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Abstract—This paper presents anX band smart antenna array
in which adaptive processing of the received signals is performed
by dynamic holographic optical circuitry. The optical circuitry :
adaptively extracts the principal component of the received signal e " ““x} -=|;J.--.-|-.|:.-:-.
space, that is the strongest first-order independent temporal : . = "

. . . L
component of the ensemble of received signals. The adaptive _— :-.-; T
receiver system can be used, for example, to mitigate multipath ‘-.I:' — 8 e,
interference effects and can separate one received signal from i Crtical Adaptive

1
o7 R

another even though their power spectra may entirely overlap. A
prototype two-channel system is designed to fit in a standard-size
briefcase and consume less than 50 W of power. The input to the
system are modulated waves with a carrier inX band and the
output is an electronic demodulated signal. Three major compo-
nents of this system are described in detail: 1) the quasi-optical Fig. 1. Block diagram of the optically smart antenna array with two sources
lens antenna array front end with angle_of_arnval preprocessn‘]g |n the far field. The active reCinerS are pOSitiqned on the focal al’(_: of the
and downconversion, 2) the two-channel electrooptic modulation discrete lens antenna. The IF signals are then imposed onto the optical beam
and optical carrier suppression stage, and 3) the smart optical 2"d Processed by the adaptive optical circuit.

processor (auto-tuning filter). Component and end-to-end system

measurements give quantitative indicators for the usefulness of accommodates two incoming signals, yet the optical portion

optical processing in wireless communications. . . .
prcalp g . . . remains essentially unchanged as the number of independent
Index Terms—Adaptive antenna arrays, nonlinear optics, pho- signals, i.e., users, increases.

torefractive effect. A block diagram of the adaptive receiver system is shown
in Fig. 1, for the case of two incident signals modulated onto
|. INTRODUCTION the microwave carrier. The front end consists of a 30-element
. 10-GHz constrained lens antenna array [3] with active antenna
HIS paper presents ak band smart antenna array in . -
receivers positioned along the H-plane focal arc of the lens.

which- adaptive processing Of. the Tece"’.ed _S|gnals Pach receiver position corresponds to a specific direction of
performed by dynamic holographic optical circuitry. The

. - . L plane wave incident and received by the lens array. Upon
optical circuitry adaptively extracts the principal component g X . )
. . . : ownconversion, the IF signals are imposed as phase modula-
the received signal space [1], that is, the strongest first-order . . ; ; :
. .1lon (PM) sidebands onto an optical carrier using electrooptic
independent temporal component of the ensemble of received . . S X
odulation. The optical carrier is then suppressed using an

S'gn"?‘l.s' The adz_;\ptwe_recelver system can be used, for examgfaptive holographic element, leaving the signal-bearing
to mitigate multipath interference effects and can separate onetical sidebands. The modulated carrier-suppressed optical

received signal from another even though their power specjra . . ) L
. ) . . eams are coupled into the adaptive optical circuit, referred
may entirely overlap. This work is intended to illustrate the use “ . o o
. : . o 0 as an “auto-tuning filter,” that separates the two principal
of nonlinear optical techniques that can simplify smart antenna : :
. . ' components of the signal input space. The outputs of the
systems [2] and partially relieve the computational burden . . .
. ) . ! prototype adaptive antenna are baseband signals dynamically

placed on digital signal processing. We have designed an .

ordered by signal strength.

?Cuiii/)aa?éstheams lt:)r:aifncgﬂisl;tui?tisali?ise;saasea')rr\]/(\e/ gogtir#ij(;tfr;vi\/%rincipal component analysis (commonly referred to in the
' y nh%rature as PCA) is a second-order limiting case of the more

general independent component analysis (ICA) [4]. Loosely
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of other spatio-temporal signal processing functions [5]. These
techniques have been particularly successful in low-bandwidth
applications such as speech processing. ICA techniques are less
commonly found in RF communications and other high-band-
width real-time signal processing applications because the
computational overhead of ICA techniques is often higher
than what is economically practical with current digital signal
processing technology, as discussed in [6] for self-adaptive
blind signal recognition.

The auto-tuning filter is an analog optical circuit that ef-
fectively performs principal component analysis, roughly by
forming a correlation matrix and finding the largest eigenvalue
and the corresponding eigenvector, which is referred to as the
largest principal component of the input space. It also block-di-
agonalizes the matrix such that the temporal signal associated
with the largest principal component is extracted from the
input and everything else is passed through the filter. P””Ciﬂ%. 2. Photograph of one side of a 30-eleméiband two-layer quasi-optical
component analysis in general and our optical circuit in paens antenna array with patch antenna elements. The array lattice is triangular

ticular, have their limitations; some are more fully discusse/tiitfg{fli_n element Slize 0L0-63 by %83 free-Spage \_Navel]?ngtlhs a; 10 GTl:I]z.fThg
: . L . eed lines vary in length across the array, producing a focal surface. The fee
in Section V. For example’ prlnC|paI component anaIySIS alo{] es are connected with via holes to orthogonally polarized patch antennas on

cannot reveal the original source signals when the eigenvalg@sother side of the two-layer array.

of the correlation matrix are degenerate. The degeneracy must

be resolved through higher order signal analysis.
Nevertheless, the optical circuit can perform its matrix co

patch antenna elements is used, in which the focusing is ac-

, Fig. 2, shows the patch antenna elements fed at the
nonradiating edges and the microstrip delay lines, which are

High-bandwidth, high-dimensionality signal processing is €x;,nnected with via holes to the orthogonally polarized patches
ceedingly challenging for digital signal processing approach%?1 the other side of the two-layer lens array. Orthogonal po-

A primary objective of our endeavor is to assess the design i5yi,ation improves the isolation between the two sides of the
sues gnd t_radeqffs assouate_d Wlth thg incorporation of NO@ns The measured and calculated half-power beamwidths in
graphic optical signal processing in a microwave receiver. Iftlfﬁe copolarized E- and H-planes are 1fhe cross-polarization

incorpor_ation can be demon_strated as practical, t_h_e_n It Se§MSy at boresite is higher than 20 dB, resulting in a directivity
appropriate to extend the optical processing capabilities, for &F about 22 dB.

ample, by developing higher order signal processing optical Cir'The F-number of the lens is 0.6, corresponding to a focal

cuitry. The prototype receiver presented here is our first Suﬁﬂ]gth of 7.5 cm. The array lattice is triangular, with a period

end-to-end, “packaged” demonstration. L . .
. . of 0.65%y, chosen to minimize grating lobes when the beam is
The design, operation and measured performance of each o . . .
- . : scanned. The lens has a number of imperfect focal points and in
the three subsystems indicated in the system block d|agran} [4]

Fig. 1 are given in the following sections, with a subseque r%ls demonstration we use two of these points along the H-plane

section on end-to-end assessment of the adaptive antenna %‘%! ?ré: 0 pl?ﬁe _reclelgers, e?ch pr(taf?ﬁr;)tlalt\b/ recter:wr_\g one
totype. The operations performed on the incident signals dtialbeam. The 1Solation, or “crosstalk,” between the imper-

traced through: 1) the microwave front end, 2) the electroop act focal points for two signal sources was measured using the

modulation and carrier suppression stage, and 3) the optical prBtUP Shown in Fig. 3(a). The two sources have equal-power
cessing (auto-tuning filter) stage. In the last section of the papeYe!s at frequencieg; and f,, which are within the bandwidth

we discuss the implementation of an extension of the two-ref the lens array and the receiving antennas on the focal arc. The
ceiver System to atV-receiver adaptive array and the imp“caIWO transmitters are in the far field equa"y away from the lens

tions of using an optically smart quasi-optical antenna array #ray and copolarized with the receiving side of the lens array.
wireless communications. The angle between the optical axes and the line-of-sight cor-

responding to each transmitter /s The receiver is translated
along the focal arc and signal powers are measured for different
anglesx in Fig. 3. For positions where = 3, the receiver pref-

The lens antenna array shown schematically in Fig. 1 ise&entially receives from one of the sources, but some amount of
quasi-optical array analogous to a Rotman lens. Such actiignal power from the other source is also present and referred
(transmit and receive) T/R lenses have recently been demémas the “crosstalk” signal. The relative amount of the crosstalk
strated to improve dynamic range, increase effective radiatdepends on the spatial separation between the sources and is
power (ERP) by spatial combining and improve reliability, e.gshown in Fig. 3(b)—(d). In most cases, the level of cross-talk is
[8], [9]. In this work, a passive discrete 10-GHz lens with 3Below 20 dB, e.g., when the transmitters arg-a6° off the lens

Il. THE MICROWAVE FRONT END
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Fig. 3. (a) Schematic of measurement setup used to characterize the multiple-receiver lens antenna array. Each transmitting antenna is lvoatete.8 m
lens and transmits 25 dBm at frequencies 10 MHz apart around 9.9 GHz. Measured “crosstalk” between the two signals as a function of the recealengositio
the focal arc ¢) for different transmitter position. (b} = 15°. (c) 3 = 30°. (d) 3 = 45°.

optical [Fig. 3(b)], the receivers placed at the corresponding po- ~ FPatch

sitions will receive the two signals with a contrast ratio of about antenna -y NA Mixer " atiable-
25 dB. The contrast ratio depends on the radiation pattern of the CHA2063 DMXO0418L gé‘{}c?z“g'
lens. For example, Fig. 3(c) shows an asymmetry of about 10 dB IF out
around boresight, consistent with the measured asymmetric ra-
diation patterns of this particular lens (which has a nu#-36°, )
but not at—30°). 10L§H Gain
z control

Each receiver is an active integrated antenna followed by a
down-conversion stage, the block diagram of which is shownfy. 4. Block diagram of receiver positioned on the focal surface of the lens
Fig. 4. An RT/Duroid substrate with a high relative permittivity2ay-
of e, = 10.5 (0.508 mm thick) is used in order to reduce the

size of the integrated active antennas. The antennas are desigegBm, with low dc power consumption (40 mA at 5 V). A
for 10 GHz (6.3 mm by 4.3 mm), with a 2:1 voltage standinghixer downconverter follows the LNA. The IF amplifiers are
wave ratio (VSWR) bandwidth of about 150 MHz. The antenng@|.c522 national semiconductors wideband variable gain am-

feed is connected directly to a low-noise amplifier (LNA) foljifiers and they provide more than 40 dB gain control through
optimal noise figure (CHA2063 united monolithic semicondugg single high-impedance voltage input.

tors, with a 7-13-GHz bandwidth, 16-dB gain, and 2-dB noise The ability to control the levels of the signals at the input
figure). Fig. 5 shows the measured gain of the active antennagtthe optical processor is important for proper optical pro-
the output of the LNA and the measured return loss of the pat@assing, as discussed in Section Ill. The output of the IF
indicating that the receiver bandwidth is determined by the aamplifiers drives power amplifiers, the outputs of which drive
tenna and that the gain contributed by the LNA is not sacrificethe electrooptic modulator (EOM). The test signals used
The output power for the LNAs at 1-dB-compression point i®r characterizing the components of the adaptive array are
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Fig. 5. Measured return loss of receiver patch antenna (solid line) and gain of active antenna at the output of the LNA (dashed line).
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Fig. 6. Schematic of the EOM and carrier suppression circuits.

two signals at 128-130 MHz up-converted to the 10-GHz

microwave carrier. In fact, the IF signals can share the same
spectrum; we use two signals at the different IF frequencies
only to simplify the measurement.

Photorefractive

LTyalil

I1l. ELECTROOPTICMODULATION AND CARRIER SUPPRESSION

The IF signals are encoded as phase-modulation sidebands

| | WEnergy

on an optical carrier having a wavelength of 532 nm using a + W Trangl s
multichannel electrooptic crystal modulator, shown in Fig. 6. l'\.__f‘j

The input beam is formed into a vertical line segment. It passes T T
through a magnesium-doped lithium niobate crystal with two T
vertically separated signal electrodes on one side and a ground h out

plane on the other. Hence, the upper and lower portions of the

beam are modulated by different IF signals giving a spatially &®. 7. Schematic diagram of two-beam coupling carrier suppression. The

input to the minus (=") port is a modulated laser beam while the input to
well as temporally modulated output beam. the plus (4") port is an unmodulated beam from the same laser. Nonlinear

The electr_ooptic CrY_Stal is a thin slab (0.7 mm by 5.2 mm bypling between the beams causes the energy in the carrier at the minus port
45.5 mm) with the optical faces cut at Brewster’s angle (abowtbe transferred to the plus port at the output.

65°) in order to minimize reflections. The two signal electrodes

are copper strips, approximately 2 mm wide and separated byl'he auto-tuning filter is the adaptive heart of the system. We

about 1.5 mm from each other. At the operating IF frequentyave earlier mentioned that it extracts the principal component
of 130 MHz, the modulator is a lumped-element circuit. Thef the ensemble of signals. It does so partly by assessing the
modulation efficiency is measured to be about 0.2 rad/V for botlegree of correlation among the various signals. The optical

electrodes, fed separately with narrow-band matching circuitarrier is common to all the signal channels and therefore

The crosstalk.$21) between the two electrodes, measured witintroduces an unwanted correlation. To eliminate this correla-

a HP8510 network analyzer, is24 dB. tion, we suppress the optical carrier using two-beam coupling
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Fig. 8. (a) Block diagram and (b) photograph of optical carrier suppression system including the heterodyne measurement branch highlightédlmea box.
generator (LG) is used to produce the line-shaped beam required by the electrooptic modulator. L1 is a spheditat [2B8 (hm.), while all other lenses are
cylindrical. All optics in the dotted box are part of the heterodyne apparatus used to quantify the carrier suppression.

within a barium titanate photorefractive crystal [10], [11]increased carrier power and also a portion of the IF signal
A more common optical interferometric approach using power.
Mach—Zehnder interferometer, e.g., [12] typically achieves As suggested by Fig. 7, carrier suppression comes at the cost
30-35 dB of suppression and requires electronic adaptiwvesome signal power lost to the plus port of the photorefractive
feedback for good performance. The system presented hemngstal. For modulation strengths less than unity, about 3 dB
achieves over 60 dB of suppression and is inherently opticaly signal power is lost from the signal-bearing beam. There is
adaptive. A complete treatment of photorefractive carri@dditional loss in the photorefractive crystal itself, which varies
suppression principles is beyond the scope of this work aathong crystals and is in our case about 1.5 dB.
is given in [13]. Here we present only the fundamentals of The experimental prototype modulation and carrier sup-
operation and the results relevant to our system. pression subsystem is shown in Fig. 8(a); the dotted portion
The beam-coupling interaction takes place between tamdicates the measurement apparatus used to assess suppres-
beams coming from the same laser, one of which has besion performance. The photograph of the system is given as
modulated with the IF signals by the EOM as illustrated ifig. 8(b). The input laser is a Coherent Inc. Verdi laser operating
Fig. 7 and schematically in Fig. 8. As a result of the interactiost 532 nm. The laser beam is formed into a line segment using a
the modulated beam is transmitted from the crystal with thime generator followed by a cylindrical lens. The beam is then
optical carrier largely suppressed, while the other beam hgdit by a polarizing beamsplitter/half-waveplate combination
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Fig. 9. Measured performance of carrier suppression by two-beam coupling (crosses) and comparison with theory (solid curve).

to provide an adjustable power ratio. One of the beams enters
the EOM, then continues to the photorefractive barium-titanate
crystal (BaTiQ). A small fraction of the other beam is used
for measurements, as described below. The larger fraction
interacts with the modulated beam for carrier suppression in
the photorefractive medium. The optical powers at the input
face of the crystal are adjusted to be approximately equal. A
second half-waveplate is used to rotate the polarization of the
unmodulated beam to that required for two-beam coupling.

The performance of the carrier suppression system is deter-
mined using a heterodyne technique. The measurement beam |_
is frequency shifted by 80 MHz from the carrier by an acous-
tooptic modulator. The measurement beam and the carrier-sup-
pressed beam are then combined with a 50150 beamspliter, E. 1%, S0STEs 9 % e IGINS i T ponreenr,
tected by a broadband detector and the spectrum is measg{é gest independent component of the ensemble of input signglus is exfracted
using an RF spectrum analyzer. The heterodyne signal allosy®utput 1 while the remainder appear at Output 2.
us to determine the power of the optical carrier in the modu-
lated beam, as well as the strength of the various sidebands.

The EOM is calibrated by finding the drive voltage for which
the output carrier power vanishes, i.e., by finding the first zero The auto-tuning filter is a self-organized system that extracts
of the zero-order Bessel function, corresponding to a modulhe principal component of the input signal space [7]. The
tion index« = 2.405. Once calibrated, the modulator drivefilter has one input and two outputs. The input consists of
voltage is used to set the value of, the ratio of power in multiple IF signals imposed on an optical beam as described
the sidebands to the total power of the modulated laser beahove. One output (#1 in the schematic Fig. 10) provides the
The data in Fig. 9 shows the experimentally measured carr&grongest IF principal signal component and the other (#2 in
suppression as a function of modulation strengthlong with the same figure) provides all the other components. The output
a curve calculated from photorefractive theory [13]. Note thaf interest depends on the application: for example in case of a
the right-hand minimum in the curve corresponds to the firgteak signal and a strong interfereytput 2extracts the wanted
zero of the zero-order Bessel function. The one of interestdgnal. In case of a signal barely above noise legatput 1
the left-hand minimum, which corresponds to the theoreticdélivers the signal with suppressed noise. It is fundamentally
perfect suppression. The shape of the theoretical curve agraeptical oscillator where gain is supplied by photorefractive
qualitatively well with the theoretical curve. The maximum obtwo-beam coupling. There are two photorefractive interactions
served value of about 73 dB is measurement limited and isn the oscillator: the gain interaction and another that is referred
more than sufficient to meet the current needs of the systetm.as a reflexive interaction.

The measured limit arises from a combination of detector noiseln the interaction that is taking place in the crystal of the gain
and carrier feedthrough in the acoustooptic modulator. unit (PRC 1 in the figure) the strong input beam primarily pro-

=% Dhuiput |

IV. AUTO-TUNING FILTER
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Output signal power ratio (dB)

Input signal power ratio (dB)

Fig. 11. Measured signal enhancement provided by the auto-tuning filter. We

define signal enhancement as the power ratio of the two signals at the output . ) . .
divided by their power ratio at the input. tI‘—Jlg. 12. Photograph of the auto-tuning filter used in the adaptive antenna

system.

vides energy to the OSC'”"J!“”Q beam. The reflexive coupling "5 an allowed signal bandwidth of about 6 GHz. The actual
teraction that takes place in the second crystal, PRC 2, enhances | bandwidth of the entire svstem is limited by the optical
the contrast between the two principal components: one init%gna . y y P

. o . modulator electronics to about 10 MHz.
beam s splitin two unequal parts that then interact by two-beam
coupling. If the optical beam is carrying statistically indepen-
dent IF signals, the dynamics of reflexive coupling is such that
the gain experienced by each optically carried IF signal is pro-
portional to its powerdutput 3. Thus, the stronger the signal, The adaptive processor separates the two principal compo-
the more gain it undergoes. The gain loop provides feedbackdents of the incoming signal space. A complete discussion of
the reflexive-coupling unit, enhancing the competition for gaiprincipal component analysis and of the corresponding proper-
until the signal that was initially the strongest dominates the oges of the processing system is beyond the scope of this work.
cillation in the loops. In Fig. 1Gutput 1provides the oscillation Here we provide a qualitative description as a context in which
signal, whileoutput 2has the stronger signal suppressed.  to present the quantitative measurements given below.

The auto-tuning filter was designed, built and then char- In general, one usually wishes to extract one or more of the
acterized with narrow-band test signals at about 80 MHariginally transmitted source signals in the face of multipath
with the two signal frequencies differing by less than 1 kHznd other interference effects. The outputs of our two-channel
Two acoustooptic modulators (AOs) provide the frequencgystem do not, in general, recover the original source signals.
modulation of a diode-pumped frequency-doubled Nd:YA®Rather, the output of the adaptive processor always provides the
laser beam (532 nm). Although AOs have the drawback pfincipal components of the signal space. The principal compo-
being narrow-band devices, they offer the advantage of prtents are proportional to the two transmitted signals if and only
viding modulated signals without the carrier. It was therefoiiéthree conditions are satisfied: 1) the sources are independent,
possible to test the optical processor separately from the car@gthey produce different received powers, and 3) the signals in-
suppression circuit. The signal-bearing beams from each giflent on the optical processor correspongpatially orthog-
the two modulators are launched together into the auto-tuniogal signals. Condition 1 is always satisfied in practice unless
filter. some spurious effect causes an apparent correlation (such as the

The curve displayed in Fig. 11 shows the signal enhancem@nesence of the optical carrier, in our case). The limits imposed
provided by the auto-tuning filter. We define signal enhancen our system by condition 2 are already revealed by the signal
ment as the power ratio of the two signals at the output dividedtraction curve of Fig. 11, which shows a finite slope through
by their power ratio at the input. The interesting region of thithe origin. As indicated in the Section I, this requirement re-
plotis the slope around the origin: when the input signals are dlects a fundamental limitation of principal component analysis.
actly equal in power, the filter cannot choose one or the othdn; principle, condition 2 could be relaxed with a more sophis-
but as soon as the input ratio differs from 0 dB, the filter becom#ésated optical circuit capable of higher order (than correlation)
capable of extracting the stronger one. For instance, an ingignal processing. The fact, though, is that this requirement is
ratio of 1 dB produces a 7-dB ratio at the output, providing amsually satisfied in practice. Condition 3 is another matter. It re-
enhancement of 6 dB. The signal enhancement reaches a nil@ets a particular limitation of our holographic circuit that could
imum of about 30 dB. be relaxed with a different but more complicated optical circuit

A photograph of the auto-tuning filter used for the adaptiv@eometry. As it stands, condition 2 is the most confining one and
antenna processing is shown in Fig. 12; a U.S. quarter dollartthe focus of the end-to-end characterization of the system.
is shown in the background for scale. The signal processingQualitatively, one expects that the principal components will
bandwidth of the photorefractive auto-tuning filter is detelecome more and more a superposition of the two source signals
mined by the oscillator's round-trip path length. Here thas the transmitters are moved close together in angular space.
round-trip path length is approximately 5 cm, correspondinyhen they are at the same angular position, there is nothing

V. END-TO-END CHARACTERIZATION OF THE PROTOTYPE
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Fig. 14. Schematic defining the context of the end-to-end system
measurements.

TABLE |
CROSSTALK AND ENHANCEMENT SLOPE OF THE
ANTENNA SYSTEM FOR THREE DIFFERENT ANGLES
BETWEEN THE TRANSMITTERS IN THE FAR FIELD

Angle between Receiver | Maximum slope
transmitters (o) cross talk enhancement
[degrees) [dB] (dB)
48 -15 76
35 -10 6.1
20 a 1.3
(b) where R;;, is the received signal power from transmittEg

Fig. 13. (a) The adaptive receiver system packaged in an aluminum briefca@ier downconversion to the IF. With a large angle between the

(b) Antenna system measurement arrangement with one transmitter showgr@nsmitters, the received powaj at the IF on one channel of

e v~ " receiver s primarily rom transmitas, while the received
power R, at the other channel is primarily from transmitier.

In other words, for equal transmitted powets; and R, are
available to the optical processor to distinguish one source frejgal| compared tdk;; andR,.. We measure a “crosstalk” be-
two sources. tween receiving channels by setting the transmitter so that the

Fig. 13(a) is a photograph of the adaptive antenna processiageived powersk;; and R, are equal and then determine
system. The system is packaged in an aluminum briefcase \/\@Jh = Rji/R;; (i # k). From the symmetry of our experi-
asingle power plug. The electronic portions of the system sit gfental arrangement, we expect the two values of crosstalk to
the right side of the case, while the optical portion sits to the lefg the same(’; ~ C, = C. Table | shows this crosstalk
of center. The laser power supply is visible at the far left, whilgyr each of three angles. At the largest angle 6f B8tween the
the other power supplies, as well as two cooling fans, lie undgansmitters the crosstalk is15 dB. At the smallest angle of
the electronics. Fig. 13(b) shows the system as it has been tesigdit is 0 dB.
end-to-end. The processor sits toward the left of the photographin order to keep the presentation of the quantitative data
with the antenna lens array sitting just to its right. On the lowg|atively simple, we define a single-input signal power ratio,
right is a transmitter with a horn antenna and a second trang;, /R,,. At the output, the auto-tuning filter provides the
mitter is partially visible on the far right and vertical middle ofyrincipal components of its input signals. In this experiment, we
the photograph. The two transmitters are placed symmetricadjjtically detect only the power from output 1 which provides
about the antenna array boresite. the higher power of the two principal components. We define

We assessed the performance of the system by taking sighalingle output power rati§; /.S,, the ratio of detected power
extraction curves reminiscent of the enhancement curve Shot\ﬁﬂresponding to transmittef; to the power corresponding
in Fig. 11 for three different angles between the two transmig transmitterZs. Ideally, this output ratio would be zero or
ters. Fig. 14 provides a context in which to describe the megfinity, depending on which signal was larger, that received
surements. In general, each of the two detector outputs Will R8m 7; or that received fronfls, but otherwise independent of
composed of a linear superposition of the transmitter signajge input ratio. Fig. 15 plots the output signal ratio versus the
Since the transmitted signals are uncorrelated, one can writgnput ratio for three different angles between the transmitters.

The two curves for the larger angles have a characteristic

Ry =R + Raa “S” shape. When the received signals have identical powers
Ry =R + Rao they are indistinguishable by the auto-tuning filter (this is
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forms of interference, however. In principle it makes no differ-
ence to the auto-tuning filter whether or not this “Fourier” trans-
/ formation of the signals takes place. The actual practical benefit
101 ; 2 = 20 degrees of the antenna lens array enters through dynamic range con-
;f)ﬁss degrees siderations. In a typical communications scenario one can ex-
/B= 48 dogrees pect the power incident on the antenna lens array to be more or

201

less uniform over the array, while the power at the focal surface
10} / /i ] varies by a larger amount. Consider two angularly well-sepa-
rated sources for example, one giving rise to a received power
20l / ] of 1 W and the second giving rise to a received power of 0.1 W.
, , ) At the array, each antenna element receives the same power of
-20 -0 0 10 20 1.1/N watts, whereV is the number of array elements. At the
Input signal ratio. [dB] focal surface, one detector receives 1.0 W while the second re-
. . . . , __ceives 0.1 W. One can clearly amplify the signal from the second
Fig. 15. Signal extraction properties of the adaptive system parameterlzedqbé/t t that th tout f the front end is th
the mutual angle between the transmitters. ector S.O a e.ou put power from the iront en .'S € same
for both signals. This could not be done were the signals taken

directly at the antenna array. Such dynamic range considerations

because the two eigenvalues of the signal correlation matghq to remain valid when the signals are subject to a multipath
are degenerate). However, even a small power difference e&Rironment.

provide the needed distinction. Of particular interest therefore o prototype demonstration is designed for processing two
is the slope near the origin of the curve. For the largest anglegfnals. Among the major benefits of the optical processing
incidence it is 76 dB/dB. This means that if the signals diffgg jts scaling characteristics. A larger input signal space, say
by 0.04 dB at the input to the auto-tuning filter, their ratio ig¢ sjze N, can be accommodated merely by increasing the
enhanced to about 3 dB at the output. Once the output ratithigmper of electrodes on the electrooptic modulatoitdhe

above 10 dB or so, the enhancement begins to [?‘{?' off. Willito-tuning filter remains largely unchanged. Increasing the
the smaller angle between the transmitters 6f& “S” curve ymper of output channels from 2 o, requires a total of

becomes much shallower. The slope at the origin is 6.1_ dB/ — 1) auto-tuning filters. Thus, in general the adaptive
Atan angle of 20 the “enhancement” is small. At the origin it processor scales linearly with the size of the desired signal
is about 1.3 dB/dB. space, rather than quadratically, as is often the case with
At this latter angle we note that the crosstalk is 0 dBadaptive electronic processors.
meaning that all four IF powers;; are about the same size The system will optimally process multipath communication
for equal transmitted powers. It would seem for this smalle§fgna|S provided arrival time differences are negligible com-
angle that the two transmitters are unresolved by the anteiged to the inverse bandwidth of the signal. Different paths
and therefore their two signals should be indistinguishablge received by different focal surface receivers. Automatic gain
from one. However, the analysis in terms of power omits thgntrol normalizes the received signal strengths to the same
important role of the signal phase and this is the reason thg&ge| and the auto-tuning filter combines the received signals
is still some observed signal contrast enhancement, howeygherently while the noise from different receivers adds inco-
small. herently. When the multipath delay times are much greater than
the inverse signal bandwidth, the auto-tuning filter treats each
as a separate source and extracts the strongest one.
VI. DISCUSSION The prototype demonstrated here processes signals with
bandwidths in the 100 MHz range. None of the components
A number of remarks are in order concerning this prototypee however limited to this bandwidth. Broad-band antennas,
demonstration and the potential role of adaptive optical preuch as second resonant slots with up to 20% bandwidth can
cessing in wireless communications. The adaptive processhmg used instead of the patches at a higher carrier frequency
in the prototype developed in this work is performed by a reJ4], allowing for several gigahertz IF frequencies. A possible
atively simple optical circuit. The inherent function of this cirissue in this case may be the angle-of-arrival detection quality
cuitis principal component extraction and it has been effectivetiue to higher grating lobes at the lower band edge, which is a
demonstrated. Itis useful to note that the role of the antenna lefesign parameter. The electrooptic modulator presented here
array in our system design is more subtle than might first be dp- effectively a lumped-element circuit, but its architecture
parent. It is true that the array performs something akin toa@commodates a set &f coupled travelling wave transmission
spatial Fourier transform on the signal space; roughly speakilimes and such an EO modulator can cover several gigahertz of
it converts an angle of arrival to a spatial region in the focal susandwidth with good modulation efficiency.
face. In this sense it does some preprocessing of the incomindgn summary, this paper describes a smart antenna array with
signals. If the incoming signals are known to have well-definemptical adaptive processing. The array operates at a 10 GHz
and distinguishable directions, the adaptive processor is unnBé& carrier and a 125-MHz IF signal. The input wave is an
essary. The focal-surface detectors already contain well-sepaknown superposition of a number of uncorrelated signals
rated signals. That does not help in cases of multipath and otirerident from different directions and with possibly changing

Output signal ratio [dB]
o
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spatial and temporal characteristics. The output electrical s’
nals are adaptively separated and ordered according to tt
respective signal strengths. This functionality is accomplish:
with a compact holographic optical processor, which is con
pletely internal to the system. The processor and associa
electronics is packaged in a standard-size aluminum briefc:
with a single external power plug and consumes less than 5
of CW power.
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