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An Improved Adaptive Sidelobe Blanker

Francesco Bandiera and Danilo Orlando

Abstract—We propose a two stage detector consisting of a different from the nominal one. A mismatched signal may

Subspace Detector (SD) followed by the Whitened Adaptive arise due to several reasons as, for example, [7], [8]
Beamformer Orthogonal Rejection Test (W-ABORT). The perfa- ) ] ] ) .
mance analysis shows that it possesses the Constant FalsarAl « coherent scattering from a direction different to that in
Rate property with respect to the unknown covariance matrix which the radar system is steered (sidelobe target);

of the noise and that it guarantees a wider range of directivy « imperfect modeling of the mainlobe target by the nom-
values wnh_r_espect to previously proposed two stage detams. inal steering vector, where the mismatch may be due
The probability of false alarm and the probability of detection . ' . . -
(for both matched and mismatched signals) have been evaluzd to multipath propagation, array calibration uncertasitie

in closed form. beampointing errors, etc.

Index Terms—Adaptive Radar Detection, Adaptive Sidelobe Thus, it might be important to trade detection performance
Blanker, Constant False Alarm Rate, Mismatched Signals. of mainlobe targets for rejection capabilities of sidelaines.

In order to face with this dilemma, the Adaptive Beamformer
Orthogonal Rejection Test (ABORT) detector was introduced
in [7]. The idea of ABORT is to modify the null hypothesis,

N the last decades several papers have addressed adaptiieh usually states that the vector under test containsenoi

radar detection of targets embedded in Gaussian or namy, so that it possibly contains a vector which, in some
Gaussian disturbance. Most of these papers follow the leaey, is orthogonal to the assumed target’s signature. Doing
of the seminal paper by Kelly [1], where the Generalizesb, if a signal with actual steering vector different frone th
Likelihood Ratio Test (GLRT) is used to conceive an adaptivedominal one is present, the detector will be less inclined
decision scheme capable of detecting coherent pulse tradidsdeclare a detection, as the null hypothesis will be more
in presence of Gaussian disturbance with unknown spectpédusible. For instance, if a sidelobe target is preserd, th
properties. In [2] it is shown that an ad hoc detector, based ABORT detector will exhibit less false alarms than detestor
the two-step GLRT-based design procedure, can also achigtdch are rather sensitive to mismatched signals, such that
better detection performance than Kelly’s detector; suthd the AMF. As customary, it is assumed that a set of secondary
hoc detector will be referred to in the following as Adaptivelata is available at the receiver. The directivity of suctedir
Matched Filter (AMF). Detection of point-like targets inmo is in between that of the Kelly’s detector (which, in turn, is
Gaussian noise has been dealt with in [3, and referencaere directive than the AMF) and the one of the Adaptive
therein]. Coherence Estimator (ACE) [3], [4].

The case of point-like targets assumed to belong to aHowever, in the original ABORT formulation, the fictitious
known subspace of the observables has been addressedignal under the null hypothesis was assumed to be orthbgona
[4], [5]. In addition, several detection algorithms for pbi to the nominal one, in thguasi-whitened space, i.e., after
like or extended targets embedded in Gaussian disturbamggtening by the sample covariance matrix of the training
are encompassed as special cases of the amazingly gersaaiples. In [11], such an assumption was modified to address
framework and derivation described in [6]. the adaptive detection of distributed targets embedded in

All of the above papers assume that returns from the targ@imogeneous disturbance, by resorting to the GLRT assuming
can be modeled in terms of (a linear combination of) detethat the useful and the fictitious signals are orthogonah@ t
ministic signals known up to multiplicative, possibly coley ~ whitened space, i.e., after whitening with the true covariance
constants, taking into account both target and channattsffe matrix. This seemingly minor modification led to significant
Moreover, those detectors rely on the assumption that af setldferences compared to ABORT and, more particularly, to an
secondary data, namely returns free of signals comporarits,enhanced rejection of sidelobe signals. Furthermore, 1} [1
sharing the spectral properties of the noise in the datarundeis shown that such detector, referred to in the following
test, is available. Such secondary data are used to comeaspWhitened ABORT (W-ABORT), may become even more
with fully-adaptive detection schemes. selective than the ACE.

However, previously-cited detectors have been designedOn the other hand, increased robustness can be achieved by
without taking into account the possible presence of migesorting to the tools of subspace detection, namely asgumi
matched signals. As a matter of fact, the actual signal lwatks that the target belongs to a known subspace of the obsesyable
tered from a target (or target's scattering centers) can bealso constraining the possible useful signals to belong t

proper cone with axis the whitened nominal steering ve@hr [
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trading detection performance of mainlobe targets forctgya  form expressions oy, and P, (for matched and mismatched

capabilities of sidelobe ones. signals). In Section IV we report some illustrative exarspie
Another class of detectors which combines the statistisghich we compare the performance of the proposed detector

of the Kelly’s detector and of the AMF has been proposadith those of the S-ASB and ASB. Finally, some concluding

by Kalson [12]: the detector statistic depends on a desigemarks are given in Section V.

parametein € [0, 1] that allows to obtain receiver operating

characteristics, actually the Probability of Detectidf) vs Il. PROBLEM FORMULATION

ignal-to-noise ratio, in ween th f the Kelly .
signal-to-noise ratio, in between that of the Kelly's détec Assume that a linear array formed By, antennas senses

and the one of the AMF. Moreover, a way to combine tht e cell under test and that each antenna colldgtsamples
ABORT rationale with the subspace idea has been dealt w@h pies.

. . : enote byz € CV*! the N-dimensional column vector, with
in [8] as a possible means to retain an acceptable detectigh .
. . . = N, N, containing returns from the cell under test. We
loss for slightly mismatched mainlobe targets. :
: e : .want to test whether or not contains useful target echoes.
Unfortunately, though, it seems difficult to find a deci-
As customary, we assume that a set kf secondary data,

sion scheme capable of providing at the same time goo
capabilities to reject sidelobe targets and high power geca ’ © eV k=1, K, K = N, namely _da_ta fre_e of
of slightly mismatched mainlobe targets. In order to fac%eIgnal compqnents but sharing the_ same statistical priepert
with this problem, the so-called two-stage detectors ha\(/)(fethe noise In the cell under test, is available.
been proposed; such schemes are formed by cascading tw-lc.;he detection problem can be re-cast as
detectors (usually with opposite behaviors): the overakk o .. { z=n,
declares the presence of a target in the data under test only 0 zp=mnk, k=1,...,K,
when data test cells survive both detection thresholdiAgs.
rather famous two-stage detector is the Adaptive Sidelobe | z=ap+n,
Blanker (ASB). The ASB has been proposed as a means for L { ZE = Ny, k=1,....K,
mitigating the high number of false alarms of the AMF in
. where

the presence of undernulled interference [13]. It can ba see Nl )
as the cascade of the AMF and the ACE. Remarkably, it can® ™ @nd then, € C™°%, k = 1,..., K, are indepen-
adjust directivity by proper selection of the two threstsoid dent and identically distributed complex normal random
order to trade good rejection capabilities of sidelobe atrg vectors with zero-mean and unknown covariance matrix
for acceptable loss of matched signals [14]. Richmond has |.e.]<] Tk~ CNN(O,R), k = 1,...,K, with
also provided closed-form expressions for thg and the Rc CN; ~a positive definite covariance matrix;
Probability of False Alarm®;,) of the ASB and demonstrated * P € €77 Is the direction of the (possible) target echo,
that in homogeneous environment and with matched signals pos&b}éf/xdllfferent from that of the nominal steering vector
it has higher or commensuraf®, for a givenP;,,, than both vel due to imperfect modeling of the mainlobe
the AMF and the ACE and an overall performance that is @r9€t. o _
commensurate with Kelly's detector [16]. A further twogga  * € C is an unknown deterministic factor which accounts
detector, consisting of the cascade of the AMF and the kelly’ ~ for both target and channel effects.
detector, has been proposed as a computationally efficientn the following we propose and assess a two-stage detector
implementation of the latter [14]. More recently, the Subgp  Obtained by cascading the SD [5], [6], whose statistic iggiv
based ASB (S-ASB) has been proposed in order to incred®e
the robustness of the composite detector [15]. Specifichiéy . ZST'HH'S'H)"'H'S 'z 1)
S-ASB is obtained cascading a subspace GLRT-based detector ® 1+2t8712 ’
(referred to in the following as subspace detector (SD)) andy the W-ABORT, whose statistic is given by [11]
the ACE; the performance assessment has shown that such
solution can increase the robustness of the compositetdetec P (14218 ') )
while retaining the same selectivity. " |2t S 1|2 2’

Based upon thg experie_nce of [_15], herein we propose a two- 1+ 218 12)(v1S o) -1
stage detector aimed at increasing also the selectivithef t
S-ASB, i.e., the capability to reject mismatched signalsisT Where
is accomplished by cascading the SD and the W-ABORT. Thee T denotes conjugate transpose;
performance assessment, carried out in closed form, seems t« S ¢ CV*V is K times the sample covariance matrix
confirm that its directivity varies in a wider range than tbat of the secondary data, i.e§ = ZZ' with Z =
the S-ASB, when for both decision schemes we constrain the [z;---zx] € CV*K;
maximum loss with respect to the Kelly’s detector for matthe « H € CV*" is a full-column-rank matrix (and, hence,
signals, givenP;, and FP;. r > 1 is the rank of H). Obviously, the choice ofH

The reminder of the paper is organized as follows: next will impact on the performance of the overall detector;
section is devoted to the problem formulation and to the in order to guarantee reliable detection of mismatched
description of the proposed detector while Section Il edmg mainlobe targets, it seems reasonable toFet [v v4]
its performance assessment; to this end, we derive closed- namely to consider a signal subspace spanned by the
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nominal steering vector and an additional one slightthe actual steering vector and the nominal one in the whitene
mismatched with respect to. observation space. For this reason, in the following, we wil
Notice that denote these rv's byy and cy . Due to the useful signal
|zTS,1v|Q components, the distributions af, by, andcy change, more
ty = precisely
1+ 287 12)(vtS™! - .
(142157 2)(v157 ) e 1y, givenby andcy, is ruled by a complex noncentral F-

is the well-known decision statistic of the Kelly’s detecfd]. distribution with1, K — N + 1 degrees of freedom and
Summarizing, the operation of the newly-proposed de- non-centrality parameter

tector, referred to in the following as Whitened ABORT
and Subspace-based ASB (WAS-ASB), can be pictorially
described as follows

SNRcos? 4

§3(SNR b, ¢) = TEDETh

> > > > € where
o< T hw< 6 SNR= |a’p'M~'p
L<n l<e ;
H, H, is the total available signal-to-noise ratio and

wheren and ¢ form the threshold pair to be set in order to
guarantee the overall desiré¢},,.

|'¢;‘LR71p|2 .
(viR ') (pR™'p)’
e by is ruled by a complex noncentral F-distribution with

N—r, K—N-+r+1degrees of freedom and non-centrality
parameter

cos?f =

IIl. PERFORMANCE ASSESSMENT

In this section, we derive closed-form expressions for the
P; and Py, of the WAS-ASB,; to this end, we replacg, with
the equivalent decision statistig, = 1/(1 — ts,). Based upon
the procedure presented in [15], it is possible to show that
andt,, admit the following stochastic representations
tso = (b + 1)(1 +¢),
SD (K E )(1 ) 52 7SNR sin29 ||hB0||2.
tWA:7(K+) o 1+b ’

(1+b)(1+¢)’ .
hereh and d ables whose distributions d q finally, hp, € C"~VU*! andhp, € CV-")*1 are such
whereb ande are random variables whose distributions depend 21, e L 112 2 (see also [17]).

on the hypothesis in force and = ¢, /(1 — ). Furthermore, : _ .
yb d="t/(1—4) Thus, following the same line of reasoning used for the

the explicit expressions df and ¢, as functions of data, are ' "> > e
omitted for the sake of brevity, derivation of theP,, it is easy to see that thg; is given by
Under theH, hypothesis equation (4), shown at the top of the next page, W) is
’ the CDF of the n,, givenb, andc, (and undet,), i.e., the

» t given b and c, is ruled by a complex central F-opp oo 1y ryled by thee 7, k11 (59) distribution,p, (-)
distribution with1, K — N 4 1 degrees of freedom [1] is the pdf of a rv ruled by th€Fy . xn1rs1(5s,), and
-, — T WAl

for a definition of complex normal related statistics see .
;ISO Amendix A of [165’)_ S v, (1) is the pdf of a rv ruled by th€.F, 1 rc_x+2(d, ).

. L . Note also that the dependencedf on the signal parameters
b s a complex central F-distributed random varlabl_e (N% entirely confined to the defined signal-to-noise ratio SNR
with N —r, K — N + r 4+ 1 degrees of freedom, i.e., )
b CF (see Appendix Il of [15]) In the case of a perfect match betwaeandp, i.e.,d = 0,
~ Cj__N*“K*N*’”“ee A gr?d' Il of 15[ _ D: o, andd,, are equal to zero, thus rvig andb, obey to the
. g ;nd rgrléKsj[élvtiJ:tiézll inzlg enléi(ent rv[’s (]s)ée A endi§:<omIOIex central F-distributions Wit —r, K — N +r + 1
* Il of [105]) y P PP andr — 1, K — N + 2 degrees of freedom, respectively. On

the other handf, is still subject to the noncentral complex

Now, the Py, of the two-stage detector can be expressed pSyistribution with1, K — N + 1 degrees of freedom, but the
in equation (3), shown at the top of the next page, Wheﬁ%n-centrality parameter is given by
71 =1/(1—n), ps(-) is the probability density function (pdf) SNR

83, = SNR sin® @ ||hp, ||?,

i.e.,bg ~ C]:(;he (N—r,K—N+r+1);
e givenby, cy ~ C‘F609 (r—1,K — N +2), with

of the vb ~ CFN_r k_N+rt1, Dc(+) IS the pdf of the rv
¢~ CFr_1 k_nN+2, andPy(-) is the cumulative distribution
function (CDF) of the n#,, givenb andc (and undetH,), i.e.,

%0(SNR b0, ¢0) = A3 5T F co)”

IV. | LLUSTRATIVE EXAMPLES AND DISCUSSION

the CDF of a rv ruled by th€ F x_ 41 distribution. Finally,
observe that thé”s, does not depend oR and, hence, this In this section we present some numerical examples to
implies that the proposed WAS-ASB possesses the genatalizbow the effectiveness of the WAS-ASB, also in comparison
CFAR property. to the S-ASB and the ASB. All curves have been obtained
On the other hand, under th¥; hypothesis, we assumeby means of numerical integration techniques based upon the
a misalignment between the actual steering vept@and the above formulas for’s, and P;.
nominal onew, i.e.,v # p. In this case, rv’d andc depend In all examples, the noise is modeled as an exponentially-
on the mismatch angle (referred to in the sequél)dsetween correlated complex normal vector with one-lag correlation
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Pfa(mﬁ) = P[tso > 1, twa > §§HO] = P[fso > 1, twn > §§HO}

te+1 .
(EDE >5’H°}

= 1—P[f.< < max <% —175(1+b)(1+0)_1) ?HO}

= P{(£K+1)(1+c) > 7,

+oo +oo
= 1—/0 A [tK<maX(1Z’Y 1’§(1+ﬁ)(1+7)_1)|b=ﬁ,c:7;H0
xpy(B)pe(y)dBedry

- +°° / o, (max (% L+ At - 1)) P(B)pe(1)dBdy, @)

Pd(SNR,n,E,e) = P[tso >0, tun > &; Hl] = P|:£SD > 17, twn > &; Hl}

= P|:(]. +CG)(£K + 1) > TNI, (1—}—2}:»—#;11—{-69) > f, H1:|

+oo  p+oo >
= ]_—A A Pée(SNRB,W) (max (%1, 5(1+ﬂ)(1+7)1>)

Xpbgcg (6; ’7) dﬂ d’-}/

+oo oo 7
= 1- /0 /0 P54 (SNRS,7) (maX (% ~L LA+ - 1))

X Deglbe (7100 = B) Py (B) dB dry, (4)

Threshold for SD
Threshold for SD

. . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18 2 15

Threshold for ACE Threshold for WA

Fig. 1. Contours of constarf®y, for S-ASB with N = 16, Kg = 32, and Flgd 2. Contours of constarfy,, for WAS-ASB with N = 16, K5 = 32,
r=2. andr = 2.

coefficientr, namely the(i, j)-th element of the covariancedenote by¢r the azimuthal angle of the impinging useful
matrix R is given byrl"=Jl, 4, j=1,... N, with r = 0.95. target echo, i.ep = s(¢7).

The probability of false alarm is set t)—*. Moreover, we  First, note that theP;, of two-stage detectors depends
setN; =1, N, = N = 16, Ky, = 32, »r = 2, and choose on the two thresholds; as a consequence, there exist infinite

v = s(0) andv; = s(7/90) with threshold pairs that guarantee the same valu®Qf Figs. 1
1 e 4 v and 2 show the contour plots for the S-ASB and the WAS-
s(¢) = \/—N[l eI R sind L QI (N=D) RS sing) T SAB, respectively, corresponding to different valuesRyf,,

as functions of the thresholds pairs. It can be seen that the
whered is the interelement spacing, is the radar operating two detectors exhibit slightly different behaviors where th
wavelength, and” denotes transpose. Moreover, we wilthreshold of the second stage tends to zero; specifically, it
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0.9

is seen from Fig. 2 that, for a preassigneg,, the threshold

of the SD does not change for values of the threshold of the o

W-ABORT ranging from 0 to 0.2. o
In Figs. 3 and 4 we plot thé&’; vs SNR for the S-ASB and

WAS-ASB, respectively, as they compare to Kelly's detector

[1], for the case of a matched mainlobe target; in these figure = °s

we show two curves for both the S-ASB and the WAS-ASB: .,

such curves correspond to the limiting behaviors of the two

detectors for threshold settings which guaranfee = 10—*.

Fig. 3 shows that the maximum loss of the S-ASB with respect 2

to the Kelly’s detector is less than (about) 1.2 dBRat= 0.9); o1

such a maximum loss increases to (about) 2 dB in Fig. 4 for

the WAS-ASB. In Figs. 5-7 we ploP; vs ¢ (measured

in degrees) for the ASB, the S-ASB, and the WAS-ASB,

respectively; for all the three detectors plotted curveerre Fig. 7. P4 vs target azimuthal angle for the WAS-ASB witN = 16,

to those threshold pairs which ensure a maximum loss wiffs = 32 7 = 2, and SNR= 19 dB.

respect to the Kelly’s detector less thandB at P; = 0.9

and Py, = 10~%. Observe from Figs. 5 and 6 that the S-ASB

ensures better robustness with respect to the ASB, due to the

®

3 4 5 6 7 8 9 10
Target Azimuthal Angle (degrees)
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the robustness with respect to mismatched signals and cempa
the WAS-ASB and the ASB (which differ in the first stage);
the plots show again that the WAS-ASB can be made less
sensitive to steering mismatches.

V. CONCLUSION

We have proposed a two stage detector consisting of a
GLRT-based subspace detector followed by the W-ABORT.
The performance analysis has been conducted analytically f
both matched and mismatched signals. It has shown that the
proposed detector possesses the CFAR property with respect
to the unknown covariance matrix of the noise and that it
guarantees a wider range of directivity values with respect
the ASB and the S-ASB, so emerging as a viable means to
trade detection performance of mainlobe targets for rigject

Fig. 8. Contours of constarf®; for WAS-ASB and S-ASB withNV = 16,
Kgs = 32, r = 2, and threshold pairs corresponding to the most selective
case.

(1]

(2]

(3]

0.6

(4]

0.5

cos?0

0.4

(5]

0.2 T ASB

WAS-ASB

(6]

0.1f

(7]

15
SNR (dB)

Fig. 9. Contours of constarf®; for WAS-ASB and S-ASB withNV = 16, (8]
Kg = 32, r = 2, and threshold pairs corresponding to the most robust case.

El

first stage (the SD), which is less sensitive than the AMF {#0]
mismatched signals. However, S-ASB and ASB exhibits tkfﬁ]
same capability to reject sidelobe targets, accordingedahbt

capabilities of sidelobe ones.

REFERENCES

E. J. Kelly, “An Adaptive Detection Algorithm,"IEEE Trans. on
Aerospace and Electronic Systems, Vol. 22, No. 2, pp. 115-127,
March 1986.

F. C. Robey, D. L. Fuhrman, E. J. Kelly, and R. Nitzberg, @GFAR
Adaptive Matched Filter Detector,JEEE Trans. on Aerospace and
Electronic Systems, Vol. 29, No. 1, pp. 208-216, January 1992.

E. Conte, M. Lops, and G. Ricci, “Asymptotically OptimuriRadar
Detection in Compound Gaussian NoiséEZEE Trans. on Aerospace
and Electronic Systems, Vol. 31, No. 2, pp. 617-625, April 1995.

L. L. Scharf and T. Mc Whorter, “Adaptive matched subspaetectors
and adaptive coherence estimators,Phoceedings of the 30th Asilomar
Conference Sgnals Systems Computers, Pacific Grove, CA, November
3-6 1996, pp. 1114-1117.

S. Kraut, L. L. Scharf, and L. T. McWhorter, “Adaptive Ssfmce
Detectors,”|EEE Trans. on Sgnal Processing, Vol. 49, No. 1, pp. 1-
16, January 2001.

E. J. Kelly and K. Forsythe, “Adaptive Detection and Raeder Estima-
tion for Multidimensional Signal Models,” Lincoln Lab, MJTexington,
Tech. Rep. No. 848, April 19, 1989.

N. B. Pulsone and C. M. Rader, “Adaptive Beamformer Ogtbroal
Rejection Test,”IEEE Trans. on Sgnal Processing, Vol. 49, No. 3,
pp. 521-529, March 2001.

G. A. Fabrizio, A. Farina, and M. D. Turley, “Spatial Adag Subspace
Detection in OTH Radar,1EEE Trans. on Aerospace and Electronic
Systems, Vol. 39, No. 4, pp. 1407-1427, October 2003.

A. De Maio, “Robust Adaptive Radar Detection in the Prese of
Steering Vector MismatcheslEEE Trans. on Aerospace and Electronic
Systems, Vol. 41, No. 4, pp. 1322-1337, October 2005.

F. Bandiera, A. De Maio, and G. Ricci, “Adaptive CFAR Radetection
with Conic Rejection,”|EEE Trans. on Sgnal Processing, in print.

F. Bandiera, O. Besson, and G. Ricci, “An ABORT-like etetor with
improved mismatched signals rejection capabiliti¢EEE Transactions

that the second stage (the ACE) is the same. As it can be seen Sgnal Processing, 2007, under revision.

from Fig. 7, instead, the WAS-ASB can guarantee the sarftél
robustness of the S-ASB, but better rejection capabilitiee

S. Z. Kalson, “An Adaptive Array Detector with Mismatth Signal
Rejection,”|EEE Trans. on Aerospace and Electronic Systems, Vol. 28,
No. 1, pp. 195-207, January 1992.

to the fact that the second stage has been replaced by [#3& C. D. Richmond, “Performance of a Class of Adaptive D&tm

W-ABORT.

In order to gain a deeper insight into the behavior of sugiu]
two stage detectors, in Figs. 8 and 9, we plot contours of
constant?;, as functions of SNR anebs? ¢; as for the curves 5
of Figs. 5 and 7, thresholds settings are such that the loss fr
Kelly’s detector is less than 1 dB for the perfectly matched
case. More precisely, in Fig. 8 we evaluate the capability %6]
reject unwanted sidelobe targets and, to this end, we campar
the WAS-ASB and the S-ASB (which differ in the second’]
stage); as it can be seen, the WAS-ASB is superior to the
S-ASB in rejecting mismatched signals. In Fig. 9 we analyze

Algorithms in Nonhomogeneous Environmentd£EE Trans. on Signal
Processing, Vol. 48, No. 5, pp. 1248-1262, May 2000.

N. B. Pulsone and M. A. Zatman, “A Computationally Eféioi Two-
Step Implementation of the GLRTIEEE Trans. on Sgnal Processing,
\Vol. 48, No. 3, pp. 609-616, March 2000.

] F. Bandiera, D. Orlando, and G. Ricci, “A Subspace-Haselaptive

Sidelobe Blanker,1EEE Trans. on Sgnal Processing, 2007, submitted
for publication.

C. D. Richmond, “Performance of the Adaptive SidelobéariBer
Detection Algorithm in Homogeneous Environmentd?EE Trans. on

Sgnal Processing, Vol. 48, No. 5, pp. 1235-1247, May 2000.

E. J. Kelly, “Performance of an adaptive detection &lfyon; rejection
of unwanted signals /EEE Transactions Aerospace Electronic Systems,

vol. 25, no. 2, pp. 122-133, April 1989.



