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ABSTRACT

This report examines three novel systems that utilize photonic processing techniques for
broadband microwave signals applied to the control of a phased array antenna. The photonic
systems take advantage of recent advances in fiber Bragg gratings, high dispersion optical fiber,
and tunable wavelength laser technologies. Both fiber Bragg gratings and high-dispersion optical
fiber have emerged as efficient, versatile, cost effective photonic components. Systems
employing these components they hold the promise of revolutionizing the field of broadband

photonic processing and practical commercial photonic processors are likely to become viable in
the near term.

Specifically, this report examines three systems in detail. The first is a transmit/receive
beamformer that uses fiber Bragg gratings arranged in a prism-like configuration. The system is
capable of steering an electromagnetic beam at fixed (discrete) spatial angles. A proof-of-
concept system for controlling a three-element phased array antenna was constructed.
Measurements taken over a 3.5GHz bandwidth demonstrates high-resolution beamsteering and
highly linear low-noise phase data. Based on the discrete architecture, two other systems are
proposed; a transversal filter and an optical packet encoder/decoder for optical data
communication systems.

The second system considered can be regarded as the continuous version of the previous
discrete beamformer. This system utilized high dispersion optical fiber along with fiber Bragg
ratings to achieve continuous steering of an electromagnetic beam in space. The system is
dubbed a photonic crossbar switch since it allows the independent routing of a wavelength-
encoded signal from an arbitrary input port to an arbitrarily selected output port. This report
demonstrates how this system can be used as a efficient transmit/receive beamforming
architecture.

The third system studied in this report is really a modified version of the second system,
the crossbar switch, and shows how this modified system can be used in the important
application of broadband null steering. For the null steering application, measurements taken
over a ten-percent fractional bandwidth on a three-element proof-of-concept system shows a null
depth of better than 40 dB uniform across the entire band in this laboratory setup. The
architecture presented is best suited for small antenna array applications, for example self- or
GPS-guided airborne munitions. In a fully integrated, optimized system, null depths of 50 dB or
greater across a multi-gigahertz bandwidth are anticipated and the critical factors which
influence this performance are examined.

All architectures presented take maximum advantage of component reuse and fully
integrate the receive, and where appropriate, transmit mode of operation in one efficient
hardware compressive topology.
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1 INTRODUCTION

The use of dynamic techniques to electronically steer the aperture of a phased array antenna
system has long been a topic of great interest. A phased array has the ability to focus beams in
specified spatial coordinates while simultaneously placing nulls along other spatial coordinates
making it immune to jammers, intentional or otherwise, and providing a significant reduction in
multi-path interference, a problem of great concern in most communications applications [1,2].

Electronic processing systems used to accomplish this beamsteering have not been
without their problems, however. Microwave circuit components tend to be cumbersome,
especially at lower microwave frequencies. This has limited the widespread use of large phased
arrays especially in airborne applications where size and weight are primary concerns. Another
significant limitation is that the microwave circuit components needed to implement a
beamformer are inherently narrowband, limiting the bandwidth of the beamforming system to a
few percent of the RF carrier frequency. The use of narrowband components results in a
beampointing error known as squint, where each frequency component points in a different
spatial direction. Modern radar tracking and surveillance systems and Electronic Support
Measures (ESM) require wideband performance (2-18 GHz bandwidth is a commonly stated
requirement) making phase-steered systems less than ideal.

The only way to make a phased array “broadband” is to employ true-time delay
beamforming techniques. An array aperture is “steered” by applying an appropriate amount of
time delay to each signal used to drive the elements of the array. The only way to achieve time-
delay of a microwave signal, short of digitizing it and storing it in a computer memory’ for later
re-construction is to provide an appropriate path length for the signal to propagate.
Reconfigurable beamsteering requires a variable length line, the practical implementation of
which has been a challenging problem.

In recent years, optical processing techniques for microwave signals have made
significant advances in the area of phased array antenna control. Several advantages of optical
processing techniques are often touted, such as reduced weight and increased immunity to EMP
and EMI effects. Yet beyond these advantages, perhaps the greatest contribution of optical
processing techniques for phased arrays will be its ability to incorporate true-time delay
beamforming methods in some rather innovative ways. Recent developments in both in-fiber
optical components and optical integrated circuits has led to optically controlled phased array
architectures which could provide a field-worthy system in the short term. Recent advances in
permanent fiber-based Bragg reflection gratings (BRG’s) have allowed these devices to become
an off-the-shelf product [9]. BRG’s show great promise for microwave delay line technology and
have been proposed for use in phased array transmit/receive systems. With developments in
tunable wavelength laser technology, systems utilizing highly dispersive optical fiber to achieve

I Digital Signal Processing (DSP) techniques are limited by the bandwidth of analog-to-digital
converters, which typically have a bandwidth of several hundred megahertz. Wideband
microwave signals thus require the use of sub-band coding techniques resulting in a
computationally intensive processing problem for broadband phased array systems.




a variable microwave delay line were studied [4]. These systems are fiber-based and therefore
have the distinct advantage of being able to incorporate fiber amplifiers directly in the system,
thereby allaying some of the concerns that occur when a single laser source is distributed to the
(potentially) many channels of a phased array system.

This report presents several innovative architectures for phased array antennas that utilize
BRG’s and High Dispersion Optical Fiber (HDOF) as a fundamental processing element [28]. It
is also shown how similar BRG/HDOF based systems can be used to accomplish other types of
RF signal processing tasks. Both continuous and discretely variable true-time-delay beamformers
are presented, with the former being especially useful for null steering applications. The
architectures described in this paper are simple enough to make them an attractive approach even
for narrowband applications where a only simple RF/microwave phase shifter is necessary.

Though much attention has been given to the use of optically generated true time delay
for broadband phased array beamforming as described above, much less attention however has
been given to the important ability of a phased array to place broadband nulls at chosen angular
coordinates. This is because most optical processors generally do not possess the necessary
flexibility needed to independently steer arbitrary nulls. One requirement needed for null steering
is the ability to vary the time delay in a continuous rather than discrete fashion, and thus a
particularly attractive approach is the dispersive fiber prism proposed by Frankel and Esman [3]-
The approach utilizes a continuously tunable laser to access the variable time delay obtainable
from a high chromatic dispersion optical fiber. Soref utilized a similar approach to obtain a
generic variable delay line for broadband applications.

This report shows a novel tunable laser-based true time delay processor for a phased
array receiver with broadband adaptive nulling capability. The nulling architecture described
here has several distinct advantages. The system is entirely fiber-based, and only a single length
of high dispersion optical fiber is needed for the entire system. This single fiber approach makes
the performance especially insensitive to temperature drift (normally a problem of great concern
in such systems) and greatly helps to maintain the extremely accurate element-to-element
amplitude and phase tracking needed for deep nulls [5]. For example, to obtain a 60-dB null
depth, element-to-element gain and phase variation must be kept to better than 0.01 dB and
0.025-degrees, respectively. Equalization between the optical channels is more easily
maintained, compared to conventional IF or baseband processors, by operating on the raw
broadband optical signal components. Narrow band filters, such as SAW filters or ceramic
filters, that significantly degrade channel equalization in conventional nullsteering processors are
not used until after the antenna channels are optically combined. Finally, the wide varieties of
classical adaptation algorithms normally associated with narrowband applications are equally
applicable to this broadband implementation. For example, a digital gradient-search adaptation
algorithm can control the optically implemented delays using the digitized antenna outputs as
feedback. The algorithm would simultaneously iterate through multiple steering vectors to
rapidly converge to a solution [7].



2 COMPONENT OVERVIEW
2.1 High Speed Tunable Laser Technology

A critical component of a wavelength-controlled optical processor is the wavelength
tunable optical source. Recent interest in the application of photonic processing methods for
wavelength division multiplexing (WDM) telecommunications systems has led to a proliferation
in research in tunable laser technology. Trends in WDM communication indicate that a broadly
tunable laser capable of random wavelength access will play a key role in future systems [15].

In addition to the usual concerns for laser selection in photonic systems, the applications
studied here pose additional requirements with regard to wavelength range and tuning speed.
Semiconductor lasers often consist of an active gain medium that is spectrally broad and that
defines the free spectral range (FSR) over which the laser may be frequency tuned. A cavity
structure containing a wavelength selective element establishes the operating wavelength of the
laser. Several methods exist for modifying the operating wavelength via modulation of the
wavelength selective element [16]. One approach is by (rapidly) varying the index of an etalon
contained within the cavity. This type of electro-optic tuning is range limited to less than 2 THz
(16 nm at a 1.55 um center wavelength) since only small index changes are possible. Mechanical
tuning is another approach which can achieve extremely broad tuning ranges but is generally
very slow (KHz ~ low MHz range). Large, rapid wavelength variation may be obtained by
modulating the angle at which the light travels in the cavity thereby changing the physical path
length. This angle modulation can be performed with a variety of beam deflection techniques
ranging from electro-optic beam deflectors to acousto-optic deflectors or surface acoustic wave
(SAW) devices. One fiber laser-based approach uses acoustooptic tunable filters to achieve
rapid, broad range tuning. These systems tend to be bulky and require large control power levels
[18,19].

Other approaches include externally addressable Fabry-Perot devices and birefringent
tuning via Pockel cells. Mach-Zehnder based Y-branch lasers are capable of rapid wideband
tuning with a single control current [17]. Distributed Bragg Reflector (DBR) lasers are passively
tfuned and have a continuous or discrete tuning range of about ten nanometers, limited by carrier
lifetimes. Distributed Feedback (DFB) lasers have an active tuning region that results in much
shorter carrier lifetimes. Tuning speeds of less than one nanosecond are possible but at the
expense of a smaller tuning range. Both the DBR and DFB lasers rely on the fractional index
change from the electro-optic effect to tune [20,21].

Attempts to obtain broad tunability at high speed are being pursued by several
researchers. Laser structures such as Vertical Grating Assisted Coupler lasers can currently
achieve a tuning range of 50 nm with larger ranges expected. Super Structure Grating DBR
lasers can currently achieve 100 nm tunability. Both these technologies can currently tune at
rates of less than 10 nanoseconds. Another way to overcome the conflict between switching time
and tunability is to switch among laser diodes with a high-speed switching matrix. One such
approach used for WDM applications utilizes electroabsorption optical switching to achieve a
wavelength switching time of about 10 picoseconds [22].




The need for small, efficient, inexpensive, high-speed broadly tunable lasers is being
driven primarily by the WDM community and improvements realized there will directly benefit
microwave-photonic signal processing systems as well

2.2 Bragg Reflection Gratings (BRG)

An integral component of the processor portion of the photonic systems presented in this
paper is the BRG. Recent advances in BRG technology coupled with efficient manufacturing
methods have allowed the BRG to become a commercial off-the-shelf product. Exposing a
hydrogen-loaded silica fiber to a periodic pattern produced with either a mask or an interference
pattern using an intense ultraviolet laser generally makes reflection gratings. This exposure
causes a periodic phase grating to be permanently written into the core and cladding of the fiber.
For wavelengths within the transmission stop band, the grating couples energy from the incident
wave into the corresponding reflected wave. The magnitude of the UV induced index deviation
and the length of the grating, which are readily controlled design parameters, determine the
BRG’s spectral bandwidth and reflectivity. Devices with reflection bandwidths as narrow as 0.02
nanometers or as broad as 100 nanometers are available from several manufacturers. Using a
chirped rather than periodic index variation obtains broad reflection bandwidths. Reflectivity at
the Bragg wavelength can be designed to be as low as 1% or greater than 99.9%. Off-wavelength
transmission is nearly 100%. Consequently, BRG’s are an extremely efficient and versatile
optical design element [10,11,12].

2.3 High Dispersion Optical Fiber

As light propagates along a single mode optical fiber, it experiences a group delay 7, (with
corresponding group velocity vg)

1 dk
= e— = ——— 1
Fs v, do M
n(w)o . . .. s .
where k = is the wavenumber, n(a) is the refractive index of the fiber which in general is
c
. . e 1. 22f 27w .
a function of frequency, c is the speed of light in free space, and @ =——= - where @ is the
c
radian frequency with A the free space wavelength.
Substituting into Equation (1) and differentiating we obtain
=t @
£ ¢
where the quantity
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is known as the group index. Note that for an ideal frequency independent index n,
(dispersionless) fiber, the group delay is simply

Tg = —c— )

Consider then two wavelengths A; and 1, propagating on the same fiber. After travelling

N, (%)

a distance L they will each wavelength experiences a different time delay, 71 = L d

L Ng(/lZ)

c

T = and thus experience a differential time delay Azequal to

dN (%)
di

Ar=f<Ng(z,)—Ng<ﬂz»=§ AL )
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di dr
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The differential time delay can thus be written
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c di?
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The quantity D=—iddl;gl) is known as the dispersion and it is the quantity which is
c
exploited in high dispersion optical fiber [8]. Special optical fiber manufacturing techniques
allow dispersion values of greater than —100 picoseconds/nanometer-kilometer while standard
fiber has a dispersion of less than +20 psec/nm-Km. This means that substantial differential time
delays can be obtained by utilizing the wavelength-dependent time delay obtained from the high

dispersion optical fiber.

3 PHASED ARRAY BEAMFORMING

3.1 True-Time-Delay Beamforming Systems

The general theory for broadband beamforming is well documented in the open literature
[14]. It is well known that for an N-element true-time-delay (TTD) phased array beamformer the
signal to be transmitted is.split N times, time delayed by appropriate amounts, and distributed to
the antenna radiating elements. For example, the array factor for a linear array of N equally
spaced isotropic radiators which produces a far-field pattern which propagates at an angle 6 = 6
off broadside is well known and given by




N
F(6)= a, exp[jnsk,(sin § - sin 6,)] %
n=1
where a, is a constant phasor amplitude, s is the antenna element spacing, ko = 27f/Co, fm is the
microwave frequency, ¢, is the speed of light in free space, and -7 < @ <z It is seen that phase
shift required to steer each frequency component at the angle 6, is a linear function of frequency
requiring a time delay A, of

S
At. =n—sin @
, =n=sin 6, ®)

Antenna reciprocity can be invoked to demonstrate similar results for the receive mode of
operation. A dynamically steered array requires the ability to vary the time delay. More
demanding applications such as adaptive nulling systems yield optimal performance only when
the differential time delay Af, can be varied in a continuous rather than discrete fashion.

4 DISCRETE BEAMFORMING SYSTEM

4.1 Fiber Grating Prism Beamformer

The system level diagram for a N by M two-dimensional beamformer is shown in Figure
1. For the transmit mode of operation the outputs of a set of M tunable laser sources (TLS) are
externally modulated using M electrooptic modulators (EOM). This modulated light feeds a
group of N single-mode fibers through a set of M equal-path 1:N power dividers. The receive
EOM’s are not used in the transmit mode. Optical circulators are used to direct the modulated
signals to the fiber grating prism (FGP). Each fiber includes a spatially distributed array of
BRG’s which collectively form the FGP. The different peak-reflection wavelengths A; ... Ay of
the various gratings are within the tuning range of the laser AL. Reflected light is time-delayed in
accordance with the particular grating addressed. The light is then routed by the optical
circulators to the antenna backplane where the signals are detected, amplified, and sent to the
antenna elements.

In the receive mode the TLS feeds N by M optical channels with unmodulated light. The
received microwave signals are directed to a set of N by M EOM’s. The modulated optical
signals are then directed to the FGP via the optical circulators. These properly delayed optical
signals are summed together and sent to a PD for recovery of the collective microwave signal.
Wavelength selection in the TLS selects a desired outgoing as well as incoming beam direction.
In essence, the FGP receive system acts as a matched filter.

To understand the basic design details of the FGP circuit assume a simplified one-
dimensional array (M = 1) of uniformly spaced radiators a distance s apart. The main lobe of the
phased-array antenna will be designed to point in any one of L discrete as selected by the laser
wavelength. A far-field plane wave will propagate from the array in a direction 6 (measured
with respect to broadside) when a differential time delay Af; = (s/c,) sin 6 is established between
adjacent radiators. The FGP provides the desired group of differential delays Af; by a set of




double pass delays to-and-from the next grating: At; = 2d;n/c,, where dj is the spacing between
the center of the i-th grating in fiber j and the center of the broadside grating in fiber j, n (= 1.5)
is the fiber waveguide index,i=1,2,3,..,Landj=1, 2,3,...,N.

Optical Lines ————

Electrical Lines

2by 2

Coupler

Optical X

Circulator

X

X

X

Wavelength
Antenna Selection— — ~ -»[TLS )
A Control
rray Transmit’ Received

Signal Signal

FIGURE 1: FIBER GRATING PRISM DISCRETE TRANSMIT/RECEIVE BEAMFORMING
ARCHITECTURE.

Regarding system loss, the laser power reaching the PD’s in Figure 1 is reduced by
several factors in both the transmit and receive mode of operation. The FGP introduces a loss 1 -
R, where R is the reflectance of the selected grating. The reflectance of the BRG’s can be greater
than 99%, while the M - 1 (maximum) unselected gratings per channel do not introduce
appreciable optical loss. The major loss mechanisms are the 1:N splitter/summer (10 log N dB),
the circulator (1 dB per direction), and the couplers (6 dB round trip). Note that the receive mode
experiences additional loss due to a second summer. Generally, an EOM biased at quadrature
contributes a total insertion loss of approximately 6 to 8 dB. Note also that in the receive mode,
the transmit EOM, though present, is not used, and vice versa. Splices, connectors, isolators,
polarization control, and the like will add another few dB of excess loss to the system. Detector
responsivity will contribute minimally to signal loss, and in some cases provide gain. The total
loss is the sum of the above, and the RF loss is twice the optical loss. Since the system is fiber-
based, optical amplifiers can be incorporated into the design to compensate for the losses in the
system. It is also necessary to maintain uniform amplitude among the various wavelength-
channels so that the amplitudes track for all steer angles. In the experimental results that follow




the dc biases of discrete wavelength lasers were adjusted to give equal optical amplitudes. In a
practical antenna system driven by the tunable lasers in Figure 1, some amplitude errors will
inevitably arise during the wavelength scanning, but those variations can be compensated for at
the antenna plane by an equalization method in the electronic domain. The equalization
technique is accomplished by adjusting the electrical bias of each preamplifier following each
PD (and the bias of each LNA) so that the RF/microwave signal has the same amplitude at each
antenna element. Post-detection electronics such as amplification, impedance matching, AGC
circuitry, etc., is not shown, but is necessarily required with any phased array antenna.

4.2 Experimental Setup

Figure 2 shows our experimental system, constructed for the case of a linear array with N
=3 and M = 1. The FPG was designed to steer a three-element aperture to four positions:
0°(broadside), 30°, 59°, and 60°. Each of three single mode fibers contained a series of four
Bragg gratings manufactured by 3M corporation. The peak grating reflection had spectral widths
(FWHM) of 0.2 nm. The peak reflection wavelengths of the grating trios were 1552, 1553, 1557,
and 1560 nm, respectively with the reflectivity of each greater than 70%. The individual gratings
were 6.45 mm long (L in Figure 2). These fiber gratings were fed by an optical equal-arm “tree”
splitter consisting of three 2 x 2 fused-fiber 3 dB couplers, ¢y, ¢, and c3 as shown. The spatial
location dj of grating i along fiber j was as follows: di; = 0, dy1 = 1.72 cm, d3; = 4.67 cm, d41 =
7.65 cm, d12= 0, d22= 3.44 cm, d32= 7.62 cm, d42= 10. 63 cm, d13 = 0, d23 =35.16 cm, d33 =10.57
cm, and ds3 = 13.61 cm. (This prism-shaped layout is shown in Figure 2). The optical return
signals were routed by 3 dB fiber couplers cs, cs and ce as shown, and directed to a spectrally
broad Hewlett-Packard 11983 p-i-n lightwave converter (PD). Optical circulators were not used.
Four thermally tunable diode lasers manufactured by Sea Star Inc., operating at 1552, 1553,
1557, and 1560 nm, were multiplexed on one optical feed to simulate one broadly tunable laser
source (WML = Wavelength Multiplexed Laser). An AT&T model M2122AA Ti:LiNbO; Mach-
Zehnder amplitude modulator (EOM) was used to modulate the optical carrier with an RF signal
whose frequency varied from 500 MHz to 4GHz. The EOM RF port was driven by a Hewlett-
Packard 8753 6 GHz network analyzer. Our breadboard system included a polarization
controller (PC) for the EOM, and an optical isolator (OI) at the WML output. The p-i-n detector
output was fed into Port 2 of the Network Analyzer, which was used to gather time-delay data.
Calibration of the measurement system, consisting of all of the above components except for the
FGP was performed on the network analyzer and delay data was gathered using 1601 samples
over the 3.5GHz bandwidth with no averaging.

Figure 3 shows the measured delay data (phase vs. frequency) for the FGP. Note
from the figure that nine distinct non-zero delays are resolvable corresponding to the designed
steer angles of 30°, 59°, and 60°. A delay bias error exists caused by positioning accuracy of the
BRG on the fiber that would cause the actual steer angle to differ slightly from design goal.
Budgetary limitations dictated that the tolerance on the positioning of dj; be held to + 1mm or
about 3%. In a final, fully engineered system, current BRG manufacturing technology can reduce
this positioning error to as small a value as is necessary. The spurious-free dynamic range
(SFDR) is used as a quality measure, though it should not be interpreted as best case, since a
final, fully engineered system would likely perform better than the breadboard system measured
here. For example, the AT&T modulator used has a nominal impedance of 43Q, which resulted




in amplitude variations due to mismatch effects. The SFDR is determined in the conventional
way via SFDR (dB) = (2/3)[IP; - N,], where IP3 is the third-order intercept point (in dBm), N, is
the total output noise and includes the effects of thermal noise, noise figure, and total system

gain.
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FIGURE 2: EXPERIMENTAL SETUP FOR THE DISCRETE BEAMFOMING SYSTEM.

The information for the noise figure was arrived at using a noise figure test set, and each
leg of the FGP had a typical noise figure of 20 dB on average over the 3.5GHz band. Measured
data for third order intermodulation products showed a SFDR of 42 dB/Hz. Measurements
indicate that essentially all phase noise and nonlinear effects are due to the EOM as expected.
The nominal phase noise (seen in the insert in Figure 3) shows a rms phase error of less than one
degree over the 3.5GHz band, a result superior to any comparable electronic beamforming
systems.

5 OTHER APPLICATIONS FOR FIBER GRATING SYSTEMS
5.1 Optical Packet Address Detection

The phased array receive application, when properly viewed as a matched filtering
application, provides the motivation for using the fiber grating prism in a wide variety of related
applications. For example, in packet based switching networks, which support different services
with a potentially large range of attributes, a header attached to each packet contains a
destination address in order to route the signal packet to the proper destination. Since the speed
of address detection process at each switching node affects the network throughput significantly,




optical address detection systems have been sought to improve system performance [25]. The
fiber optic prism allows for an efficient and novel implementation of this matched filtering
function and is extremely well suited to function in the emerging WDM environment.
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FIGURE 3: MEASURED DATA FOR THE DISCRETE BEAMFOMING SYSTEM.

Figure 4 shows the schematic diagram of an optical matched filter capable of encoding N
distinct packet address codes, each at a different optical wavelength. An input optical pulse is
split by couplers ¢, ¢z, and c3 into four identical pulses. The pulses are appropriately delayed
(encoded) as determined by the physical placement of the BRG’s on the optical fibers (which
constitute the FGP) and then summed. This BRG placement determines the address code stored
by the filter. Although the encoder portion shows a linear relationship among the location of
BRG’s of a given wavelength, any unique relationship can be used so long as the decoder is

constructed accordingly.

The response y(t) of a matched filter with impulse response h(t) to input signal x(t) is
given by the convolution of x(t) with h(t). If the incoming optical packet is identical to the
address stored by the decoder except for a time-reversal, the filter output will the autocorrelation
of x(t) resulting in a strong correlation. If the incoming packet and filter function are different,
the filter output y(t) will be the cross-correlation between input signal x(t) and h(-t). Figure 4
shows the decoding process used for retrieving the information stored by wavelength A,. Similar
decoders (not shown) would be used for other wavelengths. The determination of whether a
particular bit stream is present is made using a threshold detection circuit as shown.
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5.2 Transversal Notch Filtering

The advantages cited for using optical processing to contro! a phased array antenna also
apply to the processing of wideband electronic signals for radar or other communications system
applications where extremely wideband, low loss, lightweight analog filtering systems are
required [23, 24]. Figure 5 shows the use of the FGP system as a non-recursive RF transversal
notch filter. In figure 5, the RF modulated optical signal is split into two by couplers ¢y, ¢2 and
¢5. Depending upon the optical wavelength A, j = 1,...,4, the two legs experience four distinct
differential time delays 1; due to the spacing between BRG’s. The back-reflected light is gathered
by couplers c, and c3, detected, and electrically summed to produce the desired RF output. A
" zero of transmission is obtained in the RF spectrum with its location selected by the laser
wavelength. (The system shown in figure 5 has the ability to select four transmission zeros.) The
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FIGURE 4: OPTICAL PACKET ADDRESS DETECTION SYSTEM

transfer function of this first-order transversal filter is given by

[H(f)| = 1+ cos(27f 7,(4;)) )
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where f is the microwave frequency and t; is a differential time delay which depends on
wavelength A;. Passband zeros will occur for frequencies which 2nft = Qpt+l)n, p=0.,1,2,... .
Reference points out that using separate detectors instead of combining optical signals into a
single photodetector is necessary to avoid optical interference for lasers with a long coherence
time. The first-order non-recursive filter discussed here is only one of many transversal-filtering
architectures which exist in the signal processing literature. These other architectures may be
implemented using ideas similar to those discussed above.
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FIGURE 5: TRANSVERSAL NOTCH FILTER

6 OPTICAL CROSSBAR SWITCH ARCHITECTURE
6.1 Continuously Steered Arrays

A characteristic common to the above beamsteering or filtering systems is that the time
delay varies in discrete increments with a fixed relationship between any two sets of BRG’s
arrays on the fiber. One notable application for which continuous beamsteering can dramatically
improve system performance is that of null steering. This is where a zero of transmission of the
array factor is aligned along a particular spatial coordinate. Such systems are used to minimize
the signal degradation caused by multipath interference or to minimize the presence of an
unwanted (and often dynamic) jamming signal(s). Such applications are currently receiving a
good deal of attention for the case of GPS navigational systems. Other applications of
continuously variable delay would include the ability to reconfigure the antenna radiation pattern
(or filter transfer function) in an arbitrary manner, and this requires arbitrary independent delays.
For tunable laser-based systems, continuously variable time delay is efficiently accomplished
using High Dispersion Optical Fiber HDOF. As discussed in section 2.3, A microwave signal
used to modulate an optical carrier with wavelength A will undergo a time delay of

t(A)=D-1-L (10)
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where D is the dispersion (in units of psec/nm-Km) and L is the length of the HDOF.
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FIGURE 6: OPTICAL CROSSBAR SWITCH BEAMFORMING ARCHITECTURE.

An integrated transmit/receive continuously variable TTD beamformer which obtains the
time delay from HDOF and uses BRG’s as an wavelength demultiplexing arrangement is shown
in figure 6. The transmit mode of operation is examined first. The figure shows a set of N
modulated tunable wavelength lasers, each operating at a distinct wavelength 4; , ji=L.,N
Each of these lasers is coupled to a fixed length of ordinary optical fiber of length L;. The
purpose of this fiber is to provide delay equalization and its value will be determined in the
analysis which follows. The light leaving the delay equalization fibers are summed and coupled
to a fixed length of HDOF of length L which provides a wavelength-dependent time delay T(7;)
obtained from equation (10).

This collection of optical signals, all of them now on a single optical fiber, are sent to the
signal routing element (SRE), which acts as a wavelength demultiplexing system, and
implemented as shown in figure (7) using broadband Bragg reflectors. It is seen in figure 7 that
the signal, f{#) modulating wavelength }; with delay (%)) would pass through any gratings for
which the wavelength A; fell outside the BRG’s spectral passband AL (A; ¢ AL) and be reflected
by the grating for which A; € AL. The reflected signal is routed to the proper antenna element by
an optical circulator or more efficiently with Mach-Zehnder based Bragg grating directional
couplers which have an insertion loss of less than 0.5 dB with better than 99% coupling
efficiency [26]. Even this loss limits the use of the present system for large arrays. For a large
number of elements, an in-fiber Bragg grating tap can be used to replace the traditional
broadband BRG’s. These taps are fundamentally different from BRG’s in that they couple light
within a specific wavelength band into the fiber’s cladding modes. This light can be extracted
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from the cladding with roughly 10-20 % efficiency. More importantly, the off-wavelength
transmission is still nearly 100% as with any fiber grating structure [27].
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FIGURE 7: SIGNAL ROUTING ELEMENT.

As mentioned earlier, the purpose of the delay equalization fiber is to compensate for
path length differences between all the lasers and the detectors. The total time delay T; incurred
by the microwave modulated optical signal emanating from laser j operating at wavelength A;
and arriving at array location j computed from figure 6 as

Ti=oql)+ i) +25+g.1+..+7 1)

where as before 1(Lj) is the fixed fiber delay at the laser j output, 1();) is the wavelength
dependent delay obtained from the dispersion fiber, and 7; is the delay through the i-th
wavelength routing element. The required values of the fixed time delay equalization fiber
lengths L; is computed as follows. With all lasers operating at their respective center
wavelengths, the time delay T; (and hence L;) is chosen so that a particular radiation pattern,
generally a broadside pattern results.

One problem associated with optical fiber-based systems of this type, especially where
long lengths of fiber are used, is the bandwidth limit imposed on the microwave signal by the
fiber dispersion. Since ordinary fiber has dispersion D on the order of 20
picoseconds/nanometer-kilometer, this concern in compounded with the use of high dispersion
fiber (D ~ -100 ps/nm-km = -8 ps/GHz-km). This problem can be reduced and theoretically
eliminated by including a linearly chirped Bragg grating at the output of the high dispersion fiber
as shown in Figure 6. Such a device compresses the dispersion broadened pulses by providing an
inverse to the chirp imposed by the high dispersion fiber [29]. Broad optical bandwidths may
necessitate the use of several chirped gratings connected in series. Each device would possess the
same chirp rate but centered at staggered wavelengths that cover the required optical band. If N
EOM’s are used for the transmit mode then an alternative approach may be taken. This would be
to “pre-distort” the output of each EOM with a chirped grating covering only the portion of the
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full spectral range tuned by one laser and compensate for the spreading that the signal will incur
as it travels through the high dispersion fiber.

Array pattern synthesis techniques require that a continuous range of differential time
delays At be available to the array element. This range determines the spectral width AA; of the
BRG passband, and is determined from Equation (10) as

Adj=—" (12)

The spectral passbands A); for each array element are adjacent, with center wavelength
;. The tunable laser used to access array element j is operated at a center wavelength A; and has
a tuning range of AA;. This tuning range and center wavelength must be chosen so that the
differential time delay Art; necessary to drive array element i be obtainable from the HD fiber.
For example, consider a linear 20 element antenna array with inter-element spacing of ARr/2.
Assume a typical HDOF dispersion of D = -100psec/ nmkm. Additionally assume that the
maximum steer angle desired is * 60 degrees, which requires an inter-clement delay of
(Ari/2c4)sin(60°). For a microwave signal wavelength Agr = 5 cm (f =6 GHz) , the maximum
inter-element delay (required by the last element) is about 832 psec. For a fiber grating passband
AM\ =5 nm, equation (10) shows that the dispersive fiber length must be about 1.66 km.

Operation of the receive portion is simpler than that of the transmit portion of the system
just described. Referring again to figure 6, the received microwave signals modulate the outputs
of the TLS’s which are summed and coupled into the HDOF where each received signal is
appropriately time delayed. The optical T/R select switch directs the composite signal away from
the SRE and into a spectrally broad photodetector. As seen in the figure the entire received signal
delay is accomplished in a single element (the dispersive fiber) affer the signals are summed.
The ability to achieve efficient post summation signal delay is unique to the photonic processing
approach shown here.

7 DYNAMIC NULL STEERING

7.1 Array Polynomial for a Null Steering Processor

Tt is well known that the directional characteristics of an N-element phased array may be
expressed as a polynomial of degree (N - 1) (the array factor) and is given by:

AFy(6) =ﬁ(2-zn)=§an2" (13)

n=1 n=0
where z = exp[jkd sin(H)] and where d is the antenna element spacing, k = @/c is the free space
wavenumber for radian frequency @, ¢ is the speed of light in free space, and z, = z(8,) is a zero
of the polynomial corresponding to a null at angular coordinate & ,. Note that a change in
location of even one zero affects all the polynomial coefficients a,. This means that in order to
independently place the (N — 1) array factor zeros requires @V~ T_ 1) independent time delays.
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Additionally, the precise element-to-element amplitude and phase tracking alluded to in the
introduction must be maintained. These suggest that the ability to steer independent broadband
nulls is much more complicated than that of a corresponding narrowband phased array. This is
because as seen from Equation (13), a term of the form exp[j kod sin(6)) + j kod sin(6,)] requires
a two delay line implementation to support broadband nulling. In the narrowband application
however, a phase shifter can be used to obtain a typical coefficient a, in the array factor
polynomial, but only at a single frequency.

A multiple tunable laser-based broadband phased array receiver architecture that achieves
the requirements imposed by Equation (14) is shown in Figure (9) for the case of a 4-element
array. For tunable laser-based systems, continuously variable time delay is efficiently
accomplished using a single High Dispersion Optical Fiber (HDOF). A microwave signal used to

modulate an optical carrier with wavelength A will undergo a time delay of 7(4)=D-4-L
where D is the dispersion (in units of psec/nm-Km) and L is the length of the HDOF.

First note that for nulls located along angular coordinates &, &, and 6 the array factor
takes the form

AF4 (9) = (ejkdsin9 _ejkdsinﬂ, )(ejkdsinﬁ _ejkdsinez )(ejkdsino _ejkdsin93)
= Z3 —22 (ejmT“ + ejmT22 + ej”’TZS ) + Z(efa’Tu + ej&’le +ejﬂ)Tn )_ejazTul

=a,z’ +a,z’ +a,z+a,

(14

Array Input

FIGURE 8: BROADBAND IMPLEMENTATION OF DAVIES NULLING.

where the required differential time delays with a; as the reference element are:

T, =—‘£sinl91, T, =isin92, T, =£sin¢93, T, =£1—(sin6’1 +sin62),
c c c c

1, =—‘i(sin6’l +sind,), T, =£Z1—(sin02 +sind,;), T, =i(sin6’1 +sind, +sind;). (15)
c c c
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Figure 8 shows a broadband realization of a nulling approach originally due to Davies
[6]. The output of each element is split into two, and the outputs combined in adjacent pairs via
identical time delays t;. The directional pattern of each element pair will be that of a two-
element array and will produce one of the terms in the factored form of Equation (14). We now
apply the same procedure to the outputs of the three new groupings, now with time delay T,
which produces the next factor in Equation (14). Continuing in this way the overall pattern
AFy(6) is obtained.

The N — 1 delays required by Equation (13) are obtained using the bank of tunable lasers
shown in Figure (9). Each laser operates at a wavelength A(Tj) and has a tuning range AA wide
enough so that the necessary differential time delays specified above can be accessed via the
HDOF. The laser outputs are optically summed in the groups shown using optical couplers so
that when delayed they form the appropriate polynomial coefficients ayp, a;, a;, and so on.
Negative coefficients are obtained by using a broadband electrical pi-phase shifter at the
appropriate modulator inputs, and amplifiers can be included to equalize the electrical signal
level. The amplified signal from the antenna array element modulates the optical carrier using an
Electrooptic Modulator (EOM). Direct modulation of the lasers are possible so long as this
modulation does not introduce a wavelength shift or an RF phase shift. The EOM outputs are
summed and coupled in a single length of HDOF which provides the desired wavelength
dependent delay on each set of optical carriers. As previously noted this single length of HDOF
makes the system insensitive to temperature variations and allows for close inter-element
amplitude and phase tracking. The HDOF output is coupled to a spectrally broad photodetector
(PD) which recovers the properly delayed and summed microwave antenna signals, which
constitute the receiver output. For an adaptive system, a portion of this output as well as the
outputs of each antenna elements would be digitized, and an appropriate algorithm would be
used to adjust the laser operating wavelengths via the laser controller.

Regarding system loss, the optical power reaching the PD in Figure (9) is reduced by
several factors. The major loss mechanisms are the couplers used to combine the laser outputs,
with roughly 3-dB of loss for every two signals combined. The N : 1 summer used to combine
the EOM outputs into the HDOF contributes a loss of 10 log N dB plus excess loss, generally
1~2-dB. Generally, an EOM biased at quadrature contributes a total insertion loss of
approximately 6 — 8 dB. The HDOF generally introduces a loss of 0.5 dB/km. Splices,
connectors, isolators (if used) and the like will add another several dB of excess loss to the
system. Since the system is fiber based, optical amplifiers can be incorporated into the design to
compensate for the insertion losses of the system, however the effects of added noise would have
to be examined. Post detection electronics such as impedance matching, AGC circuitry, and the
like would also be present in any phased array system and is not shown in the figure.

7.2 Null Steering Breadboard System

Fig. 10 shows the experimental setup, constructed for the case of N = 3. Four thermally
tunable diode lasers each with roughly a 2 nm tuning range were used as the optical sources. One
laser always serves to provide a reference delay and need not be tunable. This reference laser and
one other laser were coupled to individual EOM’s while the outputs of the other two lasers were
summed using optical coupler ¢; before being coupled into one EOM. Adjusting the laser drive
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currents equalized the optical output power of the EOM’s. The shared EOM was driven by an
electrical signal with a broadband 180° hybrid junction to provide the negative polynomial
coefficient in the array factor. The remaining two EOM’s were also driven by the 0° output of
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FIGURE 9: ADAPTIVE NULL STEERING PROCESSOR

identical hybrid junctions to maintain similar impedance characteristics. The effect of the
spatially distributed array elements can be simulated by splitting the output signal of the RF
network analyzer and introducing excess electrical path lengths between the EOM electrical
inputs. For the measured data presented in the following section, an equal path length split was
used to simulate a broadside signal incident on the array. The optical outputs of the three EOM’s
were summed using the couplers c,, ¢3, and c4 shown with the output of coupler c4 fused to a 5-
km length of HDOF manufactured by Lucent Technologies with a dispersion of D = -101.6
psec/nm-km. A broadband photodetector followed by a 20dB RF amplifier drove port-2 of the
network analyzer. The laser operating wavelengths were adjusted to provide nulls in the array
factor at 0 and 60 degrees. Calibration of the measurement system described above was
performed with respect to the reference laser and the necessary delay data was then measured
using the network analyzer.
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7.3 Experimental Results

Three nominally identical EOM modulators were used in the experimental setup shown
in Figure 10, each capable of operating over a 7 GHz microwave bandwidth. Impedance
measurements showed however that modulators had reasonably similar characteristics only over
a 100 MHz bandwidth centered at 1.2 GHz (roughly the GPS center frequency), and this dictated
the frequency range used in the measurements.

Figure 11 shows the performance of the three element nulling system versus frequency
for the 3-element proof-of-concept breadboard described above. It is seen from the figure that a
uniform null depth of roughly — 40dB is obtained across the full operating bandwidth. For
comparison purposes only, Figure 11 also shows the null that results from and ideal phase
shifter-based or narrowband system. From this comparison we see that an additional 20 dB of
suppression is obtained at the band edges. Extending this null over a much larger bandwidth as
well as increasing the null depth is possible with closely matched modulators and improved
impedance matching at the antenna-modulator interface.
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8 CLOSED-LOOP ADAPTIVE NULL STEERING WITH DELAY LINES®

We model three arbitrarily placed antenna elements receiving signals from three different
directions as

Xi(t) =Si(t-T) +Sa(t - Ty) + Ss(t-T3)

Xo(t) = Si(t - Ty) + Sa(t - Ts) + Ss(t - Tg)

X3(t) = Si(t-T7) + Sa(t - Tg) + S3(t - Ty) 16)
and we obtain the following three solutions for a single null placed in the direction of S;.
Yi() =Xyt + T - Xo(t + Ty) = Sp(t - To+ Ty - Sa(t - Ts+Ty) + Ss(t - T3+ T)) - Ss(t - Ts+Ty)
Yat) = Xi(t + Tp) - Xs(t + T7) = Sa(t - To+T)) - Sa(t - Ts+T7) + Ss(t - Ts+T) - Ss(t - To+T)
Y3(0) = Xa(t + Ta) - Xs(t + T) = Sa(t - Ts+ Ty) - Saft - Ts+T7) + Ss(t - Ts+Ty) - Ss(t - To+T7)

a7

2 The author of this report wishes to thank Dr. Edward Toughlian and Dr. Mark Jones of
ENSCO, Inc., for providing the information contained in this section.
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Each solution yields two delayed copies of each of the remaining input signals S, and S;,
A second null is placed in the direction of signal S as follows:

Z() =Yt - Ts+ Ty - Yo(t —Tst Ty +Yst-T:+ Ty

=Xt +7;- Ts+T7) - Xs(t +T4-Ts+T7) - [Xi(t+ T;- Ts+ Ty-X3(t+ T;-Ts+ Ty]
+Xo(t + Ty T+ T) - X3t + T7- T2+ T))

= Xj(t-u) - Xo(t - v) - Xy (t - w)+Xs(t - ) +Xo(t+y) - Xs(t - 2)

= S3(t - T3) - S3(t -T+T,-Tg) - Ss(t - Ts-Ts+T+Ts-T)
+ S3(t -T;- To+Tg- Ts+Ty)+S3(t - Ts+Ty- To+Ts-T7) -S3(t - To- T,+Tg

(18)

This is a unique solution, subject to a constant additive delay on each element As we
increase the array size and the number of nulls, the process of canceling the residual components
becomes exceedingly complex. Our results indicate that more than four antennas are required in
order to place three independent nulls. Although N-I independent narrowband nulls can be
steered in an N-element array N-1 broadband nulls require more antenna elements and many
more delay components.

For the linear array, with equally spaced elements, we let

T] = Tz = T3 =(
T7 = 2T4
Ts = 2Ts
and
T9 = 2T6
such that

Zimear(t) = Ss(t ) -Ss(t +T4-Ts) + Ss(t+Ty+T5-2Ts -Ss(t -Ty+Ts) + Ss(t-T4+2T5-Te)-S3(t+2T5-2T¢)
(19

Again we have six residual signal components of S. By using Davies’ technique of successive
cancellation we obtain

Zpavies(t) = X1(1) - Xot +Ty) - Xo(t +T5)+X3(t +T4+T5)

= S3(1) - S3(t +T4+Tg) +Ss(t + T4+ Ts-2Tg) - S3(t + Ts-Te)
(20)

We see that this is a different solution with four residual components rather than the six

we had before. We also see that the first three residual components are present in both solutions.
Thus, two entirely different solutions are possible using the linear array.
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In a narrowband antenna array there is a unique solution, the Wiener solution, which
minimizes the array output power subject to a gain constraint. Several algorithms are available to
implement this solution in adaptive null steering systems. We now consider whether it is possible
to map the Wiener solution to the time delay solution. Let us assume a three-element arbitrary
array with unit weight on X;(). The Wiener solution applies complex weights to X>(?) and X3(2).
If we consider high signal to noise ratios, i.., approximately zero additive noise, then the Wiener
solution will place zeros in the directions of the two signal sources if only two are present. If
more sources are present, then nulls will not generally lie in the directions of the signal sources.
Successive cancellation also produces the Wiener solution only when two sources are present.
Otherwise, the output power is not minimized and we will say that the array is overdriven by the
number of signal sources. Assuming the array is not overdriven, we construct a polynomial
representation of the antenna patterns as follows:

First we map the delay to a phase shift at an assumed frequency. For the successive
cancellation method we obtain

Zpavies()= X1(1)-Xo(t+Ty) 'XZ(t+T5)+X3(t+T4+T5)
= X;(0)-(exp (27T /A + exp(i22T5/3) X2(t) + exp(i27Ts/2) exp(G22T /) Xs(1)
= X (1)-expG2aT o/ ) X2(t) - exp(G27Ts/D{Xa(t) - exp(G27T 4/ ) X3(0)} (1)

If noise is riegligible, the time delay and Wiener Solutions are identical since they both
minimize power.

The gain is expressed as
AF3(6) = [exp(kd sin ) - exp(jkd sin 8))] [exp(jkd sin 6) - exp(ikd sin 6))] 22)
Where kd sin 0;=j27T4/A and kd sin 6;=j27T4/A. We simplify this expression as follows:
AF3( = axi’+aiz +ap (10)
Given a Wiener solution in this form, we can obtain the roots of the polynomial and map
them easily to the delay parameters. It is rather cumbersome to implement an adaptive algorithm

to find the Wiener solution and to follow it with a root-solving algorithm. A direct search for the
delays is much more efficient.

Level curves of the array output power given two variable delays and two signal sources
are shown in Figure 12. These level curves assume independent signal sources with
autocorrelation functions of the following form:

R(t) = Paygexp[-|t|(/u+1/7)] (23)
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We set the fractional bandwidth, 27/7; to a value of 1/30 to model a 50 MHz broadband noise
source at the GPS L1 center frequency of 1575 MHz. The signals arrive with delay offsets of 0.1
and 0.3 times the carrier period.

We note that the power surface indicates two zeros as global minimums and repeated
nonzero local minimums at wavelength offsets. The local minimums occur as a result of the
periodicity of the signal autocorrelation functions. Clearly, we can use a gradient search
technique to find one of the minimums if we properly constrain the region of observation to
within a wavelength centered about the origin.

The LMS algorithm is commonly used to iteratively find the Wiener solution. With each
iteration of the algorithm, a single sample of the input data and a single sample of the array
output are used to estimate the gradient. The system weights are then adjusted in the opposite
direction of the gradient. When implementing time delays, we cannot estimate the gradient
direction using a single measurement of the data and the array output. Rather we must test
several trial solutions. Thus, we expect any time delay algorithm to require more samples of data
to be evaluated in order to converge to a solution. ’

We also note that the error surface shown in Figure 12 contains plateaus where the
magnitude of the gradient approaches zero. This tends to cause the search algorithm to proceed
more slowly when searching these regions since the signal to noise ratio of the gradient estimate
is low.

Assuming a laser with a 50-nanometer tuning range, the required length of HDOF
introduces a delay of approximately 1 psec. This is the minimum possible iteration period. If we
sample the signals at twice the GPS data rate we will obtain new data every 50 nanoseconds.
Thus, we can implement 1000/50 = 20 trial solutions with each iteration using a single dispersive
fiber. We are currently evaluating direct search algorithms that will make efficient use of these
trial solutions and rapidly locate one of the global minimums.
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Array Output Power vs. Delays
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FIGURE 12: OUTPUT POWER AS A FUNCTION OF DELAYS. NULLS ARE LOCATED AT (.1 & 0.3.

9 CONCLUSIONS AND FUTURE DIRECTIONS

Presented here are several new and simple systems for wideband dynamic processing of
high-speed signals, with special attention given to the application of true-time-delay
beamsteering of phased array antennas including null steering. These photonic processors rely
heavily on relatively new and very efficient photonic components, specifically in-fiber Bragg
reflection gratings. Because of the versatility of these BRG’s with regard to reflection bandwidth
and reflectivity, they are rapidly becoming a fundamental optical signal processing element.
When used in conjunction with wavelength-tunable laser sources, arrays of BRG’s can be
designed to form a fiber grating prism. A discrete true-time-delay beamforming system for
phased array antenna employing such a prism was breadboarded and experimental data was
presented which demonstrated 3.5GHz bandwidth high resolution beamsteering with highly
linear low-noise phase data. It was further shown how, when properly interpreted from a
matched filtering standpoint, this same data infers that the fundamental topology of a fiber
grating prism can be used to address other aspects for optical processing of high-speed signals
such as optical packet header encoding/decoding for WDM telecommunications and transversal
microwave filtering. Although illustrated as fiber-based, many of the systems presented can be
integrated on a single substrate in the form of a photonic integrated circuit. Finally it was shown
how a BRG array can serve as a key element in a continuously variable true-time-delay system
for phased arrays, where the time delay information is obtained using the well-understood
component of high-dispersion optical fiber. A breadboard system of this type, specifically
directed toward antenna array null steering for GPS anti-jam applications is planned for
implementation at the Air Force Research Laboratory (formerly Rome Laboratory) Photonics
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Center in the near future. The systems presented are expected meet all the rigorous requirements
necessary for defense applications yet have the potential to be inexpensive enough to make them
attractive to the commercial sector.

The requirement of having (2 N-1_ 1) tunable lasers clearly limits the present system to
that of small order arrays (N ~ 6). Such low-order systems have wide applicability in many
telecommunications and navigation applications where small platforms constrain the array size.
The ability to obtain a given null depth over a specified bandwidth is primarily governed by how
well the impedance characteristics of the EOM’s are matched to each other over the desired
bandwidth. The depth of the null itself is also influenced by noise. The length of HDOF
introduces a lever arm effect, which enhances laser wavelength jitter effects. Hence for a given
laser characteristic, a wide tuning range is preferred to long lengths of HDOF. Commercially
available tunable lasers have tuning ranges in excess of 80nm and would have reduced the
required HDOF length in the experimental setup by a factor of forty.

The thrusts for future effort in this are threefold. First will be to construct and test a
system beyond the breadboard (proof-of-concept) level to assess the systems suitability in real
Air Force applications. Another obvious area for improvement is to reduce the need for 2 N-1_1p
tunable lasers down to a number reasonable for even modest sized arrays. This investigation is
currently underway and will most likely involve a tradeoff between system complexity and
number of lasers. It may, for example, require the use of more than one high-dispersion optical
fiber. How this impacts upon issues such as temperature stability is be a factor in the
investigation.

Finally an area of great interest is the applicability of the systems proposed for conformal
array architectures. Presently, it has been seen that the system complexity increases dramatically
when the planar (linear) array assumption is relaxed. The ability to achieve an efficient
broadband conformal array processor has eluded researchers for years and continues to be an
open research topic.
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