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ABSTRACT

This final report describes the design and hardware implementation of an acousto-optic (AO)

multichannel adaptive optical processor (MADOP) for application to the cancellation of multipath jamming

interference in advanced surveillance radars. The primary objective of this effort was the design and

preliminary fabrication of a multichannel adaptive system that can perform cancellation of multiple wide-

band (10 MHz) jamming interference in the presence oi multipath. The MADOP system is composed of

three primary subsystems. A multichannel time-integrating AO correlator performs a correlation between

the residual cancellation error and each of the auxiliary omnidirectional antennas to arrive at updates for

each of the adaptive weight functions A digital interface accepts this update information and generates the

appropriate adaptive weight functions for performing auxiliary channel filtering. Finally, a multichannel AO

tapped delay line (AOTDL) filter system accepts these weight functions through an AO spatial light

modulator (AOSLM) and taps the auxiliary channel inputs to form the estimate of the noise signal in the main

receiver channel. This noise signal estimate is then subtracted from the main receiver channel at the

system intermediate frequency to form the residual cancellation error for input to the multichannel time-

integrating AO correlator, thereby closing the adaptive loop.
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1. INTRODUCTION

This final report describes the design and hardware implementation of an acousto-optic (AO)

multichannel adaptive optical processor (MADOP), for application to the cancellation of multipath jamming

interference in advanced surveillance radars. This Expert in Science and Engineering (ESE) effort is a

continuation of an ongoing program within the Rome Laboratory Photonics Center (References 1

through 4). Greater than half of the Dynetics, Inc., effort was performed on-site at Rome Laboratory, Griffiss

Air Force Base, N.Y. This work was accomplished in conjunction with Photonics Center personnel: CPT

Michael Ward, CPT Christopher Keefer, and 1LT Harold Andrews under the In-House Project 4600P1063.

and Dr. Stephen Welstead of COLSA, Inc., who was under a separate ESE contract. All work reported

herein was performed under ESE Contract F30602-91-D-0001, Subcontract C-140545, during the period 1

February 1991 to 31 January 1992.

The primary objective of this effort was the design and preliminary fabrication of a multichannel

adaptive system that can perform cancellation of multiple wideband (10 MHz) jamming signals in the

presence of multipath. In developing this system, it was recognized that emphasis must be placed on the

effective interface of the MADOP to experimental radar test-beds. For the radar system applications

pursued in this effort, cancellation is best performed at the radar intermediate frequency (IF), which, for our

design, is 80 MHz. Therefore, the MADOP, when properly interlaced, acts as a "black box" component

within the IF chain of the radar. This approach drove the design away from earlier architectures that

performed cancellation at baseband.

The MADOP system is composed of three primary subsystems: a multichannel time-integrating

AO correlator that performs a correlation between the residual cancellation error and each of the auxiliary

omnidirectional antennas to arrive at updates for each of the adaptive weight functions: a digital interface

that accepts the update information and generates the appropriate adaptive weight functions for performing

auxiliary channel filtering; and a multichannel AO tapped delay line (AOTDL) system that accepts the weight

functions through an AO spatial light modulator (AOSLM) and taps the auxiliary channel inputs to form the

estimate of the noise signal in the main receiver channel. This noise signal estimate is then subtracted from

the main receiver channel at the system IF to form the residual cancellation error for input to the

multichannel time-integrating AO correlator, thereby closing the adaptive loop. The emphasis of the system

design during this effort has been on the two AO subsystems. Some assistance has been provided by

Dynetics, Inc., toward the design of the digital interface, and it is anticipated that this digital subsystem will

be increasingly emphasized as integration into radar test-beds draws near.

This technical report is organized as follows: After this introduction, the radar system application

and design-to requirements are provided in Section 2, with emphasis on the integration of the MADOP into

a radar testbed at an IF of 80 MHz. This is followed in Section 3 by a description of the adaptive signal
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processing algorithms being implemented, including initial simulation results. The analysis, design, and

hardware implementation of the multichannel AO subsystems constitutes the majority of the report and is

presented in detail in Section 4 Conclusions and ricommendations for continued development of this

promising technology are presented in Section 5.
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2. SYSTEM CONCEPT AND REQUIREMENTS

The MADOP has been designed to achieve time-domain cancellation of interference sources in

the presence of a multipath environment. As designed, the system will be able to cancel four independent

interference sources, each having up to four multipaths, with each source having up to a 10 MHz bandwidth.

The initial implementation emphasizes two channels. The key advantage of our optical approach over the

current state-of-the-art in digital and analog electronic implementations is the ability to cancel wideband

signals (greater than 1 MHz) by using multiple tap weights per channel. Subsection 2.1 states the specific

design-to requirements and summarizes the radar pi-oblem being addressed. Tnis discussion emphasizes

the ultimate integration of the MADOP black box into radar systems, and the interfaces required.

Subsection 2.2 reviews the analysis performed under the current effort to assess the suitability of available

test-beds at Rome Laboratory for testing the MADOP system.

2.1 RADAR SYSTEM OVERVIEW AND REQUIREMENTS

Surveillance in the presence of multipath jamming interference is an extremely demanding

problem due to the multidimensional nature of the cancellation required. This is especially true for wideband

interference sources that have several multipath delays. This subsection will begin with a general overview

of the radar system block diagram and how the MADOP black box would fit into the system.

Figure 2-1 presents an illustrative summary of the scenario being addressed. In this figure, two

independent interference sources, n1(t) and n2(t), having spectral content in the radar system passband,

contaminate the directional main antenna target return, s(t), through the sidelobes. The multipath versions

of the two interference sources also contribute a significant noise term to the main channel signal resulting

in the reception of:

N M

d(t) = s(t) + I a 1 nn, (t-T 1 n) + I a2 mn 2 (t-r 2 m), (2-1)
n=l m~l

where ain and a2m represent relative attenuations due to multipath losses together with antenna sidelobe

gain relative to mainlobe gain, and 'in and t2m represent the signal delays. The direct-path interference is

given for n = 1 and m = 1. It is assumed that the interference noise is on the order of, or much larger than,

the target return, s(t), resulting in negative signal-to-noise ratio (SNR) in the main antenna. The two

omnidirectional auxiliary antennas receive the interference noise but the target return entering these

antennas is negligible because of the low main-channel SNR assumption. Thus, the two auxiliary antennas

receive the signals:
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2N 2M

NJ (t) = I alnnl (t-r 1 n ) + I a2 mn2 (tI-T 2 m),
n=N+1 m= M+1

3N 3M

N2 (t) = I al nnl (t -Tn) + I a2 mn2 (t-'C2m)
n=2N+1 m=2M+1 (2-2)

In addition to these correlated noises, uncorrelated receiver noise is present at each antenna.

Q) nl (t)

=, • ADOP BEST FILTERED
MADOP~ ~ ~~ 1 (t) ERINOFst

TR-91 -PROP- 1699

Figure 2.1. Two-Dimsnsional Operational Scenario for MADOP

Figure 2-2 shows a simplified block diagram of a typical surveillance radar that may benefit from

the MADOP. This diagram is not intended to represent a specific radar system. The MADOP is shown in
this figure at the appropriate point in the signal processing chain. First note that the processing is done at

the radar IF after downconversion from the radio frequency (RF) carrier (3 or 10 GHz for example). The
waveform generator provides the signal to be transmitted and also provides the matched filter to the signal

processor to allow for pulse compression and pulse integration/Doppler filtering. The antenna system,
whether phased-array or dish, forms a beam (or multiple independent beams, as possible with a phased-

array antenna) that illuminates the target in the presence of interference. The target reflection,
contaminated by interference and noise, is received in the main channel, while the interference is also

received in auxiliary antenna channels (which can be portions of a single phased array). All signals are
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downconverted to the IF and input into the MADOP. The output of the MADOP is the desired signal with

the interference suppressed. This signal then enters the coherent pulse compression and Doppler filtering

system, which is often implemented digitally following analog to digital (A/D) conversion of in-phase and

quadrature (l&Q) channels. After this signal processing, target detection takes place using some form of

constant false alarm rate (CFAR) processing. The data processor performs such operations as target

tracking, beam scheduling, system control, and interface to the display.

S~ NOTES:

AUXILIARY 1. DOWN-CONVERSION AND A/D CAN BE DONE IN ONE REAL CHANNEL
ANTENNA AT A LOW IF

ANTNNA 2 SIGNAL PROCESSING CAN BE DONE IN ANALOG DOMAIN WITH A/D

S~CONVERSION AFTER RANGE AND/OR DOPPLER PROCESSING

STRANSMIT/ 169E
MANECE IVE [. FG BASEBAND GEEATEORM

Figure 2WITCH IFiRF BASEBAND-IF P ENgMIXING IIF MIXER

t • CHAIN

RF IF ADAPTIVE
AUXILIARY R FIF
ANTENNA RF IF CANCELLER

1IF
DOWN-CONVE RSION

IN 1&0 CHANNELS

DISPAY/SIGNAL PROCESSOR _:gBSBN

DSPATA RANGE COMPRE SSlONI A/D CONVE RSION

PROCESSOR DOPPLER PROCESSING

DETECTION

TR-91 -PROP- 1698

Figure 2-2. Surveillance Radar Simplified Schematic with Adaptive IF Processing _

As stated above, the goal of the adaptive processor is to react to the multipath interference

envir,:)nment in such a way that the main antenna noise is canceled, resulting in a satisfactory SNR for

further processing. The algorithm for achieving this objective, together with simulated results, will be

described in Section 3. The goals for this feasibility demonstration program, as coordinated with personnel

in the Surveillance Technology Division of the Surveillance and Photonics Directorate (OCTS), are shown

in Table 2-1. It is recognized that although the loop lock time (time to reach steady state) is critical in system

applications (500 Is is desirable), the personal computer interface in the digital subsystem makes practical

loop lock times unachievable. The development of real-time, special-purpose digital interfaces will greatly

increase system speed.
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Table 2-1. Feasibility Demonstration Goals

System Bandwidth (MHz) 10

Number of Interference Sources 4 (initial demo will accommodate 2)

Maximum Multipath Delay (ps) 5 (corresponds to 1.5-km differential path)

Interference Cancellation Ratio (dB) 30

Number of Multipath Delays >4

Loop Lock lime (ms) 5

Processor IF (MHz) 80

2.1.1 Slanal Representations

The carrier frequency of the main and auxiliary antennas is generally much higher than the

desired signal processing IF. Therefore, the radar will mix the signal down to the signal processor's IF, 11F

(80 MHz). The radar will not demodulate the signal down to baseband and then modulate the signal back

to the IF for processing. The signal processor mnust therefore not be restricted to the processing of double

sideband suppressed carrier (DSB-SC) modulated signals (real modulations of a carrier). An example of a

signal that must be accommodated is a single-tone interference source. Although this is the case, it is

appropriate to use DSB-SC signals as test waveforms in characterizing the processor. In addition, it is

desirable to use DSB-SC waveforms as opposed to amplitude modulation (AM), which has a dc component

at baseband. These DSB-SC waveforms are more representative of realistic signals.

In general, the signal return and the interference noise terms are complex modulations of a carrier

and must be expressed in 1&Q channels at baseband. Let the baseband representation, gmn(t), of a signal,

g(t), be given as:

gin(t) = g,(() +jgQ(t) = A(t)exp[j (t)] (2-3)

where g1(t) and go(t) are the 1&Q channel signals, respectively, and A(t) and 0(t) are the signal magnitude

and phase, respectively. On a carrier frequency, fc, the resultant signal, g(t), is given as:

g (t) = Re {gm (t) exp [j2nfctl } = g, (t) cos2nfct - gQ (t) sin2nfct

= A (t) cos [2 7tfct+4 (t) ]. (2-4)

A property of this modulation is that to preserve the information at baseband, 1&0 channels must be

employed. Also, the bandwidth of a signal on a carrier is the same as at baseband, where the I and 0

channels each contain half the bandwidth of the total signal. For DSB-SC modulation, the carrier modulated
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signal covers twice the bandwidth of the baseband representation. This is another way of visualizing the

loss of information when demodulating a complex signal in one real channel. Therefore, earlier approaches

to cancellation that relied on DSB-SC modulation (Reference 1) are not general enough to handle arbitrary

modulations.

To visualize the correlation that will result between the residual error and the auxiliary channel

inputs (the algorithm is further discussed in Section 3), it is helpful to examine the bandwidth properties of

signals. The autocorrelation of a signal will have a half-power (3 dB) width approximately equal to the

inverse bandwidth. Thus, a 10-MHz bandwidth signal will have an autocorrelation width of 100 ns, while a

1 -MHz bandwidth signal will have an autocorrelation width of 1000 ns. It is evident that for multipath delays

of less than, or on the order of the inverse signal bandwidth, there will be significant overlap in the correlation

peaks, which severely complicates any peak-finding algorithm. The phase of each correlation may provide

information useful to resolving the presence of two or more peaks, but the problem is still severe. In

addition, the interaction of the phases of the two overlapping peaks changes the general appearance of the

envelope significantly. For example, two closely spaced peaks can be made to look like one peak, or a null

of tens of dB can be placed between them, depending on the relative phases of the peaks.

Another consideration is the positioning of the correlation peaks and the total number of peaks

for a given scenario. First, note that for a source and its multipath replica, the cross-correlation between

two antennas yields four peaks. The multipath delay is, in general, different for each antenna; if not, there

appears to be just one signal to cancel without multipath. The number of peaks will be the square of the

number of multipaths. The ultimate goal of the processor is to cancel four interference sources, each having

four multipaths. When four independent interference sources are considered, each having four multipaths,

and four auxiliary antennas, the total number of correlation peaks will be 64 per channel (16 per interference

source), for a total of 256 correlation peaks. These issues must be considered in designing a robust

algorithm for noise cancellation.

2.1.2 Delay Resolution Reauirements

Current program goals include a total multipath delay capability of 5 4s, but consideration of direct

path delay is also an important issue. The issues related to direct path cancellation will be described in this

subsection, and their impact on system development will be assessed. In addition to the impact on system

design and performance, the spatial nature of the cancellation, i.e., the sidelobe cancellation viewpoint, will

become evident.

Figure 2-3 shows a scenario containing only direct path jamming interference from a single

source, and a single auxiliary antenna to cancel interference in the main channel. Consider an antenna

separation, d, and assume that the jamming source is in the far-field. For this case, the time-difference-of-
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arrival (TDOA) of an interference signal at the two antennas is determined only by the angle, 9, of the

source in the far-field, relative to the antenna boresight. This TDOA is given geometrically as:

TDOA (e) dsin (2-5)
C

where c is the speed of light. This forms the basis for true time-delay beamforming. Figure 2-4 graphs this

relationship as the ratio of the TDOA to d, the antenna separation. For example, for an antenna separation

of 10 m and an Pngle off boresight of 50, the TDOA is 2.9 ns. Thus, if the antenna system is to cancel the

interference in this direction (sidelobe cancellation in the space domain), the delay must be set to precisely

this value. For two such interference 3ources, the resolution between taps must be this precise to achieve

cancellation of both sources while, at the same time, preserving the mainbeam integrity.

BORESIGHT

FAR-FIELD SOURCE

sine= d
1=TDOA

TR-92-SIOI-0001

Figure 2-3. Geometry for TDOA

Figure 2-5 further clarifies this relationship for a canceller having a resolution of 5 ns over a 5 jis
delay window (1000 resolvable spots for the AOSLM to be discussed in Section 4). For this constraint, the
angular resolution of the canceller will be a function of the antenna separation. Figure 2-5(a) illustrates the

poor angular resolution achieved for a 5-ns delay resolution when closely spaced antennas are employed.
To achieve an angular resolution of 30, an antenna separation of 28.7 m is required, as shown in
Figure 2-5(b). For small antenna separations, characteristic of auxiliary antennas that are part of a larger
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phased-array main antenna or mounted on the main antenna, the delay resolution must be very precise to

cancel direct-path jamming with high angular resolution.
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Figure 2-4. TDOA Versus Angle Off Boresight Referenced to

1 m of Antenna Separation

If the interference reaches the auxiliary antenna and the main antenna with a TDOA of less than

d/c (e = 900), the appropriate spatial direction will be cancelled. For this case, which will most likely occur

for each multipath reflection reaching both antennas, the interference source appears to be at a given

spatial direction. If the multipath delay is greater than this, it is appropriate to consider the cancellation

process in the temporal domain without consideration of spatial cancellation. In the special case of

multipath reaching the main and auxiliary antennas simultaneously, the system will have the undesirable

effect of cancelling the mainbeam return, even though the jammer is spatially in the sidelobes.

For the AOTDL filter system to be described in detail in Subsection 4.2, the impact of this

requirement is best viewed in terms of the number of resolvable spots in the AOSLM system. The accuracy

of the taps can be very precise, but the resolution of two closely spaced taps will most likely be limited to

less than the time bandwidth (BT) product of the AOSLM, typically on the order of 1000. A possible solution

to this constraint is to use very high temporal resolution over a very small delay window, and then to form

coarser taps over the total 5 ips window. This could possibly be achieved in a single optical system, or may

be performed by a large delay window multipath optical canceller in conjunction with a traditional electronic

sldelobe canceller.
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2.2 SURVEILLANCE TEST-BED ASSESSMENT

During the on-site support, meetings with personnel from organizations outside the Photonics

Center were held to identify potential test-beds for the MADOP system. The first meeting was concerned

with the L-band and S-band radars operated by OCTS. The discussions were specifically concerned with

attempting to determine if the MADOP would be useful in the aforementioned radars and whether one of

the radars could serve as a test-bed for evaluating the MADOP. It was concluded that the mission of these

two radars is such that the MADOP would not be useful. In particular, these radars appear to be test-beds

that are used to evaluate concepts proposed by other organizations. OCTS would not have a need to

incorporate an adaptive interference canceller since it would not enhance the role of the radars as test-beds.

The L-band and S-band radars also would not serve as good test-beds for evaluating the MADOP. This

conclusion stems from a perception that it would be very difficult to interface the MADOP to the radars or to

configure them to provide data that could be used to exercise the MADOP in an off-line fashion. The main

difficulty lies in the fact that there was no evidence that the radars had the auxiliary antennas and receiver

channels required for this application.

A second meeting was held with personnel from OCDR. The purpose of this meeting was to

discuss the C-band radar operated by OCDR. This radar is a 6 by 12 ft planar phased array that was

developed for electronic counter-countermeasure (ECCM) testing. As with the L- and S-band radars, the

mission of this radar is not such that the MADOP would be useful in it. However, it could serve as a test-

bed for evaluating the MADOP. It has an auxiliary antenna and extra receiver channels that can be used

to interface to the MADOP. All the receiver channels are readily available and provide outputs at the proper

IF. They also appear to have bandwidths that are compatible with the capabilities of the MADOP. The radar

has a second auxiliary antenna that could be mounted near the existing auxiliary antenna to provide two

auxiliary channels. Furthermore, it might be possible to form additional auxiliary channels by accessing

individual subarrays of the main array. However, before such an approach is tried, it would be necessary

to obtain details on the scanning characteristics of the subarray. If the subarrays are scanned, this could

introduce complications into the operation of the MADOP. Other attractive features of the C-band array

radar are the two jammers and a boresight tower associated with it. If a corner reflector or some type of

signal repeater could be attached to the boresight tower, it could provide a target signal source for some of

the testing.

A third meeting was held with personnel from C3BA. This group has an X-band communications-

type system that they use to study sidelobe cancellation and other functions. The system consists of a

12-horn antenna with one receiver channel per horn. All of the beamforming, sidelobe cancellation, and

other processing are done at baseband by a digital computer. They have not pursued the area of noise

cancellation, nor are they conveniently set up to do so. Because of this, it is questionable as to whether this
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system would provide a good test-bed for the MADOP. If the MADOP were to be modified to serve as a

sidelobe canceller, this facility might be useful for testing.

A fourth meeting was held with personnel from OCDE on the potential application of photonics to

radars. A system that was of some interest in terms of the MADOP was their 256-element patch array. They

apparently plan to use this array to study sidelobe cancellation and adaptive beamforming techniques. At

a later time, this radar could also serve as a test-bed for the MADOP. Another thought is that if the MADOP

was converted to a sidelobe canceller or a piece of hardware to support adaptive beamforming, OCDE

might be interested in using it in their patch array.

It appears that the MADOP is maturing to a point where it can be tested in a radar. To this end,

there are several issues related to potential performance and system implementation that must be

addressed. One of these is a concern for how the MADOP performs relative to a multichannel jamming

suppression system that does not contain the delay-line feature. A further concern is whether or not the

existing version of the MADOP offers better performance than an interference canceller that does not
include the delay-line feature. There is a related issue of whether the nondelay-line version could be easily

implemented with optical processing techniques. It is recommended that this area be pursued with analysis

and simulation.

Another area of performance that should be considered is the convergence time of the MADOP.

This impacts the implementation, use and performance of the radar when it incorporates the MADOP. It

may be that all pulses transmitted during the convergence period will not be available for other signal

processing functions. The net effect of this is a loss in radar resources. If the convergence period is a

significant portion of the processing interval, this could seriously impact system performance. Another area

related to convergence time is the use of the MADOP in a continuously scanning search radar. If the

convergence time is too large, the scan rate of the radar would have to be slowed, which could affect overall

performance of the radar. Of course, if jamming is severe enough, the resultant performance degradation

could be much worse due to convergence. Also related are the effects of MADOP operation on clutter

cancellation, pulse distortion, target parameter measurements, and probably many others.

In the area of system implementation, the problem exists as to just how the jammer suppression

system should be irrnemr, ted in the sum and difference channels of the radar and what effect the jammer

suppression system would have on monopulse performance. It should also be noted that for search radars,

which typically do not employ monopulse techniques, this may not be a problem; for track radars however,

it will definitely be an issue. Furthermore, the impact on performance will depend upon the type of

monopulse processing; e.g., two channel, three channel, or four channel. There is also a need to consider

the implementation impact on muhiple-beam antennas.
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3. ADAPTIVE CANCELLATION ALGORITHM AND SIMULATION

The cancellation of noise from desired signals using auxiliary channel inputs has been applied to
a number of systems with success (References 5 through 7). In addition, the application of optical, and
more specifically acousto-optic (AO), signal processing techniques to the adaptive filtering problem has

been researched by others (References 8 through 14). Subsection 3.1 will present a summary of the
specific adaptive algorithm being implemented by the MADOP system, and will point out differences
between this algorithm and those employed by others. Following this theoretical development, a number of
alternative weight update and application schemes will be compared through simulation in Subsection 3.2.

3.1 ADAPTIVE CANCELLATION ALGORITHM

The standard multidimensional tapped delay line implementation of the least-mean-square (LMS)

algorithm is shown in Figure 3-1. We note that the LMS algorithm is based on steepest descent techniques,
where the weight function is updated in the direction opposite the gradient at the current weight value. This
will cause the weights to move in such a way as to reduce the mean-squared-error (MSE) along the steepest
gradient. The input signals from the auxiliary antennas, Ni(t), are convolved with the weight functions w1(t;'),
which are functions of time, t, and delay, r, to yield an estimate, dest(t), of the main channel signal:

Ta
p 2

dest(t) = f J wi(t;-r)Ni(t-lc)dT (3-1)
j =1 -Ta

2

where P is the number of auxiliary antennas and Ta is the length of each tapped delay line. This estimate

is subtracted from the main channel signal, d(t), to form an error signal, e(t). The weights are then updated
according to the degree of correlation between this error and the auxiliary channel inputs. The ith weight

function is represented mathematically as:

t

w (t; T) = wi(0;T) +Jfa(t)e(t)Ni* (t- x)dt (3-2)

0

where ct(t) is a time-varying (in general) acceleration parameter. As this process continues in time, the
adaptively changing weights converge to a steady-state solution (if the signal environment is stationary).
This cancels the noise in the main channel, which equivalently yields the minimum MSE and maximum

output SNR.

3-1



N1(t)
N2(t)

AUXILIARY " TCHNNLSNj(t)- . ,• TAPP:ED-DELAY LINE
CHANNELS INN(t).-'" •' L"'" "'INE

1 2 M

d(t) MAIN CHANNEL(t)

TR-91 -PROP- 1700

Figure 3.1. Classical Multichannel LMS Adaptive Filter

This classical LMS algorithm performs a weight update at each point in time. If a discrete

algorithm is employed, the weight update is achieved at each time step, which must be at a frequency

greater than twice the widest bandwidth to be processed. Thus, for 10 MHz bandwidth signals, the time

step and weight update occur every 50 ns. Figure 3-1 implies that taps must be positioned every 50 ns if

discrete taps are employed. The integration shown in Equation 3-2 occurs over the entire observation

period, resulting in a continuous weight update. In addition, as the weights are updated, the Prror continues

to be reduced, which then feeds back into the weight calculation integration.

The algorithm being implemented by the MADOP differs from this classical LMS algorithm. The

filter function given by Equation 3-1 is implemented in the classical form, but the weight update given in

Equation 3-2 is implemented differently. For our system, the correlation between the error and the auxiliary

antenna signals is performed over some window of time, T, during which the weight functions do not

change. This window of time has typically been greater than 2 ms for the single channel system, and is

ultimately limited to approximately 1 gs due to linear detector array readout times and limited detector

sensitivity. After this correlation has been obtained, the result is used to update the weight functions, a

process that takes an additional increment of time, tu. Thus, Equation 3-2 is modified to yield:
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