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Reflector Effects on the Performance of a
Retrodirective Antenna Array

Vincent F. Fusco, Rajat Roy, and Shyam L. Karode

4

" 990MHz T

Abstract—This paper presents modeling strategies to determine
the operating characteristics of a heterodyne phase-conjugate
retrodirective Van Atta array in the presence of a plane reflector.

The models used are based on physical and geometrical optics
principles. Predictions of the operating characteristics of the
array due to the close proximity of a plane metallic reflector

are compared with experimental measurements. It is shown that g4, MHZT
provided the reflector is positioned at a distance greater than

1.25 times the separation distance between the transmitter and

the retrodirective array its effect on the performance of the
retrodirective array appears to be negligible.

Index Terms—Antenna arrays, reflector antennas, retrodirec-
tivity.

T 990 MHz

. INTRODUCTION

IXED link wireless systems require the accurate pointing reflecto

of high-gain antennas. Traditionally, with mobile systems,
this is not possible and omnidirectional antennas with attendant
reduction in signal strength are used. Previously, adaptive an-
tenna techniques have been demonstrated to yield spatial fre-
guency reuse [1]. These systems tend at present to be overly
complex for a variety of lower performance mobile tracking ap-
plications, e.g., robotic vehicular. In general, in a retrodirective
antenna array each array element is phased independently of
every other. Hence, the array self corrects its phase response
in order to track an incoming signal without a prior knowledge ()
of the position of the incoming signal. This paper addresses the
operational wireless situation where self-phased or retrodire 4——l !

y

N ¥

tive antenna array are used to automatically self-track a targ

via spatially selective antennas in the presence of a reflectit

object placed close to the antenna. The operation of such a cc Xp‘“\..,\
figuration with a reflector included is analyzed here for the firs

time using both geometrical and physical optics strategies.

sampling unit

Il. RETRODIRECTIVEARRAYS

There are two basic types of planar retrodirective architec
tures namely the Van Atta [2] and the Pon [3] array. The retrod

rective principle of operation, i.e., phase conjugating the re / o
ceived signal and returning it in the direction it came from, is Retrodirective
%

REFLECTOR

: . ) . Ant
achieved in the Van Atta case [2] by means of interchangin nenna
the signal received from one element of a multi-element struc-

. . . . . . C
ture with its symmetrically disposed equivalent element while ©
Fig. 1. Modeling and circuit definitions.
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Fig. 2. Microstrip array sampling element.
array are that in the Pon structure array elements can be arbi- El = — Ege Mz cos b=y sin®) o5 ¢, 2)

trarily located on any kind of surface whereas in the Van Atta

structure they must be located in a plane. The main disadvdie condition to be satisfied at the boundary between the re-
tage of the Pon array is that a local oscillator running at twidkected and incident fields is

the frequency of the incoming signal is required. The type of

retrodirective array tested here is a modification of the Van Atta E— _E

array, which includes a bilateral offset frequency arrangement v ®)

.F 9. 1(a), a complete descrl_pnon of this arc_h|tecture IS g|ve& 0V.E' =0andV .E" = 0. The reflected ray that satisfies
in [4]. In this paper, a study is undertaken with the purpose ese is

showing the magnitude of the unwanted interference term intro-

duced into the working of the array when it is operating close ' )

to a plane metallic reflector; such a situation could arise when E = — Egel*( cos Oty sin €) i ¢ (4)
the retrodirective array is operated in a mobile wireless environ- E; = Eoek(z cos 04y sin 6) (o ¢ (5)

ment as described in the introduction.
In our geometrical optics calculations, we trace the path of such
a ray from the transmit/receive unit in Fig. 1(c) to the retrodi-
rective antenna. When at a certain position the ray from the
In the geometrical optics model, the reflector is taken as #ignsmit/receive unit falls behind the ground plane of the ele-
infinite metal sheet as shown in the Fig. 1(Bj.andE" are the ments comprising the wavefront sampling array for the retrodi-
incident and the reflected field, respectively. The incident fielgctive array we have an abrupt termination of the ray. In this
is situation, its effect is lost in the overall computation. The same
rule applies to the ray that misses the reflector. All other re-
flected rays impinge on the retrodirective array, which then op-
El = — Ege 7k cos 0=y sinf) iy ¢ (1) erates as a secondary source.

I1Il. M ULTIPATH REFLECTIONS FROMGEOMETRICAL OPTICS
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The power retransmitted from the retrodirective array can be T l
obtained by vectorially adding contributions from the reflected B9) g
: . . e = i “Eo____ =167k, i,
ray and the direct signal. The effective array factor is given as 2 687 By & ‘
2 671_
j(wt+e) - i 3 66/ ‘w
Bt =4 |0+ 3 ane®| @ B |
! D g4t e
= 64\ I I=1.374,
where O 63 -,
< | S
N/2 < 62|
i ) i - —(sin 671/ 617
A, =an Z I (2rz ) ((sin Otr /A¢ ) —(sin 07/77)) (7) 604‘_7 L L ;
—(N/2) 0 5 10 15 20 25 30
N number of elements in the array; AOA of direct signal (6 4
0, position of the transmitter measured from the broad- ] ] ]
ide: Fig. 3. Calculated AoA of the reflected signal with respect to the boresight of
sl T . the retrodirective array.
a, position of the receiver measured from the broad-
Eligfeince ofith element from array center- of the retrodirective antenna, is also shown. The semi-circle in
a;f rrav factor due to primar ry ] ' which the patch moves is of radiudg and the inclination be-
0 array lactor due o primary Source, tween the two coordinate system®is The transformation be-
m number of multipath signals present; .
. . tween the two systems is
Yo phase difference between primary angdh sec-
ondary signal; z=2z
A amplitude scaling factor; g P P
m . ' = - R i
Ot,, position of thenth secondary source measured from o= Ep €08 ) a+ ) sin O
the broadside of the retrodirective array; y= —ap sin bg + (yp — R) cos g (10)
it xzxg:gggg: g: ;Eg tr;ilsi‘\r}é't;'%g?l; The electric field given by (9) is first resolved into components
T 9 gnal. parallel tox,, ¥, andz, to give
IV. REFLECTED FIELD USING PHYSICAL OPTICS _ koha,
APPROXIMATION k(@2 2 22)0 St 2 (22 + 12 + 22)0.5
. . . P v p P
The scattered electric fiel#* from a reflector [5] is E,, = 03
2 2 2 kohx
(ajP + yP + ZP) r 035
1 . —jk0|1w_1J| 2 $2 + y2 + 22 :
E = VxVx//(an’)e—/ds’(S) (5 + 5+ 25)
2 jwe r— 7] Sm( koW 2, )
. . . 0.5
where an assumption has been made that there is no induced 2 (a2 +y2 +22) ’ Yp
current in the shadow region of the reflector and the total mag- X koW 2 2 2 4 ,2)09
P (3 + i + 2)

netic field at the reflector is twice the incident fiel’. This
approximation works well for reflectors of dimensions of a few
wavelengths [6]. In our problem, (8) will give corrections to the % COS koL, _
results obtained by pure geometrical optics. The incident elec- ) (3312) +y2+ 25)0-0
tric field is given by [7] and is the radiation field of a microstrip

2 (22 + 12 +22)""

— Lp E
patch antenna used in the transmit/receive unit to illuminate thely, = — -~ B,
retrodirective array here E., =0. (12)
—gkor o1 . : : .
p ¢ sin (koh_sm 0 cos ¢/2) sin (koW cos /2)  These components of the field transform in exactly the same
7 kor  kohsin 6 cos ¢/2 koW cos 6/2 way as the coordinates
-sin @ cos (koL sin 6 cos ¢/2) . 9)

E,=E,, cos 04+ E, sin 4
Some modifications to this expression are necessary off bore- E,= —E, sinf,+ E, cosfy
sight in order to accommodate the finite ground plane used in o ! ! (12)
the experimental setup. The coordinate system used for mod- TR
eling is shown in Fig. 1(c). By successively applying transformations (10) and (11) to (12)
We now present a detailed treatment of the coordinate trafgs get an expression for the incident electric field in thg—z
formation on (9) to make it suitable for evaluating the inciderystem. The incident magnetic field of (8) is obtained from

magnetic fieldH" in (8). The patch coordinates, andy, are e expression for the radiation field
as shown in Fig. 1(c) and a right-handed coordinate system is

assumed throughout. The coordinate system, fixed at the center H = (E xr)/n (13)
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Fig. 4. Radiation patterns of the retrodirective antenna with no reflector present.
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Fig. 5. Radiation patterns of the retrodirective antenna with reflector ahd.67

where r is the unit vector in the direction of propagatiorthe retrodirective antenna [2], [3] when retransmitting the power
and n the free-space intrinsic impedance. The componerack we refrain from carrying out the integral in (8), but we in-
of the scattered field by the reflector can be evaluated at ttegchange the signs of the two exponentials above as they are
origin of Fig. 1(c), which is the location of the retrodirectivgphase conjugated according to (14) and for all elemésitsve
antenna, however, as is necessary to simulate retrodirectuen up the field at the point in space where we place the re-
antenna action we proceed as follows. Hiecomponent is the ceiver; this we call the reflected field. Similarly the power which
cross-polarization component, which is assumed not to exaitemes out directly from the transmitting patch to the retrodirec-
the antenna. The scattered field at each of the elements of tilre antenna is also retransmitted back with a similar phase-con-
retrodirective antenna are obtained by multiplying this field gigation procedure applied to the receiving patch; we call this
the origin with the direct field. We neglect all scattering by the reflectors in the

) ~return path because the retrodirective antenna beam is more di-
Age(Tikdm /2@ 45)"7) op 4 o(Fikdm /2= 4u+20)"7)  rected and in the case of the beam being focused toward the

(14) reflectors the receiving patch whose radiation pattern is concen-

where the negative or positive signs in the exponential is takeated into its forward half-space is unable to detect it.
for the left and the right microstrip patch, respectively, of the The results of the physical optics model converged to the one
retrodirective antenna in Fig. 1(c). Hetg, y; andz; are the obtained from geometrical optics when the reflector size was
coordinates of a point located on the plane reflector @tide increased. For the infinite reflector of the geometrical optics al-
interelement spacing of the array. CoefficieAtsand A; arein gorithm we get a maximum scatteréd field value, which is
general complex weights, which can be used to model any a#8.5 dB below the direct field at the retrodirective antenna. For
plitude and phase distortions introduced by the amplifier, mixex,reflector size oR.33), x 1.0 the physical optics model
and connecting cables in Fig. 1(a). In our work they are both ggdicts a maximum scattered power-622.5 dBm when 0
equal to magnitude one and angle zero degrees. In the casdRrh is radiated by the transmitter. However when the reflector
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Fig. 6. Radiation patterns of the retrodirective antenna with reflector ahd.37

size is increased .33\ x 1.67 ) this value becomes 11.4 z coordinate along which the wave travels within it;

dBm which being very close to the value obtained from geo- & propagation constant which is the free-space propaga-
metrical optics £ 11.7 dBm) illustrates the convergence of the tion constantty multiplied by the square root of the
physical optics model to the geometrical optics model. It should dielectric constant of the material in the line.

be noted that it is difficult to verify these results experimentallin the transmitting mode, the power delivered to the antenna by
as the fields coming directly from the transmitting patch to thie cable is

retrodirective array are strong comparedHd and cannot be

* 2
suppressed for separate evaluation. Py = lRe // E, x H}.ds = 4.4 = A_ (17)
2 27 27,
cross—section
V. ESTIMATION OF SIGNAL LEVELS AT THE RETRODIRECTIVE o
ARRAY In the receiving mode
The L_orentz reciprocity theorem [5] when applied to a source Eo = Bt and H, = -1 5 % Betis (18)
free region states Zo '
Therefore
ﬂ(Eleg—ngHl).ds:O (15)
s // (E1 XHQ—EQXHl).dS
whereS is the surface enclosing that region. We use this to ob- Cross_se;jan 9AB B
tain an estimate of power level received at one of the patches =7 = 4P, =. 19
Z Z 0 19)

of the retrodirective array. Since the power flows into the patch
antennas through a coaxial cable the region whose surfate igor the outer sphere, in the in the transmitting mode at large
excludes all metallic surfaces and includes the dielectric regipiyi, s
between the inner and outer conductor of the cable the dielectric . N
patch substrate and an infinite sphere surrounding the receiver,, e /%" 1, et
The only contributions to the integral comes from the surfaceE1  kor et. ¢) and H, = ET % kor e(t, ¢)
of the infinite sphere and the cross-sectional area of the cable. (20)
The subscripts 1 and 2 for the fields in (15) can be considered
to stand for the fields of the antenna in the transmitting and tiheren is free-space wave impedance. In the receiving mode
receiving modes respectively. For the cross section of the catlie field consists of the incoming wave in the directiehand
a scattered field of the type given by (20); that is

. 1 . g
E, =Ac™7% and H, = —2x Ac/**  (16) o e—ikor
Zo E, =¢/tortie, 4 -
o7

65(97 d))

where and
Zy  characteristic impedance of the coaxial transmission
line; 2=

A s —jkor
—ixehtie i S e (0, ¢)| (21)
/{}07‘

I =
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and so plicative amplitudety, then we have for an aperture efficiency
of 100%

1— E?2 /27T /77/2 sin (koh sin 8 cos ¢/2)
/2 TomkE o o koh sin 6 cos ¢/2
—gkor T T
= - / ><Sin (koW cos 6/2) 2

(E1 X H2 _E2 X Hl)dS

surfaceoflargesphere

kot J_rsa ToW cos 02 sin 6 cos (koL sin 8 cos ¢/2)
[0, ¢) x { =i x &} = ei x {7 x (6, 9)}] sin 6 d6 dg. @7)
(—#) eikoriag2 o 9dpdo — eIk /77/2 /7T Thus, £y, = 101.92 V/m, which gives the total power density
n(kor)? Jorj2J—x (Poynting VectorS,.) at the retro-trans/receiver
[e(6, @) x {7 x &,(0, @)} — es(8, ¢) x {7 x e(6, $)}] =
Y2 o . ,:—0 = .231W 2. 2
(=#)r” sin 8 dp do (22) S, 2k2e2 31W/m (28)

The second of these integrals identically vanishes and the fifs{ye have a similar antenna at the receiver the#, ¢)|> of
can be evaluated computationally or by the method of stationg) in the direction of the boresight is jusg and this divided
phase for large values & using the identity [8] by 2 Pyndn?/\? is just one upon the integral in (27) above. Thus,
o the aperture area of the retrotrans/receiver patch is obtained as
// Fa, y)el 9@ 4y gy = 327 f (o, yo) e %90, v0) shown in (28a), shown at the bottom of the page. From this and
L L K\/9z29yy — 92 (28) (by multiplying the two) the maximum received power at
P Y the retrotrans/receiver is obtained as 8.1 dBm. At other angles
from the array bore-sight the power will reduce according to the
angular distribution of (9). From direct application of the path

whereg... = (9%g/0z?), etc., at a point wherg(z, y) is sta- equation this equates to patch antenna gain of approximately 6
tionary (zo, yo) in the case whe is very large. Thus, we get 4.

(23)

(E1 x Hy — E; x Hy) ds VI. RESULTS AND DISCUSSION
surfaceoflargesphere The retrodirective antenna in the case of our study is made
GA2 up of two patch elements designed to operate at a frequency
=" (e; (0, 9)). (24)  of 1 GHz, their dimensions are given in Fig. 2(a). The separa-

Us
7 tion between the two elements comprising the array is half a

One obtains from (15), (19), and (24) the received power, whi¥¥pvelength at 1 GHz. The antenna used in the transmit/receive

is unit as shown in Fig. 1 is of identical type to that used in the
retrodirective array, all patches are constructed on FR4 substrate
B2 Atei.e(, P)? 25) = 4.55, h = 1.5 mm. At the receive frequency of 990 MHz
Prec = 57, = 1672Pyn? the antenna VSWR is 1.37 and at the antenna transmit frequency

L of 1 GHz it is 1.08. Due to the small size of the ground plane in
When the polarization ot; and e(6, ¢) are the same the gy 5(3) the measured radiation field patterns are used to shape
power density (Poynting Vector) of the incoming wave whick,e thegretical patch responses given by (9) prior to their use in
is [ei|*/(2n) gives the aperture area as the physical optics model [Fig. 2(b)]. In all cases, the measured
cross-polarization response for the patch antennas used was less
Pec  Xle(d, $)f (26) than—18 dB. To study the multipath effects the expressions in
Iei|2 /(2n)  8n2Pyy (6), (8) were evaluated for various valued ghe distance to the
plane reflector, as defined in Fig. 1(c). The radius of the semi-
Now, if the total power radiated by the transmitting antenna @rcle shown in the same figure is 1.23(near field distance is
20 dBm and if it radiates according to (9) with an overall multi1.12)\). This geometric distribution was selected so as to form

Ap area=

Ap area
)\2
B /27T /77/2 sin(koh sin 8 cos ¢/2) sin (koW cos 6/2)
o Jo koh sin @ cos ¢/2 koW cos 6/2

5 =.028 m’
sin 6 cos (koL sin 8 cos ¢/2)| sin 6 df dp

(28a)
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a worst-case scenario whereby the reflected ray could be mélue 5 dB beamwidth has increasedit60°. This suggests that
to have the maximum possible effect on the operating charactas-an asymmetrically disposed reflector is brought closer to the
istics of the retrodirective array, i.e* would be maximum. In nominal boresight direction of the system, the presence of the
addition the selected disposition between the transmit/receredlector tends to flatten the response of the retrodirective array.
unit and the retrodirective array acts always to keep the mea-This is most probably due to the stronger reflections from the
surement arc obtained by moving the transmit/receive to the lafbre closely spaced reflector causing the retrodirective array
of the reflector in Fig. 1(c), thus, no shadowing of this unit wilto respond to this reflection by forming a secondary beam in
occur. The dimensions of the reflector were chosen to be\}.6the direction of arrival of the reflector signal [9], while spec-
in the z-direction and 2.33, in they-direction [the edge which ular reflection causes a complementary response in the negative
is visible in Fig. 1(c) was 2.3%)]. The reflector is placed sym- azimuthal sector. Here, the measured and modeled responses
metrically with respect to the cross-sectional plane in which tipeaks at+20°, which corresponds to the angle of arrival ex-
figure is drawn when the plane perpendicular to this plane pected from the geometrical considerations from the stated ge-
considered. The transmit/receive unit consisting of a single naimetry. From Fig. 4, the much weaker reflected signal should
crostrip patch element was moved along the semicircle as shaavrive at about-63°, but its individual effect is masked by the
in Fig. 1(c). This patch has its boresight fixed in the directiostrength of the direct signal, the ratio between them being 28 dB
of the radial line,R, Fig. 1(c), joining it and the retrodirective as already stated.
antenna along the radius of the semicircle forming the measureVarious measurements and simulations leads to the conclu-
ment arc. sion that when the rati® /I [ R, [ defined in Fig. 1(c)] is greater

We now present the results of two key experiments: one is filvtan 1.25 then the effect of the plane reflector can be ignored
the reflector placed at a distance of 12\3#rom the direct line since the secondary signal caused by reflection has little effect
of the sight between the transmit/receive unit and the retroden compared to the main signal due to the ratio of their rela-
rective array and the other at 1.5/ Fig. 3 shows how for each tive signal strengths, typically this ratio is arour@0 dB. The
of these reflector locations the angle of arrival of the reflectgreometrical optics results are always valid for very large planar
signal measured with respect to the boresight of the retrodireeflectors, whereas physical optics gives some corrections to
tive antenna varies. In each set, approximately @aRiation of these results for finite size reflectors with or without small devi-
the angle of arrival (AoA) is expected as the transmit/receiaions from the shape of a plane. At small distances (into the far
unit is moved along its measurement arc. Here, the valdg offield) from the signal source a finite reflector subtends a large
is restricted to be 30since at values greater than this the misolid angle at the source and, hence, appears to be more like
crostrip patch antenna used in the transmit/receive unit will o infinite reflector. Here the correction of physical optics over
stinately have its ground plane facing toward the reflector. the geometrical optics results due to the finiteness of the ob-

In Fig. 4, without the presence of a reflector, we would exect will not be very great. However, the results for both these
pect the results for the geometrical, physical optics models, amgproximations will tend to deviate from measurement because
for the experimental results to be convergent. Functionally, thiise physical optics assumption stated in Section IV above that
is seen to be indeed the situation with the physical optics resthle total tangential magnetic field based on geometrical optics
matching almost exactly the measured response of the anterimbwice that of the incident field will start breaking down in this
The geometrical optics result is typically about 1-2 dB higheegion. Hence, we start getting deviations in Fig. 6 of both the
than the measured response over the measurement range. Jieidicted values from the experimental values (the peak of GO
is due to the infinite reflector assumption in-built in the geometnd PO coincides although different from that of experiment).
rical optics theory returning an over large reflected signal. It cékt large values of for moderately sized reflectors the correc-
also be seen that above30 and below—50°, the response of tions given by the physical optics model will be adequate and,
the passive array is inferior to that of its retrodirective countelnence, we have the close resemblance of this result with that of
part, by as much as 7 dB. That is, comparison with the respomieasurement in Fig. 5. If one is looking for very accurate results
of a passive two element array constituted using the same i all values ofl a more rigorous numerical code based on for
crostrip patch antennas as used in the retrodirective array shexample the method of moments or the finite-element method
that retrodirective action is indeed occurring since the azimuthahich take into account the finite size of the patch ground plane
response of the retrodirective antenna is flatter than its equiveill be necessary.
lent passive counterpart.

In Fig. 5 with the reflector placed &t= 1.67q best agree-
ment occurs between the physical optics model and the mea-
sured result, with the geometrical optics model providing over- It has been shown that the presence of a plane reflector of
estimates for the same reasons as before of 1-2 dB in the m&ae1.67 g x 2.33A¢ approximates to within 0.3 dBm the same
sured azimuthal plane. amount of scattered electric field as a reflector of infinite size.

In Fig. 6, with the reflector brought closer to the nominafFurther when this reflector is brought into the proximity of a
array boresight = 1.37), on the nonreflector side the geometretrodirective array it has the effect of broadening the retrodirec-
rical optics model again provides an overly optimistic estimat&e array response due to both specular and secondary retrodi-
of the azimuthal response of the array. It should be noted that fective beam formation. When the ratio of the separation be-
the no reflector case the measured 5-dB beamwidth is approxeen the excitation source and the retrodirective aftaand
imately £40°, while, with the reflector placed dt= 1.37)q, distance to the reflectdris made greater than 1.25, then the

VII. CONCLUSION
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