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We present an approach to receive-mode broadband beam forming and jammer nulling for large adaptive
antenna arrays as well as its efficient and compact optical implementation. This broadband efficient
adaptive method for true-time-delay array processing ~BEAMTAP! algorithm decreases the number of
tapped delay lines required for processing an N-element phased-array antenna from N to only 2,
producing an enormous savings in delay-line hardware ~especially for large broadband arrays! while still
providing the full NM degrees of freedom of a conventional N-element time-delay-and-sum beam former
that requires N tapped delay lines with M taps each. This allows the system to adapt fully and optimally
to an arbitrarily complex spatiotemporal signal environment that can contain broadband signals of
interest, as well as interference sources and narrow-band and broadband jammers—all of which can
arrive from arbitrary angles onto an arbitrarily shaped array—thus enabling a variety of applications in
radar, sonar, and communication. This algorithm is an excellent match with the capabilities of radio
frequency ~rf ! photonic systems, as it uses a coherent optically modulated fiber-optic feed network,
gratings in a photorefractive crystal as adaptive weights, a traveling-wave detector for generating time
delay, and an acousto-optic device to control weight adaptation. Because the number of available
adaptive coefficients in a photorefractive crystal is as large as 109, these photonic systems can adaptively
control arbitrarily large one- or two-dimensional antenna arrays that are well beyond the capabilities of
conventional rf and real-time digital signal processing techniques or alternative photonic techniques.
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1. Introduction

Conventional broadband time-domain beam formers
for antenna-array processing require one tapped de-
lay line ~TDL! for each antenna element to avoid
beam squint, which is the undesired rotation of the
angular receptivity pattern of the antenna with fre-
quency. Often these TDL’s are implemented with
digital delay lines for narrow-band systems ~up to a
few megahertz of bandwidth!. To process signals
with a bandwidth up to ;1 GHz, TDL’s can be im-

plemented with ultrasonic delay lines, which can be
conveniently tapped by acousto-optic ~AO! diffrac-
tion.1 At very high frequencies ~perhaps even as
great as 100 GHz! fiber-optic TDL’s have been
proposed.2–4 Large arrays can have as many as
1000 elements for one-dimensional ~1-D! arrays and
as many as 100 3 100 elements for two-dimensional
~2-D! arrays, requiring N 5 103–104 broadband
TDL’s, which is both expensive and technologically
challenging. These TDL’s are necessary for avoid-
ing beam squint, which is especially troublesome in
large arrays for large fractional bandwidth applica-
tions. To obtain squint-free octave-bandwidth beam
forming over a half-space for a half-wavelength
spaced array, each TDL needs at the minimum as
many complex taps as there are elements in a 1-D
phased array or elements along the longest diagonal
for a 2-D array. Even more taps are required, how-
ever, for the equalization of antenna frequency re-
sponse ripples, compensation for mutual coupling, or
multipath processing.

To avoid the necessity for a large number of TDL’s,
many phased arrays are operated in a narrow-band
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mode in which each antenna output is simply multi-
plied by a single complex coefficient for beam form-
ing, as shown in Fig. 1~a!. However, when the
fractional bandwidth F 5 Byf0 ~where B is the band-
width and f0 is the center frequency! of a signal
exceeds the spatial-array resolvability Q 5 l0yL
sin umax ~where L is the maximum array aperture,
which equals L 5 Nd for an N-element 1-D array of
element spacing d, l0 5 cyf0, and umax is the maxi-
mum angle from boresight over which the array must
steer!, then a plane-wave pulse arriving at a large
angle u from boresight takes a time T 5 Lyc sin u to
propagate across the array aperture, and this delay is
resolvable within the bandwidth of the system. In
this case, when F . Q, the antenna-array function is
significantly altered as the frequency changes across
the bandwidth B, resulting in an undesired angular
rotation of the main beam and an additional unde-
sired rotation of the nulls of the antenna pattern.

In current implementations of antenna beam form-
ers when broadband operation is required ~the con-
dition in which F . Q!, a weighted TDL with at least
M 5 sin umax BLyc taps is required at every antenna
element, as shown in Fig. 1~b!. As an example, for a
1-D array with N 5 1000, a center frequency of 2
GHz, a processing bandwidth of 1 GHz ~F 5 1y2!, a
desired angular coverage from boresight to both end-
fire directions ~umax 5 90°!, with elements that are
spaced at lmy2 ~where lm is the minimum detectable
wavelength of the array!, M 5 200 complex taps are
required per array element. This results in a re-
quirement of NM 5 200,000 complex taps for the
entire 1-D array. For a 100 3 100 2-D array oper-
ating at the same frequencies, 28 complex taps are
required per antenna element, and a total of 280,000
complex taps are needed for beam forming without
squint. In the alternative frequency-domain imple-
mentation, a temporal Fourier transform of each an-
tenna output is implemented digitally with an array
of N fast Fourier transform ~FFT! modules and used
to produce M 5 BLyc narrow-band systems, each of

which is steered with a straightforward complex mul-
tiplier operating at every antenna element at each
resolvable frequency. After narrow-band beam
forming is performed in each frequency bin, the de-
sired broadband signal is reconstructed by an inverse
FFT of the summed narrow-band outputs. How-
ever, the frequency-domain implementation ignores
correlations between frequency components ~i.e., it
assumes an on-diagonal block Toeplitz correlation
structure! that can produce erroneous results in cer-
tain broadband situations. In addition, this
frequency-domain system has as many FFT modules
as conventional time-domain beam formers have de-
lay lines ~N!, and the FFT modules are far more
complex to implement than a delay line, especially for
real-time operation.

In this paper we describe a novel, more efficient
algorithm for broadband time-domain beam forming
of arbitrarily large arrays that requires only one in-
put TDL detector and one output TDL modulator for
weight programming. This BEAMTAP @broadband
efficient adaptive method for true-time-delay ~TTD!
array processing# system makes broadband beam
forming viable for large arrays and is well matched to
implement with radio frequency ~rf ! photonic hard-
ware. In addition, BEAMTAP is compatible with
the real-time calculation of the required MN 5 NFyQ
adaptive weights that encompass the necessary de-
grees of freedom to nearly optimally beam steer and
null rotate without squint in an arbitrarily complex
spatiotemporal signal environment.

We begin by comparing the conventional time-
domain beam former with the new hardware-efficient
BEAMTAP architecture, and we show their mathe-
matical equivalence before discussing the benefits and
challenges of the proposed optical array processing
system as compared with other photonic approaches
and digital signal-processing implementations. Then
the proposed rf photonic implementation with a fiber-
remoted coherent phased array, photorefractive crys-
tal, traveling-wave detector, and AO device ~AOD! is

Fig. 1. ~a! Narrow-band phased array that suffers from frequency-dependent beam squint. ~b! Conventional broadband time-delay-
and-sum beam-forming algorithm illustrating the requirement for one TDL at each antenna element to eliminate beam squint of the main
beam and the nulls.
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outlined. The details of the rf offset frequencies, grat-
ing recording, coherent interferometric detection, and
closed-loop optical system operation are then derived
in Section 3. Simulations are presented that demon-
strate the operations of TTD main-beam forming and
jammer nulling for far-field broadband signals. Fi-
nally, we conclude with a summary of our results.

2. Optical Phased-Array Radar Processing

There have been numerous approaches to optically
implementing adaptive phased-array phase-only
beam steering, all of which unfortunately suffer from
beam squint for broadband signals.5,6 Previous op-
tical implementations of broadband adaptive beam
forming7–11 avoided beam squint by use of multichan-
nel AO delay lines to implement a TDL for every
antenna element input, but are limited to 32–64
channels because of the limits of AO technology.12

Fiber-optic TTD beam-forming networks have been
employed to bring the main beam onto the apparent
array boresight where there is no frequency-
dependent beam squint,2,3,13,14 though squint is still
present in the sidelobes and the nulls. Although
they have the potential to be scanned rapidly, these
systems are not adaptive and are able to process only
linear or planar arrays and not ones that are confor-
mal, irregular, or dynamically flexing. In addition,
these fiber-based systems do not provide for a mech-
anism of adaptively weighting the array function to
null out jammers or simultaneously point multiple
beams. Moreover, fiber-optic TTD networks, even
the elegant wavelength-tuned dispersive,15 fiber
prism,3 or grating-reflective approaches,16 can create
extreme fiber management problems.

Our research group under K. Wagner previously
developed adaptive phased-array processing sys-
tems, using photorefractive crystals as the adaptive
weights that achieved 45 dB of narrow-band jammer
nulling, and had the potential capability for TTD pro-
cessing, but in a complex frequency-domain imple-
mentation.17 A further drawback of our previous
system was that to perform TTD beam forming di-
rectly on large arrays in the optical domain it was
necessary to incorporate as large an optical TDL with
as large an optical path length as the size of the
phased array—yet over this propagation distance the
short optical wavelength makes diffractive spreading
a significant problem unless reimaging ~as in a stable
Herriot cell resonator! or fiber waveguiding is used.
Our previous system used wedged or tilted Fabry–
Perot etalons to incorporate this delay, which was
manifested as arrays of frequency-selective bandpass
filters with a resolution inverse to the required delay;
however, achieving such resolution on parallel arrays
of signals presented a significant engineering chal-
lenge. The photonic implementation of the
BEAMTAP network presented here is a substantial
simplification and outgrowth of this previous re-
search and represents an attractive alternative to the
limitations of previous optical approaches.18 The
key is the use of a single traveling-wave detector such
as a 1-D time-delay-and-integrate charge-coupled de-

vice ~TDI CCD!19,20 or a photoconductive traveling-
fringes detector ~TFD!21,22 to allow for the generation
of the necessary tap-in time delays in the electrical
~rather than the optical! domain, whereas the tap-out
delay line can be implemented compactly with acous-
tic delay lines such as AO Bragg cells for the input.
However, all the adaptive timing, phasing, and
weighting is still done in the optical domain.

A. Conventional Time-Delay-and-Sum Adaptive Beam

Former

In conventional time-domain beam forming, as
shown schematically in Fig. 1 and with the details of
the least-mean-square ~LMS! algorithm in Fig. 2,
each of the N antenna outputs sn~t! ~for n 5 1, . . . , N!
is input to a TDL, which is represented for discrete
delays as sn~t 2 mt! ~for m 5 0, . . . , M 2 1!, where
the temporal spacing between taps is t and the total
delay of the TDL is T [ ~M 2 1!t 5 M9t where M9 is
the total number of time delays and is represented in
continuous notation as sn~t 2 t9! for 0 , t9 , T. The
output consists of a sum of each antenna output caus-
ally convolved with finite impulse responses W*

nm of
duration T,

o~t! 5 (
n51

N

(
m50

M21

sn~t 2 mt!W*nm. (1)

The weighted impulse response filter W*
nm of each

antenna element is usually calculated by an adaptive
algorithm, and for the common LMS style of algo-
rithms23,24 the weights are calculated as a correlation
coefficient between each delayed antenna signal and
a signal f ~t!—which is either derived from a feedback
loop or is an a priori known reference signal. The
most common form of error-driven feedback is when

Fig. 2. Conventional time-delay-and-sum approach to adaptive
array processing for broadband squint-free TTD beam forming
with LMS adaptation based on a desired signal and a correlation–
cancellation-loop feedback, where the desired signal d~t! is sub-
tracted from the output signal o~t! to produce the feedback signal
f ~t!. Each weight is formed by integration of the multiplication of
the feedback with the delayed antenna signals. The delayed an-
tenna signals are then multiplied by the weights and summed to
produce the output.
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f ~t! 5 d~t! 2 o~t! for some desired signal d~t!. Thus
the weighted impulse response filter is given by

W*nm 5 *
2`

t

s*n~t1 2 mt! f ~t1!dt1. (2)

The time dependence of the weights that are due to
adaptation up through time t is slow and can often be
assumed constant over the duration of the convolu-
tion with the signals. Given this form of the adap-
tive weight matrix, the output can be written as

o~t! 5 (
n51

N

(
m50

M21

sn~t 2 mt!W*nm

5 (
n51

N

(
m50

M21

sn~t 2 mt! *
2`

t

s*n~t1 2 mt! f ~t1!dt1

5 (
n

(
m

sn~t 2 mt! *
2`

t

s*n~t1 2 mt!

3 @d~t1! 2 o~t1!#dt1. (3)

Solving for the output o~t! can be accomplished with
a frequency-domain approach that yields a power-
nulling spatiotemporal filter. Below we show a
nearly identical output for our new BEAMTAP beam
former that requires only two TDL’s in comparison
with the N TDL’s required by this LMS time-delay-
and-sum conventional approach.

B. BEAMTAP Algorithm

In the new BEAMTAP algorithm shown in Fig. 3,
each antenna element output sn~t! is multiplied at
every resolvable instant of time t by a linear array of
weights W*

nm, which are located along the corre-
sponding row of the weight matrix. Each product is
summed along the columns with the corresponding
products from the other rows produced by the other
array elements, and the resulting sum is input to a
tap-in scrolling delay line, whose inputs at the mth
tap-in position are given by a weighted sum over
undelayed signals

Ym~t! 5 (
n51

N

sn~t!W*nm. (4)

As the tap-in delay line spatially scrolls in time by
increments of t, it accumulates the appropriate con-
tributions from each column sum position, and after
a particular moving sum traverses the entire delay-
line aperture, the resulting output is the desired mul-
tiply weighted and delayed sum from the array,

o~t! 5 (
m50

M21

Ym~t 2 mt! 5 (
m50

M21

(
n51

N

sn~t 2 mt!W*nm. (5)

Thus from any antenna element there is a path into
the delay line at a position such that the output has

the appropriate delay, and this is exactly equivalent
to the conventional time-domain beam former given
in Eq. ~1!. In a sense we have simply commuted the
linear operation of multiple TDL’s that have one
weighted output from each tap position into a single
multiple-input-delay line that addresses the same ar-
ray of weights.

To operate as an adaptive phased array, the
weights must be calculated in response to changes of
the signal environment. The LMS algorithm can be
readily implemented within the hardware-efficient
BEAMTAP beamformer by inclusion of an input de-
lay line and a correlator–integrator to calculate each
adaptive weight in the M 3 N array of weights.
Each processing element in the weight matrix array
contains an analog multiplier that multiplies the out-
put of the tap-out delay line at that column with the
sample from the phased array at that row. These
products are locally time integrated to produce the
adaptive weights as the appropriate correlation coef-
ficients

W*nm~t! 5 *
2`

t

s*n~t1! f $t1 1 @m 2 ~M 2 1!#t%dt1. (6)

In this expression m varies from 0 to M 2 1 so that
the argument of f at the t limit of integration varies
from t 2 ~M 2 1!t to t and is therefore always causal.
These weights are then used as the coefficients in the
subsequent array of multipliers to produce the appro-
priate beam-steered array output as the scrolling

Fig. 3. BEAMTAP algorithm for broadband squint-free TTD
beam forming with a single output tap-in delay line. For adaptive
calculation of the weights within the array, the additional input
TDL is also required. The desired signal d~t! is again subtracted
from the output signal o~t! to produce the feedback signal f ~t!.
Here the variably delayed feedback is multiplied by the antenna
signals delayed by T and integrated to produce the weights. The
weights are then multiplied by the undelayed antenna signals,
column summed, and input into the tap-in delay line.
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sum of the adaptively weighted and column-summed
contributions:

o~t! 5 (
m

Ym~t 2 mt!

5 (
m

(
n

*
2`

t

d@t9 2 ~t 2 mt!#sn~t9!W*nm~t9!dt9

5 (
n,m

sn~t 2 mt! *
2`

t2mt

s*n~t1! f @t1 1 ~m 2 M9!t#dt1

5 (
n,m

sn~t 2 mt! *
2`

t

s*n~t2 2 mt! f ~t2 2 M9t!dt2.

(7)

Note that this adaptive algorithm is the exact equiv-
alent of the time-domain LMS adaptive beam former
shown in Eq. ~3!, except for the simple time shift of
the correlation signal f~t! by M9t 5 ~M 2 1!t. For
correlating against a known reference signal f ~t! as
required in main-beam formation,25,26 this time delay
is readily accommodated by advancing the reference
appropriately. This unwanted delay is more trou-
blesome in correlation–cancellation-loop algorithms
as required for jammer nulling, in which the feedback
signal is given by the desired reference minus the
output f ~t! 5 d~t! 2 o~t!, since the output cannot be
advanced in time @this would require us to know o~t!
before it has been generated#. However, we can
solve this dilemma by delaying the antenna signals,
sn~t!, which are used to write the weights relative to
the signals used for reading the weights, by an addi-
tional T 5 M9t:

o~t! 5 (
n

(
m

sn~t 2 mt! *
2`

t

s*n~t2 2 mt 2 M9t!

3 f ~t2 2 M9t!dt2

5 (
n

(
m

sn~t 2 mt! *
2`

t2M9t

s*n~t2 2 mt!

3 @d~t2! 2 o~t2!#dt2. (8)

This produces the correct relative delay between sn~t!
and o~t! inside the weight integral, and d~t! can be
delayed as desired. The only difference from Eq. ~3!
is the upper limit of the integral. This means that
the weights are being updated and adapted by the
delayed product of sn~t! and f ~t!, which will be incon-
sequential for realistic slow adaptation rates or at
steady-state operation. It should also be noted that
although this approach does require a second version
of each antenna signal, sn~t!, delayed by a fixed
amount, M9t, it does not require a TDL version of
these signals.

A note on the convergence properties of this algo-
rithm are in order, since conventional LMS array
processing with digital signal-processing techniques
are known to converge only for a limited feedback
gain.27,28 The real-time array adaptation in

BEAMTAP is a continuous-time adaptive algorithm,
since the weights evolve continuously even though
the output waveform may be sampled by the quan-
tized charge packets of an output discrete shift reg-
ister ~the tap-in delay line! in addition to having the
array dimension always being sampled. However,
since the adaptive weights are updated continuously
and are governed by a first-order differential equa-
tion that is always guaranteed to converge, increas-
ing the feedback gain will not lead to oscillations and
unbounded weight growth as in sampled adaptation.
Instead, it will simply increase the adaptation speed
and increase the null depths.27 It is important to
note, though, that noise in the system and the un-
wanted feedthrough of the writing beam onto the
velocity-matched traveling-detector array can lead to
loop oscillation and will present a practical limit on
the speed of adaptation.29

The BEAMTAP beam-forming algorithm is espe-
cially well suited to a photonic implementation of
adaptive beam-forming and jammer-nulling signal
processing in very large phased arrays. The opti-
cal approach allows for an enormous number of
adaptive weights ~109! to be stored in the volume of
a photorefractive crystal, thereby enabling the broad-
band processing of very large arrays as the analog
multiplication, integration, and final multiplication
needed to write and read out the weight matrix are
accomplished though the interference, grating forma-
tion, and subsequent diffraction, respectively, of light
within the crystal itself. Furthermore, the corre-
sponding digital processing load that would be
required for solving these large, broadband, adaptive-
array signal-processing problems for a 1-GHz band-
width broadband array with 1000 elements and 1000
tapsyelement exceeds 1015 multiply accumulate op-
erationsys just for the weight readout. The adapta-
tion with LMS is at least as computationally
intensive, and covariance matrix estimation and in-
version techniques typically used in digital adaptive-
array processing are prohibitive for this case, in
which the covariance matrix is 106 3 106 elements.
Such a matrix would require O~N3) 5 1018 operations
to initially invert, and then would require O(N2) 5
1012 operations to perturb the matrix inverse and
weights at each adaptation interval, desired to be as
fast as microseconds, yielding 1018 operationsys
throughput requirements. To decrease this insur-
mountable digital computational load, restrictive as-
sumptions are often made on the number of signals
and jammers, allowing for efficient subspace adapta-
tion algorithms to be used, which perform acceptably
until the number of signals becomes too large. An-
other approach is to employ subarray techniques that
yield smaller numbers of digitized signals ~and cor-
responding adaptive degrees of freedom!, reducing
the digital computational load for simpler signal en-
vironments. Thus restrictive assumptions on the
number of signals are often made to decrease the
digital computation load ~allowing for more efficient
subspace adaptivity!; or alternatively, subarray tech-
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niques with smaller numbers of adaptive degrees of
freedom are used so that acceptable performance can
be obtained until the number of signals becomes too
large. Unless the problem is simplified, these digi-
tal computation loads exceed even the most optimis-
tic performance projections for massively parallel,
wafer-scale, and multi-chip-module digital signal-
processing implementations, making this an appro-
priate problem for an optical signal-processing
solution. In addition, rf photonic techniques allow
for wide instantaneous bandwidths of 1–2 GHz, lim-
ited only by AO technology, which can be tuned over
the full 1–20-GHz rf band with only a single addi-
tional electro-optic modulator ~EOM! with no mixers
or downconverters. Fully photonic processing with
only one traveling-wave detector avoids noise contri-
butions from the N detectors often required in paral-
lel photonic link systems, thereby potentially
improving system dynamic range. Therefore the rf
photonic techniques presented here appear to be the
only viable solution for these next-generation fully
adaptive, large, wideband array processing systems.

3. Optical System Analysis

In this section, we perform a detailed analysis of the
BEAMTAP optical system. The analysis includes
many of the necessary complexities of double-sideband
amplitude modulation in EO devices, single-sideband
polarization-switching diffraction in the AOD, finite
response time of the photorefractive crystals, read–
write multiplexing and isolation with polarization and
angle multiplexing, as well as spatial filtering of the
diffracted orders, interferometric detection on the trav-
eling fringes detector ~TFD!, and the time delays of the
feedback loop. This analysis not only validates the
idealized algorithmic analysis presented in Subsection
2.B but also provides valuable information on the ne-
cessity of proper alignment of the interferometric
beams, the unavoidable bias buildup if a TDI CCD is
used for the tap-in delay line, the difficulty with low
modulation depths of the EO devices, and the proces-
sor bandwidth limitation due to feedback delay30 and
its mitigation with the compensating delay of the
writing beams. However, the analysis does neglect
diffraction, laser drift, and noise ~relative intensity,

Fig. 4. Optical architecture of BEAMTAP. A single coherent laser is divided with two beam splitters with amplitude reflectances ar and
a9r, and amplitude transmittances at and a9t, respectively, to drive both the fiber-feed network and the BEAMTAP processor—the fiber-feed
network from the phased array is shown on the left-hand side. The diffracted light from the AOD interferes with signals from the array,
which are imaged through lens system L0 to form gratings in the photorefractive crystal ~PR crystal!. Diffraction of the phased-array
signals off this grating is detected by a synchronous TFD, which has a carrier velocity matched to the magnified acoustic velocity of the
AOD by the lens systems L1 and L2—producing a resonant charge carrier distribution q~x2, t!. The output signal o~t! is amplified by g1,
passed through a bandpass filter ~BPF!, subtracted from the desired signal d~t!, amplified by g2, and fed back into the AOD as the feedback
signal f ~t! to close the adaptive feedback loop necessary for the system to cancel any jamming signals present in the signal environment.
A Rochon prism, linear polarizer ~LP!, and spatial filter ~SF! are used for the read–write isolation of the AOD beam from the diffracted
phased-array signals off the grating. The illustrated system places the photorefractive crystal in the image plane of the fiber feed and
the AOD, and uses orthogonally propagating fields, for illustrative purposes.
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shot, thermal, etc.! for the sake of simplicity. Nu-
merical simulations of the operation of the processor
are then presented that demonstrate several of the
compensation mechanisms that are intrinsic to the
adaptive holographic weight matrix.

A. System Overview

Figure 4 shows one possible optical architecture for
the implementation of the BEAMTAP system with
the photorefractive crystal in the image plane of the
AOD. ~Alternative systems could use the photore-
fractive crystal in a Fourier or Fresnel plane of either
arm; the undiffracted beam from the AOD could be
used as a reference; or an alternative read–write mul-
tiplexing scheme could be used29—the key require-
ment is that the AOD be imaged and velocity
matched onto the TFD.! In the illustrated system a
single powerful low-noise laser is divided by a beam
splitter ~amplitude reflectance ar! and frequency
shifted by an EOM to within 1 GHz of the rf center
frequency ~typically in the range of 1–20 GHz!. This
frequency-shifted beam is then distributed through a
fiber-feed network and is modulated by EOM’s with
the signals sn~t! coming from each of the elements of
the phased-array antenna. The first frequency-
shifting EOM in combination with the antenna
EOM’s in the phased-array, operating at the rf center
frequency, produce a frequency shift commensurate
with that produced by the AOD, allowing for process-
ing of rf signals anywhere within the full 1–20-GHz rf
band. The rf frequency domain for double-sideband
modulation is illustrated in Fig. 5, although only one
sideband is used in the analysis. Each of the rf-
modulated signals is then transmitted from the mod-

ulators in the phased array through the fiber-feed
network to an array of terminated fibers. These fi-
bers can be in any topological arrangement ~1-D lin-
ear array, 2-D hexagonal array, random, etc.! and
with an arbitrary permutation with respect to the
spatial topology of the phased array, but for simplic-
ity, in this analysis we assume that there is a 1-to-1
mapping between an equispaced linear phased-array
antenna and an equispaced array of optical fibers.
The modulated signals from the fiber-feed network
are then imaged into the photorefractive crystal by
use of the 4f system L0.

The transmitted beam from the first beam splitter
~amplitude transmittance at 5 =1 2 ar

2! is split into
an interferometric reference beam ~amplitude
ata9rEo! and an input to the AO Bragg cell ~amplitude
ata9tEo!. The beam is expanded, collimated, and tilted
to the Bragg angle, whereby a feedback signal f ~t!
applied to the AOD launches a propagating acoustic
wave that modulates the incoming light by means of
the AO effect and diffracts it at the Bragg angle.
Tangential matching in an anisotropic polarization
switching device is used here so that the diffracted
beam has an orthogonal polarization to that of the
undiffracted beam. The diffracted beam is then im-
aged into the photorefractive crystal by use of the 4f
lens system L1, whereas the undiffracted beam is
blocked in the Fourier plane of the lens system L1 by
use of a spatial filter. The diffracted beam from the
AOD interferes with the spatiotemporally modulated
optical field launched by the fiber-feed network, and
the time integration of this interference pattern pro-
duces 45° gratings at positions corresponding to de-
lays where the beam containing the desired signal

Fig. 5. Frequency offset scheme for the phased-array radar processor that allows for tuning of the processing bandwidth B ~determined by
the AOD bandwidth and typically limited to 1–2 GHz! anywhere within the rf spectrum spanned by the EOM’s bandwidths. The laser beam
vl is premodulated by 6vs ~in this case only the negative sideband is used!, and then the rf signals modulate within a bandwidth of B and
are offset by 6vp such that the desired mix term overlaps the bandwidth B and carrier vr of the AOD. The photorefractive crystal responds
only to the near-dc interferometric products between the phased-array signals and AO diffractions, and all moving gratings wash out.
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d~t! is well correlated with one of the beams from the
fibers containing the signals from the antenna array
sn~t!.

Light from the fiber-feed network then diffracts off
the gratings in the crystal. The time delays ~both
due to the inherent delays produced by the phased-
array antenna and to random time delays introduced
by the small length mismatches between the fibers!
are transformed into diffracted beams at spatial po-
sitions proportional to their respective time delays.
These position-dependent time delays will be delayed
and summed with appropriate time alignment by de-
tection with a time-integrating traveling-wave detec-
tor array matched to the velocity of the image of the
AOD. Read–write multiplexing with angle and po-
larization encoding is implemented by use of a
quarter-wave plate, Rochon prism, polarizer, and
spatial filter to isolate the diffracted readout beam of
the phased array from the diffracted write beam of
the AOD. Details of read–write multiplexing archi-
tectures have been covered in previous publica-
tions,17,31 so are delineated only briefly in this paper.

The diffracted signals are then imaged onto a time-
integrating traveling-wave detector implemented
with a TFD21,22 where they interfere with the refer-
ence beam from the laser—which must be at the ex-
act angle that the undiffracted dc beam from the AOD
would have occupied if it had not been blocked. At
each resolvable temporal increment, the TFD is read
out after the corresponding charge packet has tra-
versed the length of the detector, accumulating and
delaying detected signal contributions from each lo-
cation. The resulting output waveform is an adap-

tively weighted and coherently reconstructed version
of the signal.18 For closed-loop adaptive processing,
this output signal o~t! is then subtracted from our
desired signal d~t!, which is well correlated with the
signal of interest s~t! ~for instance, a known chirp can
be broadcast along with an unknown pseudorandom
noise waveform!. This difference signal generates
the feedback signal f ~t! 5 d~t! 2 o~t!, which is then fed
back into the AOD. The feedback loop provides the
necessary error-driven adaptation required for beam
steering the main beam toward the desired signal
source and nulling out any undesired jammers
present in the signal environment at the input of the
phased-array antenna—which can include both near-
field and far-field, as well as narrow-band and broad-
band, jammers.

B. Acousto-Optic Device

The single-sideband feedback signal amplified and
applied to the AOD transducer consists of the differ-
ence between the processor output signal o~t! and the
steering rf signal d~t! such that f̃ ~t! 5 g2@d̃~t 2 td! 2
g1õ~t 2 tf !# ~where g1 and g2 are the gains of the
photodetector output and the AOD power amplifier,
respectively; td is a constant reference delay that ac-
counts for the arbitrary timing of the desired signal to
ensure that the correlation peak with the arriving
array signals is within the AOD aperture; and tf is the
feedback delay due to propagation through wires, am-
plifiers, and the bandpass filter!. The signal is
octave-bandwidth, limited around a rf center fre-
quency vr, which is implicitly included in the analytic
signal representation f0~t!, f̃ ~t! 5 f0~t!exp~2ivrt!,

Fig. 6. Example of a linear equispaced phased array and a random fiber-optic feed network. A broadband rf signal is incident from one
angle and a jammer j from another angle onto a phased-array antenna with element spacing d, creating time delays tp and tj between the
elements of the array for the signal and jammer, respectively. Both signals are modulated onto a much-higher-frequency optical carrier
and transduced into the optical domain; then these signals are propagated through an optical fiber-feed manifold to a linear array of
polished fiber ends. While propagating through the polarization-maintaining fiber, each beam passes through a polarizing beam splitter
~PBS! so that the p̂y-polarized writing beam passes through the delay loop and experiences a time delay T with respect to the p̂z-polarized
reading beam. Typical fiber cores of 8 mm and spacings of 250 mm are shown being collimated by a lenslet array, which allows us to make
the simplifying assumption of propagation without diffraction used in the analysis of this section. These lenslets are not required in the
real system, and the simplifying assumption of propagation without diffraction is not required in practice, but is illustrated here for
analytic and diagrammatic simplicity.
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where fo~t! is a real bandlimited baseband signal.
The signal will propagate through the AOD at the
acoustic velocity vA in the positive x direction at a
plane x0 and time t0, resulting in a modulated output

f̃ ~x0, t0! 5 g2Fd̃St0 2 td 2
x0

vA

2 tr1D
2 g1õSt0 2 tf 2

x0

vA

2 tr1DG
; f̃St0 2

x0

vA

2 tr1D , (9)

where tr1
allows for the AOD aperture to be centered

in the optical system.
A collimated optical beam with an angular carrier

frequency vl, which is incident on the AOD at the
Bragg angle uB 5 sin21 ukBuyuk0u, where uk0u 5 vlyc 5
2pyl0 is the free-space wave number and ukBu 5 vAyc
is the acoustic wave number, will diffract off the
acoustic wave to produce a diffracted beam and an
undiffracted beam

EA~x0, t0! 5 at a9t Eo exp@i~kB x0 2 vl t0!#

3 F~1 2 hAO
2 u f̃ u2!1y2p̂x

1 hAOf̃St0 2
x0

vA

2 tr1Dp̂yG , (10)

where at 5 =1 2 ar
2 is the amplitude transmittance

of the light from the beam splitter, hAO is the ampli-
tude diffraction efficiency of the AOD per volt, and
u f̃~t0 2 x0yvA 2 tr1

!u2 has been written as u f̃ u2 in the
undiffracted beam. Anisotropic diffraction in the
AOD results in diffracted and undiffracted beams
with orthogonal polarizations, p̂y and p̂x, respectively.
The undiffracted beam can be used as an interfero-
metric reference that is automatically aligned at the
correct angle to produce a nondispersive traveling-
fringe pattern on the tap-out detector. The draw-
back to this design is that this strong unmodulated
beam will cause erasure and decrease modulation
depth in the photorefractive crystal, resulting in re-
duced diffraction efficiency from the weight matrix.
In addition, the undiffracted beam from the AOD
may have too much residual modulation because of
its nonlinear dependence on the signal’s strength be-
ing injected into the tap-in device. A clean reference
beam can be split off before the AOD and routed to
avoid passing through the crystal before being rein-
jected onto the TFD at the correct angle so that it
interferes with the diffracted signal beam to produce
a nondispersive traveling-fringe pattern, as shown in
Fig. 4.

The diffracted and the undiffracted beams are Fou-
rier transformed by the first lens so that the undif-
fracted beam can be blocked. The diffracted beam is
then inverse transformed by the second lens to pro-
duce an image of the AOD in the crystal. Noting
that m1 5 x1yx0 is the magnification of lens system
L1, the electric field distribution can be approximated

within the photorefractive crystal. For the sake of
simplicity, the effects that are due to diffraction of the
propagating fields are neglected in this analysis. In-
stead, we account for propagation with a phase accu-
mulation so that the field within the photorefractive
crystal is

EA~x, z, t0! 5 at a9t E0 exp@i~kB x 2 vl t0!#

3 hAO f̃St0 2
x

v
2 tr1Dexp~ikz! p̂y, (11)

where k 5 2pnyl0 is the wave-vector length in the
photorefractive crystal of index n and the velocity va

has been scaled by the magnification to a velocity v.
A detailed analysis demonstrating that the effects
due to diffraction are holographically compensated
for by the processor has already been presented.32

C. Phased Array

Next, consider the fiber-optic modulation topology
shown in Fig. 6. A desired signal produced by a
broadband far-field plane wave arriving on a linear
equally spaced array at some angle us is illustrated.
The signal at a particular element n will have a dif-
ferential time delay between adjacent phased-array
elements tp 5 dyc sin us, where d is the spacing be-
tween the elements and c is the speed of light. The
desired signal at the nth element of an equispaced
array can thus be described as s̃n

d 5 r̃~t 2 ntp!. Any
far-field jammers present within the signal environ-
ment will also experience incremental time delays
given by tj 5 dyc sin uj. If more than one jammer is
present, the jamming signal at the nth element can be
described as s̃n

j 5 ¥j j̃j~t 2 ntj!. We will assume that
the desired signal and any jamming signals are in a
frequency band no greater than the bandwidth of the
AOD centered around vp, but that this center fre-
quency can be anywhere within the modulation band-
width of the EOM’s. A single sideband of the signal
detected by the nth array element is thus

s̃n~t! 5 r̃~t 2 ntp! 1 (
j

j̃j~t 2 ntj!, (12)

where the carrier term vp is implicit within the
single-sideband analytic representations r̃~t! and j̃~t!.
More generally, the ntp andyor the ntj term can in-
stead be an arbitrary function of n to represent any
random time delays caused by positional errors in the
placement of the array elements, conformal arrays,
near-field signals or jammers, or an arbitrary spatial
permutation of the topology of the array of fibers with
respect to the array elements.

Amplitude modulation by the first frequency shift-
ing EOM before the phased-array offsets the light
carrier vl by 6vs giving a new carrier vc 5 vl 6 vs

~where we will choose to use only one of the sidebands
and reject the other with a fiber bandpass filter!.
After it is amplitude modulated by the array of N
EOM antenna transducers in the fiber-feed network,
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the electric field distribution launched into the pro-
cessor by the fibers is

EP~z0, t0! 5
ar

ÎN
E0 (

n51

N

exp$2i@vc~t0 2 tn!#%a~z0 2 nD0!

3 @Î1 2 hP
2 u s̃nu2 1 hPs̃n~t0 2 tn 2 T!

1 h*Ps̃*n~t0 2 tn 2 T!# p̂y, (13)

where us̃nu2 5 ur̃~t0 2 ntp 2 tn 2 T! 1 (j j̃j~t0 2 ntj 2
tn2T!u2. In Eq. ~13!, ary=N is the amplitude of the
light after equal splitting into each of the N fibers.
a~z0 2 nD0! is the aperture function ~typically a
Gaussian distribution with a width of 5–9 mm! of the
nth fiber, located at position nD0 where D0 is the
spacing between the fibers. For fibers in a silicon
V-groove array, a typical value of D0 might be 250
mm. hP is the amplitude-modulation efficiency of
the EOM’s per volt and is assumed to be the same for
all modulators. tn is a random time delay that ac-
counts for phase and time shifts due to fiber length
mismatches, which can change with temperature
variations and shifting antenna configurations.
These mismatches affect both the optical carrier vc

~for submicrometer mismatches! and the microwave
carrier vr ~for centimeter mismatches! and must be
accounted for in the formalism. T is the round-trip
feedback loop time delay, which, as described in Sub-
section 2.B, is necessary to ensure causality of the
final output signal o~t!. This time delay is imple-
mented on each phased-array signal by use of a po-
larizing beam splitter in each fiber, which causes the
p̂y-polarized writing beam to pass through a fiber-
delay loop while the p̂z polarized reading beam prop-
agates directly through the fiber-feed network.
Polarization-preserving fiber is used to to ensure that
the polarizations of these two beams are maintained
while propagating though the fiber so that the output
writing beam will have the same polarization as the
diffracted beam from the AOD p̂y. Thus Eq. ~13!
describes the electric field distribution of the writing
beam while the reading beam will be p̂z polarized
without the delay T.

It is vital to realize that these lengths can easily be
perturbed by small motions of the fibers or by temper-
ature changes ~thereby giving rise to tn!, and although
such fluctuations will have no effect on the rf carrier
phase, the optical phase can swing wildly and must be
compensated through adaptation. In the system pre-
sented in this paper, adaptation will occur in a time
well below 1 ms ~much faster than the photorefractive
hologram response time17!, which should be sufficient
to compensate for these phase fluctuations. We are
representing the EOM as being operated as an ampli-
tude modulator, but for the sake of simplicity the com-
plex conjugate term will be subsequently dropped to
produce a single-sideband phase modulator. Ideally,
we would use single-sideband suppressed carrier mod-
ulators, which would eliminate the dc term as well.
Including these terms in the analysis yields essentially
the same overall result, since they are at the wrong
frequency to record stationary gratings and thus will

not affect the photorefractive crystal except through
incoherent erasure. However, in addition to the pre-
viously noted considerations, the phase in the p̂y-
polarized fiber-delay loops must be stabilized with
respect to the undelayed p̂z-polarized phases for a
given fiber. Although this can be accomplished with
individual polarization-locking feedback-to-loop fiber
stretchers, a single novelty filter33 can be used instead
to stabilize all of the fiber loops simultaneously ~and to
remove the unwanted dc term as well!. We leave the
details of this loop stabilization to a subsequent paper
and henceforth assume a phase-stable delay by T in all
of the fiber loops.

This phased-array signal beam is then imaged
through lens system L0, and noting that m0 5 z1yz0 5
D1yD0, the electric field distribution within the pho-
torefractive crystal can be described when we include
a propagation term that represents phase accumula-
tion ~in the negative x direction!

EP~x, z, t0! 5
ar

ÎN
E0 (

n51

N

exp$2i@vl~t0 2 tn!#%a~z 2 nD!

3 @~1 2 hP
2us̃nu2!1y2

1 hP s̃n~t0 2 tn 2 T!#

3 exp~2ikx! p̂y, (14)

where the offset frequency of vs has now been incor-
porated implicitly into s̃n~t0!. We will choose the
modulation frequencies such that vr 5 vs 1 vp, so the
resulting modulation produced by the EOM’s over-
laps with the Doppler frequencies produced by the
AOD, as shown previously in Fig. 5.

D. Grating Formation

As the optical beam from the AOD interacts with the
beam from the phased array, and if the frequency spec-
tra of the two beams overlap, an index grating is
formed within the photorefractive crystal, owing to the
stationary interference pattern. With first-order
analysis, the grating evolution can be approximated by

G~x, z, t9! 5 b *
2`

t9

EA~x, z, t0!E*P~x, z, t0!

3 expF2
~t9 2 t0!

t Gdt0 1 c.c., (15)

where b is the sensitivity of the crystal ~cm2yJ!, t is
the photorefractive time constant, and the details of
the photorefractive dynamics have been idealized
from their much more complex form.34 For times t9
.. t the convolution with exp~2t0yt! results in a
causal Lorentzian low-pass filter in the temporal fre-
quency domain with a width Df 5 1y~2pt!, typically in
the range of hertz to kilohertz. Thus only stationary
gratings can be written in the photorefractive crystal
between equally Doppler-frequency-shifted beams,
which are then weighted by the photorefractive time
constant t, which in turn is inversely proportional to
the dc intensity level t } toyIdc, where Idc 5 uEA~x, z,
t!u2 1 uEP~x, z, t!u2. The spatial-frequency response
of the photorefractive crystal selects only high-
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spatial-frequency gratings to be recorded, although
dc terms do lead to grating erasure.35 Thus the pho-
torefractive grating is given by

G~x, z, t9! 5 b *
2`

t9 HFexp@ik~z 1 x!#exp~ikB x!

3
ar at at9

ÎN
E0

2hAOf̃St0 2
x

v
2 tr1DG

3 F(
n51

N

exp~2ivl tn!a*~z 2 nD!

3 @~1 2 hP
2us̃nu2!1y2

1 hPs̃*n~t0 2 tn 2 T!#p̂yGJ
3 expF2 ~t9 2 t0!

t Gdt0. (16)

Since the unmodulated EOM beam produces a mov-
ing grating with the diffracted AOD beam at the rf
carrier frequency vr, this grating washes out, owing
to the low-pass nature of the photorefractive crystal,
simplifying the expression of the grating to

G~x, z, t9! 5 exp@ik~z 1 x!#exp~ikB x!

3 k0(
n51

N

exp~2ivl tn!a*~z 2 nD!

3 *
2`

t9

f̃St0 2
x

v
2 tr1Ds̃*n~t0 2 tn 2 T!dt0,

(17)

where k0 5 bEo
2tarata9ty=N hAOhP.

The phased-array signal environment consists of the
rf signal of interest r̃~t! and various jammers j̃j~t!.
Therefore the desired signal d̃~t! is chosen ~or gener-
ated adaptively27! to have good correlation properties

with r̃~t! and poor correlation with the jammers so that
a cross correlation is formed between the feedback sig-
nal f̃ ~t0 2 xyv 2 tr1

! @which contains the desired signal
d̃~t0 2 td 2 xyv 2 tr1

!# and s̃*
n~t0 2 tn 2 T!, the signals

from each element of the phased array. The cross
correlation results in 45° localized gratings, corre-
sponding to each resolvable time delay between adja-

cent antenna elements, as indicated by the exp@ik~z 1
x!# term wherever d̃~t0 2 td 2 xyv 2 tr1

! overlaps with
s̃*

n~t0 2 tn 2 T! within the crystal. The gratings,
whose amplitudes correspond to a weight magnitude,
are written with a complex phase factor ~correspond-
ing to the phase of the complex weights and physically
manifested as a shift of the high-frequency grating!
that accounts for optical propagation delays and rf
signal delays at positions corresponding to those re-
spective time delays. Assuming the time delay dis-
tortions of the fiber feed network are small ~the
variations of tn over n are less than the inverse band-
width 1yB!, the envelope of the 45° localized gratings
will lie on a tilted line, whose tilt angle corresponds to
a specific angle of arrival ~AOA!. Overall time delays
can be accounted for by shifts of this line, and changes
in the AOA are manifested as changes of the tilt angle
of the envelope of the gratings. The gratings within
the cross-correlation envelope evolve as a function of
time, allowing the processor to adapt to changing rf
signal environments as well as slow ~kilohertz or slow-
er! phase changes that are due to temperature or me-
chanical fluctuations within the fiber-feed network.
Small phase drifts simply shift the phase of the grat-
ings within the envelope, whereas larger changes of
the random fiber delays will shift the position of the
envelope of the gratings.

E. Diffraction of the Phased-Array Signal Beam off the

Grating

As light from each of the phased-array signal fibers
propagates through the crystal, picking up a phase
factor exp~2ikx!, each beam of light interacts with
the local gratings and diffracts off of it. An addi-
tional phase of exp@ik~L 2 z!#, where L is the length
of the crystal, is accumulated as each of the diffracted
beams propagate along z to the face of the crystal.
As a result, the diffracted beam at the edge of the
crystal can be calculated by

where we have use the expression for the undelayed
version of the phased-array field amplitude to diffract
off the grating. Note that the phase accumulated by
propagating in the negative x direction exp~2ikx! is
canceled with the x dependence of the phase within the
grating exp@ik~z 1 x!#; and at each z the phase accu-
mulated by propagation to the output exp$i@k~L 2 z!#%

Ed~x1, t9! 5 *
0

L

EP~x, z, t9!G~x, z, t9!exp@ik~L 2 z!#dz

5 *
0

L ar

ÎN
E0 (

n951

N

exp$2i@vl~t9 2 tn9!#%a~z 2 n9D!@~1 2 hP
2 us̃n9u

2!1y2
1 hPs̃n9~t9 2 tn9!#exp~2ikx! p̂z

3 exp@ik~z 1 x!#exp~ikB x!k0(
n51

N

exp~2ivl tn!a*~z 2 nD!*
2`

t9

f̃St0 2
x

v
2 tr1Ds̃*n~t0 2 tn 2 T!dt0

3 exp@ik~L 2 z!#dz, (18)
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after diffraction off the grating cancels with the phase
of the grating dependent on z. As a result, each of the
components of light that diffracts off the grating from
the fibers picks up the same overall phase exp~ikL! and
therefore adds coherently. Because the fiber profiles
do not overlap, the undiffracting fields are spatially
orthogonal to one another so that n 5 n9 and the two
sums collapse, which allows the random phase delays
present in the carrier exp~ivltn9! to be canceled with
the holographically encoded phase exp~2ivltn!.

The signal strength received from the phased-array
antennas will usually be small, and electrical pream-
plification may be required at each element of the an-
tenna before optical modulation, but even with

amplification the modulation depth of the EOM is typ-
ically ,,1%. Thus there are two consequences of the
dc term: erasure of the desired grating—thereby de-
creasing the grating strength ~and therefore the null
depth!, and unwanted diffraction of the dc term from
each fiber off of the correlation grating from that
fiber—thereby producing unwanted bias when de-
tected on the TFD. The dc term in Ep that diffracts off
the grating ~although with an incorrect phase front
that is due to the fiber time delays! could potentially be
much stronger then the modulated term, creating such
a strong bias that it could swamp out the signal of
interest. The actual diffraction efficiency of the un-
modulated dc terms from the phased array off the grat-

Fig. 7. k-space representation of the polarization, angle, and time-multiplexed recording and readout geometry in strontium barium
niobate ~SBN! used to separate the diffracted phased-array beam kd from the AOD beam kA used to write the grating. The upper
left-hand portion of the figure is a 2-D projection of the three-dimensional momentum space on the right-hand side, where the three beams
incident on the photorefractive ~the write beam from the phased array kP1

with polarization p̂y, the vertically deflected read beam from
the phased array kP2

p̂z, and the diffracted AOD beam kAp̂y! refract into the crystal and are projected onto the ordinary and extraordinary
momentum surfaces, based on their respective polarizations. The deflected read beam has been tilted vertically in the direction of Bragg
degeneracy, allowing for efficient light diffraction off the grating kG produced by the interference between kP1

and kA. This produces a
diffracted beam kd with polarization p̂x ~once refracted back into air!, which is vertically tilted from the reference signal beam from the
AOD kA with polarization p̂y, as can be seen in the bottom portion of the figure. A lens, when in conjunction with a spatial filter, can then
be used to block the beam from the AOD while allowing for the diffracted beam to pass through the system. A polarizer can also be used
to increase the overall isolation between the two beams.
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ings will depend on the details of the time delays tn, but
because of coherent superposition of the diffractions off
different parts of the gratings, the diffraction efficiency
will tend to be zero for large array sizes. To avoid any
unwanted diffraction of the strong dc terms, the EOM’s
should use a suppressed carrier modulation scheme36

~or a photorefractive novelty filter could be used at the
phased-array fiber-feed outputs to remove the dc car-
rier term, as mentioned previously33!. We will thus
assume that the dc term is not present in Ep. Finally,
noting that *0

Lua~z 2 nD!u2dz 5 1 is just the total nor-
malized optical power present in the nth fiber,

Ed~x1, t9! 5 exp@i~kB x1 2 vl t9!#exp~ikL!

3 Eok1(
n51

N

s̃n~t9 2 tn! *
2`

t9

f̃St0 2
x1

v
2 tr1D

3 s̃*n~t0 2 tn 2 T!dt0p̂z, (19)

where k1 5 k0arhPy=N. Equation ~19! shows that
the diffracted output from the photorefractive crystal
convolves the cross correlation between the feedback
signal and the detected signal with the signals from
the phased-array antenna, with the detected signal
used in the cross correlation being delayed by the
round-trip delay time T to ensure causality. Note
that the random phase factors that were originally
present in the beam have been holographically com-
pensated for and have been removed from the dif-
fracted signals. Over a region defined by the
transverse width of the grating envelope we will see a
traveling-wave version of the signals from the various
elements of the phased array propagating at a velocity
v independent of the arrival angle of the signal.

F. Read–Write Isolation

As described so far, the readout diffracted beam from
the phased array is not separable in angle from the
modulated write beam from the AOD. For our adap-
tive phased-array processor, it is important to be able
to separate these two beams so that the writing beam
can be completely blocked from the detector plane.
Otherwise, any leakage of the writing beam onto the
TFD will limit the available loop gain and, therefore,
the processor null depth.29 This can be accom-
plished in many ways by use of polarization, timing,
or angle multiplexing—although the isolation ratios
required ~well in excess of 60 dB! are not achievable
with polarization multiplexing by itself. Here we
consider a scheme that first vertically ~i.e., orthogonal
to the interaction plane of Bragg selectivity! deflects
the undelayed portion of the light from the phased-
array fiber feed by a Rochon prism ~with a small
deflection angle ur of the order of 1°!. As discussed
above, the x-propagating writing and reading beams
from the array feed have orthogonal polarizations ~ p̂y

and p̂z, respectively!, because of the polarizing beam
splitter used in the fiber-feed network to ensure that
the writing beam propagates through the fiber loop
and is delayed by T with respect to the reading beam.
The polarizations of the undeflected beam p̂y and the

deflected beam p̂z from the Rochon prism are shown
in the k-space diagram in Fig. 7 and are designated as
kp1

and kp2
for the writing and the reading beams,

respectively. The reading beam is tilted vertically in
the direction of Bragg degeneracy, allowing for effi-
cient diffraction off the original grating kG, which
was written between the two p̂y-polarized beams kP1

and kA, the beams from the phased array and the
AOD, respectively. This produces a diffracted beam
kd, which is vertically tilted from the reference signal
beam from the AOD kA so that in the Fourier plane of
the first lens in lens system L2 ~with focal length F2!
they are spatially separated by yr 5 tan urF2, and the
beam kA that wrote the grating can be blocked with
a spatial filter.17 A linear polarizer with the trans-
mission axis in the x direction is also used to block the
writing beam from the AOD ~which is polarized in the
p̂y direction! to increase the overall isolation ratio
between the reading and the writing beams. This
scheme requires that an xz-polarized beam ~within
the crystal! be efficiently diffracted into an xz-
polarized beam at a different angle, which is actually
a convenient geometry for high-diffraction-efficiency
readout using r33 in crystallographically cut stron-
tium barium niobate ~SBN! with the c axis at a 45°
angle with respect to the x and the z axes, as shown
in the figure. Alternatively, an xz-polarized beam
could be diffracted into a zx-polarized beam by use of
the conventional geometry for high-diffraction-
efficiency readout using r42 in barium titanate
~BaTiO3! ~either crystallographic or 45° cuts35,37!.

At this point, the off-axis interferometric reference
beam ~at the laser frequency vl! needs to be rein-
jected. Its position should correspond to the position
in the Fourier plane ~shifted vertically by yr!, where
the dc beam from the AOD would have been imaged
to if it had not been blocked in the first Fourier plane
in lens system L1. This can be done by placement of
a fiber carrying the reference beam with amplitude
atar9E0 at the correct position in the Fourier plane or
by use of the appropriate pick off mirrors, as shown in
Fig. 4. A final lens can then be used to retransform
the diffracted beam coming from the phased array in
the photorefractive crystal, and the injected inter-
ferometric reference beam, onto the TFD.

G. Interferometric Traveling-Fringes Detector

Assuming a magnification of the 4f system of m2 and
a realignment of the system axis in the vertically
tilted plane, the total field at the TFD is

Ed~x2, t9! 5 E0 exp@i~kB x2 2 vl t9!#

3 Fat ar9 1 hDk1 (
n51

N

s̃n~t9 2 tn!

3 *
2`

t9

f̃St0 2
x2

vD

2 tr1Ds̃*n~t0 2 tn 2 T!dt0Gp̂x,

(20)
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where m2 5 x2yx1, hD is the overall amplitude trans-
mission of the diffracted beams through the read–
write multiplexing architecture, vD is the velocity v
scaled by the magnification m2 so that it matches the
detector velocity, and we have dropped the constant
phase term exp~ikL! without any loss of generality.

The intensity at the detector is given by

I~x2, t9! 5 ~at a9r E0!
2

1 ~hDk1!
2U(

n51

N

s̃n~t9 2 tn!

3 *
2`

t9

f̃St0 2
x2

vD

2 tr1Ds̃*n~t0 2 tn 2 T!dt0U2

1 k2 (
n51

N

s̃n~t9 2 tn! *
2`

t9

f̃St0 2
x2

vD

2 tr1D
3 s̃*n~t0 2 tn 2 T!dt0 1 c.c., (21)

where k2 5 atar9hDk1.
The TFD is based on the synchronous drift of pho-

togenerated carriers with a moving interference pat-
tern21,22 generated by interfering two beams of light
at different frequencies—the diffracted beam from
the phased array and the interferometric reference
beam, and the device is also used to time delay the rf
signals. At a given moment in time, the spatially
modulated light that is incident on the photoconduc-
tive layer of the detector will generate photocarriers
in proportion to the local intensity, and these carriers
will drift with a velocity proportional to the applied
bias voltage. Varying the applied bias voltage in the
photoconductor changes this drift velocity, and a pho-
tocurrent resonance peak occurs when the induced
electron drift velocity equals the fringe velocity of the
moving interference pattern. For the desired
phased-array signal sn~t9! diffracted by the grating,
the interferometric fringes will all move at the mag-
nified acoustic velocity, which can be set equal to the
velocity of the photogenerated carriers by fine tuning
the bias voltage. The unwanted but unavoidable
diffractions of the jammers off the sidelobes of the
photorefractive grating, however, will not have the
necessary frequency–angle relationship to produce
constant velocity moving fringes at the carrier and
the drift velocity. Thus the jammers will be some-
what suppressed and washed out—both by the angu-
lar selectivity of the diffraction by the photorefractive
crystal, and in the frequency domain by the temporal
filtering associated with resonant detection of con-
stant velocity interferometric fringes on the TFD.

The first two terms in Eq. ~21! are unwanted dc
terms and will contribute only to bias in the detector.
The desired detected interference pattern, however,
is moving at a velocity vD 5 m1m2vA, the acoustic
velocity of the AOD scaled by the overall magnifica-
tion of the lens systems L1 and L2. If the AOD has
a time–bandwidth product M, with spatial resolution
Dx2, then the TFD will detect the moving interference
pattern over a time TD 5 MDx2y~m1m2vA! 5
MDx2yvD with a responsivity R. Assuming that the
magnification has scaled the velocity and been fine

tuned with the bias voltage across the device to be
synchronous with the photogenerated carriers, the
final output is

o~t! 5 R *
2TDy2

TDy2

*
2`

t

I~x2, t9!dF~t9 2 t! 2
x2

vD

1 tr2G
3 dt9dx2yvD

5 R *
2TDy2

TDy2

I~x2, t 1 tx 2 tr2
!dtx, (22)

where tr2
is another reference delay that allows the

TFD to be centered within the optical system and the
limits of integration to remain causal, and tx 5 x2yvD.
When we substitute this expression into the detected
signal of interest, then

o~t! 5 Rk2 *
2TDy2

TDy2

(
n51

N

s̃n~t 2 tn 1 tx 2 tr2
!

3 *
2`

t1tx2tr2

f̃ ~t0 2 tx 2 tr1
!s̃*n~t0 2 tn 2 T!dt0dtx

5 Rk2 *
2TDy2

TDy2

(
n51

N

s̃n~t 2 tn 1 tx 2 tr2
!

3 *
2`

t

f̃ @t1 2 ~tr1
1 tr2

!#s̃*n~t1 2 tn 2 T 1 tx 2 tr2
!

3 dt1dtx. (23)

The feedback signal f̃ @t1 2 ~tr1
1 tr2

!# contains the
output signal with a feedback time delay tf, which
when combined with the reference delays ~tr1

1 tr2
!,

provides the total round-trip time delay T 5 tf 1 ~tr1
1

tr2
!. The reference delays were used to center the

AOD and the TFD within the optical system, and
~tr1

1 tr2
! represents the total fixed time delay that is

incurred by each of the signals propagating through
the two TDL’s. Expanding the feedback signal into
its desired and output signal components,

õ~t! 5 Rk2 *
2TDy2

TDy2

(
n51

N

s̃n~t 2 tn 1 tx 2 tr2
!

3 *
2`

t

g2@d̃~t1 2 td! 2 g1õ~t1 2 T!#

3 s̃*n~t1 2 tn 2 T 1 tx 2 tr2
!dt1dtx

5 Rk2 *
2TDy2

TDy2

(
n51

N

s̃n~t 2 tn 1 tx 2 tr2
!

3 *
2`

t2T

g2$d̃@t2 1 ~T 2 td!# 2 g1õ~t2!%

3 s̃*n~t2 2 tn 1 tx 2 tr2
!dt1dtx. (24)
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Equation ~24! shows that, with the total round-trip
delay T appropriately incorporated into both the feed-
back signal and the writing signal from the phased
array, a temporal equation is created that is identical
to that of Eq. ~8!. A cross correlation is formed be-
tween fixed delayed versions of the signal from the
antenna array and a delayed version of the feedback
signal, which is then convolved with the instanta-
neous signals from the array to provide the final out-
put õ~t!. Since õ~t! appears on both sides of this
integral equation, it is difficult to solve in the time
domain; hence we will subsequently transform to a
Fourier-domain representation.

H. Frequency-Domain Analysis

Equation ~24! represents the adaptation of the output
to an arbitrary signal environment with an arbitrary
number of jamming signals present, where s̃n~t! 5
r̃~t 2 ntp! 1 ¥j j̃j~t 2 ntj!. The steady-state solution
of this equation can be derived by transformation to
the frequency domain and by algebraic manipulation
of the spectra to solve for Õ~ f !. At steady state with
t .. T, the output signal is a spatiotemporal convo-
lution of the signal from the phased array with the
cross-correlation function of the delayed feedback sig-
nal with the delayed version of the phased-array sig-
nal. When transformed to the temporal Fourier
domain, Eq. ~24! becomes

Õ~ f ! 5 Rk2 (
n

S̃n~ f !g2$D̃~ f !exp@i2pf ~T 2 td!#

2 g1Õ~ f !%S̃*n~2f ! p TD sinc~TD f !, (25)

where p denotes a convolution. Solving for the
frequency-domain output Õ~ f !,

Õ~ f ! 5

g2Rk2 (
n

uS̃n~ f !u2D̃~ f !exp@i2pf ~T 2 td!# p TD sinc~TD f !

1 1 g1g2Rk2 (
n

uS̃n~ f !u2 p TD sinc~TD f !
,

(26)

where the exp@i2pf ~T 2 td!# phase term denotes the
arbitrary timing necessary to ensure that the cross
correlation between the desired signal and the sig-
nals from the phased array occurs within the pho-
torefractive crystal. Noting that the Fourier
transform of the input signal s̃n~t! is S̃n~ f ! 5
R̃~ f !exp~2i2pntp! 1 ¥j J̃j~ f !exp~2i2pntj! and is
dominated by the jammers, the term in the denomi-
nator will simplify to the sum of the powers of the
jamming signals present ¥nu¥j J̃j~ f !u2 5 ¥n ¥juJ̃j~ f !u2,
since the jammers are assumed to be mutually inde-
pendent. This is a valid approximation for many
signal environments, since typically the signal of in-
terest is buried beneath the noise floor, whereas the
jamming signal may be as large as 30–60 dB above
the noise. The frequency-domain sinc function rep-
resents the limitation of temporal degrees of freedom

but can be approximated as a delta function when TD

is much greater than the correlation time of the de-
sired signal,38 yielding

Õ~ f ! 5

g

g1
(

n

S̃n~ f !$S̃*n~2f !D̃~ f !exp@i2pf ~T 2 td!#%

1 1 g (
n

(
j

uJ̃j~ f !u2
, (27)

where g 5 g1g2Rk2TD is the net gain around the loop.
Spatial Fourier transformation can now be used to

illustrate the spatiotemporal frequency response of the
system. Noting that S̃n~ f ! 5 ¥l S̃~kl, f !exp~iklnd!,
and that S̃~kl, f ! 5 ¥n S̃n~ f !exp~2iklnd!, where kl 5
2ply~Nd! ~for l 5 2Ny2, . . . , Ny2!, and expanding the
detected signal into its constituent signal and jammer
components at their respective angles of arrival,
S̃n~ f ! 5 R̃~ f !exp@i2pfyc sin~ur!nd# 1 ¥j J̃j~ f !exp
@i2pfyc sin~uj!nd# since tp 5 fycd sin ur and tj 5 fycd sin
uj, yields

S̃~kl, f ! 5 FR̃~ f !dSkl 2
f

c
sin urD 1 (

j

J̃j~ f !

3 dSkl 2
f

c
sin ujDG p Nd sinc~Ndkl!. (28)

Thus broadband signals lie on a tilted locus in spa-
tiotemporal Fourier space ~pivoting through kl 5 0,
f 5 0! and are blurred by the finite array size.

The detected signal of interest R̃~ f !d~kl 2 fyc sin ur!
correlates against the desired signal D̃~ f !, and can be
separated into a known component aD̃~ f ! that corre-
lates perfectly with D̃~ f !, and an unknown compo-
nent a9D̃9~ f ! that is independent of it. This allows
for further simplification of the output, since only the
part that is correlated with the desired signal will
write a grating within the photorefractive crystal.
Since the desired signal is also uncorrelated to any of
the jamming signals, the output takes on the form

Õ~ f ! 5 (
kl

S̃~kl, f !

3

g

g1

auD̃~ f !u2 exp@i2pf ~T 2 td!#dSkl 2
f

c
sin urD p b~kl, f !

1 1 g (
kl

(
j

uJ̃j~ f !u2dSkl 2
f

c
sin ujD p b~kl, f !

,

(29)

where b~kl, f ! 5 Td sinc~Tdf !Nd sinc~Ndkl! denotes
the total blur function. The linear adaptive-array
output-frequency response is given by a weighted sig-
nal spatiotemporal frequency spectrum that is
summed across all spatial frequencies,

Õ~ f ! 5 (
kl

S̃~kl, f !T̃~kl, f !, (30)

226 APPLIED OPTICS y Vol. 39, No. 2 y 10 January 2000



and this allows the steady-state spatiotemporal
transfer function of the BEAMTAP processor to be
defined as

The maximum array sensitivity is along the tilted
locus in spatiotemporal frequency space correspond-
ing to the desired signal AOA, with a bandwidth
tuned to the power spectrum of the steering signal
uD~ f !u2 ~actually flattened by the LMS dynamics!.
This output achieved the full array gain of Nd, since
the beam-forming operation has a linear phase that
time delays the arriving signal to time align it with
the known reference signal. Jammer nulling is ac-
complished by an inverse filter ~the denominator!
that acts as a power nuller to any jamming signals
present in the signal environment at their respective
angles of arrival @denoted by the d~kl 2 fyc sin uj!
term# and frequency spectrums. The total null
depth of the processor is limited by the effective loop
gain g, and the available null depth is distributed
among the number of jamming signals present.29

The grating within the photorefractive processor will

respond more quickly to higher-power jamming sig-
nals to create a greater null depth, whereas smaller-
power jamming signals will not be nulled as deeply,
or as quickly ~although the jammers’ final power will
be the same after adaptation!. As in all LMS-based
power nulling processors, when the signal of interest

is strong, its corresponding output amplitude will be
clamped to the signal power of the desired signal,
since the ¥kl

uS̃~kl, f !u2 term in the denominator of the
transfer function will no longer be dominated by the
sum of the power of the jamming signals.

Beam steering is driven by the known component
ad̃~t! of the desired signal detected at the array r~t! 5
ad̃~t! 1 a9d̃9~t!, which can be either time multiplexed
or code multiplexed with the spectrally overlapping
unknown desired signal a9d̃9~t!. The TFD output
contains both d̃~t! and d̃9~t! weighted proportionally
to a and a9, respectively, since they are broadcast by
a single transmitter and arrive on the array with
identical phase fronts. At steady state, the ampli-
tude of the known component at the differencing node
adaptively adjusts to a nearly exact match of the
known reference signal; thus just after the differenc-
ing node, the known component is canceled, and the

Fig. 8. Spatiotemporal Fourier space representation of the input
signals used in the computer simulation of the BEAMTAP algo-
rithm, which were selected to test the system’s jammer-nulling
capacity over a diversified signal environment. The desired sig-
nal is a broadband Gaussian chirp ~1.2–1.8 GHz! at 0.25 rad AOA.
Jammer 1 is broadband filtered Gaussian noise ~0.5–2.5 GHz! at
20.2 rad AOA, and jammer 2 is a single-frequency 0.8 GHz at 0.5
rad AOA sine wave, each of which are 30 dB stronger than the
signal of interest.

Fig. 9. Diagram illustrating the simulation of the BEAMTAP
architecture. The input signal is represented by the array of time
histories shown on the left-hand side. At every time step an
instantaneous slice of the input is detected by the antenna arrays
and is propagated through the adaptive weight matrix ~center of
figure!. The product of the input vector with the weight matrix is
diffracted vertically and detected and accumulated on the scrolling
detector ~top of figure!. The output o~t! is subtracted from the
desired signal d~t!, generating the feedback signal f ~t!, which is fed
through the scrolling delay line ~bottom of figure!. An outer prod-
uct between the scrolling feedback signal and a delayed version of
the input is used to adapt the weights, producing the resulting
tilted cross-correlation slice seen in the weight matrix in the center
of the figure at steady state.

T̃~kl, f ! 5

g

g1

auD̃~ f !u2 exp@i2pf ~T 2 td!#dSkl 2
f

c
sin urD p b~kl, f !

1 1 g (
kl

(
j

uJ̃j~ f !u2dSkl 2
f

c
sin ujD p b~kl, f !

. (31)
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unknown desired signal a9D̃9~ f ! remains detected
with the full array gain and all of the jammers are
optimally extinguished.

I. BEAMTAP System Simulations

We simulated the BEAMTAP algorithm to demon-
strate its operation for broadband squint-free beam
forming and jammer nulling and to verify the spatio-
temporal frequency-domain transfer function formal-
ism. Figure 8 characterizes the input signals in
spatiotemporal Fourier space with transverse spatial
frequency along the vertical axis and a single-sided
temporal frequency along the horizontal axis. The
desired signal is a broadband Gaussian apodized
chirp whose 1ye spectrum spans the frequency range
from 1.1 to 1.9 GHz. Its AOA is set at 0.25 rad, and
it falls on a tilted locus in spatiotemporal frequency
space. Jammer 1 is a broadband filtered Gaussian
white-noise signal, spanning the frequency range
from 0.5 to 2.5 GHz, with an AOA of 20.2 rad. Jam-
mer 2 is a narrow-band sine wave, set at a frequency
of 0.8 GHz and with an AOA of 0.5 rad. Jammer 2 is
selected such that it lies on the maximum of the first
sidelobe of the receptivity pattern of the chirp when
beam forming is performed without jammers. In the
simulations presented here, the power in each jam-
mer is 1000 times stronger than the power in the
desired signal. However, the power of all signals
was normalized in Fig. 8 for illustrative purposes to
make all the signals visible.

The diagram shown in Fig. 9 illustrates the various
facets of the simulation. The leftmost figure shows

the spatiotemporal rf field amplitude detected by the
array antennas sampled at 125 ps ~i.e., with a fre-
quency fs 5 8 GHz! along the horizontal time axis and
spatially sampled by the 64 antenna elements along
the vertical axis. Note that only the jammers are
visible, since they are much stronger than the signal.
The final weight values after adaptation for 300 ms
with a net loop gain of 1 are shown in the center of
this figure. Note also that, even though the signal is
totally buried by the jammers, the dominant feature
that builds up in the weight matrix is the tilted stripe
that results from the correlation between the desired
component of the feedback signal f ~t! 5 d~t! 2 o~t!
~the difference between the desired chirp signal and
the output! and the input signals sn~t! ~chirp and
jammers! whose tilt is an indication of the AOA of the
desired signal. Weak sidelobes seen in the weight
matrix are due to a cross correlation between the
signal and the jammers and are responsible for the
manipulation of the antenna nulls to point toward
any undesired jammers. The instantaneous input
signal vector from the array is multiplied ~e.g., dif-
fracted vertically! by this weight matrix to transform
array element positions into topologically ordered
spatial positions arranged with linear time delays at
the velocity of the TFD; detection on the TFD thereby
compensates for the unknown time delays to each

Fig. 10. AOA versus frequency receptivity pattern that develops
after adaptation when only the desired signal is present at the
input. Note that the main lobe at 0.25 rad AOA does not vary its
position with frequency ~although its width does change! as it
spans the entire input signal bandwidth—thereby demonstrating
squint-free TTD beam forming.

Fig. 11. AOA versus frequency receptivity pattern after adapta-
tion when the desired signal and strong jammers are both present
at the input—demonstrating squint-free jammer suppression with
deep nulls. Note the extremely narrow constant angle squint-free
null at the angle of the broadband jammer ~20.2 rad! over its full
bandwidth, a narrow-band null at 0.5 rad and 800 MHz with deep
sidelobe nulls, and a slight reduction in the bandwidth of the
system response to the desired signal in comparison with Fig. 10
~although more than the full 1ye bandwidth of the signal is still
uniformly detected!.
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antenna element of the desired signal. The dif-
fracted signal is deflected vertically where it is de-
tected and accumulated in the scrolling detector
array, which in this simulation was shifting at a sam-
pled rate of 8 GHz. The upper part of the figure
shows the contents of the TFD at this instant, illus-
trating the accumulation of the light diffracted by the
photorefractive weights, which generates the system
output o~t! after propagating fully across the detector
aperture. The lower part of the figure shows the
contents of the scrolling input modulator ~AOD! at
this instant in time. An outer product ~e.g., holo-
graphic interference! between this signal in the AOD
and a delayed version of the input signal is used to
adapt the weights. This simulation used an array
with 64 antenna elements and 64 taps in the delay
line.

Figures 10 and 11 show the receptivity pattern as
a function of AOA and temporal frequency of the
system for two different cases, first with only the
signal present in the environment, and then in the
presence of the strong jammers as well. The recep-
tivity patterns were produced by simulation of nar-
row Gaussian pulses incident on the phased array
coming from different AOA’s, according to the expres-
sion T~u, f ! 5 O~ f !yG~ f !ugn~u,t!, where G~ f ! repre-
sents the spectrum of the incident Gaussian pulse,
gn~u, t! 5 exp@2~t 2 ndyc sin u!2yD2# represents the
Gaussian pulse detected by each antenna element,
and D represents the 1ye pulse width. Each pulse is
propagated through the BEAMTAP system ~with fro-
zen weights! to provide the corresponding output.
The output is Fourier transformed and is then di-
vided by the spectrum of the initial Gaussian pulse,
providing us with the transfer function for a given
AOA. Repeating this process over several AOA’s
gives the final transfer function as a function of u and
f in terms of the weights

T~u, f ! 5 (
n51

N

(
t50

M21

Wtn expF2i2pfStst 1 n
d

c
sin uDG ,

(32)

where ts is the sampling period. This function is a
coordinate-transformed version of the spatiotemporal
transfer function derived in Eq. ~31!, where the tilted
loci in the spatiotemporal frequency representation
are mapped onto the orthogonal sampling of the
AOA-temporal frequency representation.

In Fig. 10, beam forming is performed only with the
desired repetitive chirp in the input, without the jam-
mers. Note the strong response in the direction of
the desired signal ~0.25 rad!, over almost the entire
chirp bandwidth ~0.5 to 2.5 GHz!, spatially blurred by
the angular resolvability of the finite rectangular ap-
erture of the array, which of course varies with fre-
quency. It is interesting to note that, even though
the chirp has a Gaussian window, the system trans-
fer function is almost flat over the full bandwidth of
the signal. This is explained by the fact that the
system adapts to produce an output that resembles

the desired signal as closely as possible. Since both
the input and the desired signals are Gaussian
chirps, it is to be expected that the system response
should be flat over the entire signal bandwidth until
noise or jammers start to dominate the signal. Also
note that maximum receptivity describes an untilted
line at a constant unsquinted angle that is charac-
teristic of a TTD system. However, the mainlobe
width does vary with frequency as do the positions of
the sidelobes and nulls. This is to be expected, since
adaptation in the presence of signals and antenna
noise has optimized the response of the main lobe
only.

In Fig. 11, both the signals and the jammers are
present in the signal environment, so beam forming
and jammer nulling are performed simultaneously.
Note the changes compared with Fig. 10. The main
lobe’s bandwidth has been slightly reduced, but it
still covers the full 1ye spectrum of the signal ~1.1 to
1.9 GHz!. Part of this reduction is explained by the
presence of narrow-band jammer 2 at 0.8 GHz, on the
first sidelobe of the main beam. Since the spatial
sidelobe of this jammer extended onto the main beam
and throughout its sidelobes, an improved error per-
formance occurs by production of a null in that fre-
quency, which covers a wide span of AOA’s without
any detrimental effect on the received signal. The
wideband jammer 1 produced a long and thin null,
located exactly at its AOA ~20.2 rads!, spanning its
complete bandwidth ~from 0.5 to 2.5 GHz! without
any squint of the null, and a width that is signifi-
cantly less than then main beam of the array. Both
jammers were nulled to a depth of 45 dB with respect
to the power of the detected signal of interest.

4. Conclusion

We have presented, analyzed, and simulated an ap-
proach to broadband beam forming called BEAMTAP
~broadband and efficient adaptive method for true-
time-delay array processing! that reduces the num-
ber of TDL’s required for time-domain adaptive beam
forming of a broadband N-element antenna from the
conventional value of N TDL’s to only 2. For large
arrays, this enables a dramatic hardware savings
that will allow for the implementation of broadband
adaptive phased arrays in sizes that were previously
impractical. The rf photonic implementation of this
BEAMTAP algorithm is ideally matched to the
strengths of optical phased-array processing systems.
We have presented an optical architecture based on
this new hardware-efficient adaptive algorithm that
uses a fiber-remoted coherent phased array, a pho-
torefractive crystal, AOD, and a synchronously scan-
ning TFD, whose electronic output represents the
adaptively beam-steered and jammer-nulled output.
Simulations were presented that verified this opera-
tion for broadband desired signals in the presence of
narrow-band and broadband jammers.
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