The orthomode transdq;gr and other waveguide hardware are

linear devices and therefo#é exhibit linear phase characteristics.
3.2.3 The R.F. Section (11.7 GHz = 1.05 GHz)

| Figure 3-2 shows a block diagram of the 11.7 GHz front end.

I
The copo1arizedichanne1 first mixer and the crosspolarized channel

first mixer are driven by the same local oscillator. The oscillator
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frequency is 10.65 GHz and is subtracted from the signal frequency to
arrive at an IF frequency of 1.05 GHi. ‘Therefore no phase inversion
occurs.

| A parametric amplifier in the crosspolarized channel is pumped
by a 55 GHz source. Currents flow in the amplifier circuitry at the

difference frequency w W but, in the final analysis, the

pump "
parametric amplifier is a linear device and introduces no phase
inversion.

The input to the parametric amplifier is represented by

vs(t) = VS sin(mst +3) (117)

and the pump is represented by

vp(t) f Vp sin(wpt) . LT o (118)

A current flows at a frequency which is equal to the signal frequency
subtracted from the pump frequency. This is termed the idler

frequency. The idler current is

i.(t) = 1. sin{[w

; ; - wdt - 8) (119)

p

A current alsc flows at aufrequency equal to the idler frequency

subtracted from the pump freqdéncy,””V\

io(t) = ¥Q Sin([mp - gui]t)’

= Io Si’]([(x\p = 7._(\Up et (L)S)]t - ['\5])

= I0 sin(mst +8) . (120)
- ——
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b

This current represents the amplified version of the input signal.
Two phase inversions are indicated by this analysis and their
effects cancel. No net phase inversion results. The manufacturer

of the parametric amplifier [15] confirmed the above conclusion.
» ”3*2.4 The I.F. Receiver

A1l local oscillators in the 1.05 GHz IF receiver are phase
referenced to each other and to the signal voltages by virtue of the
action of the phaselock loops. A1l local oscillators are conmon to
both the copolarized channel and the crosspolarized channel.

Figure 3.3 is a simplified block diagram of the IF receiver.
Three frequency conversions occur in the receiver and one of the
conversions subtracts the signal frequency from the local oscillator
frequency. This introduces one phase inversion, but this phase
inversion is nullified later in the receiver chain.

Frequency changes within a filter passband can cause phase
ckanges. Resonant circuits are integral parts of the amplifiers in
tpe”receiver, and several crystal filters (not shown) wi=h narrow
passbands are included in the signal path. All local oscillators in
the receiver and all of the IF signals are ultimately frequency
r%ferenced to a high]y.stable 10 MHz master oscillator. This assures
that all circuits and filters are operated at a constant point on
their frequency-phase characteristic.

Possible sources of amplitude dependent phase variations are

the two phaselock loops in the receiver because all phaselock loops

B s = o

.o
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exhibit some phase change with varying input signal levels. Several
safeguards have been provided to eliminate this effect in the
receiver. The dynamic ranges of the phaselock loops have been
measured at approximately 40 dB. Most of the propagation events
(and, except where noted, all of those presented in this thesis) are
associated with signal fades well within the dynamic range of the
receiver, therefore the loops are operating with ample input signal
levels. Phaselock detection circuits are provided in both phaselock
loops. The status of phaselock is monitored by the computer and

data will not be recorded unless both loops are phaselocked.

.2.5 The Digital PLL

A unique feature of this receiver is the digital phaselock loop
which was designed by P. H. Wiley and E. A, Manus of the VPI&SU
Electrical Engineering Department [16]. This phaselock loop requires
that the main phaselock loop in the copolarized channel establish
frequency lock before it can perform its function,

The phaselock loop in the copolarized channel brings the 10 MHz
IF signal into phaselock with the 10 MHz master clock in the receiver.
Since the 10.0025 MHz and 2.5 kHz local oscillators are derived from
the 10 MHz clock the resultant 2.5 KHz IF signal is phaselocked to
the 2.5 kHz clock. The 2.5 kHz clock waveform is a 5 volt square
wave which drives a synchronous detector.

Because there is a phase difference between the copolarized and

crosspolarized waves at 11.7 GHz there will also be a phase difference
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between the 2.5 KHz IF signals in the copolarized and crosspolarized
channels of the receiver. Because all local oscillators are common
to both channels the relative phase at 2.5 KMz is identical to that
at 11.7 GHz.

This phase difference changes with propagation conditions.
Therefore the crosspolarized channel 2.5 kHz IF signal is not phase-
locked to the 2.5 kHz receiver clock. In order to use a syvnchronous
detector in the crosspolarized channel the digital phaselock Toop
generates a new 2.5 KHz clock which is phaselocked to the cross-
polarized IF. This is illustrated in Figure 3-4.

Figure 3-5 presents a simplified block diagram of the digital
phaselock loop. The modulo-1000 counter commences counting at a
2.5 MHz rate upon the rise of the 2.5 kHz copolarized channel clock.
When its count equals that of the up/down counter the digital
comparator instructs a multivibrator to generate a 200. sec. pulse
(; cycle of a 2.5 KHz square wave). The analog comparator determines
whether this pulse leads or lags the 2.5 KNz crosspolarized IF signal
and instructs the up/down counter to compensate accordingly. After
several iterations the new 2.5 KHz reference will be in phase with
the crosspolarized IF signal.

The two phaselocked 2.5 kHz clocks drive their respective
synchronous detectors. An added benefit of this system is that it
provides two stable, noisefree TTL level signals which are in phase
with the copolarized wave and the crosspolarized wave respectively.

These signals are fed to the phase detector.
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Figure 3-4. The digital phaselock loop.

VTR, - — Tl X - - ek

R PR

——io,

Ty

| I S0 U T e A £ AR SR gl Sy e aann Bt Bt
| ,!. ‘ ‘, i [ S % S S SR S P B ‘f . .




.

[

u k- L i >

3.9 Iz

AnaLo6

——{ ' COMPARATOR
a1 P%. =gk

o 2.5 kllz Puaserocken Crock

SIGHAL

\/

Switcn

2.5 Hiiz

FF

Muvri-
L VisraToR
200 ws Pui st

|
2.5 kHz

T R [

P, LR ?
- PR P
g
. — -

up

DOWN |

Up/Down COUNTER

DigtTAL
CoMPARATOR

Hoouro-1000
Counter

ReSET

DeLaY

Figure 3-5.. The 2.5 -kHz-digital phaselock loop.

0
» 5004 &

st 9

-26-

b

H S
e s

TN Ly s

RO, ~ T




[

[eem——

-93 -

3.2.6 The Four-Quadrant Phase Detector

The standard +90° phase detector offers at best the triangular
characteristic shown in Figure 3-6a. A1l phase changes greater than
180° are invalid, and should operation occur on the negative sloped
portion of the curve an apparent phase inversion exists.

A four-quadrant phase detector, developed by P. H. Wiley and

E. A. Manus [17], overcomes these problems. The phase-output voltage

chhracteristic is shown in Figure 3-6b and the circuit diagram is

shpwn in Figure 3-7. The rise of input 1 turns the flip flop on and
t%e rise of input 2 turns it off. The duration of the pulse
g%nerated by the flip flop is proportional to the relative phase of
iAputs 1 and 2. The pulse area is integrated by the operational
amplifier circuit giving an output of 0 to 5 volts cofresponding to
0° to 360°.

Inputs 1 and 2 are selected in order to give an output of A =
r

¢; = o The inputs have been arranged_to,atcdunt for the phase

inversion introduced by miXer number four.
o 3.2.7 Data Collection

The zero to five volt output from the phase detector is routed
through coaxial cable to an analog-to-digital converter in the
éxperiment controller. The output of the A/D converter is a binary
word Eanging between -0 and 255. This value is checked by the

coimputer to assure that (1) the phase is not slewing faster than
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Figure 3-6a. +90° phase detector.

\ o : J : . L
|% % LIS @

--_90°  180°  270°  360°

Figure 3-6b. Four-quadrant phase detector.

Figure 3-6. OUtput voltage - input phase characteristics
‘ of two phase detectors. k
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éhe phaselock loops can follow and (2) that the phase detector

output is not oscillating about the 360° - 0° discontinuity in its
characteristic. If these checks indicate valid data, and if the
’receiver phaselock loop indicators show phaselock, and if the antenna
is pointed correctly, then the data value is compared to the last
stored value. If the difference is greater thaﬁfib.7° a new point

is recorded on the computer's magnetic disk.
e 3.2.8 Data Reduction

Periodically the data are moved from the PDP-11 disk to :
mégnetic tape. During this process a scale factor is applied to the
bfnary word to convert it into a number from 0 to 999. This scale
factor is a positive number thus no inversion‘is inserted. The
magh?tic tape stores data for phaSé;réighal 1evéi§;ﬁs£éfus indfca-
tors, Weather, and time.

The tape is transferred to the IBM-370/158 where further proces-
sigé’is applied to put the data in a more useable form. Again only
poSitive scale factors are applied to the phase data. The fina]»¥6rm

ofr;ﬁe bulk data is stored on magnetic disk in the IBM-370.

The plotting software accesses this disk and reads data values

(

- diﬁect1y in time sequence. The phase data may be displayed as it is

stored or it may be converted along with isolation data into a polar

coordinate form. The polar coordinate transformation is

13
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Cop s x = (C - I)cos & :
P (121) 5
[ y = {(C - I)sin a }
| ! L; where :
Copo e ‘ l
: [ ; i [
\ E‘ [ = isolation in d8 -~ ]
ol e U '
R C = maximum isolation value in dB . ' :
| | B 5
i @3 This transformation creates no phasezdiscrepéﬁéies. 3
"i i ~3.2.9 Calibration of the System. !
’ | i
fi}] ,\ Signal level calibration;uare periodically: performed on the
ﬁ“} : receiving systems to assure their accuracy. A phase calibration has 4
Y [ - ;’
. ‘ b@en performed on the 11.7 GHz system by using an 11.7 GHz calibra- | f‘:
j 1 tion source and monitoring results through to final stage of data )
¥ 1
% | reduction. A phase calibration has been performed on the 28 GHz -
O |
: ‘ system at the 60 MHz IF frequency.
Pl ~The 11.7 GHz phase calibration procedure will be described. A , | é
[ Pl ' H
é ! stable calibration source was placed on a hilltop approximately 2
g_i mf1é§ from the receiving antenna. Precautions were taken to prevent .
i‘_; s#gnaT leakage directly from the source. A linearly polarized horn
AR 1 !
8 | £ was used to transmit because a linearly polarized wave can be
%il) ‘ : ‘ L
\ considered to be composed of a RHCP wave and a LHCP wave with their ¥
A e — : \
-\ } relative phase determining the tilt angle of the linear wave. By {
= , : ' ' bl
- rotating the linear transmitting horn {i.e. rotating the tilt angle)
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the relative phase of the-RHCP-and LHCP-components can be varied; a

counterclockwise rotation (wave approaching) of the Thnearly

polarized wave corresponds to a phase delay of the LHCP wave.

Measured values of phase shift corresponded to those introduced by

rotating the horn.

3.2.10 Data Display

Fiquie-3-8a through 3-8e illustrate the capabilities of the

11.7-GHz receiver and the data reduction system. The first four

figures are time histories of & late August, 197 starm which

0

occurred at about nine FM (local time) in the evening. This was a

relatively severe stormm as indicated-by the large peak rain rate and
o : | - v
The| dynamic range of the receiver is in

the ’ﬂ-B@dB fade at 11.7 Gz,
excegﬁqu‘35;g5,fthus the receiver was operating well within its
optimum r&ﬁge. Figure 3-8¢ shows isolation versus time and
i]lustrat¢§xa:chéraéténiétic increase in isolation at the beginning

of a storm.. This isolation enhancement is due to antenna effects.
ST i :

Figure 3-84 shows a 407 phase change at the time of the isolation

S ' e . ,
increase, but a much larger phase change occurs during the period

of isolation degradation. A phase versus isolation polar plot
covering the same period as the time histories is presented in

Figure 3-8e.

R e —_—

" '»Tr‘—' P >
X . :
1

o

-

[ SRR TREVIVIL VSR LRSI

S e o




4
!
5

]
r
:
Il =
m
Gt SR

9
s -
Nt
.
NP
.
» 3
e
0
- ‘
iy
P,
s H
¥ N
.'l\ll'll',
] )
!
Illl..lm

\
focse

LITY

PAGE
A

OF POOR QU

OrIGINAL

Rain rate.

Figure 3-8a.




B

‘

1T
7’
\3
1
i
E
i
i
i
9
|

.

1
,m*

T Cerpecey] we
¢
1 T

ma

*

o
§

i
)
b ooy

0 ®

. ”~
- =
, = .
[ i o=
Y =z = 8
| - = @ X
A - ( 11Ll
— - e
_m,.{:s.i =z = U o
) - e
) “ .
Wt.r\.# - w 2 B
;.‘ Z - - P —
i =2 ~
- - £3 z
; o\lk
,ﬂ A =
e -3
ﬂ 5
g , n
e - 0
5 3 Lz :
w = Py :
S =
¥ z a
- 1.
o, 3 3
m. £y
7
- - =
ﬁ._ i
R
| i3
NE—— A
wa. T M.!h\
|
A 8 =2
‘ ) xm 11
el i, i A,
] 5
L2 4

-~ T T Lo L}
P, b s R4 mI o b o e | g8 s s 8
z 13237 HNTTS

,
P ] ow S PO . P O FATHRHE - P 4 e S e b
P SRS SOt S S MU diar S DN el el el e e ed DR
S : , ) . BN ‘ ‘ [ e T e
, . . N R R R R e IR
, . . - FE .
. e AT — e tr— ke —— o . . . .
— n“ﬁ\ll‘.l\’ﬂﬂﬂ%l!di‘,ﬂu\"\l - _ s - . v - et R - .. U .
. = = = LTSI - . ] . \ -\.4
P, T . e N

T AL T s T T Y e e e .



'{',*.,—.. o a gl
o e

B

o ‘

P

S SN st b S i s N S A S

A * s i ~ :t fop—

VT S

- 101 -

H : :
» mr»&»«s«‘iwsax mlrmﬂﬂi )

ot

—l.,_L.N_

- ..

;1‘1 ‘rr’\ “'\L\

3 .j :f ‘.\“"“‘\,J” VO naaas VG

\\‘,m«m,ﬂq N j

] i

|- —
i f
-~ 1
Q2
R i
aH
dd
Q=
w

8

o

(=)

¥ Y —t Ak * - N T ¥ Y ¥
Q0 i BN nua LRy . LRt Al . Ay ana
TIME
ol TN T TN S GRSV (N
Figure 3-8c. - Syvstem isalation,
H A 1 ] . A3
% - -

IS AR V]

v

R AT L A A .

3
1
: 1
%
!
4
4

4
)
¥
; .
3
I
;l
i
i
]
1
f
i
1
i
\
R
)

P




e AR bbb e S s - s meme e et hrmetrenna. e

R iR TT I NV

%
H
13 0o

g
i
0 @

¢
3 8
e -8

i

& @

Phase versus time.

i
- 102 -

OF POOR QUALITY

ORIGINAL PAGE IS

[s o]
Figure 3-8d.

w

—— " §

- . e el N » T

e s 2 e — - (O, P i d ‘it { S Jev— p—— : Y ,

e U LIS Etm —om = = = e = . o SR

pmem— o= e
el ¥ S ,
> - R b e : 4 - i ’ = .
e wafa e e e e SN S * FREE NP S ty d - L e e o - ? 4
: ) s . e ) € - - -? PO




v
e g ek

- 103 -

: PAGE 18
X ORIGINAL Fro 1y

! OF POOR QU

NS ‘ -0
c }
2N I3
¥ i
; [
N
; ;
£ 4
) ;
& &
4 i

H
- £3
3
.
o
"

180

ke ik b mab e

,.
e kd

o
ISOLATION VS PHASE a0
3 | Figure 3-8e. Phase "scatter plot",

g e
. \ E
" Figure 3-8. Data presentation from VPIASU 11.7 GHz

satellite receiving system. The storm 3
occurred at 1930 EST August 29, 1977. ‘
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CHAPTER 4

BT o e ST EE

'COMPARISON OF THEORY AND DATA

r

4.1 11.7 GHz Circular Polarization

- The polar plot presentation of phase and isolation is most - )
ih&icative ot the overall operation of a dual-polarized receiving | ;
system because the variables displayed are derived from the magnitude |
and phase of both the copolarized and crosspolarized signals. The
isd]ation versus phase plot shown in the last chapter is representa- , %
tive of many 11.7 GHz propagation events seen during the summer and f i
auﬁumn of 1977. Figures 4-1 through 4-7 illustrate four propagation . ‘
eventS associated with moderately high rain rates and fades between

8 énd 13 dB. Figures 4-2 through 4-4 illustrate rain rate, attenu-

ation, and phase for the event depicted in the polar plot of Figure g
i 4-1. The correspondence between rain rate, fade, and phase are
t

E; obvious from these plots. Close inspection shows that the propaga-

tion effects occurred as much as 30 minutes before any ground rain-

E i ~fall was recorded.

) Immediately apparent in the polar plots are the wide scatter of
’f i?k d%ta, the large absolute phase change, and the spiral effect causéd |
by‘é phase advance with decreasing isolation. Canting angle |
cFanges and antenna effects are almost certainly factors in the

%j phase changes observed, but neither one taken separately (nor

]

1

{

ool :
X ? _ ; possibly both together) can totally explain the observations.

} ; Figures 4-8 and 4-9 are reproductions;of two of the events

;{ | | - 104 -
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11.7 GHz phase data.
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Figure 4-7.
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Figure 4-8. Typical 11.7 GHz phase data with
maximum theoretical prediction

bounds.
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Typical 11.7 GHz phase data with maximum

theoretical prediction bounds.
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@ﬂé already shown, but the maximum bounds on imperfect antenna effects ..

! % are included. An antenna axial ratio of .4 dB (representing a

conservative interpretation of the manufacturer's measurements) was r

(representing the system constant phase difference) in order to

i : used to compute the bounds. The bounds were drawn at an angle ’“w 3

include as many data points as possible. These error bounds look

A ;, ‘ different than those shown earlier because of the-difference in

: 4
scales. o L

'( ; . As previously stated these bounds are for the worst possible

case, it is likely that the bounds for a practical system would be
l neduced because the transmit and receive antennas will have matched -
P tilt angles. Furthermore because the antenna error depends upon Pl |
!

?‘ é the relative angle of the vectors B and G in Figure 2-18 and because

i,

& - . éhese vectors are slowly varying either the positive error bound or ey o
é . qhe'negative error bound should be used, but not both. Therefore R
iv | it is necessary to account for the large scatter in the data- by some

other factor.

e e g

Recalling the theoretical expression for-eyosspolarized phase

—2¢7 sin st
e‘ZOLL -1

ORI TR, SR

A = #28 + tan-!

(12 "

and recalling that the inverse tangent term is affected only
slightly by the propagation parameters, it is therefore very likely

that the +2p term accounts for the wide scatter in the phase data. L !

P

It has been shown that the canting angle oscillates about a mean and | L

i that an oscillation of up to 20° is likely [11]. This will account
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. |
for the 40° phase scatter in the 25-30 dB isolation range of Figures
4-8 and 4-9.

' It should be emphasized that the actual error bounds of the
system are unknown, only the maximum bounds are known. [t is possible
for the errors in the system to be very small in which case another
explanation for the large phase changes (in an opposite direction
to that predicted) must be posed. Again the 20 term is a candidate.
An absolute canting angle change with some time dependence (or
depeﬁdénce on some other factor) can be made to explain the data. .

A cluster of points to the left of the error bounds and in the |
valcinity of 30 dB isolation is seen in Figures 4-8 and 4-9. This
is also-illustrated by the data between points A and B in Figure"
4-10. The phase of these points iS‘Substantid11y different from
the Eulk of points in the data. Severqlvexﬁi;nations for this
observation will now be posed. N

.Nhen this particular plot is viewed on a video graphics display
uJit the time sequence of the data may be determined. The points
i% the cluster near A appéar at the verytﬁéginning,of the storm. As
tﬂme progresses the iso]aggén increases to point B then decreases
along the "spiral” toward point C. This isolation increase is also
indicated in the isolation time history presented in the previous
chapter, Figure 3-8c. This isolation 1nérease is caused by the
dépolarization of the incoming wave. In this case the depolarized
wave is morcic1osely matched to the receiving antenna thus increasing

isolation. Figure 4-11 is an attenuation versus phase polar plot
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Figure 4-10. TT.7 GHz phase data with—-antenna error
bounds showing cluster of points near A
which lies outside the bound.
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covering the same time period as that of Figure 4-10. It is seen
thét a relatively low attenuation of 1 to 3 dB occurs during this
period of depolarization. Ice crystals in the path can account for
this type of behavior [7].
~ Storms typically traverse the 11.7 GHz path perpendicularly.
Maﬁy of the more severe summer storms are characterized by a large
exﬁanse of clouds at a high altitude. This is illustrated in Figure
4-12. This high altitude portion of the storm possibly contains ice
and as the storm progresses, the path intersects this portion of the
storm first causing the observed data. Later in time the rain
dominates the propagation and the large decrease in isGTation is seen
along with an additional phase change.
A variation of this concept assumes no ice. Brussaard [13] has
stated that the raindrop canting angle is dependent on the vertical !
ind gradient and that the raindrop canting angle can chénge by
almost 20° in its last 200 meters of fall. Assume that at the
begﬁnning of a rain event the satellite-earth station path inter-
secfs the high altitude portion of the storm where raindrops are
only slightly canted. Later, as ground rainfall begins, the drops
%hrough which propagation occurs are more severely canted due to Tow
dltitude wind gradients. A 20 ° change in canting angle could account
qor the 40° change in phase from points A to B in Figure 4-11. Low
alfitude rainfall propagation effects later dominate causing the
data from B to C. Figure 4-12 also illustrates this effect.

Typically, ground rainfall begins a substantial amount of time
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GROUND RAINFALL

A typical rain stormat the
VPI&SU earth station.
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after an isolation-attenuation event commences. This would tend to

s Gid
Bnrrws e

substantiate the above arguments.
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The satellite transitits a RHCP wave which means the 2¢ term in
|
|

the a phase equation (122) carries a negative sign. In order for

Cd the phase to advance the canting angle must move in a negative

\( -z i direction. Assuming a zero canting angle at high altitudes the

pos

L brevai]ing winds in Blacksburg are from the direction required to
L o : force a negative canting angle at low altitudes, again substantiating
the above arguments.

Figures 4-13 and 4-14 show some unusual propagation events that

in which the phase appears to spiral in the predicted direction.

R L

m’ ?k % were observed with the 11.7 GHz system. Figure 4-13 shows an event

¢10$e inspection of the data indicates that the corresponding fade , [
: &as only 2 d8, thus the polar plot probably covers just the beginning
of a typical summer storm that did not materialize. This pilot

represents only the "cluster" of points discussed previously.

Figure 4-14 illustrates the effects of snow. This plot covers a- \\

v
|

five hour period of relatively heavy snowfall in January. It is

3 not certain whether there was snow accumulation on the antenna at

(3

B

this time but the data does not show the typical characteristic of

’4 r-' o ’

\l snow accumulation.

el T
-

| The most outstanding characteristic seen in all of the 11.7 GHz

é; circularly polarized propagation data is the wide scatter of the

data. This is largely due to canting angle changes, either absolute

changes or oscillations. The exact nature of the change is less




Figure 4-13.

ISOLATION VS PHASE 270

11.7 GHz phase data associated with a
2 dB fade. The stcrm occurred at
1100 EST July 24, 1977.
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important than the 26 phase change that occurs.

A cancellation system which relies on an unchanging phase is
adversely affected by the variability of the phase of a circularly
pe1erized wave. It is for this reason (among others) that linear

polarization should be favored for satellite communications systems.
4.2 28.56 GHz Linear Polarization

~ This section presents and briefly discusses phase and isolation
deta observed using the 28 GHz linearly polarized system. As with
the 11.7 GHz data, the 28 GHz data presented exhibits a particular
character1st1c that is common to a large percent of the individual
events. The character1st1c is due more to the polarization than
freqbency, though.

| - Figure 4-15 is a polar plot of isolation versus phase for an event
wbiqh occurred late one evening in August. The particular phase
behqvior seen here is representative of the bulk of propagation
eyehts. This was a severe storm as evidenced by the 25 dB fade
sboWn in the storm time history, Figure 4-16. It should be noted,;hat”
tﬁe receiver did not loose lock during this storm. Loss of lock
wouid be indicated by a gap in the time plot.

1 The computer software used to control the experiment requires

that a 10.7° phase change occur in order to record a new data value.*
This causes the recorded data to assume positions along a nearly
étréight line. If all phase changes were recorded the data points

would show siightly increased scatter but would be centered about

* This is necessary to keep small phase changes from rapidly filling
up the computer memory. :

-
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éu‘ § é the same region. !
%'v :ﬂr | Figure 4-17 shows data from a typical 28 GHz depolarization {
é’ éi event. The theoretical phase bounds are also included in the figure
é- éo'show that in this case, asf{ﬁ most, the obsefved datarfallé wiihiﬁ“’ g
i = the prediction bounds. |
g. ‘5 ij | Figure 4-18 illustrates another summer event associated with, ‘
é'{ s in this case, a 12 dB fade. A considerable degradation in isolation -4
f | ij i and'a larger than normal phase change are indicated in the figure.
= - Figures 4-19 through 4-21 show data from an early winter rain ,;
1 Jtorm. The rain persisted for a three day period of almost continuous %
,E light rain intermittently increasing to higher rates for brief pem‘odsf"*‘J é
. : Af time. During the first day (Figure 4-19) a maximum fade of 15 dB - 2
; »Wﬂj was experienced. The polar plot shows very typical behgyjor. During ,E
;' | i dayitwo (Figure 4-20) a maximum fade df 20 dB occurred and the =
- i‘ﬂ" receiver lost lock briefly during some proionged fades. The polar }
: :”gé p1o£ shows the bulk of data lying near the 160° value with some g
3» >§ :“ scattering of points probably caused by the receiver intermittently | E
;_ %E loosing lock. During the third day (Figure 4-21) a considerably ‘é
? Y higher average rain rate occurred with some periods of prolonged - %
: %j qeceiver Toss of lock. The polar plot shows a wide scatter of points | %
g% most likely due to receiver problems. Stij] the bu]k of data is in’ ,;‘E
, :j the vacinity of 160°. . S  §
?i ié | Figure 4-22 shows another early winter rain event where the | ' v~ §
‘?g | ;g | datéwghows a larger than normal scatter. Again the bulk of points fk%
jééf o | | >1ie near the predicted values. An 18 dB fadé'was‘experienCediduring, f;
T
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‘day period of continuous rain.

270

28.56 GHz phase data taken during a. one
The
typical behavior is illustrated here.
The storm occurred all day December

26, 1977. '
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Figure 4521..72$136 GHz data covering a one day period.

Periods of prolonged receiver unlock
contribute to severe scatter of data.
The storm occurred all day December 28,

1977.
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; ; this event. i
Many more events could be shown where the crosspolarized phase g
; ]
remained within 10° of its average value. The most dominant §
‘ 5
: behavior exhibited with 28 GHz linear polarization is the small i
b phase variation. This is attributable to the slight canting angle é
. v. (- . . . . s q . ‘ :
\| dependence of phase with linear polarization. Such stability is a : §
Mo : |
! positive aspect if a cancellation system is being considered. : %
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CHAPTER 5

ELIMINATION OF CROSSTALK CAUSED BY DEPOLARIZATION
5.1 Discussion

[t has been stated that precipitation dearades the performance
of microwave communications links operating above 10 GH:. Precipita-
tion effects include depolarization and attenuation of which only
the problem of attenuation has a relatively straightforward solution.
Large antennas and sensitive receivers provide system margin to
allow for rain attenuation but depolarization is not affected by
system margin and none of the classical methods of increasing the
margin are of help. Several methods are available to decrease the
effects of depolarization, though, and they will be discussed in this
chapter. In the design of such depolarization compensation systoems
attenuation must be considered for it is of no use to maintain high
channel isolation beyond the point in which a fade has disabled the

communications link.
5.2 Systems

A number of methods have been proposed for increasing the
channel isolation on a dual-polarized communications link during a
rain event [18,19,20]. These methods fall within two basic
categories, (1) the use of polarization matching antennas, and
(2) the use of cancellation systems. The polarization matching

antenna generally has devices in the circular waveauide ahead of the

==
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[ : . +
\ T orthomode transducer (OMT) that provide a differential phase and a i
¢ifferentia1 attenuation exactly opposite to that of the rain propa- Sl

gation medium. The magnitude of these variables and the physical

et e e e IS
i

‘ E o dng]e at which they are applied are adjusted so that the waves i g

% - ‘ éntering the OMT are orthogonal. Although not a requirement of this

e s
Ty

technique, all proposed systems of this type use a real-time computer

tb search for and maintain the correct feed network adjustment.
P T%ﬁs-resu1ts in a fully adaptive system. The advantages of this
system include (1) some of the waveguide components needed already | l 2o
exist in most feed networks, and (2) the syétem performance is good. | \ ?

Sohe'disadvantages are (1) the possible increase in system noise

vk

température due to the increased feed complexity and (2) the_]arge : ; 2

expense involved.

An alternative crosspolarization compensation scheme is the !

: . I
fance11ation network shown in Figure 5-1. This network is inserted;

at some point after the OMT. The principle of cancellation has

been known for years; the sum of two equal amplitude sinusoids which
are 180° out of phase is zero. This cancellation system may be

inserted before the low noise amplifier (LNA) but the couplers and | ﬁ

attenuators will increase the system noise temperature. If the

i ? receiver components are of high phase stability and if care is takenv,‘b

in the design of the system, the cancellation network may be placed ; 'v \

\
l 2 after the LNA or in the receiver IF section. This system can be , 7E 

1 { , made fully adaptive by providing variable attenuators and phase

shifters controlied by a real-time computer. If implementation at

H e
. ; E !
: i f S
| ) Lo
iy 0

. e
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Channel A
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Directional Coupler

Channel B

Figure 5-1. A general cancellation network which can be
inserted before or after the LNA.
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i 1
;g Rﬁ is desired various ferromagnetic and PIN-diode attenuators and
! . A ‘ P
i phase shifters are available {21]. Many of these are well suited to o
[y j computer control. Advantages of this system include its simplicity.
,E % ' Both techniques are applicable to an uplink as well as a down- ¢
{ IR o
‘t s S 1ink by applying, in effect, a predistortion to the wave which will !
. _g‘ % be cancelled by the rain propagation medium. Both systems require a ;
i o ]
) . ) . 1'1
i % cAiterion for adjustment on both the downlink and uplink; i.e. the :
Cooy :
S system controller should known on what basis to judge if an adjust- 1
3
4 T .« i
" ment is necessary. ;
¢ ! 5.3 A Simple but Effective Cancellation System E
Work has been done on the fully adaptive systems discussed
; Lo . ,
P previously and practical systems have been developed [22]. These— ,
X ‘ ¥ x
| . : I ‘
systems are somewhat complex and expensive and are therefore suited £
o ) i |
o to the Targe high volume earth station. :
: The purpose here is to propose a simple, inexpensive system
: that will be useful on the small domestic or private earth terminal.
g 2 ' . o .
: § 1 The fully adaptive systems can maintain isolation above an acceptable
i
i - .
I ; leﬁe1 for a large percent of the rain events. that occur. No such
SN
P : claim will be made about this simple system but this system will
P SR AL VTS SysRER WL
El\‘ ; : Lo . . . o - - FEED g
e ' i provide improved performance during a significant amount of time
rood i :
[N ] ke
Bl that would otherwise be down-time.
‘*‘ The system consists of a cross-coupled cancellation network of ; v
6\ , ; '
?; : the type previously discussed.  One arm of this network is reproduced :
(3
i . : -
o in Figure 5-2. The operation of a single arm is sufficient to
H “
!
SRR
A _
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| : Figure 5-2. One cross-coupling arm of
' ' a cancellation network.
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o craaral

desbribe the operation of the total system. Neglect the signal in

channel B for the moment and consider that channel B.contains only

v

: b
5 At O
 Pn o
PR—1

the crosspolarized component of channel A. The crosspolarized

component is undesired.

- Total cancellation of the undesired component requires that the

, !
T l tgtal attenuation a, + 3, + a5 and the phase shift ¢ be continuously f

‘ ; W changed in order to follow the changes in rain propagation conditfohg. %
‘ E The circuitry required for this can become exceedingly complex. %

’i : i " Several simplifications can be made to reduce the system | E
?.% ? cémp]exity considerably. If enough is known about the characteristics %
J»% X of the crosspolarized sigral level and phase, the attenuation 3, + a ! é
Ei} L +‘a2 and the phase ¢ can be preset accordingly. Also if total é
% | é% ance]]ation is not required (§5& the acceptable minimum isolation ;%
;\ is X'dB) the values Of,? gqq ¢ can be fixed at an optimum point and f { :

1 isolation can-be maintained higher than X dB over a large range of .
| inputs. R

With Tinear polarization it has been shown by theory and experi-

Lo s e

ment that the crosspolarized signal phase will change very little

duﬁihg the progress of a rain event. This is jllustrated in Figure

5-3 for 11.7 GHz and & = 45°. fﬁfhas also been shown that the cross-

- polarized phase and signal level are very closely correlated during

a majority of propagation events. Therefore in a simple cancellation

system such as the one being proposed the attenuator and phase shifter
are set to a value based on theory or previous.measurement but .

remain disconnected'from'the systenm until the isolation falls below
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a threshold value. This provides agfﬁa,state cance11atidn*sy3fém,
the two states being on and off.

Instead of an off state, certain advantages can be realized by
cancelling the crosspolarization due to antennas along with any other
inéidenta] clear weather crosspolarization. The clear weather
isd]ation can be increased to a very high levell by this method and
thé antenna phase errors can be eliminated thus enhancing the perfor-

mance of the second cancellation state.

5.4 Analysis of the Two State System

In this analysis it is assumed that either perfect antennas are

in use or that a clear weather cancellation state has already been

but these errors will be small at low 1solat1ons where the perfor-
mance of the system is most critical.

Figure 5-4 shows an approximation to isolation as a function of
path rain rate for an 11 GHz 1inear1y po]arized wave, a canting angle
6 = 45°, and the B1acksburg 11.7 GHz effect1ve path length. The

[
re]at1onsh1q (82)

PR 1+ d tan2 @

applied. If this is not the case there will be errors in the cross*”M{

polarized phase and signal level ‘that will degrade system performancewJ

.

| :f

: i :

1 This c]ear weather enhancement has applications to-propagation :

research systems [23]. With very high clear weather isolation v

very low levels of rain generated crosspolarization can be measured. :
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OF POOR QUALITY
d = e'(a + jB)L

was used to generate the curve.

This curve also represents the crosspolarized signal level (in
dB) norma11zed to a copolarized signal level of 1 (0 dB). Therefore
thlsfcurve gives the amount of copolarized signal that must be fed
throﬁgh the cross-coupling arm in order to obtain full cancellation.

_-Assume that 25 dB is the threshold isolation below which the
link will not operate. This is indicated by the point T ir Figure.
5- & The crosspo]ar1zed sugna1 Tevel at this po1nt is known and

its phase is known by the equat1ons deve]oped in Chapter 2.

"G.L . 2
-e sin gL{1 + cot? g) bo. (124)

e cot? 5 + e'o‘L cos BL(1 - cot? 8) -1

This phase is shown in the polar plot of Figure 5-3.

The cancellation network with 25 dB total attenuation and
A + 180° phase shift is switched in at this point. Near perfect
cancellation occurs, but as rain rate increases the level of cancel-
lation becomes less sufficient and perfect cancellation no longer

occurs. A substantial improvement over a large range of rain rates

has been achieved, though, and it will be at a much higher rian rate

that the isolation will again fall below 25 dB.
An improvement to this system can be made by injecting a cancel-

lation signal which is twice the magnitude of the interfering signal
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|

and 180° out of phase (at the threshold point). The isolation will
not be improved at this point, but it will improve as the cross-
po{arized signal magnitude increases with increasing rain rate. The
isolation will increase through a maximum then begin to decrease
again. The point where isolation falls below the threshold of 25 dB
will be moved to a singificantly higher rain rate.

Figure 5-5 is an illustration of the expected performance of this

isolation without cancellation and the isolation with a cancellation |
neéwork having a 20° phase error. As can be seen, the errors are
small at high rain rates where performance is most critical.

| An average improvement in isolation of 5 to 10 dB has been |
acéomp]ished, but more improtant is that the system threshold (25
dB) has been moved from a rain rate of 5 mm/hr to 25 mm/hr (= 18 mm/hr
wifh'a 20° phase error). If this system could stand a 22 dB
isolation, the threshold point has been moved from 8 mm/hr to 35

mm/hr.,

| Figure 5-6 illustrates the performance of a system which was

designed for a 22 dB isolation threshold. By switching in the
cancellation network later during the progress of a storm much can

be gained at the higher rain rates. In this case isolation has

'been,maintained above 22 dB for rain rates in e§§§§§ of 50 mm/hr.

Of course a system with a margin of 6 to 10 dB would probably
be disabled due to the fade caused by a 50 mm/hr rain. - Therefore

the higher thresholds are advantageous. An optimum exists for each
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SRS particular system with its given fade margin.
s
! | The weather characteristics at the location are also important.
t %
} If the location rarely experiences high rain rates and if the margin t
,! is-designed accordingly, then depolarization is the dominant factor
1? j in limiting performance. Figure 5-7 illustrates the isolation of a .
tole 4
. ‘54;,;, system with a 30 dB threshold. The cancellation system moves the 1
P
by o , o 1
o T 30 dB isolation point from 2.5 mm/hr to 10 mm/hr. This example again :é
- s i , I . 3 ’ | T i
V% L ): I emphasizes that the optimum design is determined by several tactors - =
= I : i :
K ! H
s ﬂ ‘ particular to a given earth station. %
Sk . 1
. | . . 3
1t The concept of the two state cancellation system may be extended i
g,} ‘5 {, to three or more states. For example, a third state is switched in f%
: ié wPen the isolation with state two in effect again reaches the ‘ g
‘ : 1 . ' ‘ e
2 “m §; threshold. Figures 5-8 through 5-10 illustrate the performance of -
: & % such a system with 28, 31, and 34 dB thresholds respectively. Also T ‘
i, ‘ﬁ - ‘i$c1uded in these figures is the isolation without cancellation.
SN lf The optimum threshold for switching is again relative to the situation
?’ 2 at the particular earth station. o \\
k | 5.5 Criterion for Switching
"‘. {
: | -
W } It has been assumed that the cancellation networ\ would be
- L slitched in when the isolation reaches a threshold value. This is
b | easy to measure and implement if a beacon signal is available, but
;f % this requires a dedicated channel in the receiver dnd!anlextra g
:' j carrier on the satellite transponder. Other possibilities exist for :
g | . S , . :
i | ~control. It has been shown that by minimizing the total power in 3 :
$ =
E b =
5 i
b {
‘s'».." :
bt L
§§
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Isolation with cancellation
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Figure 5-7. Isolation with a 30 48 threshold
two state cancellation system.
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Isolation with a 34 dB threshold
three state cancellation system.
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chaPne] that the interference is also minimized [24]. Therefore the
toté1 power in a communications channel could in some way be used as
a cfiterion. Another approach is to place one or more raingauges
under the path within several kilometers of the earth station and to
swftch the system at given rain rate thresholds [25]. A problem with
thﬂs scheme is that a time delay between ground rainfall and rain in
thﬁmpéth often exists. The fade measured with an AGC voltage is
angther possible criterion for-switching=[26]. Other possibilities
of 'this type exist and many could be implemented with small expendi-

tures.
5.6 Polarization Angle

The polarization angle of the incoming wave relative to the

raindrop canting angle has an effect upon the isolation and cross-

polarized phase. Depolarization is reduced when the angle 8 is near

0° or 90° but the variable nature of the canting angle eliminates
using this fact to improve system performance. Also a linearly
poiafized wave trqnsmitted by a satellite arrives at different
angles relative to:the;lqca1 horizon at different locations on the
earth's surface. fhis further eliminates transmitting with an
optimum polarization angle. -
'The possibility exists that for many polarization angles the
crosspolarized signal in channel B will be different in amp1i§g§e
aﬁd phase than that in channel A since differently polarized waQes

propagate through the rain differently. If the polarization angles
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are known the difference in propagation can be included in the design

of cancellation hardware.
5.7 Implementation

The multi-state cancellation system need not be implemented by
separate cascaded networks, although this technique will work. A

single cross-coupling network with switchable elements is the simp]erf|

method to construct such a system. Elements can be switched in
parallel or series suﬁh that theif phasornéﬁm y{é1d5”the”de5irédw"” 
result.

This system can be installed in the RF section of a system by
using waveguide components or it may be installed in the receiver IF
section. If cancellation is applied at IF it must be assured that
both receiver channels preceeding the cancéiiatibn network exhibit

nearly identical phase characteristics.

5.8 Perfdrmance Expectations

Perfect isolation cannot be maintained with this simple system
but as the figures have indicated a substantial improvement can be
rea]ized. Several hundred dollars for this system can buy between
5 and 10 dB improvement in isolation over a reasonable range of

rain rates. This several dB may mean that a system is down during

~only a fraction of the time that it would otherwise be disabled.

N A
As seen in the linear polarization data in Chapter 4 some

propagation events do not conform to the large bulk of data or to

e A Y W T iy . =
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these cases. It is unlikely that any condition could arise in which : 1
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he the isolation with cancellation is worse than that without. A much ?f
g larger phase change than that seen in the data must occur. ;' .
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: g CHAPTER 6
| CONCLUSION
1l ¥ . The questions stated in Chapter 1 of this thesis were, (1) what
"_J ?; can the phase indicate about the propagation medium, (2) is there a ,;
: f‘ T desired set of conditions to enhance the use of cancellation, and | »
i : 31 (3) how will phase variations affect cancellation? A1l of these ; é
:{ 2& questions have been answered; let us consider them separately. ? %
| = ‘;Hggrst, the phase of a circularly polarized wave is directly % %
; g; depéndent upon the caﬁting angle of the raindrops in the medium. i
? . Cirﬁu]ar]y polarized radars use this fact to study a rain medium and ; %
34 circularly polarized satellite beacons can use this to provide i
5 additional information about the medium. It is imperative that . y é
- antéhna errors be eliminated if research of this type is to proceed. ,;%
i. The étatic (clear weather) cancel]atiqn system can reduce a,ntennawrI f”?
] errors to near zero and additionally provide jmproVéa isolation '
E; | | measurement capability [23]. E
1" tSecond, linear polarization is an obvious answer to the question
- of what type of polarization to use. Research has shown that 11near:
%é i polarization has superior depolarization properties [27] and it has -
i? been shown in this thesis that Tinear polarization is well suited
:é for use with cancgl]ationésystems. Furthermore polarization angles
21 ? fi near 0° or 90° (relative to the local horizon) show d;;;eased !
i : depolarization. -Mw  o e o ; i
:‘ l‘ | Thfrd, phase variations in the crossbc]arized wave will not
: 1 g
qob - 155 - 1
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affect a fully adaptive cancellaf;;n system because the}system will
compensate for the changes. The system must be designed such that it
can track fast phase changes that might occur [28]. A two or three
state simple cancellation system will be degraded by phase ebrors

but an allowed error of 30° to 45° will still provide some improve-

~ment. ‘Larger variations will probably disable a simple system.

The phase has been a subject treated vefy”bfiefiy in the
Jiterature. It is hoped that this work will add édﬁé new insight
into the problem and possibly encourage more needed work on the

subject of phase and cancellation techniques.
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APPENDIX 1A

PROOF THAT V = E - e* FOR CIRCULARLY POLARIZED WAVES
r

Given a RHCP wave

(R + js) (A-1)

and a LHCP wave

(L+am) (A-2)

o j

] -d

the sum of these waves is
Rf+jS+L+jM

GRS HGL - M

TR+ L)+ 3(s + M) |
= | | |  (A-3)
((5-M -5 0)

Tﬁisvvector represents an arbitrary elliptically polarized wave. In
order to extract the RHCPfand'LHCP components the complex vector
formulation /is- used,

T ORIGINAL PAGE It
CE»ef OF POOR QUALITY

- (A-4)
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The RHCP component is prqpprtiona] to the phasor voltage at the

terminals of a RHCP antenna. The normalized antenna vector is

P e (A-5)
V2 : '

Performing the coordinate transformation

5. = 180° - § (A-6)

yields

Co
e =

Th%ﬁéfore

<
o
m+
o)

— _ e
RHCP a

ﬁ“'hk’hkxmkvakv

(CR+L) +3(S+MIx+L(S-m-3R-1I - (x - 3"
= (UR+u+jw+Mn§+us-m-jm-Lnb-¢£+ﬁy
gm+L>+us+m1+ﬂwfm>;ﬂa-u1

IR+ 1)+ (R - 1]+ 305 + M) + (S - )

/2 (R +3S) . o | (A-8)
A similar prbcedure yields

Vipep =C /2 (L+am) . | | (A-9)

Q.E.D.
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APPENDIX 18 i
DISCUSSION OF THE V = E . E;- FORMULATION 3
r :
1B.1 Introduction
Several mathematical formulations exist for wave-antenna inter- :
action which may be used to calculate the magnitude of an antenna
tefmina] voltage or the received power [14,29]. When both magnitude §
and phase of the terminal voltage are required the complex vector E
formulation must be used [30]. In this formulation the incoming wave ?
and the antenna polarization state are rebresented by complex vectors. é
The antenna phasor voltage is given by o ' f
_ N -
i — V=CE-e* (A-10)
l L a .
: (MR r N
E s where [
: . V. = the phasor voltage at the antenna terminals
3 o -3 - A . ~ i
d *~ a ‘ E=E x+ E.y y = a complex vector representing the
, i
h % i incoming wave in its own coordinate ‘
g system u
e =e X o5 < a con : | i
e, e X + ey e’ y = a complex vector representing the : ;
r : ‘
‘ a%ﬁenna polarization state in the g
,coordinate system of the incoming \ ;
wave b
-162 -
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—

¢ are real numbers such that ¢ 2 + ¢ 2 =]
% %y x T %y

2 RS

'F %3 C = a constant representing the antenna effective height 5;
. i ‘ ;:4
3 U %
. o the "+" indicates the vector dot product B
ar ~T § the "*" indicates the complex conjugate . o 13
i‘ ? - Sometimes an equivalent form of the complex vector-formulation o
o N & \ o ‘o
| L gi is seen in which the-wave and antenna states are represented as one- :
g dimensional matrices. =
I | ' V= C[E]t[ea I* (A-11) 3
S 51 ‘ T o ;
\ ) ‘* é B ) F——— l 1.
SR TR G where : ﬁ”"\ ~ '
\ . , ) ? : | ( e "
RSN [E] =1{ [ea 1= |
S' — Y' jG t,
i E e e .
%» LY LY
St |
§_ _ _ The "t" indicates the matrix transpose and the "*" indicates the
. ‘ ~complex conjugate of the matrix. It is imnediately apparent that the
complex vector representation and the matrix representation are
identical. Henceforth the complex vector form will be used. Co
When used properly these equations yield correct results, but |
; ‘ |
this involves several constraints that are not initially obviousi |
? ThL antenna polarization state, ga’ s usually defined by the wave ‘ '\
that the antenna transmits, while the above relations require that : .
e -3 .
b the receiving state, e s be used. An antenna is a reciprocal device
ey . S r ~
' =
I. ‘.x,
K,r “ L
LT e e T e e R T e
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o

meaning that if it transmits a wave with a given axial ratio and tilt

angle it will respond optimally to a wave with the same orientation -

in space. This wave to which the antenna responds optimally is not
neéessari]y of the same polarization as the one that it transmits.
Thfs is because the waves are travelling in opposite directions and
different coordinate systems are employed in defining their polari-
zation state. Therefore a coordinate transformation must be
performed before the complex vector formu]at1on ‘may be used. The
complex conjugate appearing in the equat1ons does not accomp]1sh the

transformation.

The placement of the complex conjugate is a point worth consider-
ation. If the conjugate is placed on the wave state rather than the
antenna state the resulting voltage is of equal magnitude but opposite

phase. There is no imnmediately obvious reasen for placing the

conjugate on one member or the other. This point is not directly

addressed in the literature, and this coupled with the fact that the
abgelute phase of a voltage is usually of little importance raises -
some suspicion abqut the validity of phase calculations.
out, the p1acement of the conJugate 15 correct

tion of the coord1nate transformat1on will be d1scus§ed in detdi]
e

Thfs"and”thewquegzj"“

below.

It is necessary to establish and adhere to coordinate systems
and°conventions in calculations involving wave-antenna interaction.
The standard convention used here consists of an xyz night-handed‘

system with the positive z-axis in the direction of propagation.
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TAiS is jllustrated for a general wave. a wave leaving a transmitting
antenna, and a wave incident upon a receiving antenna in Figures A-la,
1b, 1c. Figure A-1b also represents the transmitting antenna coordi-

[
nate system and Figure A-lc represents the receiving antenna coordinate

system.
18.2 The Conjugate

Consider an antenna which can be represented by two elemental
antennas A and 8 which are individually matched to orthogonally
polarized waves, and some kind of a feed network that combines the
outputs of the elements. This antenna is illustrated in Figure A-2.
The:antenna state is defined by the type of wave that it radiates.
Establish a unit vector a which represents the polarization state:c#
antenna element A and a lvector b which represents the state of
anthna element 5. The unit vectors are orthogbnal and fixed fni

their spatial orientation. The radiated field at plane M in the far

field is then

Consider the phase of “A~and fﬁébphase;gf'ﬁ} a and g respectively.
Saﬂf@fis greater than 3. Upon receiving this'hntenna {s]m§£éﬁedrtow:;
a wave which has an « less than s by the same amount [31]. This is—
essentially a statement of the fact that anadvance for a wave travel-

ling in one direction is a delay for a wave travelling in the

opposite direction. -
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E‘é ' Figure A-1. The definition of coordinate systems ' S
for waves and antennas.
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| V
i; | This property is illustrated by examining two dipoles, one- ' f
3 / vertical and one horizontal spatially separated by A/4 and fed with |
g] E ' iwtphase voltages as shown in Figure A-3. The transmitted wave has a ;ﬁ
gl i vertical component which lags the horizontal component by 90°. Upon o : :’A
el ; receiving the incident wave must have a vertiga}lcqmppnent"whjgy Ieads‘: 5 )
B | thelhorizontal component by 90° in order?to havé cdnSf?Qci%vg addition .i ;
- ; , of thé‘vo1tages at the feed point. | i
;* ; f”“ The case shown in Figure A-2 is completely general. The ortho- o ?
3 Jona] horizontal and vert1ua1 polarizations in the example of r1gure : L

id f ‘ A-3-are special cases. of a and. b orthogonal polar1zat1ons in the :ii
E~‘ ; genera1 case. f;
.J; | Considering now the general case of Figure A-2, the transmit wave | é ! :
§~. of the antenna ;; '

; ;

e,=Ra+Bb

- — j Phase{R} * o Phase{B} :

0
S
u

! | | e a+ [B] (A-13)

g sr f defines the polarization state of the antenna according to convention.

S S ,

g - The phases of the components are

X 3.,, ! e : o , b
5, ! B . , : {

) ¢J - Phase{A} = o= - ST - S

;‘ : . . B o o . ‘ .
it Phase({B} = g == o (A-14) )
Lol - !
f #({ and the relative phase is ;

5= (o) - (5) . o o
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The properties of an antenna upon
transmitting and receiving.
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This 1is the complex vector represehtatién.
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"In the receiving case the required condition for the antenna to

be polarization matched to the wave is that the relative phase must

equal -¢. This is satisfied by f
- = (-a) - L=p)" R % |
- = (-Phase{A}) - (-Phase(Bl) . : (A-16) ?
Therefore the wave to which the antenna is polarization matched on f |
' i
receiving is %‘ A
"—"»‘H e 4 B N -~ H
Eé - iKT e-q P?ase{A} a + |5 ) Phase(B} b E
= K’* "v s*« AE* B
= ok _ ' i
ey . (A 17)

This vector répresents the antenna state upon receijving. The antenna
state upon receiving is defined as the wave state to whichk the antenna
is optimally responsive and is the conjugaﬁe of the transmit antenna
state.

The dot product of the incoming wave vector and the receive

antenna vector is proportional to the terminal voltage,

— . L ’ i
V=CE-e* . - (A-13) ’

ol o o ;

oo

It is essential to remember that the a and b vectors form a i ‘

[} H

coordinate sy;;qn to which all waves have heen referenced.  However, f ; :
the normal circumsgance js that the same coordinate System 15 ﬁot E £
used to define the incoming wave and the antenna state. This is = %t“ T
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i& i | o ivn
1 ;& especially important to realize when the conventional polarization
\H { state parameters ¢, 1,.Y, and3 afgzdefined for a wave in its own
‘ %\fb coordinate system and the cddfdinaté system is then suppressed
X~ g} 1B.3 ‘The Coordinate System
% e
ﬂ’ § The wave state and the antenna stéte must be represented in the
121 f same coordinate syﬁtem in order to use the comp?ex vector formula-
1% 1§» §1on [30]. Any arb1tﬁ§§y system may be used but since coordinates
; é have already been dsfined for the 1ncom1ng wave ‘and for the antenna
g‘% :  *” transm1tted wave 1t 1s logical to use one of these The coordinate
\'{ l system of the 1ncom1ng wave will be used thus the antenna coordinate
%. ' L system must be transfarmed. Eig
gi; k, B In}ail of the dississions to féTToQ:in this section a reféﬁen?e
11 : '& point at the antenna feed i%~“§¢§,f°r all asso e phase values. M}
% ‘i The wave will be decompéséd:into two orthc nal po]ariéétionss
: % The most general case is twogorthogcnal eilipticai polarizations, but
;'\ in this discussion tﬁe wave is to be decomposed into orthogonal
. 1inea;1y po]arized anes. These two po]arizations are used to
- estéb]ush an. x ax1s and y-axis respectively. Tﬁese x and y axés %
L’ must forma r1ght hand coordinate system with z : in the direction of ;
r propagat1on | ( ‘

- The 1ncom1ng wave coord1nate system is estab11shed first; then

e

the antenna coordinate system is defined with the y-axis in the same
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- 3

oo e ; ] :
direction as the y-axis of the incoming wave coordinate system as :

illustrated in Figqre A-4.

Trqhsﬁormation of the antenna coordinate system requires a

(
i

reversal of the positgve X-axis anﬁ»reversa1kof the direction of

\ o
propagation. The x and y axes of the antenna coordinate system and
the transformed coordinate system are also shown in Figure A-4 where
the transfcrmed.ﬁbordinate system is also the coordinate system of

the incoming wave.

Phasor fields from the antenna {while transmitting) as they

appear in a reference plane in the far field are shown in Figure A-5a
where the absolute phase of the fields is referenced back to the feed
terminals of the antenna. The relative phase of the two component

fields (which are along the positive axes in the antenna coordinate

»

system) is &,

In the coordinate system of the receiving antenna a siagn chanae
is necessary on the x-axis which translates to a 1807 phase change in
the x-component of the wave. This is illustrated in Figure A-%b

where the angle &' is the relative phase of the orthogondl components

(still from the antenna while transmitting) atong the positive axes
of the transformed coordinate system.

Now referencing absolute phase back to the common phase reference

point of the antenna feed recall that the antenna upon receiving
P

- R P

© The antenna coordinate systom could be detined with the x-axis in
the same divection as the x-axis of the wave coordinate system
with equivalent results. ~ '
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will be optimally responsive to a wave with phase of -§8'., This is
' _

illustrated in Figure A-5c where -§' is called §.. From the figures

it is apparent that the coordinate transformation has resulted in

5. = o' = 180° - 5 . (A-19)

Using the definition

v = tanl et o (A-20)
X : ‘

it is noted that the x-axis sign reversal in the coordinate trans-

formation has no effect on v. Therefore

ey e | (A-21)

Using equations relating &, v, ¢ (the inverse cotangent‘of the axial

ratib) and v (the tilt angle of the polarization ellipse) it is found

that
s = l-sin"‘(sin 2y.. sin §_)
fp T 7 3 Ty r
= %-sin‘l(sin 2y sin(180° - §))
= %-sin'l(sin 2y sin §)
=g (A-22)
and
l - i - <v_§7!:x:aaw-riwfﬁi5‘id-§iﬂ§4 N P ‘ ’ :‘ i " E o

R =
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et
r=3 tan-1(tan ZYr cos ar)
?} = %-tan-l(tan 2y cos(1802 -.6))
| . I
zi = §-tan'1(tan 2v{-cos §8))
1j = - %~tan~1(tan 2y cos §)
| = 180° - © . T (A-23)
A | .
Therefore the coordithe transformation that must be performed
iy in order to use the formulation L
V=CE.oer (A-24)
a, ‘
is
- o= e o
Lr ]80 T
€ =g (A-25)
\ or
. o o
8. = 180% - 8
: | ‘ T =Y - (A-26)
} where the r subscript indicates the antenna parameter transformed to
; N \ R PUEER o
* the new.coordinate system. |
} It might seem as though referencing phaéégﬁﬁtk to the feed termi-
t K . : X LA ‘
nals has duplicated the process of conjugation in the complex vector
b formulation. This is not the case! The use of the feed reference is
1 ,,,,,
§ 1 3 Fan £

S g e
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L ' » ‘
% b o) nec$ssary because of the conjugate appearing in the formulation. In
1o a later section a method will be presented which eliminates the
i
' { { conjugate and the feed reference point.
)}
' i“ i | An example will now be presented to illustrate the use of-the
| LA '
| i“’ g complex vector formulation. This example is presented as a verifica-~ |
’ P
-% oy §» ‘ tion of the formulation, not a proof. Since the intention is to
o %.’ ' verify the correctness of the voltage phase angle magnitudes will be
o ?! E suppressed. B
: 18.4 Example: A Linearly Polarized Wave and
e Circularly Polarized Antennas B e
{ i e, ] . S
, L ;‘;W : Shown in Figure A-6 are a RHCP;aﬁ%énna, a LHCP anténna, and an

incident linearly polarized wave. The antennas are crossed dipoles

Gt

RN Al

% fed 90° out ofjphagé. The incident wave is at an angle of 45° in
} 1 i% its coordinate system (see inset) but it appears to be at 135° as
. | i viewed receding.
% E ;! Also shown are the induced voltages in each dipole at the feed
i . o points and the sum voltage at the teed points. This’indicates that
% i‘ f" VﬁHCP Teads_VLHcp by 90°.
3 Coye The complex vector representation of the wave is

\

£ = (x + 9)

and that of the RHCP antenna is

e

Spuce = (X = 3y)

Pl
L
i

-90°)
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e
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Figure A-6. A linearly polarized wave at 45° incident 3 )
- ’ upon circularly polarized antennas.
Vaucp 1eads Vyjyep by 90°,
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and that of the LHCP antenna {5~

g : ~ N e o e T o
®cp = (x +dy) . (s = +30°)

the antenna states vields

Performing cggrdinate transformations on

I T TP VR

-> ~ e °

r 180° - (-90°)

270° «+ -90°)

o m

and

®Liep, * (x + jy) . (. =180° - 5 = gg°)

- > >

= . *
RHcp = E ®RHCP_

(X + )+ (x - jy)*

50 Aa ;o
(x +y) « (x+ jy) |
1+ j

and

i

LHCP = = * 8ficp = (X +y) - (x + jy)*
. \

= (X +y)+ (x - dy) | oo

- ey %
Therefore VkHCPkleads VLHCP by 90° which agrees with the previous i

analysis,

. S e T ’ ' \
1B.5 Another Method .
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- > > S .
V=CE-e (A-27) E

a
r . o
with no complex conjugate. This formulation still requires the i
coordinate transformation but it eliminates the need to reference all i
phase values to a point at the antenna feed. .; %
Consider the coordinate system of the incoming wave and the é
an‘enna as shown in Figure A-7. The coordinate transformation in the |
. 3
xy plane of the field components is as before %
. |
Xp © 7% o ' C
Yo =Y (A-28) o
i josaan | 2
where unsubscripted variables represent the antennna state on oo
transmitting and the subscript r represents the antennﬁ state on

receiving. o g
The phasor fields in the transmitting antenna coordinate system ' ? i |
are shown in Figure A-8a. The relative phase between the two o é

_components s 5:‘ The phasor fields in the transformed coordinate

system are shown in Figure A-8b where the minus sign on the x< ~ L E A
. S\

component has resulted in a 180° phase reversal on the x-directed 7 3
field. The relative phase between the‘toncomponentsﬁ§é"é;. It is V:f‘ ”:ﬁﬁﬂ
seen from this that the coordinate transformation has resulted in ; ;
6. =5 s:180° . - (A-29) |

r - . s

As before Y = Y. Substituting these values for s and v into

the relations for ¢ and t results in:




mtanq A T TURRET T TR e T o TSR R T T T AT R T TR TR T TR R TR e D e R U T A TR TR TR R R faidie TR Y b
-
. ' -, M
- - ’ el
WI\? sk i N it i e . I -~ . - -~ P L - SO . . . fesserir ;
% . \ L o Sl o ) .
¢ ) . e o . .

Transmitted
Wave

(3 ;
L]

.

<

s

-

G 1 3

oo e Aok,

i
- 181 -
L
L}
|
1
|
i
I
I
!
I
d
between transmitting and receiving.

The change in coordinate system
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or

) cinellcin oy i e )
r = 7 Sin (Sjn 2y, sin §)

= L gin=1(sin 2v sin(s

! -+ 180°))

|

= %.sin'l(sin 2y (-sin 8)) |

= - %;sjn‘l(sin 2 sin &)

And,

tan=1
tan-1( tan 2v,, cos ar)

[
]
N —

!
M_‘

tan~1(tan 2y cos(s + 180°))

N -

tan-1(tan 2y (-cos §))
|
= . %»tan'l(tan 2y cos §)

= 180° - ¢

(A-30)

(A-31)

““Therefore, to use the formulation proposed here the following

coordinate transformation is required.
| o

(A-32)

(A-33)
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S = 8 + 180 | 3 i
Yr =Y (A-34)
Apparently Kales [3,29] originated the complex vector formulation

?or use with elliptically polarized waves and upon close inspection of

his work it appears that he proposed the formulation without the

‘;% conjugate. Kales gives
- - -> -
I V=kE:ot (A-35)
AL
InE where

->
~ i E is the complex vector representation of the incoming wave

" ~and
1k
p - > . : . -
i o is the complex vector representation of the "antenna
)
ik state"
Ew,j
| > . x >
: As it turns out, p is defined to be proportional to g* where g is ,
- i the polarization vector of the transmitting antenna state. A double : }f ; ]
1 . S
L | ‘conjugation is "hidden" Th the definitions he proposes. Kales makes E 3
i ! , . Bl .

| no direct mention of coordinate transformations. | EEN

L ! o o %

;lj ‘ 1B.6 Summary
The following forms are valid with their corresponding coordi-
i .
_% nate transformations:
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(A-36)
(A-37)
(A-38)
(A-39)
(A-40)
(A-41)
(A-42)
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= 180° - ¢

Gr = 180° - 3

r

r

Ty
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coordipate transformation:
-
VvV =CE . ea

coordinate transformation:
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E
g APPENDIX 2 =
i (.
1 MATHEMATICAL ANALYSIS OF LIMIT OF i ii
iﬁ CROSSPOLARIZED PHASE AT ZERO RAIN RATE , fs
i :
zi Consider the phasors d] and d2 which represent the propagation { %
{ properties of a rain-filled medium. i 'é
d]»= e &
1T ' é
g:— ST ‘((\2 + jSz)L ; 1
i i
) Expanding the complex exponentials E
. b
l . ~a,L ' ‘
- d] = e (qos 5TL - J sin s]L) ‘ | § é
y -a,l D
[3 dy =& ©(cos gL - sin gol) . (A-44) | i ®
= < - Iy
| - 1y
B As' an aid to visualization consider now the equivalent vectors d] and ;f{ ;
: N e
i dz | 1
Ei - ~o, L N “
dy = e (cos Bl x - sin S]L y)
4 32 - e'“zL(cos Byl X - sin 8oL y) . (A-45) 4
» § The vector a] and the path it follows with varying rain rate are
" shown in Figure A-9. This path may be determined by calculating the

P unit tangent vector at all points along the path

] _d> _,d d e
B : T] = a—s—d] = (m d]) (a—g RR) (A--“())j

where the variable RR represents rain rate. In this analysis only
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Figure A-9.
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the direction of the tangent is of concern. Therefore

d ->
Th=@mm4 - (A-47)

Recalling that both o and By are functions of rain rate

d > _d .t
IR % d * e (e (cos B1L X - sin 8L y)}

'G-‘L d
= -L e FTRGE (cos B L x - sin 8L y)

-a. L

4 : o0y L o4
-e (sin s]L X + €Os s]L y) L= R {B]} . (A-48)

Now, since a(0) =0 and (0) =

Tim

Similarly

1im T

a4
2 * dRR

The angle at which the vectors approach the x-axis depends on
the ratios | | |

dsz/dRR

and
da da
1/ 4rR 2/ 4R

ds]/dRR

For very low rain rates these ratios are nearly equal and it can be
: -> ->
assumed that d1 and d2 approach the x-axis along the same path.
! > ->
Therefore the angle of the difference vector d] - d2 must be equal to

the path angle as illustrated in Figure A-10. Therefore
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Figure A-10. The angle of dy - 32 at very
low rain rates is nearly -90°.
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1im - .. _ -1 dRR.
1 RR-g "hase{d, d,} = -90° - tan G5—— ey }
ﬁ dRR i
o ds P
2/ t
2 -90° - tan-l (—RRy g | |
2 ;
, /4R S
i a
§ i Published [5] attenuation and phase data indicates that the inverse 'i
E tangent term is small. Therefore : <
B A |
i | =
g ; . *
! RRio Phase(d; - dj} = -90° . (A-52)
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