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ABSTRACT 
We report retrodirection using quasi-optical diode grid 
arrays operating at 4 GHz.  Phase conjugation is 
achieved through a process analogous to four-wave 
mixing.  Antiparallel diode pairs provide the third-
order nonlinearity.  We report retrodirection of beams 
with incidence angles of up to 600 in both the E-plane 
and the H-plane.  Measured antenna patterns are 
consistent with theoretical predictions.   
  

I. INTRODUCTION 
 
When illuminated by a source, retrodirective antennas will 
re-direct a signal toward that source without any prior 
knowledge of its location.  Applications of retrodirection 
include radar transponders and self-tracking wireless 
communication links.  
 
Retrodirection in antenna arrays will occur when the 
transmitting phase of each element is the conjugate of the 
illuminating phase.  In general, two types of such arrays 
have been reported.  Van Atta arrays are constructed by 
connecting pairs of elements with transmission lines of 
equal length [1]–[4].  The heterodyne method, on the other 
hand, achieves phase conjugation at each element by 
mixing the illuminating signal with an external local 
oscillator [5]–[9].  In this paper, we describe a method of 
phase conjugation and retrodirection using a microwave 
process analogous to four-wave mixing in optics. 
 

II. PRINCIPLE OF OPERATION 
 
Phase conjugation through four-wave mixing has long 
been explored by the nonlinear optics community [10], 
[11].  A crystal with a high third-order Kerr nonlinearity 
(χ3) is required.  Attempts to create artificial third-order 
nonlinear materials suitable for phase conjugation at 
microwave frequencies have met with limited success [12], 
[13].  
 
Our approach is illustrated in Fig. 1.  Quasi-optical grids 
loaded with antiparallel diode pairs are used to provide the 
strong third-order nonlinearity.  The grids are pumped by 
two normally incident microwave beams at frequency f0.  
The retrodirected output beam is the phase conjugate of 

the input.  In order to separate the output beam from the 
pumps and input, the frequency of the input can be offset 
below the pump frequency f0 by ∆f.  The frequency of the 
retrodirected output will then be f0 + ∆f. 
 
As a proof of the concept, four 25-element grids were 
constructed for operation near 4 GHz.  A unit cell is shown 
in Fig. 1(b).  A packaged Metelics MSS-30-346-E20 
antiparallel diode pair is connected at the apex of a bow-
tie antenna.  The unit cell size a is 7.7 mm (λ0/9.8).  The 
grids were constructed on a 15-mil Rogers RT/Duroid 
substrate with εr = 2.33.  Best simulated and experimental 
results were obtained with the grid spacing shown in Fig. 
1(a), with t = 5.4 mm (λ0/14) and d = 54 mm (λ0/1.4). 
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Fig. 1.  (a) Four-wave mixing in nonlinear quasi-optical
arrays.  (b)  Array unit cell with a strong third-order
nonlinearity. 
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Fig. 3.  Measured and theoretical retrodirected power with
input beams incident from +250 (•) and –600 (××××) in the H-
plane.  Dashed lines represent theoretical predictions. 
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ig. 2.  Measured and theoretical retrodirected power with
nput beams incident from +250 (•) and –600 (××××) in the E-
lane.  Dashed lines represent theoretical predictions. 
III. MEASURED RESULTS 

he grids were measured in the far field.  Fig. 2 plots the 
easured retrodirected radiation pattern with input beams 

ncident from +250 and –600.  The frequency of the pump 
eams is 4.0 GHz, the input beam is 3.9 GHz, and the 
etrodirected beam is 4.1 GHz.  These patterns show the 
rray’s E-plane pattern, with the illuminating beam 
ncident in the E-plane.  Retrodirection is clearly evident.  
he array can also retrodirect beams incident in the H-
lane.  H-plane retrodirected patterns are shown in Fig. 3.  
ig. 4 shows the measured H-plane power patterns for a 
ull 3600 span.  Note the power in other directions is 
sually more than 6 dB below the main beam. 

heoretical patterns U(θ) are generated using the 
ollowing expression 
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where λi is the wavelength of the input beam, λc is the 
wavelength of the conjugated beam, and θi is the incidence 
angle of the input beam.  EF(θ) is an element factor.  
Because our antennas are short bowties, we assume EF(θ) 
is cos2θ for E-plane incidence and unity for the H-plane.  
The theoretical patterns are consistent with the measured 
results.  The element factor and the frequency offset of the 
input and output beams will cause the retrodirected beam 

 

 
 
Fig. 4.  Measured relative retrodirected power with H-
plane input beams incident from +250 (dashed lines) and
from –600 (solid lines).  Power is plotted in a linear scale. 
 

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



 

 

to
b
 
F
Is
in
sh
fo
an
o
is
 
F
co
k
p
[1
co
in
p
co
co
n
d
in
p
am
 
 

 
Fi
of
(d
 

 
Fi
fre
of
-90 -60 -30 0 30 60 90
Angle, degrees

-20

-15

-10

-5

0

R
el

at
iv

e 
R

et
ro

di
re

ct
ed

 P
ow

er
, d

B

 

g. 5.  Relative measured retrodirected EIRP as a function
 incidence angle for H-plane (solid line) and E-plane
ashed line) incidence. 
 have a slight pointing error; this error can be minimized 
y minimizing the frequency offset. 

ig. 5 shows the measured retrodirected Effective 
otropic Radiated Power (EIRP) [14] as a function of 
cidence angle.  Both E-plane and H-plane incidences are 
own.  The element factor causes the retrodirected power 
r E-plane incidence to fall off rapidly at higher incidence 
gles.  Fig. 6 plots the retrodirected power as a function 

f offset frequency ∆f.  The frequency of the pump beams 
 fixed at 4 GHz.  The 3-dB bandwidth is 350 MHz.   

ig. 7 shows the array’s linearity.  In order to estimate the 
nversion loss of the retrodirective antenna, we must 

now its directivity.  By measuring the beamwidths in the 
rincipal planes, we estimate the directivity to be 10 dB 
5].  With an incident input power of 1 µW, we estimate a 
nversion loss of 24 dB.  The power in each pump beam 
cident on the array is 75 µW.  With an incident input 

ower of 150 µW saturating the array, we estimate a 
nversion loss of 26 dB.  These results are roughly 
nsistent with theoretical simulations using a simple 

onlinear diode model that predict a conversion loss of 30 
B.  We suspect the conversion loss could be improved by 
creasing the pump power; in some cases, it may be 

ossible to achieve a conversion gain through parametric 
plification. 
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g. 6.  Relative retrodirected power as a function of
quency offset ∆f.  The input beam is incident at an angle

 250 in the H-plane. 
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g. 7.  Retrodirected EIRP as a function of incident input
wer.  The power incident on the array in each pump beam
75 µW.  The input beam is incident at an angle of 200 in
 H-plane. 
IV. CONCLUSION 

 have demonstrated retrodirective antennas that achieve 
se conjugation through four-wave mixing in quasi-
ical diode grid arrays.  The arrays will retrodirect 
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power incident at angles up to 600 in both the E and H-
planes.  Although these arrays operated at 4 GHz, the 
approach should be scalable to higher frequencies. 
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