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ABSTRACT

This study describes the characteristics of a radiating structure

and feed system. The polarization properties of the field radiated

by this structure can be controlled by electronic means. An analysis

is presented that develops the polarization pro perties in terms of

the controlled p arameters. Requirements on the operating specifications

of the system components are derived. A control process required to

allow adaptive mode operation is described.

A second system is described where two angles of rotation or one

rotation angle and a variable wave plate in a waveguide establish any

desired polarization on the axis of a circularly symmetric radiator.

vii



CI AP'I ER I

INTRODUCTION

This report describes an analytical study, the objectives of

which are to evaluate the major problems associated with developing a

polarization-controllable antenna. Polarization-controllable implies

a radiating structure consisting of components that allow electronic

control of the polarization characteristics of its radiated field.

The study is conducted both from an analytical and an experimental

standpoint. The analytical study defines the required system components

and operating parameters while the experimental work verifies certain

aspects of the analytical study. The study is concerned, primarily,

with defining the system configuration required to achieve polarization

control and not with detecrnining possible applications for the system.

The feasibility of achieving polarization control is found to be based

on sound theoretical engineering principles, but unequivocal proof of

feasibility must also be based on the intended system application.

Polarization Characteristics

The trace of the electric field vector of an electromagnetic wave

defines its polarization.	 Polarization is linear, circular, or elliptic,

where the first two are special cases of the third. If a wave is

elliptically polarized, the electric field vector, which lies in a plane

^.	
L	 ^^

1
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perpendicular- to the direction of propagation, traces out an elliptical

helix in space.	 If the "helix" progresses in the direction of a right-

hand screw thread, the sense of polarization is right-elliptical. The

opposite direction of rotation characterizes left-elliptical polari-

zation. The ratio of the major to the minor axis of the elliptical

cross section of the "helix" defines the axial ratio, and the orien-

tation of the major axis with respect to hnrizonal defines the polari-

zation orientation angle (tilt angle T).	 These three sense of

rotation, axial ratio, and polarization orientation angle, are the

polarization characteristics of an electromagnetic wave.

Polariz ation Matc h ing

In order for an antenna to receive maximum possible power from an

incident electromagnetic wave, its polarization characteristics in the

direction of incidence must be identical to those of the incident wave.

Obviously, it is not possible to perform this polarization matching for

all incident waves if the receiving antenna has fixed polarization

characteristics. The polarization of electromagnetic waves received

by an antenna may be fixed, variable, or random. There are several

reasons for this. First, the incident wave may be Produced by several

different transmitting antennas having different polarization charac-

teristics. Second, a transmitting antenna designed for a specified

polarization generally will maintain that polarization only over a

relatively narrow beamwidth, even for low gain antennas. If the trans-

mitting antenna changes its aspect angle during transmission, such as

would occur on a missile in flight, there will result an incident wave



3

of variable p^,larization. Third, it is well known that transmission

through the ionsphere or reflections from it causes polarization changes

to the transmitted gave which cannot, in general, be calculated in

advance. If the transmitting or receiving antenna moves with respect

to the ionsphere, there would result an incident wave with changing

polarization.

The effect of polarization mismatch can be described as a decrease

in the received signal-to-noise ratio equal to the mismatch loss.

Typical examples of mismatch loss follow: (1) The mismatch loss, defined

as the ratio of received power to available power expressed in db, is

-3 db if the receiving antenna is linearly polarized and the incident

wave is circularly polarized, or vice versa. (2) If the receiving antenna

has a linear polarization characteristic with any tilt angle and the

incident wave linear polarization with a perpendicular tilt angle, or

if one is left-circularly polarized and the other is right-circularly

polarized the loss is infinite and no signal will be received.

Pt)ssible Applications for a Polarization-Controllable Antenna

The applications for polarization-controllable antennas can be

divided into two major areas. The first area includes those appli-

cations concerned with ex;ractin, a maximum possible power from an

incident wave. The requirement for a two-way communications circuit

to be polarization matched is met, provided one of the two terminals

k, t , nsists of a polarization-controllable antenna with the control infor-

mation derived from the polarization characteristics of the incident

Have.	 In this application the polarization characteristics are matched

V_
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at both terminals resulting in a best system signal-to-noise ratio (in

the polarization sense). An antenna system meeting these needs is

termed a polarization adaptive antenna. The second area of application

consists of those systems deriving information from the polarization

c haracteristics of the incident wave where the wave can be produced by

a scattering action or an independent source. Grouped in this area

would be polarization agility for countermeasure systems, a test set

for automatic recording of the polarization characteristics of antennas,

and radar system applications when additional target information can

be obtained from the polarization of the scattered field.

Essential Components for Polarization Control

The foregoing discussion has been based on the assumption that the

antenna polarization characteristics can be changed at will. The

radiating system required to provide this capability can be determined

by recalling that an elliptically polarized wave can be expressed as

a sum of two orthogonal linearly polarized waves with a certain ampli-

tude and phase relation [1]. This fact suggests a structure consisting

of two radiating elements orthogonal in space each having a linear

polarization characteristic. The energy collected by these two elements

must be brought into time phase and then combined in an impedance

matched combiner (four port variable coupler). Since an elliptically

polarized wave can also be expressed as the sum of two circularly

polarized waves of opposite sense with a certain amplitude and phase

relatinnship [2] it is apparent that the two radiating elements can

r

have a circular polarization characteristic with opposite rotation sense
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The polarization-controllable antenna system requires a phase

shifter, a variable power combiner, and a pair of cross polarized

(linear, circular) radiating elements. It is not necessary to use two

physically different radiating elements. One may use a single square

horn fed by a square waveguide. The waveguide is fed by two sources so

that it propagates simultaneously two orthogonal modes such as the TE01

and TE 10 modes. The same can be said for a circular guide supporting

two orthogonal TE i1 modes feeding a circular horn or polyrod radiating

element. Other types of cross polarized radiating elements may be

used, with or without reflectors and with phase centers coincident or

separated. Arrays of elements may be used. The requirement is that

one-half of the elements be capable of radiating a field cross

polarized with respect to the polarization of the other half. In this

case each array is treated as one of the two radiating elements.

For most applications of the polarization-controllable antenna it

is necessary that the directional gain of the two radiating elements

be identical at all expected angles of incidence. This is normally

true for identical elements at boresight; however, at an angle off

boresight this is not true unless the elements are identical and have

a conical radiation pattern. Since most practical applications require

operation of an antenna at an incident angle near boresight in order

to utilize the directional gain properties of the antenna, no additional

requirement in this respect is imposed on the system when implementing

the polarization-controllable feature. Naturally small differences

in the element gains will have little effect on the system operation.

The effect of unequal element gain is to introduce a change in the

polarization characteristics of the incident wave as detected by the
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polarization controllable antenna system. This is more detrimental to

polarization-adaptive antenna applications than to the other system

applications.

A brief description of the properties of a polarization-controllable

antenna has been considered in introductory form. The following

chapters are concerned with a comprehensive analy -3is of the system

components required to provide the polarization-controllable capability.

Chapter II develops the fundamental concepts required for a mathematical

description of polarization. The development is extended to include a

graphical procedure for evaluating the polarization mismatch loss

between elliptically polarized antennas. Chapter III establishes the

necessary component configuration and develops a mathematical model

from which are determined the equations governing system operation.

Chapter IV defines the control process required to enable adaptive

mode operation. A description of the hardware required for system

implementation is contained in Chapter V. The final chapter discusses

system applications and the conclusions and recommendations resulting

from this study.
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CHAPTER II

THEORETICAL DEVELOPMENT OF TECHNIQUES FOR POLARIZATION ANALYSIS

The ability to handle problems concerned with the polarization

aspects of electromagnetic fields is limited only by the mathematical

model chosen to represent its polarization characteristics. A

description similar to that considered by Rumsey [3] is developed in

this chapter. The procedure for graphically displaying the information

contained in the mathematical expressions is included. The advantages

of this method for describing polarization characteristics will become

evident in this and following chapters.

Mathematical Representation of Plane Wave Polarization

Any elliptically polarized plane wave traveling in the positive z

direction can be expressed mathematically in terms of two orthogonal

linear polarized components as

E 1 = E (au + be 3 ^ l u )	 (2-1)

,. ,here a and b are positive real quantities and

r

a 2 + b2 = 1
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The instantaneous field is found from (2-1) by

^ 1 =	 2 Re (Ei e j(wt - kz))	 (2-2)

It is Pdvantageous to define left and right rotating vectors of con-

stant length as

* = u x + j  
y	

(2-3a)
—	 —

and

W = u - 'j u y	 (2-3b)
—r —x	 —

where w^(w r ), if multiplied by e 3wt and the real part taken, represents

physically a left (right) hand time rotating vector of unit amplitude.

It is possible to express an elliptically polarized plane wave traveling

in the z direction in terms of these rotating components. This

expression is

El = E o (L w^ + Re J6 W ) .	 (2-4)

where L and R are positive real and

L 2 + R2 = 1/2

The quantity E
0 
(x,y,z) of equation (2-1) and (2-4) is determined by the

power density of the plane wave. Since equation (2-1) and (2-4) can

represent the same plane wave, they can be equated to yield the relation

between the linear polarization parameters a, b, and ^l and the circular

polarization parameters L, R, and 6. Performing this operation yields

au + be jb l u = Lw + Re i6 W	 (2-5)

1'
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Using Eqn. (2-3) and equating coefficients of the x-directed and

y-directed unit vectors results in the following equations

a = L + Rej
E

and

b e Jtl = j(L - Re je ) .

These expressions can be manipulated into the following form,

jE	 Js1
2Re = a + jbe

and

2L = a - j b e 
J6 1

Dividing the second expression by the first produces the desired relation

between the linear and circular polarization parameters. That is

J6

	

Le-J6 = a- j b e 1	 (2-6)
R	 j^ 1

a + jbe

The x-z coordinate plane will be arbitrarily chosen to lie in the

horizontal plane throughout this study. Thus, it is seen from Eqns.

(2-1) and (2-4), that the ratio of the magnitude of the vertical linear

polarization component to the horizontal linear component is given by

b/a, and that ^ 1 is the phase angle by which the vertical component 	 -

leads the horizontal component. Likewise, the ratio of the magnitude

of the left circular polarization component to the right circular com-

ponent is L/R, and E denotes the phase angle by which the right circular

component leads the left circular component. Time reference has been



and

_
L e 

fie

q =	 R
(2-7a)

10

chosen such that the horizontal (x-directed) linear component is a

maximum at t = o and z = o, and such that the left circular component

is x-directed at t = o.

Relation Between P-larization Parameters

The definitions presented below for p and q follow the notation

used by Rumsey [3] in his paper o;i polarization. They are

P = .7 a e	 1	
(2-7b)

Equation (2-6) can be simplified by substituting Eqn. (2-7) for the

appropriate terms.	 fhe result is

1 - p
q	 1 + P (2-8)

Table 2-1 contains the relation between the polarization parameter q and

the polarization characteristics. This relation results from the

definition Eqn. (2-7a).

Tre transformation from p to q, as given by Eqn. (2-8), is identical

to the transformation from current reflection coefficient to normalized

impedance that occurs in transmission line theory. The simplest type

of impedance transformation is that due to a uniform length of tra^,:-

mission line, which causes a phase change at constant amplitude of the

reflection coefficient. The simplest type of polarization transfor-

mation, ns described by linear and circular components, is that due to
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rotation of the antenna producing the elliptically polarized wave, pro-

ducing a phase change (00) at constant amplitude (L/R) of q. It, there-

fore, follows that q should be considered the analogue of current

reflection coefficient. This leads naturally to the use of the Smith

Chart as a means of graphical analysis for polarization problems [3].

Table 2-1

Polarization Characteristics in Terms of q

Polarization

Characteristics	 Equivalent	 Parameters

Item Range Item Range

'lilt	 angle	 'r -n/2 < T < n/2 0/2 -n < 0 < n

Axial	 ratio 1 < AR < 1 0 <	 IgI < orIi q— +
Rotation Sense Left Iq1	 >	 1

Right Iql	 <	 1

Figure 1 shows the orientation and shape of the polarization

ellipse represented by its individual q point (center point of the

ellipse) on the Smith Chart. Each point on the chart represents two

polarization states with the same axial ratio and tilt angle but oppo-

site rotation sense. The same representation is required in trans-

mission line theory when negative resistance devices are present [4]. 	 _.

For polarization representation, this ambiguity is resolved by recog-

nizing that right elliptic rotation (RER) requires the real part of p

to be positive, and left elliptic rotation (LER) results when the real

part of p is negative (cf. 2-8). The polarization ellipse shown in

Fig. 1 is for a wave traveling in the +z direction and is thus receding
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from the observer. It follows from the definition of q (reflection

coefficient) that radial lines (E = const.) on the Smith Chart are the

loci of polarization states with the same tilt angle, and in fact the

tilt angle is equal to 6/2. Constant axial ratio contours are identical

to the circles of constant SWR on a Smith Chart impedance plot.

Contours of Cnnstant Amplitude and Phase

Certain operating characteristics of the polarization-controllable

antenna system can be readily determined provided a plot of contours of

constant linear polarization ratio, Cpl , and phase angle, ^ I , is

available. 'These contours are derived by solving Eqn. (2-8) for p

(merely interchange p and q) and substituting Eqn. (2-7) for p and q.

'The result is

b 
j(d) l + n/2)	 1- R e -

 
je

e
a	 1 + L e-j7R 

In order to simplify the notation the following changes of variable are

performed:

K = b/a

Q = L/R

Y = - E

so that

j(n/2 + ^ l )	 1 - Q ejY

K e	 =	 (2-9)

1 + Q ejY

W_

t



14

Multiplying Eqn. (2-9) by its complex conjugate yields

K 2 - 1-2Q cos v, + Q2

1 + 2Q cos Y + Q2

(1 - K2 )Q 2 - 2(1 + K 2 ) Q cos Y + (I - K 2 ) = 0

resulting in

2	 2

Q 2 - 2( cos '`'I	
I + K2 Q
	 1 +

K2	
=	

I + K2	
- 1

1 - K2 	I - K 2 	1 - K2

(2-10)

Recall that the equation in plane polar coordinates (Q,Y) of a circle

of radius r with the center at (t, a ) is given by

Q 2 - 2 (cos (Y - a) ]^ Q + P = r2

Hence, it is seen that Eqn. (2-10) represents a circle of radius

2 2	 1/2

r =	 1 + K2	 - 1	 (2-11)

1 - K

with a renter- at

Q = I + h2_ 2

1 - K

Y = 0	 (2-12)

Contoure of constant linear polarization ratio (K) can be plotted on the

Smith Chart with the aid of Eqns. (2-11) and (2-12).
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To determine the contours of constant phase add to Eqn. (2-9) the

conjugate of Eqn. (2-9). This yields

2
2K cos(tt/2 + (^ )	 =	

2(1 - Q )	
(2-13)

1	 1 + 2Q cos Y + Q2

The next step requires that the conjugate of Eqn. (2-9) be substracted

from Eqn. (2-9) to obtain

2K sin(n/2 +	 ) =	
-4Q sin Y	

0-14)

1	 1 +2Q cos Y+Q2

If Eqn. (2-14) is divided by Eqn. (2-13), the result will be

tan(rr/2 + ^ 1 ) _ 
-2Q sin Y

1 - Q

Let

C = cot ^1

then

	

C = 2Q sin 2Y	
(2-15)

1 - Q

Equation (2-15) can be manipulated into the following form

	

Q 2 - Q cos(Y + n/2) +2= 	 1 + 2
	

(2-16)

	

C	 C

Equation (2-16) represents a circle of radius

r =	 I sec ^1 I
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Q = tan ¢1

(2-17)

Y=-n/2

where 
t1 

must be restricted to the range

n<t1 <2n .

Equation (2-17) is valid for right elliptical Lotation, i.e., for Q < 1.

For left elliptical rotation (Q > 1), it is necessary to replace Q by

1/Q

in Eqn. (2-15). The same manipulations used above for the case Q < 1,

can be used to obtain the following contour parameters,

r =	 Isee ^1I

Q = Lan t 1	(2-18)

Y=n/2

where (t
1
 is restricted to the range

0<^1 <n .

It should be noted that a negative Q, as given by Eqns. (2-17) and (2-18),

increases Y by n radians. Figure 2 shows a plot of selected values of

constant polariz...ion ratio and phase superimposed on a Smith Chart.

The contours representing polarization states with constant phase are

the set of circles passing through the points q = +1 (the short and

open-circuit points); the contours for constant polarization ratio are

orthogonal to this set. The values for the constant phase contours are

displayed along the vertical axis, with those values on the left
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$I + n/2

Figure 2. Contours of constant linear polarization ratio

and constant phase.
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representing LER states and values on the right representing RER states.

The values for the constant amplitude contours are displayed along the

horizontal axis. Note that the phase values are plotted for constant

^ l * n/2 rather than ^1.

Antenna Complex Vector Letgth

A generalized vector effective length [5] may be defined for any

antenna by the equation,

t 
-jkr

where E t is the radiation field when the antenna transmits,

Me,^) is the vector effective length,

is the intrinsic impedance of free space,

I is the antenna terminal current,

k is the free space propagation constant, and

X is the wavelength.

Since Eqn. (2-19) is applicable to any antenna having an elliptical

polarization characteristic, it is necessary that h(0,^) be a complex

vector. It may be shown by reciprocity [6] that the open-circuit

terminal voltage of the same antenna when used for reception is

V = h • E 
	

(2-20)

	

where E 
i 
is the electric field incident on the antenna. In Eqn. (2-20)

	
^

it is ne-essary to work only with two components of h and E  if the

coordinate system is set up properly, since the radiation field has
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no radial component. Then

	

V= h E i + h E 1	 (2-•21)

	

x x	 y y

where the subscripts refer to the x and y components.

Polarisation Mismatch Loss

It is possible to define a polarization mismatch loss [7] between

any two antennas operating in a transmit-receive configuration (two-way

circuit). This loss is expressed mathematically as

U 	 I1
Ei	

h 2
(2-22)

IE
i

1 
2 

1h1

where p ranges from zero (infinite loss) to unity (matched). Equation

(2-1) can be written, using Eqn. (2-7b), as

E i = 
E 0 

(u x + e- ^ n/2 p l u )_y (2-23)

The subscript 1 designates antenna 1 with polarization parameter p  as

the source of the incident field. In a similar manner the vector length

of the receiving antenna, antenna 2, can be expressed in terms of p2

by expanding Eqn. (2-19) into the form of Eqn. (2-1). This results in

h = h o (u x + e-3 
n/2 

p2 uy_ )	 (2-24)

where u	 is a unit vector in the minus y direction and h o is some con-
-y—

,^tant determined by the characteristics of antenna 2. The minus

y-directed unit vector is required since the z axes of the transmitting

and receiving antennas point toward each other along the path of
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propagation. For the sake of simplicity, the x axes of the two antennas

have been chosen parallel, pointing in the same direction; therefore,

the y axes are parallel, pointing in the opposite directions. This

requirement on the coordinate axes is consistent with the description

of the polarization characteristics of an electromagnetic field as

viewed from the source (wave receding). It should be emphasized that

both p 1 and p2 are functions of the polar angles measured between the

respective antenna's boresight and the path of propagation (z-axis)

or any other convenient reference.

Using Eqns. (2-23) and (2-24) to evaluate tt;e terms in Eqn. (2-22)

yields,

EL	 h = E  h o (1 + p1p2)

and

IEL	
hI2	

IEo hol2 (1 + p l p 2 )(1 + plp2)

also

1 ELIL = IEo 
12 

0 + p l p l )

and

I h 12 =	 I hole (1 + p2 p2 )

so that,
o = 0 + p l p 2 )(1 + p 1 p 2 )	

(2-25)

(1 + p l p l )(1 + p2 p 2 )

It is of interest to examine the significance of Eqn. (2-25) for

the two extreme values of p before proceeding to the general case. Two

antennas in a transmLt-receive configuration are said to be cross-

polarized if electromagnetic energy launched by the trarrsmitting antenna

is present at the receiving antenna location, but none of the available



1
p l = - —

p2C
(2-26)

^.. - Wig •	,

energy is collected by the receiving antenna. Antennas 1 and 2, as

described above by their p's, are cross-polarized when o = o. Let

p = o in Eqn. (2-25) to obtain
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This is the relation between the p's of two cross-polarized antennas.

The two antennas are polarization matched when their p's are such

that p = 1. This requires that

(1 + p 1 p l )(1 + p 2 p 2 ) _	 (1 + p l p 2 )(1 + plp2)

which simplifies to

p l p l + p 2 p2	 plp2 + plp2

or

(p2 - p l ) (p 1 - p2) = 0
	 (2-27)

Equation (2-27) is satisfied when

p 2 = p1	
(2-28)

Equation (2-28) is the relation between the p's of two polarization-

matched antennas in a transmit-receive configuration.

The information contained in Eqns. (2-26) and (2-28) is used to

graphically display in Fig. 3 the cross-polarized state p 
2 

and the

polarization-matched state p 
2 

of polarization state p l . Dote that

these states are easily located by imaging in the Y = o, n line for

the matched state and in the Y = + r,/2 line for the crossed state.
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Figure 3. Matched and crossed polarization states for

a transmit-receive antenna configuration.
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The crossed state ( p2C ) has a real part whose sign is the negative of

the sign of the real part of p l , i.e., the sense of rotation is

opposite that of pl.

Contours of Constrnnt Los s

The information contained in Eqn. (2-25) can be best utilized

when displayed as cont,vrs of constant polarization mismatch loss on

the Smith Chart. The equations for these contours are readily deter-

mined by substituting Eqn. (2-8) into Eqn. ( 2 -25) for p and performing

the mathematical operations shown below. Equation (2-25) becomes

(1 + g i g 2 )(1 + glg2)
o =	 ---	 ( 2 -29)

0 + g l g l )(1 + g2g2)

so that substituting

q = Q 
ew

results in

(1 + Q i + Q2+ 	 Q 2 Q2)p	= 1 + 2Q 1 Q 2 cos(Y 1 + Y2 ) + Q1Q2	 ( 2 -30)

or

2	 2Q 1 Q 2	 (Qi + 1) 0
 - 1

Q 2 -	 2	 Os (Y+ Y2 ) +	 2	 2 = 0
(Q l + 1 )n - Q l	(Q1 + 1)p - Q1

which is the same as

2	 2Q 1 cos (Y
2 ) 	 Q1

2
(1 -	 )

2	 (Qt + 1)0 - Ql Q2	 [(Q1 + 1)0 - Q1 ]2 = 
o - Q1	 2 .

1 * Q1
(2-31)
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Fquattort (2-31) is recognized as ilie equation of a circle with its

center at

Q1
	 (2-32a)

	

Q2	 (Q1 + 1) 0 - Q1

Y2 = - Y 1 ,	 (2-32b)

and having a radius of

[(1 -
r	 0)0]1/2	 (2-32c)

	

=	 2

Q1
P2

1 + Ql

It must be remembered that it was necessary to map both the right half

and left half complex p planes into the unit circle in order to

graphically display all polarization states. This operation results in

all points vithin the unit circle representing two different polarization

states. For this reasc)n it is necessary to apply certain restrictions

when interpreting the results of Eqns. (2-_'). The operation required

to map polarization states having left elliptical rotation into the

unit circle simply consists of inverting the magnitude of q while

maintaining the same angle. Thus, that part of the circle described

by Eqns. (2-32), that falls outside the unit circle must be mapped

back into the unit circle as a contour representing the same polari-

sation loss but for polarizations states with oppoEtte rotation sense.

The equation for this contour can be obtained by replacing Q2 with

1/Q2 in Eqn. (2-30).	 'thus



25

	

Q 2	 Q	 Q2

(1 + Q1 + 1 * 2 ) o = l + 2 1 cos(Y 1 + Y2) + 2

Q 2

2 	

4 2	 Q2	 Q2

which, after algebraic manipulation becomes

	

Q	 Q2

Q 2 - 2Q 2 cos()^1+Y2)	 12	 +	 1	 2 _	 (1 - c )p

`Q( 1+ Q 1 ) - 1	 [o(1+Q1)-11	 Q	 1	 1

Q1+1J

Again, this is recognized as the equation of a circle with its center

at

Q
1	 (2-33a)

	

Q2	
(Q1 + 1),^ - 1

Y2 = - Y1 1
	 (2-33b)

and having a radius of

	

r =
	 ((1 - 0)x]

112 	

(2-33c)

1
- ;-2

The procedure to follow in plotting the constant loss contours,

as described by Eqns. (2-32) and (2-33), is summarized below: 1'he q

representing the polarization characteristics of the known antenna

yields Q 1 and " 1 .	 if Q  is less than unity (RER), substitute Q 1 and

Y  into Eqns. (2-32) to find the center and radius for the desired

loss p, if the contour (circle) is not completely contained within the

unit (ircle then that part outside represents polarization states with

LER and with the same loss factor p. This contour is obtained from
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Eqns. (2-33) by using the same Q I ,Y I and P as that used above. Only

that part of the contour falling within t:ie unit circle is of interest.

if Q 1 is greater than unity (LER) enter equation (2-32) with I/Q 19 Y1,

and Y. If the contour is not completely contained within the unit

circle then that par-' outside represents polarization states of right

elliptical rotation. This contour is obtained from Eqns. (2-33) using

1/Q l9 Y1 , and •. Each contour, consisting of a closed curve, represents

all polarization states having the same polarization mismatch loss when

used in a transmit-receive configuration with the antenna whose polari-

zation parameter is qI'

The loss contours for three important polarization states have

been plotted in Figs. 4, 5 and 6. Figure 4 shows the loss contours for

circular polarization. If q l = 0 (right circular) then all contours

repre_2enting less than 3 db loss have RER and greater than 3 db

(P < .5) have LER. The converse is true for ql = 00 (left circular).

Figure 5 displays the contours for linear horizontal polarization

(q l = 1). The contours for any other value of linear polarization

iYI
(q, = e	 ) can be obtained by rotating the contours of Fig. 5 about

the q = 0 point through an angle equal to -Y 1 . The loss contours for

an antenna with an axial ratio of 3 and a tilt angle of zero degrees

are shown in Fig. 6. The contours are labeled for ql = 12 e 
jo 

(cf.

Table 2-1); however, the same contours are valid for q l = 2eio(LER)

if the labels RER and LER are interchanged. The contours for polari-

zation states with the same axial ratio but different tilt angles can

be obtained by rotating the contours of Fig. 5 about 'le q = 0 point

through an angle of Y 1 = 2r degrees.



Figure 4. Loss contours for circular polarization.
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Figure S. Lose contours for linear horiaontal polarisation.

—	 ---	 f1	
ii^'
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Figure 6. Loss contours for an antenna with an axial ratio

of 3 and a tilt angle of 0 degrees.
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The value of the techniques developed in this chapter will become

apparent through their use in the remaining chapters of this study.

One application of this method for describing the polarization properties

of a --^iating structure is shown in Appendix A, where two angles of

rotation or one rotation angle and a variable phase shift in a waveguide

system establish any desired polarization on the axis of a circularly

,vmmetric radiator.

L



CHAPTER III

AN ANALYSIS OF AN ANTENNA SYSTEM

Basic System Elements

In Chapter I an intuitive approach was used to define the basic

components required to provide a radiating system with polarization

3
control. The basic components were; a matched variable power combiner,

a phase shifter, and two radiating elements. The purpose of this

chapter is to present a mathematical analysis of a polarization con-

trollable antenna system in order that the operating characteristics

of the system be determined.

Figure 7 displays in block diagram form the circuit components

and configuration of the purposed system. The components shown are of

waveguide construction; however, the analysis is equally valid for

their low frequency counterpart. The matched power combiner consists

of two 3 db hybrids (magic tees) and the phase shifter *, and is

similar to one described by Teeter and Bushore [8]. The second phase

shifter, jt, is required to establish the correct electrical phase

between the two received signals. The two radiating elements are

linearly polarized, establishing orthogonal field vectors. The system

will also operate with 90 degree hybrids and with circularly polarized

radiating elements; however, this requires a minor modi,ication in

the circuit analysis. This modification is due to the difference

31
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in the phase relation between arms for the two types of hybrids.

A Mathematical Model

A signal flow graph of the circuit of Fig. 7 is shown in Fig. 8.

Hie components are considered ideal, i.e., they are matched and loss-

less. Each phase shifter is capable of reciprocal operation. The

circuit has 4 external ports and as such can be described by a 4 by

4 scattering matrix. It can be shown that any completely matched

junction of four transmission lines is a directional coupler [9].

The scattering matrix of a directional coupler is of the form

0	 0	
S13	 S14

S -	 0	 0	
S23	 S24	

(3-1)

S31	 S32	
0	 0

S41	 S42	
0	 0

The zero elements on the principal diagonal indicate that the junction

is completely matched. Since the circuit elements as reciprocal it is

necessary that the matrix be symmetrical, i.e.,

S31	 S13

S32	 323

S41 - S14

S42 = S24

The matrix is unitary since it represents a lossless junction [10].

The valise of the four elements of the scattering matrix can be

determined from the 3igr.al flow graph and the matrix equation,
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r b 2 	0	 0	 S13	 S 14	 a2

b4 	0	 0	 S23
	 S24	 a4

(3-2)
x 	

S13	 S23	
0	 0	 x

y J	 S14	 S24	 0	 0	 y

The element S 13 is the value of b2 due to an incident wave of value

unity at x, with all other arms terminated in matched loads. Thus,

from Fig. 8,

S	 = e- 
j(.	 e-,  n/2	 e -je	 e  n/2 + e  n/2 e -j	 +y0) e  n/2

13

= 2 
e -3E	 [e -3e _ e -3(6 + yr) ]	 (3-3)

Like wise,

S= - 1 e- j(4'' + 4) ( e -je + e-j(^+y)]	
(3-4)14	 2

S23 = 2 e - je' [e - jE + e-3(^ + 0	 (3-5)

S	 = 1 e -j('t'+ 4)I-e-je + e-3(^ + 
]	 (3-6)

24	 2

It will be of value to examine some properties of the matrix

S 13	 S14
R =

S23	 S24 J

It is obvious from an investigation of Eqns. (3-4) and (3-5) that R is
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not symmetrical. Equation (3-1) can be written in the form

0 R

S	 =

R  0

where R  is the transpose of R. Since S is symmetrical and unitary,

SS*T = SS * = I

where I is the unit matrix. Therefore

0	 R	 0	 R*	 RR*T 0

_	 =	 I

R 
	

0-	 Rj r 0	 0	 RTR*

which leads to the result

RR*T = I

and R is unitary.

Equations Governing System Operation

Correct system operation in the receive mode is achieved when the

phase values µ and * are such that all the energy collected by the two

radiators is available at arm 2. This requires that no energy be

available at arm 4 (b4 = 0) regardicss of the quantities, x and y. It

is seen from Eqn. (3-2) that b4 = 0 when

S 23 x 
= - S24y

^	 ''rte	 s ^`

1



.^_,._- • 0.s

at

37

or

e-JE'Ie-y'+e-J(^ +r')I 	 = -e-J(m'+IA) I -e JA +e-i(^ +*)Iy

so that

1 =	 X e - J(V + - A') tan (*/2 + $/2 - 0/2)	 (3 - 7)

Equation (3-7) is satisfied when

x/yI = tan (*/2 +(t/2 - A/2)	 (3-8a)

and

	

y/x + n/2 = µ + ^' - E'	 (3-8b)

The quantities x and y are determined by the polarization parameter p

of the wave incident on the system and the vector lengths of the twc

linearly polarized radiators. Te show this, recall from Chapter II

that

V = h EI = a h
x	 x	 x

and

iJt 1
V= h E= b e	 h

y	 y Y	 y

where h and h are the vector len ly ths of the two system linear
x	 y

radiators. Let

x = g V
x

y - g V 
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where g relates the open circuit terminal voltage to the waveguide

transverse electric field representation x, y. The ref ore

x/y I = a/b I h x /h
Y

I	 (3-9a)

and

y/x = ^ 1 * /h__ -	 hx	 (3-9b)

he system is considered to be adapted to receive the incident plane

3^1
wave with polarization, p = j b/a e 	 , when phase shifters µ and * are

adjusted to satisfy Eqn. (3-8). Note that phase shifter y must be

:apable of 180 degrees differential phase shift while 4 requires 360

degrees of differential phase shift.

The system operates in the transmit mode when energy is applied at

1	 arm 2. The polarization parameter of the transmitted wave can be

determined from Eqn. (3-2) with a4 = 0. This leads to the result

x' = 
S 13 a2

y' = 
S14 a2

so that

Ex'	 g' x' hx
	 g' 

S 13 h  a2

and

Ey, = -g' Y' by = -g' S 14 h  a2

where g' relates the waveguide transverse electric field to the antenna

terminal current (cf. 2-19). The minus sign is required with the E
Y

term since the direction of propagation has been reversed (cf. 2-24).

Hence

1



3?	 i
i

E	 S	 h

	

P	 y' _ _ ;	 14

	

t	 E	 S,	 h
X	 .3	 x

or

h	 +	 ,
P t = y e j	 F^ - H ) cot (*/2 + $/2 - 6/2)	 (3-10)

x

It is evident from Eqn. (3-10) that any desired polarization can be

generated by selecting the proper values for 4 and fir, and that the

range of values for µ and * are 360 and 180 degrees, respectively.

The preceding paragraphs have considered system operation in the

receive mode and in the transmit mode. A principal application for

the system consists of adapting (in the polarization sense) to an

incident wave and then transmitting a wave having the COt'LeCL pulaii-

zation characteristics for maximum reception at the source of the

incident wave (polarization-adaptive operation). The following mathe-

matical analysis determines the necessary system requirements for

this mode of operation. The system is adapted for _eception when

h4 = 0. For transmission, the energy is inserted at arm 2, i.e.,

a4 = 0. Let

b2

c =

0

a2

d =

0

x

e =

y



40

x'

f	 =

y'

then from Eqn. (3-2)

c = R e	 (3-11)

f = R T d

or

f * = R*Td*

so that

Rf = d
	

(3-12)

since R is unitary. Assume some relation between the received signal

b2 and the transmitted signal a 2 such as

b2 = z a 2	 (3-13)

;where z is any complex number. Then

c = z 

or upon substituting Eqn. ( 3 -12)

c = zRf

which yields after using Eqn. (3-11)

e = z f *

so that

x = z x'

and

y = iy'*
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Dividing yields

	

y/x = (y' /x') * 	 (3-14)

so that z is arbitrary from the polarization standpoint. It can be

dFrermined from Eqn. (3-9) that

y/x = -j h	
x

y /h Pr	 (3-15)

where p r. is the polarization parameter of the received wave. The polar-

ization parameter of the transmitted wave is

E	 I	 h

p t 	j -- = -j y, -1	 (3-16)
t

X.

	 x

Substituting Egns (3-15) and (3-16) into Eqn. (3-14) yields

p 	 =	 I
h .2

xl2 pt
	 (3-17)r

Ihy

Equation (2-28) gives the polarization matched requirement between the

p's of two antennas in a two-way receive-transmit circuit. Thus if,

h .,I	 =	 11^y I	 (3-18)

it is seen from Eqn. (3-17) that the system meets this requirement.

The vector lengths of the two radiators are functions of the direction

of incidence, thus the magnitude of the vector lengths must be identical

at all expected angles of incidence. Note that there is no requirement

imposed on the phase of the radiators and hence their phase centers

can be physically different.
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The phase terms 0, ^, 0' and $' are functions of frequency since

they represent the time delay (in electrical degrees) associated with

a physical length of transmission line. Obviously the system band-

width will be a maximum when 0 = 	 and 0' = t'. Since this is not an

imposing restriction and should actually be a design criterion it will

be assumed that 0 = t and 0' = $'. This will require that any phase

di'ference due to unequal propagation paths when the radiators are

not phase coincident be attributed to the phase of h
x	 y
or h . These

terms enter the receive and transmit modes of operation as shown in

Eqns. (3-8), (3-9), and (3-10). Based on the above discussion the

equations governing system operation in the receive mode reduce to

tan V2 = a/b I hxl	 (3-19a)
by 

I

and

4 = ^1 + n/2 + /h__ - /h x	(3-19b)

where the polarizat. , n parameter of the received wave is

P r - J b/a	
^1e J

For the transmit mode

h

	

y	 cot /2 e_AA + / hy	 hx)	 (3-20)
pt	 I hxI

defines the polarization param-ter of the transmitted wave.
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Eflect of Phase Shifter Loss

The system operation was derived in terms of ideal components.

Obviously some consideration for the effects of nonideal components is

in order. The realization of matched tee's and phase shifters is

possible at a single frequency and in fact over a limited range of

frequencies, thus the assumption of matched components will be con-

sidered valid over a limited bandwidth. It is not possible to build

phase shifters without loss, however, and this restriction requires

additional consideration. It should be evident that a loss associated

with phase shifter FL produces the same effect as a decrease in the

magnitude of by relative to the magnitude of h x . Thus it will be

sufficient to examine the system behavior when losses accompany phase

shif ter y.

The signal flow graph of Fig. 8 can be easily modified to include

a loss introduced with phase shifter *. This modification consists of

replacing the terms e - j(^ + *) with re-3(¢+ *) where r is a positive

re it number such that

0 < r < 1 .

The matrix elements (Egns. (3-3) thru (3-6)) are modified in the same

manner. For the analysis that follows it will be assumed that the

systek?t has been adapted, i.e., Eqn. (3-19) is satisfied and further-

more that h
x	 y

= h . These assumptions will simplify the mathematics

without restricting the interpretation of the results. The procedure

for determining the modified receiving mode operation will be to

compute the quantities b2 and b4 under the above assumptions. Now
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b4 - S 2 3 x + S24 y
or

b4 = 2 e -3(0 + 6) [ 0 + re- j *)x + e- j4 (-1 + re-j*)Yj

but from Eqn. (3-19) and the assumption that h  = h
Y

4 = d^ 1 + 7T/2

x = a = sin */2

J(
^
l = cos */2 • e 3 ^ 1y = be 

(note that the condition jx 	 = a, jyl = b effectively normalizes

the incident power to unity) he-ice

,

	

b4 = 2 e-3	 G + 0) [sin */2+j cos */2 + r e -j* (sin */2- j cos * /2)]

which is

0	 -j(0' +0 +*/2-n/2) 0-r)	 (3-21)4 = e	 2

It is seen that b4 = 0 for the lossless case (r = 1), and this essen-

tially confirms the derivation of Eqn. (3-19). Next,

b 2 = S 1 x + S 14 y

so that using the modified matrix elements

	

b	 1 -j' + 0) [ 0 - r e - j `^ )x - e- j4 (1 + re -j*)Y j2 = 2 e
(6

or as above



or

e-jA + r e -3( ^ + ^)
e - jA - r e - j 6 + fir)t	 h

x
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,b2 = 2 e -3(A + A [sin */2+j cos 4,/2- re- j*  (sin */2 - j cos */2) ]

which reduces to

b	
-1(A' + A+ 4'/2 - n/2) (1 + r) 	

(3-22)2 = e	 2

Note that the collected power I b 2 
1

2 is unity for the lossless case.

A typical loss for an electronically controlled 180 degree phase

shifter is .5 db. This corresponds to a value for r of .943. Evaluating

Eqn. (3-22) for this value of loss yields an overall system loss (phase

shifter plus arm 4) of .26 db. The power at arm 4 as shown by Eqn. (3-21)

is 31 db below that available in the incident wave.

The effect of phase shifter loss on the transmit mode of operation

is best shown by considering the polarization parameter of the trans-

mitted wave. From previous considerations it is known that

S 14	 ti
pt - -J 

S
13 h 

If

A = ^

A' = ^'

and

then

p = j _x -jet 1 - r 2 -2'r sin
t	

e
hx	 1 + r2 - 2r cos y
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or

h	 -j(6& + tan	
r2

2r sin	 )	 2	 4	 2	 2 1/2

Pt = j —Y e	 1 - r 2	 (1 - 2r z r + 4r sin) _	 (3_23)

x	 l+r -2r cos

It is easily shown that Eqn. (3-23) reduces to Eqn. (3-20) when r = 1.

In order to summarize the results obtained for the case when loss

is associared with the 4, phase shifter it is necessary to recognize

certain features of the lossless case. The equation to be satisfied

for the receiving mode (Eqn. 3-8) requires independent control of the

two system variables (µ, fir) wita regard to the two independent variables

of the polarization parameter p, i.e., the value * is completely deter-

mined by the magnitude of p, and the value of p, is a function of the

phase of p alone. The system operation is altered when this loss is

present with the primary change being one of finite power existing at

arm 4. However, for low loss k .5 db), the power at arm 4 (lb 4 1 2 ) is

well below the output power ( 1 b 2 2 ) and the system loss is approximately

one half the phase shifter loss. The process of adapting the system,

i.e., satisfying Eqn. (3-8) must utilize the null behavior at b 4 as one

of the two required sources of control information. The process of

system control is the topic of Chapter IV and will not be discussed

further here.

The polarization parameter of a transmitted wave is given by

Eqn. (3-10) for the lossless case. It is seen that the magnitude of

the polarization parameter is a function of fir, while the phase is

determined by the value of 14. Equation (3-23) determines the polari-

zation parameter that results from a loss associated with the * phase
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shifter. The magnitude of the polarization parameter is a function of

however, the phase now depends on the value of both µ and *. For

the case of low loss (r - 1) deviation from the ideal case is slight.

The major effect is on the phase of the polarization parameter. This

effe,	 is ma):imum for & near 0 and 180 degrees. These values of y

correspond to "almost" vertical linear and horizontal linear polari-

zation respectively. Very little change in the polarization charac-

teristics (axial ratio and tilt angle) accompanies large changes in

the phase of the polarization parameter for polarization states near

the vertical and horizontal linear states (this is easily seen by

referring to Fig. 2).

In some applications _: ...: ,,<<t be necessary to determine accurately

in a simple form the polarization properties of the sy^ I em. The

simplicity of the equations for the lossless case make them desirable

for this application. To achieve this condition when phase shifter

loss is present consider the effect of introducing an equal loss in

the other transmission line connecting the two magic tees (Fig. 7).

The matrix elements (Egns. (3-3) thru (3-6) ) are then modified by

replacing the terms,

e-Jp-0 r e - je

and

e-j(^+*) 9P 	 re - i ( ^ +0 .

The same result obtains if the matrix S is multiplied by r. Since the

operating parameters of the system are determined in terms of ratios

of the matrix elements the dependence on t vanishes and system operation

`t=

t
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is described by the equations derived for the lossless case- however,

the system opArates with a ixed loss equal to r 2 rather than no loss.

Experimental Study of Systems Operation

The final verdict regarding the feasibility of any system rests

with successful operation of a prototype model. For this reason it

was considered necessary to construct an experimental model that would

enable evaluation of the basic features of system operation. The

circuit configuration shown in Fig. 7 was assembled using the x band

waveguide items given below.

Item Manuf act urer Model

Magic	 fee Waveline Inc. 658

yr Phase Shifter Waveline Inc. 608-C

4 Phase Shifter Hewlett Packard X 885A

H Plane Elbows Waveline Inc. 633

E Plane Elbows Waveline Inc. 632

The linear radiating elements were developed as a single structure.

It consists of a rectangular-to-circular waveguide transducer with

orthogonal rectangular feeds. the design of the transducer is similar

to the design described by Lompkins [111. Tha. radiator, supporting

two orthogonal TE 11 circular waveguide modes, is a 6.5 wavelength

cylindrical polyrod antenna operating at 9450 M11 z . 'lhe experimental

results obtained by Mueller and Tyrrell [121 were used in the polyrod

design. The polyrod was machined from Rexolite 1422 dielectric rod

stock to the dimensions shown in Fig. 9. The electrical characteristics
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of the components were measured at 9450 Mll . The rtsnits are shown

below.

Item	 VSWR	 Attenuation	 Gain	 Isolation

Magic Tee	 < 1.1	 --	 50 db

* Phase Shifter	 1.04	 .3 db

µ Phase Shifter	 1.03	 .3 db

Transducer•

Colinear Arm	 1.05	 48 db

Orthogonal Arm	 1.06	 —	 48 db

Polyrod	
16.9 db

Figure 10 is a photograph of the completely assembled experimental model.

Note that two 608-C phase shifters are prese,r, one was used to correct

the ciectrical line length such that 6- 	 = 0, the other was the variable

phase shifter *.

A polarization measuring test unit was fabricated in order that

the polarization properties of the experimental system be readily

determined. The polarization measuring equipment (PME) consists of a

rectangular standard gain- horn connected to a rotary joint and geared

to a sine-cosine potentiometer. The assembly is driven by a variable

speed motor. The rectangular horn is electrically ^onnected to a

receiver which provides a d.c. voltage proportional to the field

incident on the horn. This d.c. voltage is used to excite the 3ine-

cosine potentiometer so that an X-Y recorder can be used to plot field

strength vs. angular position of the rectangular horn, i.e., the

polarization pattern of the incident field. Mounted directly above
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the rotating rectangular horn is a 15 db circular horn •aith a connecting

circular waveguide (.9 inch ID) containing a quarter-wave dielectric

plate. The circular horn is manually rotated to receive either right

circular or left circular polarization. Thus the polarization rota-

tion sense of the incident field is determined by the larger  of the

right circular or left circular outputs of the circular horn. Thus

it is seen that the PME provides the polarization ellipse and sense of

rotation of an incident field. Figure 11 is a photograph of the PME

described above.

The PME and the experimental system were collimated and separated

by 3 meters. This was necessary since it was desirable to have the

system radiator vector lengths equal, i.e., h
x	 y
(0,0) = h (0,0) as is

obviously the case for the polyrod. The system was calibrated by

adjusting the PME rectangular horn to receive a linear polarized field

with a tilt angle of -45 degrees. The system phase shifters 4 and y

were adjusted with the system transmitting until the rectangular horn

output reached a null. Thus tae system was radiating a field cross-

polarized with the polarization of the horn. It is seen from Eqn.

(3-20) that the value of the system phase shifters must be

* = n/2

µ = 3 n/2

in order to transmit a field of this polarization. The index on the

phase shifters was adjusted to read these values, and the system was

considered calibrated. 'The validity of Eqn. (3-20) was tested by

changing µ and W to produce eight different values of linear
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polarization. The rectangular horn was adjusted to receive the cross-

polarized field. This field strength was at least 40 db below that

field strength received at the polarization matched positions for

all eight values. The phase shifters were next set to the values

required to produce right circular and left circular polarization.

The axial ratio was less than 1.06 in both cases. This is within the

accuracy of the PME. It is concluded from these results that system

operation is accurately described in the transmit mode by Eqn. (3-20).

To check the validity of the equations describing system opera-

tion in the receive mode (3-19) the PME was used to transmit a

wave of known polarization and the system phase shifters were adjusted

to obtain a null at arm 4 (b 4 ). The phase values for the null setting

were within +2 degrees of the theoretical values as showy by Eqn.

(3-19). This procedure was repeated for a number of different polari-

zations. Again the results are within the performance specifications

for the phase shifters.

In summary, this chapter has presented an analysis of a polari-

zation controllable-antenna system, first by deriving the equations

describing the operating characteristics of the system, and then by

presenting experimental verification of these equations. It should be

stated that the experimental sysLem consisted of non-ideal components,

yet the results corresponded closely to the theoretical results

obtained by considering all components ideal.

n



CHAPTER IV

THE CONTROL PROCESS

A study of the system behavior from the standpoint of adaptive

operation was performed in Chapter III. It was shown that the system

was capable of this mode of operation provided Eqn. (3-18) is satis-

fied. In order to achieve adaptive mode operation it is necessary to

introduce a control unit, capable of sampling the dynamic state of

the system, and capable of using this information to adjust the con-

trollable system elements, phase shifters jA and *, in such a manner

that Eqn. (3-19) is satisfied. Hence, the purpose of this chapter is

to investigate the operating characteristics of this control unit.

An Examination of the System Equations

It should be obvious that information required for system control

must be obtained from the amplitude and phase behavior of the signals

at arm 2 and arm 4 since these are the only externally available ports

of tYe system. For this reason it is desirable to determine the

expressions for rnese two signals in terms of the incident wave polari-

zation parameter p. In Chapter III it was found that

b 2 = 2 e
-J(6l + 

8) [(1 - re - j *) x- e-Jl^ (1 + re- j*) y J 	 (4-1)

^M
w
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1	 -J(e
b	 e	 +e)^(1 +re-j*)x+e-jlk (-l+re - )y^4 = 2 (4-2)

where it was assumed that the system electrical lengths had been

adjusted such that

ev = ^'

e =^

Furthermore, it will be assumed that Eqn. (3-18) is satisfied and also

that

	

/hy = /hx	(4-3)

If Eqn. (4-3) is not satisfied for a particular system design, the

effect will be a shift in the phase of the polarization parameter of

the incident wave as viewed by the system. Mathematically, this can

	

be resolved by replacing ^I + h - /h 	 with ^i. In any rase the

effect can be measured and compensated for when necessary. It is

mathematically expedient to require arbitrarily that

I 	 h
x
	= 1	 (4-4a)

g h
Y
 I = 1 .	 (4-4b)

This normalizes the power collected by the system to unity and in no

way imposes limitations on the development that follows. Finally, it

is necessary to avoid undue complications by restricting consideration

to the lossless case (r = 1). Under these conditions Eqns. (4-1) and

r..	 ^..
 ........

:^ ^..^^.;.
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(4-2) become

b 2 = 2 e-^(6' + e) [ 0 - e - j ^ )a - e - j (µ - t1)0 + e-j*)b]

and

b4 = 2 e- 	 j(e1 + e) [ (1 + e- J*)a	 e
-
 
j(µ ^

l) (-1 + e- j* A]

or, simplifying

- ) (6 ' + e + */2 - n/2 ) , 	 - j (µ + n/2 - t 1 )b 2 = e La sin */2 - b e	 cos */2] (4-5)

and

b4 = e-^(6 +e+ *
12) [a cos V/2 + be - j(µ + n/2 - ^l) sin */2] . (4-6)

Equations (4-5) and (4-6) yield the amplitude and phase of the system

outputs due to an incident wave with polariza t.ic.t parameter

p = j Va e j^1

A cursory examination of Eon. (4-5) reveals that the amplitude of

b2 is a function of both 4 and y, and also that the phase of b 2 depends

on these quantities. The same is true of b 4 . This behavior seems to

preclude the possibility that a simple control process exists, i.e.,

the ability to control a system variable, say fir, from amplitude

measurements and the other (µ) from some phase relation existing

between outputs b2 and b4 . The complexity of the control problem seems

*o dictate the use of digital logic in the controller. The advantage

of digital logic is enhanced by the availability of high speed micro-

wave (and lower frequency) digital phase shifters. Hence, the

remainder of this chapter will be primarily concerned with the task

of extracting control information from Eqns. (4-5) and (4-6)

i
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favorable to digital processing.

If digital phase shifters are used the system is no longer capable

of an infinity of polarization states, rather, a fixed number of dis-

crete stateF exist. These states can be displayed as the points of

intersection of the contours of constant amplitude and phase of 	 the

polarization parameter. 	 It is common to find S bit phase shifters,

cap,:ble of 360 degree differe.-t ial phase shift, ovailable as "off-the-

shelf" items from several manufacturers. A 5 bit phase shifter i^-

capable of a 11.25 degree phase increment in a 360 degree range. It

is only required that the * shifter have a range of 180 degrees;

however, it is necessary to have the full 180 degree capability (not

available with a 4 bit 11.25 degree shifter). The 4 bit configuration

would be desirable from a loss standpoint since loss is directly

related to the number of bits. It would seem that a good system design

requires 5 bit 360 degree phase shifters. Figure 12 is a graphical

display of the polarization states of the system assuming 5 bit phase

shifters. The contours are labeled with the appropriate values of

^, and µ. These values are found by recalling that (from Eqn. 3-19)

b/a = cot */2	 (4-7a)

and

bl + n12 = tl	.	 (4-7b)

The contours ace determined by Egts. (2-11), (2-12), (2-17) and (2-18).

It shr,uld be pointed out that the values of 4 to the left of Hie

vertical axis are for LER and those to the right for RER and that all

intersections represent two polarization states with the exception
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Figure 12.	 Smith Chart representation of polarization states
when system phase shifters are of the 5 bit digital
design.

-	 1



60

of the pints on the cirrumierence. To reiterate, the discrete values

)f 4 and Y establish polarization states, shown by points of inter-

=.ection, that the system is capable of receiving with zero polarization

mismatch los--. The points determine the polarization parameter of the

incident wave, which is in the coordinate system of the source.

Sv °rem Parameters for l;ommon iy Used Ant enna Polarizat ion

It should be evident that a certain amount of information, con-

cerning the polarization of an incident wave, can be obtained by

comparing the system responses for selected polarization states. Six

common polarization states and the antenna system parameters required

to receive the six states are shown in Table 4-1.

Table 4-1

Parameters `or Common Polarization States

State Polarization
Incident	 Wave

Parameter

Antenna System

Parameter

1

2

3

4

S

b/a

«

0

l

bl

—

0

0

n

n/2

4

—

n/2

n

Linear Vertical

Linear Horizontal

Linear 45°

Circular	 Left 1

1

1

n/2 n/2

Liner -45° n n/2

n/2

3tt/2

6 Circular Right 3r/2 0

. .	 --	 _	 =•.  
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The system parameters are given by Eqn. (4-7).

The magnitude squared value of the antenna system output (normalized

output power for the system receiving) is obtained from Eqn. (4-5) as,

b21 
2 = a 2 sin g •̂ /2 + b 2 cos 2 */2 + 2ab sin */2 cos 4 r/2 sin(µ - ^ 1 ) .

(4-8)

Equation (4-8) is used to obtain the output for each of the six polari-

zation strtes as a funrtfon of tt ? incident wave parameters. The

results are shown in Table 4-2.

Table 4-2

Normalized System Output

State Polarization ,b2

1 Linear Vertical b2

2 Linear Horizontal a2

3 Linear 45° 1/2 + ab cos ^1

4 Circular Left 1/2	 + ab sin1

5 Linear -45° 1/2	 -	 ab cos t1

6 Circular Right 1/2 -	 ab sin t1

The information contained in Table 2 can be used to determine limits

on the incident wave parameter when it is given that the system

response (b 2 ) is greater for one state than any of the others. This

informati a is displayed in Table 4-3.

W-

__	 -_ i>LY►•`nL •̂ cjut-^•U ^TiN T'F-ice
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Table 4-3

Range of Values for System Parameters

System Parameters
State If Then

Snould Be

1 Linear Vertical > Others b > .924 0 < < 45°

2 Linear Horizontal > Others a >	 .924 135° < W < 180°

3 Linear 45° > Others .383 < a < .924 45° < y <	 135°

.383 < b < .924 n/4 < µ < 37T/4

0 < (t l < TT/4

7n/4 < ^ i < 21T

4 j Circular Left > Others .383 < a < .924 45° < W < 135°

.383 < b < .924 31T/4 < F+ < Sn/4

n/4 < 6 1 < 3tt/4

5 Linear -45° > Others .383 < a < .924 45° < V <	 135°

.383 < b < .924 5n/4 < µ < 71T/4

3n/4 < (t l < Sn/4

6 Circular Right > Others .383 < a < .924 45° < <	 135°

.383 < b < .924 7n/4 < p < 2n

5n/4 < ^ 1 < 7tt/4 0 < p < n/4

An examination of Table 4-3 reveals that if, e.g., state 3 yields an

output greater than the output for any other state, then the optimum

value of ji and * is within the limits shown in the table for state 3.

Note that states 1 and 2 yield information only on the value of *.

The data displayed in Table 4-3 are available in a more general

form in Chapter 2, i.e., through the use of the equations for the loss

contours for circular and linear polarization. The equations can be
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used to draw the loss contours for linear horizontal, linear at 45

degrees, and circular polarizations. These contours ara shown in

Fig. 13. If a transparency of Fig. 13 is made and superimposed on

Fig. 12, it will be seen that the fourth column of Table 4-3 can be

obtained. It is necessary to rotate the transparency through an angle

(Y) of 90, 180, and 270 degrees in order to obtain all the data. It

should be observed from this procedure that when one polarization

state produces a greater output, this output is, at least, within 1 db

of the maximum possible output. Note that it is possible that two

states, .7 to 1 db below the maximum, and even three states, 1 db below

the maximum, have equal outputs.

The phase relation between the signals at arm 2 and arm 4 can be

determined by examining Eqns. (4-5) and (4-6). The phase factor common

to both equations is

6 + 6' + 4V2 - n/2 .

If this factor is removed from both equations, the equations that

are obtained,

b2 = a sin */2 - b cos */2 e	 (4-9)

and

b4 = e	 [a cos */2+ b sin */2 e 	 ]	 (4-10)

contain all the information necessary to specify the phase difference.

The followin	 efinition is made

V-

I

d + n = 4 - d' 1 + n/2 ,	 (4-11)



() Ll

Figure 13. Loss contours for linear horizontal, linear at 45 degrees
tilt angle, and circular polarization.
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with the observation that when 4 = 0 the equation becomes Eqn. (4-7b),

i.e., (^ = 0 is one of the requirements for adaptive operation. Using

Eqn. (4-11), it is seen that Eqns. (4-9) and (4-10) become

b'
2

	a sin */2+ b cos */2 cos t- jb cos */2 sin d) 	 (4-12)

and

b4 = e -j n/2 [a cos */2 - b sin */2 cos 4 + jb sin */2 sin c^] . (4-13)

The Search Stage of Controller Operation

The information available from a comparison of the amplitude of

the output signal for the six polarization states, forms the basis for

the control unit operation in the search stage of controller operation.

The search stage is defined as the initial stage of the adaptive pro-

cess. The objective of the search stage is to obtain sufficient infor-

mation, concerning the polarization of the incident wave, in order that

the system variables, 4 and fir, can be adjusted near their correct

operating values (Eqn. 3-19). An examination of Table 4-3 in conjunction

with Egn.( 4-11) shows that if the output for any one of the last four

states is greater than the output for the other states, then the value

of 4 for that state (Table 4-1) def Ines 4) to within the range

-7T/4 < t < n/4

The range of * is

n/4 < Y	 3n/4

^.NOW ^.

r:
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When the output for state 1 or 2 is greater than all others, the

correct value for p can be found by observing the phase difference with

N^ set for the greater output ("fable 4-1). For state 1 greate. * is

equal to zero so that Eqns. (4-12) and (4-13) become,

b2 = b cos t - jb sin 4,

or

b2 = b e- it

and

b4 = a e -j n/2

The phase difference is

td = (^ - n/2

or

C^d = ^L - ^ 1 - it

Hence the correct value for 4 is determined by changing µ until the

difference in phase between arm 4 and arm 2, referenced to arm 4, is

-11/2 radians. For state 2 the greater, the correct value for 4 is

obtained when

td = z/2

If the controller operation is based on the discussion given

above, it is seen that the search stage obtains sufficient data to

allow the adjusting of phase shifters 4 and * to within + n/4 radians

of their correct values.
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Lock-inn and Track

The lock-on stage is initiated at the termination of the search

stage. The purpose of the lock-on stage is to examine the data obtained

during the search stage and based on this examination adjust the phase

shifters as close as possible to their correct values. The track stage

of controller operation relies, primarily, on the information contained

in the phase relation that exists between the signals  b 2 and b4 . The

track stage must adjust the phase shifters as close as possible to the

polarization matched condition, and must maintain this condition in the

presence of an incident wave with varying polarizations characteristics.

The phase difference for the general case is most easily deter-

mined from a study of Eqns. (4-12) and (4-13). Recall that the matched

condition is obtained when

^ = 0

cot */2 = b/a

a cos */2 - b sin */2 = 0

Also,

a sin */2 + b cos y/2 cos (^ > 0

0 < * < n

-n/4 < c^ < n/4 .

If the matched value for * is labeled * 0 , then

b = cos *0/2

and

or

for

and
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and

a = sin * /2
0

The quantity

a cos */2 - b sin */2 cos 4)

becomes

2 [sin	 2LL! 0 - cos 4, ) + sin	 2	 (1 + cos ^)]

which is

1+ 
2
Co s 
^ [sin 

d 
2	 tan 2t + sin 2 ]	 (4-14)

whe re

*d = W0 - * .	 (4-15)

It is seen that (4-14) is positive for

2
approx. > - ^115 degrees	 (4-16)
d 

when `,d and (1, are small.

The behavior of the phase of b 2 ( b 2 ) as q, approaches zero from

positive values and from negative values is listed below:

b 	 < n/4	 for	 4) = -n/4

and approaches 0 as 4	 0

b	 > -n/4 for	 c^ = n/4

and approaches 0 as (t --► 0

The value of the phase of b 4 depends on the magnitude and sign of

expression (4-14) and also the magnitude and sign of 1). This
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r

dependence is shown below:

bb,. > -n	 f or	 _ -r/4	 if (4-14) is +

and---. -n/2 a s (^ ---a.	 0 ,

?"
4

,	< 0 for c 	 +n/4	 if	 (4-14)	 is	 +

and--► -n/2 as C1	 0

/b4 	<

`

Tr f or _	 -n/4	 if	 (4-141)	 is	 -

and +n /2 as --i 0

A°
4	> 0 for _ +n/4	 if	 (4-14)	 is	 -

and +n/2 as —i 0

The information presented above is sufficient to develop the phase

difference

41d = A

and	 its	 relation to Yd and q. This	 is presented	 in Table 4-4.

table 4-4

Output Phase Behavior

4 Approaching Zero
From	 +	 Values

Value	 of
a cos */2 - b sin */2 cos

'd Approaches
as	 --► 0

^- < 0 n --i n/2

< 0 0 —> n/2

> 0 -n

^+ > 0 0	 -n/2

= 0 n

4+
= 0 0

Ez	 - V.	 _. ;
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It should be noted that when yd > 0 the phase difference approaches

-n/2 radians as cf approaches zero. Thus the phase shifter * must be

decreased to reach
01
 if the phase difference is negative. Also, the

value c,f Et must be increased if the phase difference is less than

-n12 and decreased if Id is greater than -n/2. If *d < 0 the phase

difference approaches n/2 radians as t approaches zero, and the phase

shifter must be increased to reach *o . Actually, *d should be greater

than and less than approximately - ( 2 /2 radians rather than zero; how-

ever, for the values of o^ for which this behavior is important, C' is

small. The small error that results can be compensated for in the

controller logic. The relations displayed in Table (4-4) and discussed

above form the logic for the track stage of the digital controller

operation. A flow chart of the digital controller logic is presented

in Appendix B.

Summary

The results obtained in this chapter were based on the restriction

that phase shifter 41 is lossless. The same results are obtained when

loss is present, provided an equal loss is inserted '_n the second trans-

mission line connecting the magic tees of Fig. 7.	 Even if this is not

done, it is not expected that the results will be significantly altered

provided the loss is small (< .5 db).

The requirement to measure the amplitude of the output for the six

polarisation states and determine which state has the ;reater output

is fundamental to the controller operation. The measuring device will

have some increment within which all amplitudes will appear equal.
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Bence, there will be areas on the polarization chart, rather than points,

that represent polarization states of an incident wave, producing

"equal" amplitude response. These areas can be determined from Fig. 13

for a given increment and transposed to Fig. 12 to determine the

polarization states involved. The digital controller must be pro-

grammed to include this effect.

The six polarization states considered O-Able 4-3) form three

Liss-polarized pairs. Any one state is 3 db below all other states

except its cross-polarized state. It was seen from Ta'ble 4-2 and

also from Fig. 13 that art 	 wL ,/e of any polarization would

produce an output no more than 1 db below maximum for at least one of

the si.x states.	 Hence, the threshold for acquisition is never more

than 1 db above the system threshold.

This chapter has considered in detail the phase difference (<^d)

existing between the two system output ports. The behavior of o^ d , as

the system parameters 4 and ^ approach their correct values, provides

data required for system control. In Chapter III it was required that

the signal at h4 vanish when the system parameters reached their

correct value.	 It was also seen in Chapter III that a loss accompanying

phase shifter * prevented the signal at b4 from reaching zero. In any

respect, it is to be expected that non-ideal system components will

prevent the signal at b 4 from ever reaching more than 50 db below

the signal at b 2 . This will occur only when the phase shifters are

within a couple of degrees of their correct value. Thus it is evident

that a phase measurement is required on signals separated in amplitude

by as much as 50 dh. This dynamic range requirement on the phase

too,



72

measurement can be somewhat reduced by programming the digital con-

troller to expect a loss of phase information near the correct operating

point. A method for obtaining the phase measurement will be considered 	 -

in the next chapter.



CHAPTER V

A DESCRIPTION OF THE SYSTEM COMPONENTS

The result of the analysis ,resented in the previous chapters has

served to define necessary conditions on the system components. It

is the purpose of this chapter to consider in more detail the indi-

vidual system components.

The Radiating Elements

The linear polarized radiating elements were described mathe-

matically by their complex vector lengths

h (6,0) u
x	 —x

and

hy(6,^) u 	 ,

where the angles 6 and ^ are the polar coordinate angles referred to

the z and x axes respectively. The radiating elements can be any

structures that will radiate a linear polarized field. An array of

dipoles or slots is one such structure. If the phase centers of the

two elements are not coincident, it is necessary to assign the phase,

resulting from the difference in electrical length between phase

centers, to thz phase of one of the vectc,r lengths referred to the

other.

73
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The polarization-adaptive mode of operation requires that the

vector lengths have equal magnitude (Eqn. 3-18). 	 this is a rather

stringent requirement when it is considered that the magnitudes are

functions of the angle of arrival of the incident wave. Crossed

dr.poles have vector lengths with equal magnitude provided the dipoles

are identical and the direction of incidence is perpendicular to the

pi	 of the dipoles. At any other angle of incidence the magnitudes

are unequal. It is well known that the conical horn an ,-enna, operating

in the dominant TE 11 mode, has effectively a tapered aperture distri-

bution in the electric plane. For this reason its beamwidths in the

electric and magnetic planes are more nearly equal than those with a

square pyramidal horn [131. Hence a conical horn excited with

orthogonal TE 11 modes will more nearly satisfy the equal magnitude

requirement, for angles off boresight, than will a square horn excited

with the TE 01 and TE 10 modes.

Potter r14] has presented a technique which simultaneously results

in complete beamwidth equalization in all planes, complete phase center

coincidence, and at least 30 db sidelobe suppression. The technique,

referred to as the "dual-mode conical horn", utilizes a conical horn

excited at the throat region in both the dominant TE 11 mode and the

higher-order TM 
11

mode. This structure has the appropriate symmetry

to support two orthogonal TE 11 modes and as such is suitable as the

radiating elements (each mode considered as one element) for

polarization-adaptive application. 	 It satisfies the following relation;

hx (0,(b) = hy(e,(t)

for all 0 and t within a 15 db beamwidth.
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A "finloaded horn antenna" [15] has the characteristics necessary

to satisfy the equal magnitude requirement. The finloaded horn differs

from the conventional pyramidal horn in that it has thin metal fins

perpe ,idicular to all four sides. The fins modify the field in the

horn, and, therefore, this horn has several advantages over the simple

pyramidal horn, such as:

a) By proper selection of the fin size the electric and

magnetic plane patterns can be made equal.

b) The square shaped horn retains its two symmetry planes,

and therefore behaves identically for the two orthogonal

modes.

The system will operate with two circularly polarized elements

(one right circular and the nther left circular); however, the analysis

presented in Chapter III must be modified. Most circularly polarized

antennas, with the exception of the helical class of antennas, obtain

their polarization characteristics from the simultaneous illumination

of orthogonal linear modes and are, therefore, more complex than linear

polarized antennas. It was for this reason that the analysis was

performed on a system utilizing linear radiating elements.

The Digital Phase Shifters

The polarization-controllable antenna utilizes two phase shifters.

One phase shifter requires a 180 degree differential phase shift

range while the second requires a 360 degree range. The phase

shifters must be capable of reciprocal operation, i.e., the same

phase must be introduced regardless of the direction of propagation.
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The advantage gained by tsing digital phase shifters was considered in

Chapter 1V. These phase shifters normally use PIN diodes or ferrite

toroids to produce the necessary phase steps. They are capable of

switching speeds near a microsecond.

System operation in the adaptive mode requires the polarization

tracking of an incident wave with varying polarization characteristics.

This tracking should be accomplished with a minimum reaction on the

transmission properties of the system (since tracking is perfo-med

concurrent with the recovery of information from the modulation content

of the incident wave). An examination of Fig. 12 shows that a con-

tinuous change in the incident wave polarization introduces the

possibility that the N phase shifter will be required to change

348.75 degrees in one step. This occurs when the incident polari-

zation track (as displayed on the Smith Chart) crosses the positive

real p axis (cf. Fig. 12). The effect of switching through a phase

step of this magnitude is one of introducing a loss (amplitude and phase

modulation by the system), during the switching, in the transmission

properties of the system. The same problem is inherent in the opera-

tion of the digital phase shifters. Consider the operation of a

digital phase shifter when changing from the 168.75 degree value to

the 180 degree value. The 1:.25, 22.5, 45, and 90 degree phase

increments must be simultaneously reduced to zero while the 180

degree phase increment is increased from its zero state to the 180

degree state. It can be expected that the behavior will differ

considerably from the ideal, which is a smooth transition from the

168.75 de^cee state to the 180 degree state. 'thus to reduce the

system interaction with the signal, it is necessary to use high

.y
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switching speeds. It can be concluded that it is impossible to per-

form the tracking operation, using digital phase shifters, without

introducing system generated noise into the received signal. It is

necessary to take into consideration this source of interference when

investigating applications for adaptive operation.

"the Digital Controller

The digital controller is a special purpose digital computer

designed to follow a sequence of logical instructions based on the

amplitude and phase ( It d ) relations discussed in Chapter IV. The

sequence of instructions evolve by introducing a change in the

polarization state of the system and then measuring the effect this

change has on the output amplitude and phase.

The operation of the controller progresses through three distinct

stages. The first stage, the search stage, determines if a signal is

incident on the antenna system with an intensity exceeding a pre-

determined threshold level. The polarization state or states which

produce an output that exceeds the threshold level are stored along

with the magnitude of the output referenced to the threshold level.

The second stage, the lock-on stage, examines the data stored by the

search stage and determines which of the six states is the greater.

As previously noted, it is possible for twe and even three polari-

zation states to produce the same output magnitude. The lock-on

stage examines each of these possibilities to determine which applies.

The results of this examination provides the values for phase shifters

u and y within the limits shown in Table 4-3. The operation of the

^: 77f°
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third stage, the tracking stage, is based on the data presented in

'fable 4-4. The tracking stage continually samples Oe value of td

Phase shifter N is changed until 41d is near + n/2, and then * is

adjusted so that i switches between + n/2 and - n/2.

A flow chart representing the logical operation of the digital

controller is shown in Appendix B. The operation of the search and

lock-on stages follow step by step the procedure outlined above.

In an earlier chapter it was pointed out that near the correct

operating values for the phase shifters the signal at b 4 is small.

For this reason it is possible that a phase difference measurement

cannot be performed. Thus those logical operations calling for a

phase difference measurement could receive a reply indicating that

a phase measurement is impossible. The next logical step should

be a check to insure that the output is above threshold. If this

is the case the phase measurement is again attempted. An output

below threshold returns operational control to the control console.

The control console can reinstate the search stage, set the

system to some perferred polarization state, or perform any other

desired operation.

The track stage logic must be modified to include the possi-

bility that phase shifter µ could cause the phase differenc (4d)

to change sign (in the ideal situation 41d changes sign only when IV

passes Td ). This effect was discussed in the paragraph following

Table 4-4. The modification consists of following each operation

that changes the state of the 4 phase.shifter with an operation

that determines if fid has changed sign. This condition is possible

only when the phase shifters are within one bit of their correct
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val ue.

It should be obvious from Fig. 12 that two polarization states,

linear vertical, and lin::ar horizontal are associated with an

arbitrary value of phase (tI ).	 If the system is tracking a changing

polarization and the track passes through either of these two states,

it is extremely likely that ( will exceed the limits ± t/4. Since

the tracking logic requires that (f be within these limits for proper

operation the system will break-lock. To prevent this from

occurring it is necessary to examine the state of `Y each time it

is changed. If it has been changed to the 0 degree state or the

180 degree state the control logic switches back to the lock-on

stage (location numbers 3 and 4).

There is a rate of change of the incident FDlarization that will

exceed the tracking response time of the system. A cursory view of

the controller logic leaves the impression that a time consuming

procedure is involved. This is not true, e.g., only one of

eighteen possible parallel paths is traversed in the lock-on stage

of operation. Considering the fact that high sneed digital logic

is currently available, it is concluded that the system response

will be limited by the time required to perform the phase differ-

ence measurement (td).

Phase Measurement Equipment

A wide variety of techniques for obtaining microwave phase

measurements have been considered by Dyson [16]. The techniques

that apply to the problem at hand hetrodyne the microwave signal

V"_

-	 r$.
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to a low frequency (less than 1MHz) -here the phase measurement

can be obtained from a time interval measurement. The band-

width of the low frequency circuit is determined by the minimum

signal level (threshold level) from which phase information is

desired. The time required to perform the phase measurement

is inversely proportional to the bandwidth. The measuring

scheme that provides the maximum sensitivity utilizes a minimum

bandwidth which in turn requires a very stable local oscillator

and signal source. Thus it can be concluded that the time required

to perform a phase measurement is dependent on the required system

threshold level.	 It is also apparent that applications for the

system which re q uire a maximum sensitivity will require a more

complex phase measuring technique. Under this condition the

system response time will be a maximum, i.e., it will track

an incident wave polarization only if the rate of change of

polarization is slow.	 It can be stated that a trade-off between

system sensitivity and response time is necessary when considering

applications involving the adaptive mode of system operation.

It is of interest to consider a measuring scheme that will

allow a maximum sensitivity. It is necessary to measure the

phase difference between two signals separated in magnitude by

as r^.uLh as 30 db. Since the system threshold is determined by

the minimum acceptable signal at b 2 it is recessary to obtain

reliable phase information from a signal (b 4 ) 30 db below the

threshold. The phase measuring device is shown in Fig. 14 in

block diagram form.	 It is a crosscorrelation phase measurement

t
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scheme that requires two phaselock loops, one in the reference

channel (b 2 ), and one in the null channel (b 4 ). The phase measure-

ment is only possible when both loops are phaselocked. The reference

channel loop, loop 1, is phasedlocked to a crystal controlled

ost.iliator which also supplies the reference signal to the phase

detector. The loop 1 bandwidth should be as wide as possible to

perniit rapid attainment of the phaselocked condition. This band-

width will be determined b y the reference channel threshold and

the type of modulation on the signal. The null channel loop

(loop 2) is required to track the phase ditference between the two

channels.	 This loop consists of a crystal voltage controlled

oscillator with the same center frequency as '.he reference oscil-

lator.	 In fact the two crystals can be enclosed in the same

temperature controlled oven to minimize relative temperature drift.

It is, however, necessary to insure a maximum of isolation between

the two oscillators in order to prevent injection locking. For

proper operation the loop 2 bandwidth should be one thousandth of

the loop 1 bandwidth. This means a narrow loop 2 bandwidth and a

long phaselock response time. Limiters are shown with both loops

to provide an effective increase in loop bandwidth for signals above

the threshold level. These amplifier limiter combinations must

possess identical phase shift characteristics, inde pendent of the

signal level. This measuring scheme provides the stable reference

signals required for minimum bandwidth applications.

Th(- phase measuring device must be capable of deciding if a

phase measurement is possible. This can be accomplished in the

r
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relatively wide bandwidth devices by establishing a threshold

level in the null channel. '.then the signal in the null channel

-crops below this level the phase measuring device will indicate that

a phase measurement is not possible. The crosscorrelation scheme

will supply phase information when the loops are locked. The output

of the loop filters can be examined for the locked condition and the

results used to indicate the availability of phase information.

The purpose of this section has been to describe the factors

that should influence the choice of a device capable of automatic

phase measurements.	 It was not intended to describe a particular

device satisfactory for all applications, but rather to demonstrate

that at least on paper the phase measuring requirements can be

satisfied.



C11API'M VI

CONCLUSIONS AND RECM,1ENDA'IIONS

the applications for polarization-controllable antennas have been

.11 • bitrarily divided into two classes. The first class consists of those

•applications that would benefit from the adaptive feature of the polari-

zation-controllable antenna. the second class concerns applications

that derive information from the polarization characteristics of the

incident wave.

The polarization-controllable_ antenna syst ` has br.en analyzed to

determine s ystem requirements for the adaptive mode of operation. The

results of this analysis are summarized below:

(1) the magnitude of the vector effective lengths of the

two linear radiators must be equal at the angle of

incidence;

(2) the comp lex form of the signals at the system output

arms require rj complicated control process;

(3) the control process must introduce a random phase

modulation on the incident signals in order to ob-

tain the control information and;

(4) in automatic phase measurement is required between

two si gnals that will vary over a wide dynamic range.

84
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Two antennas of the horn type construction satisfy the "equal magnitude"

restriction. These antennas are broad beamwidth low gain structures.

T hey are, however, suitable as the feed structures for the high gain

narrow F°amwidth reflector class of antennas. A special purpose digital

computer can perform the control process required for adaptive operation.

The reouirement for an automatic phase measurement presents the major

problem that will be encountered in the implementation of an adaptive

system.

It can be concluded that the polarization-controllable antenna is

capable of adaptive operation. The system is feasible for those

applications that could encounter severe polarization mismatch loss;

however, the complexity of the system, its "slow" response to a chang-

ing polarization, and the interference introduced by the random phase

modulation must be considered before any conclusion can be reached re-

garding a particular application. For certain applications it is con-

ceivable that polarization tracking would not be required, but that it

would be necessar y to search and obtain a good (within .7db) polarization

match. This operation could be performed without phase measurements

and thus could be performed in a short period of time by the digital

controller.

The equations that govern system operation in the transmit and re-

ceive mode of operation have been derived. The system parameters re-

quired to transmit or receive a wave of any given polarization charac-

teristics can be determined from these equations. It is shown in

.Appendix C that the polarization-controllable antenna allows simultaneous:

reception of the matched and cross-polarized components of an incident

--	 _	 ,.. -	 - ^ - _ ^i	 -	 .::^;- t-•	 -- max- ^.,o.^.,.^.r^.-.,..- ^^.:^.^.,.,E- 	 -
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wave. the cross-polarized component is available as a system output at

arm 4 (b4).

The polarization-controllable antenna c,,n be used as a laboratory

instrument for antenna pattern measurements for arbitrary polarization

states. For radar applications the system is capable of transmitting

a wave of any polarization characteristics and then receiving simul-

taneously the matched and cro.g s-polarized components of the reflected

wave. This provides additional information concerning the nature of

the reflecting obiect.	 In fac t_, a polarization signature could be ob-

tained by changing the system polarization state (in a few micro-

seconds) between successive illuminations of the object. The rotation

rate (provided it is not about an axis of revolution of the object) of

a reflecting object could be determined by transmitting a linear

polarized wave and then switching the system state immediately to re-

ceive a circular polarized wav-:. The received signals at b 2 and b4

will differ in frequency b y _in amount equal to twice the rotation

frequency.

In general it can be concluded that the polarization-controllable

antenna is feasible. It is recommended that the problems associated

with automatic phase measurements receive careful evaluation. A simple

solution to these problems would eliminate the undesirable aspects of

system operation in the adaptive mode.
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APPENDIX A

A SIMPLE WAVEGUIDE SYSTEM FOR RADIATING

ELLIPTICALLY-POLARIZED WAVES

In a study of the polarization properties of a microwave antenna

system it is often beneficial to have available an antenna capable of

transmitting a field with any desired polarization. An antenna system

which can provide this capability consists of a circular waveguide

horn fed by a circular guide loaded with a quarter-wave plate, a

circular waveguide-to-circular waveguide collinear rotary joint, a

rectangular-to-circular waveguide (TE 11 mode) transducer, and a

rectangular-to-rectangular waveguide collinear rotary joint. This

—̂nmponent arrangement is shown in Fig. A-1.

In opi-ration the TE 11 mode is established in the first circular

guide section with a plane of symmetry dependent on the orientation of

the input rectangular guide. The quarter-wave plate, whose orientation

i s independent. of the symmetry plane of the mode, then establishes a

phase shift for one component of this mode with respect to the

orthogonal component.

For reference purposes the broadwall of the input waveguide is

taken parallel to the horizontal plane and considered the x axis of

tht- tixed coordinate system. The broadwall of the rotatable rectangular

waveguide serves as a reference for the angular displaced axis x' with

angle of displacement Y. The angle between the y' axis and the plane

89
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of the quarter-wave plate (plane in which linear component is delayed

in phase by 90°) is denoted by b. The unit vectors u 11 and u  are in

the plane and perpendicular to the plane of the quarter-wave plate

respectively and both are transverse to the axis of revolution of the

circular horn. The coordinate representation is shown in Fig. A-2.

It is obvious that the first- rectangular guide section, apart

from serving a transmission function, merely establishes a reference

frame. It may be )mitted and the rectangular- to- rectangular rotary

joint replaced by, e.g., a moveable coaxial- to- rectangular transducer.

Also, any antenna with circular symmetry may be used in place of the

horn, e.g., a cylindrical polyrod.

In terms of this representation the far field transmitted by the

antenna is expressible as

E (Y,b) = E11 X 11 + e
jn/2 El u 	 (A-1)

The quantities E 11 and E1 are the relative-field strengths, in the

plane and perpendicular to the plane of the quarter-wave plate

respectively, on the axis of the horn at the far f'Pld point. From

Fig. A-2 it is seen that

u ll = cos(Y + b) u - sin(Y+ b)u	 (A-2)_y	 x

u = sin(Y + b) u + cos(Y + b)u	 (A-3)

also that

E11 = E I cos b	 (A-4)
Y
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Figure A-2. Coordinate representation of waveguide system.
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and

E1 = Ey sin 6	 _	 (A- 5)

For convenience Eqn. (A-1) can be normalized to unity by requiring

I
Ey ,)	 =1. Using Eqn. (A-2) thru (A-5), Eqn. (A-1) becomes

E(Y, b) = cos 6 [cos(Y + 6)uy - sin(Y + 6)u X]

	

+ ejn/2 sin 6 [sin(Y+6)u+ cos(Y+6)u ] 	 (A-6).. y	 —x

Simple trigonometric manipulations of Eqn. (A-6) yield

r
E(Y,6) = 1/2 j [cos Yuy - sin Yu x ] + [cos(Y * 25,)uy - sin(Y+ 28)u 

X ]

+ e jn/2 [cos Yu - sin yu ] + e n/2 [cos(Y + 26)u - sin(Y + 26)u ]_y	 _x	 -j	 _y	 _x	 =

(A-7)

The first and third bracketed terms in Eqn. (A-7) are identified as

unit vectors in the y' direction (u ,). The second and fourth terms_y

describe a unit vector leading u y , by angle 26 (u^ 6 ), as shown in

Fig. A-2.

The linearly polarized fields of Eqn. (A-7) may be expressed in

terms of right circular and left circular rotating components.

u = -j(2 + Y)e 
—e	 we

--	

u = 

e+, (2 + Y)

—r	 —r

where
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w^ _ (u + e Ju/2 u )
	_ 	

x	
—Y

w = ( u + e - jn/2 u )
—r	 —x	 —y

Physically, u^ and u r if multiplies by eJwt and the real part taken,
—

represent left and right rotating vectors of constant length. Their

phase angles are chosen so that at the time origin they coincide with

uy ,. Then

uy = 1/2 N + ur)

Making similar substitutions for u 2 causes Eqn. (A-7) to become

E(Y,b) = 41 
e jn/4 [(e-J(n/2+Y)+ e-j(n+Y+2b))we

+ (e j(n/2 + Y) + e j(Y + 25) )W]
	 (A-8)

—r

Additional simplification yields

+ 3n

	

E(Y,b) =	 22 e
jn/4 

[e
- j(Y + b	

4 ) cos(n/4 + b) w^

+ n
+ eJ(Y + b	 /4) cos(b- n/4) w r )	 (A-9)

Equation (A-9) is in a form suitable for plotting a polarization con-

tour on Rum=ey's [1] q plane. Thus, it is seen from Eqn. (A-9) that

q = e -j(2Y + 28 + n) cot(b + n/4)	 (A-10)
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A plot of Eqn. (A-10) is shown in Fig. A-3 for Y = 0. It is

evident that all possible axial ratios are included as 6 increases

from -n/4 to 0 (left circular to linear vertical polarization), with

the field vector rotating in the left hand sense. The polarization

changes from linear vertical to right circular as 6 increases from

0 to +n/4 with all possible axial ratios included. The real part

of the complex p plane is taken as negative for left-elliptical

representation (-n/4 < 6 < 0). In terms of the more familiar

quantities;, axial ratio, tilt angle, and circulation sense, Eqn. (A-10)

yields

AR = cot 6	 - 7T/4 < 6 < n/4

T= n/2+Y+6

where the tilt angle ('t) is with respect to the horizontal (x axis)

and the axial ratio is negative for left-elliptical polarization.

The procedure for generating any desired polarization consists of

determining the magnitude of 6 from the desired axial ratio and the

sign of 6 from the circulation sense; then the desired tilt angle

determines Y.

A logical change in this system is the replacement of the quarter-

wave plate with a "variable-wave" plate, such as a ferrite slab biased

transverse to the direction of propagation and parallel to the slab,

which introduces a phase delay 6 into the field component parallel to

the plate. Physical consideration fixes the angle of polarization

inclination 6 at n/4 radians.	 rhis configuration is amenable to the

same analysis applied to the quarter-wave plate, with the result



96

Figure A-7. Polarization contour for wiveguide system.
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q = e
-
 
j(n	

2Y) cot(z + 2 )	 (A-11)

leading to

AR = cot t'2

	

- n/2 < e < n/2	 (A-12)

= n + Y
2

AR = tan 
e

	TT/2 < e < 3n/2	 (A-13)

T = Y

A plot of the polarization contour described by Eqn. (A-11) is shown in

Fig. A-4 for Y = 0. The values of e above the contour represent values

for left elliptical rotation and the values below the contour are right

elliptical rotation, i.e., for 0 < 6 < n the polarization generated

is of RER. It should be evident that the range of 6 given in Eqn. (A-12)

or (A-13) is sufficient to generate any desired polarization.

The operation of the two systems described above requires the

rotation of the impenging electric field vector with respect to the

horizontal reference plane. The quarter-wave plate of the first

system must also undergo an additional rotation with respect to the

electric field vector. It is not necessary that this rotation be of

a mechanical nature. Brooks [2] has described a technique to obtain

an electrical rotation of the plane of a quarter-wave plate. It is

also possible to perform, electrically, the rotation of the electric

field vector by utilizing the Faraday rotation effect produced by a

ferrite rod concentric with the circular waveguide, and biased with

an axial magnetic field. However, the system will not be reciprocal.

r:	
-	 nµ, a	

-	 -- - -
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Figure A-4 - Polarization contour for "variable-wave" plate waveguide
system. y = 0
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thus, it is possible to control the polarization of the transmitted

field with an electrical system that involves no mechanical components.

A study of the control parameters for this system could be accomplished

following the techniques developed in Chapter III.

-
r
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APPENDIX B

HOW CHART FOR DIGITAL CONIROLLER L(61(:

I I,w Char I ^ymbt)ls

I.	 Compare

Make the comparison shown in the symbol

2.	 t l u t uu t Cumm.4nd

Execute the command sated in ;he symbol

Operation Statement

Perform ;he indicated operations.

State 1

> others	 No

Yes

jIncrease

Phase
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APPENDIX

CROSS-POLARIZED RECEPTION

Consider the system transmitting a field with a polarization

parameter of

pt= -jS
14 by(C-1)
13	 x

Observe that if this field is reflected from some far field object

and returns to the antenna system, the energy recovered at arm 2

will result from the reflected wave with a polarization component

Ih

	 I2

_	 x
pr
	

Ih I2 pt	 (C-2)

Y

The energy availabie at arm ►! is due to the nol g ri.7ation component

of the reflected wave that is cross-polarized to that of the trans-

mitted wave. To show this recall that the R matrix is unitary thus,

	

5 135 23 + S14S.	 - 0.	 (C-3)

Since

b2 _ S 13xc + S14yc

it is seen that b 2 is zero when xc and yc are such that

xc	 23

and

_ *
yc 	 24

112



113

For this condition b 4 is a maximum. The polarization parameter of

an incident wave with these characteristics is given by Eqn. (3-15).

It is

h

_	 yc -3 Y pc
x	 h
C	 x

or

S24 
= -j by p c .	 (C-4)

S 23	 x

Substitute Eqn. (C-3) into Eqn. (C-4) to obtain

S1 3 hx

	

—(	 C-5)PC = -j	 —

S14 by

The desired result is obtained by substituting Eqn. (C-1) into

Eqn. (C-5). That is

1	 (C-6)PC	

Pt

It is seen that Eqn. (C-6) is identical to Eqn. (2-26).
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