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1, INTRODUCTION

Since Van Atta(l) proposed his reflector in 1956 many papers have
been written on reflectors of this type. A survey of these papers was given
in 8cientific Report No. 1, in which a scheme was proposed for a theoretical
investigation of an arbitrary Van Atta reflector. It was shown how the dif-
ferential scattering cross section may be calculated. An equivalent diagram
for each pair of antennas was set un using the general X-circuit to repre-
sent the transmission lines connecting the dipoles. The equivalent diagrams

take into account the scattering effect of the antennas as well as the coup-
ling between the antennas.

In this report the transmission lines are considered as phase shif-

ters. It turns out the* -n analytic investigation is more easy to perform
when the transmission lines are considered as phase shifters than when an

equivalent X-circuit is used.

The reflected field will be found by superposition of three fields:
1. the field reflected due to the intercunnection between the antennas, 2.

the field due to the scattering effect of the antennas, and 3. the field due
to the coupling between the antennas.

In the former Air Force report a few numerical calculations were ma-

de for a linear Van Atta reflector consisting of four half-wave dipoles. It

is the purpose of this report to make an analytic and numerical investigation
of this simple reflector in order to obtain results which indicate the beha-
viour of an arbitrary Van Atta reflector.



2. GENERAL CONSIDERATIONSI
Before formulating an expression for the reflected field some gene-

ral considerations will be made in this section. A linear Van Atta reflec-

tor consisting of four antennas is shown in fig. 1. Each pair of antez-as

is connected by transmission lines of equal length. When a plane wave is in-

cident on the reflector a c .rent distribut"jn will be generated in the anten-

nas. If we do not take into account the coupling between the antennas this

current distribution may be divided into two parts. The first part is the

current generated in each antenna by the incident wave. The second part is

due to the interconnections between the antennas, since each antenna recei-

ves energy from the incident wave and this energy is transmitted through the
transmission line to its mate. Let the direction of propagation of the inci-
dent plane wave make an angle +i with respect to the plane of the reflector.

In fig. 2 it appears that the fields from the first part of the above-ementioned
currents are iA phase in a direction making an angle is - *i with respect

to the plane of the refl-,'tor and in fig. 1 it appears that the second part
of the currents set up field which are in phase in the direction back in

the direction of arrival of the incideaý rave because of the equal lounh of

the transmission lines.

The field set up in fig. 2 is due to the scattering effect of a re-

)n ceiving antenna and the field set up in fig. 1 is the field considered in

Van Atta'is patent description (1).

In the patent description it is claimed that the reflector reradiates

maximum energy back in the direction of arrival. Since the field reradiated

due to the scattering effect io of the came order of magnitude (see Appendix)
as the field considered in the patent-description it turns out that if the

reflector works as stated in the patent description it also operates as a

mirror. However, on account of the interference between the two fields it

appears that we cannot alwavys expect the effect mentioned in the patent de-

scription. Furthermore, if the angle of incidence and the length of the

tranmission lines is such that the two parts of the current on each element

are in opposite phase we will get no reflection at all,

As could be expected it appears from, the numerical invsstigation of

the special reflector that the mutual impedances may increase or decrease
the reflection back in the direction o.' arrival or the mirror effect depen-

ding on the distance between the antennas, the length of the transmission

lines, and the angle of incidence.
The above considerations are valid in general, since the four anten-



nas in fig. 1 may be considered as tvo pairs of antennas in an arbitrary

Van Atta reflector,
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3. THE REFLECIED FIELD

The reflected field will now be determined when the antennas in figAL

are half-wave dipoles. The distance between the dipoles is p .A. where A is

the wavelength and p is a real number, The length of the transmission lines

are t! In the general considerations given above the direction of incidence

was arbitrary. Here the reflected field will be determined when the direction

of propagation of the incident wave is in the plane normal to the axis of the

dipoles making an angle +i with respect to the plane of the reflector. The

plane wave will generate the total currents 11, 121 13 and I in the four di-!

poles named 1, 2, 3 and 4, respectively.

Each of these currents may be divided into four currents. Consider the

equivalent diagram in fig. 3 for dipole 1 and 4. The propagation constant in

the transmission i1nes is 8. By means of transforming network xne antenlia im-

pedances ZAn are matched to the impedance of the tranamission linos, V1 and V•
are the free space open-ci'cuit voltages induced by the plane wave in dipole 1

and 4, respectively. The other voltages shown in fig. 3 are due to the coupling

between the antennas. Z1 2, Z1 3 , and Z,4 are the mutual impedances betwen half-

wave dipoles with a distance of pX, 2pX and 3pA, respectively#

The four currents Ili, 112, '13, and I'1, which compose I, will be gi-

ven by,

V1
1. Ill R ,due to V1 on dipole 1.

An
RAn is equal to the real part of Z7n.

V 4  i8i
2. I1 '- • e .due toV on di e 4

12 n ipleR

which, through the transmission line, generates a current in dipole 1.
', -Zl2IrZ13 '3- 1•4

3. 113 n , due to the coupling between dipole 1 and

dipoles 2, 3, and 4.

"M Z!4 11-Z 13 1-ZI21$
I - - 1 1 Z IIe , due to the coupling between dipole 4

and dipoles 1, 2, and 3.

The time factor is e1it, and the current distribution is assumed to be sinu-

soidal. Ill represents the scattering effect of dipole I. I12 represents the

current dealt with in Van Atta's patent description. It appears that T has

the same magnitude as I12, and that I13 and I11 are not negligible to 1I1 and

I_
_____________



V. 12. v" u the mutual impedances are comperable to RAn as here, where the di-
Wstanqke betwen the ante4mae do not exceed a fev vavelengths.

Corresponding considaration for the other dipoles give

(21An41)ei 1)11 + (ZW2ZI3e iot)1 2 + (Z13-Z1 2eiOI)13 + zl1l14 Va-V I• _V 1.

(Z12- 13e1 )I1 + (2AAv- 12ei* ) 2 + 3 + (Z1 3 -ZI 2ei 0k)Ih V2 -v3e , 2.

I3-Z12 eI f)I1 - Z lII + (2RAn -2I iae1x)I3 + (z -Z 3 e )I V - e ,

Z1411 + (Z1 3 -412 i* )12 + (ZI -Z13 ei±t)I3 + (2R-ZIe 8t l)l4 - V-Vle tI , 4.

These equitions =ay be transformed to

"RAn
An(l+i oot" )11 + + Z13I 3 + (i + Z1al14 v1 5.

"RAn
Z12 1 + An('+' cotot)l2 + (I in8t + Z12 )13 + Z1314 . 2 6.

IZ 1 3 11 + (1 I + Z12 )12 + RAn(I+i cotet)I 3 + Z121h- V3  7.

Rn

"SOL + Z14)11 +" 3,2 + Z1 2 I 3 + RAn(1+i Oot")I1  a V4 , 8.

vhen sinat + 0

It Vt is the open-circuit voltage induced in a r"ference antenna placed

at the center of the reflector, we have

V1 a Vtei3xi 9.

V2 a VteoXi 10.

3 tV3 m•Vte- Xi i

V i3x. 12
1

I=

I



where

1131 - kIp Xcoa. ir=, p • cos•. 13

k is the free-apace propagation constant. The electric fieldetrength at a pohtil.

in the pl.ane normal to the axes of the dipclaes, at a distance r from the center

of the array in a directicn making an angle #n with respect to the plane of the

reflector is (2)

"E U -r (Ii3xld+IeiXu¶ h3e-1 1 u+Ie1i 3 Xu4.
. 3""-

where t is the characteristic impedance of free space and

xu al kp • A .cosau a • pcosef 15.

Solving 5., 6., and 8. and using 9., 10., 1.., and 12. we find, for the reflec-

ted field

-iV ikr
t e 1E C •

i3xi ix. -ix. -i3xi ±3xu
S(De + D e + D3 e + Dte 1 e

i3x, ix. -ixi "i3x ix
+ (D2e +1  D 5e + D6e + D3e 0)e

Si3xi ixi -ixi -i3x i )-ixu

i3xi 6 ixi + ixi -ix. i 3xi
+(D~e + De + D e +Dle ) 16.

where
O..

D Z Z1 D1 + Z12D 2 + Z 1 3D3 + Z4D4 , 17.

2.zI z2 z13 Z 1  Z4  Z13.
D1  Z2  z 1  Z12 D 5-z Z 1  Z1 I 18.and 19.

z13 z12 z 1 Z 13 z12 zl

!z• 7 z l z• z z•
Z12  ~ 131 13Z121

D2  Z2  Z1 2  1 D3 Z 2  Z13 ZlI

Z1 3 ZI Z1 2 1  Z1 2  Z ZI13

I!
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z 4  z 13 12 j 2 z 3.3 12

D4 z13 z 2 I D 6 a Z4 £1I 22Aud 23.

z 12 1 2 Z12 z 1 Z4

z I ZAn(l+i cotax) , 24.

Z2 = -al + 25.2 -;I n O 1
ZAn

z = i + + * 26.

In particular in the direction back in the direction of arrival, xu xi X
i-Vt ý e Ar 1

if r D

"(D 4+D e (2D3 +D5 )co82xi+2D 2 cosax iD 1cos6xi) . 27.
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4. THE GENERAL FORM )F THE RADIATION PATTERN.

In order to study the general form of the radiation pattern we neglectf

the mutual impedances .n this section, The currents in the dipoles are then

V 1  i 4II= e 28.

V2  V3  e ist 29.
12 ----- -.9

2RA 
-n 2R AnV 3 - V2 eiB£ 0

3 2R An FRAn

V4 V I eiBk
4 2RAn 2 An 31.

In this case the electric field is

ikrVE= • eik Vt 32.
r An

where

g = cos 2(x.Ix U) cos (xi+xu) - cos 2(xi-xu) cos (xi-xu)e iot 33.

In tiie patent description it is claimed that the refeletor reradiates

maximum energy back in the direction of arrival, when the transmission lines

are of equal length.

From the absolute value of g we deduce below some results from which it

appears that the reflector has not the effect stated in the patent description.

1. The absolute value of g is the same for +u = v and Ou - v - v, 1his means
that the radiation pattern is symmetrical about the normal to the reflector. This

indicates that if the reflector has a maximum of reradiation back in the direc-

tion of arrival, it also works as a mirror as mentioned in section 2.

2. However, the maximum reflection often is not back in the direction of inci-

dence.

3. The absolute value of g depends on the length of the transmission lines.

4. At soae lengths of the transmission lines there is no reflection at all.

As an illustration of these results we will consider the radiation pattern

in the following special cases when the distance between the antennas is a half

wavelength.

On accouLt of the symmetry we will only consider #i and #u in the inter-

val 0 to w/2.

Since ve do not take into account the disturbance from the transmission
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lines the radiation patterns are synmetrical about the plane of the reflec-

tor.

a. Gr~jpg arr normal incidence.

Illustrations may be found in figs. 4 and 5.

At grating incidence we have (0. a 0)

ga (gmna - s189)(. + el 13)

and at normal incidence (*i s ir/2)

g a (cos3x% + coSxu)(l - eaBt) * 35.

It is seen that the form of the radiation pattern is independent of the

length of the transmission lines.

At grazing incidence maximum reflection is obtained when A is a whole

number of wavelengths and at normal incidence when £ is an odd number of half

wavelengths, In these two cases maximum reflection is in the direction opposite

the direction of arrival when we do not take into account the mirror effect.

There are two smaller maxima at Ou = 7h05 and at ýu = h2"'9, respective-

ly. From 34 and 35 it appears that there is no reflection at all when Z is an

odd number of hafl ...-..lengths at grazing incidence and when Z is a whole num-

ber of wavelengths at normal incidence. The result that there is no reflection

at normal incidence when I is a whole nimber of wavelengths is valid for an

arbitrary reflector,, since the right h:ad sides of the equations 1., 2., 3.2

and 4, are equal to zero.

b. ases _here o2•ithe phase of the reflected fiei d e2uians on the length of

the transmission lines.

When *u = arccos(cos 1i +t I),

we have

g t coo 2(xi+x ) coB (xi+XU
au (1 ++)+

and when a arceos(coso, + 7 m), where m 1, + 3,

we have
i.8Lg * -cos 2(xi+xu) cos(xi+xu) e

In the first case X has no influence at all, but in the last case the

phase depends on 1.

For example when * 30Q there is no change in the magnitude of the

reflected field in the directions @u = 50.7, 68.5 and 82?3, when I is changed.

In fig. 6 the radiati.n patterns are shown when 0i = 300 and 26 is varied.
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c. The direction of maximum reflection when t. is a half wavele th.and when

t is a whole wavelength.

When the length of the transmission lines is equal to a half wavelength

we always have a maximum at * = 90a oond in another direction determined by

9cos 3x +COS x.
a in x =osý Tu~ r / -12 coo -3X'_-

if exists in the above equation.

!Which one of the maxima is the greatest depends on the direction of in-

cidence (see fig. 4). In fig. 7 U , the direction of the greatest maximum,

is shown as a function of O.V

When k is equal to one wavelength the two maxima are at u 0 and in

the direction determined by

COB X 9sin 3x5:-sin x.Cos Xu 12 Po X

if u exists in the above equation.

The figures illustrating this case are fig. 5 and fig. 8.

.2rom this it is seen that the reflector does not act at all as stated in

the patent.

It should be mentioned that at 0.25A (or 0.75A) the deviation of * MM

from *. is not as great as in the cases mentioned above (see figs. 9 and

In faot. the numerical calculations show that at thezse lanjgths ve have 10-S smnal-

lest deviation.

It is shown later on that the coupling between the antennae makes a

small change in the optimum traLsmission line length (see section 6).

d. The reradiation patterns are the same for I X1/2 + 4 ,,andA 9 * 2 - OX.

It can be shown from the absolute value of g that the radiation pattern

is the same for k A/2 + aA and k A/2 - A, where a is a real number.
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5. THE fl4FLUENCE OF COUPLING BIV'WEEN THE DIPOLES.

In order to illustrate the influence of coupling between the dipoles
reradiation patterns are calculated when thd-mutual impedances are taken into
account. In figs. 4, 5, 9, and 10, it is possible to compare reradiation pat-
ter-s where the mutual impedances are neglected with rera iation patterns where
the imuedances are taken into account.

It was mentioned above that the reradiation pattern are the same for
I a A/2 + aX and 9 a X/2 -ca when coupling is neglected. In figs. 9 and 10

the reradiation patterns are shown for two such line lengths, namely X a 0.25X
and t = 0.75) . It is to be noted that the radiation pattern is not symetri-
cal about the normal to the reflector.

However in the cases where Z is a multiple of half wavelengths, there
is symmetry. This may be seen from equations 1. to 4., and is illustrated in
figs. 4 and 5.

The diagrams show that the coupling does not effect the principal form

of the patterns but it hppears that the induction may support the Van Atta ef-

fect or the mirror effect depending on the length of the transmission lines

and the angle of incidence. In som- .,s there is an increase or a decrease
in the reflection of about 100 per cei
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6. THE OPTIMUM TANBSMISSION LINB LOG".

So far it is seen that if we choose the length of the transmission lines

arbitrary we cannot expect the reflector to act as stated in the patent descrip-
tion. For the reflector with a half wavelength between adjacent elements nume-

rical calculations have been made in order to find the optimum transmission ii-

ne length, i.e. the length at which the reflector is as much as possible in ac-

cordance with the patent description,
A number of radiation patterns have been calculated for varying values of

t and ýi, and by comparison and selection an atempt has been mado to find the op-

timum length. It turned out that two length, I. and Zg, are possible depending

on how we want the reflector to work.
At Z. the reflection has a maximum as close as possible to the direction

m
of arrival for all angles of incidence. This happens when I is O.2A * When t
is in the interval 0.20A to 0.35X the radiation pattern does not dtffer much

from that shown in fig. 11 for I = 0.28X. From this it is seen that the choice F v

of is not critical.

At X. the reflection opposite the direction of arrival is as large as
possible. This happens when I is 0.64A and the corresponding radiation pattern

is shown in fig. 12. In this case the direction of maximum reflection vAy di-
verge by up to 300 from the direction opposite the direction of incidlece. At

this length the minor effect is more pronounced than the Van Atta et•f•%.
!

• m | | | |
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7T CONCLUSION.

The theoretical and numerical investigation shows that a passive linear

Van Atta reflector consisting of 4 halt wave dipoles does not work precisely

as claimed in Van Atta's patent description, that is, it does not transmit an

incident electromagnetic wave back in the direction from whence it came for ar-

bitrary angles of incidence and arbitrary lengths of the transmission lines.

This is due to the scattering effect of the dipoles and to the coupling between

the dipoles.

Among other results it has been shown that for some lengths of the trans-

mission lines and for some angles of incidence there is no reflection at all.

In the numerical calculations it appears that the induction causes the

radiation pattern to be asymmetrical and may support the reflection opposite

the direction of incidence. The length of the transmission lines at which the

reflection is as much as possible in agreement with the patent description has

been found. Even at this length the reflector has the mirror effect, so that if
it is possible to use the ret3.-'tor with a Van Atta effect, it is also possible

to use the reflector as a mirror.

II
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8. APPENDIX

It will be proved that the scattered energy and the energy received by

a matched antenna are equal, if the power scattered by the open-circuited an-

tenna is much smaller than that scattered by the matched antenna. If this a-

sumption holds the echo area of the antenna is (3)

2
4AGORan 1A.
Iz an+z 41 2

Where Zan and Z4 is the imput and load impedance of the antenna, R an

Re(zan), A is the effective areal, and G the power gain.

If the antenna is matched we get from (IA)

a - AG 2A.

Using the definition of a, A and G the scattered onergy and-raceivod e-eaeerV

is found to be the same and equal to Avi, where 8i is the intensity ot the in-
cident field.

For a half-wave dipole tcin backscattering croossection Is-O.21A and
O.01A2 when the dipole is mabhed (4) and open circuit (5), respeotively.

This shows that the consideration in this report are valid when the an-

t.ennas in the reflector are half-wave dipoles.

I
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