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Space-Time Adaptive Processing for AMTI and GMTI Radar Instructors: James Ward, Stephen Kogon MIT Lincoln Laboratory, USA



Tutorial 1.2: Space-Time Adaptive Processing for AMTI and GMTI Radar Instructors: James Ward, Stephen Kogon, MIT Lincoln Laboratory, USA Synopsis: Space-Time-Adaptive Processing (STAP) is becoming an integral part of modern airborne and space-based radars for performing Airborne Moving Target Indicator (AMTI) and Ground Moving Target Indicator (GMTI) functions. STAP is an application of optimum and adaptive array processing algorithms to the radar problem of target detection in ground clutter and interference with pulse-Doppler waveforms and multichannel antennas and receivers. Coupled space-time processing is required to optimally mitigate the Doppler spreading of ground clutter induced by radar platform motion. This tutorial will begin with the fundamentals of adaptive beamforming and radar pulse-Doppler processing, move through principles and application of STAP, and conclude with a brief overview of some advanced current research topics. Optimum STAP and a taxonomy of practical STAP architectures and algorithms will be described in depth. Key aspects of a practical STAP algorithm include the methods for estimating the background interference, proper subspace selection, and the technique for computing STAP filter weights. Algorithms for providing rapid convergence, robustness to clutter inhomogeneities, robustness to steering vector calibration errors, and reduced computational complexity will be described. Displaced Phase Center Antenna (DPCA) processing will be presented as a nonadaptive space-time processor that gives insight into STAP performance. The effect of STAP on subsequent CFAR detection and target parameter estimation algorithms will be discussed briefly. Simulation and experimental data will be used to illustrate STAP concepts and algorithmic issues. Biography: Dr. James Ward is Leader of the Advanced Sensor Techniques Group at MIT Lincoln Laboratory, where he has worked since 1990. His areas of technical expertise include signal processing for radar, sonar, and communications systems, adaptive array and space-time adaptive processing, detection and estimation theory, and systems analysis. Dr. Ward has given tutorials on space-time adaptive processing and radar adaptive array processing at several IEEE international radar and phased array conferences. He has been an organizer and lecturer at several Lincoln Laboratory short courses on radar systems. He received the Bachelor of Electrical Engineering degree from the University of Dayton, Dayton, OH, in 1985 and the MSEE and Ph.D. degrees from the Ohio State University in 1987 and 1990, respectively. In 2001 he was the recipient of the MIT Lincoln Laboratory Technical Excellence Award, and in 2003 received the IEEE AESS Fred Nathanson Young Radar Engineer Award for contributions to adaptive radar and sonar signal processing. Dr. Ward is a Fellow of the IEEE.



Biography: Dr. Stephen Kogon is a member of the technical staff at MIT Lincoln Laboratory in the Advanced Sensor Techniques group where he has been since 1997. He received his Ph.D. in Electrical Engineering from the Georgia Institute of Technology in 1996. His primary research interest is in adaptive signal processing for advanced airborne and space-based radar and passive sonar systems, specifically in the area of array processing algorithm development for these applications. Dr. Kogon has published several technical articles in these areas as well as written two book chapters on space-time adaptive processing (STAP) in a soon to be published book Applications of Space-Time Adaptive Processing (Richard Klemm, editor). He is also a co-author (with Manolakis and Ingle) of the textbook Statistical and Adaptive Signal Processing published by McGraw-Hill in 2000.



Space-Time Adaptive Processing (STAP) for AMTI and GMTI Radar James Ward Stephen M. Kogon MIT Lincoln Laboratory *This work was sponsored by DARPA under Air Force Contract F19628-00-C-0002 Opinions, interpretations, conclusions, and recommendations are those of the authors and are not necessarily endorsed by the United States Government.
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Airborne Radar Environment Space-Based Radar



Jamming



AMTI



GMTI



Surface (Sea, Ground) Clutter



STAP STAP provides provides clutter clutter and and jamming jamming cancellation cancellation to to detect detect moving moving targets targets •• Joint Joint space-time space-time filtering filtering to to suppress suppress motion-spread motion-spread interference interference Radar2004-3 of 103 JWSMK 4/7/2006
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Comparison with Conventional Processing Conventional Non-adaptive Radar Phased Array Receivers ADC
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Space-Time Adaptive Processing Radar Phased Array Rcvrs ADC
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Introduction Radar Signal Models and Optimum STAP – Pulse-Doppler radar signal model – Performance metrics – Ground clutter characteristics versus PRF and aperture
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Displaced Phase Center Antenna (DPCA) processing Practical STAP Architectures and Algorithms Summary and conclusions
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Radar Pulse Doppler Waveform Carrier Frequency (Hz)



s (t ) = Au (t ) exp { j (2π f 0t + ϕ )} M −1



u (t ) = ∑ u p (t − MTr )



M



m=0



Pulses



Tr



PRI = Pulse Repetition Interval (s)



1 fr = Tr



ΔR =



Pulse waveform



u p (t )



Tp
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Range Resolution (m)
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Radar Antenna Geometry Cartesian coordinate system



z



kˆ (θ , φ ) = cosθ sin φ xˆ + cosθ cos φ yˆ + sin θ zˆ Antenna Array



Elevation



Azimuth



Element Positions



φ



y



θ



, n = 1: N



N



elements



Interelement spacing



x Example: Uniform Linear Array



rn = (n − 1)d xˆ



Interelement time delay for a signal coming from (φ,θ)



kˆ (θ , φ ) • rn τn = − c
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Aperture Length Beamwidth



MIT Lincoln Laboratory



Pulse Doppler Data Collection RX TX
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Pulse Compression
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The Radar Data ‘Cube’ L
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nth element mth pulse lth range gate
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Spatial snapshot for pulse m and range gate l
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Single Snapshot Data Model



Single range gate



x = α v (ψ , ω ) + n Target (if present)



Typical assumption: multivariate Gaussian



Noise plus Interference: Clutter, Jamming



Target amplitude Space-Time Steering Vector (function of angle, Doppler)



E {x} = α v (ψ , ω )



{



( NM × 1)



E (x − α v) ( x − α v )



Space-Time Covariance Matrix (of interference plus noise)
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Multiple Snapshot Data Model Primary snapshot (target range gate)



x 0 = α v (ψ , ω ) + n



E {x 0 } = α v (ψ , ω )



{



}



Cov {x 0 } = E nn H = R Secondary snapshots



NOISE



x1 ,x 2 ,… ,x K



E {x k } = 0



Cov {x k } = R Sample covariance matrix of Interference from secondary data
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H x x ∑ k k k =1



Usual Assumptions • Multivariate Gaussian • Target only in primary snapshot • Common interference covariance matrix MIT Lincoln Laboratory



Target Amplitude



x = α v (ψ , ω ) + n ξt =



|α |
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σ
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PT t p Gt (θ , φ ) g (θ , φ )λ σ t 2
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(4π )3 N 0 L Rt4



‘Element’ Signal-to-Noise Ratio (SNR) per pulse, per element



Rt



Target range (m)



σt



Target RCS (m2)



Pt



Peak transmit power (W)



Tp



Single pulse duration (s)



Gt (θ , φ )



Radar transmit gain in target direction
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Radar element receive gain in target direction
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Receiver noise power spectral density
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Receive beamforming and pulse integration gains to come from STAP
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Optimum Space-Time Processing } N antennas T
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} M pulses } NM weights (degrees of freedom)



Σ Optimum weights



–1v w w == R R–1 v
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STAP output = wHx R = interference covariance matrix v = steering vector



STAP weight vector Element / Pulse measurements



Dimensionality can be very large: NM can be 102 to >104 Covariance matrix unknown a priori and must be estimated from the radar data Large search space (many potential steering vectors) of interest MIT Lincoln Laboratory



Space-Time Steering Vectors • Uniform linear array • Constant PRF waveform Temporal (Doppler) Frequency



Spatial Frequency
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2v
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Tr



Spatial (Angle) Steering Vector



1 ⎡ ⎤ ⎢ e j 2πψ ⎥ ⎥ a(ψ ) = ⎢ ⎢ ⎥ ⎢ j ( N −1)2πψ ⎥ ⎣e ⎦



Temporal (Doppler) Steering Vector



1 ⎡ ⎤ ⎢ e j 2πω ⎥ ⎥ b(ω ) = ⎢ ⎢ ⎥ ⎢ j ( M −1)2πω ⎥ ⎣e ⎦
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Space-Time Steering Vector
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Space-Time Covariance Matrices M Blocks



• •



Q1M ⎤ ⎥ Q2M ⎥ ⎥ ⎥ Q MM ⎥⎦



M Blocks



{ }



R = E xx H



⎡ Q11 Q12 ⎢Q Q 21 22 ⎢ = ⎢ ⎢ ⎢⎣Q M 1 Q M 2



An NM x NM matrix, An M x M block matrix with block size N x N



{



}



Q km = E x k x mH =
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Spatial cross-covariance matrix between Array data from kth and mth pulses
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Space-Time Covariance Matrix: Noise



R n = σ I MN 2



⎡I N ⎢0 =σ2 ⎢ ⎢ ⎢ ⎣0



0 IN 0



0⎤ 0 ⎥⎥ ⎥ ⎥ IN ⎦



E { xnm xn* ' m ' } = σ 2δ (n − n ', m − m ') Assumptions • Receiver noise is the limiting noise source • Uncorrelated from element to element: different LNAs, receivers • Noise on different pulses is uncorrelated (requires PRI > 1/Bandwidth)
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Space-Time Covariance Matrix: Jamming ⎡Q j ⎢0 Rj = ⎢ ⎢ ⎢ ⎢⎣ 0 Nj



0 Qj 0



Q j = ∑ pk a k a kH k =1



0⎤ 0 ⎥⎥ ⎥ ⎥ Q j ⎥⎦



Number of jammers Jammer powers Jammer spatial steering vectors



a k = a(θ k , φk )



Assumptions • Barrage noise jamming that fills radar instantaneous bandwidth • Jamming decorrelates from pulse-to-pulse • Stationary from pulse-to-pulse (or else different Q for each pulse) • Other forms are possible
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Airborne Radar Clutter Geometry Clutter Characteristics • Angle-Doppler coupling



z v
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– – –



θ R
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Clutter strength, CNR – – –



φ Clutter patch
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Radar power and aperture Clutter reflectivity Range dependence



Intrinsic clutter width – –
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Radar platform velocity Antenna orientation PRF and aperture topology



Wind, waves, system instability Bandwidth dispersion
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Clutter Spread Due to Platform Motion v



Ground Clutter Doppler



C
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Mainbeam Clutter Doppler Spread



Δf MB



4v λ 4v = = λ L L



Mainbeam plus Sidelobe Clutter
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0



Doppler (Hz)



2v



λ



Δf MB+SL =



cos θ sin φ



Two-sided null-null beamwidth Usually width at 30-40 dB down Is what counts



4v



λ MIT Lincoln Laboratory



Side-Looking Case Clutter Locus is the line φ



fc =



Or,



v



Spatial Frequency



Temporal Frequency
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ψc =
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sin φ cos θ



2vTr
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cos θ sin φ
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ω c = βψ c



Where the slope is
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2v pTr d
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Clutter Ridges #1 Physical Coordinates



STAP Sampling Coordinates
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PRF = 600 Hz, d/λ=0.5 12 element array
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Doppler Unambiguous Azimuth Unambiguous
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Space-Time Clutter Covariance Matrix



R c = ∫ p (φ ) v (ψ c (φ ), ω c (φ ) ) v



H



(ψ c (φ ), ωc (φ ) ) dφ



Discrete Patch Approximation



Np



R c = ∑ pck v ck v k =1



ξ ck =



pck



=



Clutter reflectivity
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, v ck = v (ψ c (φk ), ω c (φk ) )



PT t p Gt (θ , φk ) g (θ , φ k )λ σ ck



RCS of Clutter Patch



(4π )3 N 0 L Rc4



Area of Clutter Patch
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σ σ ck = σ 0 Ack 2



H ck
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Ack = Rc Δφk ΔR secψ g ECNR = Clutter-to-Noise Ratio CNR per element per pulse



Grazing angle to clutter patch
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A Space-Time Clutter Covariance Matrix abs(R) 1



8 elements 8 pulses CNR = 40 dB Uniform transmit beam



8



Ideal Ideal Simulation: Simulation: R R is is aa Toeplitz-Block-Toeplitz Toeplitz-Block-Toeplitz matrix matrix



64
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Optimum Space-Time Processing } N antennas T
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} M pulses } NM weights (degrees of freedom)



Σ Optimum weights



–1v w w == R R–1 v
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STAP output = wHx R = interference covariance matrix v = steering vector



STAP weight vector Element / Pulse measurements



Dimensionality can be very large: NM can be 102 to >104 Covariance matrix unknown a priori and must be estimated from the radar data Large search space (many potential steering vectors) of interest MIT Lincoln Laboratory



STAP Optimality Criteria



w = μR v −1



Criterion



Formulation H



Maximum SINR



Maximum PD while maintaining CFAR PF Minimum output power subject to unit gain constraint in look direction
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max w



w v



2



μ≠0



H



w Rw



max PD (w ) ∋ PF = η w



min w H Rw w



Weight Normalization



∋ w Hv = 1



1 μ = H −1 1 / 2 (v R v ) 1 μ = H −1 v R v
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Another View of Optimum STAP



w = R v = (R −1



x Input



Whiten Whiten Interference+Noise Interference+Noise



R



−1/ 2



y



−1/ 2 I+N is ‘White’



)( R



−1/ 2



v)



z=w x H



Matched Matched Filter Filter



R



−1/ 2



v



Output



A Matched Filter! Colored noise Joint space (array beamforming) and time (Doppler)
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SINR Input Element SINR



ξt | α |2 = ξe = R (1,1) ξ c + ξ j + 1



Output SINR = Signal-to-Interference+Noise Ratio



E {| zt |2 }



| α |2 | w H v |2 ξ= = 2 w H Rw E {| zn | }



ξ opt ( v ) =| α |2 v H R −1 v



Optimum Space-Time Processing



A function of target Doppler, angle, and of clutter and jamming (thru R) Optimum Space-Time Processing Noise only (no clutter, jamming)
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| α |2



σ



2



v v = ξt MN H



Full coherent SNR gain from beamforming, Doppler filtering
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SINR Loss, SINR Improvement SINR Loss



ξ (ψ , ω ) L(ψ , ω ) = ξ0



SINR Improvement Factor



Average SINR Improvement Factor (averaged over Doppler, e.g.)



Radar2004-32 of 103 JWSMK 4/7/2006



ξ (ψ , ω ) I (ω ) = ξe I = ∫ I (ω ) dω



Degradation due to presence of interference Degradation due to algorithm losses Useful for radar systems analyses, budgets



Includes target gain and interference Suppression



Others sometimes useful (Improvement Factor w.r.t. Conventional…)
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Optimum STAP Detection Known Covariance, Signal, Random Phase Hypothesis Testing Problem: Target Absent Target Present



H 0 : x ~ CN ( 0, R ) H1 : x ~ CN (α v, R ) α = ae jφ , φ ~ U [ 0, 2π )



Likelihood Ratio Test



p ( x | H1 ) L( x) = = p ( x | H0 )



∫ p ( x | H , φ ) p(φ )dφ 1



p (x | H0 )



Detector Architecture



Do the math, and the result is



l ( x) = v R x > γ



x



l ( x) = w H x = z



v R



H



−1



Note: test is the magnitude of a scalar complex Gaussian random variable Radar2004-33 of 103 JWSMK 4/7/2006



STAP STAP BeamBeamforming forming Compute Compute weight weight vector vector



Magnitude Magnitude |*| |*|



Threshold Threshold



Decision



PF Desired Probability of False Alarm
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Probability



Optimum STAP Detection Performance 0.7 0.6 0.5 0.4 0.3 0.2 0.1 00



Noise pdf Threshold Signal-Plus-Noise pdf



2



4



Rayleigh



Rician



(



Compute detection probability for given SINR and false-alarm probability



ξ opt =| α | v R v H



−1



)



γ = −2 ln PF



Set threshold based on desired false-alarm probability



where



8



⎛ 1 ⎞ p (l | H1 ) = l exp ⎜ − ( l 2 + 2ξ opt ) ⎟ I 0 l 2ξ opt ⎝ 2 ⎠



⎛ l2 ⎞ p (l | H 0 ) = l exp ⎜ − ⎟ ⎝ 2⎠



2



6



Voltage



∞



PD = ∫ p(r | H1 )dr = Q γ



(



2ξ opt , −2 ln PF



)



∞



and



⎛ r 2 + a2 ⎞ Q(a, b) = ∫ r exp ⎜ − ⎟I 0 ( ar ) dr 2 ⎠ ⎝ b Marcum’s Q-Function
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Optimum STAP Probability of Detection vs. SINR 1 0.9



Probability of Detection



0.8



PF = 10-1
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Canonical UHF Radar Example Frequency Wavelength Antenna # elements Beamwidth Platform Velocity



= = = = = =



Mainbeam Clutter Doppler Spread = Total MB+SL Clutter Doppler Spread =



450 MHz 2/3 m 4m 12 9.6 deg 100 m/s



100 Hz



ECNR = 35 dB Uniform Taper Mainbeam CNR = 53 dB



600 Hz



PRF # pulses CPI length Unamb Velocity Unamb Range



= = = = =



300-600 Hz 16-32 53.3 ms 100-200 m/s 250-500 km



Space-Time DOF



=



192
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Radar Antenna Array



ESNR = -9.53 dB Noise-Limited Output SNR = 13.2 dB Noise-Limited PD = 0.9 at PF = 1e-6
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Clutter Ridges #1 Physical Coordinates



STAP Sampling Coordinates
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Clutter Eigenvalue Spectra 60



Relative Power (dB)



N = 12 Elements M = 16 Pulses



Mainlobe clutter
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Uniformly weighted transmit pattern



Sidelobe clutter
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CNR = 40 dB per element per pulse
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2v pTr d
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NM



R c = EΛE = ∑ λne ne nH H



n =1



rank (R c ) = N + ( M − 1) β Radar2004-38 of 103 JWSMK 4/7/2006



Number of DOF occupied by the full (mainlobe plus sidelobe) clutter ridge
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Optimum STAP: SINR Metrics 5
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Optimum STAP: SINR Loss 5
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Optimum STAP: Probability of Detection 1 0.9
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Optimum STAP: SINR and PD 15



PRF = 600 Hz Beta = 1 PF = 1e-6
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Optimum STAP: SINR and PD 15



PRF = 300 Hz PF = 1e-6 Beta = 2
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Comments on Minimum Detectable Velocity or MDV •



MDV depends strongly on definition – One definition: target is outside of mainbeam clutter – Larger SINR targets can be detected at smaller velocities



•



Minimum detectable velocity defined as lowest velocity at which a specified Pd, Pf (or SINR) is achieved



•



Beware claims of very low MDVs with small apertures…not possible without substantial SINR margin (much bigger or much closer targets)
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Clutter Eigenvalue Spectra 60
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Brennan’s Rule for Clutter Rank Example: N=4 elements, M=3 pulses, β=1 Element #1



Clutter signal on nth element, mth pulse



Element #4



xnm = ∑ e j ( nψ + mω )



d



Pulse #1



= ∑ e j 2π ( n + mβ ) dλ



Space Pulse #2



T



−1



sin φ



Effective position for nth element, mth pulse



~ d nm = (n + mβ )d



Pulse #3 Time



Rank(Rc) = N + (M-1)β = 4 + (3-1)1 = 6



rank (R c ) = N + ( M − 1) β •• The The number number of of distinct distinct effective effective element element positions positions •• The The length length of of effective effective synthetic synthetic array array aperture aperture •• The The effective effective time-bandwidth time-bandwidth product product of of the the clutter clutter line line Radar2004-47 of 103 JWSMK 4/7/2006
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Space-Time Clutter Eigenbeams
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More STAP Eigenbeams Eigenvalue Weighted 0
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Role of Aperture Topology Receive Array Options (Canonical Example) Element Level: 12 receivers, one each element, lambda/2 linear array (12 × 16 = 192 DOF) Two subarrays, 6 elements each 3λ spacing between subarrays (2 × 16 = 32 DOF) 3 subarrays, 4 elements each 2λ spacing between subarrays (3 × 16 = 48 DOF) 4 subarrays, 3 elements each 1.5λ spacing between subarrays (4 × 16 = 64 DOF) 6 subarrays, 2 elements each 1λ spacing between subarrays (6 × 16 = 96 DOF)



•• ••



Radar Radar PRF PRF and and aperture aperture topology topology define define space-time space-time sampling sampling grid grid Proper Proper design design for for expected expected clutter clutter needed needed to to ensure ensure good good STAP STAP performance performance
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Clutter Ridges #1 Physical Coordinates
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Clutter Ridges #2 Physical Coordinates
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2-element subarrays on receive 6 subarray elements for STAP



Clutter from grating lobes can result in additional (undesired) blind speeds Radar2004-52 of 103 JWSMK 4/7/2006
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Clutter Ridges #3 Physical Coordinates
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12 elements for STAP



Multiple Azimuthal Nulls needed for each Target Doppler
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Six 2-element Subarrays Physical Coordinates
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Four 3-element Subarrays Physical Coordinates
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PRF = 300 Hz, d/λ=1.5 3-element subarrays on receive 4 subarray elements for STAP
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Clutter ridge aliases and may require additional clutter nulls (blind speeds) Radar2004-55 of 103 JWSMK 4/7/2006
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Three 4-element Subarrays Physical Coordinates
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Clutter ridge aliases and may require additional clutter nulls (blind speeds) Radar2004-56 of 103 JWSMK 4/7/2006
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Two 6-element Subarrays Physical Coordinates
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6-element subarrays on receive 2 subarray elements for STAP



Clutter ridge aliases and may require additional clutter nulls (blind speeds) Radar2004-57 of 103 JWSMK 4/7/2006
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Performance vs. Aperture Topology 20 15 10
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300 Hz, 16 pulses, ECNR = 40 dB Radar2004-58 of 103 JWSMK 4/7/2006
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Performance vs. Aperture Topology 20 15 10
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v



Scan angle = 60 deg
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Angle and Doppler Clutter Loci v
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Sin(Azimuth) Clutter Clutter angle-Doppler angle-Doppler locus locus is is essentially essentially range range independent independent
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•• Elliptical Elliptical loci loci when when array array and and velocity velocity vectors vectors not not parallel parallel •• Clutter Clutter locus locus depends depends on on range, range, esp. esp. at at short short range range MIT Lincoln Laboratory
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Introduction Radar Signal Models and Optimum STAP Displaced Phase Center Antenna (DPCA) processing Practical STAP Architectures and Algorithms Summary and conclusions
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DPCA Concept • Control PRF and velocity to satisfy the DPCA condition:



d v pTr = 2
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2v pTr d
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Rx Pulse (n)
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•• Shift Shift receiver receiver aperture aperture back back from from pulse pulse to to pulse pulse in in order order to to get get two two identical identical clutter clutter signals: signals: subtract subtract like like aa 22pulse pulse MTI MTI canceller canceller



T



T+ t E Time (T=PRI)
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Displaced Phase Center Antenna Processing (DPCA) Block Diagram



Fore



Principle (Effective 2-way Phase Center)
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Doppler Filter Bank
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DPCA canceler output



y (n) = x A (n) − xF (n − 1) Subtract signals from same effective phase center for ‘perfect’ clutter cancellation
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Space-Time Filter Interpretation of DPCA DPCA Filter Response
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A two-element, two-pulse space-time filter:



⎡ xF (1) ⎤ ⎢ x (1) ⎥ x=⎢ A ⎥ ⎢ xF (2) ⎥ ⎢ ⎥ ⎢⎣ x A (2) ⎥⎦



⎡0⎤ ⎢1⎥ w=⎢ ⎥ ⎢ −1⎥ ⎢ ⎥ ⎣0⎦



DPCA canceler output



y = x A (1) − xF (2) = w H x Radar2004-65 of 103 JWSMK 4/7/2006
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DPCA with an Array Antenna Example: N=4 elements Element #1



Element #4 Fore/Aft Fore/Aft Beamforming Beamforming
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Pulse #1



Space Pulse #2
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Time



Fore, aft beams need to be precisely matched to provide good clutter rejection
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Sum/Delta DPCA Implementation Amplitude
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DPCA can be implemented with monopulse Radars with properly designed Sum, Delta beams
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DPCA Pros and Cons Advantages • Relatively straightforward, efficient processing chain • Can be implemented with elements, subaperture beams, sum and difference beams Disadvantages • Requires PRF matched to platform velocity • Requires precise element/aperture pattern matching to achieve high clutter cancellation over whole ridge • Velocity and array axis misalignment degrades performance – Antenna scanning, Aircraft crab angle – Additional DPCA variations exist to help some



• •



No inherent provision to suppress clutter and jamming simultaneously No inherent provision to adapt to intrinsic clutter motion



Solution: Space-Time Adaptive Processing Radar2004-68 of 103 JWSMK 4/7/2006
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Why Space-Time-Adaptive-Processing?



• • • • • •



Interfering (clutter, jamming) signal locations not precisely known a priori Required rejection (sidelobe level) not achievable with conventional filtering in presence of system errors Beam broadening that results from uniformly lowering sidelobes with heavy tapers is undesirable To improve minimum detectable velocity and angle coverage close to jamming To react to the natural nonstationarity of typical dynamic radar operating environment Let the signal processing adapt to the observed data!
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Outline



•



Introduction



•



Radar Signal Models and Optimum STAP



•



Displaced Phase Center Antenna (DPCA) processing



•



Implementation of STAP Algorithms –



Reduced DOF STAP Algorithms



–



STAP Weight Training and Computation



•



Real-World Examples of STAP (UHF and X-Band)



•



Performance Considerations for STAP



•



Summary and Conclusions
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Implementation of STAP Algorithms Goal: Achieve near-optimal STAP performance in real-time system under real-world conditions



•



•



Realizable system –



Limited number of digital channels



–



Limited computational resources (FLOPs)



Real-world effects and issues –



Non-stationary clutter Range-varying clutter ridge Clutter discretes



–



Limited training data for STAP



–



Interference/jamming



–



Performance limiters Array errors/uncertainty Wind-blown clutter Undersampled clutter (low PRF)
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Generic STAP Architecture



Estimate Estimate Interference Interference



Beam Beam Angle Angle & & Target Doppler Target Doppler Selection Selection



•



Compute Compute Steering Steering Vectors Vectors



Algorithm design drivers – – –
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Compute Compute STAP STAP Weights Weights



CFAR CFAR Detection Detection



Parameter Parameter Estimation Estimation



w = R −1 v(Angle, Doppler ) Optimal STAP Response



Doppler



Apply Apply STAP STAP Weights Weights



Data cube
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Method for estimating interference Sin(Angle) Computational complexity Radar system parameters (aperture, integration time, PRF…) MIT Lincoln Laboratory



STAP Algorithm Selection: Choosing the Subspace for Adaptation •



STAP algorithm ideally uses a subspace that captures interference for the purposes of nulling Allows good estimation of interference



•



Use of non-adaptive tapers helps reduce DOF requirements Reject as much interference non-adaptively as possible



•



Choice is highly dependent on the particular radar system – – –



Achievable antenna sidelobe levels (array errors) Geometries Ambiguities Range/Doppler due to PRF Antenna grating lobes due to sub-arraying



•



Considerations: – – –



Robustness to jamming Clutter characteristics Computational complexity



Use what we know about interference to make clutter cancellation tractable Radar2004-73 of 103 JWSMK 4/7/2006
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Surveillance Radar System Single CPI Processing Chain Antenna Elements
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Pulse Compression
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Range compress
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Detect/ Cluster



Multiple STAP Output Beams



Range



Compute Compute STAP STAP Weights Weights



Tracker



Angle/Velocity



Apply Apply STAP STAP Weights Weights



Estimate Estimate Interference Interference



Target Parameter Estimation



Doppler



•



Front-end A/D form limited number of digital channels –



• • • •



Analog combination into sub-arrays or beams



STAP forms multiple output beams (range/Doppler) Detection on each beam (CFAR) Cluster over beam, Doppler and range Parameter estimation (angle/Doppler or angle only) –
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Subarray Formation Full Array with λ/2 Spaced Elements (Tx/Rx Modules)



• Too many Tx/Rx elements to •



form digital channels (technology limit) Reduce number of digital channels with analog combining



Forming Subarrays through Analog Combination



• Overlapped subarrays for better performance



Σ



Σ



Σ



Σ



Σ



Σ



Σ



– Reduced grating lobes – Easier electronic steering – More costly



Σ



• 2-D subarrays allow for •



elevation DOFs STAP performed on subarrays – View subarrays as directive elements with sparse spatial sampling



= Subarray Phase Center Radar2004-75 of 103 JWSMK 4/7/2006
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Spatial DOF Selection Doppler Ambiguous Clutter



• • •



PRF limited by range ambiguities STAP very difficult for range ambiguous clutter Two-way (Tx/Rx) sidelobes help reduce required spatial DOFs
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Output Beam Coverage



• •



Number of output beams must be sufficient for angle estimation Illumination sector coverage –



Spatial channels must allow for enough MIT Lincoln Laboratory



Beam Beam Angle Angle & & Target Target Doppler Doppler Selection Selection
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Reduced dimension space
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Detections



Preprocessor Preprocessor
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Front-End Front-End Filtering Filtering



Reduced-Dimension STAP Architecture



Compute Compute STAP STAP Weights Weights



Estimate Estimate Interference Interference Compute Compute Steering Steering Vectors Vectors



Preprocessor uses fixed beamforming and/or Doppler filtering – Reject some interference non-adaptively – Adapt on small number of preprocessor outputs Preprocessors can be subarrays also
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Taxonomy of STAP Architectures
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Spatial filtering



Doppler filtering
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Doppler filtering
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STAP algorithms classified by domain in which adaptivity occurs There are performance differences between algorithms MIT Lincoln Laboratory
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