Detection and motion parameters estimation
techniques in Forward Scatter Radar

by

Nertjana Ustalli

A thesis submitted

in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Information and Communications Technologies
Curriculum in Radar and Remote sensing
at
Sapienza University of Rome

February 2018

Cycle XXX

Author Nertjana Ustalli
Department of Information Engineering, Electronics
and Telecommunications

Thesis Supervisor Prof. Debora Pastina
Department of Information Engineering, Electronics
and Telecommunications



This thesis was evaluated by the two following external referees:
Prof. Mikhail Cherniakov, University of Birmingham, Birmingham, UK
Dr. Carmine Clemente, University of Strathclyde, Glasgow, UK

The time and effort of the external referees in evaluating this thesis, as well as their
valuable and constructive suggestions, are very much appreciated and greatly
acknowledged.



Chank you to mp people,
to who surrounds me with hagpiness
lo who gives me love and & give lore,

lo who bélieves in me and in who & believe in.

. this work is dedicaled lo them

nertjanc ustall
Rome, stebruary 2018






Abstract

%ard scatter Radar systems designed to take advantage of the greater radar cross section,
that is robust to Radar Absorbing Material and other stealth technology, and of the long
integration times, due to the little phase and amplitude fluctuations, are attractive for a variety
of applications. Many of which fit well with the needs of augmentation of the surveillance
capabilities of low-observable targets that may have a small backscatter RCS when observed
with the conventional radar systems. This thesis reports on research into this field of radar

systems with additional contributions to target detection and motion parameters estimation.

Particularly, the first part of the thesis deals with the detection of moving targets that follow
a linear trajectory in a single node FSR configuration. The detection scheme based on a square-
law detector followed by an appropriate matched filter, here addressed as Crystal Video
Detector (CVD) following the traditional terminology (Crystal Video Receiver), has already
been put forward in the literature. Performance prediction and FSR system design were key
motivator to analytically characterize the detection performance of CVD in terms of both,
probability of false alarm and probability of detection. The derived closed-form expressions
were validate from Monte Carlo simulations under different geometrical conditions and from
experimental data acquired by a passive FSR based on FM signals. Furthermore, new detection
schemes based on the CVD ensuring the constant false alarm rate (CFAR) condition were
devised and analytically characterized. The performance analysis showed quite small losses of
the CFAR-CVD detectors compared to the fixed threshold CVD.

The second part of the thesis still handles the problem of target detection through the
derivation of innovative detection schemes based on the Generalized Likelihood Ratio Test
(GLRT). A comparison with the detection performance of the CVD has proven the better
performance of the GLRT-based detectors. In most cases the improvement has an upper bound
of 3 dB. However, there are specific circumstances where the standard FSR detector shows
significant losses while the GLRT schemes suffer a much smaller degradation. Moreover the
possibility to have a set of secondary data assumed target free, drove to the devising of new
GLRT schemes. The results demonstrated a non-negligible further improvement over the
previous GLRT schemes when the operation conditions get close to the near field transition

point. The detection performance of the derived detectors without and with secondary data
Vv



were analytically characterized. This analytical performance allowed to derive simplified
equivalent SNR expressions that relate the GLRT detection performance to the main system
and target parameters. These expressions showed to be useful for the design of effective FSR
geometries that guarantee desired detection performance for specific targets.

In the third part of the thesis the focus is moved to the motion parameters estimation through
both, a single baseline and a dual baseline FSR configuration. Accordingly, the Doppler
signature extracted from the Crystal Video based scheme is exploited. Following motion
parameters estimation approaches already introduced in the literature, a two dimensional filter
bank technique was proposed. The main target parameters encoding Doppler rate, main lobe
width and crossing time instant were estimated from such technique. The accuracy of the
proposed technique was investigated from a theoretical point of view through the derivation of
simplified closed-form expression of the Cramer Rao Lower Bound (CRLB). The analysis
proved that unbiased estimates of the desired target parameters can be obtained that approach
the derived CRLB in the high SNR region. After the dependence of the kinematic parameters
on the parameters estimated from the bank was exploited. The cross baseline velocity in a
single baseline configuration was estimated under the assumption that the baseline crossing
point is known. Meanwhile the dual baseline configuration ensures the possibility to estimate
also the baseline crossing point without a priori knowledge on the other target kinematic
parameters. Once more, the CRLB of the target motion parameters for both reference scenarios
was derived. The analysis proved that unbiased estimates of the target motion parameters can
be obtained with high accuracy even for low SNR conditions. The effectiveness of the
proposed approach was also shown from experimental data acquired by a passive FSR based on

FM signals.

Vi






Acknowledgements

This work was carried out during the year 2014-2017 at the “Radar Remote Sensing and
Navigation” (RRSN) group at the Department of Information Engineering and
Telecommunications, Sapienza University of Rome.

First of all, | would like to express my sincere gratitude to my supervisor Prof. D. Pastina and
to Prof. P. Lombardo for their support on my research during the PhD study. Thank you for
providing me valuable feedback and advice, motivations and great knowledge sharing. | truly

enjoyed working in this research environment that stimulates original thinking and initiative.

Sincere thanks goes to Dr. C. Bongioanni for his willingness to help and his valuable support
throughout these years.

I would also like to thank my PhD colleagues for the moments shared together during the
whole journey.

viii



» Contents

Contents
A 01 - Uod OSSR \
ACKNOWIEAGEMENTS ...ttt viii
I 0] 0 U= USSP Xii
LISE OF 1ADIES ...t b XiX
LISE OF CTONYMIS. ...ttt bbbttt b ben e XX
I 0] )Y/ 001 0T ] =P SR XXii
SYMDOIS With GIeeK IELEIS ....cveiviiiiie et st XXii
SymDBOIS With Latin IBHEIS.......ccuiiiieiiiees e XXV
Chapter 1 INtrOGUCTION. .....c.couiiiiiicie ettt 3
11 2 FE 1o (o {01 Lo TSR 3
1.2 IMIOTIVALION ...ttt sttt bbbt e 4
1.3 Objectives and NOVEl CONTIIDULIONS ..........cooiiiiiieiec e 5
1.4 TRESIS SITUCTUIE ...ttt ettt st e enes 7
Chapter 2 Forward Scatter Radar OVENVIEW..........cccvoveieieciciie et 10
2.1 L 0o 1014 T ] o USRS 10
2.2 Bistatic radar @SSENTIAIS ........veiviiieieieeie s 13
2.3 Forward Scatter Radar: phenomenology and applications ............ccccoeevvveveieiienienne. 17
24 Forward Scatter CrosSS-SECHION ........ccccuiriiieieiicie e ees 20
25 Signature of MOVING TArGET ........oviiiiiieee e 23
2.6 Target detection and motion parameters estimation ............ccccccvvevveevenieeieseseese e 27
2.7 Passive Forward Scatter RACAr ..........ccooiiieiiiiiie e e 30
SUIMIMIATY ..ttt bbbt b st b bt e bt ekt e s b eb e e b e e bt s bt e bt eb e e b e nbeebeenbesbeennenbe e 33
Chapter 3  Crystal Video Detector and performance analysisS..........ccccoocevoveienieieenenenienene 34
3.1 INEFOTUCTION ...ttt ettt et e seeereeneeaneas 34
3.2 Forward scatter Signal MOGEL............cooiiiiiiiii e 36
3.3 Crystal VidE0 DELECTON .......couvieiiiiiiiiieiieeee e 39
3.4 Performance analysis Of CVD ... 43
3.4.1 Probability of false alarm.............ccccoeiiiiiiiiii e 46



» Contents

3.4.2  Probability Of deteCtiON..........ccviiiiiiiiiiiceee s 54
35 CFAR CVD and performance analysiS..........cccooveueiiiiiereieiiee e seee e 59
3.5.1 CFAR CVD with secondary data...........cccccevvrireieiesiic i 60
3.5.2 CFAR CVD without SeCONdary data............ccoverveiririnininieneeeses e 65
3.5.1 CFAR CVD COMPAIISON ....ccuviuiiiiiisiistesiesresseeeeee sttt see s snesne e nneneas 70
RTU 0] = SRR 73
Chapter 4 GLRT-based techniques and performance analysis...........c.ccoceovvrininicnencnennenn 74
4.1 INEFOTUCTION ...ttt ettt ste e seeereeneesne s 74
4.2 GLRT-based detectors and performance analysis ..........cccocvvveveiieiesecicse e, 75
O R €1 I I (=] (=T (0] £ SO 76
4.2.2  Performance analySiS .........ccoooiiiiiiiieeiee s 80
4.3 Performance comparison with CVD and CFAR CVD ........ccccccvvviiiviiiiicvc e 87
4.4 GLRT-based detectors with secondary data and performance analysis .................... 89
441 GLRT-detectors with secondary data .............ccooveivririreneieneieee s 89
4.4.2  Performance analySiS ........cccooiiiiiiiiiieeeieee s 92
4.5 Signal to noise ratio analysis and design criteria for FSR system ..........c.ccccoevevenenn, 95
45.1 Theoretical closed form expression Of SNR ... 96
4.5.2 Design criteria for FSR SYSIEM .......cciiiiiiiiiisisere s 98
SUMMIAIY ..ttt ee ettt et e et e et e e s s e e e st e e sst e e et e e asteeese e e nsteeanteeeanteeeseeeanteeanseeeantenannenans 105
Chapter 5 Motion parameters estimation and performance analysis............cccoccevveivennenenn, 106
5.1 L 0o 1011 T ] o OSSPSR 106
5.2 Signal parameter estimation teChNIQUE.........cccccveiviiiiiie e 108
5.2.1 Two-dimensional filter bank approach .........ccccccocoviiiiiciiciiice e 108
5.2.2  Performance eValUatioNnS..........cccocveiiiiiiieieiise e 112
5.3 Accuracy performance aNalYSIS........ccoiieriierierieiriee e 118
5.3.1 Cramer R0 LOWEN BOUNG .........cccieiiiiiieiiiee et 119
5.3.2  Performance COMPAIISON ........ccciveeerereerieneaee e eeeeie e eseeseesneeseeseeeseeseeeseesaesneas 125
54 Target motion estimation and performance analysiS...........ccoceovrvininieninenenenen. 128
5.4.1 Single baseline configuration...........cocvieriiiie i 128
5.4.2 Dual baseline configuration ............ccoooirioiiiiie i 130
SUIMIMIATY ..ttt bbbt e bt h e btk e st eb ek e e bt e bt e s b ekt e st e nbeebe et e nbees e e nbenne s 134
Chapter 6 Experimental data in Passive FSR configuration..........c..cccoceevevievivevennie e, 136

X



» Contents

6.1 100 141 T ] o OSSPSR 136
6.2 ACQUISITION CAMPAIGN SEL-UD ...veiveerieiieeieite it see e sre ettt sre st sre e nre e 137
6.3 CVD detection PerfOrmManCe.........ccccveieieiieie s 141
6.4 Motion parameters eStIMALION ...........cooireiereieieee e 144
6.4.1 Single baseline CONFIQUIAtION...........cooiiiiiricic e 144
6.4.2 Dual baseline configuration ............cccoovvveiiiieiic i 148
SUIMIMAIY ..ttt Rt s et R e e sR e eh e R s Rt e sn e b e et e nneeReenenreereenrenne s 153
ConcluSions aNd FULUIE WOTK.........cooiiiiiieieiiee sttt e nee e 154
Appendix: Analytical deriVation .........c.cciiiiiiiiiic e e 160
Appendix A Moments 0f the CVD ... e 160
Appendix B Evaluation of the Pg, 0f the CVD ......ociiiiiiiiiice e 161
Appendix C Derivation of GLRT-based deteCtors..........ccocvvviveviiiiiiieve e 163
Appendix D Derivation of GLRT-based detectors with secondary data...........c...ccccvevennenn. 165
Appendix E Evaluation of the SNR of GLRT-1 and GLRT-2 detector ..........c.ccocvvvrvernennns 167
Appendix F Cramer Rao Lower Bound derivation of the 2D filter bank approach ............. 168
I 0 0] o101 o] FTo= L [0 4 PSR 172
R (=] 1] 1= PSS 173

Xi



» List of figures

List of figures

Figure 2.1 Concept of radar OPEratiON.........c.ccvcveiierieie ittt e e srenne e 10
Figure 2.2 MONOSEAtIC Fadar GEOMELIY. ....c..ciitiiieirieieiist ettt 11
Figure 2.3 BiStatiC radar GEOMELIY .........c.eiuiiitiieiirtiieiist ettt bbbt b et 11
Figure 2.4 Forward Scatter RAdar GEOMELIY. .........oiriiiriiieirieieisie et 12
Figure 2.5 Contour of constant SNR-ovals of Cassini, with K = 30L4 being X = RTRRmax2SNRmin
the bistatic radar constant (from [1]). .ocoeoeoeriiiiii e 15

Figure 2.6 Shadowing of the incident wave (the shadow field cancel the incident field behind the object).
A is the cross-section of the shadow beam and C is the shadow contour, i.e. the boundary between
the illuminated and the shadow sides of the object surface (reproduced from [29]). ....c.cccevvennnene. 18
Figure 2.7 lllustration of Babinet’s principle to solve scattering problem (reproduced from [5]). .......... 21
Figure 2.8 Radar cross section for spherical targets. Normalized values of monostatic radar cross-
Section and FSCS are shown as function of the normalized dimensionless parameter p=rnD/A (from
3 ) TSSOSO 22
Figure 2.9 Simulated 3D bistatic RCS for missile (a) with A=3 m and (b) with A=0.3 m and their
corresponding cross-sections in (c) and (d). In (c) and (d) the red line shows the RCS in the
azimuth plane; 0° is the backscatter direction and 180° is the Forward scatter (from [39]). ......... 23
Figure 2.10 Comparison of measured forward scatter signatures of (a) a rectangular metallic plate, (b)
absorbing rectangular plane and (c) simulated signature of absorbing plate (from [8] ). .............. 26
Figure 2.11 Recorded Doppler signature of the targets crossing the center of baseline: (a) small
inflatable boat, (b) medium size yacht and (c) large motor boat, ( from [8]). ....cccccoerviniriincnnne. 26
Figure 2.12 Normalized velocity estimation output: real data vs simulated data (from [10]). ................ 28
Figure 2.13 Comparison of the measured maritime target signature with matched waveforms from the
correlation processing. Left images show the GPS location and trajectories, middle images show
the measured target signatures and right images show the matching signature selected from the
correlation processing (from [8]). «..coeoereiieieee e 30
Figure 2.14 DVB-T and FM Doppler signatures and spectrograms of Cessna 172 ultralight aircraft at
the height of 659 M (FrOM [21] )..oee et 31
Figure 2.15 Measurements with 20 ms of integration time (from [31])....ccccccvvrierniininninieeeee 32
Figure 2.16 Signatures comparison for the same target model on different tests: (a) Fiat Punto Evo; (b)
Peugeot 107 (From [B3]). ceoereeireere bbb 32
Figure 3.1 (a) FSR system geometry and (b) top view of the FSR configuration............ccccceovevevcrennnnnn 36
X1l



» List of figures

Figure 3.2 (a) Received signal and (b) Pattern signature and Doppler signature of a target crossing the
baseline perpendicularly at MidPOINT.........cooiiiiieiiiinee e 38

Figure 3.3 Crystal Video Detector block diagram...........ccccviviiiieieie s 40

Figure 3.4 (a) Received signal and (b) Pattern signature and Doppler signature of a target crossing the
baseline perpendicularly at midpoint for different observation times when S=0.085...................... 43

Figure 3.5 (a) Received signal and (b) Pattern signature and Doppler signature of a target crossing the

baseline perpendicularly at midpoint for different observation times when S=0.76........................ 44
Figure 3.6 Simulated and theoretical P¢, as function of Tevp / (042 &) when §=0.085 and for (a)
DNSR=10 dB and () DNSR= 40 GB. ..........cccesrrrrrrrreresreerersisessessesseessesssseessesessssssesssesssssssssseees 50
Figure 3.7 Simulated and theoretical P¢, as function of Tevn/ (042 ¢) when S=0.76 and for (a) DNSR=10
dB and (0) DNSR= 40 UB.......ccccviueiiiiiieiiiiieieie sttt ettt sa et ss et e e esene s 51
Figure 3.8 Theoretical and approximated Py, as function of Teyp / (0n2 &) when S=0.085 and for (a)
DNSR=10 dB and () DNSR= 40 0B. ........ccecertrrriririeirisieisiseiesesee st esaesene s 52
Figure 3.9 Theoretical and approximated Py, as function of Teyp/(6n2¢) when S=0.76 and for (a)
DNSR=10 dB and () DNSR= 40 GB. ..........cccesrrrrrerrerisresresieseessesseesssssseesseseesssssesssesssssssssseees 52

Figure 3.10 Histogram and PDF of the normalized test statistic,qo /o4 When $=0.085 and (a) for a long
observation time, 7L and (b) short observation time, 1/2ML. ........cccccooviieiiininieie e 56

Figure 3.11 Histogram and PDF of the normalized test statistic, ¢y /o040 When $S=0.76 and (a) for a long

observation time, 7L and (b) short observation time, 1/2ML. ........c.cccccovveviiiiiiiiiie e, 56
Figure 3.12 Simulated and theoretical Pd of the CVD detector for a P,=10when (a) $=0.085 and (b)
T O T T TP TP P P UPTPRTPRPPRO 57
Figure 3.13 The term at the denominator of the analytical expression in eq. ( 3.35) when (a) S=0.085
QNG () SZO.76. ovvoeveeeeeeeeeeeeeeeeees e ee e e eee e s eeseee e e e s e ee s es s ee s e e s ee e e et ee s ee s ee e s 58
Figure 3.14 Theoretical and approximated Pd of the CVD detector for a Pi,=10°when (a) $=0.085 and
() STO.76. cvvoeveeeeeeeeee e e e eee e ee e s et s ettt sttt 58
Figure 3.15 CFAR CVD with secondary data block diagram............ccocveriiiiiiiiienne e 60
Figure 3.16 Histogram and PDF for different value of the DNSR of the test statistic, y, for an
observation time equal to the ML and (a) for S=0.085 and (b) for S=0.76. ........cccccevveviirenenenennn. 61
Figure 3.17 Simulated and theoretical Pz, of the CFAR CVD detector with secondary data for an
observation time equal to ML and for (a) S=0.085 and (b) S=0.76.........ccccoveririninienieeee e 62

Figure 3.18 Histogram and PDF of the normalized test statistic Y0 when $S=0.085 and (a) for a long
observation time,7L and (b) short observation time, 1/2ML. .........cccccooiiriinenincneeee e 64
Figure 3.19 Histogram and PDF of the normalized test statistic ¥0 when S=0.76 and (a) for a long

observation time,7L and (b) short observation time, 1/2ML. .........ccccooiiiiininincneee e 64

Xiii



» List of figures

Figure 3.20 Simulated and theoretical Pyof CFAR CVD detector with K=16 for a P;,=10° when (a)

S=0.085 NG (D) SZ0.76......vveoeeeereeeeeeeeeeeeeeseeese e ssse s 65
Figure 3.21 CFAR CVD without secondary data block diagram...........ccccceeveveieeieieninnie e 66
Figure 3.22 Histogram and PDF for different value of the DNSR of the test statistic, y, for an

observation time equal to the ML and (a) for S=0.085 and (b) for S=0.76. ........ccccocevevirerciinennn. 67
Figure 3.23 Simulated and theoretical Py, of the CFAR CVD detector without secondary data for an

observation time equal to ML and for (a) S=0.085 and (b) S=0.76........c.cccceceverivrivrieciereere e 67

Figure 3.24 Histogram and PDF of the normalized test statistic ¥»1 when $S=0.085 and (a) for a long
observation time,7L and (b) short observation time, 1/2ML. .........ccccceviveiiieiecce e 69

Figure 3.25 Histogram and PDF of the normalized test statistic ¥»1 when S=0.76 and (a) for a long

observation time,7L and (b) short observation time, 1/2ML..........cccccoovierinenienenineeieee e 69
Figure 3.26 Simulated and theoretical P4 of CVD CFAR detector without secondary data for a P,=107°
when (a) S=0.085 and (0) S=0.76. .......ciie et 70

Figure 3.27 Theoretical Pd for a P;,=100f the CVD detector compared to the CFAR CVD detector with
K=16 and CFAR CVD without secondary data when S=0.085 and for (a) long observation time,
7L, (b) main lobe, ML and (c) short observation time, 1/2ML.........cccccoceeiiiieiceniece e, 71

Figure 3.28 Theoretical Pd for a P;,=10® of the CVD detector compared to the CFAR CVD detector
with K=16 and CFAR CVD without secondary data when S=0.76 and for (a) long observation

time, 7L, (b) main lobe, ML and (c) short observation time, 1/2ML. ........ccccccovevviieiiniiee e 72
Figure 4.1 GLRT-1 detector bIoCk diagram..........c.cocveiiiiiiiicie e 77
Figure 4.2 GLRT-2 detector bIOCK diagram..........c.coviiiiiieiice e 78
Figure 4.3 GLRT-3 detector DIOCK diagram.........cooiiiiiiiirieieiseie e 79

Figure 4.4 Simulated and theoretical P¢, of GLRT-1 and GLRT-2 detectors as function of Tggyi for

i=1,2 when S=0.085 and for (a) long observation time, 7L and (b) for a short observation time,

Figure 4.5 Simulated and theoretical P¢, of GLRT-1 and GLRT-2 detectors as function of Tg gy for

i=1,2 when S=0.76 and for (a) long observation time, 7L and (b) for a short observation time,

LI2IMIL. 1t bbbk h e b bt bRt R e e R £ E e b e e b ehe R e e bt e Rt e nnenr et b 83
Figure 4.6 Simulated and theoretical Py, of GLRT-3detector as function of Tgrrs (8) for S=0.085, 7L
AN (D) TOF STO.76. .o bbbttt b ettt 84
Figure 4.7 Theoretical and simulated Pd for a P;=10" when $=0.085 (a) for a long observation
time,7L , (b) only main lobe, ML and (b) for a short observation,1/2 ML. .........c.cccccevniniiiennnnenn. 85
Figure 4.8 Theoretical and simulated Pd for a P;,=10"° when $=0.76 (a) for a long observation time,7L ,
(b) only main lobe, ML and (b) for a short observation,1/2 ML .........ccccceoiiininienieninieeese e 86

Xiv



» List of figures

Figure 4.9 Theoretical P4 of the GLRT-2 detector and CVD detector for different observation times and
for a P,=10" (a) when the target is in the deep far field area, $=0.085 and (b) when the target is
getting close to the near field, SZ0.76. ....c.ccveieiiii e 87

Figure 4.10 Theoretical P4 of the GLRT-3 detector and CFAR CVD without secondary data detector for

different observation times and for a P, =107 (a) when the target is in the deep far field area,

S$=0.085b and (b) when the target is getting close to the near field, S=0.76. .........c..cceveveveiernnn. 89
Figure 4.11 GLRT-2 with secondary data block diagram. ...........cccceoeiiineinienee e 91
Figure 4.12 GLRT-3 with secondary data block diagram. ...........ccccoeiiniininiie e 92

Figure 4.13 Simulated and theoretical P, of GLRT-2 detector with secondary data as function of
TGLRT?2' for a target getting close to the near field, S=0.76 and small observation time, 1/2ML
having set (A)M=N and (D)=M=4N. .......ccccciririir e 94

Figure 4.14 Simulated and theoretical Py, of GLRT-3detector with secondary data for M=N and M=4N
as function of TGLRT3' for a target getting close to the near field, S=0.76 and small observation
LT LT 2 Y RS 94

Figure 4.15 Simulated and theoretical Pd when S=0.76 and for small observation time, 1/2ML (a) of
GLRT-2 detector with secondary compared to GLRT-1 and GLRT-2 detector and (b) of GLRT-3

detector with secondary data compared to GLRT-1 and GLRT-3 detector. .........c.ccoevevverererrninnn. 95
Figure 4.16 DNSR necessary to ensure a P,=10°and a P4=0.9 as function of the baseline. ................... 99
Figure 4.17 SNR achievable from GLRT-1 and GLRT-2 detectors as function of the obsrvation time T for

different Values Of DINSR. ........ouiiiiiiie ettt b et b et sne 100
Figure 4.18 DNSR necessary to ensure a P,=10°and a P4=0.9 as function of the baseline crossing point.

....................................................................................................................................................... 101

Figure 4.19 DNSR necessary to ensure a P,=10°and a P¢=0.9 as function of the baseline crossing angle
(a) for a long integration time, T=15 sec and (b) for short integration time, T=1 seC.........c.......... 101
Figure 4.20 Pattern signature for baseline crossing angle p=0° and p=60° of a target size 2.5 x 1.5 m
crossing the baseline at midpoint for different integration times.........ccccevvvevivvierinineicrcre e 102
Figure 4.21 DNSR necessary to ensure a P,=10°and a P4=0.9 (a) as function of the velocity for a
perpendicular and midpoint crossing baseline and (b) as function of the target dimension. .......... 103
Figure 4.22 AmLkm as function of vmsfGHz (a) for a target crossing the baseline in the middle for

different value of shape parameter v and (b) for a target with a shape parameter v = 1/2 and

different baseling CrosSSiNg POINES, K. ....cviiiiiiiiiieiree e 104
Figure 5.1 Two-dimensional filter bank block diagram. ..., 109
Figure 5.2 Full construction of the impulSe reSPONSE. .........cvriiiiriieiree s 111

Figure 5.3 Received signal after DC removal for different target trajectories as defined in Table 5.1...113

XV



» List of figures

Figure 5.4 Spectrogram normalized with respect to its maximum related to (a) case study (A) and (b)

CASE SEUAY (B). vttt b bbbtk bbb bbbttt b 113
Figure 5.5 Radon transform of the spectrograms related to (a) case study (A) and (b) case study (B)...114
Figure 5.6 Spectrogram normalized with respect to its maximum related to (a) case study (C) and (b)

(o7 R (1 )Y () TSSO 114
Figure 5.7 Radon transform of the spectrograms related to (a) case study (C) and (b) case study (D)..114
Figure 5.8 (a) Received signal after DC removal filter when the target crosses the baseline with an angle

of 45° and at L/4 from the RX for a long observation time and (b) its spectrogram normalized with

respect to itS MaXimUM VAIUE. ..ot 115
Figure 5.9 Contour plot of A(¢ ;6) as function of the normalized Doppler rate error and of the

normalized main lobe width error (a) for a perpendicular and midpoint crossing baseline, (A) and

(b) for a midpoint and non-perpendicular crossing baseling, (B).........cccccvevvevieiieviesiee i 116
Figure 5.10 Contour plot of A(¢ ;0) as function of the normalized Doppler rate error and of the

normalized main lobe width error (a) for a perpendicular and non-midpoint crossing baseline, (C)

and (b) for a non-midpoint and non-perpendicular crossing baseling, (D). ......cccooerviirineiinennnn. 117
Figure 5.11 (a) 4(¢, 8)0 = 0 cut along the Doppler rate axis and (b) 4(¢, 8)¢p = ¢ cut along the main
10D WITTN @XIS. ..e.veeieiie bbbttt e e e s 117

Figure 5.12 Normalized elements of J(3) as function of SNR (a) of the case study (A) and (b) of the case

SEUAY (B). vttt ettt ettt ettt e b e bbbt b e bt b bbbt b R e b bbb bttt bbb 121
Figure 5.13 Normalized elements of J(3) as function of SNR (a) of the case study (C) and (b) of the case
(0o |V (0 ) USSR 122
Figure 5.14 Theoretical and approximated accuracy of the Doppler rate, crossing time and main lobe
width against SNR (a) for the case study (A) and (b) for the case study (B).......c.ccccevvevvereirnenen. 124
Figure 5.15 Theoretical and approximated accuracy of the Doppler rate, crossing time and main lobe
width against SNR for the case study (&) (C) and (D) (D). ....cooeveireiiniiniieeneee e 124

Figure 5.16 Phase error approximation as function of the observation time, T for all the case studies. 125

Figure 5.17 Normalized error standard deviation of the Doppler rate, the crossing time and the main
lobe width against integrated SNR (a) for the case study (A) and (b) for the case study (B)......... 126

Figure 5.18 Normalized error standard deviation of the Doppler rate, the crossing time and the main
lobe width against integrated SNR (a) for the case study (C) and (b) for the case study (D). ....... 127

Figure 5.19 Normalized error standard deviation of the Doppler rate, the crossing time and the main
lobe width against integrated SNR for the case study (D) and for an observation time equal to the
0T VTN T o= 128

Figure 5.20 Normalized error standard deviation of the cross-baseline velocity against integrated SNR of
LTI o= R (00 )V () SRS 130

XVi



» List of figures

Figure 5.21 (a) Dual-baseline FSR system geometry and (b) top view of the dual-baseline FSR
CONTIGUIBLION. ...ttt bbb bbb bbb bbbt b e bbb 131
Figure 5.22 Normalized error standard deviation (a)of the cross-baseline velocity and (b) of the baseline
crossing point against integrated SNR of the case study (A). .....ccoovrivriveieierce e 134
Figure 6.1 16L-Instrumental approach Chart. ............cccooviiiii i 138
Figure 6.2 Experimental topology of the FSR system used for data collection: the blue and the red

markers indicate the TX and RXs position respectively, the yellow lines are the baseline and the

red line indicates the trajectory of the aircraft during the landing...........ccccocoovniniiiiciicnnn, 139
Figure 6.3 (a)Multi channel receiver and (b)block diagram of the multi-channel receiver..................... 140
Figure 6.4 ICS-155 (GE Intelligence PIAfOrmMS). ........cccoiiiiiiiiiriieirsse s 140
Figure 6.5 Received signal time signature after DC removal filter of an Airbus A320 (Test-1).............. 142

Figure 6.6 (a) Theoretical Py, and Py, in presence of real data as function of T /(6,2 ¢) for different value
of DNSR and (b) theoretical Py and Py in presence of real data as function of T /(6,2 ¢) for three
different Value 0f DINSR. .......ooiiiiiiiii bbb 143

Figure 6.7 Received signal after square law detector and decimation of an Airbus A319 (Test-2). ....... 144

Figure 6.8 (a) Spectrogram of the signal received from RX1 and (b) its corresponding Radon transform

(TSE-2). ettt ettt b b bbb h bR e bR bR bRt R e bR et bbb s 145
Figure 6.9 Contour plot of A4(¢;6) as function of the Doppler rate and of the main lobe width. ........... 146
Figure 6.10 (a) A(¢p, 0) cut along Doppler rate axis and (b) A($ ;0) cut along the main lobe width axis.

....................................................................................................................................................... 147
Figure 6.11 Comparison of (a) the measured signal with (b) the impulse response of the matched filter,

Pls 07 (2] oo 147
Figure 6.12 Received signal after square law detector and decimation of a Boeing 737-800 (Test-3): (a)

RX1 ANG (D) RX e vvreeveeereeeseseeeeeeseeseeeseseesesaseseesesesseessseessseeseseeseesssseseseesesessesesseeessesseeesseees e eeseoe 148
Figure 6.13 (a) Spectrogram of the signal received from RX; and (b) spectrogram of the signal received

L0 LR YRR 149

Figure 6.14 Radon transform of the spectrogram related to (a) the signal received from RX; and (b) to
the signal reCcivVed fromM RXo. ...ovciiiiee bbbt 149

Figure 6.15 Contour plot of A(¢ ;6) as function of the Doppler rate and of the main lobe width related to
(8) RX1 AN (10) RX . ettt ettt bbbt n e e nae e 150

Figure 6.16 (a) A(¢ ;6) cut along Doppler rate axis and (b) A(¢ ;0) cut along the main lobe width axis.

Figure 6.17 Comparison of (a) the received signal from RX; with the (b) impulse response of the matched
fIIEr, Nyag (D) e 151



» List of figures

Figure 6.18 Comparison of (a) the received signal from RX, with the (b) impulse response of the matched
FIIEE, Ny (D) 152

Figure 6.19 Part of the signal at the output of the matched filter with impulse h,--,-(t) related to the first
AN SECONA FECRIVETS. .. .vvitieisietiiteie sttt bbbttt sttt bt s bt e b et ene st e e 153

XViii



» List of tables

List of tables

Table 3.1 System parameters and target related parameters of the reference scenarios..........ccccceceeenene 44
Table 3.2 Moments of q; and g, for S=0.085 and DNSR=10 dB..........cccceseririreiinineiee e 47
Table 3.3 Moments of q; and g, for S=0.085 and DNSR=40 0B ...........ccccerviriirrereninenesieeee e 48
Table 3.4 Moments of q; and g, for S=0.76 and DNSR=10 0B ..........cccectriiririiiiere e 48
Table 3.5 Moments of ¢; and ¢, for S=0.76 and DNSR=40 dB...........ccccceivriimriererenene e 49
Table 3.6 Moments of the CVD statistic ¢ under Hy hypothesis for S=0.085. .........c.cccoovvievie e, 53
Table 3.7 Moments of the CVD statistic qq under Hq hypothesis for S=0.76. .........ccccccevviievinvieeveecen, 54
Table 5.1 System parameters and target related parameters of the reference scenario...........cc.ccocv..e.. 112
Table 5.2 Case StUAIES PATAMELEES. .....c.vieiieieieie e se sttt eeeee st te st ste e re s e eesteseesbesteeteeseeneeneeseeneenes 112
Table 6.1 Main feature 0f ICS-155. .. .cci i sttt sr e e 141
Table 6.2 Main characteristic Of the target-TESt L ..o 142
Table 6.3 Main characteristic Of the target-TESt 2 ..o 145
Table 6.4 Main characteristic Of the target-TeSt 3. ......ccvvc e 148

XiX



» List of acronyms

List of acronyms

The following acronyms are used throughout this thesis.

Acronym Definition

AWGN Additive White Gaussian Noise
CFAR Constant False Alarm Rate

CvD Crystal Video Detector

CwW Continuous Wave

DC Direct Component (Continuous Component)
DNR Direct signal to Noise Power Ratio
DNSR Direct signal to Noise Spectral density Ratio
dof degree of freedom

FIM Fisher Information Matrix

FSCS Forward Scatter Cross Section

FSR Forward Scatter Radar

GLRT Generalized Likelihood Ratio Test
GNSS Global Navigation Satellite Systems
MIMO Multi Input Multi Output

ML Main Lobe

MLE Maximum Likelihood Estimation
MTI Moving Target Indicator

PCA Principal Component Analysis

PCL Passive Coherent Location

PDF Probability Density Function

XX



» List of acronyms

PTD
RCS
RF
SD
SNR
STFT

UAVs

Physical Theory of Diffraction
Radar Cross Section

Radio Frequency

Secondary Data

Signal to Noise power Ratio
Short Time Fourier Transform

Unmanned Air Vehicles

XXi



» List of symbols

List of symbols

The following symbol definitions are used throughout this thesis.

Symbols with Greek letters

Symbol

s@yorg
'LLQm

Hy

on

Tcvp

TGLRT-3

!
TGLRT-3

Definition

Amplitude of the received direct signal

Angle referenced to the bistatic sector

Angular interval from which the target is viewed

Baseline crossing angle with respect to the axis normal to the baseline
Bistatic radar cross section

Forward scatter radar cross section

CFAR CVD with secondary data test statistic

CFAR CVD without secondary data test statistic

Complex factor proportional to the target dimension and to the received
direct signal

DC component signal after square law detector (continuous or discrete)
Mean value of the quadratic from q,,

Mean vector of the received signal

Noise variance

Non central parameter of the non-central T-student distribution of the
CFAR CVD detectors

Non central parameter of the non-central F-distribution of GLRT-3 detector
Non central parameter of the non-central F-distribution of GLRT-3 detector
with secondary data

Normalized CFAR CVD with secondary data test statistic

Normalized CFAR CVD without secondary data test statistic

XXii



» List of symbols

n()orn

D <

ABmaxi:
X¢,0 )

FSCS pattern signature

Scale factor of the Gamma distribution of q,,

Shape parameter of a Gamma distribution of q,,

s-th moment of the quadratic form q,,

s-th normalized moment of the quadratic form g,

Target aspect angle with respect to the receiver

Target aspect angle with respect to the transmitter

Target phase variation

Variance of the quadratic form g,,

Variance of the received signal

Vector with all elements set to unity

Wavelength

Vector that collects the unknown parameters of the GLRT-based detectors
Impulse response projected onto the subspace orthogonal to the DC
component (continuous or discrete )

Doppler rate

Main lobe width of the pattern signature

Target shape parameter, i.e. the ratio between the horizontal and vertical
target dimension

Baseline crossing point parameter

Generic impulse response of the two-dimensional filter bank
Estimated Doppler rate from the Radon transform

Doppler rate range vector

Maximum offset form the estimated Doppler rate from the Radon transform
fori=1,2

Initial value of the main lobe width of the pattern signature

Main lobe width range vector

Maximum offset form the initial value of the main lobe width for i=1,2

The signal at the output of each matched filter of the two-dimensional filter
bank

XXiii



» List of symbols

A(p, 0) Cost function

(c;l; £ g) Estimated Doppler rate, baseline crossing instant and main lobe width from
the 2D filter bank

5¢ Doppler rate step

60 Main lobe width step

P, Mean value of the i-th sample of the signal u(t)

aﬁi Variance of the i-th sample of the signal w(t)

9 Vector of the unknown parameters

94 Vector of the unknown parameters of the primary interest

9B Vector of the unknown parameters of the secondary interest

J(@9) Fisher Information Matrix

CRLB; Cramer Rao Lower Bound of the Doppler rate

CRLBy Cramer Rao Lower Bound of the main lobe width

¢° Theoretical value of the Doppler rate

6° Theoretical value of the main lobe width

15 Mean value of the estimated Doppler rate

He, Mean value of the estimated baseline crossing instant

Ug Mean value of the estimated main lobe width

g£ Variance of the estimated Doppler rate

of, Variance of the estimated baseline crossing instant

of Variance of the estimated main lobe width

op Variance of the estimated cross-baseline velocity

a5, Variance of the estimated baseline crossing point

XXIV



» List of symbols

Symbols with Latin letters

Symbol

Sto(t) OF Sgo

h(t) = hyrp(t)

[x(2), y(®)]

nQ1

max
aMms

n(t) orn

q1 (q2)
PJ_

Ofs(t)
sq(t) or sgq
r(t)orr

s¢(t) or s,

Definition

Amplitude of the transmitted signal

Baseline

Baseline crossing instant

Baseline crossing point

Bistatic angle (or cut angle)

Boltzmann’s constant

Carrier frequency

Doppler shift

Far field parameter

Global target signature (continuous or discrete)

Impulse response of the Matched filter in the CVD scheme
Instantaneous target position

Integer values of the shape parameter v,

Maximum Doppler shift in monostatic radar configuration
Noise component signal (continuous or discrete)

Noise figure

Noise spectral density power

Observation (integration) time

Pattern propagation factor for target-to-receiver path,

Pattern propagation factor for transmitter-to-target-path

Positive definite quadratic forms of Gaussian random variable

Projection matrix into the subspace orthogonal to the DC component

RCS pattern signature
Received direct signal (continuous or discrete)
Received signal (continuous or discrete)

Received target signal (continuous or discrete)

XXV



» List of symbols

B Receiver bandwidth

Ly Receiving system losses

u(t) oru Signal at the output of the DC removal filter (continuous or discrete)
C Speed of light

z(t)orz Square law signal (continuous or discrete)

T, Standard temperature

ln Target horizontal dimension

v Target velocity

L, Target vertical dimension

Ry Target-receiver distance

Ry Target-transmitter distance

90 Test statistic of the CVD detector

Tevp Threshold of the CFAR CVD with secondary data detector
Tevp Threshold of the CFAR CVD without secondary data detector
Tevp Threshold of the CVD detector

Stot (1) Total received signal in absence of disturbance

Py Transmitted power output

Ly Transmitting system losses

Sdo Vector with all elements set to unity

Uy Velocity component along x-axis (cross-baseline velocity)

vy, Velocity component along y-axis

K Bistatic radar constant

Ho Null-hypothesis

H, Alternative hypothesis

Py Probability of detection

P Probability of false alarm

X; Test statistic of the GLRT-i detector for i=1,2,3

ToLRT—i Threshold of GLRT-i detector for i=1,2,3

Ih(") Modified Bessel function of the first kind with order zero

Py, (x;/Ho) Probability density function of the test statistic x; for i=1,2,3 under

XXVi



» List of symbols

Pxi (xi/Hl)

=N

B(x,y)

Fra |GLRTl-
Pylgrrr;
Qu()
SNRgRri
OF

O4

E{}

{3

303
B(x,a,b)
7L
1/2ML

hypothesis Hy

Probability density function of the test statistic x; for i=1,2,3 under
hypothesis H;

Received signal projected onto the subspace orthogonal to the direct signal
(discrete)

Global target signature projected onto the subspace orthogonal to the direct
signal (discrete)

Orthogonal projector onto the subspace of the direct signal

Dimension of the primary data

Projector onto the subspace of §,
Orthogonal projector onto the subspace of §;

Beta function
Probability of false alarm of the GLRT-i detector for i=1,2,3

Probability of detection of the GLRT-i detector for i=1,2,3

Marcum function

Signal to noise ratio of GLRT-i detector for i=1,2

Transpose operator

Hermitian operator

Expectation operator

Real part operator

Imaginary part operator

Incomplete beta function

Seven lobes

Time to move between the -3dB level points of the maximum FSCS pattern
Secondary data assumed to contain direct signal and noise component
(discrete)

Dimension of the secondary data

Probability density function of the received signal under hypothesis Hy

Probability density function of the received signal under hypothesis H;

XXVil



» List of symbols

Pr' (TI/HO)

Xi

l
TGLRTL'

x!
Pxi' l/Ho

x!
P"i’ l/Hl

P
fa |GLRT—SD ;

PylGLrr—sp i
SDRgrri
SNRGLRTi
c()

NO
SNROP*

A

sy(t) ors,
sp(t) or s,

Su(t, f)
G

Probability density function of the secondary data under hypothesis Hq

Test statistic of the GLRT-i detector with secondary data for i=2,3
Threshold of GLRT-i detector with secondary data for i=2,3

Probability density function of the test statistic x;under hypothesis H,

Probability density function of the test statistic x;under hypothesis H;

Probability of false alarm of the GLRT-i detector with secondary data for
i=2,3

Probability of detection of the GLRT-i detector with secondary data for i=2,3
Target signal-to-direct signal power ratio of the GLRT-i detector for i=1,2
Target signal to noise ratio of the GLRT-i detector for i=1,2

Fresnel Cosine

Fresnel Sine

The optimum SNR achievable from coherent detection techniques (GLRT-1
detector)

Target area

New useful signal after the DC removal filter in the CVD scheme
(continuous or discrete)

New noise component after the DC removal filter in the CVD scheme
(continuous or discrete)

Short Time Fourier Transform of the signal u(t)

Expected ranges of the target velocity and target size

Amplitude of the received direct signal

The peak amplitude of the received target signal

FIM of the primary parameters of interest

FIM of the secondary parameters of interest

3x3 matrix collecting the off-diagonal elements of J(19)

The inverse of the FIM of the primary parameters of interest

XXVili



» List of symbols

Approximated inverse of the FIM of the primary parameters of interest
Cramer Rao Lower bound of the baseline crossing instant
Theoretical value of the baseline crossing instant
Estimated cross-baseline velocity

Theoretical value of the cross-baseline velocity
Estimated baseline crossing point

Theoretical value of the baseline crossing point

Cramer Rao Lower Bound of the cross-baseline velocity
Cramer Rao Lower Bound of the baseline crossing point
Time difference of arrivals

Estimated time difference of arrivals

Transmitter

Receiver

XXIX






» Introduction

Chapter 1
Introduction

This chapter introduces the main topics of the work done for this thesis project. In particular,
the research background is illustrated focusing on the Forward Scatter Radar systems, which is
used as a baseline for highlighting the motivations, the objectives and the novel contributions
of the thesis. The general overview of these aspects, which are deeply analyzed throughout the

dissertation, is followed by a brief description of the chapters of this document.

1.1 Background

@;dar has long being used in a variety of military and civilian applications. The main
reason for this is an ability to survey rapidly wide areas in all weather conditions, during day
and nights. The two main radars type as classified by their configurations are monostatic radar:
with transmitter (TX) and receiver (RX) collocated and bistatic radar: with transmitter and
receiver physically separated. This thesis concerns a particular configuration of bistatic radar:
Forward Scatter Radar (FSR) which occurs when the bistatic angle approaches 180°, namely
when the target is close to the segment (typically addressed as baseline) connecting TX and
RX. However the physical operational principle of FSR is essentially different from that of
bistatic radar, which is inherently a backscatter radar, [1]. The key peculiarity of the FSR is that

its exploits the effect of electromagnetic wave shadowing the target, [2].

It has been demonstrated that the Forward Scatter (FS) configuration has two important
proprieties: an enhanced radar cross-section in Mie and optical scattering regions which was
shown robust to coating and to other stealth technology, [1]-[5] and a signature with extremely
low phase and amplitude fluctuation, which allow long coherent integration times, [6]. While
their history dates back to the early days of radar, the two mentioned proprieties pushed a
recent interest on the FSR systems. Phenomenological and practical aspects of single baseline
FSR systems have been largely studied in, [1],[6],[7],[8]. Among the multiple recent scientific

contributions related to the exploitation of the FSR geometry proprieties, here are mentioned a
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few recent papers, subdivided in four classes: target-detection, [7]-[11], localization, [12]-[13]
motion parameters estimation, [7],[14]-[16] and classifications [6],[17]-[20].

In particular for the target detection the processing approach proposed in [8], has now
become the reference processing scheme for FSR. Specially an envelope detector is applied to
the received signal, this is followed by a DC removal filter and by a filter matched to the
expected Doppler frequency response. This scheme employs the nice self-beating proprieties of
the so called Crystal Video receiver to provide a coherent integration without requiring the 1&Q
demodulator. In addition it was recently shown to be very robust since it is able to operate

effectively even against the modulated waveforms of passive forward scatter applications, [21].

The feasibility of target motion parameters estimation in a single baseline configuration by
exploiting the Doppler signature extracted by the Crystal Video receiver was shown in [10] and
[8]. Moreover in [14] the potentialities of a multi-node FSR configuration for the estimation of

the motion parameters through a crossing time-based technique was shown.

Both detection scheme proposed in [8] and the motion parameters estimation approach

proposed in [10], [8] are selected as references in this study.

The work done for this thesis project fits within the field of target detection and motion
parameters estimation in a FSR configuration, and represents a contribution to the progress of

the knowledge, having also interesting application potentialities.

1.2 Motivation

In recent years, the systems operating in Forward Scattering are receiving a renewed interest,
mostly because of their special appeal in detecting and localizing low-observable targets.
Detecting such objects has been a significant challenge for the present decade, due to the recent
wide diffusion of light, remotely piloted air platforms and drones that call for increased
surveillance capabilities. This target may have a small backscatter RCS when observed with a
conventional monostatic radar system. Instead, in the FSR configuration, a pronounced
Forward Scatter (FS) cross section in Mie and optical scattering regions, greatly enhances the
detectability of this target. Moreover, their shadow response, because of a non-fluctuating

nature of FS cross section which depends on the target silhouette and not on the shape or the
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material will allow long integration times. These properties, as apparent, make the FSR
particularly advantageous with respect to more usual monostatic or non-extreme bistatic radar
sensors, when aiming at the detection of small objects or stealth target that certainly benefits of
both non-reduced cross-section and long coherent integration time.

The possibility to operate without the need of a phase synchronization systems in a FSR
configurations which include a large separation between the TX and RX is extremely attractive
for reducing sensors cost. In [8] the target signature was extracted through a square envelope
detector. The target signature extracted is useful to perform target detection, pattern
recognition, motion parameter estimation by investigating the Doppler signature carrying the
kinematic information as shown in [10]. Therefore, the characterization of the performance of

this scheme could be relevant in many FSR applications other than the target detection.

The lack of a theoretical performance characterization of the detection scheme in [8] was a
key motivator for research of Chapter 3. Also the possibility to exploits the 1&Q baseband
components to perform target detection drove to the devising of optimized detection scheme in
Chapter 4 .

Another important key task in FSR is the accurate estimation of the target motion parameters
as full knowledge of the target position and velocity components allows appropriate location
and tracking of the target. Moreover this is a prerequisite of classification/recognition
approaches which are based on target profile recognition by extracting the signature frequency
spectrum or the time domain waveform. This motivates the derivation of explicit bounds on the
performance of target motion parameters estimation through the formulation of the Cramer Rao
Lower Bound (CRLB) in Chapter 5 .

1.3 Objectives and novel contributions

Following from the motivations, the main objective of this thesis is the development of
innovative techniques for target detection and motion parameters extraction purposes, to be
implemented in Forward Scatter radar systems. Analytical characterization of the detection
performance and accuracy analysis of the estimated kinematic parameters will be a key feature,
which will lead the definition of strategies for system design. Particularly for target detection a

single node FSR is considered and a full analytical characterization of a widely used processing
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approach for target detection, [8] is provided. Meanwhile, in relation to motion parameters
estimation, the possibility to exploit both a single baseline and a dual baseline configuration is
considered: thus a specific technique is derived and its performance analyzed. The advantages
coming from the use of dual baseline configuration with respect to the single node
configuration is highlighted.

Corresponding to the objectives previously discussed, the following novelties and main

results have been reached and are presented which may be divided in two broad areas:

Target detection: Firstly motivated by the low cost implementation and by the easy
deployment of the proposed technique in [8] that is addressed here as Crystal Video Detector
(CVD) a full characterization of the performance for the detection of moving target against
Additive White Gaussian Noise (AWGN) (or automatic detection) under the assumption that
the target follows a linear trajectory was derived in Chapter 3 . Then two new adaptive
detection scheme was devised based on the CVD detector to achieve a constant false alarm rate
(CFAR) by removing the requirement to use a fixed detection threshold. An approximate
analytical derivation was obtained for the performance of the new adaptive detection
techniques, validated through Monte Carlo simulations. Their performance comparison shows
limited losses of the CFAR CVD detectors with respect to fixed threshold CVD. The
theoretical performance of the CVD was validated by processing real data acquired by a
passive FSR system based on the FM signals in Chapter 6 , showing the practical effectiveness

and the consistency.

Successively, advanced FSR detector schemes based on GLRT using both fixed threshold
and CFAR threshold were derived in Chapter 4 , as previously under the assumption that the
target embedded in AWGN follows a linear trajectory. The performance of the derived
detectors is carefully investigated by providing a closed form characterization of the probability
of false alarm and probability of detection. The performance analysis of the new detectors also
in comparison with the standard scheme analytically characterized in the previous chapter
shows that the new detectors always outperform the standard FSR detector (CVD). Finally,
simplified equivalent SNR expressions that relates the SNR to the main system parameters and
target size and motion parameters was provided which can be used for the design of effective

FSR geometries.
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Target motion parameters estimations: Taking advantage of the Doppler signature
extraction from the Crystal Video based scheme and following the line in [10] and [8] a two
dimensional filter bank approach was proposed for the estimation of the target parameters.
Simplified closed-form expressions of Cramer Rao Lower Bound on the estimation of the
target parameters of interest: Doppler rate, baseline crossing instant and main lobe width of the
target pattern signature was derived. After exploiting the dependence of the kinematic
parameters on the target parameters obtained from the bank, the cross-baseline velocity is
estimated in a single node configuration. Meanwhile, in a dual baseline configuration also the
baseline crossing point is estimated without a priori knowledge on the other target parameters.
For both scenarios, the corresponding CRLB of the motion parameters that establish the
minimum achievable variance of any unbiased estimator was derived. Finally, results obtained
by applying the proposed processing to FM-based passive FSR experimental data in Chapter 6

had demonstrated the effectiveness of the considered approach.

1.4 Thesis structure

Once a preliminary analysis of the main topic of the thesis is done and its objectives

established, the thesis is structured in this way:

Chapter 2 provides a short overview of the Forward scatter radar systems. Firstly general
characteristic of the bistatic radar are discussed briefly in a qualitative manner and then the
phenomenology of Forward scatter is introduced followed by relevant work published in the
FSR area. Among the topics discussed are the proprieties of the FSR systems, the target cross
section and the target signature in a FSR configuration. The study of the state of art about this
topic let us find not only the main peculiarity but also some commonly used detectors and
motion parameters estimation approach, which are taken as references in our study and are
presented in the second part of this chapter. Finally, some aspects related to the exploitation of

the transmitters of opportunity in a FSR configuration are discussed.

Chapter 3 deals with the problem of target detection by providing an accurate analytical
expression for the detection performance in FSR configuration using the Crystal Video
Detector. Firstly the signal model used through this study (also in the remaining chapters of the
thesis) is introduced. Then the CVD scheme is described and the derived theoretical
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performance expressions are validated by comparison to Monte Carlo simulations under two
different geometrical scenarios. In the second part of the chapter two fully adaptive detectors
are derived, based on the structure of the CVD scheme, which are shown to provide a constant
false alarm rate (CFAR). The performance of these CFAR detectors in terms of P, and Py are
provided in closed-form and validated through Monte Carlo simulations.

Chapter 4 derives innovative detection schemes for FSR based on the GLRT for both cases,
where a fixed threshold can be used and where a fully adaptive CFAR scheme is desired. The
detection performance of the newly proposed detectors is characterized analytically and
compared to the performance of the CVD scheme introduced in the previous chapter. This
shows that the new detectors always outperform the standard FSR detector (CVD). In most
cases the improvement has an upper bound of 3 dB, but there are specific cases where the
standard FSR detector shows significant losses, while the new GLRT schemes suffer a much
smaller degradation. Finally, simplified equivalent SNR expressions are introduced that relate
the GLRT detection performance to the main parameters describing the FSR observation
geometry and the target size and motion. These expressions are shown to be useful for the
design of effective FSR geometries that guarantee desired detection performance for specific

targets.

Chapter 5 deals with the motion parameters estimation of moving targets in a FSR
configuration for both cases, where a single baseline and where a dual baseline with one
transmitter and two separated receivers can be exploited. To this aim, based on the Crystal
Video scheme introduced in Chapter 3 a two-dimensional filter bank approach is proposed to
estimate the target signal parameters: Doppler rate, baseline crossing time and main lobe width
of the target signature. Then taking advantage of the estimated target parameters, the cross-
baseline velocity is estimated in a single baseline configuration. Meanwhile, the dual baseline
configuration ensures the possibility to estimate two parameters without a priori knowledge: the
cross-baseline velocity and the baseline crossing point. The performance of the proposed
technique is investigated from a theoretical point of view in terms of accuracy. This lead us to
the derivation of simplified closed-form expressions of Cramer Rao Lower Bound that

establishes the minimum achievable variance of any unbiased estimator.

Chapter 6 presents results related to an experimental campaign exploiting FM transmission

as signals of opportunity in a FSR configuration. The aim of the acquisition campaign is to
8



» Introduction

detect aircrafts landing at 16L runway of the “Leonardo Da Vinci” airport of Rome, Italy. The
recorded signal data is used: (i) to assess the theoretical performance of the CVD derived in
Chapter 3 in real environment and (ii) to assess the effectiveness of the two dimensional filter
bank approach for the estimation of the target motion parameters through both single baseline
and dual baseline configuration.

Conclusions summarize the main results of the study, which have led to this thesis;

additionally, the conclusions are drawn and future activities are discussed.
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Chapter 2
Forward Scatter Radar overview

This chapter provides a short overview of Forward Scatter phenomenology and of the
principle characteristic of FSR systems. Firstly an abridged history of the development of radar
is presented: FSR systems are historically thought of as the first type of bistatic radar. After we
review the fundamental building blocks of bistatic radar in order to provide the concepts and
definitions needed throughout the thesis and in order to emphasize the similarities and the
differences with respect to monostatic radar. Lastly the study of the state of art about Forward
Scatter Radar system let us find its peculiarities and some commonly used detectors and motion
parameters estimation methods which are taken as references in our study.

2.1 Introduction

he two most basic functions of radar are inherent in the word, whose letters are an
abbreviation of Radio Detection And Ranging (The acronym was by agreement adopted in
1943 by the Allied powers of World War 1l and thereafter received general international
acceptance, [1]). The basic radar concept is that the Radio Frequency (RF) energy is radiated
by the transmitting antenna and reflected from the reflecting object (target). A small portion of
the reflected energy (radar returns or echoes) is collected by the receiving antenna and the

target is detected in the radar receiver. This is illustrated in Figure 2.1.

Transmitter ‘ ______ T faﬂsfli_t,t ed encrgy
___________ >
i o etecho
Target _ | Receiver " Target ec ] t
data argc

Figure 2.1 Concept of radar operation
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Present-day radars are complex systems which by processing the radar returns can extract
widely more information than its range. The principal radar function include: search or
surveillance (examination of a volume of space for possible targets of interest), target detection,
target position measurement and tracking, measurement of target characteristic. The radar has
been used in a wide range of applications, both in military and civilian systems, [22]. This has
led to many diverse radar classifications. The two main radars type as classified by their
configurations are monostatic radar which comprise the majority of modern radar systems and
bistatic radar which has received currently intensive interest. In monostatic radar system the
transmitter (TX) and the receiver (RX) are located in close proximity to one another. A
common antenna is often used for transmitting and receiving (see Figure 2.2). Conversely, in
bistatic radar system the receiver is physically separated from the transmitter so that the echo

signal does not travel over the same path as the transmitted signal (see Figure 2.3).

Target

Transmitter/
Receiver

Figure 2.2 Monostatic radar geometry.
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Figure 2.3 Bistatic radar geometry
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» Forward Scatter Radar overview

The bistatic principle was known and demonstrated many years before the monostatic radar
was demonstrated to be practical. Taylor and Young of the Naval Research Laboratory first
demonstrated the bistatic radar for the detection of ships in 1922 that was disclosed in a patent
issue in 1934,[23]. Most of the early developed radar were of the bistatic type configured as
fixed, ground-based forward-scatter fences to detect the presence of aircraft, an emerging threat
in the 1930s, [1]. Almost 200 of these fences were developed in Japan, France and Soviet
Union before and during the World War Il and one was deployed for a short time after the
World War 1l in the U.S AN/FPD-23,[1]. In this geometry, when the target is near the segment
joining the transmitter and the receiver (addressed as baseline) an enhanced radar cross section
(RCS) was observed. The demonstration of the more versatile monostatic radar principle putted
aside further development in bistaic radar that lay dormant for about 15 years, until in the early
1950’s, [3].

Within the bistatic radar class there is a particular case, where the bistatic angle is large, near
180° ( see Figure 2.4) which is known as Forward Scatter Radar and as mentioned previously
their history dates back to the early days of radar. This particular configuration is the focus of
this thesis.

FSR systems offers a number of interesting proprieties as an enhanced Radar Cross Section
in Mie and optical scattering regions, which was shown robust to coating and to other stealth
technologies, [3]-[5], and a signature with extremely low phase and amplitude fluctuation,

which allows coherent integration times much longer than in conventional radar, [6].

Target

v O,
N T
‘ML”“I Bistatic angle 2180° /'“"lr'c-,,.(/\‘\‘
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Transmitter Direct signal Receiver
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Baseline

Figure 2.4 Forward Scatter Radar geometry.
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In the following sections firstly general characteristic of the bistatic radar are discussed
briefly in a qualitative manner and then the phenomenology of Forward scatter is introduced
followed by a discussion of some of the characteristics, capabilities and limitations of the FSR
systems compared to conventional radar configuration (monostatic and bistatic radar). Among
the topics discussed are the proprieties of the FSR systems and its applications, the target cross
section and the target signature, detection techniques and methods for extracting target motion
information and finally some aspects related to the exploitation of the transmitters of

opportunity in a FSR configuration.

2.2 Bistatic radar essentials

In this section is reported a review of the fundamental building block of bistatic radar

emphasizing similarities and differences with the monostatic counterpart.

The IEEE standard 686-1997, [24] has defined bistatic radar as “a radar using antennas for
transmission and reception at sufficiently different locations that the angles or ranges from
those locations to the target are sufficiently different”. However, there is no stipulation as how

far apart the two antennas should be.

Figure 2.3 illustrate this definition showing a transmitter and a receiver being situated at two
locations with a baseline separation distance, L. The bistatic angle which is also known as cut
angle, C is the angle formed between the line joining the target and the transmitter and the line
joining the target and the receiver. The bistatic angle is one of the important parameters which
characterize the bistatic radar and affects system performance. The distance R is the range

from the transmitter-to-target and the distance Ry is the range from the receiver-to-target.

The inherent geometry of the bistatic radar results in considerably different radar
characteristics with respect to the monostatic radar. They have the advantages that the receivers
may be passive and hence undetectable (covert operation of the receiver), [25]. The receiving
systems are potentially simple and cheap. Moreover a possible enhanced radar cross section of
the target due to geometrical effects is achieved. Countermeasures are difficult to deploy
against bistatic radar. Now days the increasing use of systems based on Unmanned Air

Vehicles (UAVS) makes bistatic systems very attractive and many of the synchronization

13



» Forward Scatter Radar overview

problem and geolocation that were previously very difficult now are readily soluble using
Global Navigation Satellite Systems (GNSS). However there are some drawbacks in exploiting
a system like this such as,[1],[25]: system complexity with respect to the monostatic systems,
costs of providing communication between sites, lack of control over transmitter (if exploiting
a transmitter of opportunity) and reduced low-level coverage due to the need for line-of-sight

from several locations.

The bistatic radar is closer to that of a point-to-point communication systems than to the
usual scanning monostatic radar. Moreover the bistatic geometry is more suited to a fixed
fence-like coverage that is seen to be quite different from the hemispherical coverage of the

monostatic radar.

The bistatic radar equation is derived in the same way as the monostatic radar but taking into
account that R and Ry (see Figure 2.4 ) are different, and so the antenna gains of the
transmitting (Gy) and receiving antennas (Gg) that must be evaluated in the direction of the
target, [1]:

PrGrGrA*ogsFfF Yz
(4m)3KTyBSNRyinLrLg

(RTRR)max = ( 2.1 )

Additional terms in eq. ( 2.1 ) are Py the transmitter power output, 1 the wavelength, og¢ the
bistatic radar target cross section, F; the pattern propagation factor for transmitter-to-target-path,
Fy the pattern propagation factor for target-to-receiver path, K the Boltzmann’s constant, T, the
receiving system noise temperature, B noise bandwidth of receiver’s predetection filter, SNR i,
the signal-to-noise ratio required for the detection and L, (Lg) transmitting (receiving) system
losses (> 1) not included in other parameters. Usually F; and Fy can be significantly different,

whereas they are usually identical for the monostatic case.

In agreement with eq. ( 2.1 ) the bistatic constant detection contours are defined by ovals of
Cassini rather than by circles for the simplest monostatic case. In addition, the bistatic constant
range sum contours (i.e. Ry + Rp) that are ellipses are not collinear with the ovals of Cassini

differently from the monostatic case where they are collinear circles, [1].

Ovals of Cassini defines three distinct operating regions for a bistatic radar: receiver-centered

region, the small oval around the receiver, transmitter-centered region, the small oval around the
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transmitter and receiver-transmitter centered, or simply the cosite region, any of the ovals
surrounding both transmitter and receiver. Figure 2.5 shows a contour plot of the ovals of
Cassini in polar coordinate, [1]. In [1] useful bistatic radar applications based on the operating
regions previously introduced are reported. The receiver-centered region can be used for air-to-
ground attack (silent penetration), semiactive homing missile, short-range air defense, ground
surveillance, passive situation awareness. The transmitter-centered region can be used for
intelligence data gathering, missile lanch alert. The cosite region can be used for medium-range
air defense, satellite tracking, range instrumentation, intrusion detection, semiactive homing

missile.

Figure 2.5 Contour of constant SNR-ovals of Cassini, with 2 = 30L* being

X = (RTRR)maszNRmm the bistatic radar constant ( from [1]).

The radiated signal from the transmitter arrives at the receiver via two separate paths: the
direct path from transmitter to receiver and the scattered path that includes the target. The
distance measured by the radar is the total scattered path, Ry + Ry that locates the target
somewhere on the surface of a prolate spheroid whose two foci are the transmitter and the
receiver locations. To further localize the target position the two-dimensional angle of arrival of
the scattered signal at the receiver is necessary. Techniques similar to that employed in
monostatic radar may be employed for measuring the angle of arrival and the total scattered path
length. For example for measuring the angle of arrival a transmitting antenna with a narrow fan
beam in azimuth but wide in elevation may be used and a receiving antenna pattern with a

number of independent, overlapping pencil beams arranged to cover a fan-shaped volume
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similar to that covered by the transmitting antenna. For measuring the total scattered path, R +
Ry if for example pulse transmission are used and under the assumption that the baseline is
known, the time difference of arrival between the scattered signals and the direct signals, At may
be evaluated as Ry + Rp = L + cAt being c¢ the speed of light, [1]. When the sum Ry +
Rp —— L, the prolate spheroid degenerates into a line joining the two foci (i.e. the baseline) and
the target position is indeterminate, other than it lies somewhere along the baseline, L. The
location of the target in bistatic radar is not as in the monostatic case where the range
measurements locates the target on the surface of a sphere.

In the bistatic radar the Doppler shift of the target scattered signal with respect to the direct
signal is proportional to the time rate of change of the total path of the scattered signal:

10

fd=1a[RT+ Rg ] (2.2)

Doppler shift depends on the motion of target, transmitter and receiver, and in general case

the equation are quite complicated, [26]. In the case where only the target is moving is given

by:

2v
fa =7COS8COS €/2) (2.3)

where v is the magnitude of the target velocity vector and & is the angle referenced to the
bistatic sector and when the bistatic angle, ¢ = 180° the f; = 0 for any 6. The maximal

Doppler shift occurs for target trajectory normal to the baseline, § =0° that even in this case is

smaller than the corresponding Doppler shift of a monostatic radar, fjis = z

The Doppler frequency shift may be determined by conventional frequency measurements

as: filter banks, spectrum analyzers, zero crossing counters, discriminators, etc.

The bistatic radar cross section is a measure of the energy scattered from the target in the
direction of the receiver as in the monostatic radar but this does not mean that a monostatic radar
and a bistatic radar viewing the same target will necessary see the same cross section, [1]. On
the average the two cross section will be comparable besides when the bistatic angle is close to

180° in the forward scatter region that will be investigated in detail in Section 2.4.
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There are also some important differences in the technology between the bistatic and
monostatic radars. For example in monostatic radar the synchronization between transmission
and reception is done usually through a local oscillator meanwhile in the bistatic radar due to
the separation of the transmitter and receiver as mentioned previously is done via synchronized
automatic clock by exploiting GNSS signals or by reception of reference signal received
directly from the transmitter (typically used in Passive Coherent Location, PCL systems).
Furthermore, a directional receive antenna must scan at a non-uniform rate in order to follow
the position of the transmitted signal through space hence the use of one or more electronically
agile beams as in phased array radar is required because the design based upon mechanical

scanning is very challenging.
2.3 Forward Scatter Radar: phenomenology and

applications

The Forward Scatter Radar as extreme configuration of bistatic radar with the transmitter and
the receiver facing each other and the target in a spatial region very close to the baseline (see
Figure 2.4) exploits the enhanced RCS in the forward direction. The FSR system is able to
provide a Forward Cross Section (FSCS) several dB higher than the conventional backscatter
RCS. This enhancement is produced by forward scatting, a phenomenon first discussed in a
publish work in 1908 by Mie who observed that the forward scattering produced by a sphere

was in many cases larger than the backscattering, [5].

The forward scattered lobe is produced when an electromagnetic wave illuminates an object
and casts a shadow. This fact puts an essential restriction on the FSR configuration as the target
shadow exists within a narrow corridor around ( < 20°) the baseline. For a bistatic angle, C =
170° that may be considered as a boundary of the FS corridor, in agreement with the above

consideration of the Doppler shift in bistatic radar we have, f; ~ 0.01f73/%, [6].

Moreover as is well known, close to the FSR configuration the range resolution is
dramatically reduced, [1]. This is obvious also from the equation of the range resolution in a

bistatic radar configuration, [1] where for a bistatic angle, ¢ =180° the range resolution goes
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to oo (i.e. a continuous wave (CW) can be effectively used in FSR configuration). Only very

wide bandwidth systems introduce some range resolution, [27] that are not considered here.

Other disadvantages of the FSR systems are due to the geometry as the synchronization of
the receiver and the transmitter and the saturation of the receiver due to a strong direct signal

(the signal from the transmitter to receiver).

However, as mentioned previously, the target scattering nature in this particular
configuration shows quite useful proprieties that may be explained through the phenomenon of
the electromagnetic shadowing described by the Physical Theory of Diffraction (PTD)
developed by Ufimtsev, [2]. When an electromagnetic wave, illuminate an opaque object a
shadow is produced on the opposite side of the object from the transmitter (see Figure 2.6) and
describes a region in which the electromagnetic fields are very small (approximately zero field
intensity) called as ombra region.

v
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Figure 2.6 Shadowing of the incident wave (the shadow field cancel the incident field behind the
object). A is the cross-section of the shadow beam and C is the shadow contour, i.e. the boundary

between the illuminated and the shadow sides of the object surface (reproduced from [29]).

The scattered field in the shadow region near the black body surface differs only in sign from
the incident radar beam. For this reason it is called the shadow radiation. It is worth mentioning
that the smaller the electrical size of the object and the bigger the distance receiver-object, the
less will be the shadowing effect. Two fundamental proprieties are inherent to shadow radiation

from the analysis in [2]:

(1) Forward Cross Section is rather robust with respect to the target material, so that non-

metallic objects have a good chance to provide a high response, [3]-[5]. In fact, following the
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Shadow Contour Theorem in [2], the FSCS only depends on the contour of the illuminated
target area. Specifically, even a non-reflecting target made of purely absorbing material shows
the same cross section of a metallic target with the same shape and size.

(if) FSCS it only depends on the contour and not on the amplitude and phase combination of
the individual responses by a number of scattering centers inside the target body, as is usually
the case outside the forward scatter configuration. Therefore the FSCS has a long temporal
stability and consequently a long integration time equal to the target time visibility can be

considered and an enhanced Doppler frequency resolution is obtained, [6].

The two mentioned properties pushed a recent resurgence of the interest for the FSR systems,
especially with reference to the detection of low-observable targets and to the design of e.m.
fences for both air and sea targets, [30]. Among the multiple recent scientific contributions
related to the exploitation of the properties of the FSR geometry, we devote in Section 2.6 a
special attention to the target detection, [7]-[11] and motion parameters estimation techniques,
[71, [14]-[16].

Also, a set of publications in FSR are dedicated to the target classification where the Fourier
transform and Principle Component Analysis (PCA) are exploited, [6], [17], [18]. In [19] the
low-frequency FSR network for the classification of ground target is shown supported by
experimental results for different operational frequencies. The concept of micro-sensors
wireless network for ground target recognition supported by experimental results has been
presented in [9].Meanwhile a neural network-based methodology with various type of training

algorithm for automatic target classification has been proposed in [20].

Moreover target localization in FSR system has been discussed in [12] where the feasibility
of radiolocation of real air object was proved and in [13] where a multi-static FSR with several
transmitter with omni-directional antennas and one multi-channel receiver has been exploited
for measuring the target angular coordinates by the amplitude mono-pulse technique, [22]. The
multiple frequencies are exploited for the first time as orthogonal waveforms of a MIMO
(Multiple Input Multiple Output) FS radar, increasing robustness of FSR signal from a low-

observable target in presence of clutter, multipath and interferences in [11].

In addition, the FSR principle of operation has recently been demonstrated largely

compatible with the exploitation of transmitters of opportunity, [21]. This also confirms
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previous specific investigations of passive FSR with specific sources of opportunity: GPS,
[31], GSM, [32], Wi-Fi, [33], FM and DVB-T, [21], [34], so that we can state that the passive
FSR is now an emerging research area (see Section 2.7).

In this work we refer to airborne target detection application that are least affected by clutter.
However, statistical and spectral characteristic related to the FSR clutter for ground-based
applications mainly related to the vegetation may be found in [35],[36] and for seaborne target

detection applications due to the dynamic sea surface may be found in [37].

2.4 Forward Scatter Cross-Section

The RCS of a target illuminated by the radar is a measure of the energy scattered in the
direction of the receiver. The scattering mechanisms depends on the ratio of the characteristic
dimension of an object, denoted by D to the wavelength of the transmitted signal, A this for

both monostatic or bistatic configuration. In [22],[38] three different regions are defined:

o the Rayleigh region, when the ratio 1/D is much larger than unity. In the Rayleigh
region, the phase distribution of the scatterers of the target varies little, and the target
signal is determined mainly by its volume, rather than by its shape.

e the Mie region or the resonance region when the ratio A/D is close to unity. In this
region both the volume and the shape of the target influence its RCS since the phase
distribution starts to vary over the surface.

e the Optical region when the ratio 1/D is much smaller than the unity. In this region the
RCS of the target is determinate by a distribution of discrete scatterers determined by

the shape of the target rather than its volume.

For the FSR configuration it was shown that in the upper Mie region (A/D = 1) there is
some increase of the forward scatter cross section with respect to the backscattered radar cross

section and in the optical region (1/D <« 1) a significant enhanced is observed.

This increase can be explained through the well-known Babinet principle which consist in
constructing a problem equivalent to the original problem but easer to solve it as shown in
Figure 2.7, [5]. Babinet’s principle applied to the forward scatter case can be summarized as

follows: the target (object) is replaced with an appropriate shape plane defined by the shadow
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contour (i.e. Shadow contour theorem, [2]) and then is replaced by a complementary aperture
antenna. Therefore, the scattered radiation of a target in the forward direction is identical to the

radiation produced by a planar aperture whose shape is the same of target’s silhouette.

Transmitter Receiver
Original
— O ) >
Object
problem
Opaque screen
|
Complementary >_|:|
problem ]

. L Screen
By Babinet’s principle scattered

field is eqguivalent to original
problem with complementary
screen (i.e., holes and covered
regions are exchanged) .

Figure 2.7 lllustration of Babinet’s principle to solve scattering problem (reproduced from [5]).

The bistatic RCS of a target in the far field area (i.e. the target dimensions are much smaller
than the distance target-receiver) can be written as, [5]:

2

4
955 = 2z || expikpyds (24)

where k is the wavenumber vector and p is the coordinate vector in the screen plane and ds is
the differential surface area. From the eq. ( 2.4 ) when the target lies on the baseline the peak of
the RCS in the forward scatter lobe is obtained, [1] :

41 A®
Ors = 37~ (25)
where A is the target shadow area and the wavelength is assumed small compared to the target
dimension. From this equation can be calculated that the FSCS can be many orders of
magnitude greater than the backscatter cross section. For example, for a small car with a
physical area, A~4 m? at a frequency of 900 MHz, a FSCS of g5 ~ 2000 m? is expected

while in monostatic case the same target is expected to have a RCS about 50m?, [6].
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In [39] the monostatic RCS and the FSCS of a conductive sphere of diameter D has been
compared as shown in Figure 2.8. We note that starting from the Mie region the normalized
monostatic RCS does not depend on the wavelength meanwhile the FSCS presents a monotonic

rise.
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Figure 2.8 Radar cross section for spherical targets. Normalized values of monostatic radar cross-

section and FSCS are shown as function of the normalized dimensionless parameter p=zD/A (from [39]).

In the same paper, [39] for a side illuminated missile with horizontal dimension 3.6 m and
vertical dimension equal to 1.1 m that moves with a velocity of 200 m/s the 3D RCS were
simulated for two different wavelength, A=3m (FM signal) and 2=0.3 m (satellite TV signal)
(see Figure 2.9).

Therefore in accordance with the scattering regions previously defined, when the missile is
illuminated by a FM signal (A=3m) is in the upper-Rayleigh region (Figure 2.9 (a) and Figure
2.9 (c¢) ) and when the missile is illuminated by a satellite TV signal (A=0.3m) is in the optical
scattering region (Figure 2.9 (b) and Figure 2.9 (d)). Figure 2.9 (c), shows that the back
scattering (0°) and forward scattering (180°) are approximately with the same intensity.
Meanwhile when the missile is in the optical region, Figure 2.9 (d), the maximum intensities of
both back and forward scattering are greater with respect to the case of A=3m and the forward
scatter peak is 10 dB stronger than that of back scattering. Also it is noted that in the bistatic (or
side) scattering the RCS is 30-35 dB smaller than the RCS in the forward direction.
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Also in [39] for different shaped targets the bistatic radar cross section has been calculated
in CST microwave studio for different carrier frequency. In accordance with the target
dimension and the wavelength all the three scattering region (Rayleigh, Mie and Optical region
) were investigated. The results once more has shown a significant large FSCS with respect to

the bistaic RCS in the Mie and Optical region.

The enhanced radar cross section in terms of both magnitude and stability is an important

benefit of FSR configuration.
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Figure 2.9 Simulated 3D bistatic RCS for missile (a) with A=3 m and (b) with 2=0.3 m and their
corresponding cross-sections in (c) and (d). In (c) and (d) the red line shows the RCS in the azimuth

plane; 0° is the backscatter direction and 180° is the Forward scatter (from [39]).

2.5 Signature of moving target

In this particular configuration a target crossing the baseline provides a variation (i) in the

received signal’s phase due to the target movement producing a time-varying Doppler shift and
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(ii) in the received signal’s amplitude, specified by the FSR pattern approximately coinciding
with the pattern of a uniform illuminated antenna with the shape of the target shadow as shown
in [8].

Considering the same geometry of the Figure 2.4 the transmitted signal from the TX arrives

at the receiver via two separated paths, the direct path from the transmitter to the receiver
(direct signal, s4(t)) and the scattered path due to the presence of the target (target signal,

s¢(t)), [8]:

Stot (£) = 54(8) + s¢(8) (26)
where

sa(t) = 4/} cos(2nf.t) (2.7)
s¢(t) = Boys(t) sin (27rfc(t + ttg)) (2.8)

A continuous wave is transmitted with a carrier frequency f. and amplitude a. A point-like
target is considered in [8] where o4 (t) is the pattern FSCS of the target, ¢, the delay time of
the signal form moving target and g is proportional to the target dimension and takes into
account the propagation losses. Let firstly analyze the target phase signature omitting for the

moment the amplitude modulation due to the pattern FSCS, oy(t):

Stor (t) = a/L cos(2mf,t) + B sin (27ch(t + ttg)) (2.9)

The target is assumed in the far field area of both transmitter and receiver, that means the far
field parameter S=2d2,,/AR; (S = 2d2,,/ARg) is smaller than 1 where d,,,, is the

maximum dimension of the target.

As mention previously in Section 2.3 the target shadow exists within a narrow corridor
around the baseline, therefore the assumption of a linear target trajectory can be regarded as
reasonable. Moreover being shadow the target scattered signal is n/2 shifted with respect to the

direct signal (in literature the direct signal is also indicated as leakage signal, [8]).

The Doppler signature in a FSR configuration that occupies a very low frequency band may
be extracted from an envelope detector with quadratic characteristic. After passing the signal in
the square law detector and in the low pass filter the signal, s;,:(t) becomes, [8]:
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2
Sgo(t) = DC = a, sin (7” (Rr(8) + Re(8) = L)) (210)

where DC is the continuous component and ag. = af is the amplitude of the phase signature
and R;(t) (Rg(t)) are the distance target-TX (target -RX) and L is the baseline as shown in

Figure 2.4. For atarget crossing the baseline the phase signature is a two sided chirped signal.

Meanwhile the signature envelope of the target signal is specified by the pattern signature,
ors(t) that is unknown a priori even if the target and its motion parameters are known as
analytical solution of FSCS are available only for few convex shapes based on the PTD. In [8]
the FSCS pattern of a rectangular target was derived and verified experimentally by
considering a rectangular metallic plate and a similar plate covered by absorbing material as
shown in Figure 2.10.

Considering both, the FSCS pattern signature and the phase signature the received target
signal after passing through the DC removal filter is, [8] :

2
su(t) = gp(8) sin <7n (Rr(t) + Re(t) — L)) (2.11)

Also in [8] measured signatures of maritime target for a baseline L=300 m and carrier
frequency of 7.5 GHz (see Figure 2.11) has been reported. In particular, Figure 2.11 (a) shows
the signature of a inflatable boat of size 2.9 m x 1 m that is in the far field area, Figure 2.11 (b)
shows the signature of a medium size sailing yacht of size 5 m x 3 m that is in the border
between the near and the far field and Figure 2.11 (c) shows the signature from a large motor
boat 15 m x 4 m that is in the near field. From Figure 2.11 we observe in all cases the

noticeable amplitude modulation due to the target crossing.
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Figure 2.10 Comparison of measured forward scatter signatures of (a) a rectangular metallic plate,
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Figure 2.11 Recorded Doppler signature of the targets crossing the center of baseline: (a) small

inflatable boat, (b) medium size yacht and (c) large motor boat, ( from [8]).
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Based on [14] and [8] the forward scatter signal used through this work that refers to a
rectangular target in the far field area following a linear trajectory is detailed in the Section 3.2.

2.6 Target detection and motion parameters estimation

The processing approach in [10] and [8] has become the reference processing scheme for the
FSR.

Assuming the target in background of Additive White Gaussian Noise (AWGN) the received
signal in accordance with eq. (2.6 ) is r(t) = s (t) + n(t) being n(t) the noise component.
In agreement with the signal model introduced in Section 2.5 (i.e. the target is in the far field
area of TX and RX and follows a linear trajectory) to test for target detection an envelope with
guadrature characteristic is applied to the received signal this is followed by a DC removal
filter and by a filter matched to the excepted target Doppler frequency response. Here with z(t)
and u(t) are indicated the signal at the output of the square law detector and at the output of the

DC removal filter respectively.

The surviving signal, u(t) after the DC removal filter may be approximated as the sum of
two components: s,,(t) defined in eq.( 2.11 ) representative of the new useful signal containing
the target signature and s, (t) the new noise component. The signal at the output of the matched
filter is given by the correlation of the signal at the output of the DC removal, u(t) and the

impulse response, h(t), [10]:

T/2

Soue@® = [ u(On(e -yt (212)

-T/2
The impulse response of the matched filter is equal to the possibly scaled, conjugate, time-

reversed, target signature defined in eq. ( 2.11).

This scheme employs the nice self-beating proprieties of the so-called crystal video receiver,
[40]-[41], to provide a coherent integration without requiring the 1&Q demodulator. In
addition, it was recently shown to be very robust since it is able to operate effectively even

against the modulated waveforms of passive forward scatter applications, [21]. Motivated by its
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low implementation cost and by its qualities we have fully characterized the performance of
this Crystal Video Detector (CVD) in Chapter 3 ([42]-[43]).

It is clear that the impulse response, h(t) depends on both FS pattern signature and the
Doppler signature which in turn depend on the target electrical size and trajectory that are a
priori unknown. In [10] an appropriate set of reference functions is defined to estimate the
target velocity and target signal duration, hy ,, (t) defined by considering different target
speed, v,,, for m=1,2,3,... and time durations, T,, for n=1,2,3,... under the assumptions that the
unknown pattern signature is approximated with a rectangular signature and the distances
target-TX and target-RX when the target is on the baseline are assumed known. The correlation

of the signal at the output of the DC removal filter with each reference function is performed:

Tn/2

Sy (1) = j Su(Ohr, o (6= 1)dt (243)
—Tn/Z

and the maximum is obtained for a specific value of (T, v,,,) that indicates the estimated target

speed and time duration.

Figure 2.12 compares the velocity estimation of simulated and experimental data related to
human target that moves with the velocity of 1.2 m/s crossing the baseline of L=50m

perpendicularly in middle and it is noted that the velocity is correctly estimated.
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Figure 2.12 Normalized velocity estimation output: real data vs simulated data (from [10]).
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In [8] a similar approach as in [10] for the velocity and baseline crossing point estimation is
derived. As previously, in [8] was shown that a complete knowledge of the pattern signature
representative of the signal envelope is not necessary for relatively short integration time as the
correlation between the signal at the output of the DC removal filter and the impulse response
(see eq. ( 2.12 ) ) depends more on the target phase signature (the chirp like signal is a sign
altering function) presenting fast variation than on the envelope signature that varies slowly.
Therefore the FSCS pattern signature for short integration time is approximated with the

envelope of a rectangular target.

Therefore a set of reference waveforms, h (t) covering the desired range of velocities

VxVy Yo
and baseline crossing points is considered. v, and v, represent the velocity component in the
(x,y) coordinate system representative of the ground plane where the target is moving and the
baseline crossing point, y, is the distance target-RX when the target is on the baseline The total
number of the reference functions is defined by the increments chosen in order to have an
accuracy within 1-10% and by the expected ranges of the parameters under consideration. After
the correlation of the signal at the output of the DC removal filter with each reference function
is performed and the global maximum of all the correlations is searched. From the latter the

trajectory and the velocity are estimated.

Figure 2.13 show measurement of maritime target signatures relative to small inflatable boat
of length 2.9 m that crosses the baseline with different trajectories. In particular in Figure 2.13
(a)the target crosses the baseline perpendicularly in the middle, in Figure 2.13 (b) the target
crosses the baseline near to the receiver and Figure 2.13 (c) the target crosses the baseline with
an angle of 60°. The results of parameter extraction compared to the data truth provided by a
GPS tracking device confirm the feasibility of the proposed approach in [8].

Recently in [54] by exploiting the same proposed approach in [8] the possibility to estimate
the target motion parameters in a moving FSR systems was shown under the assumption that
the transmitter and receiver position during the time are known. This system presents the
advantage to increase the flexibility of the surveillance area and allow the detection of

stationary targets.
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=
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(©

Figure 2.13 Comparison of the measured maritime target signature with matched waveforms from the

correlation processing. Left images show the GPS location and trajectories, middle images show the
measured target signatures and right images show the matching signature selected from the correlation
processing (from [8]).

In [14] was shown the potentialities to use a multiple FSR nodes for a reliable and accurate
estimation of all target motion parameters. A crossing time-based estimation technique was
devised that exploits the information concerning the time instants at which the target crosses
each baseline in order to retrieve the motion parameters of the target. The performance,
validated also through recorded Multi-input Multi-output (MIMO) FSR data, proved that
unbiased estimate of the initial positions and velocity component can be achieved with high

accuracy.

The detection scheme proposed in [8] and the motion parameters estimation approach
proposed in [10] and [8] are selected as references in this study.

2.7 Passive Forward Scatter Radar

As a particular configuration of bistatic radar, FSR can operate with dedicated transmitters of

transmitters of opportunity dedicated to other purpose but find suitable for FSR operation.

In particular in [21] the feasibility of a passive FSR for airborne target detection has been
demonstrated using FM, DAB, and DVB-T waveforms. It has been shown that simultaneous

multifrequency/multiband operation increases robustness of detection. Also, the velocity of the

30



» Forward Scatter Radar overview

detected targets has been estimated using the approach proposed in [10] (see Section 2.6) and

good correspondent to ground truth data has been demonstrated. Figure 2.14 (a) and Figure

2.14 (b) shows the time domain signature of Cessna 172 light aircraft with dimension 7.3 m

length and 2.3 m height that crosses the baseline of 25 km at the altitude of 650 m where the

DVB-T and the FM are exploited as waveforms of opportunity respectively. Figure 2.14 (c) and

Figure 2.14 (d) shows their respective spectrograms. Increasing the flight altitude results in

smaller signal powers, and, therefore, in a more noisy picture (see Figure 2.14 (c) and Figure

2.14 (d)) , but the typical V-shape Doppler chirp which indicates the presence of a target can

still be seen
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in the spectrograms.
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Figure 2.14 DVB-T and FM Doppler signatures and spectrograms of Cessna 172 ultralight aircraft at
the height of 659 m (from [21] ).
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In [31] the feasibility of GPS-FSR system was demonstrated. The amplitude modulation due
to the aircrafts crossing the receiver-satellites baselines was shown through experimental
results as in Figure 2.15.
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Figure 2.15 Measurements with 20 ms of integration time (from [31]).

In [32] results related to the detection of target located in the line of sight between the
receiver and the non-cooperative transmitter where GSM signals were exploited as waveform

of opportunity was shown.

In [33] some preliminary results related to WiFi-based Passive FSR system obtained through
an experimental setup developed at Sapienza University of Rome are shown. The results shown
that that different targets yield quite different vehicular signatures. Figure 2.16 (a) shows all the

signatures of the Fiat Punto Evo obtained in the performed tests.
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Figure 2.16 Signatures comparison for the same target model on different tests: (a) Fiat
Punto Evo; (b) Peugeot 107 (from [33]).
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A similar shape is clearly visible for all the cases. Figure 2.16 (b) shows the signature of the
Peugeot 107 on 8 tests and again a very stable signature is noted. In addition is observed that
different car models presents different signature shapes.

The extracted signatures are exploited in a classification stage where a minimum Euclidean
distance criteria has been adopted to evaluate the similarity among different car models. The
results had shown a good capability of the proposed system to correctly associate a vehicle

signature to its car model.

The reported results allows the conclusion that Passive FSR systems are a practical solution

not only for target detection but also for motion parameter estimation, target classification.

Summary

This chapter introduced the fundamentals characteristics of FSR systems that are of
relevance to this research. Initial attention is given to the difference between the bistatic and
monostatic radar before moving on to the FSR configuration. Then the phenomenology of
forward scattering was briefly introduced. After this the various applications that exploits the
Forward scatter principle were summarized. Considerations is given to the Forward scatter
cross-section and to the target time domain signature. The literature survey outlined the current
publications of interest to the presented work. In particular the publications relating the target

detection and motion parameters estimations were discussed.
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Chapter 3
Crystal Video Detector and
performance analysis

This chapter focus is on providing an accurate analytical expression for the detection
performance of the FSR target detection using the Crystal Video Detector, both in terms of
probability of false alarm and of probability of detection in order to support performance
prediction and FSR system design. The derived expressions are validated by comparison to
Monte Carlo simulations under two different geometrical scenarios. Finally, to remove the
need to operate the CVD with a fixed detection threshold, two fully adaptive detectors are
derived, based on the structure of the CVD scheme, which are shown to provide a constant
false alarm rate (CFAR). The performance of these CFAR detectors in terms of Pg, and Py are
provided in closed-form and validated through Monte Carlo simulations, showing quite small
losses with respect to the fixed threshold CVD.

3.1Introduction

c? he possibility to operate without the need of a phase synchronization system is
extremely attractive when aiming at reducing the sensor cost and providing its easy
deployment. This is even more appreciable when passive FSR is considered, which usually

does not even include the access to the TX device.

In most of the mentioned papers,[10],[8], the target time domain signature is extracted from
an envelope detector with quadrature characteristic followed by a low pass filter. This type of
receiver is well known from the early days of radar as the simplest form of signal
demodulation and is typically addressed as Crystal Video Receiver, [40], [41]. Despite the
absence of an external phase reference, it is well known that this type of receiver under specific
circumstances is able to maintain the temporal coherence from sample to sample, so that a
Doppler processing is still feasible in the receiver chain after its use. This is certainly the case

in the presence of a received signal including a strong and stable signal component that is
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essentially a copy of the transmitted waveform, together with its attenuated and Doppler
frequency-shifted reflection from the target. The stable signal component provides the coherent
reference for the target-reflected signal, [40], [41]. This principle was largely used in the past
for two types of radar systems: (i) to provide Moving Target Indication (MTI) capability to
noncoherent radar, and (ii) to allow simple operation of Continuous Wave (CW) radar. In the
first case, the strong echo from a stationary clutter yields a significant stable signal copy that is
used as a reference for the target scattered signal, [22], [44]. In the second case, the feed-
through of the continuous transmitted waveform that couples into the receiver provides the
strong and stable copy of the transmitted waveform, so that CW Doppler operation is obtained
without the need of 1&Q receiver, [45].

In the FSR case, the stable copy of the transmitted waveform present in the received signal is
provided by the direct signal, that acts as the stable reference for the echo scattered by the
target. Its presence provides the FSR system with the required coherence to cancel the direct
signal and apply the required Doppler processing before comparing the result to an appropriate
threshold selected to detect the target. Consistently with the previous notation, we address this
detection scheme as Crystal Video Detector (CVD). As mentioned previously, when exploiting
the long integration times allowed by the nonfluctuating echoes of the FSR configuration to
detect low-observable targets, the target echo does not maintain a constant Doppler frequency.
Therefore, the processing scheme required by the CVD after the square-law envelope detector
is different from the standard Doppler processing required by noncoherent MTI and standard
CW schemes. It requires direct signal removal and appropriate matched filtering to collect all
the available signal energy, [10]. Therefore, its detection performance cannot be directly

obtained from previous contributions.

In this chapter the issue of moving target detection against Additive White Gaussian Noise
(AWGN) under the assumption that the target follows a linear trajectory is addressed through:
(i) an analytical characterization of the CVD, when using a fixed threshold and (ii) by
developing new adaptive detection schemes to achieve a constant false alarm rate (CFAR) by

removing the requirement to use a fixed detection threshold, also analytically characterized.
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3.2 Forward scatter signal model

In this extreme configuration of the bistatic radar the main characteristic feature with respect
to the conventional bistatic configuration lies in the target scattered signal. In this section the
FSR system geometry and the signal model used throughout this work are introduced following

the forward scatter signal in [14] and [8].

Figure 3.1 shows the considered FSR configuration where the x and y axes specify the
ground plane : the receiver (RX) is placed at the origin of the coordinate system meanwhile the

transmitter (TX) is placed along the y-axis at distance L (baseline) from the RX.

h
=
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(@) (b)
Figure 3.1 (a) FSR system geometry and (b) top view of the FSR configuration.

We assume the transmitter emitting a continuous wave at a carrier frequency £, (1 = c/f.)

2T
with amplitude a. Let s4(t) = ~e’ 2" = a be the received direct signal from TX to RX taking

into account only the free space propagation losses where A is the wavelength and with M; =
|a| = a/L is defined the amplitude of the received direct signal. In the presence of a target
crossing the baseline, the signal scattered from the target, s;(t) adds to the direct signal, s, (t) to

provide a total signal s, (t).

We consider a rectangular shaped target with horizontal and vertical dimensions [, and L,
respectively, large with respect to the probing wavelength that moves in the area between TX

and RX with constant velocity component v, and v, respectively along the x and y axes and
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crosses the baseline at a distance y, from RX indicated as baseline crossing point at time

to = 0. This yields a global speed <v = /v,? + v§> with an angle ¢ = tan™! (vy/vx) with

respect to the normal to the baseline. The assumtion of a linear trajectory can be regarded as
reasonable for many practical scenarios as FSR systems typically operate within narrow angles
around the baseline. Due to the target motion, the distance target-TX (target-RX) Rr(t) =

Vx(©)?% +[L —y(©)]? (Rr(t) = /x(t)? + y(t)?) and the target aspect angle with respect to
the TX (RX) 07(t) = tan~2[x(t)/(L — y(t))] (8x(£) = tan~2[x(t)/y(£)]) vary with time

being [x(t), y(t)] the instantaneous target position (see Figure 3.1 (b)). The target is assumed in
the far field of both TX and RX: this requires the far field parameter, S = 2d?,,,/AR to be
smaller than 1, being and R = min{y,, L — yo} and d,,q = max{ly, 1, }, [46].

To be noted that the angular interval from which the target is viewed is 42 = 2tan™1(v,T/L)

being T the observation time.

As previously discussed in Chapter 2 the signal scattered from the target in the forward
direction, s.(t) is due to the shadow of the emitted electromagnetic energy which occurs in the
opposite side of the TX and introduces a variation in the received signal’s phase, ¢(t) and in
the received signal’s amplitude, oys(t). The RCS pattern, o4(t) , modulates the amplitude of
the signal scattered by target: it depends on the shape of the shadow contour, [2], and on the
motion parameters, [29],[9], [8] and can be explained by considering the target as a secondary
antenna having an area outlined by the target shadow profile. For the above rectangular shadow

aperture the pattern can be written as, [15]:

L2 cos(07(t) — @) + cos(0x(t) + @)
Ry (t)Rg(t) 2

O-fs(t) =
(31)
sinc {%h [sin(07(t) — @) + sin(Ox(t) + 4’)]}

The Doppler shift is induced by the target motion. The phase variation of the target signal
with respect to the direct signal is here defined only by the path difference, [8][29],[14] and it is

written as follows:
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PO =2 [Rp(0) + Ry(0) ~ L] (32)
Finally, the received target signal can be represented as:

se(t) = Bsto(t) (33)

where s, (t) = afs(t)ej‘l’“) is the global target signature (pattern and Doppler signature) and

2T
B :j%%eJTL is a complex factor proportional to the target dimensions and to the

transmitted signal (i.e. proportional to a)). We define with M, = |B| max,|ors(t)| the maximum
peak of the received target signal. We note that the target scattered signal in the forward
direction is 1t/2 phase shifted with respect to the direct signal, s, (t) (8 = 2a + 77/2) since as

previously mentioned, the object’s size is large with respect to A, [3]. Disregarding for the

moment possible disturbances, the received signal can be written as

An example of a typical received signal for a target crossing the baseline perpendicularly in

the middle is shown below.
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Figure 3.2 (a) Received signal and (b) Pattern signature and Doppler signature of a target crossing

the baseline perpendicularly at midpoint

Figure 3.2 shows the amplitude of the received signal s, (t) normalized to the amplitude of

the direct signal (sub-figure (a)) and the target RCS pattern oy,(t) and Doppler signature
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R{sto(t)} both normalized to the RCS patterns peak value (sub-figure(b)). It is noted the
chirped phase term characterized by a zero Doppler frequency at the crossing time, t, and a
linearly increasing Doppler frequency when departing from this time instant. It is also evident

the similar amplitude modulation provided by the RCS pattern (ozs(t) term).

Finally, white Gaussian thermal noise is added to the combination of the direct and forward
scattered signal thus providing the received signal r(t) = s;o:(t) + n(t) = s4(t) + s:(t) +
n(t) being n(t) the noise component with power ;2 = KTyBF where K is the Boltzmann’s
constant, T, the standard temperature, B the receiver bandwidth and F the noise figure. This

gives rise to a Direct signal to Noise Spectral Density Power Ratio (DNSR) defined as:

DNSR — lal?  lal?
- N, - L2N, (35)
being No=kT,F, while the Direct signal to Noise power Ratio (DNR) is:
DNR lal?>  lal?
T NoB %02 (36)

3.3 Crystal Video Detector

We deal with the issue of the detection of moving targets in the considered FSR
configuration introduced in Section 3.2 against AWGN. In agreement with the model
previously introduced for the received signal, the detection problem can be described in terms
of a binary hypothesis test as follows:

Hy: r=asg+n

(3.7)
Hi: r=asg+ LS +n

where r, s; and n are Nx1 column vectors collecting the samples respectively of the
baseband-equivalent received signal r;, of the global target signature s, and of the noise
contribution n; at sampling times t=i/B for i=0, ..., N-1. Since the transmitted signal is a pure
tone, the baseband-equivalent sq9 = ¢ is a Nx1 column vector with all elements set to unity
(i.e. constant direct signal). Under this condition the PDF of the received signal is a circular
complex Gaussian distribution:
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with mean vector respectively equal to w,. = asgo under hypothesis Hy and p, = asgo + BSto

under hypothesis H; and the same variance under both hypothesis o2 = 6. Ineq. (3.8) |||

denotes the Euclidean norm.

For such detection problem the Crystal Video Detector has been proposed in previous
literature, [9], [15], as a sub-optimal detection strategy under the assumption that the global
target signature, s;o(t) is known: the CVD is composed by the cascade of a square-law detector
followed by a DC removal filter and finally by a filter matched to the target signature. The
output from this processing chain is compared to a decision threshold to assess the presence of

the target (see Figure 3.3).
The main steps related to the CVD are summarized in the following.
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> » |
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Figure 3.3 Crystal Video Detector block diagram

Based on Section 3.2, the i-th element of the received signal vector z, at the output of the

square law detector under hypothesis Hy and H; can be written as:

Ziln, = lal? + |n|* + 2R{n;a"} (39)

2 * *
Zilu, = lal® + B1?[seo,|” + Inil* + 2R{a"Bspo i} + 2R{na’}

(3.10)
+ 2R{n;(Bst0:)"}

where R{-} is the real part operator and (-)*denotes the complex conjugate. Even under the
null-hypothesis (see eq. ( 3.9 )) the expected value of z gives a non-zero direct component
(DC), ¢ = (|a|? + 62) o, due to the direct signal equal to its square value and to the noise

component which contribution is equal to the noise power. To remove this DC component, a
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narrow highpass filter is applied. By operating on the sampled vector z, this is encoded by the
projection of z into the subspace orthogonal to the DC component vector . We observe that
the DC removal filter, perfectly removes the direct signal component, so that the only non-DC
noise terms are left under hypothesis Hy. In contrast, under the alternate hypothesis H;, various
additional terms remain, that depend on the target-scattered signal: (i) the mixed product
between target-scattered signal and direct signal, (ii) the mixed term between target-scattered
signal and noise, and (iii) the squared envelope of the target-scattered signal (see eq.( 3.11)). In
practical application, both noise and target-scattered signal are much smaller than the direct
signal component, so that is reasonable to assume that the squared envelope of these two terms
are not the dominant contributions. Moreover, they are also partially removed by the highpass
filter. Therefore, in addition to the residual non-DC noise term of the H, case, only components
(i) and (ii) represent the important contributions. After DC removal, we have the signal

odh
TAE

matrix, [47].By neglecting all smaller terms, the expected value of u can be approximated by

vectoru = Pz, where Pt =1— is the NxN symmetric and idempotent projection

the projection of component (i) as:
E{u} = E{PJ-Z} =~ Z‘ﬁ{a*ﬂplsto} (311)

which can be interpreted as the new useful signal term, s,, = E{u}of the signal vector u being
E{-} the expectation operator, As mentioned previously, we notice that this mixed term between
target-scattered signal and direct signal maintains a coherence from sample to sample, due to

the presence of the stable direct signal component that keeps the phase reference.

The random component of z under Hy, is given by a vector with elements 2R{n;a*} and
under the H; hypothesis, is given by a vector with elements 2R{n;(a + Bs;y;)*} for i =
0, ..., N — 1.Its projection through P+ can be seen as the noise component of vector u indicated
ad s,. This last component is still zero mean white Gaussian noise, but with a different
variance under the two hypotheses. Under hypothesis Hy only the direct signal is present,
thereby the variance of the random component of z is equal to 20%|a|? in each of the N-1
remaining dimensions. Under the alternative hypothesis Hy, also the target contribution must be
considered so that the variance of the random component of z is equal to 20,2 |a + Bss |2, and
the variance of u is directly obtained through the projection through P+ . Based on the

approximation above that only retains terms (i) and (ii), after applying to the received signal the
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squared modulus operation and the DC removal filter, the target detection problem can be
reformulated as a standard binary decision problem. The detector must decide between
Hypothesis Hy (the considered sample vector only contains zero mean Gaussian noise samples)
and the alternate Hypothesis H; (the considered sample vector contains zero mean Gaussian
noise samples, plus a target vector with known shape).

Under this approximation, we can resort to the matched filter theory to detect the target-
scattered signal present inside y. To this purpose, we define the filter vector hyr = k E{u},
being k any desired scalar value. Under the assumption that the global target signature, sy, Is

known and as the useful signal after squared modulus and Dc removal is given by term (i), we

can set hyp = 2o Bseo) _ —2Im{s,y} = h, so that the global filter vector applied to z is
loc Bl to

given by PLh . Under hypothesis Hy, the maximum output of the matched filter is known to be

given by go = hTu

Finally, the output of the matched filter is compared to a specific decision threshold T¢yp
chosen in order to ensure the desired false alarm rate at the decision device:
H,
qo = hTu = hTPJ_PJ_Z = hTPlZ 2 TCVD (312)
Hy
where ()T denotes the transpose. Therefore, the CVD statistic consists in applying to the
output of the square-law detector, z, first the projector operator P+ which is followed by a

coherent integration operated by the filter h, with impulse response defined by:
h(t) = —0p5(D) sin (1) (313)

This implies that h(t) depends on both the FS pattern signature and the Doppler signature
which in turn depend on the target electrical size and target trajectory. We explicitly notice
that, the filter h compensates for the time-varying Doppler frequency (chirped) component, by
performing a proper coherent target signal integration. In the typical case, where a target with
unknown size and velocity is searched for, an appropriate bank of filters h is used, after the DC

removal filter,[10] (see Chapter 5).
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3.4 Performance analysis of CVD

This section focuses on the analytical characterization of the performance of the CVD detector.
Firstly an accurate closed-form expression of the probability of false alarm is derived and its
correctness is shown and then the theoretical expression of the probability of detection is
derived and also approximated closed-forms are provided useful to support performance
prediction and system design. It is worth mentioning that two scenarios are taken as references
in the following analysis : the first one corresponds to a target in the deep far field area
(S=0.085) and the second one to a target approaching the transition to the near field (S=0.76),
but still satisfying the far field condition (S<1). In both cases the target trajectory is orthogonal

to the baseline intersecting it in the middle (y, = L/2).

Figure 3.4 and Figure 3.5 show the amplitude of the received signal s, (t) normalized to the
amplitude of the direct signal (sub-figures (a)) and the target RCS pattern oy4(t) and Doppler
signature R{s,(t)} both normalized to the RCS patterns peak value (sub-figures (b)); all plots

refer to noise free conditions while Table 3.1 shows the main system and target related

parameters.
o 1F . . . T T . —"/L
—ML sl —ML
1.04+ 1/2ML ) 1/2 ML
06 Pattern signature 1
g 1.02} § 0.4 \/ \ Doppler signature |
s 2
e 2oz / \\ /
T 3 o _,/\‘ / \ ;’(/“\\
= N = N /’ \ / et
£ 0.0} .02 | W
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Figure 3.4 (a) Received signal and (b) Pattern signature and Doppler signature of a target crossing

the baseline perpendicularly at midpoint for different observation times when S=0.085.
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Figure 3.5 (a) Received signal and (b) Pattern signature and Doppler signature of a target crossing

the baseline perpendicularly at midpoint for different observation times when S=0.76.

Table 3.1 System parameters and target related parameters of the reference scenarios

S5=0.085 $=0.76
System parameters
Carrier frequency f. = 4.612GHz f. = 4.612GHz
(A=6.5cm) (A =6.5cm)
Baseline L=4500 m L=500 m

Observation time

T=6.5sec (7L)
T=1.63 sec (ML)
T=0.98 sec (1/2ML)

T=0.72 sec (7L)
T=0.18 sec (ML)
T=0.1 sec (1/2ML)

Target related parameters

Target size

Motion parameters

I, = 1.5m (I,/A ~ 23)

v=36m/s
¢ =0°
Yo =1L/2

I, = L.5m (I,/A ~ 23)

v=36m/s
®=0°
Yo =L/2

Three different observation time intervals are investigated, corresponding to the same

observation angle, A0 for both scenarios and representative of a long observation time (time to

span the main lobe and 6 side lobes of the pattern signature, 7L, A0 = 5.96°), a medium

observation time (only main lobe, ML, A2 = 1.49°) and a small observation time (i.e. the time

to move between the -3dB level points of the maximum Forward Scatter pattern,1/2ML, AQ =

0.89°). Both cases show the chirped phase term characterized by a zero Doppler frequency at

the crossing time and a linearly increasing Doppler frequency when departing from this time

instant. Comparing the two cases it is possible to observe that a large humber of phase cycles
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related to the Doppler component occur in the main-lobe of the RCS pattern when S=0.085,
while in contrast the Doppler signature is only appreciable in the side lobes region when
S=0.76 namely when approaching a near field condition.

To characterize the detection performance of the CVD, we rewrite the test statistic q, as

follows:
N
qo=h"Ptz =n'z= Z MnZn (3.14)
n=1
where:
N
1
nnzhn_ﬁzhk (3.15)

k=1

is the n-th sample of the impulse response projected onto the subspace orthogonal to the DC

component (coincident with the n-th sample of the matched filter vector previously defined).

This formulation allows us to easily verify that g, is an indefinite quadratic form in normal
random variables that is not necessarily symmetric. In accordance with [48], we notice that g,
can be written as the difference between two positive variables q; and g,, hamely q, = q; —
q., where g, is related to the N; positive values of n; (n;") while g, is related to the N, negative

values of ; (n;):

N, N,
q1=z71i+zi , QZ=Z77i_Zi (3.16)
i=1 i=1

Indeed, it can be easily verified that both g, and g, are positive definite quadratic forms of
Gaussian random variables. For the sake of compactness, a general formulation for the three

guadratic forms q,,, m=0, 1, 2 is introduced, as:

N

am = Z 0 (qm)Zn (3.17)

n=1
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en(QO) =Nn
0n(q1) = (Inal +10)/2 (3.18)

en(QZ) = (lr]nl - Tln)/Z

To obtain an approximate statistical characterization of these quadratic forms, we start from
the evaluation of their s-th moment, which is derived in Appendix A:

1 (=D _2(s—i— .
g, () = Zia R G260 (i) -

i!

N
2 _ 2 g(s—i)
{CRACEDILD) YIRS
N , (3.19)
FG=DIBPY 05 anlsunl?
=1

N .
+2(s=Dlallply. 67 (@nih

To provide the performance in terms of Ps, and Py we analyze separately the case of the null-

hypothesis, Ho and the case of the hypothesis H.

3.4.1 Probability of false alarm

An accurate characterization of the PDF under hypothesis Hy, particularly on the PDF tails
by means of a moment-based approximation is firstly provided and the behavior of the high
order moments is here investigated. After the correctness of the closed-form expression of the

Pfa is established through Monte Carlo simulations.

Under hypothesis Hy, g, is by definition a zero mean value random variable, while the

generic moment of q,, is given by the simplified recursive expression:

s—1
—-1)! —i— . , N s—i
o) = Y SR 0+ =Dl Y 0V (320)
i=0 -

Table 3.2 reports the first ten normalized moments ugm(s) = Uq,, (8)/ug,, (1) fors=1,..., 10
of both g, and g, for the reference scenario characterized by S=0.085 and the three different

integration times (see Table 3.1) and DNSR=10 dB (see eq. ( 3.5) ). For comparison the table
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also reports the same normalized moments of a Gamma distributed random variable with PDF
written as, [49]:

v -1 dm
1 dm —

pqm(Qm) = T( e “am , qm >0 (3.21)

qu) M(’;qum
with shape parameter v, _and scale factor p, respectively, being I'() the Gamma function,

[50].

L ug (1)
e (2)—p2 (1)’

Hap = Mg, (1) /vq, (3.22)

Table 3.2 Moments of g, and g, for S=0.085 and DNSR=10 dB

q1 qz
7ML ML 1/2ML 7ML ML 1/2ML
< © < 8 © o o ©
. [Te) o N C N~ @ © ©
EN L Eai L E« L. 1 Ew ~ Eo ~ Ex o
S %w s ER s ER s EFR = EY s £ S¥
O ¢ o < o < o & o & o <
N EN EN BN EN BN

100 100 102 102 103 103: 101 101 102 1.02 1.03 1.03
102 102 106 106 110 110: 103 104 106 1.06 1.08 1.08
104 104 112 112 120 120: 107 107 113 113 116 117
107 108 120 120 134 135: 112 112 122 122 129 129
111 112 132 132 155 156 118 119 134 134 146 146
116 117 147 148 184 186 : 127 127 150 151 168 1.69
122 123 166 168 224 227137 138 171 172 199 200
129 130 191 194 280 284150 151 199 201 241 244
138 138 224 228 358 366165 167 235 238 298 3.02

SBowoNvoonrwNne

Table 3.3 shows the same moments for DNSR=40 dB. Table 3.4 and Table 3.5 contain
similar results for a shorter baseline, which provided a valued of S=0.76, namely when

approaching the near field.
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Table 3.3 Moments of ¢, and g, for S=0.085 and DNSR=40 dB

q1 q>
7ML ML 1/2ML 7ML ML 1/2ML
© < < 0 o <
™~ S L0 oA N @
N — 2 - J o 3 ~ S ~ N ~
S Eg v EQ ¥ EgQ T EQ ¥ EY Y EQ T
£ 11, £ 1 £, £ 1l £ 1l £,
OERN OIS OIS OIS OIS O

1 1 1 1 1 1 1 1 1 1 1 1
1.00 100 100 1.00 100 1.00 :1.00 1.00 100 1.00 100 1.00
100 100 100 100 100 100 :1.00 1.00 1.00 1.00 100 1.00
100 100 100 100 100 100 :1.00 1.00 1.00 1.00 100 1.00
100 100 100 100 101 101 :1.00 100 1.00 1.00 101 101
. 100 101 101 101 101 :1.00 100 1.00 1.00 101 101
100 100 101 101 101 101 :101 101 1.01 101 101 101
100 100 101 101 102 102 :1.01 101 1.01 101 101 101
101 101 101 101 102 102 :101 101 101 1.01 102 1.02
0 101 101 102 102 103 103 :1.01 101 102 1.02 102 1.02

P Ooo~NO O WN
[ERN
o
o

Table 3.4 Moments of g, and g, for S=0.76 and DNSR=10 dB

q1 qz

7ML ML 1/2ML 7ML ML 1/2ML

o

<t (2] e0) D (92) o

™ ™ N Lo ™ N

[{e] o [ee] N~ o o

s 8 & gv & £ & €g & g & gy &

=T = =) =l = =)
3+ i 3+ x 3+ x [3+1 N [3+1 N (31 N
GEN GEN GEN CEN CEN CEN

1 1 1 1 1 1 1 1 1 1 1 1
100 100 100 100 1.00 100 i{1.00 100 1.00 1.00 100 1.00
1.00 100 101 101 101 101 100 100 1.01 101 101 1.01
1.00 100 101 101 102 102 ;101 101 101 101 102 1.02
101 102 102 104 104 :1.01 101 102 102 1.04 104
101 101 103 103 106 106 :1.02 102 104 1.04 105 1.05
1.01 101 105 105 109 109 !1.03 103 105 105 1.08 1.08
102 102 106 106 112 112 :1.04 104 107 1.07 110 1.10
102 102 108 108 115 1.15 i1.05 105 109 109 114 114
0 102 1.02 110 110 120 120 :1.07 107 112 112 117 1.17

P OoO~NOoOUA~WNER
=
o
-
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Table 3.5 Moments of g, and g, for S=0.76 and DNSR=40 dB

41 q2
7ML ML 1/2ML 7ML ML 1/2ML
™ ©
3 3 3 S & 3
s E8® ¢ Ep ¢ Ef2 ¢ £§¥ ¢ g2 & f2 &
Al £ £ 1l £, £ £ 1l
OIS OIS OIS LI LI VI

1 1 1 1 1 1 1 1 1 1 1 1
1.00 100 101 101 102 102 :1.01 101 101 101 102 1.02
101 101 104 104 107 107 :1.02 103 104 104 106 1.06
102 102 108 108 115 115 105 105 109 109 113 113
. 103 113 113 125 125 109 109 115 115 122 122
105 105 120 121 140 140 :1.13 113 123 123 135 135
107 107 130 130 159 160 :1.19 119 134 134 151 151
1.09 109 141 141 185 186 :1.25 126 147 147 173 173
112 112 156 156 219 221 :134 134 164 164 201 202
0 115 115 173 174 265 267 144 144 185 185 239 240

POoOo~NOoOOhwWNPE
[N
o
w

As apparent, there is a close match between the normalized moments of both g, and g, and
the corresponding moments of the Gamma PDF with the same normalized second moment.
This justifies the use of the Gamma PDF as the approximate PDF for both g, and g,. By
inverting the first and second order moments defined in eq. ( 3.20 ) and in accordance with eq. (

3.22 ) these are characterized by the following shape factors and scale parameters:

1(1+DNR) w?
Vai =37 5(DNR) (1 +6)

1(1+DNR) w?
V& =27 5(DNR) (1-6)

{#éh
Hq,

where the other parameters in eqg. ( 3.23 ) and eq. ( 3.24) are :

(3.23)

a2e p(DNR)/w (1 + &)

o2e p(DNR)/w (1 — &) (3.24)

N N N

5= anﬁlnglznn e = Z 1,7721 Cw= % , p(DNR)
=11n n= =

n n=1"n (3.25)

DNR

=14 —
+ 1+ DNR

As the test statistic is given by the difference q, = q; — q,, its PDF is given by the
correlation between the two gamma PDFs which approximate respectively g;and g,. In order
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to simplify the expression of the PDF, as well as the resulting P, we restrict to integer values
of n,, =round(v,,). In practice, approximating the values with the closest integer is not
expected to introduce any significant approximation error. As clearly apparent from Table 3.2
to Table 3.5 these values are typically large and in this case the Gamma PDF is well known to

have a limited sensitivity to the order parameter values.
By integrating the resulting PDF on the interval [T¢yp, ), Appendix B, we obtain:

_Teyp/(o7€)
p(DNR)

Pra=e ©0+8) (1+6)"

mamt 1 < Tevp/ (07 €) >mznq1‘1‘m I(r+vg,)
> ) (1 - gy

m=o m!\p(DNR)/w(1 + 8) r=0  2V2*TT(v,,)

(3.26)

Figure 3.6 and Figure 3.7 compare the expression above of the Ps, with the results from
Monte Carlo simulation with 10" independent trials based on the exact PDF of the decision
statistic g, respectively for the deep far field case, S=0.085 and getting close to the near field,
S$=0.76 as function of the threshold, T.yp/02 e, namely the decision threshold (Tcyp)
normalized with respect to the standard deviation of the noise at the output of the matched filter
(02¢€). This last assumption can be easily explained by recalling the decision statistic in eq. (
3.14) and the definition of €2 in eq. ( 3.25) that, in presence of noise only, yield a noise power

at the output of the matched filter equal to o2,

o I
10 o
*. | =T Q@ | »n X 7L Sim
ey, ‘ X 7L Sim | ooy, ——7L Theo
-‘};:x:- ] —— 7L Theo 1 10 | %v;g‘;\ | ¥ ML Sim
<107 o8 ; | X ML Sim ! écy% ML Thec
o A I —ML Theo | & Yo, 1/2 ML Sim
3 A,\; /2 ML Sim | | £ . "% 1/2 ML Theo
202 R, L £ 10 P — - -
= 10 i 1 = %,
=] i = %
: | 3 \
= £ 109 TN |
=10 - ’\’,\
“ b
=] = -
£ 3 107 % 1
z 10 z ¢
z - X
108 10 ‘ &\
£
; 106 — . — b3
1060 T . 0 10 20 30 40 50 60 70
) - ) Normalized threshold , Tey p/(02e)
Normalized threshold , Tovp/(oe)
(@) (b)

Figure 3.6 Simulated and theoretical P, as function of Teyp /(012 ¢) when $=0.085 and for (a)

DNSR=10 dB and (b) DNSR= 40 dB.
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Figure 3.7 Simulated and theoretical Py, as function of cho/(0n2 &) when S=0.76 and for (a)
DNSR=10 dB and (b) DNSR= 40 dB.
As it can be observed in all the cases there is a close match between the closed form
expression in eq. ( 3.26 ) and the corresponding simulated results. It is well known that for
large shape factor v, ~(m=12), the Gamma PDF of g; and g, converges to Gaussian

distribution with mean and variance respectively equal to:

) ol
Bap, = Vanla, = 7(1 + DNR)w
ole? (3.27)
Ot = VanHan =—5— (L+2DNR)(1 = (-1)™6)

Therefore, qo = q1 — q, also converges to a Gaussian random variable with zero mean and
variance:

! 2 ! 2
0-30 = Vq,Hq, + Va,Ha, = 0-7%82(1 + ZDNR) (3.28)

We notice that this certainly applies when DNR goes to infinity, so that both v, and v,, go to

infinity. In consequence, for high DNR values, the PDF for g, can be approximated with a

Gaussian variate:

1 1 I
e 203€2(1+2DNR) (3.29)
\V2mo2eN1+ 2DNR '

Pq,(90) =
and the Py, is expressed as:
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1 ( Tevp/ (07 €) )
felm——mx (3.30)

Prg = -er
ra T2 J2(1+ 2DNR)
The Gaussian approximate expression has been reported in [42], where it is shown that such
approximation provides a nice fit to Monte Carlo simulations for DNSR high enough and Py, up
to 10°. Figure 3.8 and Figure 3.9 compare the exact Py, eq.( 3.26 ) with the approximated
Pfa, eq.( 3.30 ) for a long (7L) and short (1/ML) time interval cases for both reference

scenarios.

£ T e e I I 100 s I I
F ——7L Theo ——7L Theo
\ —— 7L Gaussian approx \\ —— 7L Gaussian approx ]
A SN ——1/2 ML Theo 1 \ ——1/2 ML Theo :
3 \ -------- 1/2 ML Gaussian approx 4 \ e ] /2 ML Gaussian approx|

o
[

102

Probability of false alarm, Py,

Probability of false alarm., Py,

10° 1078 \
4| 4 N
10 ; < 10
| \\
105 N 108
&L 6 X
10 10
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Normalized threshold , Toyp/(a2¢) Normalized threshold , Tovp [ (a2s)
@ (b)

Figure 3.8 Theoretical and approximated Ps, as function of Teyp / (an2 &) when $=0.085 and for (a)
DNSR=10 dB and (b) DNSR= 40 dB.
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Figure 3.9 Theoretical and approximated Py, as function of Teyp/(6,2¢) when $=0.76 and for (a)
DNSR=10 dB and (b) DNSR= 40 dB.
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The comparison highlights that the Gaussian approximation can show non-negligible errors
in the low Pfa region compared to the exact Py, particularly for low values of DNSR.

This can be also verified by comparing the moments of the test statistic to the moments of a
zero mean Gaussian random variable with the same variance. Similarly to g;and gq,, g, is a

guadratic form of Gaussian random variables. Therefore, its generic moment of order s is:

tao© =y SR = 0lal) Y i g, ) (331)

il

Table 3.6 reports the first ten normalized moment “fzvo (s) = MqO(S)/Hf,ﬁz (2) for DNSR=10

dB and DNSR=40 dB, and the three different integration times for a far field condition of
S=0.085. The normalized moments for the zero-mean Gaussian random variable are reported in

column 2 for comparison.

Table 3.6 Moments of the CVD statistic q, under Hq hypothesis for S=0.085.

DNSR=10 dB DNSR=40 dB

s Gaussian | 7L ML % ML 7L ML Y% ML
1 0 43x10®  1.9x10™ 1.3x10™ | 3.0x10™ 1.3x10™  9.1x10™
2 1 1 1 1 1 1 1

3 0 -0.07 -0.01 0.048 -0.01 -0.00 0.01

4 3 3.07 3.09 3.12 3.01 3.00 3.00

5 0 -0.73 -0.05 0.50 -0.08 -0.01 0.05

6 15 16.23 16.41 16.82 15.01 15.01 15.02
7 0 -8.05 -0.58 5.74 -0.80 -0.06 0.54

8 105 123.66 125.58 132.18 105.18 105.20 105.26
9 0 -104.12 -7.15 77.97 -9.5875 -0.75 6.43
10 945 1251.60 1271.40 1388.90 947.85 947.96 948.91

Table 3.7 reports similar results for a shorter baseline, namely getting close to near field for a

far field parameter S=0.76.
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Table 3.7 Moments of the CVD statistic g, under Hy hypothesis for S=0.76.

DNSR=10 dB DNSR=40 dB

s Gaussian 7L ML % ML 7L ML % ML
1 0 2.8x10° 8.1x10Y 2.4x100 6.8x10 1.9x10%® 5.9x10P°
2 1 1 1 1 1 1 1

3 0 -0.11 -0.02 0.03 -0.04 -0.01 0.01

4 3 3.04 3.05 3.09 3.00 3.00 3.01

5 0 -1.15 -0.22 0.30 -0.37 -0.07 0.09

6 15 15.77 15.75 16.21 15.07 15.07 15.11
7 0 -12.44 -2.34 3.39 -3.86 -0.72 1.00

8 105 117.88 115.81 122.65 106.20 105.98 106.57
9 0 -155.95 -29.67 44.35 -46.52 -8.62 12.11
10 945 1173.40 1113.00 1224.40 965.93 959.79 968.79

By comparing the moments of q, to the moments of a Gaussian random variable, the
following comments are in order: (i) a disagreement on the high order moments (and
particularly on the odd-order) is observed that is consistent with the behavior of the curves in
the low Py, region observed in the Figure 3.8 and Figure 3.9 (ii) the disagreement increases as
the DNSR decreases as also observed moving from Figure 3.8 (b) and Figure 3.9 (b) to
Figure 3.8 (a) and Figure 3.9 (a) respectively.

Furthermore from Figure 3.8 and Figure 3.9 it is also noted that the Gaussian
approximation is independent of the integration time providing a fixed threshold dependent
only on the DNSR value.

Above results nicely validate the proposed closed form expression, eq.( 3.26 ), that is
extremely important for the practical application of the CVD scheme, since it allows us to set
the detection threshold required to guarantee a specified false alarm rate, once the noise level

and the DNR values are known.

3.4.2 Probability of detection

Likewise the PDF under hypothesis H; need to be defined in order to establish a closed-form
expression for the Pyand as the exact fitting of the PDF tails is not strictly required as for the Py,

an analysis of the moments of the decision statistic will not be reported and the validation of
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the analytical expression will be verified directly by comparison with results obtained from
Monte Carlo simulation based on the exact PDF.

Under hypothesis H; the PDF of the test statistic g, follows very closely the Gaussian PDF,
[42]:

1 _ (d0—Hq,)"
e 20%, (3.32)

(q0) =
pqo do mo_qo

being mean value and variance respectively given by:
N
oy = Hao (D) = 1B )" nilsionl® +2lal 1e? (3.33)

0-30 = 'u%(z) - “‘210(1)

N
— 2 2 +2 2N\ .2 ) ZZ 2 2
o’ [(an la|?)s 181 L Iscol (3.34)

N
+alallgl ). nihE]
k=1

as directly obtained fromeq. ( 3.19).

Figure 3.10 compare the test statistic histogram under hypothesis H; obtained from Monte
Carlo simulation with 10° independent trials based on the exact PDF, normalized with respect
to its standard deviation, g, and the PDF defined in the eq. ( 3.32) for two different values of
DNR (see ( 3.6 )) and observation times (long, 7L and short, 1/2ML) when the target is in the
far field area, $S=0.085. Figure 3.11 reports similar results for a shorter baseline, namely
getting close to near field for a far field parameter S=0.76. For all cases is noted a good

agreement between the simulated results and the PDF.

55



» Crystal Video Detector and performance analysis

x10™

©w

p 1 I |
”X || + DNR=20 dB Histogram| |

I I
!N + DNR=20 dB Histogram | |
——DNR=20 dB PDF

——DNR=20 dB PDF H
+ DNR=25 dB Histogram| |
-——DNR=25 dB PDF

o]

' 4+ DNR=25 dB Histogram |
. ——DNR=25 dB PDF

A
SR

SN 1 Vi I 1 " = 5, e e

HHHHHE—— i ———— 0 —— T HHH T H
-2 0 2 4 6 8 10 12 14 -2 0 2 4 6 8 10
Normalized test statistic,qo/a,,

~

[+2]

S

w

N

Probability density function, PDF
A o
___4_._-—4'""

Probability density function, PDF
(4]
=
——
—

B

Normalized test statistic, Qfoy
(@) (b)
Figure 3.10 Histogram and PDF of the normalized test statistic,qo /o4 Wwhen S=0.085 and (a) for a

long observation time, 7L and (b) short observation time, 1/2ML.
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Figure 3.11 Histogram and PDF of the normalized test statistic, gy /o4 When S=0.76 and (a) for a

long observation time, 7L and (b) short observation time, 1/2ML.

Therefore, after some simple manipulations, an approximate expression of the CVD
detection probability can be obtained as:

Py

Tevp _ DNR e |22ﬁ=1nk|5t0k|2+2| |
2 14 82 Y
02e/2(1+2DNR) /2(1 + 2DNR)

2DNR N n2srorl? N_ nZh
14+ <|y|22k—177k| tok! >+2|y|2k—1nk k

1 (3.35)
= zerfc

(1+ 2DNR) €2
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where y = B/a = jl,l;,/AL depends on the target size for an assigned system geometry (4, L)
and the other parameters in eq. ( 3.35 ) have been defined in the Section 3.4.1. From the eq. (
3.35) it can be easily verified that in absence of the target signal (i.e y = 0) the approximated
Ps in eq. ( 3.30) is obtained. The closed form expression for the detection probability in eq. (
3.35 ) as function of the DNR (see ( 3.6 )) is compared to the results of a Monte Carlo
simulation with 10° independent trials based om the exact PDF of the decision statistic g, under
hypothesis H; in the Figure 3.12 , respectively for the case of deep far field and for the

transition between far and near field for three different integration times having set a P=10".
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Figure 3.12 Simulated and theoretical P, of the CVD detector for a P,=10when (a) $=0.085 and
(b) $=0.76.

As apparent, for all considered cases, the theoretical expression provides a complete
agreement with the simulated results hence eq. ( 3.35) can be used to exactly predict the CVD
detection performance. Moreover, the denominator term in eq.( 3.35 ) does not change with the
DNR being almost constant and equal to one in all considered conditions as shown in the
Figure 3.13.

Accordingly, the expression of the P4 can be simplified as follows:

1 1
Approx—1 CVD
Pd pp == erfc
2
on &

2 V2(1 + 2DNR)

DNR Y h=1MklStorl?
——e(l)/IZ#HIVI

J2(1 + 2DNR) &?

(3.36)
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Equation ( 3.36 ) can be further simplified by dropping the term depending on |y|?, by

approximating 1 + 2DNR ~ 2DNR and by substituting eq. ( 3.30 ) we obtain:

1
Approx—2 -1
P; =Eerfc[erfc (2P;,) — VDNRely|| (3.37)
1 1
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Figure 3.13 The term at the denominator of the analytical expression in eq. ( 3.35) when (a) $=0.085 and (b) S=0.76.

Figure 3.14 compares the complete closed form expression in eq. ( 3.35 ) to the two

approximations in egs. ( 3.36 ) and ( 3.37 ) and under the same conditions considered in Figure

3.12.
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Figure 3.14 Theoretical and approximated P, of the CVD detector for a P,=10"when (a) $=0.085

and (b) S=0.76.
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It is quite apparent that the proposed approximated expression in eq. ( 3.36 ) still provides an
accurate fit to the complete closed form whereas the approximated expression in the eq. ( 3.37)
shows differences in the order of 2 dB in the worst case for the target getting close to the near
field, S=0.76 ((b)).

Nevertheless the simplified expression in eq. ( 3.37 ) can very usefully support preliminary
system design and performance prediction of the FSR system.

3.5 CFAR CVD and performance analysis

The theoretical expression of the probability of false alarm derived in 3.4.1 allows us to
select an appropriate threshold for the CVD detector so that a desired P¢, value is achieved.
However, it is apparent from eq.( 3.26 ) that this fixed threshold depends on both the values of
noise variance o7 and DNR. In some cases these parameters are easy to estimate and vary
slowly in time, however the CVD still requires to adapt the fixed threshold accordingly. In
some other conditions, the variations are faster and more difficult to track. In any case, it is
quite useful to have a detector that does not require to change the threshold as the system
conditions change. Therefore, we look for a modified version of the CVD scheme that
maintains a constant false alarm rate (CFAR) independent on the values of ;2 and DNR. To
obtain the desired CFAR characteristic, we aim at normalizing the CVD test statistic by an
appropriate function of the received data that contains a similar dependency of the CVD on

noise variance and DNR.

We approach this problem in the following sections under two different assumptions,
respectively availability of secondary data (Section 3.5.1) and absence of secondary data
(Section 3.5.2). Likewise for the CVD detector firstly the decision statistic is derived and after
a closed-form expression of the performance in terms of Pg, and Py is obtained and validated
through Monte Carlo simulations. Finally in Section 3.5.3 the performance of the two CFAR
CVDs are compared to that provided by the fixed threshold CVD derived in the previous

section.
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3.5.1 CFAR CVD with secondary data

We first assume that a set of K target-free secondary data are available, namely K
independent acquisitions of the same number of samples N under the same system conditions
(i.e. sharing the same noise variance and DNR) as the primary data. For example, these sets of
data can be relative to the K previous temporal frames preceding the frame under test, where no

targets have been detected.

Using these secondary data, z;, for k=1, ..., K that are Nx1 column vectors containing only the
direct signal, s;(t), and the noise component, n(t), defined in the Section 3.2, the normalized
CVD test statistic considered is:

hTP'z Hy
Yo = - 2 Tévp (3.38)
JREE P2 Ho

where Ty is the threshold selected such that the Pg, equals a predetermined value. In the

Figure 3.15 the CFAR CVD with secondary data block diagram is sketched.
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Figure 3.15 CFAR CVD with secondary data block diagram.

As apparent, the quantity %Zle(hTPlzk) is a zero mean value random variable under
hypothesis Ho, so that it cannot be used to normalize the decision statistic g, = hT Pz defined

in eq.( 3.14 ). However, the quantity %Z’,ﬁzl(hTPlzk)z has a non-zero mean value and is
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expected to share the same dependency on noise variance and DNR as q, as it actually can be
seen as an estimator of the variance of gy . Thus, the normalization is expected to provide a test
statistic that has a negligible variation with those parameters.

Now the test statistic in eqg. ( 3.38 ) is examined under each hypothesis. Under hypothesis Hy,
using results in Section 3.4 and assuming that the Gaussian approximation is valid for the PDF
of both g, and KT P+z, (k=1, ..., K), we notice that y, has a Student’s T distribution with K
degrees of freedom (dof), [48]:

_(K+1)
2

<1 +"05/K>
VKB (3.2)

(3.39)

Py, (lpo/Ho) =

where B(a, b) is beta function, [50].

Figure 3.16 shows the test statistic, ¥, histogram under hypothesis H, for different values of
DNSR (see eq. ( 3.5 )) obtained from Monte Carlo simulations with 10" independent trials
based on the exact PDF for both reference scenarios considering an integration time equal to
the main lobe. Also shown is the T-student PDF defined in the eq. (3.39) that provides a good

fit to the test statistic histogram. For both reference scenario K=16 secondary data is
considered.
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Figure 3.16 Histogram and PDF for different value of the DNSR of the test statistic, y, for an
observation time equal to the ML and (a) for S=0.085 and (b) for S=0.76.
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Therefore, the false alarm probability is obtained by integrating eq. ( 3.39 ) over the interval
[T¢yp, ) yielding, [48]:
p. = 1 11 (1 K)

fa=2 72 TC"VDZ 2'2 (3.40)

K+Tlyp”
where I,.(a, b) is the regularized incomplete beta function of order x, [50].

From eq. ( 3.40) it is clear that no prior knowledge of any unknown parameters is required to
set the decision threshold needed in order to achieve a given Py, level.

Figure 3.17 shows the Py, of the CFAR CVD with K=16 secondary data versus the threshold
T¢vp, for different values of DNSR, as obtained from eq. ( 3.40 ) and from Monte Carlo
simulations considering an observation time equal to the main lobe. We note a close match

between the simulated results and the approximated closed form expression of the Ps,.
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Figure 3.17 Simulated and theoretical Py, of the CFAR CVD detector with secondary data for an
observation time equal to ML and for (a) S=0.085 and (b) S=0.76.

For both scenarios we observe that the CFAR property is ensured as the same value of Pfa
(i.e. the same test statistic histogram, Figure 3.16) is obtained independently from the specific
DNSR. The same results are obtained for long and short observation times (namely, 7L and

1/2ML) even here not reported.

Under hypothesis H; we notice that the numerator hTP+z and the variable hT Pz,

k=1,..,K, at the denominator of eq. ( 3.38 ) have a different variance as the secondary data are
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assumed to be target free. Let define the quantity R, as square root of the ratio between the
variance of the numerator (i.e the variance of g, under H; as from eq.( 3.34 )) and the variance

of the variable hT P1z, (i.e. the variance of g, under H, as from eq.( 3.28 )):

N 2 2
- iDzlzi?VR)(l |22k=1nk2|5mk| )+2| |k1_’7khk (3.41)
£ S

By scaling ¥, by the ratio R, and using the same approximate Gaussian assumption adopted
under hypothesis Ho to derive the PDF in eq. ( 3.39 ), the normalized statistic,i), = /R, IS

nicely approximated by a non-central Student’s T distribution, [48], with K degrees of freedom:

VD/2 K+r+1

| _ (l/JOTCVD) 2 ¢ (K+r+1
pin Y, )= Z (K2 ( ?) () )

wheret par—cyp IS NON centrality parameter of 1, that depends on the mean value and variance

of the decision statistic g, (i.e the numerator of 1),) under hypothesis H; defined respectively in
eq. (3.33)andeq. (3.34):

Hq | DNR ¢

Teyp = 0 H _ <| |2M+ 2|)/|)
| ~ V1+2DNR R

U‘IO Hy

(3.43)
Figure 3.18 compare the test statistic histogram under hypothesis H; obtained from Monte
Carlo simulation with 10° independent trials, and the PDF defined in the eq. ( 3.32 ) for two
different values of DNR (see ( 3.6 )) and observation times (long, 7L and short, 1/2ML) when
the target is in the far field area, S=0.085.
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Figure 3.18 Histogram and PDF of the normalized test statistic 1), when $=0.085 and (a) for a long
observation time,7L and (b) short observation time, 1/2ML.
Figure 3.19 reports similar results for a shorter baseline, namely getting close to near field for

a far field parameter S=0.76. For all cases is noted a good agreement between the simulated
results and the PDF.
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Figure 3.19 Histogram and PDF of the normalized test statistic {, when $=0.76 and (a) for a long

observation time,7L and (b) short observation time, 1/2ML.

For sake of simplicity by defining the cumulative distribution function, [48], as
nct_cdf (t,n,b) = Prob{t’ <t} where t’' is a random variable following the generic
noncentral -Student’s T distribution with n degrees of freedom and noncentrality parameter b,

the detection probability of ), is written as:
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Py =1 —nct_cdf (92, K, 7¢yp ) (3.44)
0

The closed form expression in eq. ( 3.44 ) for the detection probability is reported in Figure
3.20 as a function of the DNR and compared to the results of Monte Carlo simulations having
set a P=10" and again K=16. As apparent, the theoretical expression provides a good
agreement with the simulated results. Hence eq.( 3.44 ) can be used to predict the detection

performance of the CFAR CVD with secondary data.
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Figure 3.20 Simulated and theoretical P4of CFAR CVD detector with K=16 for a P,=10° when (a)
$=0.085 and (b) S=0.76.

3.5.2 CFAR CVD without secondary data

In this section a fully adaptive detector based on the CVD is developed in the absence of
secondary data and analytically characterized. By assuming that no secondary data are
available, the normalization of the CVD test statistic, g, must be obtained from the primary
data set. To this purpose, we need to establish a suitable estimator of the variance of the
decision statistic g, based on primary data only. Since primary data may contain the target
signal, the adopted strategy has to include the removal of the corresponding contribution. This
is obtained by considering the signal at the output of the DC removal stage, u = Ptz and
projecting it into the subspace orthogonal to n = P1h defined in Section 3.4.1. Once this
second projection has been accomplished, the variance can be estimated and its square root

used to normalize the test statistic, q,.
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Thus the decision rule can be written as:

h"PLz/VRTPTh o
Y, = < lcvp (3.45)

1 Tpl
| FT

In the Figure 3.21 the CFAR CVD without secondary data block diagram is sketched. As
previously, the performance of the test statistic, ; in terms of Pg, and Py is derived and its
CFAR behavior demonstrated.
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Figure 3.21 CFAR CVD without secondary data block diagram.

Under hypothesis Ho, we assume that the Gaussian approximation is valid for the PDF of q,
and a Chi-square distribution with N-2 degrees of freedom is a good approximation for the PDF

PLhnTpL
hTPLh

of zT (Pl - )z (i.e. can be seen as the sum of squares of N-2 independent Gaussian
variate) being z a Nx1 column vector. Under these assumptions, ip;has a Student’s T

distribution with N-2 degrees of freedom, [48]:

p (-Up
(1+ (Nw—1 2))

T

(3.46 )

Py, (lpl/Ho) -

Figure 3.22 compare the test statistic, 1; histogram under hypothesis H, for different values
of DNSR obtained from Monte Carlo simulations with 10" independent trials based on the
exact PDF with the T-student PDF defined in the eq. ( 3.46 ) for both reference scenarios

considering an observation time equal to the main lobe. It is noted that the PDF provides a
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good fit to the test statistic histogram for both reference scenarios. The same agreement is

obtained for a long and short integration time even here not reported.
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Figure 3.22 Histogram and PDF for different value of the DNSR of the test statistic, y; for an

observation time equal to the ML and (a) for S=0.085 and (b) for S=0.76.

Hence, the P¢, obtained by integrating eq. ( 3.46 ) over the interval [T/, o) is written as:

p 1 1 | (1 N — 2)
a =55 n 2 PO
s 2 Tevp 2 2
n 2
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Figure 3.23 Simulated and theoretical Py, of the CFAR CVD detector without secondary data for an

observation time equal to ML and for (a) S=0.085 and (b) S=0.76.

For the same cases considered in Figure 3.17, Figure 3.23 compares the analytical

expression of the Pg, in eq. ( 3.47 ), and the simulated Py, of the CFAR CVD without secondary
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data for different values of the DNSR. The reported results show that, despite the absence of
secondary data, the proposed detector ensures the CFAR property and also we note a good
agreement between simulation results and the approximated closed form of the P,

Under hypothesis Hy, by proceeding in similar way to Section 3.5.1, the numerator and the
denominator of the test statistic, ¥, in eq. ( 3.45 ) have different variance. Let us define R, as
the square root of the ratio between the variance of the numerator (i.e. obtained normalizing the
variance of gounder H, in eq., ( 3.34) by hTP+h ) and the variance of the generic Gaussian
variable that defines the Chi-square variate with N-2 dof at the denominator. In accordance
with the property of the Chi-square distribution, [48], this variance can be obtained as the mean

value of the Chi-square distributed variable divided by the number of dof, namely

L Tpl
E {ZT (Pl _ PRk P )z}/N — 2 where E{-} is the expectation operator. Thus R; is written as:

hTpLh
0q0| /hTPlh
e E{zr(pl_%)z}/w-z (4
After some simple manipulation it yields:
R, =
1+(N—2)2(Ll):\—IfDNR)<| |22;{V=1n:kzlsmk| >+2| R lnkhk (3.49)

[ N 2 2 N 2
2DNR 2l (4 1\ N 2 Zk=1"klstok! _N\yN p _ Ek=a Mk
s el [14 ((1 5 EN o o r2lyl| (1-3) BNy -1

Finally, the normalized test statistic with respect to the ratio R;, ¥; =;/R; can be
approximated by a non-central Student’s T-distribution with N-2 dof, [48] and the same non-

centrality parameter 7., defined for CFAR CVD with secondary data in eq. ( 3.43).

_Tévp /2

Uy _ e
Py, /H1 (N —2)T (¥)
(3.50)

_N-2+4r+1

(‘~P1TCVD) $? 2 v N—2+r+1
Zrl(N_z)/z< N—2> 2 ZF( 2 )

68



» Crystal Video Detector and performance analysis

Figure 3.24 compare the test statistic histogram under hypothesis H; obtained from Monte
Carlo simulation and the PDF defined in the eq. ( 3.50 ) for two different values of DNR and
observation times (long, 7L and short, 1/2ML) when the target is in the far field area, S=0.085.
Figure 3.25 reports similar results for a shorter baseline, namely getting close to near field for

a far field parameter S=0.76. For all cases as for the CFAR CVD with secondary data is noted a
good agreement between the simulated results and the PDF.
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Figure 3.24 Histogram and PDF of the normalized test statistic 1), when $=0.085 and (a) for a long

observation time,7L and (b) short observation time, 1/2ML.
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Figure 3.25 Histogram and PDF of the normalized test statistic 1), when $=0.76 and (a) for a long

observation time,7L and (b) short observation time, 1/2ML.
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The detection probability in accordance with the cumulative distribution function previously
defined in Section 3.5.1 is written as:

TII
PN -2, rCVD> (3.51)
Ry

Figure 3.26 shows the comparison between the analytical and simulated P4 of the CFAR

P;=1- nct_cdf(

CVD without secondary data for both reference scenarios and a complete agreement between
the analytical and simulated results is noted that validates the proposed theoretical performance

investigation.
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Figure 3.26 Simulated and theoretical P4 of CVD CFAR detector without secondary data for a
P=10"° when (a) $=0.085 and (b) $=0.76.

3.5.1 CFAR CVD comparison

By relying the theoretical performance of both CFAR CVD detectors with and without
secondary data, the focus of this section is on the comparison of the performance with respect

to the fixed threshold CVD in terms of probability of detection.

Figure 3.27 compares the theoretical P4 as a function of the DNR of the three detectors when
the target is in the far field area, S=0.085 and for three different observation times. Again K=16
is assumed for the CFAR CVD with secondary data. Figure 3.28 reports similar results for a

target getting close to the near field, S=0.76.
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Figure 3.27 Theoretical P, for a P;;=100f the CVD detector compared to the CFAR CVD detector
with K=16 and CFAR CVD without secondary data when S=0.085 and for (a) long observation time, 7L,
(b) main lobe, ML and (c) short observation time, 1/2ML.

Some comments are in order. First, for the target in the deep far field (Figure 3.27) we
observe that the CFAR CVD without secondary data presents performance close to that of the
CVD with fixed threshold. In contrast, the CFAR CVD with K=16 experiences losses in the
order of 3 dB to achieve the same detection performance. This can be explained by
investigating the definition of decision statistic of CFAR CVD detector with and without
secondary data in eq.( 3.38 ) and eq. ( 3.45 ) respectively. It is apparent that the variance
estimator in eq. ( 3.45 ) (i.e.: the term at the denominator) uses N-2 data (N-2 degrees of
freedom) for the variance estimation, as two orthogonal projections of the primary data are
performed before averaging. For the CFAR CVD with secondary data, even though K Nx1

target-free vectors are considered, the variance estimator in eq. ( 3.38 ) (i.e. the term at the
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denominator) uses K data (K degrees of freedom) coinciding with the K outputs of the CVD
detector applied to each of the K secondary vectors (see Figure 3.15). Since N-2>>K a lower
fluctuation on the variance estimation is experienced by the CFAR CVD without secondary
data and therefore a smaller threshold is needed to guarantee the same Py, thus improving
detection performance. Obviously if K=N-2 the P4 of the CFAR CVD detector with secondary
data is expected to converge to the P4 of the CFAR CVD without secondary data.
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Figure 3.28 Theoretical P, for a P,=10° of the CVD detector compared to the CFAR CVD detector
with K=16 and CFAR CVD without secondary data when S=0.76 and for (a) long observation time, 7L,
(b) main lobe, ML and (c) short observation time, 1/2ML.

The above considerations also apply for the target in the border between the far and near
field, namely S=0.76 (Figure 3.28) with the difference that the P4 of the CFAR CVD without
secondary data slightly outperforms the fixed threshold CVD for integration time smaller than

7L (Figure 3.28(b) and Figure 3.28 (c)). This behavior can be explained by recalling that an
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estimator of the noise power is used to normalize the decision statistic of the CFAR CVD
detector (i.e. the denominator term in the eq. ( 3.45 )): such power changes when moving from
hypothesis Hy (202|a|? ) to hypothesis H; (mean noise power over the integration interval
202|la + Bsll?)/N ) and, due to use of primary data only, this change affects the
normalization factor. Additionally the fixed threshold CVD could be written similarly to the
CFAR CVD with a normalization factor equal to the square root of the noise variance under
hypothesis Hy. In the border between far and near field, when very short (short than 1/2ML) or
very long integration times are involved, the power under H; is higher than or almost equal to
that under H,. In contrast, for intermediate values of the integration time (i.e. ML and 1/2ML),
the reverse situation can occur. This particular situation implies that the decision threshold
optimized to cope with the fluctuations of the estimator when primary data are constituted by
direct signal and noise (so that a desired Py, is achieved) will face fluctuations in a region
characterized by lower values when primary data include also the target contribution (H,). This
causes the very slight outperformance. Obviously the disturbance variance changes from H, to
H, also in the far field case but the considerable phase variation observed for all the values of
the integration time (see Figure 3.4) prevents the occurrence of this unusual behavior.
Concluding, we can state that both the CFAR CVD detectors provide performance close to the
CVD with all parameters known.

Summary

In this chapter analytical expressions have been provided to fully characterize the detection
performance of FSR radar based on the CVD. Both Pg and Py have been accurately
approximated and validated by comparison to Monte Carlo simulations. This allows us to
design a FSR that guarantees assigned detection performance. Moreover, two adaptive
detection schemes have been proposed assuming: (i) the availability of target free secondary
data and (ii) that some form of secondary data has to be extracted from the individual snapshot.
Their performance has been fully characterized with both analytical and simulated analysis for
both detection and false alarm probability and the desired CFAR propriety was demonstrated.
The comparison of the detection performance shows limited losses of the CFAR detectors with
respect to the fixed threshold CVD.
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Chapter 4
GLRT-based techniques and

performance analysis

This chapter introduces innovative detection schemes for FSR based on the GLRT for both
cases, where a fixed threshold can be used and where a fully adaptive CFAR scheme is desired.
The detection performance of the newly proposed detectors is characterized analytically and
compared to the performance of the CVD scheme introduced in the previous chapter. This
shows that the new detectors always outperform the standard FSR detector. In most cases the
improvement has an upper bound of 3 dB, but there are specific cases where the standard FSR
detector shows significant losses, while the new GLRT schemes suffer a much smaller
degradation. Finally, simplified equivalent SNR expressions are introduced that relate the
GLRT detection performance to the main parameters describing the FSR observation geometry
and the target size and motion. These expressions are shown to be useful for the design of

effective FSR geometries that guarantee desired detection performance for specific targets.

4.1 Introduction

@ptimized detection schemes by exploiting the GLRT approach applied to the | & Q
baseband components of the specific FSR signal model are devised. The forward scatter signal
model exploited is the same introduced in Section 3.2 referring to a rectangular target large
with respect to the wavelength and in the far field area of both transmitter and receiver. The
performance of the obtained detectors is carefully investigated by providing a closed form
characterization of the probabilities of false alarm and detection. This also provides analytical
tools to predict the FSR detection performance of the new GLRT schemes as a function of the
system parameters and of the target characteristics. The performance comparison of the newly
derived detectors with the CVD and its CFAR version derived in the previous chapter shows

that the GLRT schemes always outperform the CVD.
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By analyzing the GLRT schemes and their performance, we notice that under some
conditions, they may experience performance losses related to a small number of available
independent samples. This yields in turn a coarse estimate of the parameters used inside the
detector, thus degrading performance in terms of both false alarm and detection probability.
Therefore, we derive a second set of GLRT detection schemes that also exploit secondary data
that are target-free, but are assumed to share the same direct signal and noise power. We show
that they further improve the performance especially in the cases where the CVD has its major
losses. The obtained analytical performance expressions depend on equivalent SNR (Signal to
Noise Ratio). By resorting to appropriate analytical approximations of the equivalent SNR, we
propose simplified expressions that allow to easily relate the SNR to the main parameters
encoding observation geometry, as well as target size and motion parameters. These measures
are shown to be useful to design desired FSR operation geometries that are able to guarantee

the desired detection performance against specified classes of targets.

Therefore we can summarize that in this chapter the issue of moving target detection against
Additive White Gaussian Noise under the assumption that the target follows a linear trajectory
is addressed through: (i) the development of advanced FSR detector schemes based on GLRT
using both fixed threshold and CFAR threshold, (ii) by providing a performance analysis of the
new detectors also in comparison with the standard scheme introduced in the Chapter 3 and (iii)
by providing simplified equivalent SNR parameters which can be used for the design of
effective FSR geometries.

4.2 GLRT-based detectors and performance analysis

In accordance with the Forward scatter received signal model introduced in Section 3.2,
coherent detection strategies are derived based on the Maximum Likelihood criterion and under
the assumption that the global target signature, s;o(t) define din eq. ( 3.3 ) of the rectangular

target is known. Specifically, three GLRT-based detectors are derived indicated as:

e GLRT-1with 2 = [£]
e GLRT-2with 2 = [a f] and
e GLRT-3with 2 = [a B 62]
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where the Q vector collects the unknown parameters and then an analytical characterization of
their performance is provided (Section 4.2.2). The consideration of a progressively increasing
number of unknowns allows us to assess the impact on the performance of the different
unknowns providing in this way a complete analysis. In particular we move from GLRT-1
detector which is an upper bound of any coherent detector in a FSR configuration to GLRT-3
detector which is independent on the noise power and the direct signal ensuring the constant

false alarm rate condition.

The FSR geometry taken under investigation is the same of the Figure 3.1 and the detection
problem consists of testing the null-hypothesis Hy, i.e. absence of the target signal (the received
signal is the sum of the direct signal and the noise component assumed AWGN with variance
0.2) versus the alternative hypothesis, Hy, i.e. presence of the target signal as defined in the eq.
(3.7).

4.2.1 GLRT-detectors

To deal with the unknown parameters we resort to the generalized likelihood ratio approach

deriving the test:

max B.(T Hy
M =T, (4.1)

where T, is the threshold and P, (’"/HO) and P, (r/Hl) are the PDF of the received signal

under hypothesis Hq and H; respectively, (i.e. circular complex Gaussian distribution) defined
intheeq. (3.8).

4211  GLRT-1: Target signal phase unknown

The GLRT-1 provides an upper bound for the achievable detection performance being all
signal parameters completely known, except for the target signal phase. The test statistic

derived in Appendix C is:
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H
sth(r — asa)| ™ (2 InT, + 1BlIswol®)

xl: » — {GLRT1
2
st so, |Ho  2IBWIIswll®on

where () denotes the Hermitian operator, T, 1 is the new threshold to be set accordingly to

(4.2)

the desired false alarm rate value, P¢, and the other signal parameters are defined in Section
3.2. We observe that GLRT-1 detector is equivalent to the cancellation of the direct
contribution by simply subtracting it from the received signal followed by a filter matched to
the global target signature, s;,(t). Then the absolute value of the output of this filter is

compared to the detection threshold, Ty rt1 @S Shown in Figure 4.1.

r T — aSqo Xq
Direct signal R Matched ‘ Test |

cancellation Filter statistic

l e | oo

Figure 4.1 GLRT-1 detector block diagram.

I TGLRT—l

Based on the signal model of the Section 3.2, sf(r — asqo)/_|sH sso0, is a circular complex
Gaussian variate with zero-mean under hypothesis Hy, and with mean value equal to
B_[stswo/on under the hypothesis H; and unit variance under both hypothesis. Therefore, the

test statistic x; has a Rayleigh distribution under H, and a Rice distribution under H;:

X _ 2
r P () = 220 7
2., 182 lIseoll? 1B]_|sthSto (43)
Xy Yoy o ) [ 1P sse
Px1( /H1) =2x e | 20 On

where I, (+) is the modified Bessel function of the first kind with order zero, [50].

4.2.1.2  GLRT-2: Direct and target signal complex amplitudes unknown

In this case it is assumed that only the noise power ¢, is known. The direct signal is unknown
and also the B parameter as far as depend on « (see Section 3.2). The test statistic is derived as

(see Appendix C):
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3
Xp = |—— %\/lnTA = TeLrT2 (4.4)
503,00, Hy

where ¥ = Pidr and Sy = Psldsto denotes the projection of the received signal and of the

global target signature respectively onto the subspace orthogonal to the direct signal. Pid =1-

H
% is a NxN symmetric and idempotent matrix representing the orthogonal projector onto
do

the subspace of the direct signal, [47] and s4¢ is @ Nx1 column vector with all elements set to
unity (see eqg. ( 3.7 )). We note that GLRT-2 detector is equivalent to the cancellation of the
direct signal by projecting the received signal onto the subspace orthogonal to the direct
component. The residual signal ¥ is then passed through the filter matched to $;,, namely the
global target signature projected onto the subspace orthogonal to the direct signal. Then the
absolute value of the output is compared to the threshold TgirT, Selected to guarantee the

desired Pg, as shown in the Figure 4.2.

r s X3
Direct sig_nal R Ma_tched Tt_ast_
cancellation Filter statistic
a | 5 f
Direct signal GLRT=2
estimation

Figure 4.2 GLRT-2 detector block diagram.

Once more exploiting the proprieties of the Gaussian distribution of the received signal in eq. (

3.8), 37/ |58 5,00, is still a circular complex Gaussian variate with zero-mean value under

hypothesis Ho and mean value equal to 8_|3H3,0/0, under hypothesis H; and unit variance

under both hypothesis. As previously, the test statistic x, has a Rayleigh distribution under Hy

and a Rice distribution under H;:
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R () =257

f
{|Px2 xZ/ _2x2e_<x22+% <2x2 lﬁlm> (45)
\

4213  GLRT-3: All parameters unknown

The aim now is to define a GLRT detector with the direct signal, the  parameter and the noise
power, unknown, [51]. The test statistic of GLRT-3 detector is derived by maximizing the PDF

in eq. ( 3.8) with respect to these parameters and is written as follows (see Appendix C):

N
~112 Hl
S i L <) (456)
P& | A
~n2H
P- 1
x3=(MN-2)—"— ” Seo” ” 2 (N )(TAI/N - 1) = TeLrT3 (4.7)
1P2, 7 H,

Two orthogonal projections of the received signal are performed: (i) first onto the subspace

orthogonal to the direct signal, ¥ = PL r and (ii) after onto the subspace orthogonal to §;y, P_émf

s gl
— StoSt0
510 5ol

<H
being P&, =1— lTE‘t’:ltl‘; NxN symmetric and idempotent matrix, [47]. Meanwhile, P;

define the projector onto the subspace of the §;, which in turn is orthogonal to the subspace of
the direct signal. T r3 iS the new decision threshold selected such that the Pg, equals an
assigned value.

In Figure 4.3 is sketched the block diagram of the GLRT-3 detector in accordance with the
test statistic defined in eq. (4.6 ).

r r [1711%

Direct 51g_na,l N Square law X5
cancellation —

. Tf_: st_ __,.__ .
a statistic
. . ] g,
Direct signal Noise power | "
— R < > B N e
estimation estimation TerrT—3

Figure 4.3 GLRT-3 detector block diagram.
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As proven in Appendix C it is possible to rewrite the test statistic, x5 as:

BV
3= Z[}g_zlﬁklz K IGLRT3 (4,8)

This mean that the GLRT-3 detector is obtained by normalizing the squared of the GLRT-2 test
statistic defined in eq. ( 4.4 ) with a suitable noise variance estimator based on the received
signal orthogonally projected in order to remove the contribution of the direct and of the target

signal.

Therefore exploiting the definition of a non-central F-distribution, [51] the test statistic
x3 under hypothesis Hy has a central F-distribution with 2 and 2(N-2) degree of freedom and
under hypothesis H; has a non-central F-distribution with the same dof as in the null-hypothesis

_2|B? stOStO

n

and non-central parameter t; 73 = where in eq. ( 4.9 ), B(x,y) denotes the beta
function, [50].

1 x3(N — 2)N-2

X
P, (/g )=
*s ( /Ho) B(N —2,1) (N — 2 + x3)N~!
k
2
< o€t <T§LRT‘3/2> x3k (N = 2)N? (49)
(* Z

kxs /H1 i k!'B(N — 2,k + 1)(N — 2 + x3)N-1+k

4.2.2 Performance analysis

This section focuses on the analytical characterization of the performance of the GLRT-
based detectors in terms of probability of false alarm and probability of detection. Specifically
the analytical expressions of the Py, as function of the decision threshold and of the Py as
function of the target signal-to-noise power ratio (SNR) are derived using the PDFs introduced
in Section 4.2.1. In Chapter 3 the correctness of the theoretical expression of the CVD and
CFAR-CVD detectors needed to be validated as all our analytical formulations are obtained by
approximating the exact PDFs of the test statistics, under both Pg and P4 conditions. The
approximations of the PDFs were carefully selected in order to allow us to obtain analytical

expressions for the detection performance (Ps, and Py ). For this reason also a comparison of the
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histograms of the test statistics obtained through Monte Carlo simulations based on the exact
PDF with the derived approximated PDF expressions was shown. Meanwhile for the GLRT-
based detectors the analytical formulations of the P; and of the Py derived from the exact
expressions of the PDF are verified by comparing them to simulated results without
investigating the agreement between the analytical expressions of the PDFs and the simulated
PDFs.

The test statistic of GLRT-1 and GLRT-2 detectors under hypothesis Hy have a Rayleigh

distribution (see eq. (4.3)and eq. (4.5)) and as a consequence the Py, is written as:

Pfa|GLRTi = e~ raLmt (4.10)

where i=1,2.

Under hypothesis H; the test statistics have a Rice distribution (see eq. (4.3 ) and eq. (4.5)),
therefore the Py is expressed by the Marcum function, Q,,(*) :

-1
PleLRTi =Qu (\/ 25NRgLRri ;JZ In PfachRTi ) (4.11)

where SNR; rr; 1S the target signal-to-noise power ratio of GLRT-i respectively defined as:

|B1%st05
SNRgLrr1 = —tzo 2 (4.12)
Gn
1817543
SNRGLRT2 = —GZO 2 (4.13)
n

Recall that 8s,o represents the signal scattered by the target and S, represents the received

target signal projected onto the subspace orthogonal to the direct component.

For the GLRT-3 detector the Pr, and the P, are obtained from the cumulative F-distribution
and the cumulative non-central F-distribution respectively,[52]:
1 N-2

p _ 4.14
fa|GLRT3 [1 + Tgrrrs/(N — 2) ( )
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" T2 J _TéLRT—3 1
<%> e 2 B(l_Pf‘{f‘ézfm,l +j,N—2) (4.15)
Pylgipr, = 1 - ! N —
E il B(1+j,N —2)

where B(x,a, b) is the incomplete beta function, [50]. From ( 4.14 ) it is clear that no prior
knowledge of any unknown parameters is required to set the decision threshold needed in order
to achieve a given Py, level thus assuring the achievement of the CFAR property. It is also
noted that the non-central parameter ;. rr—3 depends on the SNR;irro, ToLrT—3 =
2SNRgLRT2-

The theoretical performances of the three GLRT-based detectors are compared in the
following to results from Monte-Carlo simulations. The simulated results are obtained by
generating 107 (10°) independent realizations of the received signal under hypothesis H, (under
hypothesis H,) in agreement with the model described in Section 3.2 and by processing such
samples according to the detection techniques reported above. The same reference scenarios of
the Section 3.3 are taken as references in this analysis, namely: when the target is in the deep
far field area, S=0.085 and when the target is approaching the transition between the near and
the far field, S=0.76 (see Table 3.1 for the System and target parameters). For both scenarios

we assume the target crosses the baseline perpendicularly in the middle.

Figure 4.4 compares the theoretical expressions of the Pfa of the GLRT-1 and GLRT-2
detectors defined in the eq. ( 4.10 ) as function of the threshold, Ty rr; for i=1,2 with the
simulated results for a long and a short observation time when the target in the deep far field
area, S=0.085. Meanwhile Figure 4.5 reports similar results for a target getting close to the near
field, S=0.76.
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Figure 4.4 Simulated and theoretical Py, of GLRT-1 and GLRT-2 detectors as function of Tg gy for

i=1,2 when S=0.085 and for (a) long observation time, 7L and (b) for a short observation time, 1/2ML.
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Figure 4.5 Simulated and theoretical Py, of GLRT-1 and GLRT-2 detectors as function of Tg i for

i=1,2 when $=0.76 and for (a) long observation time, 7L and (b) for a short observation time, 1/2ML.

It is apparent that for both scenarios the simulated results are in agreement with the
theoretical expressions of the Ps,.

Figure 4.6 compare the theoretical expression of the Pg, of the CFAR coherent detector
(GLRT-3) with the simulated results for short and long observation time for both reference
scenarios (i.e. S=0.085, sub-figure (a) and S=0.76 sub-figure (b)).
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Figure 4.6 Simulated and theoretical Py, of GLRT-3detector as function of Tg rys (&) for S=0.085, 7L
and (b) for S=0.76.

Once more a perfect agreement is achieved. Furthermore, as expected for a long integration
time a lower fluctuation of on the variance estimation is experienced by the CFAR detector and
therefore a smaller threshold is needed to guarantee the same P,

As the detection performance of the coherent detection techniques does not depend on the
receiver bandwidth, B the probability of detection is evaluated as a function of the DNSR
(Direct signal to Noise Spectral Density ratio) defined in eq. ( 3.5). The results of the Py in the
following are achieved having set a Pg, = 107°. In general the comparison of the performance
of different detectors is carried out assessing the losses which are defined as the incremental

DNSR necessary to achieve the same performance, in our case Pr, = 107> and P; = 0.9.

Figure 4.7 shows the theoretical and simulated results of the Py of the three GLRT detectors
when the target is in the deep far field, S=0.085 for three observation times as defined in Table
3.1, i.e. long observation time (7L, blue curve in Figure 3.4), only the main lobe (ML, red
curve in Figure 3.4) and a small observation time (1/2ML, green curve in Figure 3.4). It is
apparent that the simulated results are in perfect agreement with the results from the theoretical

analysis.

Likewise, Figure 4.8 compares the closed form expression of the Py of the three GLRT
detectors as function of the DNSR to the results of Monte Carlo simulations when the target is

approaching the near field, S=0.76: again an excellent agreement is observed.
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Figure 4.7 Theoretical and simulated P, for a P;=10"° when $=0.085 (a) for a long observation
time,7L , (b) only main lobe, ML and (b) for a short observation,1/2 ML.

It is noted that when the target is in the far field area (Figure 4.7) the performance of GLRT-
2 with direct signal unknown and of GLRT-3 with a CFAR behavior are close to the optimal
detector GLRT-1 even for small observation time (i.e. 1/2ML, Figure 4.7 (c)). This is because
the target is in the deep far field area; namely the target is well separated from the direct
component assumed constant even for short observation time due to fast variation of its

Doppler signature, as it is shown in Figure 3.4 (b).

Also, from Figure 4.8 we note that the GLRT-2 and GLRT-3 detectors present performance
close to that of the optimal detector (GLRT-1) when a long integration time (i.e. 7L) is
processed and losses in the order of 3dB for an integration time equal to the main lobe. In

contrast, differently from the deep far field condition, they need a considerably higher DNSR
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(i.e. 7 dB) to obtain the same performance of the GLRT-1 when short integration time (i.e.
1/2ML) is involved.

17 T 17 I T
|| x GLRT-1 Sim [ % GLRT-1 Sim K
0.9 - |—GLRT-1 Theo 0.9 - |—GLRT-1 Theo
1| ® GLRT-2 Sim 1| ® GLRT-2 Sim |
<8/ GLRT2 Theo & 98/ |—GLRT-2 Theo |
S07H % GLRT-3 Sim So7H % GLRT-3 Sim
£ |-~  GLRT-3 Theo § | [=—GLRT-3 Theo !
S06 So06—— o
<05 <05 :
Z 04 i Z 04 ;
Zo3 ¢ Zo3 !
5| ! L | |
02| 02| f !
0.1 4 0.1 @e(
05 ‘ Drcrresed |
15 20 25 30 35 40 45 15 20 25 30 35 40 45
Direct signal to Noise Spectral Density ratio, DN SR [dB] Direct signal to Noise Spectral Density ratio, DN SR [dB]
(@) (b)

1

0.9

o
™

o o
@ 0~

I
X GLRT-1 Sim

——GLRT-2 Theo

——GLRT-1 Theo
% GLRT-2 Sim f
» GLRT-3 Sim

/ |

f

——GLRT-3 Theo ](

/

o
s

iR
£/

o
w

Probability of detection , Py
o
13

0.2
b FVRVE" 2! 5 _v_u.ar‘x
Qi .
15 20 25 30 35 40 45

Direct signal to Noise Spectral Density ratio, DN SR [dB]

(©

Figure 4.8 Theoretical and simulated P, for a P;;=10"° when $=0.76 (a) for a long observation
time,7L , (b) only main lobe, ML and (b) for a short observation,1/2 ML

This can be easily explained by observing that the target signature shows less Doppler
variation when the target is closer to the near field region (see Figure 3.5).While the optimum
detector GLRT-1 perfectly removes the direct signal without affecting the target contribution,
GLRT-2 and GLRT-3 detectors for small integration time intervals may delete the target signal
as it is approximately constant and therefore similar to the direct signal. The results also
demonstrate that the GLRT-3 detector that ensures the CFAR condition presents performance
close to the GLRT-2 detector.
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4.3 Performance comparison with CVD and CFAR CVD

In the previous Chapter we have provided analytical closed-form expressions for the
detection performance of the CVD and CFAR CVD scheme. Despite this is widely used,
[10],[8] and is considered to provide generally good detection performance, it is interesting to
assess how far their performance are from the coherent strategies based on the GLRT approach

previously developed.

The theoretical P4 of the CVD defined in the eq. ( 3.35) is compared to the P4 achieved by
means of the coherent detector GLRT-2 (see eq. ( 4.11)) in Figure 4.9 for the same reference
scenarios, i.e. for a target in the deep far field area, S=0.085, and for a target getting close to the
near field, S=0.76. Both detectors GLRT-2 and CVD estimate the unknown direct signal in the
acquisition window and remove its contribution through an orthogonal projector; the GLRT-2
through the projection of the received signal meanwhile the CVD through the projection of the

signal at the output of the square law detector.
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Figure 4.9 Theoretical P4 of the GLRT-2 detector and CVD detector for different observation times
and for a P;,=10" (a) when the target is in the deep far field area, S=0.085 and (b) when the target is
getting close to the near field, S=0.76.
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It can be observed that for a target in the deep far field area (Figure 4.9 (a)) the CVD presents
limited losses (i.e. around 3dB) with respect to the GLRT-2 even for a small integration time,
1/2ML (continuous black and red curves). This is because, as already explained above, the
signature of a target in the deep far field shows a fast variation of its Doppler signature ( Figure
3.4 (b)) so that it is easy to separate it from the direct component, even by the CVD that only
operates on the signal squared modulus. This corresponds to the use of a DC removal filter
having a notch considerably narrower of the target Doppler bandwidth, thus successfully

allowing the discrimination between the direct and the target signal.

In contrast, when the target is getting close to the near field ( Figure 4.9 (b)), the CVD
presents higher losses (in the order of 7 dB) with respect to the GLRT-2 detector for processing

intervals greater than the main lobe.

Moving to small observation intervals, the CVD approaches the GLRT-2 detector with
limited losses (i.e. around 3 dB). This is because for long observation times the GLRT-2 can
still separate the target component from the direct component even though less Doppler
variation is appreciated with respect to the deep far field scenario (see Figure 3.5 (b)) whereas
the squared modulus used by the CVD might strongly affect the target signature making the

separation between the two components unfeasible.

Meanwhile the GLRT-3 and CFAR CVD without secondary data detectors estimate and
remove the unknown direct signal and the unknown noise power. As previously, the GLRT-3
detector removes the direct signal through the projection of the received signal and the CFAR
CVD without secondary data through the projection of the signal at the output of the square law
detector. Both detectors establish suitable noise variance estimators through two orthogonal
projection in order to remove also the target signal contribution: the GLRT-3 detector through
the projection of ¥ into the subspace orthogonal of the target signal and the CFAR CVD
without secondary data through the projection of the signal at the output of the DC removal
filter into the subspace orthogonal to 7 = P h (i.e. the impulse response of the matched filter

orthogonal projected onto the subspace of the DC component) as defined in Section 3.4.1.

Figure 4.10 compares the theoretical P4 of the CFAR CVD without secondary data defined in
Section 3.5.2 and the GLRT-3 detector for the same reference scenarios and the above

considerations still apply.
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Figure 4.10 Theoretical P4 of the GLRT-3 detector and CFAR CVD without secondary data detector
for different observation times and for a P,=10" (a) when the target is in the deep far field area,
$=0.085b and (b) when the target is getting close to the near field, S=0.76.

4.4GLRT-based detectors with secondary data and

performance analysis

As considerable losses are experienced from the sub-optimum GLRT detectors (i.e. GLRT-2
and GLRT-3) for short observation time, 1/2ML and when the target approaches the transition
between far and near field, we extend them considering the possibility to have a set of
secondary data assumed to be target free. The new detectors with secondary data are derived in
Section 4.4.1 and the corresponding detection performance analyzed in Section 4.4.2.

4.4.1 GLRT-detectors with secondary data

The secondary data are assumed to contain direct signal and noise component, independent

of and identically distributed as the primary data under Hy:
' =asg+n (4.16)
where " and n' are Mx1 column vectors collecting the samples respectively of the secondary

data and of the noise contribution in the secondary data meanwhile s, is Mx1 column vector
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with all elements set to unity. Under this assumption the PDF of the secondary data is the same
of the primary data under the null-hypothesis, circular complex Gaussian distribution with

mean vector equal to asj;, and variance o2.

The joint PDF of all the input data under the hypothesis Hqy and H; are given by the product

as follows:
r r _ 1 —% [llr—asdo||2+||r'—as,'10||2]
b ( /Ho) Py ( /Ho) T N+M 2 (NHM) e (4.17)
n
r ) 1 = [lr=asao=seoll2+{r'~asio
B (") P (7 ,) = e (4.18)
n

As previously, the GRLT in agreement with the eq. (4.17 ) and eq. ( 4.18 ) now is written as:

max {Pr (T/Hl) P, (TI/HO)} H,

=¥ (4.19)

mae (R (711, ) Pre (" 1, )} o

where, as before, 2 = [a B ] for GLRT-2 detector and 2 = [a B 6] for GLRT-3 detector,

meanwhile T, is the threshold.

44.1.1 GLRT-2 with secondary data

The derivation of the test statistic obtained by substituting the Maximum Likelihood
Estimation (MLE) of the unknown parameters under the two hypotheses in eq.(4.17 ) and eq. (
4.18) is reported in the Appendix D and is defined as:

H
o Sdo (sgor + Sho r’)

T saol + sl | |1
Xy = 2 JInT} = Ttirra (4.20)
H,

H 2
O'n\/(”st()llz - |Sd0$t0| , 2)
Isaoll? + [|sol

It is clear from eq.( 4.20 ) that in absence of secondary data the test statistic in eq. ( 4.4) is

obtained.
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Figure 4.11 GLRT-2 with secondary data block diagram.
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Aiming at a practical application of the proposed scheme, the secondary data are selected

from the previous and successive temporal frames with respect to the frame under test (i.e.

representative of the primary data, ) as shown in the Figure 4.11: in such secondary frames, r’

the target signal component is weak and therefore could be considered negligible. The direct

signal is removed from the primary data after its estimation exploiting both the primary and the

secondary data followed by a filter matched to the global target signature, s (t).

Exploiting the proprieties of the Gaussian distribution it is easy to verify that the term inside

the linear envelope detector in eg. ( 4.20 ) is a complex Gaussian variate with zero-mean value

under hypothesis Ho and mean value equal to %\/(llsmll2 - |s{:{0st0|2/(||s,w||2 + ||s:m||2))

under hypothesis H; and unit variance under both hypothesis. Therefore the test statistic x5 has

a Rayleigh distribution under hypothesis Hy and a Rice distribution under hypothesis H;:

( Px£ (xé/HO) = 2x

|55'05t0|2

2
!
e %2

N~

2 |pI?
[ox

’ |
—|*2 32
n

P, (xé/Hl) =2xle [x

(IIStoll2

2
lsaoll* +lszoll )] Iy <2x; 181
Oon

4412  GLRT-3 with secondary data

Jllstoll2 -

2
|sf,’0st0|
lsaollZ+lstoll”

(4.21)

As above, the GLRT-3 with secondary data is derived by maximizing the likelihood function

in eq. ( 4.19 ) with respect to the unknown parameters and by exploiting the definition of the

non-central F distribution, [51] (see Appendix D):
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3= xéZ/ Iil N+M-2)|1 ! = T¢
x§ = W 2(N+M-2)|1- p7avem ) = TaLRrs (4.22)
(2(N+M —2)) Ho A

where x; is defined in eq. (4.22 ) and w is defined in eq. (D. 7) of the Appendix D.
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Figure 4.12 GLRT-3 with secondary data block diagram.

Test statistic

Acquired data

As previously for the GLRT-2 detector, the secondary data, r'are selected from the previous
and successive temporal frames with respect to the frame under test, representative of the
primary data, r and both are exploited for the estimation and the cancellation of the direct
signal and after for the estimation of the noise variance, as shown in Figure 4.12. The test
statistic, x5 under the null-hypothesis has central F-distribution with 2 and 2(N+M-2) dof and

under the alternative hypothesis a non-central F-distribution with the same dof and with a non-

, 2112 2 ___lsthsel’
central parameter equal t0 Tgypr—3 = —5— | lIS¢oll* ————= | :
In lisaoll*+|sqoll

x4 B 1 x4(N + M — 2)N+M-2
3 Ho | ™ B(N +M —2,1) (N —2+x;)N+M-1

2 k
TRLRT— 2 (4.23)
LT (TGLRT—3/2) x5 (N + M — 2)N+M=2

¥\ /H =kzok!B(N+M—2,k+1)(N+M—2+x§)N+M-1+’<
k =

4.4.2 Performance analysis

Firstly, the analytical characterization of the performance of the GLRT-based detectors with

secondary data is provided and then its correctness is verified through comparison with Monte
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Carlo simulation. The achievable performance in terms of Py is also compared with their
corresponding GLRT—based detectors without secondary data. In accordance with the PDFs of
x5 in eq. (4.21) the Pg, and the Py are:

Fra |GLRT—SD . e TGLRr2 (4.24)

PylgLrr=sp 4

2|82 sH s I 1 (4.25)
id (IIstoIIZ— [saosiol ) 2ln| ———

= QM
o Isaoll? + |5tz

P
falGLRT—SD 5

where T¢; rr is defined in the previous section.

For the GLRT-3 detector with secondary data the Pr, and the Py are obtained from the

cumulative F-distribution and the cumulative non-central F-distribution respectively, [52] as

previously:

, | _ 1 N+M-2 (426)
TalGLRT-sD 5 ~ |14+ T}, ppa/(N + M — 2) '
PylgLrr-sp 4

thupr ) -Tousr=s” y (427)
>\ 2 © 7 BOA-P M2 14j,N+M=2) '

- 1- Z

! BA+,N+M—-2)

j=0
where 7 zr—5 IS the non-central parameter defined in the previous section. Again from eq. (
4.26 ) it is clear that no priori knowledge of any unknown parameters is required to set the
decision threshold needed in order to guarantee a given P, level, thus ensuring the CFAR

condition.

For the case when the target approaches the transition between far and near field, S=0.76 and
for short observation time, 1/2ML Figure 4.13 shows the simulated and the theoretical Py, of the
GLRT-2 detector with secondary data as function of the decision threshold, T¢; gy, considering
M=N (sub-figure (a)) and M=4N (sub-figure (b)). We note a perfect agreement between the

simulated and the theoretical expressions of the Pg,.
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Meanwhile the Figure 4.14 compare the simulated and the theoretical Pfa of the GLRT-3
detector with the secondary data for the same reference scenario of the Figure 4.13. Once more
we note that by increasing the number of the secondary data for the estimation of the unknown
direct signal and noise power a smaller threshold is needed to guarantee the same Pg,.
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Figure 4.13 Simulated and theoretical P, of GLRT-2 detector with secondary data as function of
TéLrr fOr atarget getting close to the near field, S=0.76 and small observation time, 1/2ML having set
(@M=N and (b)=M=4N.
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Figure 4.14 Simulated and theoretical Py, of GLRT-3detector with secondary data for M=N and
M=4N as function of T, x5 for a target getting close to the near field, S=0.76 and small observation
time, 1/2ML.

Figure 4.15 (a) and Figure 4.15 (b) show the theoretical and the simulated P4 of GLRT-2 and

GLRT-3 with secondary data respectively, for different M values. In accordance with the
94



» GLRT-based detection techniques and performance analysis

consideration above increasing the size of the secondary data less fluctuation on the estimation
of the unknown parameters is expected and consequently a smaller decision threshold is needed
and a higher detection probability is obtained. Consistently, from Figure 4.15 we note that the
P4 converges to the Py of the optimum detector, GLRT-1, moving from M=N/2 to M=4N where
N is the dimension of the primary data. The small differences between the simulated and the
theoretical results for M=N/2 are due to the presence of the target component in the secondary
data differently from the theoretical assumption of target free as mentioned in Section 4.4.1.1
and in Section .
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Figure 4.15 Simulated and theoretical P; when S=0.76 and for small observation time, 1/2ML (a) of
GLRT-2 detector with secondary compared to GLRT-1 and GLRT-2 detector and (b) of GLRT-3 detector
with secondary data compared to GLRT-1 and GLRT-3 detector.

4.5 Signal to noise ratio analysis and design criteria for

FSR system

The aim of the developed techniques is to increase the output signal-to-noise ratio to improve
detection. In particular, the P4 obtained from GLRT-1 detector with all parameters known and
from GLRT-2 detector with direct component unknown is function only of the SNR if Pg, is
fixed (see with SNR specified in eq. (4.12) and eq. (4.13)).

Therefore, this section focuses on the derivation of a closed form expression of SNR;;gr1

representing the optimal SNR achievable by means of a coherent technique and of SNR;; g1
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achievable from a non-optimum coherent technique (Section 4.5.1). Moreover exploiting the
theoretical SNR aspects of radar system design are addressed in Section 4.5.2.

4.5.1 Theoretical closed form expression of SNR

To simplify the analysis, the global target signature defined in Section 3.2 is approximated
using Taylor series expansion. More precisely, the phase signature in eq. ( 3.2 ) is obtained by

considering a Taylor expansion at second-order around the crossing-time instant:

T 2[ 1 +1
_v —
A UL =y0)  yo

o) = t2 (4.28)

Recall that by referring to the system geometry in Figure 3.1, y, is the distance target-RX
and L — y, is the distance target-TX when the target is on the baseline and v, is the cross-

baseline velocity.

It is clear from eq. ( 4.28 ) that the Doppler rate is given by:

1 d2 2,1 1
_ 1 d%@ ="_x( +_) (4.29)
2 dt? A\L—vyy o

and is function of the cross-baseline velocity, v, and of the baseline crossing point, y,.

On the other hand for the pattern signature defined in eq. ( 3.1 ), is approximated using a
Taylor expansion of order zero for the scale term and of the first-order for the argument of the

sinc function:

L v, [lh v,§< 1 1 ]
0r.(t) = ————sinc |—— +—)t 4.30
fS( ) Yo(L —yo) v Av L=y, Yo ( )

Lastly the global target signature is expressed as follows:

Seo(t) = sgej"ii’tzsinc((ﬁet) (4.31)
where s = Zande =2
Yo(L=Yo) v v

From eq. (4.31) we note that the main lobe width of the target signature that specifies the main
contribution of the energy of the received target signal depends on the target electrical size and

target motion parameters:
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0 = ¢e (4.32)
The optimum SNR in eq. ( 4.12 ) obtained integrating coherently the received signal after the
cancellation of the direct signal can be written as function of DNSR (see eq. ( 3.5)) as in eq. (
4.33 )where T is the integration time.

181
SNRgur1 = DNSR - f |sco(D)]2dt (4.33)
2

Moreover from eq. ( 4.33 ) we note that the term that multiplies the DNSR is the target
signal-to-direct signal power ratio, SDR;;gr1. The closed form expression of the SNR; g iS
derived by solving the integral in eq. ( 4.33) as (see Appendix E):

1217 s 02 1 sin®(ndeT/2)

FETE Sl(mj)eT) — B0 /2

SNRGLrr1 = (4.34)

where Si(-) and Ci(-) are the Sine and the Cosine integral,[50]. Although we integrate
coherently N measurements of the received signal the SNR is not improved by a factor of N
due to the pattern signature.

Likewise for the GLRT-2, starting from eq. ( 4.13 ) and exploiting the definition of the

orthogonal projector onto the subspace of the direct component, Pﬁd in Section 4.2.1.2 we

have:

2

(4.35)

1817 /2
SNRGLrT2 = DNSR| E f |St0(t)| dt——U S(t) dt

As previously, the term that multiplies the DNSR in eq. ( 4.35) is the target signal-to-direct
signal power ratio, SDR;; rr». After some approximations of the pattern signature detailed in
Appendix E, the SNR;gr» is defined as in eq.(4.36 ), wherem = 1 ... P — 1 is the number of
the side lobes of the pattern signature and C(-) and S(+) are the Fresnel Cosine and Fresnel Sine

function respectively, , being X; for i=1,...,9 defined in eq. (E. 7) of Appendix E.
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0 . (€ 2
SNRgrr2 = SNRgirr1 — DNSR %% S—°“e_]”¢(1) {CO) +C(X) +
Fi
0 L)
JISG) + S +—=e T {[2 - = (1 4+ 5) [ {e () — c () -
12e (4.36)

2C(Xs) + jIS(X3) — S(X3) — 2S(X)]} + Xhi ——

m=1r(1+2m)

{C(Xe) — C(X7) —

2

C(Xs) + C(Xo) + JIS(Xg) — S(K7) — S(Xg) + S} }

4.5.2 Design criteria for FSR system

Taking advantage of the closed form expressions of the signal-to-noise ratio, aspects of
system design are discussed. More precisely, it is noted that the SNR defined in eq.( 4.34 ) and
in eq. ( 4.36 ) depends on the system parameters (baseline and integration time) and on the
target parameters (namely size and motion described by velocity, baseline crossing point, y,

and baseline crossing angle, ¢ as we assume the target follows a linear trajectory).

To better understand the effect of system and target parameters, a separate analysis is
proposed. Particularly in the following the reported results refer to the DNSR needed to ensure
an established performance in terms of Py, and Py. Specifically, in our case a Py, = 10> and a

P; = 0.9 is considered corresponding to a SNR value equal to 12.54 dB, (see eq.( 4.11)).

4521 SNR against system geometry parameters

Firstly the DNSR as function of the baseline length is investigated. We consider the same
carrier frequency and target size of the previous sections (see Target related parameters in Table
1): the target moves with v = 36 m/s and crosses the baseline perpendicularly in the middle.
The integration time is set to T=2.3 sec. Obtained results are shown in Figure 4.16 with upper

axis representing the far field condition parameter.
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Figure 4.16 DNSR necessary to ensure a P,=10°and a P4=0.9 as function of the baseline.

It is clear that for a long baseline the received target signal is weaker and a greater DNSR is
necessary to achieve the same performance. In fact in our case study for a baseline equal to
L = 5 km, 10 dB more are needed than for a baseline of L = 0.5 km in order to obtain the same
performance. In addition in agreement with results in Section 4.2.2 were the performance in
terms of Py of the different GLRT detectors were compared, for the long integration time
involved both detectors GLRT-1 and GLRT-2 provide the same performance.

Performance as a function of the integration (observation) time is investigated in Figure 4.17
showing the output SNR for different DNSR values for the case of L=5 km considering the
same rectangular target with the same motion parameters defined in Table I. The interval of T
values considered in , T=[0, 25] sec, corresponds to an angular interval 42 = [0°,20°]. From
the figure we again observe that for a long integration time both detectors give the same

performance; in contrast for a short observation time GLRT-1 outperforms GLRT-2.

Moreover it appears that for a fixed DNSR the SNR of both detectors exhibits an asymptotic
trend maintaining an almost constant SNR when increasing the observation time (i.e. including
more side lobes of the target pattern). This behavior can be easily explained by recalling that the

main contribution from the target is specified by the main lobe of the pattern signature.
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Figure 4.17 SNR achievable from GLRT-1 and GLRT-2 detectors as function of the obsrvation time T
for different values of DNSR.

This asymptotic value is derived from the expression of the optimum SNR achievable from
coherent detection techniques (i.e. SNR;.gr1) Considering an infinite integration time (T —
o0 ). From eq. ( 4.34 ) recalling that for T — oo, we have Si(e) = /2 and sinc?(e) — 0, the

asymptotic expression of the SNR is obtained as follows:

12] 1 1
NROpt — i NR = DNSR = h( _) ¥
SNRe™ = Jim SNReurrs = DNSRZ =50+ 5, o

The SNR°P in eq. (4.37 ) highlights the dependency of the SNR on the carrier frequency, on
the baseline length and on the DNSR. It also shows the higher sensitivity to the vertical
dimension of the target with respect to the horizontal one, as shown in [8]. In addition we note
the dependence on the velocity of the target and on the baseline crossing point, y, but not on

the baseline crossing angle, ¢. These aspects will be analyzed in detail in the following.

45.2.2  SNR against target related parameters

The impact of the target related parameters is now investigated, starting from the motion

parameters.

Figure 4.18 shows the DNSR as function of the baseline crossing point , y, for the same case
study of the Figure 4.17 (the target crosses the baseline perpendicularly) assuming a long
integration time set to T = 15 sec. The interval of values of the baseline crossing point is

selected to guarantee the fulfillment of the far field condition for both transmitter and receiver.
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As apparent a greater DNSR is necessary to obtain the same performance when the target
crosses the baseline in the middle. The asymptotic expression of the SNR in eq. ( 4.37 ) leads at
the same result since it is quite clear that the SNRP" reaches the minimum when y, = L/2
(Rr = Rg = L/2).
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Figure 4.18 DNSR necessary to ensure a P,=10"and a Py=0.9 as function of the baseline crossing point.
The impact on the performance of the baseline crossing angle is investigated in Figure 4.19

showing the DNSR of GLRT-1 and GLRT-2 detector needed to obtain a SNR = 12.54 dB as

function of ¢ for a long, T = 15 sec (Figure 4.19 (a)), and a short, T = 1 sec (Figure 4.19 (b)),
integration time for the same case study of Figure 4.17.
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Figure 4.19 DNSR necessary to ensure a P,=10"and a P4=0.9 as function of the baseline crossing

angle (a) for a long integration time, T=15 sec and (b) for short integration time, T=1 sec.
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In contrast, for short integration time, Figure 4.19 (b), a greater DNSR is necessary in the
case of non-perpendicular crossing baseline for both detectors. For example when ¢ =
60 ° (—60°) around 5 dB more are necessary with respect to ¢ = 0° to maintain the same

performance.
This different behavior can be explained on the basis of the following observations:

o the effective aperture of the target is the projection of the horizontal dimension along
the axis normal to the baseline, [}, cos ¢, thus resulting in a main lobe lower by a factor
equal to cos ¢ and wider by a factor 1/cos ¢.

o the effective cross-baseline velocity of the target, v, = v cos ¢, results in a target with a
lower v, component when ¢ # 0° thus further widening the mainlobe as a function of

time by a factor 1/cos ¢.

Both effects are clearly visible in Figure 4.20 showing the amplitude pattern for the cases

@=0°nd ¢ #0°.
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Figure 4.20 Pattern signature for baseline crossing angle ¢=0° and ¢=60° of a target size 2.5 x 1.5 m

crossing the baseline at midpoint for different integration times.

When a long integration time is exploited (blue curve in Figure 4.20) the loss on the peak
value is compensated by the widening of the main lobe independently from the ¢ value thus
providing the same performance ( Figure 4.19 (a)). In contrast this compensation effect does
not occur for a short integration time (green curve in Figure 4.20) thus resulting in a lower

DNSR is needed for ¢ = 0° with respect to ¢ # 0° to achieve the same performance.
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Concerning target velocity, it is apparent from the SNR in eq. ( 4.37 ) that better performance
is obtained for a slowly mover as shown in the Figure 4.21 (a) again for the same case study of
Figure 417 with T = 15 s.

An assessment with respect to the target dimensions is reported in Figure 4.21 (b) showing
the DNSR of both detectors as function of the horizontal dimension, [, (vertical dimension, [,, )
for a fixed vertical dimension, [, = 2 m (horizontal dimension, [, = 2 m) being the other
parameters as in Figure 4.17.
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Figure 4.21 DNSR necessary to ensure a P,=10°and a P4=0.9 (a) as function of the velocity for a

perpendicular and midpoint crossing baseline and (b) as function of the target dimension.

It is apparent that for the same target area, A = 1, for [, = 2 m (see blue curve in Figure
4.21 (b)) and I, > 1, a greater DNSR is needed to achieve the same performance with respect to
the case of [, = 2 m (see green curve in Figure 4.21 (b)) and I, > [, .Likewise it is noted that
for I, =2m and [, <, a lower DNSR is needed with respect to [, =2m and [, <,
.Hence, the results demonstrates the higher sensitivity to the vertical dimension of the target
opt

with respect to its horizontal dimension, in agreement with the asymptotic expression SNR,
ineq. (4.37).

In addition, denoting with x € (0: 1) the baseline crossing parameter, hence y, = kL and
L —y, = (1—k)L, and with v = [,,/1;, the shape parameter of a rectangular target, eq. ( 4.37)

can be rewritten as:
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SNR%P* = DNSR (4.38)

A3/2U1/2 1
Av (K(l — K)L)
From the above, target area compared to the baseline length expressed in km is defined as a
function of the velocity compared to the carrier frequency expressed in GHz and of the baseline
crossing point parameter and shape parameter as follows:

VA| SNR°PE ¢ vl
me k(- k) |l (4.39)
Llim a /N Vv flenz
0

Figure 4.22 (a) and Figure 4.22 (b) show the minimum \/Z|m/L|km required to achieve

SNRPP' = 12.54 dB as function of v|,,s/f|cu, for different shape factors v when k = 0.5

and for different baseline crossing point parameters x considering a target with v = 1/2,

respectively. In both analyses different values of a’ / N, have been considered.
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Figure 4.22 ui as function of ;:m—/s (a) for a target crossing the baseline in the middle for different

km GHz

value of shape parameter v and (b) for a target with a shape parameter v = 1/2 and different baseline

crossing points, k.

The following observations apply: (i) for a fixed baseline and target area if the target moves
with a low speed a lower carrier frequency (i.e. a greater wavelength) must be considered in
order to achieve the same performance and (ii) for a specific carrier frequency and target
velocity if the target has larger dimensions we need a long baseline to guarantee the same
performance.
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This implies that if we aim at detecting large targets moving with low speed (i.e. ship), for a
fixed baseline a smaller carrier frequency must be chosen in order to obtain a desirable Py, and
Pq. Conversely if we are interested in the detection of small/medium targets moving with high
speed (i.e. stealth aircraft) for a fixed baseline a greater carrier frequency has to be preferred.
Similarly above results could be used to design the baseline length once the carrier frequency
has been fixed. In addition, with reference to the shape factor and to the baseline crossing point
apply the same considerations previously mentioned, namely better performance are obtained

for greater shape parameter and when the target does not cross the baseline in the middle.

Summary

In this chapter we have derived new, fully adaptive GLRT schemes to perform CFAR target
detection with FSR by starting from the | & Q baseband components. The new schemes are
shown to provide detection performance improved with respect to the CVD and CFAR CVD
presented in Chapter 3 by an amount ranging from a minimum of 3 dB when the target is in the
deep far field area up to 10 dB when the target is getting close to the near field. Moreover, a
new set of GLRT schemes obtained by exploiting a set of secondary data assumed target free
shows a non-negligible further improvement over the previous adaptive GLRT schemes
(namely GLRT-2 and GLRT-3), when the operation conditions get close to the near field

transition point.

The analytical performance obtained for the GLRT schemes, also allowed to derive
equivalent SNR expressions, appropriately simplified by approximations, that relate the
detection performance to the main FSR parameters describing geometry, target size and target
motion. This allowed us to investigate the effect of the individual parameters on the global

detection performance.
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Chapter 5
Motion parameters estimation and
performance analysis

This chapter focuses on the use of a Forward Scatter Radar System for the estimation of the
kinematic parameters of targets following a linear trajectory: particularly both single baseline
(one transmitter and one receiver) and dual baseline (one transmitter and two separate
receivers) systems are considered. First, based on the Crystal Video scheme introduced in
Chapter 3 a two-dimensional filter bank approach is proposed with the generic impulse
response depending on the unknown target electrical size and target trajectory thus allowing
the estimate of the following target signal parameters: Doppler rate, baseline crossing time
and main lobe width of the pattern signature. Then taking advantage of the estimated signal
parameters and exploiting some a priori knowledge, the cross-baseline velocity is estimated in
the single baseline configuration. Meanwhile the dual baseline configuration ensures the
possibility to estimate two parameters without a priori knowledge: the cross-baseline velocity
and the baseline crossing point. The performance of the proposed technique is investigated
from a theoretical point of view in terms of accuracy. The achievable accuracy is also
compared to the Cramer Rao Lower Bound (CRLB) that establishes the minimum achievable
variance of any unbiased estimator. Finally simplified closed-form expressions of the CRLB,
relating the accuracy to the main parameters describing the FSR geometry and the target, are

derived.

5.1Introduction

he target signature extracted by the Crystal Video based scheme (see Chapter 3 ) it is
useful not only to perform target detection but also for motion parameters estimation by
investigating the Doppler signature carrying out the kinematic information. The forward scatter

signal model considered is the same introduced in Section 3.2, referring to a rectangular target
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with size large with respect to the wavelength and moving in the far field area of both

transmitter and receiver.

In particular following, the line in [10] and [8] introduced in Section 2.6, we derive a two-
dimensional bank of filters matched to the Doppler rate and to the main lobe width of the
pattern signature. To support practical applications, a two-step processing is proposed: in the
first step a rough estimate of the Doppler rate is obtained by applying the Radon transform to
the spectrogram of the acquired signal while in the second step the bank is exploited to refine
the Doppler rate estimation provided by the previous step and also to provide an estimation of
the baseline crossing instant and main lobe width of the target pattern signature. Obviously this
greatly reduces the range of Doppler rate values to be investigated by the bank thus reducing
the required computational load. To assess the performance on the estimation of the target
parameters of the proposed technique the CRLB as a universally accepted tool is derived and
used for comparison. The Cramer Rao Bound (CRB) provides the lower limit on the mean
square error achievable by an unbiased estimator of the target signal parameters and, therefore,

provides a fundamental performance bound on the system’s accuracy.

To estimate the kinematic parameters of moving targets we take into account the dependence
of these parameters on the target signal parameters estimated by the bank. Especially for a
single baseline configuration the extraction of the Doppler rate is exploited. Such information
combined with a priori knowledge on the baseline crossing point allows to estimate the cross-
baseline velocity. Moreover, we consider the possibility to estimate also the baseline crossing
point by means of a dual receive antenna without a priori knowledge on other target
parameters. The latter is achieved by separately processing the signals acquired by the two
receivers by means of two 2D matched filters and exploiting the extraction of the Doppler rate

and of the baseline crossing instants.

The performance of the kinematic parameters estimation for both FSR configurations taken
under investigation is theoretically evaluated for different target trajectories and under different
signal to noise conditions in terms of expected accuracy through Monte Carlo simulation. The

latter is compared with the corresponding CRLB.

Therefore we can summarize that this chapter addresses the issue of the motion parameters

estimation of a moving target under the assumption that follows a linear trajectory and its
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corresponding signal is embedded in White Gaussian Noise through: (i) the development of a
two-dimensional bank of filters based on the Crystal Video scheme for the target signature
extraction and (ii) by providing a performance analysis in terms of the accuracy through Monte
Carlo simulations and closed-from expressions of the CRLB for both single and dual baseline
FSR configuration.

5.2 Signal parameter estimation technique

In Chapter 3 it was shown that the target time domain signature, in our case embedded in the
noise component and the direct signal, may be extracted from a square-law detector followed
by a DC removal filter (see Figure 3.3). In particular in Section 3.3 we showed that the DC
removal filter performed through a orthogonal projection of the square law signal, z(t) (see eq.
( 3.10 )) onto the subspace orthogonal to the DC component perfectly removes the direct
component: u = P+z. As the noise and the target-scattered signal are much smaller than the
direct signal, the squared envelope of these two terms was neglected. Therefore, the surviving
signal after the DC removal filter was approximated as the sum of two components: u = s, +
s, representative of the new useful signal, s,, given by the mixed term between the direct and
the scattered target signal (see eq. ( 3.11) ) and of the new noise component, s,, that is still zero
mean white Gaussian noise. Moreover it was shown that the impulse response of the matched
filter defined in eq. ( 3.13 ) depends on the FS pattern signature and the Doppler signature
which in turn depend on the target electrical size and target trajectory that are a priori unknown.
This also means that targets with different dimension, different velocity and different baseline

crossing angle and crossing point have different signatures.

5.2.1 Two-dimensional filter bank approach

To address this issue a two dimensional bank of matched filters is considered: aiming to
simplify the analysis the global target signature, s;o(t) is approximated using Taylor series
expansion as derived in Section 4.5.1. In particular it is considered a Taylor series expansion
of bistatic distance at second order around crossing-time instant for the approximation of the

phase signature as in eq. ( 4.28 ) and a Taylor series expansion at zero order for the scale term
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of the pattern signature and at first order for the sinc function as in eq. ( 4.30 ). Some aspects
related to the phase error approximation are discussed in the Section 5.3.

Hence, by substituting eq. ( 4.28 ) and eq. ( 4.30) into eq. ( 3.13 ) and disregarding possible
scale parameters it is clear that the impulse response of the matched filter in the CVD scheme is
function of the Doppler rate defined in eq. ( 4.29 ) and of the main lobe width defined in eq.(
4.32):

h(t) = sinc( 0¢) sin(nt?) (5.1)

Since both Doppler rate and main lobe width are a priori unknown a two-dimensional filter

bank is designed:

hg6(t) = ksinc(0t) sin(mdt?) (5.2)

being k =1/ J f_TT//ZZ hsse(t)dt- The subscripts ¢,6 are used to indicate that the impulse

response is function of both Doppler rate and main lobe width.

In order to limit the computational load required by the bank and to support practical
applications a two-step processing is proposed (see Figure 5.1): (i) in the first step a
preliminary rough estimation of the Doppler rate, q§ is obtained through the Radon transform

applied to the spectrogram and (ii) in the second step the bank is exploited to refine the
estimation of the Doppler rate and to estimate the main lobe width and the baseline crossing

instant.
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Figure 5.1 Two-dimensional filter bank block diagram.
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Firstly, the signal at the output of the DC removal filter is analyzed for the estimation of the
Doppler rate through a time-frequency analysis such as the Short Time Fourier Transform
(STFT). The STFT approaches the problem of determining when a particular frequency occurs
by partitioning the signal into short segments and then applying a weighting function to the
signal within each segment, prior to evaluating the Fourier transform, and is given by:

+00
Su(t,f) = f w(t — Hu(e) e 2y (53)

where w(t) is the analysis window centered at time t with duration T,,. With the STFT a linear
phase term is compensated which should be sufficient for short enough time window. The
possibility to estimate the target velocity with the STFT for a target in FSR configuration,
assuming a priori information on baseline crossing angle and baseline crossing point, has been
shown in [21] and [34].

Since the STFT is a complex-value in general, we used the so called spectrogram that is the
squared magnitude of the short-time Fourier transform, |S, (¢, f)|?>. The Radon transform

(RT), RTs,(©,,x,) is then applied to |S,, (¢, f)|? and a preliminary rough estimate of the target

Doppler rate qS is obtained from the absolute maximum observed on the Radon plane:

= A
¢ = — cot(Ormax) A_]; (5.4)

where Af, At are the Doppler frequency spacing and time spacing, respectively.

This greatly reduces the range of Doppler rate values to be investigated by the bank in the
second step thus limiting the required computational load. The impulse response in eq. (5.2 ) is

firstly defined by considering different values of the Doppler rate in the range: ¢ =

[¢~> — Admarr: 0 b + Adimaxz] where A@gx1 and Adp,qx, are the maximum offsets from

the estimated Doppler rate from RT and 8¢ is the Doppler rate step. As a rule of thumb the

Doppler rate step may be chosen assuming n/4 as the maximum tolerable phase error.

Then some a priori information on the expected ranges of the target velocity, v'and target
size,( 1y, 1) taken under investigation (i.e. large target moving with low speed, as ship or

small/medium targets moving with high speed, as stealth aircraft or UAVs etc.) is needed to set
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the initial value of the main lobe width, 9 = (l;% in order to define the range values of the

main lobe width to be investigated by the bank.

As previously, let define with @ = [ — Abqx1:80:0 + Ay 4y, the range values of the
main lobe width where A8,,,,; and A8,,,,, are the maximum offsets from the initial value, 9,

and 60 is the main lobe width step. In this work the step size of the main lobe width is set in

order to guarantee that the energy loss is not more than 10% .

After the full construction of the impulse response in eq. ( 5.2 ) as shown in Figure 5.2, the
cross-correlation of the signal at the output of the DC removal filter with the impulse response
of each filter is performed:

T/2
Xpo® = | u@hy ot~ vdr (55)
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Figure 5.2 Full construction of the impulse response.
We define the cost function 4(¢, 8) = max, X 4,6 (t). Finally the estimated Doppler rate and

main lobe width, (d; 9), corresponds to the matched filter providing the highest output and the

baseline crossing instant £, is estimated as the instant in correspondence to the highest peak of

the signal at the output of the matched filter with impulse response hg a(t):

($, @) = IE%XA(é, 0)

. (5.6)
ty = max xs )
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5.2.2 Performance evaluations

In this sub-section the performance of the proposed technique is assessed and discussed for
different target trajectories. A reference scenario similar to that introduced in Section 3.3 with
the target in the deep far field is here considered for an observation time of T=3.24 sec and four
different cases characterized by different baseline crossing points e baseline crossing angles.

Table 5.1 summarize the main system and target parameters of the reference scenario.

Table 5.1 System parameters and target related parameters of the reference scenario.

System parameters

Carrier frequency f. =4.612GHz
(A =65cm)

Baseline L=4500 m

Observation time T=3.24 sec

Target related parameters

Target size l,=25m(l,/A~ 38)
l,=15m(l,/A = 23)
Velocity v=36m/s

Table 5.2 reports the main parameters of the different case studies showing that the fixed
observation time corresponds to different angular intervals from which the target is viewed as
depend on the baseline crossing angle, A2 = 2tan~(v, T/L). Moreover the fulfillment of the
far field condition is guaranteed for all the case studies and is evaluated considering the

effective aperture of the rectangular target as S = 2l%cos?@/AR where R = min{y,, L — y,}.

Table 5.2 Case studies parameters.

Case Baseline Baseline crossing Far field parameter Observation angle
study crossing angle point
A o =0° Vo =L/2 S=0.085 AN =297°
(B) @ = 45° Yo = L/2 $=0.043 A0 =2.10°
(©) @ =0° yo = L/4 S=0.17 AN = 2.97°
(D) @ = 45° yo = L/4 $=0.086 AN = 2.10°

Figure 5.3 shows the received signal after the DC removal filter for all the different target
trajectories of Table 5.1 in noise free condition. In all cases we assume the target crossing the

baseline at time ¢, = 0.
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-
—_

Amplitude
o
Amplitude
o

'
-
'
—_

-2 0 2 -2 0 2
Time [sec] Time [sec]
Case C Case D
1 1
Q (T
= =
= =z
= oML ivipe - = o
1 1
-2 0 2 -2 0 2
Time [sec] Time [sec]

Figure 5.3 Received signal after DC removal for different target trajectories as defined in Table 5.1.

Focusing on the first step of the proposed approach, a Hamming window for the estimation
of the STFT equal to T,,=0.5 s is considered. Figure 5.4 shows the spectrograms (normalized
with respect to their maximum values) of the case study (A) and (B). Meanwhile Figure 5.5
shows their respective Radon transform. Figure 5.6 and Figure 5.7 report similar results, the
spectrogram and the Radon transform respectively, for the case study (C) and (D).
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Figure 5.4 Spectrogram normalized with respect to its maximum related to (a) case study (A) and (b)

case study (B).
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(@) (b)

Figure 5.5 Radon transform of the spectrograms related to (a) case study (A) and (b) case study (B).
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Figure 5.6 Spectrogram normalized with respect to its maximum related to (a) case study (C) and (b)

case study (D).
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Figure 5.7 Radon transform of the spectrograms related to (a) case study (C) and (b) case study (D).
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The two red straight lines superimposed to the spectrograms represent the instantaneous

Doppler frequency that vary linearly with time, f;(t) = $(t — to) as reconstructed by means
of the rough estimate of the chirp rate achieved from the Radon transform: it is noted that in all
case studies a good initial Doppler rate estimation is provided. When the target does not cross
the baseline perpendicularly or in the middle, the branches of the spectrogram are not
symmetrical as it is observed for the case study (D) in Figure 5.6 (b) and two different values of
the Doppler rate are estimated from the Radon transform. This is more noticeable if a long
observation time is involved, as in Figure 5.8 showing the received signal after DC removal
filter of the case study (D) for a long observation time, T=9 sec, and its respective spectrogram

are reported.
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Figure 5.8 (a) Received signal after DC removal filter when the target crosses the baseline with an
angle of 45° and at L/4 from the RX for a long observation time and (b) its spectrogram normalized with

respect to its maximum value.

In this case, the initial value of the Doppler rate, & may be set equal to the mean value of the

estimated Doppler rates from the two branches of the spectrogram.

By this time, after the preliminary estimation of the Doppler rate, (ZJ and considering that in
this scenario we are interested in the detection of small targets, the impulse response in eq. (5.2

) for each case study of Table 5.2 is constructed considering (i) different values of the Doppler

rate in the range ¢ = [d; - 0.9$: 5¢¢~> + ¢~>] and (ii) different values of the main lobe width

in the range 6 = [§ — 0.99:66:9 + 39| where 9 = ql?% with 1} and v’ relative to small
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targets as UAVs for example. In accordance with the consideration in the section 5.2.1 the
Doppler rate step is chosen in order that the maximum phase error is smaller than n/4 and the
main lobe width step is chosen in order that the energy loss is not more than 10%. Therefore,
the Doppler rate step is set §¢p = 1/T% = 0.095 being T=3.24 sec and the main lobe width
step is set 0 = 0.1. Figure 5.9 and Figure 5.10 show the cost function A(¢, 8) (normalized
with respect to its maximum value) as a function of the normalized Doppler rate error and
normalized main lobe width error.

¢° and 6° are the theoretical value of the Doppler rate and main lobe width respectively

(different for the different target trajectories).

In all cases the highest value of A(¢, ) occurs in (0,0): hence we can state that in all the case

studies both the Doppler rate and the main lobe width are well estimated.

(6 —6"/0"

-15 -15

0.5

(b)

Figure 5.9 Contour plot of A4(¢ ;0) as function of the normalized Doppler rate error and of the

normalized main lobe width error (a) for a perpendicular and midpoint crossing baseline, (A) and (b) for

a midpoint and non-perpendicular crossing baseline, (B).
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Figure 5.10 Contour plot of 4(¢ ;0) as function of the normalized Doppler rate error and of the

normalized main lobe width error (a) for a perpendicular and non-midpoint crossing baseline, (C) and

(b) for a non-midpoint and non-perpendicular crossing baseline, (D).
The A(¢,8) cut along Doppler rate axis and along the main lobe width axis are shown in
Figure 5.11.
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Figure 5.11 (a) 4(¢,6)|,_, cut along the Doppler rate axis and (b) 4(¢, 9)|<'i>=$ cut along the main
lobe width axis.
As expected a peak in zero that corresponds to the Doppler rate and main lobe width of the
target of interest is noted. In addition, we also note that the effect of pattern error is far less than

that of Doppler rate error. This is consistent with the considerations in [10] and [8] (see Section

2.6) where it was shown that the cross-correlation of the signal at the output of the DC removal
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filter with a set of reference function for the estimation of the target motion parameters depends
more on the phase signature presenting fast variation than on the envelope signature that varies

more slowly.

All the results reported in this section refers to a noise free condition. In the following the
performance of the two-dimensional filter bank approach proposed will be investigated under
different noise conditions.

5.3 Accuracy performance analysis

In this section an accuracy analysis related to the estimation of the target parameters of
interest is provided. Initially, we want to know the optimum achievable accuracy on the
estimation of the target parameters that can be obtained by observing the samples of the signal
u; for i=1,..., N at the output of the DC removal filter in CVD scheme for a specific target
characterized by a certain signal-to-noise ratio. This leads us to the definition of the signal-to-
noise ratio at the output of the Maximum Likelihood detector that coherently combines the N
samples of the received signal namely the GLRT-1 detector derived in Section 4.2.1.1 but with

the target signal phase known. By deriving the log-likelihood function

log {P, (T/Hl) /P, (T/HO)} being P (T/Hl) and P, (T/HO) defined in eq. (3.8 ), we obtain:

e “Pst(r — asqg)

(5.7)
,’S%Swo—n )

Itis clear fromeq. ( 5.7 ) that the SNRy;;, = SNR is:

XML=§R

26l ¢
SNR = zlm—g‘”" (5.8)
O-n

Moreover, in accordance with the definition of the direct signal to noise ratio, DNR in eq. ( 3.6

), the SNR may be written as:

1812
SNR = ZDNRWs%stO (5.9)

where all the parameters in eq. (5.9 ) are defined in Section 3.2.

118



» Motion parameters estimation and performance analysis

Finally, the CRLB is derived and the performance of the proposed technique is investigated
via Monte Carlo simulations in terms of accuracy and compared with the derived CRLB. The
same reference scenario of the Table 5.1 and the same four case studies of the Table 5.2 are
analyzed.

5.3.1 Cramer Rao Lower Bound

We derive first the joint probability density function of the signal u(t). In agreement with the
signal model at the output of the DC removal filter discussed in Section 3.3 the i-th sample
u; can be approximated as a Gaussian variate with mean value u,,, and variance Uli-- The mean
value of u; equal to the useful component,s,; defined in eq. ( 3.11 ) after some simple
manipulations that exploits the Taylor approximations in eqs. ( 4.28 ) and ( 4.30 ) may be

written as:
Hy; = —2Mthsinc[9(ti - tO)] sin[mﬁ(ti - to)z] (5.10)

where M, is the amplitude of the received direct signal and M, is the peak amplitude of the
received target signal defined both in Section 3.2. By exploiting the eqg.( 4.30 ) we have

Ll L2 vy
E7 4 yo-yo) v

M. In accordance with the consideration in Section 3.3 that the random
component after DC removal filter is still white Gaussian noise, it is easy to obtain the variance
of u; by substituting the eq. (4.28 ) and eq. (4.30):

o, = 202{M3 + MZsinc?[6(t; — to)]}

— 402MgM, sinc[0(t; — t)] sin[rd(t; — t5)?] (5.11)

As the target signal component is weak its square envelope in the eq. ( 5.11 ) gives a

negligible contribution and the variance aﬁi may be approximated as:
o, = 202{M§ — 2M M, sinc[6(t; — to)] sin[md(t; — to)?]} (5.12)

The primary signal parameters of interest to be estimated include the Doppler rate, the
baseline crossing instant and the main lobe width of the pattern signature (94 2 [d) to 9] ).
These parameters will allow us to estimate the target motion parameters which is addressed in
Section 5.4.
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It is clear from the eq. ( 5.10 ) and eq. ( 5.12 ) that the mean value and the variance depends
also on the amplitude of the direct and target signal and on the noise variance (9% 2
[M4 M, 0, ]). In order to assess the impact of these parameters on the estimation of the primary
parameters of interest  we define the vector of  the unknowns

92 [9498 ) =[¢ty 60 My M, a,].

In agreement with the Gaussian assumption the joint density probability function of u

parametrized by the unknown parameters vector 9 is given by:

N 1 (ui_”ui)zl

pa =] |

(5.13)
=1 /2710&1. |

Taking the logarithm and substituting the expressions of y,,, and aﬁi defined in the eq. ( 5.10)

and eq. ( 5.12) respectively we obtain the log-likelihood function:

Inp (u|9) = —N In{o,}
N

- %Z In{[M3 — 2M M, sinc[0(¢t; — to)] sin[nd (t; — t0)?]]}

(5.14)

n=1
1 i {ui + 2My M, sinc[6(t; — ty)] sin[ndS (t; — to)z]}z
407 L MG — 2MyM, sinc[8(¢; — to)] sin[nd (¢; — t0)?]

+C

where C is a constant independent from the parameters collected in 9.

The CRLB states that given the vector parameter 9 its unbiased estimate 9 satisfies the

following inequality:
Y B C)) (5.15)

for r=1,...,6 in our case and where J () is the Fisher Information Matrix (FIM) (6x6) given as:

@ =£l2 P 9 '
J@®) = E {==Inp @l9) [55Inp @l9)] (516)

where aa_ﬂ {-} denotes the partial derivative with respect to 9. In order to simplify the analysis the

FIM can be written in the compact form by partitioning it as follows:
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]A ]AB]
(5.17)

J@) = []AB JB
where the upper left J4 is a 3x3 matrix that denotes the FIM of the primary parameters of
interest 94, JB is a 3x3 matrix that denotes the FIM of the parameters of secondary interest
98 and J4Bdenotes a 3x3 matrix collecting the off diagonal elements of J(«9) that measure how
the parameters of secondary interest 9 influence the estimation of the desired parameters in 94.
According to the partitioned matrix inverse lemma the inverse of the Fisher information matrix,

Ccgryp Of the primary parameters of interest is:

_ -1
CcrL = (]A —JABJB IIAB) (5.18)

In particular, the variances of the estimation errors of the parameters of interest are the elements
on the main diagonal of this matrix. By carrying out the derivatives and the expectations in eq. (
5.15 ) even here not reported for the sake of compactness it can be shown that FIM can be
approximated as a block diagonal matrix.

Figure 5.12 (a) and Figure 5.12 (b) report the normalized elements of

FIM, ]},k ) = Jr k) /\Jrr ()] 1 () for four different values of SNR related to the case
study (A) and (B) respectively. Figure 5.13 reports similar results for the case study (C) and (D).

SNR = 25 dB SNR = 30 dB SNR = 25 dB SNR = 30 dB

. . 1 .
@ @ @
m -" s -H - -" ."
a a
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M, M, M, My
M, M, 0.7
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& te 0 My M, o, 6 ty 0 My M o, ta 8 M; My o, to 0 My M, o,
0.5
SNR = 35 dB SNR = 40 dB SNR = 35 dB SNR = 40 dB

; 0.4
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0.9
0.8
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02 1[,
0.4 w,

ta @ My M, o, ta 0 My M, o,

(@) (b)
Figure 5.12 Normalized elements of J(9) as function of SNR (a) of the case study (A) and (b) of the
case study (B).
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SNR = 30 dB SNR = 25 dB SNR = 30 dB
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SNR = 40 dB

é ta 8 My M, o,

(a) (b)
Figure 5.13 Normalized elements of J(&) as function of SNR (a) of the case study (C) and (b) of the
case study (D).

Some comments are in order:

(i) the elements of JAB block matrix (see upper right and down left block matrix in Figure
5.12 and Figure 5.13) give a negligible contribution compared to the elements on the main
diagonal of J4 for all the SNR values. /3 5 = /53 is the element with the highest contribution in
all case studies and this is expected as M, and 6 are respectively the peak and the main lobe

width of the pattern signature.

(i) the off diagonal elements of J4 (upper left block matrix in Figure 5.12 and Figure 5.13)
give a negligible contribution compared to the diagonal elements of J4 for all the SNR value and
for all the case studies.

In accordance with (i) we first assume that the estimation of the desired parameters in 94 is

independent from the parameters in 92 .Therefore the FIM in the eq. (5.16 ) may be simplified

as:
]A 033

J@) = : 5.19
03,3 ]B ( )

having approximated J48 ~ 035 where 0,,,, is @ m x m zero matrix. This simplify the

computation of the CRLB of the primary parameters of interest, C/r7r ™" = JA™' Moreover

in accordance with the observation (ii) we assume that the estimates of the Doppler rate,
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baseline crossing instant and main lobe width are decoupled. Thus the 3x3 matrix J4 can be

simplified as a diagonal matrix and consequently the CAP¥7°* % = diag {]f}l_l Ja, ]3*33_1} .

Focusing in the block matrix, J4 and based on the log-likelihood function in the eq. ( 5.14)

the element ]ﬂ, after some approximation detailed in the Appendix F may be written as:

N
Jir=eCyACH = Z 1031-6’13”- (5.20)
i=

where A = diag{oZ 02 , ... .. ,04,} and €y is a Nx1 column vector collecting the

approximated coefficient of the partial derivatives with respect to ¥9,. defined in the eq. (F. 6) of
the Appendix F. Finally, bounds on the error standard deviation of the Doppler rate, baseline
crossing instant and main lobe width estimates are obtained from the above approximation,

Approx—3 _ ;. 74 ~1 74 -1 74 -1 .
Cerip =diag{J{1 ", J32 , Jis }, asfollows:

1/2
CRLB; = mleu_NM {Zl 1 sinc?[0(t; — to)] cosz[ngb(t —tO)Z](t —t0)4}

(
|
4CRLBt0 memM {ZlemC [6(t; — to)] cos?[mep(t; — t0)%](t; — to) } (5.21)

. -1/2
CRLBy = m m {Zl 1sin?[md (¢ — to)?] cos?[m(t; — to)]}

Figure 5.14 reports the theoretical and the approximated normalized error standard deviation
of the three parameters of interest as function of the SNR when the target crosses the baseline
in the middle with an angle ¢ = 0°, case (A) (Figure 5.14 (a)) and with an angle ¢ = 45°, case
(B) (Figure 5.14 (b)). The normalized error standard deviation of the Doppler rate and main
lobe width are defined as the ratio of the error standard deviation obtained from the different
approximation of the CRLB to their theoretical value, $° and 6° respectively. Meanwhile as
we assume that the target crosses the baseline at time t=0 sec the normalized error standard
deviation of the crossing time is defined as the ratio of the error standard deviation obtained
from the different approximation of the CRLB to the time step (inverse of the sampling
frequency). For example for an SNR=30 dB and when the target crosses the baseline in the
middle with an angle ¢ = 0° (see Figure 5.14 (a)) we can obtain an accuracy of the order of the
time step for the crossing time having set the sampling frequency equal to 1000 Hz. It is quite
apparent that the approximated expressions of the CRLB in eq.( 5.21 ) provides an accurate fit

to the theoretical expressions.
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Figure 5.14 Theoretical and approximated accuracy of the Doppler rate, crossing time and main lobe
width against SNR (a) for the case study (A) and (b) for the case study (B).

Figure 5.15 reports similar results for a target crossing the baseline at a distance L/4 from RX

with an angle ¢ = 0°, case (C) (Figure 5.15 (a)) and with an angle ¢ = 45°, case (D) (Figure
5.15 (b)).
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Figure 5.15 Theoretical and approximated accuracy of the Doppler rate, crossing time and main lobe

width against SNR for the case study (a) (C) and (b) (D).

As previously, the approximated expressions of the CRLB provides an accurate fit to the
theoretical expressions.

It is worth mentioning here that in some cases for non-perpendicular and non-midpoint
crossing baseline the approximation of the phase signature in eq. ( 4.28 ) provides a non-

negligible phase error with respect to the effective phase variation in eq. ( 3.2 ) for long
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observation time and a Taylor expansion at third order or fourth order will be necessary. We
chose /4 as the maximum tolerable phase error. For observation time that provides a phase
error smaller than /4 the CRLB derived is valid. On the other hand observation times smaller

than the main lobe width will not allow an accurate estimation of 6.

Figure 5.16 shows the phase error approximation (i.e. ¢(t) ineq. (3.2) - ¢(t) ineq. (4.28))
as function of the observation time for all the case studies. We note that the case study (D)

presents a greater phase error approximation with respect to the other case studies.

-
e,
&)

Phase error [rad

-
=
S

Time [sec]

Figure 5.16 Phase error approximation as function of the observation time, T for all the case studies.

5.3.2 Performance comparison

In this section the performance of the 2D filter bank technique is investigated via Monte
Carlo simulations in terms of accuracy and compared with the CRLB derived in the previous

section.

We assume that the estimated parameters by the bank in eq. (5.6 ) suffers from errors:

$=d5°+5¢
6=0°+5,
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characterized by a mean value ug, pi.,, ptg and variances o3, of and o being ¢°, t§ and 6°

their theoretical value. The performance of this technique is investigated for the four different
target trajectories defined in Table 5.2 and the analysis proved the 2D filter bank approach to

be unbiased, e = He, = g = 0. For all the case studies we have considered a 2D filter bank

CRLB&) 0 . . .
T 5CRLB¢] and main lobe width in

with Doppler rate in the range [djo —5CRLBy:

CRLBg
10

the range [90 — 5CRLBg: 100 — 5CRLB9] where CRLB, and CRLBy are defined in eq. (

5.21).

The normalized error standard deviation of the three parameters of interest as function of the
SNR obtained from the Monte Carlo simulations with 1000 trials is compared with the
approximated CRLB derived in Figure 5.17 (a) and Figure 5.17(b) for the case study (A) and
(B) for an observation time equal to T=3.24 sec.
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Figure 5.17 Normalized error standard deviation of the Doppler rate, the crossing time and the main

lobe width against integrated SNR (a) for the case study (A) and (b) for the case study (B).

As apparent, for each parameter to be estimated, the accuracy achievable by means of the 2D
filter bank technique (continuous curve) in the high SNR region approaches the corresponding
approximated CRLB (dash-dotted curves). Some losses with respect to the CRLB are
experienced for values of SNR below 25 dB for the Doppler rate and the main lobe width
estimation. Meanwhile for values of the SNR below 25 dB the 2D filter bank gives poor
estimation accuracy of the crossing time instant and greater losses with respect to the

corresponding CRLB are experienced. It is worth noting that such threshold value of SNR=25
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dB corresponds to a DNR = 20 dB that, in agreement with the results of the probability of
detection of the CVD shown in Chapter 3 corresponds to a low probability of target detection.

Figure 5.18 (a) and Figure 5.18 (b) reports similar results for the case study (C) and (D) for
the same observation time, T=3.24 sec. The above considerations also applies for the cases
when the target crosses the baseline perpendicularly at L/4 from RX, case (C).

Meanwhile for the case study (D) we note that the curves of the accuracy obtained from the
2D filter bank for high SNR value shows the same trend although some extra losses are
experienced with respect to the CRLB in particular for the Doppler rate. In agreement with the
consideration above in Section 5.3.1, for an observation time T=3.24 sec the case study (D)
presents a phases error approximation greater than /4 (see Figure 5.16).
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Figure 5.18 Normalized error standard deviation of the Doppler rate, the crossing time and the main
lobe width against integrated SNR (a) for the case study (C) and (b) for the case study (D).

For this reason in Figure 5.19 are compared the normalized error standard deviation of the
three parameters of interest obtained from the Monte Carlo simulations to approximated CRLB
derived for an observation time T = 2.4 sec, time to span only the main lobe of the pattern
signature that gives a phase error smaller than /4 . Is apparent that the accuracy achievable
from the 2D filter bank (continuous curve) in the high SNR region approaches the

corresponding approximated CRLB (dash-dotted curves).

Therefore, we can state that in all cases the Doppler rate, the crossing time and the main lobe

width are accurately estimated thus proving the effectiveness of the proposed approach.
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Figure 5.19 Normalized error standard deviation of the Doppler rate, the crossing time and the main
lobe width against integrated SNR for the case study (D) and for an observation time equal to the main

lobe.

5.4Target motion estimation and performance analysis

The focus of this section is on the estimation of the motion parameters of moving targets
following a linear trajectory firstly by means of a single baseline configuration and after by
exploiting a dual receive antenna FSR configuration with small angular separation between the
two baselines. From a single baseline configuration the cross-baseline velocity is estimated and
its CRLB derived. Meanwhile the dual baseline ensures the possibility to estimate two
parameters without a priori knowledge, the cross-baseline velocity and the baseline crossing

point and also their CRLB is derived and analyzed.

5.4.1 Single baseline configuration

The coordinate system of the single baseline configuration is shown in Figure 3.1.

Exploiting the extraction of the Doppler rate from the 2D filter bank approach previously
introduced and under the assumption that the baseline crossing point is known it is possible to

estimate the cross-baseline velocity as follows:

p, = /—“‘YL"”"A \/; (5.23)
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Now the CRLB of 7, is derived by considering firstly a Taylor expansion at first order

around the estimated Doppler rate, ¢A> that provides a linearized equation:

oD
A~ X
Uy =vp +—=

5.‘
b, ¢

(5.24)

&)0

being v = /%A /d)o the theoretical value of the cross-baseline velocity. Recall that the

Doppler rate estimation, ql; = ¢+ 8, suffers from errors characterized by a mean null
value, p; = 0 and a variance a(-;. By carrying out the derivate with respect to the Doppler rate

the eq. (5.24 ) become:

ﬁ :170+ (L—YO)YOA 1 6¢
x=vet [T 2\/(.1.70 (5.25)

This mean the cross-baseline velocity estimation suffers from errors (9, = v + 6v, )

characterized by a zero mean value, p,, = 0 and variance defined as follows:

5 _(L—yo)J’oL 2
Oo =~ 150 5 (5.26)

The expression in eg. ( 5.26 ) is valid independently from the technique used for the estimation

of the Doppler rate.

Finally, substituting the approximated CRLB of the Doppler defined in eg. ( 5.21 ),the CRLB

for the estimation of the cross-baseline velocity is:

| @=y0)yo 1 1 Mg
CRLBUx - m\/&zrl;m M;

{Zi1sinc?[0°(t; — to)] COSz[ﬂdio(ti - to)z](ti —to)*}

(5.27)
1/2

Figure 5.20 compare the normalized error standard deviation of v, achieved through Monte
Carlo simulations that exploits the Doppler rate extraction from the 2D filter bank with the
CRLB previously derived (eq. ( 5.27)) for the case study (A) with T=3.24 sec.
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Figure 5.20 Normalized error standard deviation of the cross-baseline velocity against integrated SNR

of the case study (A).

It is noted that the accuracy achievable from the 2D filter bank technique (continuous curve)
in the high SNR region (SNR greater than 30 dB) approaches the corresponding approximated
CRLB (dash-dotted curves). As expected some losses are experienced for SNR lower than 30
dB.

Despite this losses the overall performance can still be considered suitable for a practical
application since an accuracy in the order of 1% is obtained for a SNR=20 dB thus proving the

effectiveness of the proposed approach.

5.4.2 Dual baseline configuration

The coordinate system of the dual baseline configuration with the x and y axis specifying the
ground plane and the target moving perpendicularly to this ground plane is shown in Figure
5.21. The first receiver, RXy, is placed at the origin of the coordinate system (x,y) and the
second receiver, RX, is placed along the x-axis at a distance d from RX; meanwhile the
transmitter, TX, is placed at (0, L,) along the y-axis. L; and L, indicate the first baseline (TX-
RX;) and the second baseline (TX-RX,) respectively. We assume that the angular separation
between the two baselines is small and therefore the target crosses the two baselines

maintaining the same velocity.

It is worth mentioning here that the target direction specified by the angle ¢ with respect to

the x-axis (see Section 3.2) implies that the target crosses the two baselines with different
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angles . Moreover we assume that the target crosses the first baseline, L; at ty;=0 sec and the
second baseline, L, at time to,=(L, —y01)d/(vxL1 + vyd) being y,, the baseline crossing
point related to the first baseline.

L ARk ' )

@) (b)
Figure 5.21 (a) Dual-baseline FSR system geometry and (b) top view of the dual-baseline FSR
configuration.
Following the same approach in [53] v, and y,; for i=1,2 are here estimated by applying

separately to the signals acquired by the two receivers, r;(t) and r,(t) the 2D filter bank
technique being 9, = [d;l,fm,@l] and 9," = [d;z,foz,éz] the estimated target parameters
related to the RX; and RX, respectively.

In agreement with the assumption of the linear trajectory, the distance covered by the target

in the x-between the two baselines in the elapsed time At = ty, — ty4, along the x-axis, is

Ax = v, At.

In addition, drawing on this geometry (see Figure 5.21 (b)), the relation between the
estimated time difference of arrival, At = £,, — £,,, and the estimated 7, and , can be written

as:

m:l‘i_j}oii

5.28
Li Dy ( )

When the target crosses the baseline perpendicularly (¢ = 0°) the effective y,; is estimated.
While for non-perpendicular baseline crossing angle, the estimated 9, (see Figure 5.21 (b)) is

not equal to the effective y,, and the estimation error will depend on the baseline and on the

baseline crossing angle.
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By exploiting the Doppler rate and the crossing times extraction from the 2D filter bank the
estimated cross baseline velocity and baseline crossing point are retrieved as follows:

[ 1 d
Uy = d2 ﬁ
<1 + 1a ﬁ)
! Li/1¢1i (5.29)
Poi = 5+
1 2 At?
L (@)

which is a nonlinear system of equations. By substituting in eq. ( 5.29 ) the baseline length, L;

and the corresponding estimated Doppler rate, q§l for i=1,2 we should obtain the same value of
the cross-baseline velocity, v, = ¥,, = U,. For a long baseline the distance covered by the
target between the two baselines can be assumed equal to the spacing between the two

antennas, d and the cross baseline velocity may be approximated as 9, ~ d/ At.

The CRLB of ¥, and ¥,; is derived by considering firstly a Taylor expansion at first order

around the estimated Doppler rate, qgl and estimated time delay, At that provides an equivalent

linearized system:

oD oD
(ﬁx=v,?+—f ('lgi‘l‘—i )
00il (9, 40) 0Atl(p9, ae°)
A R (5.30)
9 30 +a}’0i ) 990
0i 0i o N A7l -
09, (#9, 4t°) 0At (P, ac°)
being v? = ﬁ% Yo = ;Atoz the theoretical value of v, and y,;
T .
()™ ()

respectively.

Recall that the Doppler rate and the crossing time estimation, ¢ = ¢° + 84 to =td + 8¢,
suffers from errors characterized by a mean null value, uy, =y, = 0 and variance ai and Gtz(,

respectively. Therefore the time delay estimation, At = £y, — o1 = At® + 84, suffers from

errors characterized by a mean null value and variance 62, = Zcr,_?o.

By carrying out the derivatives and after some simple manipulations the eq. ( 5.30 ) become:
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L o LiAPd3 — dL2 22§07 At
(Ladeaco® +a2)* " (LAgPaco® + a2)’
L2d?24t%° N 2L;2d2A¢0AtO
C LAt +a2)t

At

(531)
0o _ ,
N (LAt +az)”

This means the cross-baseline velocity and the baseline crossing point estimation suffers
from errors (D, = v + 8v, ,Po: = y5; + 6V,;) characterized by a zero mean value, Uy, =
Ky,; = 0 and variances defined as follows:
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The expression in eq. ( 5.32 ) is valid for a dual baseline configuration with small angular
separation between the two baselines independently from the technique used for the estimation
of the Doppler rate and of the time difference of arrival. Finally, substituting the approximated
CRLB of the Doppler and crossing time instant defined in eq. ( 5.21 ) the CRLB for the

estimation of the cross-baseline velocity and of the baseline crossing point are:
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Figure 5.22 compare the normalized error standard deviation of v, and y,; achieved through
Monte Carlo simulation to the CRLB previously derived (eq. ( 5.33)) for the case study (A)
with T=3.24 sec. It is noted that the accuracy achievable by means of the 2D filter bank

technique (continuous curve) in the high SNR region (SNR greater than 30 dB) approaches the
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corresponding approximated CRLB (dash-dotted curves) for both cross-baseline velocity and
baseline crossing point. As previously some losses are experienced for SNR lower than 30 dB.

10°
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standard deviation of v,

1072

10
20 25 30 35 40 20 25 30 35 40
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Figure 5.22 Normalized error standard deviation (a)of the cross-baseline velocity and (b) of the

baseline crossing point against integrated SNR of the case study (A).

Considering a multi-node FSR configuration the kinematic information extraction may be
improved and all the target motion parameters may be estimated, [14] nevertheless using a
dual baseline configuration we observe that without a priori knowledge it is possible to

unambiguously estimate two parameters with high accuracy even in low SNR condition.

Summary

In this chapter we dealt with the problem of the target motion parameter estimation by
exploiting both a single baseline and dual baseline configuration with a small angular
separation between the two baselines. We proposed a two-dimensional filter bank based on the
Crystal Video scheme for the estimation of the target signal parameters such as the Doppler
rate, the crossing time and the main lobe width in order to retrieve than the kinematic
information. Firstly simplified closed-form expressions of the CRLB were derived for the
estimation of the target signal parameters, that can be attained by observing the signal at the
output of the DC removal filter in the Crystal Video scheme. Then the performance of the 2D
filter bank was investigated and the analysis proved that unbiased estimates of the target

parameters can be obtained approaching the derived CRLB in the high SNR region. Taking
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advantage of the estimated target signal parameters: in a single baseline configuration the
cross-baseline velocity component was estimated by assuming a priori knowledge of the
baseline crossing point while in a dual baseline configuration also the baseline crossing point is
estimated without requiring any a priori knowledge. The analysis proved that unbiased
estimates of the target motion parameters can be obtained with high accuracy even for low
SNR conditions.

135



» Experimental data in Passive FSR configuration

Chapter 6
Experimental data in Passive FSR
configuration

This chapter presents results related to an experimental campaign exploiting FM
transmission as signals of opportunity in a FSR configuration. The aim of the acquisition
campaign is to detect aircrafts landing at 16L runway of “Leonardo Da Vinci” airport of
Rome, Italy. The recorded signal data is used: (i) to assess the theoretical performance of the
CVD derived in Chapter 3 in real environment and (ii) to assess the effectiveness of the two
dimensional filter bank approach for the estimation of the target motion parameters through
both single baseline and dual baseline configuration.

6.1 Introduction

@;ive radar exploit existing transmitters as illuminators of opportunity to perform target

detection and localization, while avoiding RF emissions with the following advantages:

e low cost,
e covert operation,
e low vulnerability,

o reduced impact on the environment.

These emitters could be other radars, television signals, radio signals, cell phone signals; in
general waveforms that are not tailored for radar applications. Due to their wide coverage, the
generally high level of transmitted power, and the limited cost of the receivers, the commercial
FM broadcast signals with a nominal frequency bandwidth of 200 kHz in the very high
frequency (VHF) band, [88-108] MHz, are the most common signals used today for passive
radars,[57],[60]. Specifically, with reference to air traffic control (ATC) applications, many
experimental campaigns have demonstrated the effectiveness of FM-based PCL in detecting,

localizing, and tracking aerial targets,[55]-[59].
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It is important to mention here that performance in this extreme configuration of bistatic
radar, FSR, does not depend on the particular PCL signal modulation scheme and, therefore
will not influence FSR signal processing complexity, implying that any available transmitter of
opportunity could be used, [39]. Moreover in the same paper, [39], the PCL operating in
VHF/UHF bands was recommended for the detection of airborne targets in a Forward Scatter
configuration, while for the surface targets practically all PCL sources could be used.

Based on the above considerations an experimental campaign exploiting FM transmissions as
waveforms of opportunity was carried out in December 2016 at Fregene, about 25 km West of
Rome (lItaly). The aim of the acquisition campaign was to detect aircrafts landing at “Leonardo
Da Vinci” airport of Rome (Italy) that follow the 16L runway. The recorded signals are used to
assess the theoretical performance of the CVD detector derived in Chapter 3 in a real
environment and to assess the effectiveness of the technique proposed in Chapter 5 (two-
dimensional filter bank) for the motion parameters estimation exploiting both a single baseline

and a dual baseline configuration.

6.2 Acquisition campaign set-up

As previously mentioned, the experiment took place near the “Leonardo Da Vinci” airport
(Rome, Italy) with the aim to detect planes landing at the 16L runway. This runway was chosen
because, differently from 16R, does not intersect the departing runway and is most commonly
used. Among the different available transmitters in the surroundings of the airport, the one
located at Monte Gennaro is selected as emitter of opportunity. By means of an accurate study
of the International Approach Chart (IAC) provided by the local standard arrival procedure (see
Figure 6.1), the aircraft path, altitude and also the velocity range that the pilots have to abide by

during the landing procedure are known.
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Figure 6.1 16L-Instrumental approach chart.

This information, combined with the knowledge of transmitter position, allowed to
determinate suitable positions of the receiving antennas in order to achieve the Forward Scatter
geometry. Among the positions provided, the seaside resort “La Riviera” at 56 km (baseline)
far from the transmitter was chosen as suitable location for the carrying out of the experimental

campaign (see Figure 6.2).
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Figure 6.2 Experimental topology of the FSR system used for data collection: the blue and the red

markers indicate the TX and RXs position respectively, the yellow lines are the baseline and the red line

indicates the trajectory of the aircraft during the landing.

Two directive FM antennas with beamwidth around 90°, at a distance d=11.95 m from each
other were steered toward the transmitter of Monte Gennaro. The antennas height is around 5
m, so a full visibility of the runway followed by the airplanes was achieved, as near the airport

tall buildings are not allowed.

Moreover it is possible to retrieve some information related to the baseline crossing angle ¢
and the baseline crossing point y, since the trajectory of the target during the approach to the
16L runway is known, as previously mentioned (see Figure 6.1). At a first approximation, after
projecting the positions of Tx, Rxs and aircraft (when approaching the 16L runway) onto a 2D
coordinate system by dropping the altitude information, the baseline crossing angle is equal to
¢ ~ 10° and the baseline crossing angle is y, = 4.95 km. As the distance d between the two
antennas is small with respect to the baseline, the same 1y, is retrieved for both antennas. The
non-cooperative targets have been monitored through a commercial ADS-B receiver which

provides useful information to be used as ground-truth for the velocity estimation.

The multi-channel receiver used has been developed at the Department of Information
Engineering, Electronics and Telecommunications, Sapienza University of Rome ( see Figure

6.3), and is based on a direct Radio Frequency (RF) sampling approach. In the analogue
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section, the received signal from each receiving channel is passed firstly through a band-pass
filter to reject out-of-band interferences. Proper variable attenuators and amplifiers are used to
match the A/D converter dynamic range. The amplifiers have a fixed gain of 20 dB, for this

reason the use of variable attenuators is necessary, to avoid exceeding the maximum dynamic
range of the A/D (1.125 V).
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N AR
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Figure 6.3 (a)Multi channel receiver and (b)block diagram of the multi-channel receiver

The A/D converter dynamic range is adapted to receive all the power in the FM spectrum.
The main features of the A/D converter shown in Figure 6.4 are summarized in the Table 6.1.

Figure 6.4 1CS-155 (GE Intelligence Platforms).
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Table 6.1 Main feature of ICS-155.

ICS-155

e 4 Analog Channels (4 ADCs)

e ADC resolution: 16 bits

e Full scale input: 1.125 V, (about 5dBm)

¢ Input Signal Bandwidth: 2+300MHz

e Sampling Rate: 1+180MHz for 4 channels, simultaneous

e Simultaneous down-conversion of up to 16 signal bands: on
board decimation, software selectable

¢ QOutput data can be in either real or complex format

After digital down-conversion of the acquired signals, single FM channels of interest are
extracted, in particular in our case FM channel 107.4 MHz (A=2.85 m) is considered.

6.3CVD detection performance

The theoretical performance of the CVD detector in terms of both probability of false alarm
and probability of detection, derived respectively in Section 3.4.1 and Section 3.4.2, are
assessed by applying the processing scheme of the CVD detector to the recorded data acquired
during the experimental campaign described above. The required impulse response of the
matched filter is obtained from the recorded signal after DC removal stage by selecting a time

window centred on the time instant when the target crosses the baseline.

Figure 6.5 shows the signal u(t) obtained from the received signal, after passing through the
square law-detector and the DC removal filter. Due to the high signal level, the noise is
negligible and u(t), which has unit [\V?], represents the so-called target Doppler signature. It is
worth mentioning here that the received signal with a sampling frequency of 200KHz, after the
square-law detector is downsampled to the frequency of 390.25 Hz, suitable for non-ambiguous

observation of the target Doppler signature.
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Figure 6.5 Received signal time signature after DC removal filter of an Airbus A320 (Test-1).

Figure 6.6 shows the signature of an Airbus A320 with the target parameters reported in Table
6.2: from the figure it is observed the noticeable amplitude modulation due to the target

crossing.

Table 6.2 Main characteristic of the target-Test 1

Target type Target size Target photo
[length X height]

Airbus A320 37.57m x 11.76 m

To validate the proposed theoretical performance analysis, firstly the Py, is obtained through
Monte Carlo simulations by processing a frame of the received signal in absence of the target
contribution signal (i.e. representative of the direct signal only) added with AWGN in order to
achieve a given DNSR value (defined in eq. ). Figure 6.6 (a) compares the Py, obtained from the
real data through Monte Carlo simulation with 10’ independent trials as function of the
normalized threshold for three different value of the DNSR with the theoretical close-form

expression defined in eq. :from the figure a very good agreement is noted.

The Py is obtained following a similar procedure by processing a frame of the received signal
including also the target contribution added again with AWGN in order to obtain the desired
DNSR. Figure 6.6 (b) compares the P, obtained from real data through Monte Carlo simulation
with 10° independent trials as function of the normalized threshold with the theoretical close-

form expression defined in eq.: once more a good agreement is observed. Moreover as
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expected, for the same normalized threshold, a better probability of detection is achieved for
higher DNSR. For example in Figure 6.6 (b) for a normalized threshold equal to zero a P4=0.45
is obtained for a DNSR=10 dB (see blue curve) while the P4 approaches 1 for a DNSR=40 dB

(see green curve).
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Figure 6.6 (a) Theoretical Py, and Py, in presence of real data as function of T /(6,2 ¢) for different
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value of DNSR and (b) theoretical P4 and Pq in presence of real data as function of T /(a,” ¢) for three

different value of DNSR.

It is to be remarked that FM signals of opportunity are very different from the constant—
amplitude, single tone waveform used in this thesis (see FSR signal model in Section 3.2).
Other than the intrinsic continuous frequency variation of a FM modulated waveform, this
includes both the amplitude modulation due to multipath and transmit filtering, as well as
potential temporary changes of the carrier frequency. By extracting the target signature from
the data, we have intrinsically compensated their effect only on the final filter, which is clearly
matched to the received target signal. However, their effect on the direct signal has not been
removed. Despite the non-ideal direct signal characteristics, the presented performance
comparison shows that the CVD remains effective in the removal of the direct signal, and our

theoretical performance prediction still matches the detection results.

The complete agreement between experimental and theoretical results show that the
presented theoretical performance of the CVD appears to be robust to the specific waveform

characteristics. This means that the presented detection performance still apply, provided that
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the target signature used in the matched filter includes the changes applied by the channel on
the received target signature, despite all the other non-idealities.

6.4 Motion parameters estimation

The effectiveness of the two-dimensional filter bank approach for the estimation of the target
motion parameters proposed in Chapter 5 was assessed by exploiting the acquired FM signals
from single baseline and dual baseline configuration, addressed respectively in Section 6.4.1
and Section 6.4.2.

6.4.1 Single baseline configuration

Following the processing scheme introduced in Section 5.2.1, the signal received from the
RX, after the square law detector is decimated by a factor 8% so that the acquired signal is
down-sampled to 390.625 Hz. In Figure 6.7 is reported the time domain signature of the
received signal after the square law detector of an Airbus A319 with the target parameters

reported in Table 6.3.
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Figure 6.7 Received signal after square law detector and decimation of an Airbus A319 (Test-2).

As it can be observed, the amplitude modulation due to the target movement is clearly

noticeable.
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Table 6.3 Main characteristic of the target-Test 2

Target type Target size Target photo
[length X height]

Airbus A319 33.84m x 11.76 m

Firstly, the signal at the output of the DC removal filter is analyzed for the estimation of the
Doppler rate through the STFT and the Radon transform. Figure 6.8 (a) shows the spectrogram
(normalized with respect to its maximum value) of the signal in Figure 6.7. The Hamming
window for the estimation of the STFT is set equal to 2.56 sec. It is clear the correspondence

between the spectrogram and the corresponding time Doppler signature in terms of crossing
instant located at 52 sec.

Doppler Frequency [Hz)

80 85 <) 95 100
o,

(b)

Figure 6.8 (a) Spectrogram of the signal received from RX1 and (b) its corresponding Radon

transform (Test-2).

As the target in this case does not cross the baseline in the middle and perpendicularly, the
two branches of the spectrogram are not completely symmetrical. The Radon transform is

performed to the spectrogram (see Figure 6.8 (b)) and two different Doppler rates are well

estimated with value equal to <£ = 0.4666 and & = —0.3731. The strong peak in the Radon

plane for ©, = 90° is because a part of continuous component after DC removal filter still
remains.
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Then, the 2D filter bank is performed with the impulse response (eq. ( 5.2 )) constructed for
an integration time T=8 sec and considering: (i) different values of the Doppler rate in the range

¢ = [¢~>a - 3d~5a : 8¢ (;Ea + 3$a] and (ii) different values of the main lobe width in the range
6 = [0 — 0.90:66: 0 + 40]. In accordance with the considerations in Section 5.2.1 and Section

5.2.2, q'{;a is set equal to the mean value of the Doppler rates extracted from the Radon transform

!

and 6 = ¢~>ai—h where i—’: = 0.5 as we are interested in the detection of aircrafts with [;, in the

range 25-35 m and that are close to the landing, so with v’ in the range 65-75 m/s . The
Doppler rate step is set §¢ = 1/T? =0.0156 and the main lobe width step is set §8 = 0.05 .

Figure 6.9 shows the contour plots related to A(¢,6) (normalized with respect to its
maximum value) as a function of the Doppler rate and of the main lobe width: it is clear the

presence of a peak in correspondence of ($ = 0.4883,0 = 0.2210), as it is also shown in
Figure 6.10.

Main lobe width , 0

05 1 1.5
Doppler rate ,®

Figure 6.9 Contour plot of 4(¢;6) as function of the Doppler rate and of the main lobe width.
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Figure 6.10 (a) A(¢,6) cut along Doppler rate axis and (b) 4(¢ 76) cut along the main lobe width
axis.
Figure 6.11 compares a part of the measured signal where the target signature is present,
having the same duration of the impulse responses of the bank of filters (T=8 sec), with the

impulse response from the matched filter, h$§(t) . visual waveform analysis confirms the

agreement between experimental data and the impulse response with the same number of phase

cycles due to the Doppler component.
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Figure 6.11 Comparison of (a) the measured signal with (b) the impulse response of the matched
filter, hy-- (1).

In accordance with the geometry introduced in Section 6.2, as the baseline crossing point is

known it is possible to estimate the cross baseline velocity in agreement with eq.( 5.23 ),

D, = 79.58 m/s . The velocity provided by the ADS-B is equal to v = 72.07 m/s and, as the
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baseline crossing angle is 10° (i.e. the velocity cross-baseline is v, = vcos¢@ = 71.07 m/s) a
good estimation of v, from 2D filter bank is achieved with 10.4% relative error. This shows the

practical effectiveness of the 2D filter bank technique and validates the proposed approach.

6.4.2 Dual baseline configuration

Taking advantage of the dual baseline configuration, the cross-baseline velocity and the
baseline crossing point are estimated by performing the 2D filter bank to each signal received
from the two separated antennas.

Figure 6.12 reports the signal received at both antennas, related to a Boeing 737-800 with the
target parameters reported in Table 6.4: the amplitude modulation due to the target movement
is clearly visible.

Table 6.4 Main characteristic of the target-Test 3.

Target type Target size Target photo
[length x height]

Boeing 737-800 33.40m x 11.13 m
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Figure 6.12 Received signal after square law detector and decimation of a Boeing 737-800 (Test-3):
(a) RX; and (b) RX,.
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It is worth mentioning that the gain of the two receiving chains is different, based on the
disturbance received from each antenna. For this reason there is a difference in the signal level
z(t) received from RX; and RX,. The signal at the output of the DC removal filter is analyzed
through STFT using a Hamming window with dimension equal to T,,=2.56 sec for the
estimation of the Doppler rate, ¢. Figure 6.13(a) and Figure 6.13(b) show the spectrogram of
the signal received from the first antenna, RX;, and the second antenna, RX,, respectively,
normalized with respect to their maximum values.
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Figure 6.13 (a) Spectrogram of the signal received from RX; and (b) spectrogram of the signal

received from RX..
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Figure 6.14 Radon transform of the spectrogram related to (a) the signal received from RX; and (b) to

the signal received from RX.
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As for the Test-2 in Section 6.4.1, the target does not cross the baseline in the middle and

perpendicularly so the two branches of the spectrograms are not completely symmetrical and
two different Doppler rates are extracted from the Radon transform (see Figure 6.14): ;1; =

0.4533 and ;13 = —0.33998. The same Doppler rate values are obtained from both antennas,
RX; and RXs .

As for the single baseline configuration, the 2D filter bank then is performed to each signal
received from the two separated antennas with the impulse response (eq. ( 5.2 )) constructed for
an integration time of T=8 sec and considering: (i) different values of the Doppler rate in the

range ¢ = ¢ — 3¢a : 5¢: ba + 3¢, and (ii) different values of the main lobe width in the
range 6 = [0 —0.96:50:0 + 46]. Once more, b, is set equal to the mean value of the
Doppler rates extracted from the Radon transform, 8 = ﬁa % where % = 0.5, the Doppler rate

step is set 6¢ = 1/T? =0.0156 and the main lobe width step is §6 = 0.05 .

Figure 6.15 (a) and Figure 6.15 (b) show the contour plots of the cost function A(¢, 8)
(normalized with respect to their maximum values) as a function of the Doppler rate and of the

main lobe width related to the first receiver and the second receiver, respectively.

"

Main lobe width , 6

© o
b7}

Doppler r’ul: b Doppler r‘u/f X
@) (b)
Figure 6.15 Contour plot of 4(¢ ;6) as function of the Doppler rate and of the main lobe width related
to (a) RXy and (b) RX,.
In both cases it is clear the presence of a peak in correspondence of (q'§ =0.4907,0 =

0.2213) as it is also shown in Figure 6.16 that reports the cut of the cost function along the
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Doppler rate and main lobe width. The same Doppler rate values are obtained from both

antennas, RX; and RX; .
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Figure 6.16 (a) 4(¢ ;6) cut along Doppler rate axis and (b) 4(¢;6) cut along the main lobe width

axis.

gure 6.17 compares a part of the received signal from RX; where the target signature is

present, having the same duration of the impulse responses of the bank of filters (T=8 sec), with

the impulse response from the matched filter, h$§(t)’ which provides the highest peak in the

cost

w (t)

function, maxy, o 4(¢, ).
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Figure 6.17 Comparison of (a) the received signal from RX; with the (b) impulse response of the
matched filter, hy--o(t).
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Visual waveform analysis confirm the agreement between experimental data and the impulse

response with the same number of the phase cycles due to the Doppler component.

Figure 6.18 reports similar results for the signal received from RX, and the above
consideration still apply.
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Figure 6.18 Comparison of (a) the received signal from RX, with the (b) impulse response of the
matched filter, hy-~-(t).

After the estimation of the Doppler rate and main lobe width, the baseline crossing instant £,
is estimated (see eq. ( 5.6 )) as the time coordinate of the peak amplitude of the signal at the

output of the matched filter with impulse response h%(t). Figure 6.19 reports a part of the
signal at the output of the matched filter with impulse response h%(t) and it is clear that the

peak is located in correspondence of a different time coordinate. A time delay equal to At =

0.1254 sec is estimated.

Exploiting the relation in eq.( 5.29 ) ,the cross-baseline velocity and the baseline crossing
point are estimated, respectively as ¥, = 85.03 m/s and 9y, = 5.9 km. The cross baseline
velocity obtained by considering the velocity provided by the ADS-B and the baseline crossing
angle is v, = 78.61 m/s. Finally, we can conclude that a good estimation of v, and y, is
achieved with 8.17% and 19.19 % relative error, respectively. This shows the practical

effectiveness of the technique and validates the proposed approach.
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Xg n(-”
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Figure 6.19 Part of the signal at the output of the matched filter with impulse h,--(t) related to the

first and second receivers.

Summary

This chapter has presented an overview of a Passive-based FSR experimental campaign
carried out on December 2016, where FM waveforms have been exploited as signals of
opportunity in a dual baseline configuration. Several tests performed during the acquisition
campaign have been reported and discussed to assess the validation of the theoretical
performance analysis of the Crystal Video Detector in a real environment, and to assess the
effectiveness of the developed technique for the target motion parameters estimation described

in the previous chapters.
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Conclusions and Future work

To close this thesis a set of definite conclusions are drawn from the novel research described
in the previous chapters. The section closes with the identifications of a series of areas for

further investigations.

The principal contribution of this research presented in Chapter 3 to Chapter 5 was described
in Section 1.3 and in the summaries at the end of each chapter. From these contribution it is
possible to draw several conclusions for the two broad areas taken under investigation: target

detection and motion parameters estimation.

With regard to the first area the issue of moving target detection that follows a linear
trajectory in a single node FSR configuration against Additive White Gaussian Noise was
addressed: (i) by a theoretical point of view through the derivation of closed form expressions
of the detection performance and (ii) by developing new detection schemes. Aiming to give a
thorough analysis two different geometrical scenarios was considered, particularly: (a) when
the target is in the deep far field area and (b) when the target is approaching the near field
condition for different integration times. The obtained results led to the following concluding

remarks:

e CVD , a widely used scheme based on the square law detector, followed by mean level
cancellation and matched filter: In order to theoretically set the detection threshold
required to obtain an assigned probability of false alarm, a moment-based approximation of
the density probability function of the decision statistic as a combination of two gamma
PDFs was derived. The results demonstrated that the Ps, always provide an accurate fit with
the Monte Carlo simulations based on the exact PDF for both reference scenarios. For high
value of the DNSR and for a Py, up to 10, a simplified asymptotic expression of the Py,
based on the Gaussian approximation of the PDF, may be used to set the threshold in order
to guarantee a desired Pg,. This was followed by a closed form expression of the Py that in
all cases provides an accurate fit to the Monte Carlo simulations. Also approximated
simplified expression of the P4 were derived that showed small differences with respect to

the closed form expression. Even though the approximated expression of the P4 can be used
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as a tool for analytical FSR performance prediction. The theoretical performance were
shown to be robust to the specific characteristics of the waveform. This was shown by the
complete agreement between experimental data and theoretical Py and Py The
experimental data were acquired by a passive FSR systems that exploits FM signals as
waveform of opportunity. Therefore, the presented detection performance still apply,
provided that the target signature used in the matched filter includes the changes applied by
the channel on the received target signature, despite all non-idealities.

CFAR-CVD detectors derived with the aim to remove the need to operate with a fixed
detection threshold: Modified version of the CVD scheme that maintains a constant false
alarm rate (CFAR) independent on the values of o2 and DNR were derived under two
different assumption: availability of secondary data and absence of secondary data. Their
performance were fully characterized with both analytical and simulated analysis for both
detection and false alarm probability. The obtained results demonstrated the desired CFAR
propriety. The comparison of their detection performance showed limited losses of the
CFAR detectors with respect to the fixed threshold CVD. For the CFAR-CVD with
secondary data, deliberately was used a small set of secondary data to show how this
scheme was dependent on the number of samples averaged. For this reason the CFAR-
CVD with secondary data experienced losses in the order of 3 dB to achieve the same
detection performance of the CVD with fixed threshold and CFAR-CVD without
secondary data.

GLRT-based schemes that exploits the 1&Q baseband components: Optimized detection
schemes in order to operate effectively under all conditions were derived and analytically
characterized. The results showed the new schemes provided detection performance
improved with respect to the CVD by an amount ranging from a minimum of 3 dB up to 10
dB. The 3dB improvement when the target is in the deep far field area was always present
and was due to the use of the individual 1&Q components instead of the detected power.
Meanwhile the larger improvement was noticed when the target moves towards the limits
of the far field conditions. In fact, getting close to the near-field transition point, the
number of phase cycles present in the target signature largely reduces and the crystal video
operation get towards its limits of validity. By comparing the fully adaptive versions of the
GLRT (namely GLRT-2 that knows only the noise power and GLRT-3 that ensures the
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CFAR condition) to the more ideal version (GLRT-1) that assumes the knowledge of the
direct signal amplitude and phase, it was noted that the limited loss present under far field
conditions was replaced by a major loss, when getting toward the transition between far
field and near field.

e GLRT-based schemes with secondary data derived with the aim to improve the detection
performance of the GLRT when operating in a condition that is not too far from the near-
field: The new set of GLRT schemes , that include the use of target-free secondary data,
together with the primary data, showed a non-negligible further improvement over the
previous GLRT schemes, when the operation conditions get close to the near field
transition point.

o Design criteria for FSR systems: The analytical performance obtained for the GLRT
schemes, also allowed to derive equivalent SNR expressions, that relate the detection
performance to the main FSR parameters describing geometry, target size and target
motion. This allowed to investigate the effect of the individual parameters on the global
detection performance. The main results can be summarized as follows: (i) the SNR was
shown to exhibits an asymptotic trend when increasing the observation time; this is because
the main contribution from the target is specified by the main lobe of the pattern signature,
(ii) a greater DNSR was necessary to obtain the same performance when the target crosses
the baseline in the middle for the same target size that moves with the same velocity and
crosses the baseline with the same angle, (iii) for a long integration time the performance
did not depend on the baseline crossing angle, (iv) better performance were obtained for
slow moving target and (v) the performance presented a higher sensitivity to the vertical

dimension of the target with respect to its horizontal dimension.

With regard to the second area the issue of motion parameters estimation of moving target
that follows a linear trajectory embedded in the direct signal and AWGN was addressed (i) by
developing a two dimension filter bank based on the Crystal Video scheme to extract the target
signal parameters and (ii) by investigating the accuracy of the proposed approach from a
theoretical point of view through the derivation of closed form expressions of the Cramer Rao
Lower Bound. Aiming to give a thorough analysis two different FSR configuration were
considered: (a) single baseline configuration and (b) dual baseline configuration with small
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angular separation between the two baselines. The obtained results led to the following

concluding remarks:

Two dimensional filter bank, a technique useful for the estimation of the main unknown
target parameters : The two-dimensional filter bank derived with the generic impulse
response depending on the unknown target electrical size and target trajectory allowed the
estimate the following target signal parameters: Doppler rate, baseline crossing time and
main lobe width of the pattern signature. In particular, the impulse response was defined by
considering different values of the Doppler rate and of the main lobe width of the pattern
signature. In order to support practical applications to limit the computational load required
by the bank a two-step processing and some design criteria related to the Doppler rate and
main lobe width steps were proposed. The obtained results showed that for different target
trajectories the Doppler rate and the main lobe width were well estimated. Then, closed
form expressions of the CRLB that represents the optimum achievable accuracy on the
estimation of the target signal parameters that can be obtained by observing the samples of
the signal at the output of the DC removal filter in CVD scheme for a specific target
characterized by a certain signal-to-noise ratio were derived. The obtained results showed
that the target signal parameters of interest were independent from the other parameters:
amplitude of the direct and target signal and noise variance. Also was proved that the
estimates of the Doppler rate, baseline crossing instant and main lobe width are decoupled.
The performance of the 2D filter bank was investigated and the analysis showed that for
different target trajectories unbiased estimates of the target parameters were obtained that
appraoches the derived CRLB in the high SNR region.

Motion parameters estimation in a single baseline and dual baseline FSR configuration:
Exploiting the extraction of the Doppler rate from the 2D filter bank and under the
assumption that the baseline crossing point is known it was possible to estimate the cross-
baseline velocity from a single baseline configuration. Meanwhile from a dual baseline
configuration with one transmitter and two separated receives by exploiting the Doppler
rate and the crossing times extraction from the 2D filter bank the cross baseline velocity
and baseline crossing point were retrieved without a priori knowledge on the other target
motion parameters. The analysis demonstrated that the accuracy achievable from the 2D

filter bank technique in the high SNR region approached the corresponding approximated
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CRLB. The overall performance of the proposed approach was shown to be suitable for a
practical application as accuracy in the order of 1% is obtained for a SNR=20 dB. The
effectiveness was proved also through experimental data acquired by a passive FSR
systems that exploits FM signals as waveform of opportunity.

The investigation reported in this thesis suggest further work that could be performed in the
same field.

One of the main research interest in the field of target detection in FSR configuration regards
the analysis of the detection performance of the considered detectors, based on the CVD and on
the GLRT approach, when different waveforms from the constant-amplitude single tone
waveform here considered, may be used. In the Chapter 6 the processing of live data acquired
from a passive FSR prototype by exploiting FM signals as waveforms of opportunity showed
the robustness to the specific waveform characteristics of the theoretical performance of the
CVD. It is to be remarked that FM signals of opportunity are very different from the constant—
amplitude single tone waveform, used in this work for the derivation of the theoretical
performance. Other than the intrinsic continuous frequency variation of a FM modulated
waveform, this includes both the amplitude modulation due to multipath and transmit filtering,
as well as potential temporary changes of the carrier frequency. By extracting the target
signature from the data, we have intrinsically compensated their effect only on the final filter,
which is clearly matched to the received target signal. However, their effect on the direct signal
has not been removed. Despite the non-ideal direct signal characteristics, the presented
performance comparison shows that the CVD remains effective in the removal of the direct
signal, and our theoretical performance prediction still matches the detection results. It is worth
mentioning that when using a theoretical target signature to create the matched filter, all non-
idealities mentioned above provide a mismatch between the received target signature and the
one used in the filter. This mismatch of the filter, which was intrinsically avoided in this work,
is expected to provide a global performance degradation for the CVD. Therefore the analysis of
the detection performance and of the robustness not only of the CVD scheme but also of the

GLRT-based detectors under the above-mentioned conditions will be of great interest.

The purpose of this work was to assess the detection performance achievable from the
CVD and the GLRT-based detectors when the filter matched to the actual target parameters

was used: in this respect knowledge of the two signatures, Doppler and pattern signature,
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was assumed. In practical cases, as shown in Chapter 5 where a target with unknown size
and velocity is searched for, a bank of matched filters may be used. Therefore the
performance analyzed here represents the performance provided by the branch of the bank
matched to the specific condition. The design of such bank of filters, in particular for the
GLRT-based detectors, here not addressed and the analysis of the overall performance will

allow to move to a more realistic environment.

With regard to the motion parameters estimations would be of large interest to investigate
the estimation of all kinematic parameters for a target that follows a linear trajectory from a
single baseline configuration by exploiting a Taylor expansion of the phase variation at third or
fourth order. To estimate all the kinematic parameters of moving targets we can take into
account the dependence of these parameters on the extracted third and fourth order parameters
other than the Doppler rate.

In addition, in this work it has been discussed the importance of a dual baseline configuration
that ensures the possibility to estimate two parameters without requiring a priori knowledge on
the other target kinematic parameters. In this work the dual baseline configuration exploited
was assumed to have a small angular separation between the two baselines, therefore the target
crosses the two baselines maintaining the same velocity. Therefore would be interesting to
analyze the possibility to estimate the motion parameters from a dual baseline configuration
with large angular separation (one transmitter and two separated receivers or two separated
transmitters and only one receiver) where the assumption that the target crosses the two

baselines with the same velocity will not be valid.

Moreover, future radar systems are likely to be distributed an multistatic offering greater
flexibility and greater robustness. Hence, would be of great interest to estimate all the
kinematic parameters and analyze the performance in terms of the accuracy from a multi-node
FSR configuration by applying the 2D filter bank of developed in Section 5.2.1 to the signals

received from each receiver.

The research activities proposed, as an extension of the work done for this thesis project

represents a challenging opportunity for future investigations.
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Appendix: Analytical derivation

Appendix A Moments of the CVD

As shown in [48] the s-th cumulant of the generic quadratic form xTAx, where the (Nx1)

real random vector x has mean vector & and covariance matrix X, is given by:
k(s) = 2571s! [tr(AX)S/s + &T(AX)S1A¢] (A. 1)

where tr(Q) is the trace of matrix Q. To represent the quadratic form g, defined in eq. (3.17)
for m=0,1,2 of the complex Gaussian random vector r (Nx1), we can still benefit of eqg. (A. 1)
using 2N real components (real and imaginary parts), qm, = YN_10,(qm) (2 +12).
Therefore, in our case of interest:

- A is a diagonal matrix with size 2N, with the first N diagonal elements equal to 6,,(q,,)
defined in eq.( 3.18 ), n=1, ...,N followed by other N diagonal elements again equal to 6,,(q,,),

n=1, ..., N.
-X= 0721/212,\,, being Ly the identity matrix of size 2N.

- vector &, is a (2Nx1) vector with the first N elements equal to the real part of the mean
value of vector r and the following N elements equal to the imaginary part of the mean value of

vector r.

Thus, the s-th cumulant is k,_ (s), of g, for m=0,1,2, and is given by:

N N
kan() = 6= D10 (02 ) O am) +5) . Oiamluel?) (A 2)

being x, = a + Bsyor In the presence of the target signal. Therefore, under hypothesis H; it

yields:
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Kan(®) = s = D1 |0 + s|a|2)21::19,§<qm)

v N (A.3)
+3IBP Y B3am el +25lallB1 ) 03am) bl
k=1 k=1
and, under hypothesis Hy, simplifies to:
2(s-1) N
kg, (5) = (s = D162V (02 + s|a|2)zk_1e,§(qm) (A. 4)

By recalling that the moments can be obtained from the cumulants using the well-known

recursive relationship:

s—1 —
han @ = E Tk (5= D)4, O (A.5)

izo (s =1 =10l m
which under hypothesis H; yields:

_ -1)! - . —i
Hap () = T3 2 026Dy ][ (0F + (5 — Dlal®) Zhey 65 (qm) +

(s = DIBIP ZR=1 68 (@m)Istox|® + 2(s = DlalIBI ZR=1 0 (am) I

(A. 6)

Under hypothesis Hy, the generic moment of g,,for m=0,1,2 is given by the simplified
recursive expression:

sS1(s = 1! e N
=Y TG, @@ =Dl o (AT)

Appendix B Evaluation of the Pt of the CVD

As the test statistic is given by the difference q, = q; — q,, its PDF is given by the

correlation between the gamma PDFs of q; and q, defined in eq. ( 3.21):

[ (qo+y)ur -9r2  yve—

_— q] —— -
—qo 'uéllvqlr(vth) ,Ll:thzr(qu)

Pq,(90) =1 w
(qo + Yt =
0 l'léh qlr(v‘h) 'uélz qZF(VCIz)

Ly
e Mazdy, q,<0

’ (B.1)

Qoty -y
! !
e Hazdy, q,=0

qu2—1
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Since q, has a zero mean under hypothesis Hy, to provide Py, values smaller than 0.5, the
detection threshold T, must have a positive value. Therefore, we are only interested in the
PDF of q, for positive values. In order to simplify the expression of the PDF, as well as the

resulting Py, we restrict to integer values of n, = round(v,,).. By evaluating the integration,

we obtain:
Pq,(q0)
, Vg, M1 , ng,~1-p P __4
_< Ha, ) z F(n‘h_l-l_vfh_p)( Ha, ) 11 <q> e_rlh (B'2)
'u(,h + 'uzlz p=0 F(VQZ)(nth -1- p)! 'ullh + 'u:h p! 'u:h “211

To obtain a closed form expression for the Py, the PDF above is integrated from the threshold

Teyp to infinity:

Pry = f Pq,(90) dqo
T

CVD

-1 ng,—1-m (B_ 3)

Tevp / Vg, 10 m 91 / r
— e_ ’411 < Haq, > o Z i(TCVD> Z F(T + qu) ( Ha, )
Mo, +ig,)  Ami\pg ) & T(vg)r! \mg, + kg,

=0

By recalling the expressions in eq.( 3.24) and observing that:

uéh _1+6
Moy + g, 2

'u:h _1_6
Moy + Hg, 2

(B. 4)

it yields:

_Tevn/(o7e)
p(DNR)

Prg=e @048 (1 + §)Vez

(B.5)
M7t 1 Tevn/ (07 €) " n‘“_l_mM — 57
Zm=0 m! <P(DNR)/w(1 + 6)) Zr=0 2va2*"T (v, =9
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Appendix C Derivation of GLRT-based detectors

In this appendix the derivation of the decision statistic of the GLRT-based detectors is
reported. The MLE of the unknown parameters which maximize the joint PDF (see eq. ( 3.8))
is obtained by nulling the derivatives of the logarithm of the joint PDF under hypothesis H, and
under hypothesis Hy:

n{P(T/y, )} = —NInmw = NinoZ - % |Ir - asall? .1

In {Pr (T/Hl)} =—NInm—Nlno? — Gi% lr — asqo — Bsioll? (C.2)

For the GLRT-1 the MLE of the phase of 3 parameter is obtained as:

e i (T/n)} = — 2 (1Bseoll? — 2Rel(r — asao)” Bseol}) c.3)
which yields:
2B = —2{(r — asq)s0} (C. %)

By substituting eq. (C. 4) into eq. ( 4.1 ) and after some simple algebraic transformations the
test statistic of the GLRT-1 detector in eq. ( 4.2) is obtained.

Concerning the GLRT-2 detector, the MLE of the complex amplitudes of the direct and
target signal is obtained by nulling the derivative of eq. (C. 1) and eq. (C. 2) with respect to «

and g yielding:
aly = SdoT al Sgo(r—ﬂsto) ©.5)
H ) H, — .
° " Isqoll? ! lIsaoll?
~H ~
A SioT
B =1 C.6
[Beoll? (€8

where ¥ = P51, 5,0 = P5,5;0 and P, are defined in the Section 4.2.1.2 Substituting jointly

the eq. (C. 5) under both hypothesis and eq. (C. 6) under hypothesis H; into eq. ( 3.8 ) and after

some simple manipulations the test statistic in eq. (4.4 ) is obtained.
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The test statistic of the GLRT-3 detector with all parameters unknown is obtained from
results concerning GLRT-2 by nulling also the derivative of eq. (C. 1) and eq. (C. 2) with
respect to ;2 which yields:

. & 2
621 = ||1;J| 521y, = I P;tor” (C.7)

where Py is defined in Section 4.2.1.3

Substituting jointly in eq. ( 3.8 ) the MLE of « and 4> under both hypothesis defined in eq.
(C. 5) and eq. (C. 7) respectively and the MLE of 8 defined in eq. (C. 6) under hypothesis H;

we have:

2 NH
”Pstor” + ” Sto ” 21TA (C- 8)
” Sto “ HO

where Pglw is defined in Section4.2.1.3. After simple manipulations the test statistic in eq. ( 4.7

) is obtained. The PDF of x5 ineq. (4.7 ) can be derived by observing that the received signal
model in defined in eq. ( 3.7 ) and the properties of the orthogonal projectors imply that
Pglw? = PL L, belong to a subspace of dimension N-2. Thus, using also the definition of Ps

Sto

the test in eq. (C. 8) can be written as:

1Ps,o Il _3 st /5011 1 S A ©.9)
P, FI° Zesrld® g |
H
_ X LN
B g 2 1 (C. 10)
Yr=i—z~ Ho
O_n

where x, is defined in eq. ( 4.4 ) and 7, with k=1,..., N-2 are i.i.d complex zero mean
Gaussian random variables with variance 2. The numerator of the test statistic in eq. (C. 10)
under the null-hypothesis is a Chi square distribution with 2 degree of freedom and with the
variance of the constituent Gaussian variates equal to %2 and under the alternative hypothesis is

a non-central Chi square distribution with the same dof and the same variances of the

. . . 21812505 .
constituent Gaussian variate and non-central parameter equal to % Meanwhile the

n
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denominator under both hypotheses is a Chi square distribution with 2(N-2) dof and variances
of the constituent Gaussian variate equal to %, [51]. Therefore, the F-distribution is obtained
for the test statistic of the GLRT-3 detector under Hy and the non-central F-distribution under
Hy, [51].

Appendix D Derivation of GLRT-based detectors with

secondary data

Likewise, for the GLRT detectors with secondary data the MLE of the unknown parameters
is obtained by nulling the derivatives of the logarithm of the joint PDF under hypothesis H, and
under hypothesis Hy:

In {Pr (T/HO) P, (T'/HO)} =—(N+M)Inz— (N +M)Ing2 —
) e ;o (. 1)
= [l — asqgoll® + Xm=1llmm — asgoll”]

in{p, (T/Hl) P, (T'/HO)} = —(N+M)Inz— (N +M)Ing2 —
(. 2)

L=

— llIr = Bsto — asaoll® + L= llrim — asaoll’]

3

Concerning the GLRT-2, the MLE of the direct and target signal complex amplitudes derived
by nulling the corresponding derivatives of eq. (D. 1)and eq. (D. 2) are:

H 1 H_, H 1 H_,
Sdo" +Sa0 ' Sao(r — BSe) + 540 T

Hy — ,
® Nsaoll? + ||sioll” lIsaoll? + ||k’

H, —

(D. 3)

H
st (T _ SaoSqoT + Sdosiiozrl>
lIsaoll* + [|séoll

B = PR (D. 4)
<||Sto||2— [SaoSto )

Isaoll? + [|sizo]|”

Substituting jointly &|, and &|y, and f into eq. (4.19 ) and after some simple manipulations

the test statistic in eq. ( 4.20 ) is obtained.

Whereas for the GLRT-3 firstly the MLE of .2 is derived:
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|sBor + sier’|2

Il + llr'1I? — >
NI Isqoll* + ||S,'10||
Gnln, = (N + M)

(D.5)
H 1 H_, 2
S r—ps +s r

I = Bl + |2 — 1580 Bou) * Sa, |
~2) lIsaoll? + [|syo]|
Un|H1 =

(N + M)

By substituting jointly the MLE of a and o2 defined in eq. (D. 3) and (D. 5) respectively
under both hypothesis and the MLE of g parameter defined in eq. (D. 4) under hypothesis H;
into (4.19) the likelihood function may be written as follows:

H 2_N+M
|sg0r+s:10 r’|
2
lIsaoll® + ||s
| o

w HO

Irll? + 117117 -

where the denominator w is :

2

T A SaoSHoT + SaoSug" T’
|sf1’0r + Sao r’| _ lIsaoll* + ||5:10||2
Isaoll* + ”5210”2 <||5t0||2 B |sfi’0st0|2 ) (D.7)

Isaoll? + ||skol

Irll? + 117112 -

o

After some simple manipulations the test statistic of the GLRT-3 with secondary data in eqg. (
4.22) is obtained.

It is easy to verify that in eq. ( 4.24 ) the numerator xéz is a Chi square variate with 2 degree
of freedom and with variance of the constituent Gaussian variates equal to 1/2 under the null-
hypothesis meanwhile under the hypothesis H; has a non-central Chi square distribution with

the same dof and the same variances of the constituent Gaussian variates as in the Hy and non-

2|82 H ol . . .
central parameter equal to |B2| lIseoll? — |s"’°—st"|,2 . Meanwhile the denominator w in eq.
% lIsaoll?+[[sgoll

(D. 7) is the sum of non-central Chi-squared variates with dof and non-central parameter being
the sum of the corresponding parameters of the individual distributions. Finally, we can state
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that w has a Chi square distribution with 2(N+M-2) dof and with variances of the constituent
Gaussian variate equal to %2. On this basis the non-central F distribution is obtained for x3

under H; and the F-distribution under Ho.

Appendix E Evaluation of the SNR of GLRT-1 and
GLRT-2 detector

This appendix reports the derivation of the SNR of GLRT-1 and GLRT-2 detectors.

The closed-form expression of SNRg; g1 in €q. (4.34) is obtained by solving the integral in

eq. (4.33) as follows:

T/, , (2 .
f Iseo(®)|2dt = s f sinc?(¢et)de (E. 1)
=T/, T/
T/Z s0 2 T/Z 1
2 _ 0 Y, -
f_T/zlsto(t)I dt = <_nq56> f_T/z sin?(pet)d (t) (E. 2)
Through the integration by parts of eq. (E. 2) we have:
T/ s9? 1 sin*(ngeT/2)
2 _ 0 . ¥ _
f_ T/2|st0(t)| dt = 2—n¢.6 [Sl(mpeT) = /2 (E. 3)

Exploiting the definitions of aand B introduced in Section 3.2, it is simple to obtain the
closed form expression of the GLRT-1 detector in eq. ( 4.34).

Concerning GLRT-2, the closed-form expression in eq. ( 4.36 ) is obtained by substituting
eq. (E. 3) into eq. ( 4.35) and solving the integral. The last is derived by approximating the

sinc(Pet) in eq. (4.31) as follows:

x

= k si 0<x<1
sinclnx] = cos (n 2) + k sin(mx) <x< E )
p sin(mx) m<x<m+1lm=>1

where
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p=t_1 (1+%)

=—- ﬁ
E.5
_ 4 (E. 5)
p= (1 + 2m)
Hence we have:
T/ o, .
f soel™ sinc(pet)dt =
_T
2
T ) y T ) .. E.6
sd f_%;z eI™t* cos (n %) dt + sdk f—¥;2 elmdt? sin(mpet) dt + (E.6)
sSSPl [T pelmtt sin(net) dt

where P-1 is the number of integrated side lobes of the pattern signature. The integrals in eq.
(E. 6) are obtained by recalling the Euler’s identity and the Fresnel Cosine and Fresnel Sine
function in [50], which yields to the expression reported in where the arguments of the Fresnel

Cosine and Sine functions are:

X; (X3) :\/Z_T(T-i'f) X3 (X4) =\/2_‘r(%i§)
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Appendix F Cramer Rao Lower Bound derivation of the

2D filter bank approach

This appendix reports the derivation of the Cramer Rao Lower Bound of the main target
parameters estimated from the 2D filter bankd. In accordance with the definition of the log-
likelihood function, In p (u|9) in eq. ( 5.14 ) each diagonal element of FIM define in eq. ( 5.16
) is:
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» Appendix: Analytical derivation

Jia = E{[Znp @) }zz = E{[:Z1np auto)]
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Meanwhile the off-diagonal elements of FIM are:
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» Appendix: Analytical derivation

The derivative with respect to 9, (for r=1,..,6) needed to evaluate the FIM may be written in

a compact form as follows:

3 N N N
- linp @l)] = Y wFCh, + Y wch, +y i, 9
T i=1 i=1

i=1

where Céri, an, and an, are the coefficient of the derivatives with respect to 9,. for i=1,..,N.
We showed firstly in Section 5.3.1 that the FIM matrix is a block diagonal matrix and after that
the matrix of the parameters of interest, J4 is a diagonal matrix. Focusing on the latter, by
substituting eq. (F. 3) into eq. (F. 2) each diagonal element of J4 may be written in the

compact form as follows:

N N N N
2
JA. = Z E{u}cs .~ + Z Z E{uf}E{u?} C5,,C5,; +2 Z E{ui}Cs .Ch

i=1 i=1 j=1 (i#)) i=1

N N

N N
+2) Y EhEQS)eh c3 +2) ¢, ) Ewiel,
i=1 i=1

i=1 j=1 (i#))

(F. 4)

N N N
+ Z E{uf}c3 ’ + z Z Eu}Efw} e} Cc3
i=1

i=1 j=1(i#))

N N N 2
+2 Z c; z Eu}ci + Z cgn,l
i=1 i=1 i=1

It can be shown that all the terms in eq. (F. 4) that depends on the fourth and third moments,

also the cross-terms give a negligible contribution. Furthermore, the term that depend on 6’33“

can be neglected. Therefore, the eq. (F. 4) ca be approximated as:

N
Jte = Y Efu)es,” &9

i=1

Indicating with Cy . = an, the eq.( 5.20 ) is obtained. The Cy_are:
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» Appendix: Analytical derivation

2M M,sinc[0(t; — ty)] cos[md(t; — to)?1(t; — to)?
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After substituting eg. (F. 6) and the approximated variance of each sample,u; defined in eq. (

5.12) into eq. (F. 5) the diagonal elements of J4 are written as follows:

Mth T (t — t0)* cos?(md(t; — t)?) sinc?[0(t; — to)]
— 2M, sinc[0(t; — ty)] sin(md(t; — to)?)]

]ﬁ1=2

N
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A
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After some approximation the closed form expressions of the CRLB derived in eq. ( 5.21) are

obtained.
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