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Outline 

•  Adaptive Target Detection for Conventional Radar 

•  Adaptive Target Detection for Cognitive Radar 

•  Deep Neural Network (DNN) based Target Detection 

•  Summary 
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Conventional Radar: A Feed-Forward System 

Transmitter Receiver 

Radar 
Environment Observables Actions 
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Conventional Radar Data Model 

•  Radar with array of    elements transmitting waveform  

•  Radar data often modeled as complex Gaussian: 

•                              Signal (Target)  

–                        Target complex amplitude   

–     Target space-time response:

•                             Noise + Interference 

–  		

–                                                Depends on Tx Waveform 

–  Thus, waveform dependence is nonlinear 

Azimuth, Elevation  

Doppler 

P. Setlur and M. Rangaswamy, “Waveform design for radar stap in signal dependent interference," IEEE 
Transactions on Signal Processing, vol. 64, no. 1, pp. 19-34, 2015. 

Transmit  
Power Pattern 

Target 

ν 

θ 
Azimuth 

€ 

sTX t( ) = Re ˜ p t( ) ⋅ e j 2πfc t{ }

TX/RX 
Waveform 

€ 

sRX t( ) = Re α˜ p t − τ( ) ⋅ e j 2π ( fc + fd )t{ }

Time Delay 
(Range) 

Doppler 
(Velocity) 

Ground 
Clutter 

Hostile 
Jamming Interferer 
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Conventional Model:  
Adaptive Array Detection Problem 

•  Radar with array of    elements 

•  Test data vector  

•  Look for presence of target in     : 

 

•  Unknowns are      and     with possible error in  

•     Training noise only data vectors 

•  Desire viable detection statistic:  

 

Example: Radar Environment 

Reed, Irving S., John D. Mallett, and Lawrence E. Brennan. "Rapid convergence rate in adaptive arrays." IEEE Transactions 
on Aerospace and Electronic Systems 6 (1974): 853-863. 

t(x,x(1),x(2), . . . ,x(L),v)
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Conventional Model: 
Summary of Adaptive Detection Algorithms 

• Adaptive Matched Filter (AMF)  
Robey, et. al. IEEE T-AES 1992 
Reed & Chen 1992, Reed et. al. 1974 
 
• Generalized Likelihood Ratio Test (GLRT)  
Kelly IEEE T-AES 1986, Khatri & Rao 1985 
 
• Adaptive Coherence Estimator (ACE)  
Conte et. al. IEEE T-AES 1995, 
 Scharf Asil. 1996, Kraut IEEE T-SP 2001 
 
• Adaptive Sidelobe Blanker (ASB)  
Kreithen, Baranoski, 1996 
Richmond Asilomar 1997& 1998,  
Richmond IEEE T-SP 2000 

Each Algorithm is  Function of 
Sample Covariance 

tGLRT =
tAMF

1 + xH bR�1x
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Outline 

•  Adaptive Target Detection for Conventional Radar 

•  Adaptive Target Detection for Cognitive Radar 

•  Deep Neural Network (DNN) based Target Detection 

•  Summary 
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Inspiration for Cognitive Systems: 
Echo Location / Human Vision-Perception 

•  Bats and dolphins emit short sound pulses 
to locate food 

•  Return echoes inform about type of prey, 
range and bearing 

 

•  Human visual brain 
–  Cerebral cortex major player in cognition 

(Fuster model introduced) 

•  Waveform characteristics adapted as bat / 
dolphin closes on prey 
–  Higher pulse repetitions 

–  Changes in chirp rates 

S. Haykin, "Cognitive radar: a way of the future,"  
IEEE Sig. Proc. Mag., January 2006. 
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Cognitive Radar: Adaptation via a Feedback System 

Transmitter Receiver 

Radar 
Environment 

O
bs

er
va

bl
es

 

Actions 

Clutter 
Channel 

Target 
Channel 

WICN 

J. Guerci, “Cognitive radar: The knowledge-aided fully adaptive approach.” Artech House radar library. Artech House, 2010. 

Detector Tracker 

Controller 

Agile Agile Agile Agile 

Feedback 
Memory 

Haykin’s Model: 
Intelligence 

Attention 

Memory 

PAC 
Agile blocks 

Controller 

Memory 

Feedback 
WICN = Waveform Independent Colored Noise 

S. Haykin, “Cognitive radar: a way of the future," IEEE signal processing magazine, vol. 23, no. 1, pp. 30{40, 2006. 

Goal: Leverage AI-based techniques toward 
full end-to-end control of radar 

PAC = Perception-Action-Cycle 
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Motivating Channel Matrix-Based Radar Model 
•  LTV system output:  r(t) =

Z
h̃(t, a)s(a)da

<latexit sha1_base64="0BAvbG26eliseX0tAHJW/ivnsSI="></latexit><latexit sha1_base64="0BAvbG26eliseX0tAHJW/ivnsSI="></latexit><latexit sha1_base64="0BAvbG26eliseX0tAHJW/ivnsSI="></latexit><latexit sha1_base64="0BAvbG26eliseX0tAHJW/ivnsSI="></latexit>

= �
Z

h̃(t, t� ⌧)s(t� ⌧)d⌧
<latexit sha1_base64="UhDQGiY415j0RTSbwDy+NDl8qgs="></latexit><latexit sha1_base64="UhDQGiY415j0RTSbwDy+NDl8qgs="></latexit><latexit sha1_base64="UhDQGiY415j0RTSbwDy+NDl8qgs="></latexit><latexit sha1_base64="UhDQGiY415j0RTSbwDy+NDl8qgs="></latexit>

4
=

Z
h(t, ⌧)s(t� ⌧)d⌧

<latexit sha1_base64="IOoHRo4fz9lolvu06aocVL/mfxE="></latexit><latexit sha1_base64="IOoHRo4fz9lolvu06aocVL/mfxE="></latexit><latexit sha1_base64="IOoHRo4fz9lolvu06aocVL/mfxE="></latexit><latexit sha1_base64="IOoHRo4fz9lolvu06aocVL/mfxE="></latexit>

a = t� ⌧ , da = �d⌧ ,
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3
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<latexit sha1_base64="YK/e8aw0089jKug41kFbIEanPz0="></latexit><latexit sha1_base64="YK/e8aw0089jKug41kFbIEanPz0="></latexit><latexit sha1_base64="YK/e8aw0089jKug41kFbIEanPz0="></latexit><latexit sha1_base64="YK/e8aw0089jKug41kFbIEanPz0="></latexit>

•  Consider Fourier representation 

•  Thus,                                                       .    

•  Note that   

=) r(t) =

Z Z
H(⌧, ⌫)s(t� ⌧)ej2⇡⌫td⌫d⌧
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r(t) '
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X

m

Hi,ms(t� ⌧i)e
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X
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•  Each received data sample is linear transformation of waveform: 

Channel Matrix Waveform Noise + Interference 

•  Linear model can capture dominant effects of doubly spread multipath channel 

r = Hs+ n
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Discretizing yields form* 

*B. Friedland, Trans. Amer. Instit. Elec. Eng., Part II: Applic. & Industry, vol. 75, no. 6, pp. 407-414, Jan. 1957 
LTV = linear time-varying 

r[n] =
X

k

X

m

H[n� k,m]s[k]ej
2⇡m
M n
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<latexit sha1_base64="olh19YCyrxPdNbGzPHEP/4mVMNM="></latexit><latexit sha1_base64="olh19YCyrxPdNbGzPHEP/4mVMNM="></latexit><latexit sha1_base64="olh19YCyrxPdNbGzPHEP/4mVMNM="></latexit><latexit sha1_base64="olh19YCyrxPdNbGzPHEP/4mVMNM="></latexit>



S L 
Signals,	Information,	Inference,	&	Learning	

CoE - 11 
CDR  06/27/22 

•   Target produces scattering component, say  

•   Clutter / reverberation also yields scattering component 
–  Can model in similar way, i.e. as 

•  Thus, we have the general MIMO radar data model: 

 
–  Same TX waveforms produce both target return and clutter 
–  Scattering propagation paths are different, however, i.e.  

•  Simplifies waveform optimization problem 

•  Although model is linear, fundamental research questions remained unaddressed 

Channel Matrix-based  
Data Model Used in Cognitive Radar* 

*J. R. Guerci, Cognitive Radar: The Knowledge-Aided Fully Adaptive Approach, Artech  House, Inc., Norwood, MA, 2010. 
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Cognitive Radar  
Target Detection Problem 

•  Binary hypothesis test: 

 

•  Waveform independent colored noise (WICN) 

•              and     known 
–  Likelihood Ratio Test (LRT) 

•              and     unknown      Composite Hypothesis testing 
–  Average Likelihood Ratio Test (ALRT)* 

•  Channel matrices modeled as random 

–  Generalized Likelihood Ratio Test (GLRT)** 
•  Channel matrices assumed deterministic but unknown during the observation time 

No Target 

Target Present 

=)
<latexit sha1_base64="bMq5zidnuyMxZxIQGNJgDp8Hc4o=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48V7Ie0oWy2k3bpbhJ2N0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4dua3n1BpHkcPZpKgL+kw4iFn1Fjpscel3YK61C9X3Ko7B1klXk4qkKPRL3/1BjFLJUaGCap113MT42dUGc4ETku9VGNC2ZgOsWtpRCVqP5sfPCVnVhmQMFa2IkPm6u+JjEqtJzKwnZKakV72ZuJ/Xjc14Y2f8ShJDUZssShMBTExmX1PBlwhM2JiCWWK21sJG1FFmbEZzULwll9eJa1a1buo1u4vK/WrPI4inMApnIMH11CHO2hAExhIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP3dGkCU=</latexit>

=)
<latexit sha1_base64="bMq5zidnuyMxZxIQGNJgDp8Hc4o=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48V7Ie0oWy2k3bpbhJ2N0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4dua3n1BpHkcPZpKgL+kw4iFn1Fjpscel3YK61C9X3Ko7B1klXk4qkKPRL3/1BjFLJUaGCap113MT42dUGc4ETku9VGNC2ZgOsWtpRCVqP5sfPCVnVhmQMFa2IkPm6u+JjEqtJzKwnZKakV72ZuJ/Xjc14Y2f8ShJDUZssShMBTExmX1PBlwhM2JiCWWK21sJG1FFmbEZzULwll9eJa1a1buo1u4vK/WrPI4inMApnIMH11CHO2hAExhIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP3dGkCU=</latexit> ,x ⇠ CN (HCs+HT s,R)

<latexit sha1_base64="bdfKGcI2zTzqb8Giyh+BXwYzr7o="></latexit>

,x ⇠ CN (HCs,R)
<latexit sha1_base64="/0Co4suv3esBdkYabiIzCwmD/lc=">AAACKnicbZDLSgMxFIYzXmu9VV26CRahQikzVdRlpZuupIq9QGcYMmmmDc1cSDJiGeZ53PgqbrpQilsfxEw7BW09EPjy/znknN8JGRVS16fa2vrG5tZ2bie/u7d/cFg4Om6LIOKYtHDAAt51kCCM+qQlqWSkG3KCPIeRjjOqp37nmXBBA/9JjkNieWjgU5diJJVkF+7Kpofk0HHjlwSagnpwdseIxfX7pLQwG4ldX7BIynDBj8mFXSjqFX1WcBWMDIogq6ZdmJj9AEce8SVmSIieoYfSihGXFDOS5M1IkBDhERqQnkIfeURY8WzVBJ4rpQ/dgKvjSzhTf3fEyBNi7DnqZTqiWPZS8T+vF0n31oqpH0aS+Hj+kRsxKAOY5gb7lBMs2VgBwpyqWSEeIo6wVOnmVQjG8sqr0K5WjMtK9eGqWLvO4siBU3AGSsAAN6AGGqAJWgCDV/AOPsCn9qZNtKn2NX+6pmU9J+BPad8/cZin2Q==</latexit>

GLRT and ALRT establish benchmarks for comparison with machine / 
deep learning-based cognitive radar detection, and guides AI architectures 

*T. Ali and C. D. Richmond, “Optimal target detection for random channel matrix-based cognitive radar/sonar,” in 2021 IEEE Radar Conference (RadarConf21), 2021, pp. 1–6. 
**T. Ali, A. S. Bondre, C. D. Richmond, "Adaptive Detection Algorithms for Channel Matrix-Based Cognitive Radar/Sonar," 2022 IEEE Radar Conference (RadarConf22), 2022, pp. 1-6. 
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•  Motivated by GLRT approach taken by Kelly* 

•      secondary and      primary data vectors,                      . 

•  Total received data matrix                    

 

 

•  Secondary data  

•  Primary data 

•  Waveform matrix 

•  WICN          I.I.D with                            ,                      .  

Cognitive Radar Data Model: 
Adaptive Detection Problem Formulation 

K
<latexit sha1_base64="hTJGnDKJDwyZSZmo4hVNCP926no=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGRY8BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJb/wJl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUqiyMPJ3AK5+DBNVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP59qjMY=</latexit>

M
<latexit sha1_base64="4HQB8dSDC2rFCjRoIzXSyLaN7Nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGRY8BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJb/wJl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUqiyMPJ3AK5+DBNVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6JyjMg=</latexit>

Secondary Data 
(Clutter + noise only)  

Primary Data 
(May contain target as well)  

x(k) = HCs(k) + n(k), k = 1, . . . ,K
<latexit sha1_base64="AxVq5Sa571mQhKTgaxA4Gjh620Q=">AAACL3icbVBdSwJBFJ21L7Mvq8dehiQwEtk1oV4EQQihF4P8ABWZHWd12NnZZWY2ksV/1Et/xZeIInrtXzTrR5R2YeDcc+5h7j12wKhUpvlqJNbWNza3ktupnd29/YP04VFD+qHApI595ouWjSRhlJO6ooqRViAI8mxGmrZbifXmAxGS+vxejQLS9dCAU4dipDTVS990PKSGthM9jrPuOSzBRV8d9yoLLKfaxY/G4z4H3ZKV6/R9JXO3vXTGzJvTgqvAmoMMmFetl55oJw49whVmSMq2ZQaqGyGhKGZknOqEkgQIu2hA2hpy5BHZjab3juGZZvrQ8YV+XMEp+9sRIU/KkWfryXhjuazF5H9aO1TOdTeiPAgV4Xj2kRMyqHwYhwf7VBCs2EgDhAXVu0I8RAJhpSNO6RCs5ZNXQaOQty7zhbtiplycx5EEJ+AUZIEFrkAZVEEN1AEGT2AC3sC78Wy8GB/G52w0Ycw9x+BPGV/f9/ensg==</latexit>

H0 : x(k) = HCs(k) + n(k)

H1 : x(k) = HCs(k) +HT s(k) + n(k)
<latexit sha1_base64="PX5BhPys2spq5FkHFypabBm6WLA="></latexit>

n(k) ⇠ CN (0,R)
<latexit sha1_base64="FiQcoxLmsFIsbeqxspZScv5P1bA=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAILUhJakGXhW5cSRV7gSaUyXTSDp1MwsxEKCEv4sZXceNCERduxLdxkqagrQcGPv7/HOac3w0pEdI0v7XC2vrG5lZxu7Szu7d/oB8edUUQcYQ7KKAB77tQYEoY7kgiKe6HHEPfpbjnTlup33vAXJCA3ctZiB0fjhnxCIJSSUO9YftQTlwvZkllWrUF8TMBQRq3bpLKwjWT8wXeJdWhXjZrZlbGKlg5lEFe7aH+aY8CFPmYSUShEAPLDKUTQy4Jojgp2ZHAIURTOMYDhQz6WDhxdl1inCllZHgBV49JI1N/T8TQF2Lmu6ozXVEse6n4nzeIpHflxISFkcQMzT/yImrIwEijMkaEYyTpTAFEnKhdDTSBHCKpAi2pEKzlk1ehW69ZF7X6baPcrOVxFMEJOAUVYIFL0ATXoA06AIFH8AxewZv2pL1o79rHvLWg5TPH4E9pXz8r46KC</latexit>

n(k)
<latexit sha1_base64="7hL4szWd+vGjk74wMj4dgUj/wIw=">AAAB9HicbVDLSsNAFL2pr1pfVZduBotQNyGpgi4LblxWsA9oQ5lMJ+3QySTOTAol9DvcuFDErR/jzr9xkmahrQcGDufcyz1z/JgzpR3n2yptbG5t75R3K3v7B4dH1eOTjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96V3md2dUKhaJRz2PqRfisWABI1gbyRuEWE/8IBWL+vRyWK05tpMDrRO3IDUo0BpWvwajiCQhFZpwrFTfdWLtpVhqRjhdVAaJojEmUzymfUMFDqny0jz0Al0YZYSCSJonNMrV3xspDpWah76ZzEKqVS8T//P6iQ5uvZSJONFUkOWhIOFIRyhrAI2YpETzuSGYSGayIjLBEhNteqqYEtzVL6+TTsN2r+zGw3WtaRd1lOEMzqEOLtxAE+6hBW0g8ATP8Apv1sx6sd6tj+VoySp2TuEPrM8fgp6R3A==</latexit>

*E. J. Kelly, “An adaptive detection algorithm,” IEEE Transactions on Aerospace and Electronic 
systems, no. 2, pp. 115–127, 1986. 

XS 2 Cl⇥K
<latexit sha1_base64="qmQcud0VvrFhJECYgub8CohRqSA=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZKq6LLQjeCmon1AE8NkOmmHTiZhZiKUkE9w46+4caGIW5fu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGOWkrahipBcLgkKfka4/buZ+94EISSN+pyYxcUM05DSgGCkteeaxEyI18oO0l3m30KEczgQ/bWb3KXMUDYmE15lnVq2aNQVcJHZBqqBAyzO/nEGEk5BwhRmSsm9bsXJTJBTFjGQVJ5EkRniMhqSvKUd6j5tOH8rgkVYGMIiELq7gVP09kaJQykno6878Wjnv5eJ/Xj9RwaWbUh4ninA8WxQkDKoI5unAARUEKzbRBGFB9a0Qj5BAWOkMKzoEe/7lRdKp1+zTWv3mrNo4L+IogwNwCE6ADS5AA1yBFmgDDB7BM3gFb8aT8WK8Gx+z1pJRzOyDPzA+fwDt8Z0b</latexit>

XP 2 Cl⇥M
<latexit sha1_base64="EGWuSzGCVXfLlN1+ZXG4XL3DsYM=">AAACEHicbVBNS8NAEJ34WetX1aOXxSJ6KklV9FjoxYtQwX5AE8tmu2mXbjZhdyOUkJ/gxb/ixYMiXj1689+4bXPQ1gcDj/dmmJnnx5wpbdvf1tLyyuraemGjuLm1vbNb2ttvqSiRhDZJxCPZ8bGinAna1Exz2oklxaHPadsf1Sd++4FKxSJxp8cx9UI8ECxgBGsj9Uonboj10A/STtZrIJcJNBP8tJ7dp9zVLKQK3WS9Utmu2FOgReLkpAw5Gr3Sl9uPSBJSoQnHSnUdO9ZeiqVmhNOs6CaKxpiM8IB2DRXY7PHS6UMZOjZKHwWRNCU0mqq/J1IcKjUOfdM5uVbNexPxP6+b6ODKS5mIE00FmS0KEo50hCbpoD6TlGg+NgQTycytiAyxxESbDIsmBGf+5UXSqlacs0r19rxcu8jjKMAhHMEpOHAJNbiGBjSBwCM8wyu8WU/Wi/Vufcxal6x85gD+wPr8AewenRo=</latexit>
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•  Channel matrices                and WICN covariance      are all unknown 

•  The GLRT is given by:  

•  PDF under  

•  PDF under  

GLRT for Cognitive Radar Data Model: 
               Unknown          

f0(X;HC ,R) =
LY

k=1

p0(x(k); s(k))
<latexit sha1_base64="ddfQWZKGXzCA13FVWH29taN0EEk="></latexit>

f1(X;HC ,HT ,R) =
KY

k=1

p0(x(k); s(k)) ·
LsY

k=K+1

p1(x(k); s(k))
<latexit sha1_base64="eheUQI0AY/59ouKp/sXEJs3VQaI="></latexit>
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•  With noiseless input data 

–                               nullifies everything in clutter subspace in sec. data 

–                               nullifies everything in clutter+target subspaces in pri. data 

–                            cancels everything in clutter subspaces in both pri. and sec. data sets and in 

target subspace in pri. data set except the residue:  

•  Maximum-likelihood estimates of clutter channel matrices: 

•  GLRT statistic depends only on measured data and waveform (desire to optimize) 

GLRT for Cognitive Radar Data Model: 
Unknown XXXXXXX   * 

, XS = HCSS =)
<latexit sha1_base64="A8Lu1iIV69p6tvu/OgcFkvpdoPI=">AAACGHicbZDLSgMxFIYzXmu9jbp0EyyCqzpTBN0IhW66cFGpvUBbhkyaaUMzyZBklDL0Mdz4Km5cKOK2O9/GzHQW2vpD4OM/53Byfj9iVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouK1ELDFpYcGE7PpIEUY5aWmqGelGkqDQZ6TjT2ppvfNIpKKCP+hpRAYhGnEaUIy0sTz7Mun7AezOvCa8hRnXZ15tQc3U7d8JPpJ0NNZISvHk2SWn7GSCq+DmUAK5Gp497w8FjkPCNWZIqZ7rRHqQIKkpZmRW7MeKRAhP0Ij0DHIUEjVIssNm8Nw4QxgIaR7XMHN/TyQoVGoa+qYzRHqslmup+V+tF+vgZpBQHsWacLxYFMQMagHTlOCQSoI1mxpAWFLzV4jHSCKsTZZFE4K7fPIqtCtl1ym791elaiWPowBOwRm4AC64BlVQBw3QAhg8g1fwDj6sF+vN+rS+Fq1rVj5zAv7Imv8A7iWfEA==</latexit><latexit sha1_base64="A8Lu1iIV69p6tvu/OgcFkvpdoPI=">AAACGHicbZDLSgMxFIYzXmu9jbp0EyyCqzpTBN0IhW66cFGpvUBbhkyaaUMzyZBklDL0Mdz4Km5cKOK2O9/GzHQW2vpD4OM/53Byfj9iVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouK1ELDFpYcGE7PpIEUY5aWmqGelGkqDQZ6TjT2ppvfNIpKKCP+hpRAYhGnEaUIy0sTz7Mun7AezOvCa8hRnXZ15tQc3U7d8JPpJ0NNZISvHk2SWn7GSCq+DmUAK5Gp497w8FjkPCNWZIqZ7rRHqQIKkpZmRW7MeKRAhP0Ij0DHIUEjVIssNm8Nw4QxgIaR7XMHN/TyQoVGoa+qYzRHqslmup+V+tF+vgZpBQHsWacLxYFMQMagHTlOCQSoI1mxpAWFLzV4jHSCKsTZZFE4K7fPIqtCtl1ym791elaiWPowBOwRm4AC64BlVQBw3QAhg8g1fwDj6sF+vN+rS+Fq1rVj5zAv7Imv8A7iWfEA==</latexit><latexit sha1_base64="A8Lu1iIV69p6tvu/OgcFkvpdoPI=">AAACGHicbZDLSgMxFIYzXmu9jbp0EyyCqzpTBN0IhW66cFGpvUBbhkyaaUMzyZBklDL0Mdz4Km5cKOK2O9/GzHQW2vpD4OM/53Byfj9iVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouK1ELDFpYcGE7PpIEUY5aWmqGelGkqDQZ6TjT2ppvfNIpKKCP+hpRAYhGnEaUIy0sTz7Mun7AezOvCa8hRnXZ15tQc3U7d8JPpJ0NNZISvHk2SWn7GSCq+DmUAK5Gp497w8FjkPCNWZIqZ7rRHqQIKkpZmRW7MeKRAhP0Ij0DHIUEjVIssNm8Nw4QxgIaR7XMHN/TyQoVGoa+qYzRHqslmup+V+tF+vgZpBQHsWacLxYFMQMagHTlOCQSoI1mxpAWFLzV4jHSCKsTZZFE4K7fPIqtCtl1ym791elaiWPowBOwRm4AC64BlVQBw3QAhg8g1fwDj6sF+vN+rS+Fq1rVj5zAv7Imv8A7iWfEA==</latexit><latexit sha1_base64="A8Lu1iIV69p6tvu/OgcFkvpdoPI=">AAACGHicbZDLSgMxFIYzXmu9jbp0EyyCqzpTBN0IhW66cFGpvUBbhkyaaUMzyZBklDL0Mdz4Km5cKOK2O9/GzHQW2vpD4OM/53Byfj9iVGnH+bbW1jc2t7YLO8Xdvf2DQ/vouK1ELDFpYcGE7PpIEUY5aWmqGelGkqDQZ6TjT2ppvfNIpKKCP+hpRAYhGnEaUIy0sTz7Mun7AezOvCa8hRnXZ15tQc3U7d8JPpJ0NNZISvHk2SWn7GSCq+DmUAK5Gp497w8FjkPCNWZIqZ7rRHqQIKkpZmRW7MeKRAhP0Ij0DHIUEjVIssNm8Nw4QxgIaR7XMHN/TyQoVGoa+qYzRHqslmup+V+tF+vgZpBQHsWacLxYFMQMagHTlOCQSoI1mxpAWFLzV4jHSCKsTZZFE4K7fPIqtCtl1ym791elaiWPowBOwRm4AC64BlVQBw3QAhg8g1fwDj6sF+vN+rS+Fq1rVj5zAv7Imv8A7iWfEA==</latexit>

Denominator 
approximates 

|R|
<latexit sha1_base64="dfBrVjpBmIacJJFtB960+Ph4Tfk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fjw4rGK/cA2lM120y7dbMLuRChp/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm5nfeuLaiFg94DjhfkQHSoSCUbTS44Rk3SAk99NJr1R2K+4cZJV4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFrup4QllIzrgHUsVjbjxs/nFU3JulT4JY21LIZmrvycyGhkzjgLbGVEcmmVvJv7ndVIMr/1MqCRFrthiUZhKgjGZvU/6QnOGcmwJZVrYWwkbUk0Z2pCKNgRv+eVV0qxWPLfi3V2Wa9U8jgKcwhlcgAdXUINbqEMDGCh4hld4c4zz4rw7H4vWNSefOYE/cD5/AA+6kHQ=</latexit><latexit sha1_base64="dfBrVjpBmIacJJFtB960+Ph4Tfk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fjw4rGK/cA2lM120y7dbMLuRChp/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm5nfeuLaiFg94DjhfkQHSoSCUbTS44Rk3SAk99NJr1R2K+4cZJV4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFrup4QllIzrgHUsVjbjxs/nFU3JulT4JY21LIZmrvycyGhkzjgLbGVEcmmVvJv7ndVIMr/1MqCRFrthiUZhKgjGZvU/6QnOGcmwJZVrYWwkbUk0Z2pCKNgRv+eVV0qxWPLfi3V2Wa9U8jgKcwhlcgAdXUINbqEMDGCh4hld4c4zz4rw7H4vWNSefOYE/cD5/AA+6kHQ=</latexit><latexit sha1_base64="dfBrVjpBmIacJJFtB960+Ph4Tfk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fjw4rGK/cA2lM120y7dbMLuRChp/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm5nfeuLaiFg94DjhfkQHSoSCUbTS44Rk3SAk99NJr1R2K+4cZJV4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFrup4QllIzrgHUsVjbjxs/nFU3JulT4JY21LIZmrvycyGhkzjgLbGVEcmmVvJv7ndVIMr/1MqCRFrthiUZhKgjGZvU/6QnOGcmwJZVrYWwkbUk0Z2pCKNgRv+eVV0qxWPLfi3V2Wa9U8jgKcwhlcgAdXUINbqEMDGCh4hld4c4zz4rw7H4vWNSefOYE/cD5/AA+6kHQ=</latexit><latexit sha1_base64="dfBrVjpBmIacJJFtB960+Ph4Tfk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Fjw4rGK/cA2lM120y7dbMLuRChp/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm5nfeuLaiFg94DjhfkQHSoSCUbTS44Rk3SAk99NJr1R2K+4cZJV4OSlDjnqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFrup4QllIzrgHUsVjbjxs/nFU3JulT4JY21LIZmrvycyGhkzjgLbGVEcmmVvJv7ndVIMr/1MqCRFrthiUZhKgjGZvU/6QnOGcmwJZVrYWwkbUk0Z2pCKNgRv+eVV0qxWPLfi3V2Wa9U8jgKcwhlcgAdXUINbqEMDGCh4hld4c4zz4rw7H4vWNSefOYE/cD5/AA+6kHQ=</latexit>

XSP(SH

S
|I)XH

S
<latexit sha1_base64="sW43/2q/k+X8618mqU8w1U8s5i0="></latexit><latexit sha1_base64="sW43/2q/k+X8618mqU8w1U8s5i0="></latexit><latexit sha1_base64="sW43/2q/k+X8618mqU8w1U8s5i0="></latexit><latexit sha1_base64="sW43/2q/k+X8618mqU8w1U8s5i0="></latexit>

XPP(SH

P
|I)XH

P
<latexit sha1_base64="zOv4oAWVJnpRQzP/7Y6ScyNr+dA="></latexit><latexit sha1_base64="zOv4oAWVJnpRQzP/7Y6ScyNr+dA="></latexit><latexit sha1_base64="zOv4oAWVJnpRQzP/7Y6ScyNr+dA="></latexit><latexit sha1_base64="zOv4oAWVJnpRQzP/7Y6ScyNr+dA="></latexit>

XP(SH |I)XH

<latexit sha1_base64="Y98V48t0zMLU3iHJ8kZbnNHwO8E="></latexit><latexit sha1_base64="Y98V48t0zMLU3iHJ8kZbnNHwO8E="></latexit><latexit sha1_base64="Y98V48t0zMLU3iHJ8kZbnNHwO8E="></latexit><latexit sha1_base64="Y98V48t0zMLU3iHJ8kZbnNHwO8E="></latexit>

*T. Ali, A. S. Bondre, C. D. Richmond, IEEE Radar Conference, New York, March 21—25, 2022. 

⇤̃GLRT (X) =
|XP(SH |I)XH |

|XPP(SH

P
|I)XH

P
+XSP(SH

S
|I)XH

S
|

H1

>

<

H0

⌘̃GLRT

<latexit sha1_base64="bbMmEB9LMm/4hmA4zYtRyaGAr1U="></latexit><latexit sha1_base64="bbMmEB9LMm/4hmA4zYtRyaGAr1U="></latexit><latexit sha1_base64="bbMmEB9LMm/4hmA4zYtRyaGAr1U="></latexit><latexit sha1_base64="bbMmEB9LMm/4hmA4zYtRyaGAr1U="></latexit>

bHC0 = XS
H(SSH)�1

<latexit sha1_base64="mjOF4lse7tkh0GwKYtf6gJNXEoA=">AAACH3icbVDLSsNAFJ34rPUVdelmsAh1YUlE1I1Q7KbLSu0DmrRMppN26OTBzEQpIX/ixl9x40IRcde/cZpkoa0XBs7jXu7c44SMCmkYM21ldW19Y7OwVdze2d3b1w8O2yKIOCYtHLCAdx0kCKM+aUkqGemGnCDPYaTjTGpzv/NIuKCB/yCnIbE9NPKpSzGSShroV9YTHZIxkjC2HBfWk0FcMxJ4m9FuM+nXYTkjzZSc9eNzMxnoJaNipAWXgZmDEsirMdC/rWGAI4/4EjMkRM80QmnHiEuKGUmKViRIiPAEjUhPQR95RNhxel8CT5UyhG7A1fMlTNXfEzHyhJh6jur0kByLRW8u/uf1Iune2DH1w0gSH2eL3IhBGcB5WHBIOcGSTRVAmFP1V4jHiCMsVaRFFYK5ePIyaF9UTKNi3l+Wqnd5HAVwDE5AGZjgGlRBHTRAC2DwDF7BO/jQXrQ37VP7ylpXtHzmCPwpbfYDB0qgbg==</latexit><latexit sha1_base64="mjOF4lse7tkh0GwKYtf6gJNXEoA=">AAACH3icbVDLSsNAFJ34rPUVdelmsAh1YUlE1I1Q7KbLSu0DmrRMppN26OTBzEQpIX/ixl9x40IRcde/cZpkoa0XBs7jXu7c44SMCmkYM21ldW19Y7OwVdze2d3b1w8O2yKIOCYtHLCAdx0kCKM+aUkqGemGnCDPYaTjTGpzv/NIuKCB/yCnIbE9NPKpSzGSShroV9YTHZIxkjC2HBfWk0FcMxJ4m9FuM+nXYTkjzZSc9eNzMxnoJaNipAWXgZmDEsirMdC/rWGAI4/4EjMkRM80QmnHiEuKGUmKViRIiPAEjUhPQR95RNhxel8CT5UyhG7A1fMlTNXfEzHyhJh6jur0kByLRW8u/uf1Iune2DH1w0gSH2eL3IhBGcB5WHBIOcGSTRVAmFP1V4jHiCMsVaRFFYK5ePIyaF9UTKNi3l+Wqnd5HAVwDE5AGZjgGlRBHTRAC2DwDF7BO/jQXrQ37VP7ylpXtHzmCPwpbfYDB0qgbg==</latexit><latexit sha1_base64="mjOF4lse7tkh0GwKYtf6gJNXEoA=">AAACH3icbVDLSsNAFJ34rPUVdelmsAh1YUlE1I1Q7KbLSu0DmrRMppN26OTBzEQpIX/ixl9x40IRcde/cZpkoa0XBs7jXu7c44SMCmkYM21ldW19Y7OwVdze2d3b1w8O2yKIOCYtHLCAdx0kCKM+aUkqGemGnCDPYaTjTGpzv/NIuKCB/yCnIbE9NPKpSzGSShroV9YTHZIxkjC2HBfWk0FcMxJ4m9FuM+nXYTkjzZSc9eNzMxnoJaNipAWXgZmDEsirMdC/rWGAI4/4EjMkRM80QmnHiEuKGUmKViRIiPAEjUhPQR95RNhxel8CT5UyhG7A1fMlTNXfEzHyhJh6jur0kByLRW8u/uf1Iune2DH1w0gSH2eL3IhBGcB5WHBIOcGSTRVAmFP1V4jHiCMsVaRFFYK5ePIyaF9UTKNi3l+Wqnd5HAVwDE5AGZjgGlRBHTRAC2DwDF7BO/jQXrQ37VP7ylpXtHzmCPwpbfYDB0qgbg==</latexit><latexit sha1_base64="mjOF4lse7tkh0GwKYtf6gJNXEoA=">AAACH3icbVDLSsNAFJ34rPUVdelmsAh1YUlE1I1Q7KbLSu0DmrRMppN26OTBzEQpIX/ixl9x40IRcde/cZpkoa0XBs7jXu7c44SMCmkYM21ldW19Y7OwVdze2d3b1w8O2yKIOCYtHLCAdx0kCKM+aUkqGemGnCDPYaTjTGpzv/NIuKCB/yCnIbE9NPKpSzGSShroV9YTHZIxkjC2HBfWk0FcMxJ4m9FuM+nXYTkjzZSc9eNzMxnoJaNipAWXgZmDEsirMdC/rWGAI4/4EjMkRM80QmnHiEuKGUmKViRIiPAEjUhPQR95RNhxel8CT5UyhG7A1fMlTNXfEzHyhJh6jur0kByLRW8u/uf1Iune2DH1w0gSH2eL3IhBGcB5WHBIOcGSTRVAmFP1V4jHiCMsVaRFFYK5ePIyaF9UTKNi3l+Wqnd5HAVwDE5AGZjgGlRBHTRAC2DwDF7BO/jQXrQ37VP7ylpXtHzmCPwpbfYDB0qgbg==</latexit>

(under H0) (under H1) bHC1 = XSS
H

S
(SSS

H

S
)�1

<latexit sha1_base64="CPMHAGaCgfmTlTamhXtYlUwXpDA="></latexit><latexit sha1_base64="CPMHAGaCgfmTlTamhXtYlUwXpDA="></latexit><latexit sha1_base64="CPMHAGaCgfmTlTamhXtYlUwXpDA="></latexit><latexit sha1_base64="CPMHAGaCgfmTlTamhXtYlUwXpDA="></latexit>
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HCSS
<latexit sha1_base64="yjKgZQ61GYparip9VgcIaaaQZ7o=">AAACGHicbZC7TsMwFIYdrqXcAh1ZLCokpipBSDBWdGEElRakpopOXIea2k5kO6AoyouwsMJbsCFWNl6CZ8ApHbgdydan/z9H5+iPUs608bx3Z25+YXFpubZSX11b39h0t7b7OskUoT2S8ERdRaApZ5L2DDOcXqWKgog4vYwmncq/vKVKs0RemDylQwHXksWMgLFS6DaKIIrxaRl28JS6ZdgN3abX8qaF/4I/gyaa1VnofgSjhGSCSkM4aD3wvdQMC1CGEU7LepBpmgKZwDUdWJQgqB4W0+NLvGeVEY4TZZ80eKp+nyhAaJ2LyHYKMGP926vE/7xBZuLjYcFkmhkqydeiOOPYJLhKAo+YosTw3AIQxeytmIxBATE2r3og6R1JhAA5KgIBN2X1m3GsYFLagPzfcfyF/kHL91r++WGzfTKLqoZ20C7aRz46Qm10is5QDxGUowf0iJ6ce+fZeXFev1rnnNlMA/0o5+0TRfigSw==</latexit><latexit sha1_base64="yjKgZQ61GYparip9VgcIaaaQZ7o=">AAACGHicbZC7TsMwFIYdrqXcAh1ZLCokpipBSDBWdGEElRakpopOXIea2k5kO6AoyouwsMJbsCFWNl6CZ8ApHbgdydan/z9H5+iPUs608bx3Z25+YXFpubZSX11b39h0t7b7OskUoT2S8ERdRaApZ5L2DDOcXqWKgog4vYwmncq/vKVKs0RemDylQwHXksWMgLFS6DaKIIrxaRl28JS6ZdgN3abX8qaF/4I/gyaa1VnofgSjhGSCSkM4aD3wvdQMC1CGEU7LepBpmgKZwDUdWJQgqB4W0+NLvGeVEY4TZZ80eKp+nyhAaJ2LyHYKMGP926vE/7xBZuLjYcFkmhkqydeiOOPYJLhKAo+YosTw3AIQxeytmIxBATE2r3og6R1JhAA5KgIBN2X1m3GsYFLagPzfcfyF/kHL91r++WGzfTKLqoZ20C7aRz46Qm10is5QDxGUowf0iJ6ce+fZeXFev1rnnNlMA/0o5+0TRfigSw==</latexit><latexit sha1_base64="yjKgZQ61GYparip9VgcIaaaQZ7o=">AAACGHicbZC7TsMwFIYdrqXcAh1ZLCokpipBSDBWdGEElRakpopOXIea2k5kO6AoyouwsMJbsCFWNl6CZ8ApHbgdydan/z9H5+iPUs608bx3Z25+YXFpubZSX11b39h0t7b7OskUoT2S8ERdRaApZ5L2DDOcXqWKgog4vYwmncq/vKVKs0RemDylQwHXksWMgLFS6DaKIIrxaRl28JS6ZdgN3abX8qaF/4I/gyaa1VnofgSjhGSCSkM4aD3wvdQMC1CGEU7LepBpmgKZwDUdWJQgqB4W0+NLvGeVEY4TZZ80eKp+nyhAaJ2LyHYKMGP926vE/7xBZuLjYcFkmhkqydeiOOPYJLhKAo+YosTw3AIQxeytmIxBATE2r3og6R1JhAA5KgIBN2X1m3GsYFLagPzfcfyF/kHL91r++WGzfTKLqoZ20C7aRz46Qm10is5QDxGUowf0iJ6ce+fZeXFev1rnnNlMA/0o5+0TRfigSw==</latexit><latexit sha1_base64="yjKgZQ61GYparip9VgcIaaaQZ7o=">AAACGHicbZC7TsMwFIYdrqXcAh1ZLCokpipBSDBWdGEElRakpopOXIea2k5kO6AoyouwsMJbsCFWNl6CZ8ApHbgdydan/z9H5+iPUs608bx3Z25+YXFpubZSX11b39h0t7b7OskUoT2S8ERdRaApZ5L2DDOcXqWKgog4vYwmncq/vKVKs0RemDylQwHXksWMgLFS6DaKIIrxaRl28JS6ZdgN3abX8qaF/4I/gyaa1VnofgSjhGSCSkM4aD3wvdQMC1CGEU7LepBpmgKZwDUdWJQgqB4W0+NLvGeVEY4TZZ80eKp+nyhAaJ2LyHYKMGP926vE/7xBZuLjYcFkmhkqydeiOOPYJLhKAo+YosTw3AIQxeytmIxBATE2r3og6R1JhAA5KgIBN2X1m3GsYFLagPzfcfyF/kHL91r++WGzfTKLqoZ20C7aRz46Qm10is5QDxGUowf0iJ6ce+fZeXFev1rnnNlMA/0o5+0TRfigSw==</latexit>

(?) · (?)H
<latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit>

(?) · (?)H
<latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit>

(?) · (?)H
<latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit><latexit sha1_base64="zsILlw+YAfsp4XAiu1WRnKOu+MI="></latexit>

bR
<latexit sha1_base64="kJFWSO/fiA5ppmZTmtwm/Q+qACI=">AAACFXicbVBNT9tAEF1DaWmgxW2PvayIKnGKbIQEx6hcekyrhkSKo2i8HpNtdtfW7jhRZOV3cOEK/4Ib6rXn/gl+A3bwga8nzejpvRnN6MW5ko6C4L+3sflm6+277fetnd0PH/f8T5/PXFZYgX2RqcwOY3CopME+SVI4zC2CjhUO4tlp7Q/maJ3MzG9a5jjWcG5kKgVQJU18P1rIBKdAvIzilP9aTfx20AnW4C9J2JA2a9Cb+HdRkolCoyGhwLlRGOQ0LsGSFApXrahwmIOYwTmOKmpAoxuX689X/FulJDzNbFWG+Fp9vFGCdm6p42pSA03dc68WX/NGBaUn41KavCA04uFQWihOGa9j4Im0KEgtKwLCyupXLqZgQVAVVisyuBCZ1mCSMtLwZ1V3mqYWZnVA4fM4XpKzw04YdMKfR+3u9yaqbfaV7bMDFrJj1mU/WI/1mWBzdsmu2LV34d14t97fh9ENr9n5wp7A+3cP04eflg==</latexit><latexit sha1_base64="kJFWSO/fiA5ppmZTmtwm/Q+qACI=">AAACFXicbVBNT9tAEF1DaWmgxW2PvayIKnGKbIQEx6hcekyrhkSKo2i8HpNtdtfW7jhRZOV3cOEK/4Ib6rXn/gl+A3bwga8nzejpvRnN6MW5ko6C4L+3sflm6+277fetnd0PH/f8T5/PXFZYgX2RqcwOY3CopME+SVI4zC2CjhUO4tlp7Q/maJ3MzG9a5jjWcG5kKgVQJU18P1rIBKdAvIzilP9aTfx20AnW4C9J2JA2a9Cb+HdRkolCoyGhwLlRGOQ0LsGSFApXrahwmIOYwTmOKmpAoxuX689X/FulJDzNbFWG+Fp9vFGCdm6p42pSA03dc68WX/NGBaUn41KavCA04uFQWihOGa9j4Im0KEgtKwLCyupXLqZgQVAVVisyuBCZ1mCSMtLwZ1V3mqYWZnVA4fM4XpKzw04YdMKfR+3u9yaqbfaV7bMDFrJj1mU/WI/1mWBzdsmu2LV34d14t97fh9ENr9n5wp7A+3cP04eflg==</latexit><latexit sha1_base64="kJFWSO/fiA5ppmZTmtwm/Q+qACI=">AAACFXicbVBNT9tAEF1DaWmgxW2PvayIKnGKbIQEx6hcekyrhkSKo2i8HpNtdtfW7jhRZOV3cOEK/4Ib6rXn/gl+A3bwga8nzejpvRnN6MW5ko6C4L+3sflm6+277fetnd0PH/f8T5/PXFZYgX2RqcwOY3CopME+SVI4zC2CjhUO4tlp7Q/maJ3MzG9a5jjWcG5kKgVQJU18P1rIBKdAvIzilP9aTfx20AnW4C9J2JA2a9Cb+HdRkolCoyGhwLlRGOQ0LsGSFApXrahwmIOYwTmOKmpAoxuX689X/FulJDzNbFWG+Fp9vFGCdm6p42pSA03dc68WX/NGBaUn41KavCA04uFQWihOGa9j4Im0KEgtKwLCyupXLqZgQVAVVisyuBCZ1mCSMtLwZ1V3mqYWZnVA4fM4XpKzw04YdMKfR+3u9yaqbfaV7bMDFrJj1mU/WI/1mWBzdsmu2LV34d14t97fh9ENr9n5wp7A+3cP04eflg==</latexit><latexit sha1_base64="kJFWSO/fiA5ppmZTmtwm/Q+qACI=">AAACFXicbVBNT9tAEF1DaWmgxW2PvayIKnGKbIQEx6hcekyrhkSKo2i8HpNtdtfW7jhRZOV3cOEK/4Ib6rXn/gl+A3bwga8nzejpvRnN6MW5ko6C4L+3sflm6+277fetnd0PH/f8T5/PXFZYgX2RqcwOY3CopME+SVI4zC2CjhUO4tlp7Q/maJ3MzG9a5jjWcG5kKgVQJU18P1rIBKdAvIzilP9aTfx20AnW4C9J2JA2a9Cb+HdRkolCoyGhwLlRGOQ0LsGSFApXrahwmIOYwTmOKmpAoxuX689X/FulJDzNbFWG+Fp9vFGCdm6p42pSA03dc68WX/NGBaUn41KavCA04uFQWihOGa9j4Im0KEgtKwLCyupXLqZgQVAVVisyuBCZ1mCSMtLwZ1V3mqYWZnVA4fM4XpKzw04YdMKfR+3u9yaqbfaV7bMDFrJj1mU/WI/1mWBzdsmu2LV34d14t97fh9ENr9n5wp7A+3cP04eflg==</latexit>

| · |
<latexit sha1_base64="+7g4jhk3vZj0Z1YttWw43/hQOrI=">AAACFHicbZDLihNBFIar4y3GS1pn6aYwCK5CtwgzMJugG5cRJhdIh3C6ujopU5em6vRI6OQ13LjVt5jd4Hb28xLzDFOdZKGJB6r4+P9zOIc/LaRwGEW3QePBw0ePnzSftp49f/GyHb56PXSmtIwPmJHGjlNwXArNByhQ8nFhOahU8lG6/Fz7o0tunTD6AlcFnyqYa5ELBuilWdhe0+ScJiwzWMN6FnaibrQtegzxHjpkX/1ZeJdkhpWKa2QSnJvEUYHTCiwKJvmmlZSOF8CWMOcTjxoUd9Nqe/iGvvNKRnNj/dNIt+rfExUo51Yq9Z0KcOEOvVr8nzcpMT+bVkIXJXLNdovyUlI0tE6BZsJyhnLlAZgV/lbKFmCBoc+qlWj+nRmlQGdVouDbpv5xkVtYbnxA8WEcxzD80I2jbvz1Y6f3aR9Vk7whb8l7EpNT0iNfSJ8MCCMl+Ul+kd/Bj+AquA7+7FobwX7mhPxTwc09khKeSA==</latexit><latexit sha1_base64="+7g4jhk3vZj0Z1YttWw43/hQOrI=">AAACFHicbZDLihNBFIar4y3GS1pn6aYwCK5CtwgzMJugG5cRJhdIh3C6ujopU5em6vRI6OQ13LjVt5jd4Hb28xLzDFOdZKGJB6r4+P9zOIc/LaRwGEW3QePBw0ePnzSftp49f/GyHb56PXSmtIwPmJHGjlNwXArNByhQ8nFhOahU8lG6/Fz7o0tunTD6AlcFnyqYa5ELBuilWdhe0+ScJiwzWMN6FnaibrQtegzxHjpkX/1ZeJdkhpWKa2QSnJvEUYHTCiwKJvmmlZSOF8CWMOcTjxoUd9Nqe/iGvvNKRnNj/dNIt+rfExUo51Yq9Z0KcOEOvVr8nzcpMT+bVkIXJXLNdovyUlI0tE6BZsJyhnLlAZgV/lbKFmCBoc+qlWj+nRmlQGdVouDbpv5xkVtYbnxA8WEcxzD80I2jbvz1Y6f3aR9Vk7whb8l7EpNT0iNfSJ8MCCMl+Ul+kd/Bj+AquA7+7FobwX7mhPxTwc09khKeSA==</latexit><latexit sha1_base64="+7g4jhk3vZj0Z1YttWw43/hQOrI=">AAACFHicbZDLihNBFIar4y3GS1pn6aYwCK5CtwgzMJugG5cRJhdIh3C6ujopU5em6vRI6OQ13LjVt5jd4Hb28xLzDFOdZKGJB6r4+P9zOIc/LaRwGEW3QePBw0ePnzSftp49f/GyHb56PXSmtIwPmJHGjlNwXArNByhQ8nFhOahU8lG6/Fz7o0tunTD6AlcFnyqYa5ELBuilWdhe0+ScJiwzWMN6FnaibrQtegzxHjpkX/1ZeJdkhpWKa2QSnJvEUYHTCiwKJvmmlZSOF8CWMOcTjxoUd9Nqe/iGvvNKRnNj/dNIt+rfExUo51Yq9Z0KcOEOvVr8nzcpMT+bVkIXJXLNdovyUlI0tE6BZsJyhnLlAZgV/lbKFmCBoc+qlWj+nRmlQGdVouDbpv5xkVtYbnxA8WEcxzD80I2jbvz1Y6f3aR9Vk7whb8l7EpNT0iNfSJ8MCCMl+Ul+kd/Bj+AquA7+7FobwX7mhPxTwc09khKeSA==</latexit><latexit sha1_base64="+7g4jhk3vZj0Z1YttWw43/hQOrI=">AAACFHicbZDLihNBFIar4y3GS1pn6aYwCK5CtwgzMJugG5cRJhdIh3C6ujopU5em6vRI6OQ13LjVt5jd4Hb28xLzDFOdZKGJB6r4+P9zOIc/LaRwGEW3QePBw0ePnzSftp49f/GyHb56PXSmtIwPmJHGjlNwXArNByhQ8nFhOahU8lG6/Fz7o0tunTD6AlcFnyqYa5ELBuilWdhe0+ScJiwzWMN6FnaibrQtegzxHjpkX/1ZeJdkhpWKa2QSnJvEUYHTCiwKJvmmlZSOF8CWMOcTjxoUd9Nqe/iGvvNKRnNj/dNIt+rfExUo51Yq9Z0KcOEOvVr8nzcpMT+bVkIXJXLNdovyUlI0tE6BZsJyhnLlAZgV/lbKFmCBoc+qlWj+nRmlQGdVouDbpv5xkVtYbnxA8WEcxzD80I2jbvz1Y6f3aR9Vk7whb8l7EpNT0iNfSJ8MCCMl+Ul+kd/Bj+AquA7+7FobwX7mhPxTwc09khKeSA==</latexit>
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Outline 

•  Adaptive Target Detection for Conventional Radar 

•  Adaptive Target Detection for Cognitive Radar 

•  Deep Neural Network (DNN) based Target Detection 

•  Summary 
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Model Aided DNN Design 

Model-based 
Methods 

DNN-based 
Methods 

Model-Aided 
DNN Methods 

•  Aware of the statistical model 
•  Requires smaller amounts    

of data 
•  Sensitive to model 

inaccuracies 
•  Algorithms balance 

complexity and optimality 

•  Model-free and data driven 
•  Difficulty generalizing and may 

overfit 
•  Requires large amounts of 

training set 
•  Sensitive to training 

•  Hybrid approach that employs 
data driven techniques aided 
by knowledge from model-
based approaches  

•  Reduce required training  
•  Improve convergence rates. 

B Tolooshams , N Shlezinger, D Ba, Y Eldar ,”Tutorial on Model Based Deep Learning in Signal Processing”, ICASSP 2021 
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DNN Based Detector: First Attempts 

•  We tried training DNN to classify data as “target bearing” or “target free”: 

Detector 
Network 

Detector 
Network 

PFA = 0.3 

PFA = 0.3 

•  GLRT exploits knowledge of waveform.  Thus, we tried: 

1.0 

0.5 

PD 

1.0 

0.7 

PD 

SNR (dB) 
20 10 0 

SNR (dB) 
20 10 0 -10 
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DNN Based Adaptive Detector: Architecture 

•  Waveform history provided as input to the DNN 

Threshold Secondary samples 
Primary samples 

Detector 
Network 
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DNN Based Adaptive Detector: Network Layers 

Input Layer

Fully connected Layer with relu 
activation

Concatenate

Input Layer

Fully connected Layer with softmax 
activation

Fully connected Layer with relu 
activation

Threshold

Normalization Layer Normalization Layer

Fully connected Layer with relu 
activation

Determined 
using 

Monte Carlo 
Simulations 

DNN Network Details 
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Simulation Results 

•  ULA of           sensors 

•  Single Point Target with zero doppler and five discrete 
point clutter placed randomly relative to the boresight 
of antenna array i.e.  

•  Zero mean Complex Gaussian Noise 

•  Rician Model of the Channel Matrices 

•  Waveform selected from Complex Gaussian 
distribution 
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Simulation Results 

DNN Detector vs GLRT, K=25, M=5 DNN Detector vs GLRT, K=25, M=10 
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Model Aided DNN Detector: Clutter Removal 

Threshold 

Clutter Channel 
Est. Network 

Detection 
Network 

Secondary samples 
Primary samples 

Clutter Subtraction 

DNN-Based 
Clutter Channel  

Matrix Estimation 
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Model Aided DNN based Detector 

Input Layer

Fully connected Layer with tanh 
activation

Fully connected Layer with tanh 
activation

Reshape Layer (R2C)

Input Layer

Fully connected Layer with 
softmax activation

Fully connected Layer with relu 
activation

Threshold

Normalization Layer

Fully connected Layer with 
linear activation

Normalization Layer

Fully connected Layer with relu 
activation

Clutter Channel 
Est. Network 

Detector 
Network 

Determined 
using 

Monte Carlo 
Simulations 

DNN Network Details 
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Simulation Results 

Model aided DNN Detector vs GLRT, 
K=25, M=5 

Model aided vs model free DNN 
Detector, K=25, M=05 
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Model Aided DNN based Detector 

Threshold 

Clutter Channel Est.  

Detection 
Network 

Secondary samples 
Primary samples 

ĤC1 = XSS
H

S
(SSS

H

S
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Clutter Subtraction 

Max. Likelihood 
Clutter Channel  

Matrix Estimation 
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Simulation Results 

Model aided DNN Detector vs GLRT, 
K=25, M=5 

Model aided vs Model free DNN 
Detector, K=25, M=5 
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Outline 

•  Adaptive Target Detection for Conventional Radar 

•  Adaptive Target Detection for Cognitive Radar 

•  Deep Neural Network (DNN) based Target Detection 

•  Summary 
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Summary 

•  DNNs have difficulty generalizing without extensive amounts of training data 

•  Model-based GLRT makes efficient use of available data and performs robustly 
–  Uses knowledge of waveform 

–  Performs clutter removal / nulling 

–  Whitens / nulls waveform independent colored noise 

•  DNN architecture modified to incorporate operations similar to GLRT results in 
significant improvement in DNN performance and convergence rate 

•  DNN can ultimately outperform GLRT after full “transfer learning” 
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Cognitive Radar Detection: Next Step 

Secondary samples 
Primary samples 

HCSS
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Random Channel Matrix-Based Cognitive Radar/Sonar,” in 
2021 IEEE Radar Conference (RadarConf21), 2021, pp. 1–6. 

•  T. Ali, A. S. Bondre, C. D. Richmond, "Adaptive Detection 
Algorithms for Channel Matrix-Based Cognitive Radar/Sonar," 
2022 IEEE Radar Conference (RadarConf22), 2022, pp. 1-6. 
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Questions & Comments   Welcome 
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Summary 

•  DNN-based target detection algorithm for channel matrix-
based Cognitive Radar Framework 

•  Leveraging knowledge from GLRT derived for same 
framework 

•  Improvement in detection performance compared to model 
based GLRT algorithm and data driven DNN algorithm 

•  Future work:  
–  Making the architecture more robust to colored noise 

–  Integrate DRL based transmitter  
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Adaptive Matched Filter (AMF) Detector 

Form the optimal Neyman-Pearson test statistic, that is, the LRT.  
Assume complex Gaussian statistics 

Return 

Test   Ratio 
  Likelihood Matched 

Filter 
(Weiner Soln) 

Known as the Adaptive Matched Filter (AMF) detector 

Since R unknown use Sample Covariance: 
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Generalized Likelihood Ratio Test (GLRT) 
Form the LRT based on the totality of data:  

Assume homogeneous complex gaussian statistics 

where  

Return 

Maximize likelihood functions over all unknown parameters: 

Known as Kelly’s / Khatri’s GLRT 

Test Cell 

Training 
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Adaptive Coherence Estimator (ACE) 

ψ 
v 

Target array response 

x 
•  ACE statistic compares energy projected 

onto v to total power in x 

•  Inner product space defined wrt inverse 
of data covariance 

–  in whitened space 

Return 
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Classical Sidelobe Blanking 

Directional Channel 

Omni-directional Channel 

θ

θ

≥
<

Threshold 

≥
<

Threshold 

Comparator 

Output 
Gate 

Input 

θTime 

Typical Comparator Input 

Channel Magnitude Response 

Angle 

Power in Target 
Direction 

Total Power from  
All Directions 

Strong 
Signal 

Ch 1 
Ch 2 Ch 1 

Ch 2 

Strong 
Signal 

Return 
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2-D Adaptive Sidelobe Blanker (ASB) Detector 

Fails  
AMF & ACE 

Passes 
ACE 

Passes AMF 

Region of Declared 
Detections 

1 

0 

“
Si

de
lo

be
 B

la
nk

in
g”

 

Step 1: Beamforming 

Step 2 : “Sidelobe Blanking” 

Power in Target 
Direction 

Power in Target 
Direction 

Total Power From 
All Directions 

2-D ASB Detector 

“Directional Beamformer” 

Return 

tAMF > ⌘amf

tAMF > ⌘ace · xH bR�1x tAMF

tACE

⌘amf

⌘ace
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Model Free DNN based Detector 

DNN Block Layers 

Branch 1 & 2 Layer 1: Input Layer with real and imaginary parts of the waveform and data 
vectors stacked 
Layer 2: Normalization Layer 
Layer 3: Dense layer with 128 perceptrons, activation: tanh 
Layer 4: Dense layer with 64 perceptrons, activation:  tanh 

Detection Block Layer 1: Concatenation Layer 
Layer 2: Dense layer with 128 perceptrons, activation: relu 
Layer 3: Dense layer with 64 perceptrons, activation: relu  
Layer 4: Dense with 01 perceptron, activation: softmax 

Threshold Determined using Monte Carlo Simulations corresponding to particular PFA 

Return 
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Model Aided DNN based Detector  

DNN Block Layers 

Clutter Channel Estimation 
Block 

Layer 1: Input Layer with real and imaginary parts of the secondary waveform 
and data vectors stacked 
Layer 2: Normalization Layer 
Layer 3: Dense layer with 128 perceptrons, activation: tanh 
Layer 4: Dense layer with 64 perceptrons, activation: tanh  
Layer 5: Dense layer with               perceptrons, activation: linear 
Layer 6: Reshape Layer  

Detection Block Layer 1: Input Layer with real and imaginary parts of the primary waveform and 
data vectors stacked 
Layer 2: Normalization Layer 
Layer 3: Dense layer with 128 perceptrons, activation: relu 
Layer 4: Dense layer with 64 perceptrons, activation: relu  
Layer 5: Dense with 01 perceptron, activation: softmax 

Threshold Determined using Monte Carlo Simulations corresponding to particular PFA 

Return 


