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Microwave Phase Conjugation
Using Antenna Arrays
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Abstract—A technique has been developed and tested for
achieving phase conjugation in the microwave and millimeter-
wave regime. The effective nonlinearity required for this phase-

conjugation process is provided by electronic mixing elements ® &P (_‘;)_‘ ‘_‘)_’ <-: o Phase

feeding an array of antennas. Using these balanced mixing cir- Conjugator

Cuits in conjunction with a one-dimensional array antenna, we
have demonstrated two-dimensional free-space phase conjugation
at 10.24 GHz. A critical factor of this technique is the delivery
of a 2w pump signal to each array element with the same phase. Fig. 1. Phase-conjugation properties: retro-directivity and automatic wave-
Two types of interconnects, electrical and a more versatile optical front correction.

technique, have been implemented to distribute the pump signal

in our demonstrations. In both systems, two-dimensional free- ) . ) ) . )
space phase conjugation was observed and verified by directly Systems, which are capable of directing their outgoing signals
measuring the electric-field amplitude and phase distribution back to the illuminating sources. We have demonstrated two-

under various conditions. The electric-field wavefronts exhibited dimensional free-space phase conjugation at 10.24 GHz using
retro-directivity and the auto-correction characteristics of phase both conventional microwave and novel photonic designs.

conjugation. Furthermore, these experiments have shown ampli- Phase conjugation, in general, utilizes the nonlinear sus-
fied conjugate-wave power up to ten times of that of the incoming Jug ' 9 '

wave. This amplifying ability demonstrates the potential of such Ceptibility of a medium to reverse the phase factor of an

arrays to be used in novel communications applications. incoming wave. A phase-conjugate wave propagates back-
Index Terms—Antenna arrays, microwave, optical interconnec- ward and has the_ same wavefronts a_s tho_se of the incoming
tion, phase conjugation. wave, as shown in Fig. 1 [1], [2]. This unique property of

phase-conjugate waves is useful in many novel applications,

including automatic pointing and tracking [3], phase aberration

correction [4], and phase-conjugate resonators [5]. To further
HE engineering community has been interested in dynameveal phase-conjugation properties, let us consider an EM
ically constructing desired wavefronts of electromagnetizave propagating along the positivedirection. Its electric

(EM) waves for many years. Consequently, there has befegld can be written as

a significant amount of theoretical and experimental work Tt — b —oo(r

on this subject. The development of such techniques in the E = A(r)cWFmetl 4 cc. (1)

microwave and millimeter-wave regime has concentrated @fherew is the angular frequency anid is the wavenumber
phased-array antennas. The idea behind these phased agpyhe EM wave. The amplituded and the phase, are

is fairly simple: by controlling the amplitudes and phases @&al functions of positiorr. Normally, A is a slow-varying
discrete antenna elements, any wavefront can be dynamicalliction of ~ compared withellwt=*=¢("] therefore, the
generated or detected. In the past decade, researchers Rguge propagation can be understood in terms of the motion of

been trying to realize compact phased-array systems Witavefronts, which are three-dimensional surfaces defined by
broad-band capabilities. The most promising concept calls

for optically controlled designs because photonic components kz 4 ¢(r) = constant (2)
are small, light, broad-band, and relatively immune to EMy phase-conjugate wave of (1) is defined as
interference. In this paper, special types of phased arrays,

which incorporate phase-conjugate elements, have been de- Ec = A(r)c/tHhate®] 4 cc. 3)
veloped and implemented. These phase-conjugation arr@/os

can be thought of as automatically configured phased-arr('r;')émparlng (1) and (3), it is sh(_)wn_ that the two waves hav_e
the same wavefronts at any point in space, but they travel in

opposite directions. Also notice that the conjugate wave can
Manuscript received March 20, 1998; revised July 27, 1998. This wokea obtained by a time-reversal— —t transformation or by
was supported by the Air Force Office of Scientific Research under Dr. H., . . .
Schlossberg and the DARPA-sponsored NCIPT. taking the complex conjugate only of the spatial part of the
Y. Chang and H. R. Fetterman are with the Electrical Engineering Depaglectric field.

ment, University of California at Los Angeles, Los Angeles, CA 90095 USA. To appreC|ate the propertles of phase Conjugatlon’ let

I. INTRODUCTION
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index n(r), the incident wavefronts are no longer planar

after passing through the distorting medium. Equations
(1) and (3) have shown that the conjugate wave has the
same wavefronts as those of the incident wave. It can
be proven the phase-conjugate wave satisfies Maxwell's
equations, therefore, it propagates backward as the time-
reversed incident wave through both space and the distorting
medium and, consequently, the distortion is automatically
removed [2]. Another important feature of phase conjugation
is that we only need to generate the conjugate figldon

one plane, this field will propagate backward and remain

the phase-conjugate field & everywhere [2]. This enables F 20
the possibility of accomplishing microwave and millimeter-
wave phase conjugation using electronic-mixing phased-array
antennas system. RE
To date, most of the phase-conjugation development has‘.‘.-"' i Lo

been concentrated in the optical [visible and infrared (IR)]"
regime. Efforts to extend this technique to microwave and
millimeter-wave frequencies have encountered severe difficul-
ties due to the small nonlinearity of natural materials and th®. 2. First, the incident wavefront is sampled at different positions. Each
Iow-power density of sources at these frequencies_ To examéft@nent then generates a phase-conjugate current using microwave circuitry.
this problem, let us consider the phase-conjugation efficien?—:S)S current will excite a phase-conjugate field at the sampling point. The
D . Ssuperposition of these fields becomes the phase-conjugate wave.
of degenerate four-wave mixing (DFWM) [2] techniques. Ap-

plying nominal parameters, this efficiency is lowered by about

16 orders of magnitude as one tries to extend optical DFW\Q/II‘E‘Ve at d'ﬁ%re%t positions of tEe wavef_ront using antenng
techniques into microwave and millimeter-wave regime [6 lements and then generate phase-conjugate currents using

This drastic efficiency loss presents severe difficulties fopicrowave mixers. These currents will then excite a phase-
microwave and millimeter-wave phase conjugation. conjugate field at eagh sampling point. The complned field

One possible solution for the above-mentioned efficien f"‘” the elementg will be the phas_e-con]ugate.ﬁeld of th.e
problem is to increase the nonlinear susceptibility by manyd icident beam. This sample-then-mix concept is shown in

ders of magnitude. In the search for alternative nonlinear SLﬁJg' 2. |twas first proposed in the 1960's, but due to the lack of

stances suitable for the use in microwave and millimeter-wa{i°d€"n semiconductor and photonic technologies, researchers

phase conjugation, artificial Kerr media were found to hayid not Zave prgcrtllcal vr\]/ays to realize th|s| concspt [10], [11(11'
much larger nonlinearity than that of natural materials. Using 10 Understand how the conjugate signal can be generated at

shaped microparticle suspensions [7] and microelectronft&ch element using microwave circuitry, let us consider again

chanical system (MEMS) structures [8], [9], volume gratind'® Incident wave shown in (1). At thgth element of the
ray, the incoming electric field is

formation for microwave phase conjugation has been dem
strated with DFWM techniques. Although these artificial Kerr E = A(r;)d“'=#) 4 c.c. 4)
media have demonstrated® as high asl0—* cm- s*/g [6],
they have a number of intrinsic problems. Due to the r
quired movements of macroscopic particles in viscous fluid or ;= kz; + ¢(r;). (5)
polyimide supported metal beams in air, these media suffer

from slow response time and are sensitive to surroundin§® Signal picked up by the antenna and then sent to the
conditions. Therefore, these techniques are not suitable fBXer can be written as

é(yhere

practical systems and applications. V1 A(Tj)evi(wt—w) +c.c. (6)
Now consider a2w signal delivered to the local oscillator
Il. ANTENNA-ARRAY APPROACH (LO) port of the mixer given by
Due to the above-mentioned difficulties in achieving mi- Via = Ce?“' 4 c.c. (7

crowave phase conjugation using traditional DFWM teChﬂ}is 2w pump signal has to be delivered to all elements at the

PErsp ’ 9 P contain a term other thali;; that depends orj. If this ever

(x**), as in DFWM, electronic-mixing phased arrays are usjmappens, the sum of the excited field at each element will be

in a second-order three-wave mixing configuration to provi ) )
9 g P @storted and will not form the conjugate beam. Now, through

a high artificial nonlinearity for generating phase-conjuga ifferent frequency generation in the mixer, the intermediate
waves. In this approach, microwave circuits, which combinf(ree Lenc (IqF) outy l?t contains a current co,m onent
antennas and mixers, effectively replace the roles of nonlineafd y P P

dipoles of a medium. The idea is to “sample” the incident Io x @t x emi@t=wi) = gilwttes) (8)
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This current component has the conjugate-phage instead
of the input phase-¢;, therefore, it will excite the conjugate
field atr; when delivered to the antenna

Ec,(r;) oc A(r;)e ™9 1 c.c. 9)

When the sampling spacing is less thaf2, the combined
field Ec(r) = >, Ec;(r) forms the phase-conjugate signal
on the sampling surface. It has been discussed earlier that if
phase-conjugate field is generated on a plane, it will propagat
backward and be conjugate to the incident beam everywher:
Therefore, Ec(r) is the desired phase-conjugate field. In the
past three years, various groups have explored retro-directiv
phased arrays utilizing this concept [12], [13]. These studie:
have concentrated on the retro-directive property of phas
conjugation. In this paper, we focus on wavefront properties
and reconstruction, and also investigate optical interconnectio
for the 2w pump signal so that large phase-conjugation array:
can be constructed with less complexity.

There is an important issue we have to address here. Unlik 2 0 60
any of -the trafdit-io-nal -phase_conquation teChniques-' Whichg 3. The calculated conjugate electric-field magnitude distribution gen-
utilize virtually infinite d'pOIe_S f’:lS far as our concern, this arra&:a-teci by an eight-element array. Brighter areas represent higher field. The
approach can only have a limited number of elements becaggénent spacing i6.467A and a dipole source is located at (57.9 cm, 15.6
of economic and engineering constraints. To C|arify the eﬁ‘ecitgl),_ as n_1arked by the arrow. _Only retro-directivity is observable in this
caused by a finite number of elements, the phase-conjugatdiduration because of diffraction effects.
wave of a dipole source has been calculated for three phase-
conjugate arrays having different number of elements. Thi
first array was formed by eight elements, the second one by 4
elements, and the third one by 200 elements. For the eight- ar ,
40-element arrays, the spacing between elements was chos
to be0.467X. The 200-element array had a spacing®93 ),
which was one-fifth of that of the 40-element array. Therefore
the 40-element array had five times the aperture size of th
eight-element one, with the same sampling density. The 20(
element array had the same aperture size as the 40-eleme
one, but with five times the sampling density. The antenn:
elements were assumed to have dipole radiation patterns al
collinear axes.

In the calculation, the center of each array was used a
the origin. The wavelength was assumed to be 3 cm, whicl
corresponds to 10 GHz in frequency. Fig. 3 shows the con—y
jugate electric-field magnitude distribution generated by the
eight-element array at a given time. It clearly exhibits retro-
directivity, but does not show the conjugate beam focusing
back to the source. This is caused by the diffraction effects of .. © 20 40 60
small aperture size. The conjugate electric-field distribution efy. 4. The calculated conjugate electric-field magnitude ~distribution
the 40-element array is shown in Fig. 4. It demonstrates faidgnerated by a 40-element array. The element spacing4i67.A. Both
well wavefront reconstruction, as well as retro-directivity angtro-dlrectlvny and focusing can be clearly observed at this aperture size.
focusing can be clearly seen. The calculated conjugate fielqI b ical h ber of el il b
distribution of the 200-element array displays no perceivabfy' "t b€ practical, as the number of elements wi e astro-
improvement over the 40-element one. Therefore, a sampliﬂg;m'cal' Fpr example, a reso"g‘”g power of 18.10° raq
spacing slightly less thah/2 is acceptable for most cases. In uld require 4x 10° to 4 x 10'° elements. However, using

the spacing is greater than'2, grating sidelobes can deVeloprandomly distributed elements over the aperture to prevent

and, therefore, destroy the conjugate wavefront patterns. the development of grating lobes can dramatically reduce the

From these comparisons, we have seen the main fac%mber of elements required in a sparse array [14].

determining that the resolution is not the sampling density
(as long as it is greater thaly A), but the aperture size. If we

require the phase conjugator to have a high resolving power,The concepts of microwave phase conjugation using
equally spaced arrays with A/2 spacing, like the examples,electronic-mixing antenna arrays have been discussed in

I1l. ELECTRICAL-INTERCONNECTION EXPERIMENTS
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Section Il. To prove the feasibility of this approach, we have Y7

built an array of eight phase-conjugate elements to demonstrate

the generation of phase-conjugate waves. The equipment and < @ <

devices available to us limited the number of elements used iRansmit

this demonstration. Although an eight-element array would no#ntenna Phase y \

be able to focus a diverging incident beam back to its source Adjustment IF

due to diffraction limitations (as calculated in Section II), Y7 RF ©

it should exhibit retro-directivity and can demonstrate phase . W\, . _/‘\_ N

autocorrection when a distortion medium is introduced into the " "

beam path. These two key characteristics of phase conjugation _ ~ Mixer

are strong evidences of the feasibility of this technique. Receive 22}5'5':;‘:";“ pandpass k;";fi'f‘i’;fe A
Since microwave components have relatively large loss, '2-8

size, and weight, and are more susceptible to EM interference,
we find that optical interconnection is the crucial technokig. 5. The configuration of a phase-conjugate element used in this paper.
ogy for constructing large mictowave phase-conjugate arrafie (AL K1 S Tieiies he S bt fler pase
However, for an eight-element demonstration array, it is st
feasible to build a system using straightforward microwave
interconnects. Therefore, in this section, we will first discus.24 GHz, which corresponded {&| = 0.45. This high
the construction and measurements of an electrically intéeflection was a direct consequence of the wide-band design
connected phase-conjugate array. Its optically interconnectddthe antenna array. Applying (10), we obtainge < 7.
counterpart will be considered in Section IV. Basically, this means there could be no gain in this phase-
As mentioned in Section Il, each element of a phaseenjugate element. Therefore, we somehow needed to reduce
conjugate array will excite the conjugate field at its samplirifie antenna reflection.
position via difference frequency generation. In an ideal el- Since we planned to demonstrate a two-dimensional free-
ementary configuration, the sampled signal goes througtspace phase conjugation using a one-dimensional electronic-
circulator into a low-noise amplifier. This amplifier providesnixing antenna array, instead of designing new antennas, we
compensation to the conversion loss of the mixing processhad chosen to separate the transmit and receive antennas. This
the next step. It can also provide gain so that the conjugateans the sampling of the incident field and the excitation of
signal is more intense than the input one. After mixing witthe conjugate field happened at the samey) coordinates,
the 2w pump signal in a mixer, the output IF signal has thbut at a slightly different verticak-coordinate. This small
conjugate phase and it is sent back to the sampling antershdft in the z-direction would only disturb the electric-field
through the circulator. In this configuration, the antenna hdsstribution on thez = 0 plane to a negligible level.
to be very efficient. The reason is that any reflection of The modified elementary configuration used in this paper
the conjugate signal from the antenna will go through the shown in Fig. 5. An amplitude adjustment and a phase
circulator, as it were the sampled incident signal. This wilidjustment had been added to the configuration to compensate
affect the phase of the output signal and, thus, destroy #we any differences between the phase-conjugate elements
conjugate-phase generation. If the reflection is large enoutdecause the amplifiers and mixers were not matched. By
the circuit will even start oscillating by itself. To study thisdisplaying and comparing the output signal of each element
more closely, let us assume the return loss of the antertnaa reference signal using a computer-controlled digital sam-
is R, gain of the amplifier isG and conversion loss of thepling oscilloscope (DSO), the phase and amplitude of each
mixer isC. R, GG, andC are complex output to input voltageelement could be measured and adjusted. The amplitudes of
ratios to include the phase change at each stage. The circulalbphase-conjugate elements were first matched with different
and mixer are assumed to be perfect, no unwanted sigagkenuators to withink2%. The phases were then matched to
leakage between their ports. In order to generate the phaggthin 0.2 ps (0.2%) by adjusting the variable delay line of
conjugate wave, we require that the reflected conjugate sigeakth element.
be much smaller than the sampled signal. This requirementThe mixer is the key component of the phase-conjugate

can be written as element. It provides the nonlinearity for generating phase-
conjugate waves. In this study, MY50C triple-balanced mixers
G-C-R«1l 10 . )
< (10) from Watkins—Johnson were used. The conversion loss of
and whenG - C - R = 1, the system starts to oscillate. these mixers at 10.24-GHz input and output signals with a

Commercial mixers normally have a conversion loss arou2).48-GHz pump (LO) signal is around 10 dB. The leakage
10 dB, which corresponds ti”| = 0.32. With a specially from the input (RF) to the output port (IF) of the mixer is about
designed narrow-band antenna array, a 30-dB return loss ea20 dB. Therefore, the unwanted 10.24-GHz input leakage is
be achieved. This corresponds t&| = 0.032. Equation 10 dB smaller than the desired phase-conjugate output signal.
(10) gives us|G| <« 100. If we choose|G| = 10, the This can be further reduced by designing mixers for the desired
phase-conjugate signal will be ten times more powerful thdrequency or by using a two-stage mixing technigue. In a two-
the incident signal. Unfortunately, the antenna array avagitage mixing element, the undesired incoming frequency can
able to us had a return loss of about 7 dB at the desirbd filtered out by a bandpass filter after the first-stage mixing.
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Fig. 6. This setup is used to map out two-dimensional electric-field mag-
nitude distribution. The receive horn is at a lower height than the transmit
horns to prevent blocking of the incident beams. It can be moved to different
positions to measure the electric-field strength.

This filtered signal can then be mixed in the second stage to
produce the final conjugate signal. Again, a second bandpass
filter can filter out any undesired leakage signals. This four- LT
wave mixing technique can achieve higher isolation between SihoulDistorilon With Distortion

the incoming signal and the conjugate signal at the cost of Eig. 7. The contour plots of the measured phase-conjugate electric field of

additional pump source for each element. The details of tifjsource at+15°, as marked by the black dots. The high-contrast areas
’ represent the conjugate beams, and the faint fringes are due to leakage. They

technique will be explained later. demonstrate retro-directivity and automatic phase correction when a distorting
To demonstrate microwave phase conjugation using tmedium is inserted in front of the conjugator.

eight-element electronic mixing array, we prepared an electric-
field mapping setup in an anechoic chamber, shown in Fig. 6. ] ]
As mentioned earlier, the transmit and receive antennas R&int. The white dot on the zeroth-field plane marks the source

the conjugator were separated in thelirection (height) by position. The smaller bumps in this figure were caused mainly
1.4 cm. One or two transmit horns were used as iIIuminatirQ{l the amplified incident signals leaking through the mixers.
sources. Both transmit horns were 60 cm from the conjugatdt 1is amplitude of the electric field was about one-third to one-
This distance was chosen because of the sizes of the chani@gfth of that of the conjugate beam. This means the leakage
and conjugator. The receive horn was mounted on a translatRyver was about 10 dB of the conjugate power, as mentioned
stage for radial movement. Its distance to the conjuggtpr €arlier in this section.
was varied at 0.5 cm intervals from = 45 cm to p = 55 Our next step was to demonstrate automatic phase correc-
cm. The translation stage itself was mounted on a steppitign. This was achieved by inserting a distorting medium in
motor stage for angular control. A computer controlled thiont of the phase conjugator. We used a piece of Plexiglas as
rotation stage at°lintervals from¢ = —30° to ¢ = 30°. the distorting medium. The conjugate electric field is shown
The signal detected by the receive horn was proportional itb Figs. 7 and 8, labeled as “with distortion.” By comparing
the electric field at that point and was amplified and thdRe fringes of the two plots in Fig. 7, the wavefronts of the
displayed on a DSO. By comparing the received signal &®njugate beam remained the same shape and phase with or
a reference signal using a computer, the amplitude and ph@diout the distortion, as the theory predicted. The leakage
of the electric field at the receiving horn position could bwavefronts were distorted when the distorting medium was
accurately measured. present. In Fig. 8, the leakage bumps were again destroyed
In the first set of measurements, only one transmit hohy the distortion, while the phase-conjugate beam maintained
was used as the source. It was place@ at 15°. This angle its phase and amplitude. These results unambiguously demon-
was chosen for convenience, it could be varied betweg® Strate the retro-directivity and automatic phase correction
to 3C°. The conjugate electric-field distribution is shown irability of this microwave phase conjugation.
Figs. 7 and 8, labeled as “without distortion.” In the contour In order to reveal the automatic phase correction more
plot of Fig. 7, gray scale is used to represent the magnitudegfantitatively, the receive horn was placed in the conjugate
the electric field. The black dot next to the plot is the sourdeeam at 55 cm from the conjugator. The electric field versus
location. The phase-conjugate array is located on the left tothe was recorded and then compared with and without the
each plot and the tick mark labels are in centimeters. Thistortion. The phase difference in time was less than 1 ps
wavefronts of the conjugate wave can be seen clearly, and trea distorting medium capable of 25-ps one-way delay. To
traveling from left to right. Although the focusing effect cannoturther demonstratethat the phase-conjugate beam does carry
be observed because of the diffraction limits, retro-directiviig negative incident phase, we moved the distorting medium
is certainly demonstrated. In the surface plot of Fig. 8, the cover the source only. Therefore, only the incident beam
electric-field magnitude is represented by the height at a giverent through the distortion. The electric-field distribution is

40
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Without Distortion With Distortion

Fig. 8. The surface plots of the phase-conjugate electric field of a soure@5t as marked by the white dots. They show retro-directivity and automatic
phase correction. The smaller bumps are caused by amplified leakage and are destroyed by the distortion.

toward the conjugator (retarded phase). Also noticeable in
Fig. 9, the leakage beam was deflected away from the center
because of the distortion. This shows the Plexiglas did act
as an effective distorting material and further confirms the

previous experiments.

IV. OPTICAL-INTERCONNECTION EXPERIMENTS

As mentioned earlier, electrical interconnection will not be
able to handle a large two-dimensional phase-conjugate array
for complete three-dimensional wavefront reconstruction. The
problems in the electrical scheme are due to the high loss,
heavy weight, and large size of microwave and millimeter-
wave components. It is also more susceptible to EM interfer-
ence. In contrast, using optical interconnection, 2hepump
signal can be delivered to all elements with very little loss
(~0.3 dB/Km) at very high density (e.g., 1 element/millimeter
for millimeter-wave arrays). Therefore, in this paper, we
propose and demonstrate the optical-interconnection technique
T , to address these electrical-interconnection problems.

Without Distortion With Distortion In this optical-interconnection scheme, the eight phase-
: ) . . S ) _ conjugate elements were the same as in the electrical con-
Fig. 9. This data is taken with the distorting medium covering only th . . . . .
transmit horn. The conjugate beam now has advanced wavefronts, while figuration shown in Fig. 5. A Lightwave 122 diode-pumped
reflected beam is distorted and has retarded wavefronts. Nd:YAG laser was used as the light source. The optical
wavelength was at 1319 nm, with a linewiddtb KHz. This
wavelength was chosen to minimize the dispersion in optical
shown in Fig. 9, labeled as “with distortion.” Due to thdiber systems. In our demonstration, it was not an important
existence of the distorting medium, the phase of the incidessue because of the relatively short propagation distances.
beam was retarded byrp. If this signal was leakage, it However, to be able to extend this technique into large arrays
would carry the same phase retardatidy. However, if and/or millimeter-wave frequencies, minimized dispersion will
the incident beam was phase-conjugated by the conjugatos, a crucial factor.
the phase of the conjugate beam would bé\y, which The laser light was directed into a Mach—Zehnder opti-
means its phase was advancedy. This theory is shown cal modulator using a polarization preservation fiber. The
in Fig. 9 as the conjugate wavefronts moved toward thmodulator was biased at its transfer function halfway point
source (advanced phase), while the leakage wavefronts mof@d optimal linear modulation. The 10.24-GHz signal was

4 45 50
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frequency-doubled to 20.48 GHz, amplified, and then used to
modulate the laser light. A more interesting way to modulate
the light at2w is to bias the modulator at its transfer function
minimum and apply arv signal to its RF electrode. Due to
the nonlinearity of the transfer function at the minimum, the
optical power varies a2w as desired. The advantage of this
technique is that no microwave frequency-doubler is required.
The disadvantage is that it is very sensitive to the bias of
the transfer function. Even small fluctuations will result in
loss of modulation efficiency and unwanted linear modulation.
Therefore, the bias point has to be monitored closely by a
feedback loop.

This 2w modulated light can now be delivered to
photodetector-attached phase-conjugate elements, which may
be far away for a large array or close together for high
operating frequencies. In this paper, this 20.48-GHz modulated
light entered an Xk 8 optical power splitter and split into eight -
equal-intensity equal-phase signals. The 20.48-GHz pump
signal was then extracted by a p-i-n diode at each element.
This pump signal was amplified to a power level of 9 dBm, and 3
then fed to the phase-conjugate element, as in the electrically Without Distortion With Distortlon
interconnected system. Fig. 10. The phase-conjugate electric-field distribution of two sources at

Using the experimental setups and procedures mentiorfetp’ and—20°, obtained using an optically interconnected phase-conjugate
array. These plots demonstrate multiple-source retro-directivity and automatic

earlier, the Oqtpgt amplitudes O_f these eight elements W&jifase correction when a distorting medium is inserted in front of the
matched to within+=6% and their phases were matched tconjugator.

within +0.2 ps (0.2%). After this calibration, we were able
to demonstrate two-dimensional microwave phase conjugat;ﬁ)n

L] 15 50 55

. : . e ignal while maintaining the conjugate signal, as shown in
using the optically interconnected electronic-mixing array. A g 9 119 g

. : . revious experiments.
the tests performed in the electrical demonstration have b %0 test that a phase conjugator can transmit information

su_crcejsfully (:upillcathed. Laati ith i tb ck to the source, we A.M. modulated the 20.48-GHz pump
0 demonstrate phase conjugation with more Complicategy | pefore it was used to modulate the light. In this example,

\évat\éexo?tséowemufsre:jn m’o songrce.i Iroc[z);lte ?f tr;m?nt_zr?or nthe modulation frequency was set to 10 MHz. This frequency
0 ere o0 cm 1ro € conjugator. Due 1o the INtererenge, o -hosen by convenience and can be varied as long as it

between the two sources, the combined incident wavefronts_ compared to the phase-conjugation frequency. If it

represented a good example of complicated wavefronts. 'IJ comes comparable to the phase-conjugation frequency, the

results are shown in Fig. 10, labeled as “without dlstortlon.Outlout signal will not be the conjugate beam any more. The

They exhibit multiple-source retro-directivity with both CON5vo sources used in the previous experiments were used to

jugate beams shifted.3° toward the negative angles. Th'sllluminate the conjugator. The detected spectra at different

was caused by the interference between the leakage of %Ies are shown in Fig. 11. The top spectrum was detected in

source and the _conjugate beam of the oth_er. To prove t ® +15° conjugate beam. It shows the 10.24-GHz carrier and
point, the fo_llowmg test was performed. First, the hOT” %vo A.M. modulation sidebands at 10.23 and 10.25 GHz. The
f—2|8° :‘Ntis d'igf r;1nected from tr('je dso_IL_Jrzce ?hnd hthe CogiUQE[‘}Sttom spectrum was detected in th(0° conjugate beam

€ 3. e+ ¢ dorn (\;V?ﬁ ref(_:ola i)féOO en the ornJaTj | and it shows the same characteristics as#i&° one. When
was disconnected and e e was measured. In yhq raceive horn was moved out of the conjugate beams,to 0
bo_th cases, retro-directivity was shown \.N'thOUt the angul?ﬁe carrier and sidebands were about 20 dB lower than those
fSh:Lt A_cr:rc])mputler lther:jaddedfl_Jpldthehtwo S(:;ngr:e—source elect f the conjugate beams. The signal detected here was mainly
'E_ﬁs' d € ca C? ate _zum_ Iel S howe the s:me angugile to diffraction and leakage. Using a large phase-conjugate
shiit and was almost identical to the measure two—sourgﬁay and two-stage mixing, this contrast ratio can be further

electric field. Therefore, the interference from the Ieakagﬁ‘?creased because of the reduction of diffraction effects and
was causing this problem and can be solved by using two-stage leakage

mixing to avoid leakage. In order to verify the phase-correction
ability, a distorting medium was inserted in front of the
conjugator. The conjugate electric-field distribution is shown
in Fig. 10, labeled as “with distortion.” By comparing the two Thus far, we have demonstrated two-dimensional mi-
plots in Fig. 10, the automatic phase-correction effect can beowave phase conjugation in free space. In order to
confirmed. It can also be noticed that the small angular shifktend this effort to complete three-dimensional wavefront
disappeared when the distortion was present. This is becateseonstruction, two-dimensional arrays will have to be used.
the existence of the distorting medium destroyed the leakafye microwave frequencies, a phase-conjugate array can be

V. CONCLUSIONS
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Fig. 11. Detected spectra at different angles with a modulation on the pump signal. This demonstrates that retro-directivity can also be useddateommu
between a conjugator and its illuminating sources. The top curve and bottom curve represent the two conjugate beams. The leakage signal between the
conjugate beams is about 20 dB smaller than the conjugate beams. These spectra have been moved in the vertical direction for easier comparison.

constructed using discrete components, as done in this pap' ., .iators
As we have demonstrated, optical interconnections can soh
the 2w pump signal distribution problem for large two-

e % on_proble _ AT T
dimensional arrays. However, in the millimeter-wave regime

/]
monolithic design will be needed in order to satisfy thesmal < \FX\F ¥ ¥ ¥ ¥ ¥ |
A/2 spacing requirement. Using high-speed photodetectol A-l-“-.--.-..-.'

and mixing devices [15], [16] in conjunction with on- [ ] i _ Antenna
wafer polyimide optical waveguides [17], two-dimensional : i
millimeter-wave phase-conjugate surfaces can be realize
Fig. 12 shows this concept.

To address the problem of amplified leakage signals comin

Surface of Conjugation

/J Optical

out from our phase-conjugate elements, a two-stage mixin (o iavogulies o phomtmnsisw:’
technique has been proposed [11]. To understand how it work .

let us consider that the sampled incident signal has a pha \\Y/ I7V
factor of wt — . This incident signal will be mixed with a H

pump signal having a phase factor @f, wherew < €2 < 2w

and this phase factdit is the same for all elements. After the Citicaty Cargad 2o Fump, Sl

first- -stage m|x|ng there will be four ma_Jor components comm@g 12. Monolithic one-dimensional arrays forming a two-dimensional ar-

out from the mlxer(Q w)t—i— (Q—i—w) wt — . andQt. tificial nonlinear surface for generating three-dimensional microwave phase
@ % # conjugation.

The first term is the signal we want because of its reversed

phase+y. The second term is the sum frequency, and the

last two terms are the leakage through the mixer. Since thege first stage, four components will appear on the output port:
four signals are at different frequenciesif 2w, a bandpass wt 4 ¢, (2Q — 3w)t + ¢ or (3w — 2Q)t — ¢, (2 — w)t + ¢,

filter at 2 — w can be used to remove the three unwanteshd (2w — Q)¢. Using a second bandpass filter at frequency
components. A second-stage mixing is needed because dhenly the conjugate signabt 4+ ¢ will be radiated back to
signal carrying the conjugate phase is not yet at the incideform the conjugate beam. Therefore, this two-stage mixing
frequency. To convert thg2—w)t+¢ signal back to frequency scheme can eliminate the leakage problems caused by the
w, it is mixed with a second pump signédw — Q)¢. Again, single-mixer approach, and has the advantage of never dealing
this pump signal has to be the same for all elements. Aswith frequencies as high &&v.
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There are still other sources which can contribute to the
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therefore, only one antenna is desired. Both circulator leakage
and antenna reflection can be reduced to below 30 dB if they
are specially designed for a specific narrow band. Also, for

pulsed applications, wide-band operations can still be realizeg,
if the sampled signal and conjugate signal can be separated in
time. This can be achieved by delaying the conjugate signéﬂ]
in a long optical fiber during the sampling period. During the[3
radiating period, the mixer input is blocked and, therefore, the
reflected conjugate signal will not enter the mixer. 4

In this paper, we have concentrated on generating phase
conjugation using electronic-mixing arrays. This techniqugs)
can also be extended to other nonlinear optics analogies.
For example, by replacing thgw pump signal feeding the
mixer in a phase-conjugate element with the sampiatgnal,
the element can generaPes, therefore, acting as a second-
harmonic element. This type of electronic mixing arrays carh]
perform free-space second-harmonic generation. Using differ-
ent configurations for the basic elements, these electronic-
mixing microwave arrays can provide very high effectjy/é (8]
or x®, which are not available in any natural material.

Due to the retro-directivity and automatic phase correctioro]
properties, microwave and millimeter-wave phase conjuga-
tion is useful in applications requiring automatic pointinqlo]
and tracking and phase aberration corrections. We have also
demonstrated that information can be transmitted in phadéll
conjugate signals without prior knowledge of where the targets
are. Therefore, microwave and millimeter phase conjugatiqry;
can be very useful for novel communications systems such as
satellite links on moving vehicles and deep-space transponder
applications. Another interesting application is to use thegg)
structures to combine the output power from many elements
to form high-power beams with excellent mode quality.

In this paper, we have developed and demonstrated a new
approach to achieve phase conjugation in the microwai®]
and millimeter-wave regime. We have obtained similar re-
sults for both electrical and optical-interconnection techniquege;
The proof of two-dimensional free-space phase conjugation
has been obtained by direct measurements of the output
electric-field magnitude distribution at 10.24 GHz. Usinéﬂ]
a distorting medium and two sources, retro-directivity and
automatic phase correction have been directly observed on
the electric-field wavefronts. The capability of data com-
munication using phase conjugation has also been validated
by transmitting a 10-MHz modulated signal back to the
two sources illuminating the conjugator. Furthermore, the
conjugate signal has shown a 10-dB power gain, which is
desired for communications applications.

(6]
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