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ABSTRACT

An optimization of the reradiated field from a linear Van Atta reflector
consisting of four equispaced parallel half-wave dipo.ies is made.

Before the optimization process is discussed, a further and more exten-

sive theoretical investigation than the one given in Scientific Report no. 2

is made. A general expression for the reradiated field is established so

that it is possible to study the influence of asymmetries in the location of the

dipoles, unequal length of the transmission lines, and a mismatch between the

dipoles and the transmission lines. In particular, the dependence of the rera-

diation pattern on the length and the characteristic impedance of the transmis-

sion lines, the imaginary part of the dipole impedances, and the spacing between

the dipoles, is investigated.

The reradiation tattern is optimized so that the back-scattering, as a

function of the angle of incidence, has its largest minimum value. The optimi-

zation is performed both when coupling is neglected and when it is taken into

account. In the optimization consideration is given to the shape of the rera-

diation pattern near the direction back in the direction of propagation of an

incident wave.

/



.. INTRODUCTION

The Van Atta array is assumed to operate in the following manner: an in-

cident plane wave generates currents in the antennas composing the array in

such a way that their fields are in phase back in the direction of incidence,

for All angles of incidence. If this is the case, we say that th], reflector

has a Van Atta effect and it will always have a maximum of reradiation back in

the d.irection of incidence. However, the theory applied to a Van Atta array

consisting of half-wave dipoles (1, 2) shows that this is only true to a limited

extent. In order to make a further study of this fact a method is presented for

computing a figure which may be used as a measure of the amount by which the

fields are out of phase in the direction considered. Since, in the computation,

due attention is given to all angles of incidence, we say that the igure is a

measure of the deviation from Van Atta effect. Therefore, the figure computed

will be referred to as the deviation from Van Atta effect.

For convenience let us at this point introduce some concepts which were

used in the previous reports and which also will be used here to describe the

behaviour of the reflector. In Fig. 1 is shown the four dipoles. The direc-

tion back in the direction of propagation of an incident plane wave is called

the Van Atta direction. Another direction of interest is 'he mirror direction

or specular direction which would be the direction of the reflected principal

ray if the dipoles were replaced by a metallic plate parallel to the plane
through their axes. The direction of incidence is in the plane normal to the

axes of the dipoles and we will look at the reradiation in this plane. The in-

cident plane wave is polarized parallel to the dipoles. By the back-scattering

(back-reradiation) we mean the reradiation in the Van Atta direction.

The following results obtained in Scientific Report no. 2 (2) are of in-

terest in this report:

1. Only to some extent the reflector has a Van Atta effect.

2. The reflector has a mirror effect (specular effect) to the same degree as

it has a Van Atta effect. (When we say that a reflector has a mirror effect,

we mean that the fields from the currents in the dipoles are in phase in the

mirror direction for all ant1es of incidence).

3. The coupling may decrease the deviation from the Van Atta and/or the mirror

effect.

4. The deviation from Van Atta effect depends on the length of the transmission

lines.

"II I II I III I I I I



In this report we shall consider the dependence of the deviation from the

Van Atta effect not only upon the length of lines but also upon spacing and mat-

ching between dipoles and interconnecting transmission lines. The matching is

varied by changing the characteristic impedance of the transmission lines and

the imaginary part of the antenna imDpedance.

In the following the length and characteristic impedance of the lines, the

spacing, and the imaginary part of the antenna impedance will be referred to as

the parameters of the reflector.

The coupling is taken into account by using the values of the mutual impe-

dances calculated for two half-wave dipoles in free space. The fact that the mu-

tual impedance of any two dipoles depends on the presence of the remaining di-

poles is neglected. A simple method which takes this into account does not seem

to exist. However, it is assumed that this approximation does not cause signi-

ficant error.

The theoretical and nuLmerical investigation is made for four dipoles only.

The four dipoles may be considered as two pairs of antennas in an arbitrary Van

Atta reflector and, because of this, it is possible to derive similar results

for reflectors with more than four elements. However, the computer time used

for investiCating the simplo reflector is rather large, and will increase rapid-

ly w.!hen more elements are taken into account.

I I I I I I I I I I I I I I I I I I I I I I
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2, THE RERADIATION PATTERN AND THE VAN ATTA EFFECT

For the reflector described in Section 2.1, the expression for the rera-

diation pattern will be derived in Section 2.2. In Section 2.3 the condition

for Van Atta effect will be derived and in Section 2.4 a measure of the devia-

tion from Van Atta effect will be established, In Section 2.5 we fined the cir-

cumstances in which the back-scattering, as a function of the angle of incidence,

has its largest m'-ttr rthtc. Finally, the specular reflection will be consi-

dered in Section 2.6.

2.1. The reflector

For a linear Van Atta array consisting of four equispaced parallel half-

wave dipoles we shall derive an expression for the reradiated field from which

it is possible to examine the influence of asymmetries in location of the di-

poles, unequal lengths of the transmission lines, and a mismatch between the

dipoles and the transmission lines. In order to do this we will consider four

dipoles the centers of which are placed arbitrarily with respect to each other

in a plane. The dipoles are perpendicular to this plane (see Fig. 2). Further-

more, they are connected in pairs by transmission lines whose lengths need not

be equal. It is assumed that the dipoles are numbered from 1 to Is and that di-

pole 1 is connected to dipole 4 and dipole 2 to dipole 3. The degree of mis-

match between the dipoles and the transmission lines is altered by chang-in-g- the

characteristic impedances of the transmission lines and tile reactances of the

dipoles. During the investigation the characteristic impedances of the two

lines are kept equal. The half-wave dipole reactances are changed by the same

amount by means of impedance transforming networks.

Most of the equations given in this chapter are valid for the general

geometrical configuration of dipoles described above. However, attention is

often given to the case for which the centers of the dipoles in each pair are

placed symmetrically (not always on a line) about a common point.

2.2. The reradiated field

The equivalent circuit for dipoles I and 4 is shown in Fig. 3. A T-cir-

cuit with impedances Z and Zcl is used as an equivalent circuit for the trans-

mission line of length k1 connecting dipoles I and 4. For the transmission line

of length 92 connecting dipoles 2 and 3, a T-circuit with impedances Z and Z
I B2 ell2



is used. V., V2, VS, and V, are the free-space open-circuit voltages induced

by an incident field in dipoles 1, 2, 3, and 4, respectively. I * I3, and

14 are the currents in the four dipoles composing the reflector. The mutual

impedance between dipoles r and a (r,s a 1, 2, 3, 4) is denoted by Z., (ris).

From the two equivalent circuits is readily obtained

(ZAn +ZBI+Zc)II + Z12 12 + z13 13 + (Zc1+Z14 )14 = V1  (i)

z12 1 + (ZAn+ZB 2 +ZC2 )I 2 + (Zc 2 +Z2 3 )13 + Z2hI4 = V2 (2)

Z(Z 2+Z23 )I 2 + (Z+ZB2+Zca)I 3 + )= V3  (3)

(Z cl+Z 1)i + Z24i2 + z 34I3 + (Zn+ZB1+ZcI)i = Vh. (4)

i8£1

By subtracting Equation (4) multiplied by e from Equation (1) is found

(ZAn+ZBI+(1-e )Z CI-Z e I)1

i8 i
+ (Z1 2 -Z 24 e 1)12

+ (Z1 3-Z 3 4 e )i 3

-i8t I i j1  I+ ((-ZAn-ZBI-ZC1 (1-0 ))e +Z 1 )14 = V1-V4 e . (5)

From this equation is obtained

i831 it£I ijg138.
(ZAt,+ZoZ14e )I +(Z, 2 -Z, 4e )1 2+(Z13 -Z34e 1)13+((-ZAn+Z0)e +Z )I4

1- 4lV e ,(6 )

by using the relations

Z BI + (l-e je )2; l ZO0 (7)

-i )zz1- B-(1-e )Zcl=Z (8)

I I I I I I I I I I I I I Il
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which may be derived from the expressions for the impedances of a T-circuit e-

quivalent to a transmission line of length A

ZBI * - 2Zotg (--- (9)

ic 0  
(10)

vhere Z is the characteristic impedance of the transmission line,

From Equations (1) - (4) we obtain in the manner shown above the following

system of equations determining the currents in the dipoles
i 8£1 i 8£ i S£t1 8£

(ZAn+Z 0 -Z14e )11 +(Z1 2 -Z 2 4 e 1 )I 2 +(Z13 -Z34e )13 +((-ZAn+Zo )e +Zh14)4

SVI - Vje (ii)

(Z1 2-Z1 3 e 2)I+(ZAn+Zo-Z 2 3 e )1 2 +((-ZAn+Z0 )e +Z 3)I 3+(Z 4-Z34e e )

ioz2

= 2 - V3e (12)

(Z1 3 Z12 e )I 1 +((-ZAn+Z0 )e +Z2 3 )1 2 +(ZAn+Zo-Z 2 3 e )1 3+(Z 3 4-Z 2 4 e )I4

Sv3 - ve (13)3 ~ 2

((-ZAn+Zo)e +Z1 4 )I1 +(Z2 4-Z12 ee )12 +(Z3 4 -Z1 3 e )13 +(ZAn+Z 0 -Z 4e I)Ih

S4h - vIe .U(i4)

The transformation of Equations (1) - (h) to Equations (11) - (14) is

made in order to obtain a system of equations which is valid for all values of

i1 and %2L" This is not the case for Equations (1) - (4) (see Equations (9) and

(10) for ZBI and Zcl)



Equations (II) - (14) reduce to Equations (W) - (4) of 3cientific Report

no. 2, when ti M 22 = Z, the dipoles equispaced on a line, and ZAn = RAn = ZO.

Equations (11) - (14) may be generalized in the following mariner so as to

be valid for a Van Atta array consisting of n pairs of dipoles. Let z be ther~s

element in the r'th row and the s'th column in a square matrix {zW of order 2n.

Then the matrix equation for n pairs of dipoles is

{z}(il ({v) , (15)

where

rS Z Z2n-r+l,s e iat (10

except for a r and s 2n-r+l (diagonal elements). In these two cases we have

r~r -1An 0 2n-r+l,r (1?)

and

zr,2n-r+l = (-Z A+Zo)e' + Zrnr+l (18)

respectively. Here, Z = Z is the mutual impedance between dipoles r andr'•s s~r

s(r4s). Zr,s corresponds to Zrs given Loove. ii) denotes a column matrix in
irk

which ir = I . (v) denotes a column matrix in which vr = Vr - V 2nr+l* e .

Note that dipole r is connected to dipole 2n-r+l. Ir and V are the currentr r
and free-space open-circuit voltage, respectively, in dipole r (r = 1,2, ... , 2n).

Here, we have assumed that all transmission lines have the same length (1). For

n = 2, Equations (15) corresponds to Equation (11) - (14) when Zl = 92 = k.

bet us now return to the reflector consisting of four parallel half-wave

dipoles (see Fig. Ii). An xy-coordinate system is introduced with its origin 0

and the direction of the x-axis conveniently selected. The four dipoles are

placed with their centers in the xy-plane and their axes normal to the xy-plane.

The reradiation pattern will be determined in the xy-plane when a plane wave is

incident from an arbitrary direction in the xy-plane.

The induced voltages in the four dipoles are



V - Vte (19)

V 2 Vi (20)

V3  (21)

V 4 aVe (22)

where Vt is the induced open-circuit voltage in a reference antenna placed at 0.

Pv1' Pv2' Pv3' and P.4 are the phase differences between the induced voltages

in dipoles 1, 2, 3, and 4, respectively, and the induced voltage in the reference

antenna.

The currents 1,, I2, 1,, and 14 may now be found from Equations (11) - (l4).

The electric field intensity at a distance r from 0 in a direction making an

angle *u with respect to the x-axis is (3)

E i =-•eikr . . ..i i~ 14

E -e- (Ile Pl+IeP2+Ie e *Pi3÷Ie -i)4 (23)
2-n r 3. 2 3

where g is the characteristic impedance of free space and k the free space pro-

pagation constant. Pil' Pi2' Pi3 and Pi4 are the phase differences (in the di-

rection considered) between the dipoles 1, 2, 3, and 4, respectively, and the

origin due to the differences in path lengths to the field point.

2.3. Condition for Van Atta effect

In this section the condition for Van Atta effect will be ststed.. when

the coupling between the dipoles is neglected, the circumstances in which the

condition is fulfilled will be derived.

From Equation (23) for the electric field intensity it is seen that the

reradiation pattern will have a maximum in the direction for which the four

terms in the factor

iilo iP., ipi3 ii

Ie + 12 e + 13 e + Ihe (20)

are in phase, that is when

+il ' Pil = Oi2 + Pi2 = +i3 ' i Oi4h +ih , (25)
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where *ilp Oi20 000 and Oi4 are the arguments of 1,, 12, 13' and I1, respec-

tively. Usually there will not be any direction for which the conditions ex-

pressed in Equations (25) are fulfilled.

If we wish the reflector to have a Van Atta effect, Equations (25) must

be satisfied back in the direction of incidence, for all angles of incidence.

In what follows we suppose, if other is not stated, that the dipoles in

each pair of dipoles are placed symmetrically about the center 0. Then we have

pil -- v1 Pih Pv4 (26)

Pi2 Pv2 piP 3  Pv 3  
(27)

when we consider the reradiation back, in the direction of arrival of an incident

wave.

From this it appears that, if

Oil = Pv4 + u (28)

Oi2 ' Pv3 + ' (29)

4i3 ' Pv2 + u (30)

Oi4 ' Pyl + u (31)

then Equations (25) are satisfied, u is an arbitrary constant. If Equations

I1 12 3 14 ae h(28) - (31) are satisfied, then the ratios , , , and h th

V V3 V2 V
same argument.

Let us state the result obtained above in the following manner: A suffi-

cient condition for maximum reradiation back in the direction of arrival of an
I I I2 131

incident wave is that V'1 -- *3- , and 14- have the same argument. If this
V4 *V3 V2 1

condition is satisfied for an arbitrary direction of incidence, the reflector

has a Van Atta effect. (Note that if coupling and scattering were not present,

then the reflector would heve a Van Atta effect).

It is not a simple matter to see in which circumstances the condition for

Van Atta effect is satisfied. However, a simple condition may be derived if we

neglect the coupling and assume that the transmission linvs have the same length
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9. Then, if we introduceZ = ZBI Z B2 and Z. ZCI ZC21 Equations (1)

reduce to

(ZAn+ZB+ZC)I1 + ZCI4 = V1 (32)

(Z An +Z+zc)12 + ZeI 3 = V2 (33)

(ZAn+ZB+ZC)1 3 + ZCI 2 = V3 (32)

(ZAn+ZB+ZC)I4 + ZCII = V4 (35)

It is seen that if

ZAn + ZB ZC , (36)

we have the Van Atta effect. Using Equations (9) and (10)6 the Equation (36)

may be written

RAn + i (XAn + Zocotsk) = 0 (37)

where Z. = RAn + iXAn is introduced. Since RAn > 0, it appears that Equation

(37) cannot be satisfied. RAn mayr be decreased (reradiation increased) by rea-

lization of negative real loads (4); however, the reflector then is active and,

in the present work, the investigation of active Van Atta reflectors is not in-

cluded.

However, from Equations (32) - (35) and Equation (37) we may expect the

following:

1. For an arbitrary value of ZC, the reflector will have a smaller devia-

tion from Van Atta effect if XAn is chosen so that XAn + ZocotS£ is zero, than

if this is not the case.

2. The deviation from Van Atta effect decreases if iZCI can be increased

relative to IZAn + ZB + ZCJ. This may be attained by increasing JZcI and, at

the same time, by choosing XAn so that XAn + Z0o tok = 0.

The second method for decreasing the deviation from Van Atta effect has

the drawback that the reradiation decreases as JZc1 increases and vanishes when

IZcj + -. This may be easily derived from Equations (32) - (35). Therefore,

when we try to decrease the deviation from Van Atta effect by increasing 1ZcI,
we have to take into account the restriction that the reradiation should not
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decrease below some level dependent upon the application of the reflector.

It should be mentioned that when IXAn + Zocototl is decreased by changing

Z or Z, JZCJ might also decrease in such a way that a decrease in the deviation
0

from Van Atta effect not is obtained.

It is to be noted that the condition (37) is obtained from the conditions

(25) by neglecting coupling. Therefore, because coupling is always present the

condition is only approximate. When coupling is taken into account, an exact

condition simpler than the conditions (25) does not seem to exist.

It is not expected that it will be possible to find a reflector so that

the conditions (25) are satisfied back in the direction of arrival of an inci-

dent wave, for all angles of incidence. However, it is expected that it should

be possible to choose the lengths of the transmission lines, the location of the

dipoles, the characteristic impedance of the transmission lines, and an impedance

transforming network changing XAn so that the reflector has a "Van Atta effect

to some extent". In the next section a measure of the deviation from Van Atta

effect will be established.

2.4. Evaluation of the deviation from Van Atta effect

The object of this section is, for an arbitrary Van Atta reflector, to

present a method for computing a figure which may be used as a measure of the

deviation from Van Atta effect. The method is given for a reflector consisting

of four antenna elements, but is easily extended to reflectors consisting of an

arbitrary number of elements.

in order to find a measure of the deviation from Van Atta effect, we will

consider a wave incident from a particular direction. The derivation is made

by using a "complex current plane" (see Fig. 5). Let the points 1, 2, 3, and 4
on the unit circle be the points with arguments 0il + Pil' Oi2 * Pi2P Oi3 + Pi3

and 0i4 + Pih respectively.

The magnitude of the currents is taken into account by placing 1i11' 1121,

1131, and 1141 as "weights" at the points 1, 2, 3, and 4, respectively. The co-

ordinates of the "center of inertia", Cr and Ci, are

C r 11C°S(Oil+Pil)'1121cos(oi2+Pi2)+1I31e.s(ýi3+Pi3)+410lc3(OW•PiO 38

r Ill + 1121 + 1131 + I41
1I l sin ( Oil+Pil )* 1I 21 sin ( oi2+pi2 )+ 1 13 sin( ý i3+Pi3 )+ 1Ix 4l in( Oi 4 +i 4) , 9

i m1111 + 1121 + 1131 + 11 1l

I I I II l l l lI l l l l I l l l I l l
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As a measure of how much the fields from the currents are out of phase in the

direction considered the "normalized momentum with respect to the center of i-

nertia" d may be used. d0i is given by the formula:

d 1 (cr"(cs(Ol+pil))2+(Ci-sin(i.i~i÷i£

+ IIVI/( COS(#i3 +Pi 3 ))2+(Ci-sin(0i2+Pi).'(7

+ c s IM

It is readily seen that d~i possesses the following properties:

1. d0i is zero if the points 1, 2, 3, and 4 are mapped into the same point.

This is in accordance with the fact that, in this case, conditions (25) are sat-

isfied and we have maximum reradiation in the direction considered.

2, dai is not changed if all the currents are multiplied by the same fac-

tor. This should be the case since, in this circumstance, the shape of the re-

radiation pattern does not change.

In the above derivation we have considered a particular direction. In or-

der to find a measure of the deviation from Van Atta effect, we have to take in-

to account all directions of inc~den'o. Strictly, this should involve an inte-

gration over all angles of incidence. However, it is assumed to be sufficient

to consider the directions Oi = 00, 100. ...... 900. Therefore, we use as a

measure of the deviation from Van Atta effect the sum of the d i's for the direc-

tions mentioned. This sum will bz called d.

In Fig. 6 are given some illastrations of the information which the magni-

tude of d.i provides. The reradiation is calculated in an interval about the

direction of incidence, since d i only tells us about the reradiation near this

direction. The examples are taken rather arbitrarily from different reradiation

patterns. Owing to the fact that d i does not indicate the magnitude of reradia-

tion, a normalization is chosen so that the maxima of the beans nearest the Vtn

Atta direction all have the same value. For convenience, the Van Atta direction

is turned so that it is the srme for all the patterns shown.

v is the angle between the Van A'ta direction and the direction of the max.,

imum nearest the Van Atta direction.

b indicates the reradiation in the Van Atta direction relative to the rera-

diation which would be obtained if cll currents were in phase in this direction.
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I From the illustrations we observe that:

1. As d i increases, b usually decreases as may be expected. An exception oc-

curs in the case where d0i increases from 0.59 to 0.60 and b increases also.

However, we notice that v is smaller for d i = 0.59 than for dO = 0.60.

2. When d0i is zero the currents are in phase in the Van Atta direction, b =

100 %, and v a 00.

3. As d i increases, v tends to increase. The increment in v is larger for

broad beams than for narrow beams. This may be expected since a large value

of v will cause a larger decrement in the reradiation in the Van Atta direc-

tion in the case of narrow beams than for broad beams.

We have seen above that the value of d,i does not indicate:

l. The magnitude of reradiation back in the direction of incidence.

2. The magnitude of b. An exception occurs when di = 0; then b = 100 %, and

conversely.

3. The magnitude of the maximum of reradiation nearest the direction of inci-

dence relative to the magnitude of the reradiation back in the direction of

incidence.

4. The magnitude of v. An exception occurs when d = 0; then v = 0°. The

converse may not be true.

5. The beam width of the beam in the Van Atta direction.

6. Anything about the reradiation pattern in directions which are not near the

Van Atta direction.

7. That the back-scattering may be small even though d 0 is very small. See

Section 2.3.
Because knowledge of d i tells us nothing about so many characteristics

of the reradiated field, we may now ask ourselves whether it is worthwhile to

try to find a Van Atta reflector with a small value of d or whether it would be

better to find a reflector with large back-scattering for all angles of inci-

dence. In fact we will do both.

First, it is decided to use the method developed for evaluation of the de-

viation from Van Atta effect, because the idea of the Van Atta reflector is that

the fields from the antennas should be in phase back in the direction of inci-

dence, and it would be interesting to see if it is possible to find a reflector

with Van Atta effect.

Next, when we wish to use the reflector we may be more interested in largc

back-scattering. Therefore, we will also find the parameters of the reflector

for which the back-scattering, as a function of the angle of incidence, has its

largest minimtum value.
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The desirability of using d~i rather than b or v for evaluating the devia-

tion from Van Atta effect may be discussed:

a. As mentioned above v may be zero even though the currents are not in

phase, Because of this the reradiation may be small when v is zero. This often

happens at endfire, since the reradiation pattern is symmetrical about the plane

of the reflector. Therefore, we do not use v.

b. Considering Fig. 6 above, we observed that as d0i increases, b usually

decreases. Hence, since d 0 = 0 is equivalent to b - 100 %, it may be expected

that if we were to use b as a measure of the deviation from Van Atta effect, we

would obtain results which would be as "good" as those found when we use d. How-

ever, because of exceptions similar to the above-mentioned in which b increases

as di increases from 0.59 to 0.60 but v is smaller at 0.59 than at 0,60, we ex-

pect that the use of d as a measure of the deviation from Van Atta effect pos-

sesses a small advantage over the use of b.

It sfould be noted that a knowledge of d tells us about the shape of the

reradiation pattern near the Van Atta direction but nothing about the magnitude

of the back-scattering. Therefore, we can not use d = 0 as a criterion for

large back-reradiation. However, the purpose of a Van Atta reflector is to have

a large back-reradiation. Therefore, besides considering d, we will also consi-

der the dependence of the back-scattering upon the parameters of. the reflector.

.2.5. Conditions for maximum back-sceatTerin

In Section 2.3 it has been found that, for a given value of ZC, the de-

viation from Van Atta effect is smaller if 'An + ZocotB -= 0, than if this is

not the case. Furthermore, the deviation from Van Atta effect may be decreased

by increasing 1ZCl relative to IZAn + ZB + ZCI, but at the same time the rera-

diation decreases.

The object of this section is to consider the manner in which the reradia-

tion back in the direction of incidence depends on the value of JZcl when XAn +

Zocot•k = 0 and coupling is neglected.

To do this, and for the illustrations in subsequent sections, it is con-

venient to introduce the three quantitites maxa, ga, and min.. These are, re-

spectively, the maximum, the average, and the minimum values of the back-scat-

tered field intensity as a function of the angle of incidence. The three quan-

tities are assumed to be the most characteristic when we are interested in the

back-scattered energy from endfire to broadside. From the maximum value we can

see how large the back-scattered energy may be for a particular direction of in-

cidence. When we know the average value, it may be expected that in some inter-

I I I I I I I I I I I I I
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Vale the reflector has back-scattered energy larger than ga, If we are inter-

ested in a back-scattered energy above a particular level for all angles of in-

cidence, we have to consider the magnitude of nina.

When XAn + Zocoto£ 0, the Equations (32) - (35) reduce to

RAnI1 + ZCI4 a V1 (41)

RAnI2 + ZC13 = V2 (42)

RI +z Z I y (42)An3 C3 23
RAn 1

3 + ZI 2 = V3  (43)

RAnI 4 +÷ZCI1 = Vh

By using Equations (19) - (23), (26), (27), and (4i) - (44), the electric
field intensity at a distance r from 0 in the Van Atta direction is found to be

eikr 2RAn (cos2pvl÷cCo2pv2} - 4ZC

2% r - R2 t Z2
An C

As a measure of the back-scattered field intensity we use

ATcos2pvcos2p 2 •}+- (46)

9b r2 + Z2

where rAn and z. are RAn and IZ7,C. respectively, normalized to 100 ohms. In
Scientific Report no. 2,gb/2 was used. It is seen that the value of gb depends

on the magnitude of (cos 2p., + cos2Pv 2 ) 2 , i.e., on the geometrical configuration

of the dipoles. We have to consider two cases.
First, when the dinoles are placed so that the expression {cos2pv +cos2Pv2)2

can take the values 4 and 0, then gb will have, respectively, a maximum value of

and a minimum value of 4z - . In these cases it is easily

shown that the largest maximum and minimum values are and r , respec-
AnAn

tively. These two values are obtained when IZCI equals zero and RAn* respec-

tively. If we are interested in as large a value of min as possible for alla

angles of incidence, then we have to choose Z. and Z so that IZc - RAn. Then

the ratio of maxa to min, is r2.

I I I I I I I I I I I I Ia
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Next, the dipoles are placed so that the expression {cos2pvI+0052P 2V
2

can tarce at most one of the values 0 and It. This may, happen when the dipoles

are close together. For example, in the not-realisable case for wh"%ch all di-

poles are placed in 0; here, gb will always take its maximum value.

For a linear reflector with the elements equispaced, let us derive the

spacings for which we have the second case mentioned above. If the spacing is

a and the direction of incidence makes an angle *. with respect to the line on

which the dipoles are placed, then

(cos2Pvl+coS2pv 2 }2 = (cos(3kacos~i) + cos(kaeosqi)} 2 , (47)

where k 2n/X and A is the wavelength. Here {cos2p v+cos2p v212 takes the value

4 for *. 900, independently of a. When the spacing is less than A/8, the
X

value zero is never obtained. Hence, when 0 < a <-g , we have an example of a

reflector which falls into the second category described above. From this it

appears that if we desire min to be large for a linear reflector, we must bring

the dipoles as close together as possible. But then difficulties might be en-

countered in fabrication of small dipoles and due to coupling which has a large

influence when the spacing, as here, is less than A/8. This will be illustrat-

ed numerica]ly in the next sections.

In this section we have found that if we wish to have no difficulties due

to the dimensions of dipoles and due to coupling, and if we desire mina to be as

large as possible, then we should choose iZcJ equal to RAn when XAn+Z 0 cot£ IM 0.

it should be mentioned that min could not be increased over the maximum

value found above if we permitted X An+Zocota£ 4 0.

2.6. Thespeular reflection

In this section we shall consider the specular reflection of a linear re-

flector. The coupling will be neglected. Specular effect is defined in the

same way as Van Atta effect.

For the linear reflector considered in Section 2.5, it is found in a way

similar to the ubove, that

24 2 +2  {cs(kaeos4.)+cos(kneos~j1 2
g = -n + z (48)

r2 + Z2
An C

may be used as a measure of the field intensity in the specular direction. The

expression for gs shows that its maximum value is equal to the maximum of g b

but the minimum value usually differs from the minimum value of gb' If we de-
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Ssire a reflector with a small value of gs, then we must increase 1Z.1; but this

implies that the back-scattered energy decreases, as we have seen before.

In Scientific Report no. 2, RAn' XAnI and ZO have such values that the re-

radiation pattern is symmetrical about the normal to the reflector when coupling

is neglected. In general this is the case when

z2
(R An)2 + (X~M + Z0 cotat) 2 =-±------ (49)

sin2 aZ

If the condition XAn + Z0 cotox = 0 is satisfied and IZI = RA., condition (49)

is satisfied. Therefore, when we wish a small value of d, and mina to be maxi-

mum, the deviation from specular effect is equal to the deviation from Van At-

ta effect.

III II III II III II II
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3. THE DEPENDENCE OF THE RERADIATION PATTERN

ON THE PARAMETERS OF THE REFLECTOR

In this chapter some numerical illustrations of the foregoing theoretical

results will be given. We consider the linear reflector consisting of four e-

quispaced parallel half-wave dipoles. It will be shown in Section 3.1 that the

method for evaluating the deviation from Van Atta effect provides results equi-

valent to those obtained by direct comparison between the reradiation patterns.

In Section 3.2 we shall verity the conjecture that, for given ZC, d is smaller

if XAn + Zocotot is zero than if this is not the case. Furthermore, considera-

tion will be given to that which occurs when we try to decrease d by increasing

1Z.1 relative to IZAn + ZB + ZC.J In Section 3.3 the optimum values of Z0, i,

and XAn will be found and in Sction 3.4 the optimum value of a will be deter-

mined. The optimum values are defined as the valuesfor which mina, as a func-

tion of Zo, 9, XAn, and a, has its flattest maximum and d is as small as possible.

In Section 3.5 the effects of some particular variation of the parameters of

specific reflectors will be described. Finally, in Section 3.6, we will see

what happens when the transmission lines are of unequal lengths, the dipoles

are not equispaced, and the reflector is not linear.

Throughout the investigation the influence of coupling will be estimated.

The deviation between the curves for which coupling is taken into account and

those for which coupling is neglected are due to the fact that coupling will in-

fluence the magnitude and the phase of the currents in the dipoles. Since this

influence depends on the spacing between the elements in a complicated manner,

its magnitude will only be estimated from the numerical results in each case.

No attempt will be made to give a detailed explanation for the deviations between

the two sets of curves. Such an explanation could be given by considering the

magnitudes of the mutual impedances.

3.1. Illustration of the method for evaluating the deviation from Van Atta ef-

fect

In Fig. 7 the measure of the deviation (d) from Van Atta effect is shown

as a function of the length (9) of the transmission lines in the ease for which

a = 0.50', XAn = 0 ohms, and Z0 = 73 ohms. From the figure it is found, when

coupling is neglected, that d takes its minimum value for 9 a 0.25A + pO.50A

and its largest values for I = 0.50X + pO.5 0 A. The fact that the minimum value

occurs for k = 0.25A + p0.50A is in accordance with the condition (37).,
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When coupling is taken into account, we see that the smallest value of d

occurs for 2 = 0.28X + pX, and that coupling disturbs the symmetry with respect

to 2 = 0.50X. Furthermore, for Z = 0.28X + pX, coupling decreases d so that it

becomes smaller than the minimum value of d obtained when coupling is neglected.

Usually, however, coupling increases the deviation from Van Atta effect.

In order to compare the reradiation patterns directly, these have been cal-

culated for *i = 00, 100, ... ' 900 for several lengths of the transmission lines

when a, XAn, and Z0 take the values given above. For each length we have eva-

luated the angle between the Van Atta direction and the direction of the maximum
0 0 0nearest the Van Atta direction for Oi = 00, 100, "', 90o . The sum of these ten

angles, as a function of the lengths, takes its smallest value for t = 0.25X +
pO.50X when coupling is neglected and for k = 0.28X + pX when coupling is ta 1len

into account (compare with Scientific Report no. 2, p.14').

The agreement between the above mentioned results indicates that the meth-

od for evaluating the deviation from Van Atta effect may be used when many re-

flectors are to be compared. The evaluation of d is much easier than the deter-

mination of the angle between th'Ž 7-n Atta direction and the direction of the

maximum of reradiation nearest th Vftn Atta direction. The evaluation of d re-

quires only a knowledge of the currents in the dipoles vhereas the evaluation

of the above-mentioned angle requires in addition a knowledge of the shape of

the reradiation pattern. Furthermore, as discussed in Section 2.4, the above-

mentioned angle may be zero even wzhen the current2 are not in phase.

3.2. The condition for decreasing the deviation from Van Atta effect

In Section 2.3 it has been seen, when coupling between the dipoles is neg-

lected, that we may expect to have, for constant ZC, a smaller d if

XAn + Z 0cotat = 0 , (50)

than if this is not the case. Furthermore, it was found that ve can decrea.;e d

by increasing 1Zc1 relative to IZAn + ZB + ZC1. In fact, d can be decreased as

much t.s we desire but then, unfortunately, the reradiation decreases. In this

section, these results will be verified by considering some numerical computa-

tions.

3.2.a. The condition XAn + Z0 cot3£ = 0

In Figs.8 and 9, d is plotted as a function of Z when Z0 equals 73 ohms

and 50 ohms, respectively. For each value of Z0 two curves are shown, one for

which X is chosen so that X, + Z cotBZ = 0 for each value of 2 and one for
An Anf 0
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which An = 0 ohms. We see that the two curves meet for k a 0.25X since then

the condition XAn + Z ocot=i 0 requires X,, -- 0 ohms. As expected we notice

that the deviation from Van Atta effect is smaller if XAn + Z0 cotak = 0, than

if this is riot the ease. When Z0 = 73 ohms and XAn = 0 ohms, the smallest val-
ue of d, as a function of i, occurs for i = 0.25X + pO.50X since then XAn +

Z cot2 = 0. This is not the case when ZO = 50 ohms and XAn = 0 ohms. Here d,
as a function of k, has a maximum when XAn + Z cotg£ = 0. This may be explained

in the following way: as k increases or decreases from 0.25A + pO.50A then IZcI
increases. This decreases d to a greater extent than d is increased by the in-

crease in IXAn + Z 0cotoki.

When Z0 is about 73 ohms or larger, then d, as a function of i, will have
a minimum when XAn + Zocot~k = 0. This is illustrated in Figs. 10 and 11,

where d is shown as a function of the length of the transmission lines when XAn

is equal to -73, 0, and 73 ohms. When coupling is neglected, it is seen that,

in accordance with condition (50), d has minima for k = 1/8, 2/8, 3/3A in the

interval OX to 1/2A and for 9. = 5/8, 6/8, 7/8X in the interval 1/2A to 1A when

XAn = -73, 0, and 73 ohms, respectively. Coupling between the dipoles produces

only some slight changes in the positions of the minima.

3.2.b. The decrement of d

We shall now see what happens when we try to decrease d by increasing ZC

if, at the same time, the condition (50) is satisfied. The increment of ZC may

be obtained by letting (a) Z tend to infinity, or (b) k tend to a multiple of

half a wavelength, or (c) Z and 9 tend, in an arbitrary manner, to infinity and

a multiple of half a wavelength, respectively. This method which is a combina-

tion of (a) and (b) will not be examined.

a. In Fig. 12, d is shown as a function of Z0 when a = 0.50X, XAn = 0

ohms, and A = 0.25A. Since XAn + Z cot 8 = O, the deviation from Van Atta ef-

fect takes its largest value for ZO = 0 ohms (the dipoles short-circuited) and

decreases when Z is increased- but, as expected, the reradiation decreases

(see Figs. 13.a, 13.b, 13.c). In these figures and in what follows max a, ga

and minit denote, respectively, the maximum, the average, and the minimum, values

of the back-scattered field intensities for the angles of incidence 00, 100,

..., 1900. Since the curve for maxa is above that for ga and the curve for min

is below, it is not indicated on the figures which curve refers to which quan-

tity.

Above we noticed that as Z tends to infinity (dipoles open-circuited) g

decreases. On the other hand ga is also decreased when Z0 tends to zero (dipoles
I I I I I I I I I I I I I0
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short-circuited). Since 1ZC =0 for the length chosen, min, has its maximum

for Z0 a 73 ohms. Furthermore, max takes its largest value for Z0 = 0 ohms

(see Section 2.5). Since ga is a measure of the average back-scattering, sa

has its maximum for a value of Z between 0 ohms and 73 ohms.

We see that coupling increases d and decreases g a# The maximum of mina

occurs at about Z0 = 60 ohms when coupling is taken into account. Furthermore,

we see that due to coupling min8 is not zero when the transmission lines are

short-circuited.

b. In Figs. 14, 15.a, 15.b, and 15.c are shown what happens if we try to

decrease the deviation from Van Atta effect by letting I tend to a multiple of

half a wavelength. For all values of k we have chosen XAn so that XAn+Z0 cot ok=

0. In Fig. 14, d is plotted as a function of k when XAn = - Z0 cotak, Z0 = 73

ohms, and the equispacing a = 0.50A. Owing to the fact that IZcI is smallest

for 9 = 0.25A + pO-5OA, d is largest for I = 0.25A + pO.50A. As 9 tends to a
multiple of half a wavelength I ZC increases and, therefore, d decreases. How-

ever, at the same time the reradiation decreases and is zero when Z equals a

multiple of half a wavelength. This is in accordance with the remarks in Sec-

tion 2.3 and is illustrated in Figs. 15.a, 15.b. and 15.c.

From Fig. 14 we see that coupling increases the deviation from Van Atta

effect for all lengths of the lines. Figs. 15.a, 15.b, and 15.c show that in

the interval OX to 0.50A coupling decreases ga and in the interval 0.50X to

1As ga is enhanced. Note that in the interval from 0.50A to IA, coupling in-

creases maxa but decreases min . See Section 3.5 for what happens when k is e-aa

qual to a multiple of half a wavelength and XAn not chosen so that X An+Z cotaP.

0.

3.3. The optimum values of Zo, 2., and XAn when coupling is neglected

In this section we will find the optimum values of Z0 % Z, and XAn when

coupling is neglected. According to the definition of optimum values of para-

meters we must find the values of Z., 1, and XAn for which mina has its flattest

maximum, and d is as small as possible. In Section 2.5 it has been found, when

a > A/8, that mina is largest when IZ.I = RAn = 73 ohms and XAn chosen so that

XAn + Z cotk= 0. However, there are infinitely many sets of values of ZO, 4,

and XAn which satisfy the conditions 1Z.I = RAn eand XAn + Z0 cotB2. 0 0. For all

such sets of values it follows, by considering Equations (32) - (35), that d is

the same. Due to these facts, we shall try to find some optimum values so that

some change in X or Z0 only causes the smallest change in mina- The determina-

tion will be made graphically when a = 0.50A, but will be valid for all a > A/8.
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The values obtained will be called the optimum values. The graphical determina-

tion is made since this is more illustrative, than a mathematical determination

obtained by considering Equation (h5).

Since Z. = iZ 0 /sinOX, we have to explore the variations in d and mina as

functions of X and Z0 when XAn satisfies XAn + Z0eotak = 0 for all values of Z0

and 9. Figs. 16 and 17 show the behaviour for Z0 equal to 10, 30, 73, and 110
ohms. When Z0 > 73 ohms, the maximum value of mrina is less than that obtainable

for smaller values of Z0 since IZCj > RAn for all values of £. When Z0 < 73

ohms, mina has its maximum value when 9 is chosen so that IZ.I = RAn. The least

critical choice is t = 0.25N + pO.50X when Z0 = 73 ohms, since then the maximum

of mina , as a function of Z, is more flat than when Z0 < 73 ohms. Hence, we take

73 ohms and 0.25X + pO.50A as the optimum values of the characteristic impedance

and the length of the transmission lines, respectively. Then, from the condi-

tion XAn + Z0cotax = O, it follows that 0 ohms is the optimum value of XAn.

In Fig. 16 we see that d increases as Z0 decreases. This is in accordance

with Section 2.3.

3.4. The optimum value of a when coupling is neglected

In Section 2.5 it has been found that the maximum value of min is inde-a

pendent of the spacing when this is larger than A/8. Below it will be seen why

we are not interested in a < A/8. Hence, we cannot optimize a with respect to

min . Instead we will now optimize a with respect to d when coupling is neglect-a
ed andwhen Z0 1 9., and XAn have the optimum values found above. The optimization

will be performed numerically and only spacings less than three wavelengths will

be considered. Hence, we will find the smallest value of d for A/8 < a < 3A.

In Fig. 18, d is plotted as a function of a. We notice that d has its mi-

nima when a is about a multiple of a quarter-wavelength. An explanation of this

has not been found. When a is less than one wavelength,the minima are usually

more pronounced than when a is larger than one wavelength. The smallest values

of d occur at a multiple of half a wavelength. The optimum value of a is at one

and a half wavelength when coupling is neglected. Usually coupling increases

the deviation from Van Atta effect.

The variation in d with spacing is also explored when Z., S, and XAn do

not have their optimum values. An example is shown in Fig. 19. It turns out

that, usually, d still has minima when a is about a multiple of half a wavelength.

When the spacing between dipoles is increased, coupling decreases, This is

illustrated ii Figs. 18 and 20.a from which it appears that as the spacing in-

creases, the deviation decreases between the curves for which coupling is neg-

lected and those for which coupling is taken into account.
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In accordance with Section 2.5, Fig. 20.b shows that maxa is constant for

all values of a. min is constant for a > A/8 but tends to max 8 when spacing

tends to zero. When a is somewhat larger than a multiple of half a wavelength,

ga has a maximum.

From Fig. 20,b and 20.c we see that, when the spacing is less than one

wavelength, coupling may change maxa by as much as 50 % from the value it has

when coupling is neglected.

Note that for a < X/8, min does not tend to 2/r~n when a tends to zero
a An

as is the case when coupling is neglected. Furthermore, the reradiation is rath-

er small when a is less than half a wavelength. Because of this we are not in-

terested in examining a reflector with a < A/8.

3.5. Specific variations

In this section we shall consider the effect of some specific variations

which could not be logically described in the foregoing sections, but which might

be of some interest.

3.5.a. Dependence of XAn

In Figs.21 and 22, d and g are plotted as functions of XAn for ZO
73 ohms, Z = 0.25A, and a = 0.50A. When coupling is neglected, d has a minimum

for XAn = 0 ohms; this is in accordance with the fact that for the chosen re-

flector XAn + Zocot89 = 0 for X Al 0 ohms. Coupling makes only a slight change

in d but changes the maximum of g from occurring for XAn 1' 50 ohms to being for
X An 1 00 ohlms.

3.5.b. Independence of ZO

The reradiation pattern does not change with variations in Z when the

lengths of the transmission lines are multiples of half a wavelength. This is

proved in the following manner.

Let i = n and k = n2 • , where n1 and n2 are integers. From Equa-

tions(ll) - (14) it can be shown that 14 = - Ile nl and 13 1 - I2 e n2 , and

that II and 12 are determined by

nw inl1 in2i i(nl+n2 )IT ifl(2Z An- 2Zle I M +(Z2-Z24e -713e +Z34e )I2 = V -Ve 1 (51)

.in I T in 2 f i(nl+n2 ) in2r in2 i
(Z 2-Z• -Z13e +Z3 e )I +(2Z n2Z,-,e )I2 = _V2-e • (52)
I 2 Z2 4e 13 34 1 An- 2 = 2 3
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From this it appears that the reradiation pattern is independent of the

characteristic impedance Z., when the lengths of the lines are multiples of
A/2. This may be readily understood by considering the equivalent X-circuit

for the trar'mission lines. The result is illustrated in Figs. 23 and 24 where
d and ga are shown as functions of the length of the lines for various values

of the characteristic impedance. It is seen that the curves meet at a common

point when k is a multiple of half a wavelength. Except in some small inter-

vals, coupling increases the deviations from Van Atta effect and, except at one

of the maxima when Z0 = 90 and 73 ohms, the reradiation is decreased. Notice

furthermore that coupling changes the relative magnitude of the maxima in the

interval from 0.50X to IA (see Fig. 24). These results are naturally only val-
id for the reflector with a = 0.50X and XAn = 0 ohms, but indicate how much

coupling may influence the reradiation properties of a reflector. This is al-

so shown in Figs. 25 and 26 from which it is seen that the maximum of maxa is
increased considerable by coupling.

3.5.c. Independence of XAn

When coupling is neglected, it is easily shown that the sbape of the rera-
diation pattern does not change with XAn when the lengths of the transmission

lines are multiples of half a wavelength (see Equations (51) and (52)). The re-
radiation will decrease as Ix•I + and be maximum when Xn w 0 ohms. This is
illustrated in Fig. 27 where ga is shown as a function of X forn a 0.50A, 2 =

0.50A, and Z0 = 73 ohms. d is found to be 5.64. mrina is zero since, for this

specific choice of parameters, we have no reradiation at all for endfire.

3.6. Asymmetries in the reflector

In this section we shall consider, as examples, what happens when the
transmission lines are of unequal length, the dipoles are not equispaced, and

the reflector is not linear.

Let 9 and P2 be the lengths of the transmission lines and let n1l, n 12 ,

n21, ' 2 2 , n31 , n32 , nl, and n42 be the coordinates of the dipoles (see Fig.28).
As our starting point we will take the linear reflector with a = 0.50A,

9- = 0.25A, XAn = 0 ohms, and Z0 = 73 ohms.

In Fig. 29, d is shown as a function of £2 when the other parameters are

constant. The curve for which coupling is taken into account does not have a
minimum for £2 = 0.25k, but it is seen that coupling only shifts its position
by 0.05A. As might be expected, d has its maximum when £2 deviates by X/2 from

£i2

2.I1. I I I I l l , , ,
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In Figs 30, d is plotted as a function of n1 1 , i.e., the effect of non-

equispacing is examined. In Fig. 31, d is shown as a function of n12 , i.e.,

the effect of non-linearity is investigated° In Figs. 30 and 31 it is seen

that coupling shifts the position of the minima by about 0.02X.

These examples show that in a Van Atta reflector in which coupling is pre-

sent, the deviation from Van Atta effect may be decreased by permitting the

transmission lines to be of unequal length, the dipoles to be non-equispaced,

and the reflector to be non-linear. However, the decrement which may be ob-

tained is small. Similarly, it is found that the increment in min obtaineda
by permitting the above-mentioned asymmetries is small.
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4. NUMERICAL OPTIMIZATION

In the previous chapter we have found that it is possible to find values

of the parameters so that the deviation from Van Atta effect d may be made as

small as we desire. Unfortunately, the reradiation decreases in such a way

thut the smaller the value of d the smaller the reradiation will be.

Due to this fact we shall optimize the reradiation pattern of the Van At-
ta reflector by using two different criteria.

First, we shall find the parameters of the reflector for which min, is as

large as possible, and d as small as possible.

Next, we shall find the parameters of the reflectors for which mrina is a-

bove various prescribed levels, and d as small as possible.

In Chapter 3 we have used the first criterion to find the so-called opti-

mum values of the parameters when coupling is neglected. Furthermore, the in-

fluence of coupling has been estimated for particular combinations of parame-

tere. In this chapter coupling will be taken into account for a large number

of combinations of parameter values and we are interested in exploring the pos-

sibility of finding values of Z, a, XAn, and Z0 for which coupling increases
the value of mina over its maximum value 2/rAn, obtained when coupling is neg-

lected.

Similarly, by using the second criterion, we shall investigate whether or

not coupling for some values of 1, a, XAn, and Z. causes the reflector, for

which maina is above a prescribed level, to have a deviation from Van Atta effect

which is smaller than that obtained when coupling is neglected.

After the two criteria have been applied to the reflector with transmis-
sion lines of equal length and equispaced dipoles, a further optimization will
be made in which we permit the transmission lines to be of unequal lengths, the

dipoles to be non-equispaced, and the reflector to be non-linear.

h.l. The reflector with the largest value of mina, and d as small as possible

4,l.a. The method

In Chapter 3 it has been found when coupling is neglected, that the opti-
mum values of 1, a, XAn, and Z0 are O.25A + p0.5OA, 1.50A, 0 ohms, and 73 ohms,

respectively. Coupling may change this result. Since coupling has the greatest

effect for a < IA. we shall first try to obtain an idea of whether coupling in-
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creases or decreases mina , for a < 1A, by evaluating mina and d for all combina-Saa
tions of values of k, a, XA., and ZO given in Table 1. Some characteristic sets

of values are selected for £ and a and the values chosen for XAn and Z0 are near

their optimum values (XAn = - 42 ohms is the reactance of a half-wave dipole).

In this way, mina and d are calculated for 1600 sets of parameters.

After considering the results of this calculation, we shall select the 10

sets with the largest values of mina. These 10 sets are then optimized as de-

scribed in Section 4.1.c. Together with the 10 sets, the 2 sets with the opti-

mum values given at the beginning of this section (X = 0.25A and 0.75A) will be

optimized. Hence, we get an idea of the influence of coupling when it is large

(a < lx) and when it is small (a = 1.5X). The maximum value of mina is not

found since a continuous variation of the parameters is not made, but it is ex-

pected that the results will only deviate by a few per cent.

4.1.b. The results for a < 1X

The results obtained by evaluating the above-mentioned 1600 reflectors

are conveniently described by considering mina as a function of one parameter

with the other held fixed.

It has been found that:

1. mina, as a function of X, usually has maxima near the lengths deter-

mined by cotBt = - XAnA/Zo.A typical variation of mina as a function

of the length is shown in Fig. 32.

In particular it is found:

a. mina is zero for Z = lXa

b. min is small for A = 1/2X. In particular, min is zero for k =a a

1/2X and a a 1/2X or lA.

2. mina, as a function of a, usually has its largest value for a = 1X

and a small maximum near a = 1/2X. For an example see Fig. 20.c. As

mentioned above, exceptions to this behaviour occur for £ = 1/2A and
lA.

3. Any choice of XAn' from among the values of Table 1, gives essential-

ly the same maximum value of mina by choosing appropriate values of

9, a, and Z0 .

4. min., as a function of ZO, usually has a maximum for ZO = 73 ohms.

However, there are some exceptions to this rule. One exception has

already been shown in Fig. 13.c.

We may conclude that there have not been found any sets of values for the

parameters of the reflector for which coupling causes variations in min othera

than those already observed in Chapter 3. Furthermore, it has been found that

aM
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the 10 sets with the largest values of mina all have a = IA. From this we de-a
duce that for all combinations of values of ', XAn, and Z0 for which min., has

a considerable value, coupling reduces mina as shown in Fig. 20.c.

4.l.c. The results of the optimization process

We will now consider the optimization of the 10 sets, together with the

2 optimum sets mentioned at the beginning of Section 4.1 .a. The optimization

is performed in the following way. First, k is increased or decreased in steps

of 0.02N until it is equal to a value for which mina, as a function of 9, is as

close as possible to a maximum. With the value of the length so obtained we,

similarly, change a, XAn, and Z in turn by steps of O.02A, 5 ohms, and 5 ohms,

respectively. Then P, a, XAn, and Z0 are changed anew in the same way, and so

on, until no enhancement of mina occurs when the parameters are increased or de-

creased by the steps given above. The magnitude of the steps is chosen so that

the optimization process does not take too much time and we may expect to obtain

a value of mrin which is close to its maximum.a
In Table 2 the results are shown for the 12 reflectors which are optimized.

In the rows denoted b and a we have the values of d, mina, and the parameters of

the reflectors before and after the optimization, respectively. As explained

above, a is equal to IA for the first 10 sets. We see that coupling causes A,

XAn, and Z0 to differ from the optimum values obtained when coupling is neglectedi

namely, 0,25A + pO.50A, 0 ohms, and 73 ohms, respectively. The deviations are

more pronounced for a = 1A than for a = 1.5A which is attributable to the fact

that coupling is larger for IA than for 1.5X. We see th.at the largest value of

nina, which is obtained by the optimization, is 2.82 and occurs for a - 1.54X

(compare with Fig. 20.c). Here we have an example in which coupling increases

mina over the largest value of mina, 2.74, which is obtained if coupling ii not

present. However, the increment is negligible and some of it may be due to the

fact that the back-scattered energy is only computed for discrete directions and,

therefore, the exact value of mina is not obtained. For a = 1A the largest val-a

ue of mina is 2.64, which is below the largest value 2.74 obtained when coupling

is neglected.

The reradiation patterns for the two cases mentioned above are shown in

Figs. 33 and 34. We see that for a = 1.54A there are more and sharper beams

than for a = 1A. In agreement with the curve in Fig. 18, the deviation from Van

Atta effect is smaller for a = 1.>4A than for a = 1X (see Table 3). A further

discussion referring to these reradiation patterns will be given in Section 4.3.
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4,.2. Reflectors with mina over a prescribed level, and d as small as possible

4.2.a, The method

In this section we shall find the values of the parameters for which min,

is larger than 1.5, 2.0, and 2.5, and d is as small as possible.

Again, when coupling is small (a = l.5)), we shall find how small a value

of d there may be obtained by varying the parameters about the optimum values

found when coupling is neglected.

When coupling is large (a < W), from among the 1600 sets of parameters

mentioned before, we select the 10 sets for which Z0 M 73 ohms and d is smal-

lest. It will be explained later why we have chosen the 10 sets with ZO = 73

ohms. These 10 sets together with the 2 optimum sets mentioned at the beginning

of Section 4.l.a, are optimized as described below. Again, we do not obtain the

minimum value of d when mina is above the prescribed level, but the evaluation

provides am idea of whether or not it is possible to choose 9, a, XAn, and Z0
so that coupling causes the deviation from Van Atta effect to be less than that

which would be obtained if coupling were not present.

4.2.b. The results for a < lX
From the analysis of the results of the 1600 reflectors we conclude the

following for the deviation from Van Atta effect:

1. d, as a function of k, usually has minima near the lengths determined

by cotBk = - XAn/ZO.

In particular, it is found that d usually has its largest value for

S= 1/2X and l1.
2. d, as a function of a, has minima for a a 1/2X and 1A. Often d has

a minimum for a = 0.75X but it has rarely a minimum for a = 0.25A.
Hence, a typical variation is shown in Fig. 18.

3. Any choice of XAn, from among values in Table 1, gives essentially

the same minimum value of d by choosing appropriate values of £, a,

and ZO.

h. d, as a function of ZO, decreases as Z0 increases.

As in Section 4.1.b we have not found any sets of values of the parameters

of the reflector for which coupling causes variations in d other than those al-
ready observed in Chapter 3.

I
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h.2.c. The results of the optimization process

We will now describe the optimization of the 12 sets mentioned in Section

4.2,a.

Above, we have seen that d is dec.xiased as Z0 increases. Therefore, it

was decided to optimize reflectors for which Z0 = 73 ohms and to finish the op-

timization process by increasing Z0 . Hence, the optimization process has been

made in two steps.

First, d is minimized by an optimization process in which k, a, and XAn

in turn change by steps of 0.02A, 0.02X, and 15 ohms, respectively, in a sim'-

lar manner to that described in Section 4.l.c. Next, d is decreased by increas-

ing Z0 in steps of 20 ohms until mina is below 1.5. As Z is increased we ad-

just XAn So that XAn + Z0cot$Z = 0, since we know from the previous chapter that
the deviation from Van Atta effect is smaller when XAn + Z cotSk = 0, than if

this is not the case.

The results are shown in Table 4 for the 12 sets. For every set the val-

ues of d, mina, the parameters of the reflector, and XAn + Z0 cot•t are shown

when:

a. The optimization starts.

b. The first step of optimization has been made.

c. X has been adjusted after the first step of optimization so that X +

Z0 cotBR = 0.

d. The second step of optimization has been made.

The rows designated a, b, c, and d in the table correspond to the a, b, c, and
d ;,ust -e . • W

d .just.mentoned. Wesee that a is either 0,50A or 1U for thc 10 sets selected

from among the 1600 examples. This is in accordance with the curve for d in

Fig. 18 where coupling is taken into account. This curve has namely, as men-

tioned above, the smallest minima when a is equal to 0.50A and 1X. It is seen

that, by the optimization process, a is not changed or only changes by 0.02A.

As might be expected we see that after the first step of optimization

XAn + Z0cotBt is decreased. Exceptions are the cases in which we start with

XAn + Z0cotBf :: 0. This is due to coupling.

When XAn is adjusted after the first step of optimization so that XAn +
Z0 cotat a 0, we notice that d often is increased and not as might be expected

decreased. However, the increment is small and is due to coupling. This has

been confirmed by computation. Furthermore, computations have shown that it is

not possible to obtain smaller values of d if XAn is not adjusted after the firs!

step of optimization.

From the values of d and mina obtained by the optimization process, the

parameters are selected for which minma is larger than 1.5, 2.0, 2.5, and d is
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as small as possible. This is done for both the first 10 sets and the 2 optimum

sets. The result is shown in Table 5. It appears that when we require a larger

value of min , then we find a larger value of d. It is seen that d is smaller

for a = 1.50A than for a = 1.00A and C.50A (values of d corresponding to the

same prescribed level of ruin must be compared). These two results might be ex-

pected from the results in Chapter 3.

In Table 6 is shown the values of d which may occur if coupling is not

present for a = 1.50X. d is made small by increasing Z0. A comparison between

Tables 5 and 6 shows that it has not been possible to find values of Z, a, XAnt

and Z0 for which coupling decreases the deviation from Van Atta effect so that

it is smaller than the deviation which may be obtained if coupling were not pre-

sent.

Tables 5 and 6 show that when we prescribe mina > 2.5,then X, a, XAn, and

Z0 are close to their optimum values mentioned at the beginning of Section h.l.a.

If we prescribe mina to be above the levels 1.5 and 2.0, then d is decreased by

increasing ZO.

In Fig. 35 is shown the reradiation patterns for The reflector with the

smallest value of d when min > 2.5, a < 1X, and coupling is taken into account.a

This reflector has a = l. In Pig.36 the reradiation pattern is shown for the
reflector with the smallest value of d when min > 2.5, a s 3X, and coupling

a

neglected. This reflector has a = 1.5X. As in the previous section we notice

that there are more and sharper beams for a = 1.5X than for a = lA. A further

discussion of the reradiation patterns follows in the next section.

4.3. The two types of reflectors

Table 3 shows the characteristic data of the reradiation patterns shown in

Figs. 33 - 36. The parameters of the corresponding reflectors are also given.

The plus signs indicate that coupling is taken into account and the minus signs

imply that coupling is neglected. d is a measure of the deviation from specu-s

lar effect in the same way as d is a measure of the deviation from Van Atta ef-

fect.

For the above reflectors we will discuss the influence of coupling and

compare the deviation from specular effect with the deviation from Van Atta ef-

fect. Furthermore, we will discuss the differences between the reflectors ob-

tained by the two methods of optimization.

It is observed that coupling decreases min in all cases, except in the

case shown in Fig. 34 and discussed above. A computation has shown that coup-

ling decreases the average back-scattering, gat in all cases. From Fig. 35 we
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see that coupling decreases the deviation from Van Atta effect whereas coupling

in the other cases increases the deviation.

From the reradiation patterns it is seen that the reradiation in the spec-

ular direction is of the same magnitude as the reradiation in the Van Atta di-

rection. This is in accordance with the results of Section 2.6. Table 3 shows

that coupling increases the deviation from specular effect just as it usually

increases the deviation from Van Atta effect.

For the two reflectors (in Table 3) optimized with respect to mina, the

deviation from specular effect is smaller than the deviation from Van Atta ef-

fect, whereas for the two reflectors optimized with respect to d, the deviation

from specular effect is larger than the deviation from Van Atta effect.

The largest difference between the deviation from Van Atta effect and the

deviation from specular effect occurs in the case shown in Fig. 36. This may

be seen from the reradiation patterns. For the ten patterns in Fig. 36, a di-

rect computation has shown that the sum of the angles between the Van Atta di-

rection and the direction of the maximum nearest the Van Attu direction is 140#

The corresponding sum of angles for the specular direction is 360.

The difference in d between the two types of reflectors will be smaller

the larger the value of min we prescribe. For, if we prescribe min to bea a
large enough, namrely 2.82 for the reflectors evaluated above, there would be no

difference.

The optimization with respect to d demonstrates how small a deviation

from Van Atta effect there may be obtained if we do not require mina to be as

large as possible. In the example with d = 1.66, it has been found, by aver-

aging over the 10 reradiation patterns shown in Fig. 36, that the reradiation

in the Van Atta direction is 96 % of the reradiation which would be obtained if

all the fields from the antennas were in phase in this direction.

For the reflector obtained by optimizing mina, it is found that the devi-

ation from Van Atta effect is so small (d = 2.53) that only in one case does

the maximum deviate by as much as 100 from the Van Atta direction and the devi-

ation usually is less than a few degrees (see Fig. 34). Furthermore, the rera-

diation in the Van Atta direction is 92 % of the reradiation which would be ob-

tained if all fields from the antennas were in phase. Thus, even the reflector

obtained by optimizing min may be said to have a small deviation from Van Attaa
effect.
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14.°4. Further optimization

From the reflectors described before we have chosen two reflectors, name-

ly:

a. The reflector with maximum value of mina, selected from among the 10 reflec-
tors in Section 4.l.c.

b. The reflector with d as small as possible when mina > 2.5, selected from

among the 10 reflectors in Section 4.2.c.

For these two reflectors it is investigated whether or not it is possible

to enhance min, and decreise d, respectively, by changing the lengths of the

transmission lines and thc spacings between the dipoles. The changes are made

in such a way that lengths and spacings are varied independently. That is, it

is permitted for the transmission lines to be of unequal lengths or the dipoles

to be non-equispaced and the reflector to be non-linear.

Again, let £1 and i2 be the lengths of the transmission lines and let nil,

n2 1 , n3 1 , n 41 and ' 1 2 1 n2 2 , n3 2 , n42 be the abscissab and ordinates of the di-

poles 1, 2, 3, and 4, respectively (see Fig. 28). First, with the previously

obtained values of the coordinates min (d) is increased (decreased) by increas-a
ing or decreasing £k. With the value obtained for 11, we then change Z2" Next,

with the original values of the lengths, we change nll, n21 , n3 1 , na41  n1 2, n2 2 -

n.., and n42 in turn in an attempt to make min, larger and larger (d smaller and

smaller). Z's and n's are changed in steps of 0.01A.

14.14.a. Maximum of min

a

In Table 7 we have shown the results obtained for the reflector with the

maximum value of mina . It appears that changes in I and £2 do not increase

mina° By varying the positions of the dipoles, it is seen that mina is increased

by changing rIll, n2 1 , and n3 1. Only n2 1 has been considerably changed. Mina is

increased by about 4 % and at the same time d is increased by about 10 %. As

might be expected, it is found that, if coupling is neglected, then it is not

possible to increase mrin a performing the changes described above.
a

4.4.b. d small and min > 2.5a
For the reflector with d as small as possible when mina > 2.5, the results

are shown in Table 8. We see that only a small decrement in d is obtainable.
When the lengths are changed, ki is decreased by O.OlX and £2 is increased by

0.01A. When the positions of the dipoles are varied n31 is changed by 0.01A and

the other coordinates are not changed. We notice that after making the changes



in the lengths, min is decreased and after making the changes in the coordi-

nates min is increased, but in both cases by small amounts.a
The two examples dealt with above show that min (d) may only be increaseda

(decreased) by small amounts by permitting the transmission lines to be of une-

qual length, the dipoles to be non-equispaced and the reflector to be non-linear.

Furthermore, as might be expected from the basic idea of the Van Atta reflector,

mina (d) is usually decreased (increased) when the lengths are unequal and when

the dipoles are not placed symmetrical about a center.
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5. CONCLUSION

In this report has been investigated the manner in which the reradia-

tion of a Van Atta reflector back in the direction of incidence depends on the

length (Z) of the transmission lines, the characteristic impedance (ZO) of the

lines, the imaginary part (XAn) of the antenna impedance, and the spacing (a)

between the dipoles. Only interspacings smaller than three wavelengths have

been considered.

A method has been presented by means of which the deviation from Van Atta

effect (d) is evaluated from knowledge of the currents generated in the dipoles

by an incident wave. It is shown that, when we wish to compare the back-scat-

tering of two reflectors with different parameters, the method of evaluating
the deviation from Van Atta effect is as good as a direct comparison between

the reradiation patterns.

A reflector with Van Atta effect has not been found. However, when coup-

ling is neglected, it is found that, for given values of k and ZO, the reflec-
tor will have a smaller deviation from Van Atta effect if XAn is chosen so that

XAn + Zocot6e = 0 than if this is not the case. Furthermore, the Van Atta ef-
fect may be increased as much as we desire by increasing 1Z0/sinaxI relative to

IRAn + i(XAn + ZocotOX)I. However, at the same time the reradiation decreases.
When Z, XAn, and Z0 are equal to 0.25A + pO.50A, 0 ohms, and RAn, respec-

tively, mina (the minimum value of the back-scattering as a function of the

angle of incidence), as a function of ', XAn, and Z., has the flattest maximum.
This is valid for all a > X/8 and it is found that max a/mina = /2- (maxa is the

maximum value of the back-scattering as a function of the angle of incidence).

For a < 3X it has been found that, when X, XAn, and Z have the values given a-

bove, the deviation from Van Atta effect is smallest for a = 1.5X. Furthermore,

it has been found that if we desire a spacing less than 1.5X for which d is

small, we should choose a = 0.50, 0.75, 0.25, 1.00, or 1.25X. These distances

are mentioned in order of increasing d.

When a tends to zero then min tends to maxa.

When coupling is taken into account, some of the results described above

are altered. It turns out that coupling for specific values of k, a, XAn, and

Z0 may have a large influence. Coupling usually causes mina to decrease and d

to increase. For a < 0.25X, min is only half of its maximum value. For somea
values of the parameters and for some angles of incidence the back-scattering

is increased 50 % by coupling.

I III
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The analysis of the reradiation from 1600 sets of parameters has indicated

that variations in min and d as functions of the parameters of the reflector

are not affected by coupling. That is, including coupling does change the val-

ues of min and d but the variations in these values appear to be the same as
a

those described above where coupling was neglected.

By using the results from the investigation in which coupling is neglected,

and the results of the calculations for the 1600 eats of parameters, the rera-

diation pattern has been optimized by using two different criteria. First, the

reflector for which mina is as large as possible, and d as small as possiblea
has been found. Next, there has been obte'ned values of the parameters of some

reflectors for which mina is above various prescribed levels, and d is as small

as possible.

By using the first criterion, a reflector has been found for which coup-

ling increases mrina over the maximum value which is obtainable if coupling were

not present. However, the increment is negligible.

By using the second criterion it turns out that, when we require a larger

value of mina, then we obtain a larger value of d. In this case it has not been

possible to find values of Z, a, XAn, and Z0 for which coupling decreases the

deviation from Van Atta effect so that it is smaller than that which may be ob-

tained if coupling were not present.

For both types of reflectors obtained by the optimization it turns out

that a is close to 1.50A. For the first type of reflector and for the second

type with min a > 2.5, it has been found that k, X.., and Z are close to the op-

timum values found when coupling is neglected. For the second type it is found
that when we prescribe mina to be above a level smaller than 2.5, d is usually

a

decreased by increasing Z0 .

A further optimization shows that, due to coupling, mrina may be increased

and d decreased by permitting the transmission lines to be of unequal lengths

and the dipoles to be placed asymnetrically about the center of the reflector.

However, the increment in mrina (the decrement in d) is at best small and most

asymmetries would in fact have the opposite effect, that is, min a would be de-

creased and d increased.

I~ ~ I I
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9/x 1/8 2/8 3/8 4/8 5/8 6/8 7/8 8/8

a/X 1/8 2/8 3/8 4/8 5/8 6/8 7/8 8/8

X/0/o1,. -42 -20 o 20 42

Z/o13na 50 60 13 80 90

Table 1#

Combinations of the parameters.
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Set d mrinm i a/X XA,./ohms Zo/ohms

--b 3.42 2.618 0.750 1.000 0

1 -a 3.39 2.630 O.M0750 'IO -5 60
b 3.21 .9 0.250 1 .Uo-o 20 -9B0

2 - - -
2 3.25 2.616 0.250 1.000 25 90

b, 2.51 2.595 0.750 1.000 0 73

3 7 3.26 2.638 0.750 06000 0 63

b 2.98 2.588 .2 2 .000 10 50

4 '- 3.26 2.632 0.645 1.000 - 38 50-

b 3.36 7.569 0.125 1*000 43 6-05
a 3.00 2.602 O.05 1.000 - 53 60

- b 2,89 2.566 0.125 1.000 -13 73

3 3..5 2'.602o 0.145 0.980 -3 68

lb 3.56 2.5h4 0.250 1.000 20 80
a 3.25 2.616 0.250 1.000 25 90

b 2.57 2.529 0-.750 1.000 0 8

3.38 2.637 0.730 1.000 - 10 60

b 3.11 2.528 0.750 1.000 20 73

a 3.15 2.641 0.790 1.000 15 63
b 2.70 2.509 0.125 i. 000 - 43 80

10 a 3.03 2.584 0.15 .000 - 75

b 2.25 2.619 0.250 1.500 0 73
a 2.53 2.820 0.230 I 1.540 - 5 68

b 2. 2.741 0.750 1.500 0 73

-2 J a 2.50 2.777 0.750 1.520 0 73

Table 2.

Maximum of mina.

- I I II I II I II I II I II I II I I
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Fig. Coup- d =inm fmax a d 9L d a/A XAn/ohms Z0 /ohms
ling s

+ 3.15 2.64 3.60 2.95 2.91 0.79 1.00 15 637. 2 --------

- 3.32 2.73 14.12 3.35 2.72 0.79 1.00 15 63

+ 2.53 2.82 3.67 3.13 2.39 0.23 1.54 - 5 68
7 . 2.69 2.73 4.03 3.43 2.33 0.23 1.54 - 5 68

+ 2.48 2.54 3.1. 2.80 3.43 0.67 1.00 - 35 73
7 2.70 2.71 3.74 3.16 3.36 0.67 1.00 - 35 73

+ 1.67 2.48 3.11 2.78 3.21 0.25 1.50 0 93

7. [1.66 2.66 .3.38 3.01 '3.15 0.25 =1.50 J 0 93

Table 3.

Characteristics for the Fig3. 7.2 - 7.5.

, - II I



set . Z- 0 ohms x z 0cot 8Ri ms

-a 289 2.129 0.250 0.50 0 73 0

b 2.23 1.909 0.330 0.50 15 73 - 25
a 2.511 2.073 0.330 0.50 40 73 0
d 1.1711.413 0.330 0.50 95 173 0

a 2.81 2.59 5 0.1 oo 1.00 0 0
b 2.77 2,468 0.770 1,00 0 3- 9
c 2.79 2.589 0.770 1.00 9 73 0
d i.Ji 1.493 0.770 1.00 27 213 0

a 2.71 2-0-7 0.125 0.50 - 73 31
b 2.23 2.034 0.185 0.52 - 42 73 - 10
c 2.42 2.122 0.185 0.52 - 31 73 0
d 1.10 1.466 0.185 0.52 - 75 173 0

a 2.48 2.334 0.625 1,00 -4 2 73 31
4 b 1.26 1.629 0.565 1.02 - 177 73 - 8

c 1.26 1.672 0.565 1.02 - 169 73 0
d 1.01 1.401 0.565 1.02 - 215 93 0

a 1.94 1.765 0.375 0.50 4- 73 - 31
b 1.35 1.675 0.415 0.52 117 73 - 6
c 1.4o 1.706 o.415 0.52 124 73 0
d 1.13 1.494 o.415 0.52 157 93 0

a - 2.28 27045 0-875 1.00 42 73 316 b 1.26 1.636 0.935 1.02 162 73 -7
c 1.26 1.672 0.935 1.02 169 73 0
d 1.01 1.401 0.935 1.02 215 93 0

a 2.6 1.973 0.250 0.50 - 20 . 73 -20

b 2.43 2.062 0.230 0.52 - 20 73 -11

c 2.63 2.159 0.230 0.52 - 9 73 0
d 1.07 1.438 0.230 0.52 - 24 193 0

a 2.9 2.332 0.750 1.00 - 20 73 -20
8 b 2.48 2.537 0.670 1.00 - 35 73 5

c 2.47 2.497 0.670 1.00 - I0 73 0
d 1.081.465 0.670 1:00 -1o6 193 0

a 2.46 1.616 0.375 0.50 20 73 -53
9 b 1457 1.779 0.395 0.52 80 73 - 14

c 1.65 1.858 0.395 0.52 914 73 0
d 1.12 1.486 0.395 0.52 146 113 0

a •763 !.6 8750. 1.00 20 73 -53

10 b 1.26 1.678 0.935 1.02 170 73 1
c 1.26 1.672 0.935 1.02 169 73 0
d 1.01 1.4ol 0.935 1.02 215 93 0

a 2.2526190.2,D 1.50 -0 73 0
b 2.10 2.550 0.270 1.52 0 73 - 9
c 2.12 2.667 0.270 1.52 9 73 0
d 0.65 1.451 0.270 1.52 29 233 0

a 2.•49 2,744 0.750 1.50 0 73 0

12 b 2.145 2.688 0.770 1.50 0 73 - 9
e 2.47 2.743 0.770 1.50 9 73 0
d 0.71 1.432 0.770 1.50 32 253 0

Table Ii.

Optimization of d.
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Set d mina /X a/x XAn/O1hms Z0 /ohms XAn + Z0 cotBt/ohms

8 2.48 2.537 0.670 1.00 - 35 73 - 5

6 1.59 2.003 0.915 1.02 132 73 9

7 1.17 1.536 0.230 0.52 - 22 173 0

12 1.92 2.635 0.770 1.50 12 93 0

11 1.15 2.122 0,270 1.52 16 133 0

11 0.71 1.555 0.270 1.52-- 26 213 0

Table 5.

The smallest values of d depending

on rain .Coupling taken into account.

d m, n 91A a/ X/ohms Zo/ohms Xn+ Zocot/ohs
aii a ý An 0 (tom

1.66 2.659 0.25 1.50 0 93 0

1.03 2.128 0.29 1.50 0 153 0

0.67 1.563 0.25 1.50 0 233 0

Table 6.

The smallest values of d depending

on mine Coupling neglected.
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- - - ~- -3 --

d mina £1 1 2 1X 11 n2 1 14 n2 2 1X n3 2 /X n42/X

before
changes 3.15 2.641 0.79 0.79 0.00 1.00 2.00 3.00 0.00 0.00 0.00 0.00

after -- - -...
changes 3.15 2,641 0.79 0.79 0.00 1.00 2.00 3.00 0.00 0.00 0.00 0.00
in I's
after
changes 3.43 2.719 0.79 0.79 0.01 0.94 2.02 3.00 0.00 0.00 0.00 0.00
in n 's I....... ....

Table 7.

Maximizing of min by changing the lengths and the spacingsa

independently. X A = 15 ohms, Z0 = 63 ohms.

e d mina /1 A I 2/X n11 A n21/A n3 1 /A n4 1/A n 12 /A n2 2/A n32IA n 42 /A
before I

changes 2.48 2.537 0.67 0.67 0.00 1.00 2.00 3.00 0.00 0.00 0.00 0.00

after
changes 2.46 2.498 0.66 0.68 0.00 1.00 2.00 3.00 0.00 0.00 0.00 0.00
in I's
after m

changes 2.45 2.555 0.67 0.67 0.00 1.00 1.99 3.00 0.00 0.00 0.00 0.00
in n's III I I I I

Table 8.

Decreasing d by changing the lengths and the spacings

independently.XAn - 35 ohms, Z0 = 73 ohms.
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Fig. f. 'The reflector.
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Fig. 2. The reflector

ZAn ZCf ZA,
V• V4
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Fig. 3. EquIva/ent circuit for dipooles f and 4.
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Fig. 4. Placing of dipoles.
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Fig. S. Current' plane.
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Fig.6. The beam 1/7 the Van A/ta direc//on for

different values of doi.



d a-050A

XAn= 0 ohms

6 ZO-" 73ohrns

- - Coupling neglected

S\--Coupling iakenSj x. .''•'" into account

3
2

0
0 025 050 0.75 1.00

Fig. 7. d as a function of the length of
Mhe transmission lines.
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i a=0Q,50 ?X

Z: = 73 ohms

5 Z-7--)An- Zoc°tpl

4 -XAn= 0 ohms

3
I2/ ' //,,

"/

0 ''N, -, 7-f/

0 025 0.50 075 NOO

Fig. e. d as a function of / when XAn=-Zocool

and XAn= 0 ohms. Coupling neglected.

S~a: 0.50\•

20: 50 ohmsd Z

-__XAn -20 co~l/

5 -XAn = 0 ohms

3

2/f / / \\/
• \ /

SI \ /

0 K i
/ \ /\

\1

0 025 0.50 075 0OO

Fig. 9. d as a function of/ when XAn =-ZoCo/Al

and )yAn r 0 ohms. Coupling neglected.
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-a 050)k

Z0 - 73 ohms

--- XA n =-- 73 ohms

6 "-XAn = 0 ohms

S--XAn = 73 ohms

4

2

0
o 025 0.50 0.75 1.00

Fi.f0. d as a fundc/ton of the length for XAn=

-73, 0, and 73 ohms. Coupling. neglectfed.

a= 0502ý

d ZO=73 ohms
Xnz 73 ohms

6 --- X.nz 0 ohms

5 --- XA,=-7 3  ohms

4N

3

2

/

0 , I I, /:

0 025 0.50 0.75 1.00

Fig. If. d as a function of the length for XAn=

-73, 0, and 73 ohms. Coupling taken

into account.



d 025?,

a- 050 >,

7 XAn 0 ohms

6 _Coupling neglected

4 '~~Coupling taken into accounft

3
I i 

'-_ 
-hms

2

0 

om

0 50 sot00 f5 200 2530

Fig. 12. d as a functionf of the characteristic

impedance.

9a 025)o I= o05 0 3

6 
a: 0.50)'

5 XAn= 0 ohms

5 ___Coupling neglected4 •__Coupling 
taken into accoun

3

2
I 4 hms

0 0 50 0O0 150 200 250

Fig. 13.a. g as a function of the characteristic

impedance.



Maxa

ga

6 Coupling .neg/ected

5

4
3

2

o I I . .. I ' .. . I,,:'-Z0

0 so 1O0 f50 200 250 300 ohms

Fi. 3.b. maxo, ga , mina as a function of ZO.

Parameters as in Fig.13.a.

max0

6 rn/ Coupling taken into account

5

4

3

2

0 ,bI , , s -Oo
0 so /00 150 200 250 300

Fig. 13.c. maxa,garmina as a function of ZO.

Parameters as in Fig. 13.a.



d a= 050A

Z0 z 73 ohms

6 --- Coupling neglecied

5- Coupling taken

4 /ino account

3

2

025 05O 075 1.00

Fig. 14. d as a function of the length of the
brnsmsnsion lines.XAn- -ZIcop/ for
each value of I.

96 a=S 050A

ZO= 73ohms

--- Coupling neglected

4 �~ Coupling taken

3 - " -, -- . into account

I,/
0

0 025 0E50 075 tOo

F'g. f.5a. g. aas a function of the length of the
transmission l/nes.-XAn-Z0 co/ji for each
value of I.
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rn/n0o
raino

6

S Coupling neglected

4
3

2

0 0 US 0.0 0ý-to------

Fig. f5.b. maxa,ga, mina as a function of the length
of the the transmission lines.
Parameters as in Fig. fS.a.

maxa

Coupling taken

6 into account

5

4

3
2

!0 ------
0 025 050 0.75 .O0

Fig. 5S.c. maxa, ga,mina as a function of the length
of the transmission lines.
Parameters as in Fig. fSa.



d

a r-050 A

7 XAn -Z$co/pI

6 f Coupling neglected

S

4

3

II

0
0 025 050 075 f.00 0

Fig. 6. d as a function of I for ZO= O, 30,

73, and ffo ohms. The numbers on

the curves indicate Zo in ohms.

mm-- 0502

73 XA -nZoCo

Couplin~g neglected

33

2

0
0 025 030 075 WO.

Fig. 17 rn/na as a function of I for ZOZ 1O, 30,

73, and ffO ohms. The numbers on

the curves indicate Z 0 in ohms.



/:r02S Xd

XAn Z 0 ohm's

Z0 z 7,3 ohms

7- -- Coupling neglected
0d 6 - Coupling taken into account

5

4
3 /l '/J, t ~

2!

0 0.5 to f.5 2.0 25 ,:10 A

Fig'. fi. d as a function of the spacing.

XAn Zo coo /

IdoCoupling neglected

7 AAn = 1 MIS,,

6 -O 73 ohms•

S
4

3

2

0
0 O5 fO 5 2,0 2.5 30

F/q. 19. d as a funchon of the spacing.

XAnC ZoCO/O $0.



go I1= Q256•

XAn =0 ohms

Z0 =73 ohms

--- Coupling neglected

4 -Coupling faken info account

2

0 , !i ic

0 05 f.0 1.5 2.0 25 3.0

Fig. 20.a. ga as a function of the spacing.
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g0  / = 0.25 •

rnina XAnz 0 ohms

Z0 =. 73 ohms

5 Coupling neglected

4

2

0 ,
0 05 f.0 f5 2.0 2.5 3.0

Fig. 20.b. rmax, ga, and min a as a function

of the spacing.

max /= Q25x

7 ga XAn 0 ohms
6 mina ZO= 73 ohms

S Coupling taken into account

4

3 _

2

0

0 0.5 1.o /S 2.0 2.5 3.0

Fig. 20.c. maxa, ga,and mina as a function

of the spacing.
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6 --- ZO-" 73 ohms

43 X / --- Coupling neglected

-Coupling taken

2 into account

0

-300 -200 -fO0 0 100 200 300

Fg 2, d as a function of XAn

a= 050A
g o: Q25 '

6 ZO x73 ohms

5 --- Coupling neglected

4 -Coupling taken

3.. "'". Into account

2

0 , "XAn

-300 -200 -tOo 0 100 200 300/ ohms

Fig. 22, ga as a function of XYAn.
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d or- 0.50 k

6 X)An- 0 ohtms

.--- Coupling neglected

5--Coupling taken

into account'

9" 7

0
0 025 QSO 0.75 /OO

Fig. 23. d as a function of the length of

the fransmls.sion lines for

ZOz 50,73, and 90 ohms.

The numbers on the curves indicate

Z0 in ohms.
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a= 0,50OA

3.0 XA n-'

--- Coupling neglected

- Coupling taken
l ] into account

25

0 025 0.50 0.75 OO

Fig.24. ga as a function of the length of

the tran.smission /ines for

Z0 = SO, 73, and 90 ohms.

The numbers on Mhe curves indicate

Z0 in ohm5s.
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ga a: 0502

min, XAn: 0 ohms

Z.0- 73 ohms

6 Coupling neglected

4

2

0 025 0.50 0.75 f.00

Fg. 25. maxa, gaand rnina as v function of

the length of the lines.

maxa

7 ga: OS A

6 XAn-X 0 ohms

S Z0 x 73 ohm.s

4 Coupling taken

into account

2

0
0 025 0.50 0.75 .0

Fig. 26. maxa, ga,and rmina as a function of

the length of the lines.
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f 0.50\ga O-0O 'A

6 ZO=. 73 ohms6 Coupling neglected
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fig. 27, maxa and go as a func/ion of kAn,
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(n11, n12) (n,,21,?2) (n31 o o1n,

Fig. 26. The coordinaies of the dipoles.

d

6 Na~ 0502X

7 I1 02S\
// X•)An-- 0 ohms

5i ZO =73 ohms

"4 --- Coupling neglected

3 -- Coupling taken

2 into account

f

0 025 0,50 075 1.00

Fig. 29. d as a function of ip.
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If -Q25;• A~ O•, f-:5

XAn =0 ohms

Z0 73 ohms

--- Coupling neglected
4 Coupling taken into account

2

0 - I . . . . . . , ,,. .I/

-0.fO -0.05 0 0.05 010

FIg. 30 d as a function of ni.

n2=O.S A•, n,3f z f.0 ýk, n., z X.SA

,22'n32-2

XAn: 0 ohms

Z 0 = 73 ohms
d --- Coupling neglected

4 -- Coupling faken into account

2
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Fig. 3 d ajs a fundcion of of2



a-- 0.8752
min IXAn-- 42 ohms

55 ZO = 73 ohms

4

3

2

0
0 025 0.50 0.75 1.00

Fig.32. Characterisic varirrtion of min, as a

function of the length.

Coupling taken into account.
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Fig. 33. Reradafion pal/erms for the reflector with the largest
value of mina. and d as small as possible when a & .

Coupling Is taken Into account.
For characters•stcs see Table 3.



0 2 4 0 2

0 2 40 2

0 2 0 2
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Fg. 34. Reradiabfon pa/terns for the reflector with the largesf
value of mina, and d as ssmail as possible when a-•3 A.
Coupling is taken into account
For characteristics see Table 3.
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0 o 2 4

=. 4 0 0 Z. 50 0
I/

0 2 4 2 4

=, 600 l ,700

0 2 4

,/--600 Oi = 90*
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Fg.35. Reradiaf/on patferns for Mhe reflector with m/na::2.
and d as small as possible LA/hen a-f 2.

Coupling is taken into account

For characteristics see Table 3.
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Fig.36. Reradation patferns for the reflector with minac: 2 .5 ,
and d as small as possible when a-32O.
Coupling is neglected
For char'cceristics see Table 3.



Security Classification
DOCUMENT CONTROL DATA • R&D

(3.$ uidty et..jfjleitdon of title, hodl of .bfrieot end indexing actnotefton mule be entered when the overll reep. Is cI. aelled)

OqI iINATINO ACTIVITY (Comorto author) 20 MCPORT SC|VIf TY CLASSiPICATION

Laboratory of Electromagnetic Theory I Unclassified
Technical University of rDnmark 1b oRou,

lowbngb Denmark
3 nePORT TITLE

OPTIMIZATION OF THE RERADIATION PATTEPN OF A VAN ATTA REFLECTOR

4. DESCRIPTIVE 44OIES (Trp, ofi ppott 4" InoIuely1 dal.l)

Scientific Report No. 14
5. AUTHOR(S) (L&hi name., fie no,. initial)

Appel-Hensen, J.

S. REPO RT DATE 7A TOT0L NO. OF PAGES 76. NC. or RERS

I July 1966 To 1
41 COONTRACT Oft GRANT NO, $A- ORIG41A ?ORS REPORT NUM8Itf($)

AF 61(052)-1794
h. PoJecCTo. 8 127 R 52

14600 Sb6. gTHUR VIRONT NOi'S) (Any 01hrnuibew diet my 154 aaeitoodTask No, 4•600 10 itrpeI

10 AVAILAGILITY/LIMITATION NOTICES

II SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
European Office of Aerospace Research
Shell Building, 47 Cantersteen
Brussels, Belgium

13 A8STRACY

An optimizr.tion of the reradiated field from a linena Van Atta reflector conaist
ing of four equispaced parallel half-wave dipoles is zade.
Before the optimization process Ie discuusnd, a detailed theoretical investiga-

I tion is a*Ae. A general expression for the reradiated field is established so
I that it is possible to study the influence of asymmetries in the location of the

dipoles, unequal length of the transmission lndes, and a mismatch between the
dipoles and the transmission lines. in particular, the dependence of the rara-
distion pattern on the length and the characteristic impedance of the transmis-|
si~on lines, the imaginary part of the dipole impedances, and the spacing between
the dipoles, is investigated.
The reradiation pattern is optimized so that the back-scatteriw, a# a function
of the angle of incidence, has its. largest.minimim= value. The optimization is
performed both when coupling is neglected and when it is taken into account. In
the optiniz-atioa tofSaidrst ion,- is.:giyen to-.tbe- shap* t o.the, rerediationo etflt6rn-
atar te0direction "•aokinr&A& diveotini of -pr.P0ipon.of_.an.incident wave.

DD I-M, 1473. Unclassified
Security Classification



Unoliassified
Security Clas,•ification

14 LINK A LINK 3 LINK C
KEY W*ORS -ot._ *T not I WT ROL %

Van Atta Reflector

Linear Arraiy

Retrodirective Reflector '1 - I

Adaptive Antenna System

Dipoles

Mutual Impedances

Optimization

INSTRUCTIONS
I. ORIGINATING ACTIVITY: Enter the name and address imposed by security clarsification, using standard statCimenvt;

01 the contructor, subeontractor, grbntee, Department of De- such as:
fense e.ýtivity or other organization (corporate author) issuing (I) "•ualified requer'ers may obtain copies of 1h)g
the report, report from DDC.
2.. REPORT SECUlTY CLASSIFICATION: Enter the ever- (2) "Foreign nrnounceme;t ar. diseetintion r. .i-Iall security classification of the report. Indicate whether
"Restricted Data" Is included, Marking is to be in accord- report by DDC is not auLhorized.

ance with appropriate security regulations. ('A . S, v in e .'. m "') a rt - - .V

I ,MOT Aut$s ti dong ahss M 'led>i D Dit-~n iDO~rq'tid~10 Itj Armed Forcesrblustr Manu teorrto '
tr -ll , .*hin appi hle , I i; ''nit, • - - -oIke+gs v, bee',A' ue , Group and cnup 4 ut. h-er- / --- "

E.3,LU .f"I' report directly from DDC, Other qualified users
'ttEPoI�tCiITL Enies the complete report title in atl shall request through

capital letters. Titles in all cases should be unclassified,
If a meaningful title cannot be selected without class'ficn-
tion, show title classification in ail capitals In parenthesis (S) "All distribution of this report is controlleA. C'.•sI.
immediately following the title, isfed DIC users shall reqIlect thro-gh

1. DESCRIPTIVE NOTES IU ap'propriate, enter the type of ."
report, e.r,,, interim, progress, summary, annual, or final. If the report has been futished to the O'Cc- of Tec,.nie;
Give the inclusive datet when a specific reporting period Is bervice*, Department of Commerce, for sale to tme pLblic. in.:-
howted, cate this fnct and enter the price, if kno•s.
S. AUTHOR(S): Enter the name(s) of author(s) as shown on 11 SUPPLUE.SENTARY NOTSS: Use for additional explana-
or in thu report. Enter tlot name, first name, middle initial, tory notes,
If rr.ilitary, show rank and branch *f service. The name of
the f, ipa'. . -thor ill On absolute m3nimuma requirernenlt. 12. SPONPI)NING I?¶L!TARY ACTIVITY: Ewi-tr the rkn,ý oftpil l REPOR thr iEanter a lthe dateimumh repuiret. asdaythe departnental project office or laboratory spnnorirg (pay-
mo. tF.OyerT oAT' Enter the date of the report ap day, ing for) the' reseunrL•h and development. Include Pdcreesa.month, year; or month, year. If more• th.an Ono •;aie aippears - I'~CI idrb,~ '~ ,Ic

onr the report, ue ii date of Publication. A"*'' E f ll e por": . tua;
7A.- TOTAL NUM3LER OF PAGES; The total paru count 'W tmsrkfthe li.• uenent'indicatie b ot C.reportl'h v " theuglh1,v hu; 11 re.ie. norsil p .. n .Olpo e u a;. .e. b r the . 1

nec~a pin tip~~ed~i5.. e i j te 'it (Aiy n~uoyM)paitr elsewhere in the btd§ Ve'tt' tu~ch.'. :(,I te-
t 2 f�' b e. d• -ttinini¶, infornation, ih t I nbe pnrvL If.a sitional spacet is required, a continoation s.h'ct s .ll

.e1, tFR O'r1REFERENCES? I E ,nte ht n ber of .. ,.,L"NIJ , . ste e tI-o.o I t As hithly desirable that the n:.strart of c'livssift nl repe--:s
l~ 1r~ ,nc~2itd~i ER i~. eter be unclassified. rach paragraph of it rab~troct shall to ! %it.1

• CO l.\ ",-,'G RN7 NUý EP fir enter an ind.,ation of the military security classific.tion Of the in-
oppol+ ; ih 4,w.'.r n f 1'ro contract or grant under which formation in the paragraph, represented ts (T.s) i`S). Wc). or (UJ)

Iul r.'podr was writtvn. There Is no limitation on the t.ngth of th, abstract Ho'-
, , P•.). J".'.T• E•,.in the.apigopriate ,, gver, t))q suggoated length is from I50 tI 225 vords.

,,,i:it -rv deparresent identification, such as project number,.subproject~nimber, system nuII,b~erW,'•a,rl4u • ,tq-, , _ .,JMtuE OUS Ktf'•d~~ ehk•l •a iul terms
or short phrases that characterize a report and may be u- .. d s

'1a O'1GINATOP'S REPORT NUMBER(S): Enter the offi- indlex entries for cataloging the report. Key words mu,-t ',eI iil rmport rsliher by which the document will be identified selected so that no security classification is required id•'nu-
Hnd controlled LUv the originatirng activity. This number must fliers, such as equipment model desisssation. trade name. militer,
he urique to thi. repnrt. project code name, geographic location. may be used -s key
f Qc. OTHER RPtPORT NC1ER(S)', It the report has been words but will be followed by an indication of t-chnlc.,I cc'-
assigned any other repert ,lumbers (either hY the origrnator taxt. The assigninent of links, rules, and wc.:h .; is optional.
or b, tfle sprons-)r). alsn enter this noimber(s).

10. AVAILA 'LITY, LIMITATION NOTICES: Enter any lim-
itations on fwtther dissemination of the report, other than those1

Unclrnasifird
Securily Classification


