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ABSTRACT

“An optimization of the reradiated field from a linear Van Atta reflector
consigting of four equispaced parallel half-wave dipoles is made.

Before the optimization process is discussed, a further and more extenw
give}?ﬁe?;eg§9§1 investigation than the one given in Scientific Report no. 2

Ais made., A genersl 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 & mismatch between the
dipoles and the transmission lines, In particular, the dependence of the rerae
diation pattern on the length and the characteristic impedance of the transmig-
sion lines, the imaginary part of the dipole impedances, and the spacing between
the dipoles, is investigated.

The reradiation yattern is optimized so that the backescatiering, as o
function of the angle of incidence, has its lergest minimum value. The optimi-
zetion 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,




1, INTRODUCTION

The Ven Atta array is essumed to operate in the following manner: an inw
cident plane wave generates currents in the antennas composing the array in
guch & way that their fields are in phase back in the direction of incidence,
for a1l angles of incidence. If this is the case, we say that the rellector
has a Van Atta effect and it will always have a maximum of reradiation back in
the direction of incidence. However, the theory applied to & Van Atta array
consisting of half-wave dipoles (1, 2) shows that this is only true to a limited
extent, In order to meke & further study of this fact & method is presented for
computing e 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 engles of incidence, we say that the ligure is a
measure of the deviation from Van Atta effect. Therefore, the rigure computed
will be referred to as the deviation from Van Atte 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 tho
behaviour of the reflector. In Fig, 1 is shown the four dipoles. The direc-
ticn back in the direction of propagation of an incident plane wave is called
the Van Atte direction. Another direction of interest is She mirror direction
or specular direction which would be the direction of the reflected principal
ray if the dipoles were replaced by a metallic plate perallel to the plane
through their axes, The direction of incidence is in the plane normal to the
axes of the dipoles end 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 Ven Atta effect.

2. The reflector hes a mirror effect (speculer effect) to the sane degree as
it hes & 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 ell angles of incidence),

3. The coupling may decrease the deviation from the Van Atta end/or the mirror
effect,

k., The deviation from Van Atte effect depends on the length of the transmission
iines.
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In this report we shall consider the dependence of the deviation from the
Van Atta effeot not only upon the length of lines but slso upon spacing and mate
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 impedance.

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 celculated for two half-wave dipoles in free space. The faet that the mu-
tual impedance of any two &ipoles depends on the presence of the remaining di-
poles is neglected. A simple method which tekzs this into account does not seem
to exist, lHowever, it is assumed that this approximetion does not cause signie
ficent error.

The theoretical and numerical investigation is made for four dipoles only.
The four dipoles may be considered as two pairs of antennas in an erbitrary Ven
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 investigzating the simple reflector is rather large, and will increase reapid-

ly wvhen more elements ere taken into account.



2. THE RERADIATION PATTERN AND YTHE 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 deviae
tion from Van Atta effect will be established, In Section 2.5 we find the cir-
cumstances in which the back~scattering, as a function of the angle of incidence,
has its largest mi=!== +~lue, VFinally, 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 helf=-
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 end the transmission lines. In order tc do this we will consider four
dipoles the centers of which are placed arbitrarily with respect to each other
in & 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 4 and that di-
pole 1 is connected to dipole k and dipole 2 to dipole 3. The degree of mig-
match between the dipoles and the trensmission lines is altered by changing the
characteristic impedances of the transmission lines and the reeactances of the
dipoles, During the investigation the characteristic impedences of the two
lines are kept equal, The half-wave dipole reactances are chenged by the same
emount by means of impedance trancforming 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 syrmmetricelly (not always on & line) about a common point.

2,2, The reradiated field

The equivalent circuit for dipoles 1 and 4 is shown in Fig. 3. A Tecir-
cuit with impedances ZBl and ZCl is used as an equivalent c¢ircuit for the trans-
mission line of length 21 connecting divoles 1 and 4, For the trensmission line

of length 22 connecting dipoles 2 and 3, a T=circuit with impedences 7., and ZC’

B2
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is uased, Vl, Va, V3, and V,‘ are the free=gpace open-circuit voltages induced

by en incident field in dipoles 1, 2, 3, and 4, respectively, Iys Ly I3, and

I), are the currents in the four dipoles composing the reflector. The mutual

impedance between dipoles r and s (r,s = 1, 2, 3, U) is denoted dy L (ris).
Fram the two equivalent circuits is readily obteined

(2, %2180y )T, + Zyoly * 21515 * (Z5y*243,07, = ¥, (1)
B1ply * (Zpgtogotlop)ly + (Zppt2y3)T4 + Zoyly, =V, (2)
Zi4I; + (Bpo*By3) Ty * (2 $2pa 420,014 + Zyh, =Yy (3)
(229300 + ZoyIy * Baply + (B, "0p Hgy My = Ve (W)

ig2

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

ige ise

1 1
(BpntlpH(lme D2y -Zpe L
iBQl
iBﬁl
+ (213-z3he )¢3
-1821 iBQl 1821
+ ((ozm Bl ch(l-e ))e +Zlh)1h = Vlnvhe [ (S)

From this equation is obtained

iBRl iBRl iBl iBEl
(BptZope DI eTge DI (Zgge I3, 20)e  42,0L
iBil

=V ~Vpe R (6)

by using the relations
Bﬂl

ZBl + (l-e )2 » 2, )
-iBRl

- 25 (1-e )zCl = 2, (8)



which may be derived from the expreseions for the impedances of a T=circuit ee
quivalent to a transmission line of length kl:

Be

. 1
Zg, = ~ 185t 075-) (9)
12
2., & e (10)
Cl sin(ﬂkli ’

where Zo 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
iBZl iBQl iBEl iﬁ&l
(Bpt2om2ye @ 2pe NI M2y geTge TIIgH(-Zy +20)e T4y )T,

iezl
=V, = Ve (11)
ieze ige, isxe i8%,
(z12 13¢ )11+(z +zo-z22 )1 +((-2 +zo)e *223)13+(Zeu‘z3h° )Ih
182,
=V, - Vae (12)
ise, 182, g4, ise,
(Z13 1€ VI +((-Z +Z Ye +Ze3)12+(zAn+zo-Z23e )I3+(Z3h'zahe )Iu
134,
= v3 ~ Ve (13)
188 ige B2,y ipe

1 1 1
((—ZAn+zo)e +zlb)11+(z2h-zl2e )12*(Zsu‘213e Ly +(z 0 20~%1¢ )1,

iBﬁl
=V, - vle . (14)

The transformation of Equations (1) = (4) to Equations (11) -~ (14) is
nade in order 4o obtain a system of equations which is valid for all values of
21 and ke. This is not the case for Equations (1) = (4) (see Equations (9) and
(10) for 2y, end ch).

-
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Equetions (11) ~ (1k) reduce to Equations (1) ~ (k&) of scientifie Report
no, 2, when 21 = 22 = &, the dipoles equispaced cn a line, and ZAn = RAn = ZO.
Equations (11) ~ (14) may bte generslized in the following manner so as to
be valid for a Van Atta array consisting of n pairs of dipoles., Let z s be the
L]
element ir the r'th row and the s'th column in a square matrix {z} of order 2n.

Then the matrix equation for n pairs of dipoles is

{z}{i} = {v} , (15)
where
ige

2 v e

ry8 beys ” Z2n~r+l,s

» (16)

except for & = y and 8 = 2n-r+l (diagonal elements). In these two cases we have

P B, + % =2 . 1P (17)

r,T An Q 2n-r+l,r

and

" ige
p,on-rel ("ZA:'A""ZO)e * Zr,2n~r+l ' (18)

respectively, Here, Zr,s = Zs,r is the mutual impedance besween dipoles r &nd
s(r§s). Zr,s corresponds to 2 given eoove, {1} denotes a column matrix in
which ir =I. {v} denotes a column matrix. in which v_ = Vo= Voupey €~
Note that dipole r is connected to dipole 2n-r+l. Ir and Vr are the current
and free-apace openwcircuit voltege, respectively, in dipole r (r = 1,2, ..., 2n),
Here, we have assumed that all transmission lines have the same length (2£). For
n = 2, Equations (15) corresponds to Equation (11) » (14) when xl = 22 = 2.

Let us now return to the reflector consisting of four parsllel halt-wave
dipoles (see Fig. ). An xy-coordinate system is introduced with its origin 0
and the direction of the x-axis conveniently selected. The four dipoles are
pleced with their centers in the xy-plane and their axes normal to the xy-plane.
The reradiation pattern will be determined in the Xxy-plane when a plane wave is
incident from an srbitrary direction in the xy-plane.

The induced voltages in the four dipoles are
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ipvl (

V= Ve 19)
ip

v, = Ve v2 {20)
ip

v, = Ve v3 (21)
iy "

vy = Ve Vi, (22)

vhere V£ is the induced open-circuit voltege in a reference antenns placed at O.
Pyys Pyps Pyge and p.) are the rhase differences between the induced voltages
in dipoles 1, 2, 3, end U, vespectively, and the induced voltage in the reference
antenna.

The currents I1,, I,, 13, and I, mey now be found from Equations {11) - (1k).
The electric field intensity at & distance r from 0 in a directicn making an
angle ¢, with respect to the x-axis is (3)

.. _iky ip, ip, ip. ip.
E =_-%1§'__e___ (I.e 11+I R 12.‘_1 e i3,y :.li) .

1 o 3 ye (23)

where £ is the characteristic impedance of free space and k the free space pro-
pagation constant. Piye Pios Py and p;), ore 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.

2e3. Condition for Van Atta effect

In this section the condition for Van Atta effect will be stated. 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 & meximum in the direction for which the four
terms in the factor

295 *Pig 1Py Py

Ile + 12e g I3e +Ie (24)

are in phase, that is when

bgy * Pyy T by P Pip T 453 T Py3 T 0 Py (25)

hIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||||||||II
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vhere $iq0 ¢i2' ¢i3' and ¢ih are the arguments of Il’ 12, 13, and Ih’ respec-
tively. Usually there will not be any direction for which the conditions ex-
pressed in Equetions (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 O. Then we have

Pjg = Pyp * = Py = - Py (26)

Pio ® Pyp ™ = Py3 ® = Pyg (1)

when we consider the reradiation back in the direction of errival of an incident
YaYEe .

From this it appesrs thet, if

051 TPy tu (26)
90 T Pyg tu (29)
4532 Pyp tu (30)
S * Py t U (31)

then Equebions (29) are setisfied, wu is an arbitrary constent. If Equations

I 12 13 Ih
(28) = (31) are satisfied, then the ratios = , 7= , 7 » and g~ have the
y 3 2 1

saipe argunent.
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 I I

incident wave is that V; R Vg"'vé , and ?E have the same argument. If this
L 3 2 1

condition is satisfied for an arbitrary direction of incidence, the reflector
has a Van Atta effect. (Note thet 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 conditicn for
Van Atta effect is satisfied. However, a simple condition msy be derived if we

neglect the coupling and assume that the transmission 1lines have the same iength

N




“ 10 =
£. Then, if we introduce Zy = 2y = Zp, and 3 = Zoy = Zgps Equations (1) = (W)
reduce to
(2, #25425)1, + 3.0y =V, (32)
(ZAn+zB+ZC)I2 + 21y =V, (33)
(2 #2542,)1, + 2.1, = Vg (34)
(2, ¥5p* 20T, + 3T, = V) . (35)
It is seen that if
Zyn oyt =0 (36)

we have the Van Atta effect. Using Equations (9) and (10), the Equation (36)
may be written

R, +1 (X

an + ZocotBL) =0, (371)

An
vhere ZAn = RAn + iXAn is introduced. Since RAn > 0, it appears that Equation
(37) cannot be satisfied. R, may 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-
¢luded.

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 smeller devia-
tion from Ven Atta effect if xAn is chosen sc that xAn + Zocotsz is zero, than
if this is not the case,

2. The deviation from Van Atte effect decreases if IZCI can be increased
relative to IZAn + o+ ZCI. This may be attained by increasing ]ZC| and, at
the saome time, by choosing xAn so that X, + Z,cotpe = O,

The second method for decreasing the deviation from Van Atta effect has
the drawback that the reradiation decreases as |Zc| increeses and vanishes when
IZCI + «, This may be easily derived from Equations (32) - (35), Therefore,
when we try to decrease the deviation from Van Atta effect by increasing IZCI,

we have to toke into account the restriction that the reradiation should not

e
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decrease below some level dependent upon the application of the reflector.
: It should be mentioned that when len + Zocotszl is decreased by changing
- Zy or &, IZCI might also decrease in such & way that a decrease in the deviation
from Van Atta effect not is obtaineg,
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. VWhen coupling is teken 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 thet
the conditions (25) are satisfied back in the direction of arrival of an inci-

TN A VTR

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

>

be possible to choose the lengths of the trensmission lines, the location of the
dipoles, the characteristic impedance of the transmission lines, end an impedance
transforming network changing xAn 50 that the reflector has a "Van Atta effect

to some extent". In the next section & measure of the deviation from Van Attae
effect will be established.

2.4. Evaluastion of the deviation from Van Atta effect

The object of this section is, for an arditrary Van Atta reflector, to
present & method for computing a figure which mzy be used as a measure of the
deviation from Ven Atta effect. The method is given for a reflector consisting

2 of four antenna elements, but is eesily extended to reflectors consisting of an
arbitrary number of elements.

= Frey

In order to find a measure of the deviation from Ven Atte effect, we will
consider & wave incident from a particular direction. The devivation is made
vy using a "complex current plane" (see Fig. 5). Let the points 1, 2, 3, and &
on the unit circle be the points with arguments ¢i1 + Pips ¢ia * P ¢i3 + P;3-
and ¢ih + pih‘ respectively.

The magnitude of the currents is taken into account by placing IIll, |12],
!Ial, and IIbI as "weights" at the points 1, 2, 3, and 4, respectively. The co-
ordinates of the "center of inertia", C, and C,, are

EOAL L aac e

| #
|1, lcos (8, +p. I+11, |cos ey, D;)* 15l cos(e, 4p )41y [cos(og) +p;),)

1,0+ 15,0+ 11] + |1,

C =
r

{38)

i IIllsin(éil-i-pil)*rlIelsin(¢12+pi2)+|13lsin(¢i3+pi3)+|lh|sin(q)ih"*iiﬂ-)_

1,0+ 15,0 + 11,0 + I

i

W
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As a measure of how much the fields from the currents are out of phase in the
direction considered the "normelized momentum with respect to the center of i-

nertia" d¢i may be used. d,. is given by the formula:

$i

=7
1

o = (IIll/(Cr‘c°5(¢il+pil))2+(Ci-5in(¢il+pil))2

+ [L,1V(C meosTe; S*p; ,)) 7T, ~sin(ey ,¥p; )07
+ IIBI/(Cr‘COS(¢i3+pi3))2+(Ci-$in(¢i3+pi3)y2
+

IIhl/(Cr-cos(¢ih+pih772+(ci—sin(¢ih*piu))2)/(IIl|+|12I+|I3|+|Ih|)- (4o)

It is readily seen that d,. possesses the following properties:

1. d¢i is zero if the pogits 1, 2, 3, and 4 are mapped into the same point.
This ie in accordance with the fact that, in this case, conditions (25) are sat-
isfied and we have maximum reradiation in the direction considered.

2. d¢i is not changed if all the currents are multiplied by the same facw-
tor. This should be the case since, in this circuunstance, the shape of the re-
radiation pattern does not change.

In the ebove derivation we have considered a particuvlar direction. In or=
der to find a meesure of the deviation from Van Atta effect, we have to take in-
to account all directions of inefdenceo., Strictly, this should involve an inte-
gration over all angles of incidence. However, it is assumed to be sufficient

to consider the directions ¢9; = 0°, 10°

2 ceuasy 900. Therefore, we use as a
measure of the deviation from Van Atta effect the sum of the d

tions mentioned. This sum will bz called d.

¢i.8 for the direc~

In Fig. 6 are given some illastrations of the information which the magni-
tude of d@i provides. The reradiction is calculated in an interval about the
direction of incidence, since d¢i only tells us about the rerediation near this
direction. The examples ere taken rather arbitrarily from different reradiation
patterns. Owing to the fact that d¢i does not indicate the magnitude of reredia-
tion, a normalization is chosen so that the maxima of the beams nearest the Van
Atta direction all have the seme value. or convenience, the Van Atte direction
is turned so that it is the same for all the patterns shown.

v is the angle between the Van A*ta directicn and the direction of the max.
imum nearest the Van Atte direction,

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

diation which would be obteined if ell currents were in phase in this direction.




P—— ema— - e
e ———— a = ey - ——— v

-~ 13 -

P

From the illustrations we observe that:

l. As d¢i inereages, b usually decreases as may be expected. An exception oc=-
curs in the case where d¢i 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 d¢i = 0.60,

2, When d¢i is zero the currents are in phase in the Van Atta direction, b =
100 %, and v = 0%,

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

FRy—

broed beams than for narrow beams. This may be expected since & 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 beems.

We have seen above that the value of 4 does not indicate:

¢i
1, The magnitude of reradiation back in the direction of incidence.

2. The megnitude of b. An exception occurs when d,. = 03 then b = 100 %, and

conversely,

@i

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

¢d
converse may not be true.

5. The beam width of the beam in the Van Atta direction.
! 6. Anything about the versdiation pattern in directions which are not near the
E Van Atta direction.

T. Thet the back-scattering may be small even though d
Section 2.3.

i is very smell, See

: Because knowledge of d¢
] of the reradiated field, we may now ask ourselves whether it is worthwhile to

E try to find a Van Atta reflector with a small value of 4@ or whether it would be
i better to find a reflector with large back-scattering for all angles of incie
dence. In fact we will do both.

i tells us nothing about so many characteristics

First, it is decided to use the method developed for evaluation of the de-
¥ viation from Van Atte effect, because the idea of the Van Atte 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 posaible to find a reflector
with Van Atta effect.

Next, when we wish to use the reflector we may be more interested in large
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 minimum value.

LllllllJllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll-l
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The desirability of ueing d i rather than b or v for evaluating the devia-

tion from Van Atta effect mey be 3iscussed:

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 pettern is symmetrical about the plane
of the reflector. Therefore, we do not use v.

b. Considering Fig. 6 above, we observed that as d¢i increases, b usually

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

that if we were to use b azla neasure of the deviation from Van Atta effect, we
would obtein results which would be as “good" ag those found when we use 4. Howe
ever, because of exceptiors similer to the above-mentioned in which b increases

as d@i increases from 0.59 to 0.60 but v is smaller at 0.59 then at 0.60, we ex~
pect that the use of d as a measure of the deviation from Ven Atta effect pos=~
sesses a small adventage over the use of b,

It should be noted that a knowledge of 4 tells us about the shape of the
reradistion 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-reradietion. However, the purpose of a Van Atta reflector is to have
a lerge back~reradiation. Therefore, becides considering &, we will also consi-

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

2.5.  Conditions for maximum beck-sceltering

In Section 2.3 it has been found that, for a given value of ZC’ the de-~
viation from Van fAtte effect is smaller if xAn + Zocotﬁk = Q, then if this is
not the case. Furthermore, the devietion from Van Atta effect may be decrecased
by increasing IZCI relative to |2, + Zp + Z,[, 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 IZCI when XAn +
ZocotBR = 0 and coupling is neglected.

To do this, and for the illustrations in subsequent sections, it is con-
venient to introduce the three quantitites mex , 6., end mina. These are, re-
spectively, the maximum, the average, and the minimum values of the back-scat-
tered field intensity as & 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 meximum value we can
see how large the back-scattered energy may be for a particular direction of ine ‘

cidence, When we know the averege velue, it may be expected that in some interw
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vals the reflector has backescattered energy larger than g+ If we are inter-
ested in & backescattered energy above a particular level ror all angles of in-
cidence, we have to consider the magnitude of mina.

When X, + Z cotBi = 0, the Equations (32) ~ (35) reduce to

Ry Iy + 30T, = V) (L1)
Banle * Zcl3 = Vo (k2)
Ranls * 2¢lp = V4 (43)
Raady * 28, = V), (k)

By using Equationes (19) - (23), (26), (27), and (41) = (bl), the electric
field intensity et a distance r from O in the Van Atta direction is found to be

c - i Slkr v 2RAn{°°82pv1+°°82pv2} - hzc (15)
2n t RZ - 72 )
An C

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

7 7 ~7
F . = QVbAn{coszpvl+cosepv2} + bzc
r2 o+ 22

4 An c

) (k6)

vhere Tan and 2, are RAn and IZCI, respectively, normalized to 100 olms. In
Scientific Report no. 2,gb/2 was used. It is seen that the value of 8y, depends
on the magnitude of [cos2pvl + cos?pvalz, i.e., on the geometrical configuration
of the dipoles. We have to consider two cases,
: First, when the divoles are placed so that the expression {cos2pv1+cosepv2}2
can take the values b and 0, then &, will have, respectively, a maximum value of

4 . bz
and & minimum value of

o In these cases it is easily
/Tl V) 2 2
Thn t 20 r< + 25

shown that the largest maximum and minimum values are ;2— and ;2_ ) respec-
An An

tively. These two values are obtained when IZC| equals zero and R, , respece
tively. If we ere interested in as large a value of mina as possible for all
angles of incidence, then we have to choose Zo and £ so that IZCI = R, . Then

An
the ratio of max, to min, is R

i
L e ——————————————————————————————————
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Next, the dipoles are placed so that the expression {coaapv1+c052pv2}2
cen texe at most one of the values 0 and U, This mey happen when the dipoles
ere close together. For example, in the not-realissble case for which all di-
poles are placed in 0; here, &y will always take its maximum value.

For & 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 mskes an ongle ¢i with respect to the line on
which the dipoles are placed, then

(cos2pvl+0052pv2}2 = (cos(3kacos¢i) + cos(kacos¢i)}2 . (u7)

where k = 2n/X and A is the wavelength. Here {cos2pvl+c032pv2}2 takes the value
4 for ¢i = 900, independently of a., When the spacizg is less then A/8, the
value zero is never obtained. Hence, when 0 < a < T s we have an example of &
reflector which falls into the second category described above. From this it
appears that if we desire mina 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
infiuence when the spacing, as here, is less than A/8. This will be illustrat-
ed numericaliy in the next sectioms.

In +nis 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 IZCI equal to RAn when XAn+ZocotBR = 0,
It should be mentioned that mina could not be increased over the maeximum
value found above if we permitted X, +7,cot8i 0,
2,6, The specular reflection
A In this seetion we shall consider the specular reflection of a linear re-

flector. The coupling will bc neglected. Specular effect is defined in the
same way as Van Atte effect.

For the linear reflector considered in Section 2.5, it is found in a way
similar to the ubove, that

< 2 2
- 2/ﬁrAn+zC {cos(3kacos¢i)+eos(kacos¢i)} 8)
8 ¥2 4+ g2
An c

may be used as a measure of the field intensity in the specular direction. The
expression for 8, showys thet its maximum value is equal to the maximum of By

but the minimum velue usually differs from the minimum value of 8y If ve de-
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gire a reflector with a small value of g+ then we must increase |ZC]; but this
implies that the backe=scattered energy decreases, as we have geen before,

In 8Scientific Report no. 2, RAn’ xAn' 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

72

+Zocot8£)2=_9_‘. (49)

5in2pL

(R, )2 + (X

n in

If the condition X, + Z,cotBt = 0 is satisfied and IZCI = R, condition (k9)
is satisfied., Therefore, when we wish a small value of 4, and mina to Le maxi-
mum, the deviation from speculer effect is equal to the deviation from Van At~
ta effect,
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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 parsllel halfewave dipoles, It will be shown in Section 3.1 that the
method for evaluating the deviation from Van Atte effect provides results equi-
valent t0 those obtained by direct comparison between the reradiation patierns.
In Section 3.2 we shall verify the conjecture that, for given Zc. d is smaller
if xAn + Zocotsz is zero than if this is not the case, Turthermore, considera-
tion will be given to that which occurs when we try to decrease 4 by increasing
IZC| relative to lZAn + 2+ ZCI. In Section 3.3 the optimum velues of %y, &,
and xAn will be found and in Suction 3.4 the optimum value of a will be detere
mined, The optimum values are defined as the valuesfor which mina, as a fwic-
tion of ZO, 2, xAn’ and a, has its flattest maximum and d is as small s possidle,
In Section 3.5 the effects of some particular variation of the parsmeters 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 Gipoles
are not equispaced, and the reflector is not linear.

Throughout the investigation the influence of coupling will be estimated.
The devietion between the curves for which coupling is taken into account aud
thogse for which coupling is neglected ere due to the fact that coupling will ine
fiuence the magnitude and the phase of the currents in the dipoles. Since this
influence depends on the spacing between the elements in a complicated mamner,
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 sn explanation could be given by considering the
maghitudes of the mutual impedances.

3.1, Illustration of the method for evaluating the devietion 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 (%) of the transmission lines in the case for which
a = 0,50\, XAn = 0 olms, and Zo = 73 ohms. From the figure it is found, when
coupling is neglected, that d takes its minimum value for £ = 0,251 + p0.50A
end its largest values for £ = 0,50 + p0.50i. The fact thet the minimum value

occurs for R = 0,25X + 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 & = 0.28) + pi

» and that coupling disturbs the symmetry with respect
to £ = 0.50x,

Furthermore, for & = 0.28X + pA, coupling decreases d so that it
becomes smaller than the minimum value of d obteined when coupling is neglected.
Usually, however, coupling increcses the deviation from Van Atta effect.

In order to compare the reradistion patterns directly, these have been cel-
culated for ¢, = Oo, 100, ceey 90° for several lengths of the transmission lines
vhen a, xAn’ and ZO teke the values given above. TFor each length we have eva-
luated the angle between the Van Atta direction and the direction of the maexipun
nearest the Van Atta direction for ¢, = 0°, 10°, ..., 90°. The sum of these ten
angles, as & function of the lengths, takes its smallest valuec for % = 0.25X +
p0.50)1 when coupling is neglected and for £ = 0,28) + pX when coupling is takcn
into account (compere with Scientific Report no. 2, p.1lk).

The agreement between the above mentioned results indicates that the meth-
od for evaluating the deviation from Van Atta effcct may be used when many re-
flectors are to be compared. The evaluation of d is much easier then the deter-
mination of the angle between th» V-n Atta direction and the direction of the
neximum of reradiation neerest the Van Atte dircction. The evaluation of d re-
quires only a knowledge of the currents in the dipoles wvhereas 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 mey be zero even vhen “he currentt are not in phace,

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

In Section 2,3 it has been s2en, vhen coupling between the dipoles is reg-

lected, that vwe may expect to have, for constant ZC' e smaller 4 if

Xpp * Zoo0tBL =0, (50)
than if this is not the case. Furthermore, it was found that ve con deerease 4
by increasing IZCI relative to |ZAn + 25+ ZC|. In fact, d can be decreased es
much ¢3 we desire but then, unfortunately, the reradiation decreases., In this

gection, these results will be verified by considering some numerical computa-
tions.

3.2.a. The condition xAn + ZocotBQ =0

In Figs.8 and 9, d is plotted s a function of £ when ZO equals T3 ohmas

and 50 ohms, respcctively. For each value of 7. two curves are shown, one for
] y O y

wvhich xAn is chosen so that X,n + ZocotBQ = 0 for each value of & and one for
M
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vhich xAn = 0 ohms, We see that the two curves meet for £ = 0.25) since then
the condition XAn + Zocotaz = 0 requires XAn = 0 ohms. As expected we notice
that the deviation from Van Atte effect is smaller if xAn + Zocotsz = 0, than
if this is not the case. When ZO = 73 ohms and xAn = 0 ohms, the smallest val-
ue of 4, as a function of £, occurs for £ = 0,251 + p0.50)\ since then xAn +
Zocotsz = 0, This is not the case when ZO = 50 ohms and XAn = 0 ohms. Here d,
as & function of £, hes e maximum when xAn + Zocotﬁl = 0, This may be explained
in the following way: as % increases or decreases from 0.25X + p0.50A then IZbl
increases. This decreases 4 to n greater extent than d is increased by the ine
crease in IxAn + Zocotszl.

Vhen ZO is about T3 ohms or larger, then d, as a function of £, will have
a minimum when xAn + ZocotBR = 0, This is illustrated in Figs. 10 and 11,
vhere 4 is shown as a function of the length of the transmission lines when X

is equal to ~T3, 0, and 73 ohms. When coupling is neglected, it is seen thatfn
in accordance with condition (50), 4 has minime for & = 1/8, 2/8, 3/3A in the

interval 0X to 1/2) and for & = 5/8, 6/8, 7/8\ 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.bs The decrement of 4

We shell now see what happens when we try to decrease d by inereasing ZC
if, at the same time, the condition (50) is satisfied. The increment of Z, may
be obtained by letting (a) Z, tend to infinity, or (b) £ tend to a multiple of
half a wavelength, or (c) Z0 and 2 tend, in en arbitrery manner, to infinity end
a multiple of helf 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 Zo vhen a = 0.50A, xAn =0
ohms, and & = 0,25k, Since XAn + Zocotez = 0, the deviation from Van Atta ef-
fect takes its largest value for Zy = 0 ohms {the dipoles short~circuited) and
decreases when Z0 is increased; but, as expected, the reradigstion decreases
{see Figs. 13.a, 13.b, 13.c). In these figures and in what follows mex , 8,»
and mina denote, respectively, the meximum, the average, and the minimum values
of the back-scattered field intensities for the angles of incidence 00, 100,
coey 900. Since the curve for max, is above that for 8 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 ZO tends to infinity (dipoles open~circuited) 8q

decreases. On the other hand ga is also decreased when Z0 tends to zero (dipoles

l’/
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shortecircuited). Since IZC| = 2, for the length chosen, min, has its meximum
for Zo = T3 ohms., Furthermore, max, takes its lergest velue for ZO = 0 ohms

e

(see Section 2.5). Since &, is & measure of the average back-scattering, 8g
has its maximum for a value of Z0 between 0 ohms and T3 ohws.

We see that coupling increases d and decreases 8y The maximum of mina
occurs at about ZO = 60 ohms when coupling is taken into account, Furthermore,
we see that due to coupling min& is not zero when the transmission lines are
short=-cireuited.

b. In Figs. 1k, 15.a, 15.b, and 15.c¢ are shown what happens if we try to
decrease the devietion from Van Atte effect by letting £ tend to a multiple of
half a wavelength., For all values of { we have chosen XAn so that xAn+Zocoteﬁ=
0. In Fig. 14, @ is plotted as a function of £ when xAn =z - ZocotBR, 2y = T3
ohms, and the equispacing a = 0.50A. Owing to the fact that IZCI is smallest
for 2 = 0,251 + p0.50A, 4 is largest for £ = 0.25)A + p0.50A, As & tends to a
multiple of half a wavelength |ZC| increases and, therefore, d decreases. How=
ever, at the same time the reradiation decreases and is zero when § equals a
multiple of half & wavelength. This is in accordance with the remarks in Sec-
tion 2.3 and i3 illustrated in Figs. 15.a, 15.b; and 15,.c.

From Fig. 1h 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 0A to 0.50A coupling decreases &, and in the interval 0.50) to
1A, e, is enhanced, Note that in the interval from 08.50A to 1A, coupling in=-
creases max but decreases mina. See Section 3.5 for what happens when 2 is e-
qual to & multiple of half & wavelength and X
0.

not chosen so that X n+Z cot f=

An An "0

3.3. The optimua velues of ZO’ 2, and xAn when coupling is neglected

In this section we will find the optimum values of Z., &, and xAn vhen

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

meters we nust find the values of ZO’ ¢, and X, for which mina has its flattest

maximum, end d is as small as possible., In Se§2ion 2,5 it has been found, when
a > A/8, that min_ is largest vhen |Z | = R, = 73 okms and X, chosen so that
xAn + Zonotﬁl = 0. However, there are infinitely many sets of values of ZO’ £,
end X, which satisfy the conditions IZC| =R, snd X, + Z,cotBl = 0. For all
such sets of values it follows, by considering Equations (32) - (35), that 4 is
the seme, Due to these facts, we shell try to find some optimum values so that
some change in % or Z, only csuses the smallest change in mina. The determina-

tion will be made graphically when a = 0.50X, 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 (45).

Since ZC = iZO/sinBQ, we have to explore the variations in 4 and mina as
functions of ¢ and Z, vhen Xpn satisfies Xn * Zycotpe = 0 for all values of Zo
and £, Figs. 16 and 17 show the behaviour for 2, equal to 10, 30, 73, and 110
ohms. When 2. > 73 ohms, the maximum value of mina is less than that obtainable

0
for smeller values of %, since IZC| > Ry for all values of %. When Z, < 73

ohms, min, hes its maximum value when RAis chosen so that IZCI =R, . The least
ceritical choice is £ = 0.25X + p0.50A when ZO = T3 ohms, since then the meximum
of mina, as a function of %, is more flat then when ZO < 73 ohmg. Hence, we take
73 ohms and 0.25X + p0.50) as the optimum values of the characteristic impedance
and the length of the transmission lines, respectively. Then, from the condi=
tion Xn ¥ ZycotBL = 0, it follows that O ohms is the optimum value of X, .

In Fig. 16 we sce that d increases as ZO decreeses. This is in acccrdance
with Section 2,3.

3.4, The optimum value of & when coupling is neglected

In Section 2,5 it has been found that the meaximum value of mina is inde~
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
mina. Instead we will now optimize a with respect to d when coupling is neglect-

ed endvhen 2., %2, and xAn have the optimum values found above. The optimization

]
will be perfgrmed numerically end 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, A is plotted as a function of e, We notice that 4 bas 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 wvhen a is larger than one wavelength., The smallest values
of d occur at a multiple of half & wavelength. The optimum value of a is at one
and a half wavelength when coupling is neglected. Usuelly coupling increaces
the deviastion from Van Atte effect.

The variation in 4 with spacing is elso explored vwhen Zo, 2, and XAn do
not have their optimum values., An example is shown in Fig. 19. It turns out
that, usuelly, 4 still hes minima when a is ebout a multiple of half & wavelength.

When the spacing between dipoles is increased, coupling decreases, This is
illustrated i1 Pigs. 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 max is constant for

T—

ey

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

oA

tends to zero, When a is somewhat larger than a multiple of half & wavelength,
€q has a maximum,

From Fig. 20.b and 20.c we see that, when the spacing is less than one
wavelength, coupling may change max by a3 much as 50 % from the value it has
when coupling is neglected.

Note that for a < A/8, mina does not tend %o 2/§/rAn when a tends to zero
as is the case when coupling is neglected. Furthermore, the reradiation is rathe
er small when & is less then half a wavelength. Because of this we are not in-
terested in examining a reflector with & < A/8,

3.5. Specific veriations

In this section we shall consider the effect of some specific variations
which could nrot be logicelly described in the foregeing sections, but which might
be of some interest.

3.5.8. Dependence of xAn

In Figs.,2l and 22, d and g, ere plotted as functions of X, for ZO =

An
73 ohms, & = 0.25A, and a = 0,50\, When coupling is neglected, & has & minimum

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

flector xAn + ZocotBE = 0 for X, = 0 ohus. Coupling mekes only a slight change

+5ii%

in 4 but changes the maximum of €4 from occurring for xAn = 50 ohms to being for

xAn = « 100 ohms.

e i

3.5.b. Independence of Z0

The reradiation pattern does not change with variations in ZO when the
lengths of the transmission lines are multiples of half a wavelength., This is

proved in the following manner,
_ A - A s
Let El = nl 5 and 22 = n2 5 s where ny and n, ere integers. From Equa-

s 2
. . n ingm
1 tions(11) - (1h) it can be shown that I) = - I ™M ana 1, = - I,e "2 , and

1 3
that Il and I2 are determined by
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From this it appears that the reradiation pattern is independent of the
characteristic impedence ZO' vwhen the lengths of the lines are multiples of
A/2. This may be readily understood by considering the equivalent X-circuit
for the trarmission lines. The result is illustrated in Figs. 23 and 2k where
d and g, 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 £ is a multiple of helf a wavelength. Except in some small inter-
vals, coupling increeses the deviations from Van Atta effect and, except at one
of the maxime when Zo = 90 and T3 ohms, the reradiation is decreased. Notice
furthermore thet coupling chenges the relative magnitude of the maxime in the
interval from 0,501 to 1A (see Fig. 24)., These results are naturally only vale
id for the reflector with a = 0.502 and X, = 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 max, is
increased considerable by coupling.

3.5.c. Independence of xAn

When coupling is neglected, it is easily shown that the spape of the rera-
diation pattern does not change with xAn when the lengths of the trensmission
lines are multiples of half a wavelength (see Equations (51) and (52)). The ree
radiation will decrease as

IxAnl + @ and be maximum when X, =0 ohms. This is
illustrated in Fig. 27 where &, is shown as & function of Xan for a = 0.504, ¢ =
0.501, and Z0 = 73 ohms. 4 is found to be 5.6k, mina 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 exeamples, what happens when the
transmission lines are of unequal length, the dipoles are not equispaced, and

the reflector is not lineer,
Let 21 and 22 be the lengths of the transmission lines and let Byys Byos
Noys ooy n3l, n32, Byys and o be the coordinates of the dipoles (see¢ Fig.28).

As our starting point we will take the linear reflector vwith a = 0,504,

£ = 0.252, xAn = 0 ohms, and Z0 = T3 ohms.

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

2
constant. The curve for which coupling is taken into account does not have »

minimum for 22 = 0.25X, but it is seen that coupling only shifts its position
by 0,05\, As might be expected, d has its maximum when 22 deviates by A/2 from

21.

w
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In Pig. 30, 4 is plotted as a function of Ny i.e., the effect of non=
equispacing is examined., In Fig. 31, 4 is shown as a function of IPY i.e.,
the effect of nonelinearity is investigated, In Figs. 30 and 31 it is seen
that coupling shifts the position of the minima by about 0,023,

These examples show that in & 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-
teined is small. Similarly, it is found that the increment in mina obtained
by permitting the above-mentioned asymmetries is small.
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L, NUMERICAL OPTIMIZATION

In the previous chapter we have found that it is possitle to find values
of the parameters so that the deviation from Van Atta effect 4 may be made as
small as we desire. Unfortunately, the reradiation decreases in such & way
thut the smaller the value of d the smaller the reradiation will be.

Pue 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 mina is as
large as possible, and 4 as small as possible,

Next, we sbsil find the parameters of the reflectors for which mina is a-
bove various prescribed levels, and d &s small as possible.

In Chapter 3 we have used the first criterion to find the so-called optie
mun values of the parameters when coupling is neglected. Furthermore, the in~
fluence of coupling has been estimated for particular combinations of parame-
ters. In this chapter coupling will be taken intc account for a large number
of combinations of parameter values and we are interested in exploring the pos-
sibility of finding values of ¢, a, xAn' and Zo for which coupling increases
the value of mina over its maximum value 2/rAn, obtained when coupling is neg-
iected.

Similerly, by using the second criterion, we shall investigate whether or
not coupling for some values of %, a, xAn’ and Zo
which mina 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.

causes the reflector, for

4h,1. The reflector with the largest value of mina° and 4 as small as possible

b,l.a, The method

In Chapter 3 it has been found when coupling is neglected, that the optie-
mun values of %, a, xAn’ and Zo are 0,25\ + p0.50X, 1.50A, O ohms, and 73 ohms,
respectively., Coupling may change this result. Since coupling has the greatest
effect for a < X, we shall first try to obtain an idea of whether coupling ine

M
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creases or decreases mina. for a < 1A, by evaluating mina and 4 for all combina-
tions of values of &, a, xAn, and zo given in Table 1., Some characteristic sets
of values are selected for % and a and the values chosen for XAn and Zo are near
their optimum values (XAn = « 42 ohins is the reactance of a helf-wave dipole).
In this way, mina and @ are calculeted 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-
seribed in Section 4.l.c. Together with the 10 sets, the 2 sets with the optie
mun vaelues given et the beginning of this section (& = 0,251 and 0.75)) will be
cptimized. Hence, we get an idea of the influence of coupling when it is large
5 (a < 1)) and when it is smell {(a = 1,51), The maximum value of mina is not
\ found since a continuous variation of the parameters is not mede, but it is ex-
pected that the results will only deviate by a few per cent.

[ERCTITIEE T O R

h,l.b., The results for a < 1A

The results obtained by evaluating the above-mentioned 1600 reflectors
are conveniently described by considering mina as a function of one paramster
with the other held fixed.

It has been found that:

1, min&, as & function of %, usually has maxima near the lengths deter-
mined by cotBR = - xAn/ZO' A typical variation of mina as a function
of the lens%n is shown in Fig. 32.

? In particular it is found:

{ a, mina is zero for & = 1A,

b, mina is small for & = 1L/2A. In particuler, mina is zero for 4 =

] 1/2) and a = 1/2X or 1A,

2. mina, as a function of &, usually has its largest value for a = 1A
end a smell maximum near a = 1/2A. For an example see Fig. 20.c. As
mentioned above, exceptions to this behaviour occur for £ = 1/2X and
1A,

3. Any choice of Xpnt from among the values of Table 1, gives essentiale
ly the same meximum value of mina by choosing appronriate values of
%, a, and ZO.

b, mina, as a function of Zo, usually has & maximun for ZO = T3 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 veristions in min_ other

than those already observed in Chapter 3. Furthermore, it has been found that
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the 10 sets with the largest values of mina all heve a = 1A, From this we de-
duce thet for all combinations of values of £, Xpn and Z, for which mina hasg

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

b.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.l.a, The optimization
is performed in the following way. First, 2 is increased or decreased in steps
of 0.02) until it is equal to a value for which mina, as a function of £, is as
close as possible to a meximum, With the value of the length so obteined we,
similarly, change a, xAn’ and ZO in turn by steps of 0,022, 5 olms, and 5 ohms,
respectively, Then &, a, xAn' and Zo are changed anew in the same way, and so
on, until no enhancement of mi“a occurs wvhen the parsmeters 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 mey expect to obtain
a value of mina which is close to its maximum,

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 4, min_, and the parameters of

]
the reflectors before and after the optimization, respec:ively. As explained
above, a is equel to 1A for the first 10 sets., We see that coupling causes &,
xAn, and ZO to differ from the optimum velues obtained when coupling is neglected,
namely, 0.25% + p0,50X, 0 ohms, and T3 ohms, respectively, The deviations are
more pronounced for a = 1A than for a = 1.5A which is attributable to the fucd
that coupling is larger for 1) than for 1.5i, We see that the largest velue of
min , vhich is obtained by the optimization, is 2.82 and occurs for a = 1,5k
{compare with Fig, 20.c). Here we have an example in which coupling increaces
mina over the largest value of mina, 2,74, which is obtained if coupling i3 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 wvalue of mina is not obtained. For & = 1) the largest vale
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 3k. We see that for a = 1,54 there are more and sharper beams
than for & = 1A, In agreement with the curve in Fig. 18, the deviation from Van
Atta effect is smaller for a = i,>iA than for a = 1\ (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 suell as possible

4.2,a, The method

In this section we shall find the values of the parameters for which mina
is larger than 1.5, 2.0, and 2,5, and d is as small as possible.

Again, vhen coupling is smell (& = 1,5\}, we shall find how small a value
of & there may be obteined by varying the parameters sbout the optimum values
found when coupling is neglected.

When coupling is large (a < 1A), from among the 1600 sets of paremeters
mentioned before, we select the 10 sets for which ZO = 73 ohms and 4 is smel=
lest. It will be explained later why we have chosen the 10 sets with Zo = T3
ohms. These 10 sets together with the 2 optimun sets mentioned at the beginning
of Section b.l.a, are optimized as described below. Again, we do not obtain the
minimum value of 4 when mina is cbove the prescribed level, but the evaluation
provides an idea of whether or not it is possible to choose &, a, xAn’ and ZO
80 that coupling causes the deviation from Ven Atta effect to be less than that
which would be obtained if coupling were not present.

4,2.b, The results for a < 1)

From the analysis of the results of the 1600 reflectors we conclude the

following for the deviation from Van Atta effect:

1. &, as a function of £, usually has minime near the lengths determined
by cotBl = - xAn/ZO'

In perticular, it is found that d usualily hag itc lergest value for
2 = 1/2X and 1A.

2. d, as a function of a, has minime for a = 1/2X and 1A, Often 4 has
a minimum for a = 0.75) but it has rarely a minimum for a = 0,25,
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 eppropriate values of &, &,
and ZO'

4, &, as a function of ZO’ decreascs as ZO increases.

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

of the reflector for which coupling causes variations in d other then those al-
ready observed in Chapter 3.
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L,2.ce The results of the optimization process

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

Above, we have seen that d is deci:e8sed as Z_ increases. Therefore, it

was decided to optimize reflectors for which ZO = 23 ohms and to finish the cp=-
timizavion process by increasing ZO. Hence, the optimization process has been
made in two steps.,

First, d is minimized by an optimization process in which %, a, and xAn
in turn chenge by steps of 0.02X, 0.02X, and 15 ohms, respectively, in a simi=
ler manner to that described in Section k.l,c., Next, d@ is decreased by increas-
ing Zo in steps of 20 ohms until mina is below 1.5, As Zg is increased we ad-
Just XAn so that xAn + Zocotez = 0, since we know from the previous chapter that

the deviation from Van Atta effect is smaller when X ot Z . cotBf = 0, than if

A Q

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 + ZocotBE are shown
i vhen:
a. The optimization starts.
b. The first step of optimizetion hes been made,
Ce xAn has been adjusted after the first step of optimization so that xAn +

ZOCOtBE = 0,

d. The second step of optimization has been made,
The rows designated &, b, ¢, and 4 in the table correspond to the a, b, ¢, and
4 just mentioned. We see that a is either 0,50A or 1) for the 10 sets selected
from among the 1600 examples. This is in accordence with the curve for d in
Fig. 16 where coupling is taken into account. This curve hes namely, as men-
tioned ebove, the smallest minima when a is equal to 0.50A and 1A, It is seen
that, by the optimization process, & is not changed or only changes by 0,02x.

As might be expected we see that after the first step of optimization
xAn + ZocotBR is decreased. Exceptions are the cases in which we start with
XAn + Zocotﬁl = 0, This is due to coupling,

When XAn is adjusted after the first step of optimization so that xAn +
Zocot82 = 0, we notice that 4 often is increased and not as might be expected
decreesed. 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 velues of 4 if XAn is not pdjusted after the firsi
step of optimization.

From the values of d and min& obtained by the optimization process, the

parameters are selected for which mina 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 Teble 5. It appears that when we require a larger

value of mina, then we find a larger value of d. It is seen that 4 is smaller
for a = 1.50A than for a = 1.,00) and C.50) (values of 4 corresponding to the
same prescribed level of mina must be compared). These two results might be exe
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 = 1.50\, d is made small by increasing ZO. A comparison between
Tables 5 and 6 shows that it has not been possible to find values of 2, &, xAn,
and Zo 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 &, &8, xAn’ end
Zo are close to their optimum velues mentioned at the beginning of Section h.1.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 mina > 2.5, a £ 1A, and coupling is taken into account.
This reflector has a = 1\, In Fig.36 the reradiastion pattern is shown for the
reflector with the smallest value of 4 when mina > 2.5, & § 3\, and coupling
neglected, This reflector has a = 1.5)A. As in the previous section we notice
that there are more and sharper beems for a = 1.5A than for a = 1A, A further

discussion of the reradiation patterns follows in the next section.

4,3, The two types of reflectors

Table 3 shows the characteristic date cf 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 conpling is neglected. d8 is a measure of the devietion from specu-
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 end
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 xxu'.::.1 in all ceses, except in the
case shown in Fig, 34 end discussed above. A cohputation has shown that coup-

ling decreases the average back-scattering, Bos in all cases. From Fig. 35 we




- 32 =

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=-
recticn, This is in accordance with the results of Section 2.6. Table 3 shows
that coupling insreases the deviation from specular effect just as it usuelly
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 Ven Atta ef-
fect, whereas for the two reflectors optimized wibth respect to 4, the deviation
from specular effect is laerger 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 Atte di-
rection end the direction of the maximum neerest the Ven Atts @irection is 14°,
The corresponding sum of angles for the specular directicn is 360.

The difference in 4 between the two types of reflectors will be smaller
the larger the value of mina we prescribe. For, if we prescribe mina to be
large enough, namely 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 Atte effect there may be obtained if we do not require mina to be as
large as possible. In the example with 4 = 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
ell 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 10° from the Van Atta direction and the devie
ation usually is less than 4 few degrees {sce Fig. 34). PFurthermore, the reree
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 mina mey be said to have a small deviation from Van Atta
effect,

’



b4, Further optimization

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

ly:

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

b. The reflector with 4 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 mina and decreise d, respectively, by changing the lengtha of the
transmission lines and the spacings between the dipoles. The changes are made
in such & 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
10 be non-equispaced and the reflector to be nonrn-linear.

Agnin, let 21 and 22 be the lengths of the transmission lines and let s
Dyge Bgyy By and N,y Dy 3oy Byp be the abscissas and ordinates of the die
poles 1, 2, 3, and 4, respectively (see Fig. 28). First, with the previously
obteined values of the coordinates mina (d) is increased (decreased) by increas=-
ing or decreasing ﬂl. With the velue obtained for 2, ve then change % Next,
with the original values of the lengths, we change n

2.
11° P21 P310 Pyae Paor Tooe
Nao and Nyo in turn in an attempt to meke mina lerger and larger (d smaller and
smeller}), L's and n's are changed in steps of 0.01A.

L,hoa. Maximum of mina

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

1 and 22 do not incresse

mina. By varying the positions of the dipcles, it is seen that mina is increased I

maximum value of mina. It appears thet changes in &

by changing Byye Boge and By e Only n,, 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

possibie to increase mina w performing the changes deseribed above.

L,4. b, 4d small and mina > 2.5

For the reflector with 4 as small as possible when mina > 2.5, the results
are shown in Table 8., We see that only a small decrement in 4 is obtainable,
When the lengths are changed, ll is decreased by 0.01X and 22 is incressed by
0.01A. When the positions of the dipoles are varied Ry is changed by 0.01A and
the other coordinates are not changed. We notice that after meking the changes
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in the lengths, mina is decreased and after making the changes in the coordi-
nates mina is increased, but in both cases by small amounts.

The two examples dealt with above show that mina (4} may only be increased
(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 sre not placed symmetrical about & center,




5. CONCLUSION

In this report has been investigated the manner in which the reradia~-
tion of a Ven Atta reflector back in the direction of incidence depends on the
¢ length (&) of the transmission lines, the characteristic impedance (ZO) of the
é lines, the imaginary part (XAn) of the antenna impedance, and the specing (a)
: between the dipoles. Only interspacings simaller than three wavelengths have
: been considered.

i A method has been presented by meens 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 paremeters, the method of evaluating
the deviation from Van Atta effect is as good as & direct comparison between
the reradiation petterns.

A reflector with Van Atta effect has not been found. However, when coup-
ling is neglected, it is found that, for given values of £ and ZO, the reflec~

tor will have a smaller deviation from Van Atta effect if xAn is chosen so that
xAn + Zocoteﬁ = 0, than if this is not the case. Furthermore, the Van Atta ef-

fect may be increased as much as we desire by increasing }Zo/sinBRI relative to

When 2, xAn’ and Z0 are equal to ¢.25\ + p0.50A, O ohus, and HAn’

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

3

E iRAn + i(XAn + ZocotBR)i. However, at the same time the reradiation decreases,

1 respec-

3

S angle of incidence), as & function of &, XAn’ and Zo, has the flattest maximum.

; This is valid for all s > A\/8 and it is found that maxa/mina = /2 (maxa is the

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

For a < 3X it has been found that, when &, xAn' end ZO have the values given a-

| bove, the deviation from Ven Atta effect is smallest for a = 1.,5A. Furthermore,
it has been found that if we desire a spacing less than 1.5) for which 4 is
small, we should choose a = 0.50, 0.75, 0.25, 1.00, or 1.25A. These distances

- are mentioned in order of increasing 4.

T

When & tends to zero then min_ tends to max, .
When coupling is teken into account, some of the results described above

are altered. It turns out that coupling for specific values of 2, e, X, , and

An
Zo may have a large influence. Coupling usually causes mina to decrease and a
to increase, For a < 0.25i, mina is only half of its maximum value, For some
velues of the paremeters and for some angles of incidence the beck-scattering

is increased 50 % by coupling.

5



- 36 -

The snslysis of the reradiation from 1600 sets of perameters has indicated
that variations in mina 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 mina and d but the variations in these values appear to be the same as
those described above where coupling was neglected.

By using the results from the investigation in which coupling is neglected,
and the results of the caleulations for the 1600 sats 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 possible
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 4 is as small
as possibie.

By using the first criterion, a reflector has been found for which coup-
ling increases mina 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 thet, when we require s larger
value of mina, then we obtain a larger value of d. In this case it has not been

possible to find values of &, a, xAn’ and 2. for which coupling decreases the

deviation from Van Atta effect so that it ig 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 xnina > 2,5, it has been found that 2, » and ZO are close to the op-

X
timum values found when coupling is neglected, Fﬁ? the second type it is found
that when we prescribe mina to be above a level smaller than 2.5, 4 is usually
decreased by increasing Zo.
A further optimization shows that, due to coupling, mina may be increased
and 4 decreased by permitting the transmissicn lines to be of unequal lengths
and the dipoles to be placed asymmetrically about the center of the reflector,
However, the increment in mina (the decrement in d) is at best small and most

asymmetries would in fact have the opposite effect, that is, mina would be de=~

creased and 4 increased.

o ——— e g
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2/ 1/8 2/8 3/8 4/8 5/8 6/8 T/8 8/8

a/\ 1/8 2/8 3/8 W/8 s/8 6/8 T/8 8/8

xAn/omns -42 20 0 20 k2

Zolohms S0 60 T3 80 90

Table 1.

Combinations of the parameters.
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Set a min_ L/A a/A Xy /Ohmms Z4/ohns
o | 3.02 |2.618 | 0.750 | L.000 0 %0
b e T339 2650 0,750 | 1,000 | =5 %5
b | 3,21 |2.508 | 0,250 | 1.000 20 90
2 TS 680,250 | 1,000 55 50
b 2.1 [2.595 | 0,750 | 1.000 ) 73
3 METSTIIE TS T6.T50 1000 ) 3
b | 2.90 |2.580 | 0.625 | 1.000 | = 3 50
b rTTIE T [o0ehs [ Ta00 | =38 55
b | 3.36 |2.568 | 0,125 | 1.000 | - i3 60
> & T3.00 ]2.600 [ 0.105 ] 1.000 | =353 )
b | 2,89 j2.566 | 0,125 | 1.000 - 43 73
& TS E 6 oS [0.980 | =13 %5
b | 3.56 [2.54b | 0.250 | 1.000 20 ()
T e 175.25 |2.616 | 0.250 | 1.000 25 90
b | 2.57 12.529 | 0,750 | 1.000 0 80
8 NS ST o 1o [ -0 60
b | 3.11 [2.588 | 0.750 | 1.000 20 73
9 = 13.35 |5.651 [0.790 | 1.000 15 5
b | 2.90 |2.509 | 0.125 | 1.000 | = 53 80
10 5003 1z.58 0.k 1T 1000 T = 53 7
b | 2425 |2.619 | 0.250 | 1.500 0 73
N T332 [ 0,230 11550 | =5 %8
b | 2.b9 [2,744 | 0.750 | 1.500 0 73
12 (@ 1250 [2.777 | 0.750 | 1.520 0 73
Table 2.

Maximum of mina.
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Fig. gggz- d nina max, g, ds /X |a/A XAn/ohms ZO/ohms
+  13.15 |2.6b [3.,60 12,95 |2,91 {0,79 {1.00 15 63
T T oo [ours (012 |53 |22 Jovs [noon | 15 63
+ |2.53 [2.82 [3.67 [3.13 [2.39 [0.23 {1.5k | - 5 68
3 -~ 12,69 [2.73 [4.03 [3.43 2,33 ]0.23 {1.54 | - 5 68
+ 2,48 12,5k {3,11 [2.80 |3.43 |0.67 [1.00 | ~ 35 73
T 2,70 |2.71 [3.7% |3.16 [3.36 |0.67 [1.00 | - 35 13
+ 11,67 }2.48 3,11 [2.78 |3.,21 [0.25 {1.50 0 93
[ - {1.66 [2.66 |3.38 [3.01 |3.15 [0.25 |1.50 0 93
Table 3.

Characteristics for the Figs. 7.2 = T.5.




w oy - \
Set d mina [¥2) a/A XAn/ohms Zo/ohms xAn+Zocot8!L/ohms
a |2:80|2.129 [0.250 [0.50 0 T3 0
1 b [2.23{1.909 10.330 [0.50 15 73 - 25
e 12.5012,073 10,330 {0.50 Lo 73 0
d |1.,17{1.k13 {0.330 {0,50 95 173 0
e [2.01]2.595 |0.750 |1.00 0 T3 0
5 b {2.77(2.468 0,770 |1,00 0 73 -9
¢ 12.7912.589 |0.770 [1.00 9 73 0
d [1.12{1.493 }0.770 [1.,00 27 213 0
8 12.71[2.081 [0.125 [0.50 - 42 73 31
3 b [2.23]2.034 [0.185 0,52 - h2 73 - 10
" ¢ [2.h2|2,122 |0,185 [0.52 - 31 13 0
1 d |1.20{1,466 |0.185 [0.52 | ~ 75 173 0
: e |2.08]2.330 [0.625 |1.00 | = B2 73 31
4 b [1.26]1,629 {0,565 [1.02 - 177 13 - 8
¢ |1.26]1.672 10,565 {1.02 - 169 13 0
\ d {2,01{1.401 [0.565 1,02 - 215 93 0
’ _
a [1.94]1.765 [0.375 [0.50 k2 13 - 31
¢ [1.450]1,706 [0.415 [0.52 12k 13 0
a {1.13/1.494 10,415 |0,52 157 93 0
A 6 | b |1.26]1.636 10,935 |1.02 162 73 - T
i ¢ |1.26{1.672 |0.935 {1.02 169 13 0
: d [1.01(2.401 [0.935 }1.02 215 93 0
: 8 |2.60|1.973 10,250 [0.50 | = 20 T3 = 20
3 7 b |2.43]2,062 |0.230 |0.52 - 20 13 - 11
c 2.63 20159 00230 0-52 - 9 73 0
; a [1.07{1.438 |0.230 |0.52 - 2 193 0
: 8 |2.89]|2.332 |0,750 |1.00 - 20 73 - 20
5 ¢ |2.47]2.497 |0,670 {100 | - kO T3 0
g a 11.08[1.465 |0.670 11,90 | - 106 193 0
e [2.46[1.616 [0.375 |0.50 20 73 -~ 53
9 b |1.57{1.779 |0,395 |0,52 80 73 ~ 1h
¢ 11.65{1.858 [0.395 |0.52 ol 73 0
a4 11.12]1.,486 |0.395 |0.52 146 113 0
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
a J1.01]1.401 |0.,935 {1.02 215 93 0
a [2.2512.619 [0.250 [1.50 0 73 0
ll b 2!10 20550 0.270 1052 O 73 d 9
¢ [2.12{2.,667 [0.270 [1.52 9 73 0
d |0.65|1.451 |0.270 |1.52 29 233 0
a 2.1‘9 QOTHh 00750 1‘50 0 73 0
¢ |2.47(2.743 |0.770 [1.50 9 73 0
da {o.71]1.k22 fo.770 |1.50 32 253 0
Table k.
Optimization of 4d.
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Set a mina L/ a/x xAn/ohms ZO/ohms xAn + Zocotez/ohms
8 ] 2,48 | 2,537 6.670 1.00 - 35 73 -5
6 [ 1.59 | 2,003 | 0,915 | 1.02 132 73 9
T { 1.17 | 1.536 [ 0,230 | 0,52 -~ 22 173 0
12 | 1,92 | 2,635 | 0.770 | 1.50 12 93 0
11 | 21.15 | 2,122 | 0.270 | 1.52 16 133 0
11 ] 0,71 | 1.555 | 0.270 1.527 26 213 0
Table 5.
The smallest values of 4 depending
on mina.Cbupling taken into account,
mina 2/ a/i XAn/ohms Zo/ohms xAn + Zocotﬁl/ohms
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 mind Coupling neglected.
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d min zl/A 22/A nll/x nal/x n3l/A nhl/k nlz/x n22/A n32/A nhalx
before
changes|3.15/2,641 10.79{0.79{0.00 {1.00 {2.00 |2.00 |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 L's
after
changes 3.43(2.729 {0.79|0.79]0.01 |0.94 |2.02 {3.00 |0.00 |0.00 {0.00 {0.00
in n's

Table T.
Maximizing of mina by changing the lengths and the spacings
independently. X, = 15 ohms, 2., = 63 ohms.
An 0

d min ll/A 22/X nll/l n2l/x nal/k nhl/k nlall n22/A n32/k nh2/A
before
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 L's
after
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

Table 8,
Decreasing 4 by changing the lengths and the spacings
independently.xAn = - 35 ohms, Zo = 73 ohms,




specular direction

Fig 1. The reflector



Fig.2. The reflector:
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Fig.3. Equivalent circuit  for djpoles 1 and 4.




Fig. 4. Placing of djpoles.
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Fig. 5. Current plane.



4

—

dgj =000,b2100%% v = 0°

i

4

N

e , - —
gy

Joj 039.6290% ,v~05°
i

-

[ ] . .

-

\ ), B
1;

o’¢,~ =059, b7 °}o V~1°

| dyy =060, 5256%0,v~30° J

43%0,v~50°

- =090,b

b

Figb. The beam in the Van Atta direction for

oifferent values of dg;.




J a=050)

} Xyp= 00hms
4 Zp= 730hms
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fig. 7. d as a function of the length of
the transmission lines.
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Fig. 4. d as a function of | when Xypn=-Zncolpl
and Xy, = 0 ohms.Coupling neglected.
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Fig. 9. o as a funclion of | when X, =-Zycolgl
and Xz, = 0 ohms. Coupling neglected.
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Fig.10. d as a function of the length for Xqpn=
-73,0,and 73 ohms. Coupling neglecled.
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Fig. 11. d as a function of the length for X, =
=73, 0,and 73 ohms. Coupling laken

info account.
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Fig.136.  maxy, g, , mMing as a function of Zp.
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Fig.13c.  maxg,9q,ming as a function of Z,.

Parameters as in Fig. 13a.



£d o= Q502

2o = 730hms
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Fig. 15.0. g4 as a function of the length of the
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value of /.
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Fig. 15.b. maxg,gq4,ming as a function of the length
of the the transmission lines.
Parameters as in Fig.15.a.
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of the transmission lines. -
Parameters as in Fig.15a.
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Fig. 16. d as a function of [ for Zyp=10,30,

73,and 110 vhms. The numbers on

the curves ndicate Zo in ohms.
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Fig. 17 ming as a function of [ for Z£4=10, 30,
73,and 170 ohAms. The numbers on

the curves indicafe ZO in ohms.
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Fig.23. d as a function of the length of

the transmission lines Ffor
..70: 50,73, and 90 ohms,
The numbers on the curves indicate

Zo in  ohms.
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