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Abstract— In this paper, an adaptive detection scheme for fluctuating targets with a swerling I
model in AR interference is presented. Since the proposed detector uses more information from the
target signal in its structure, it has better performance compared with those detectors which do not
use the target amplitude model. Performance improvement of this detector compared with the
previously AR model based adaptive detector (ARGLR) is shown by simulation results. Besides,
another detector is proposed for the known amplitude situation whose performance can be used as
an upper bound for all similar detectors.
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1. INTRODUCTION

The detection theory has been used in radar signal detection since the 1950’s. The first research in this
case was made by Marcum [1]. He considered the detection of a completely known signal in white
Gaussian noise using multiple received samples. This research was continued by Swerling [2-4], and since
then, radar detection has been consistently developing.

The design of adaptive radar detectors is a very important application of the detection theory in radar
signal processing. Hence, several detectors have been proposed in this field which can be divided into
three main categories: SMI based detectors [5-10], GLR based detectors [11-19] and AR model based
detectors [20-26]. Whereas AR model based detectors consider some special interference modeling, their
performance is more desirable compared with others [27-29]. In these detectors the target is assumed to be
nonfluctuating. But this is not the case in many real scenarios, so in this paper the AR model based
adaptive detector for fluctuating targets (SW1) was considered.

This paper is organized as follows. In section II the problem formulation is presented. In section 111
the proposed detector will be introduced. Section IV is devoted to performance evaluation by computer

simulation, and finally section V gives a summary and conclusions.

2. PROBLEM FORMULATION

We have considered coherent detection in a pulsed radar system for detecting targets in a primary data
vector. The system also uses L secondary data vectors which are assumed to be signal free for adaptation.
So, the following detection problem is considered:
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Hy:  y(0)=n(0)
y(k)y=n(k) k=12,.,L
H, :  y(0)=n0)+bs
y(k)y=n(k) k=12,.,L

)

Where y(k)’s, k =0,1,...,L are complex N-tuple vectors denoting the received primary and secondary
signal. Also, s is a complex N-tuple vector which denotes the target signal and is given by:

s=[1 e .. gvmef )

This vector corresponds to a target whose normalized Doppler is a known constant€2. b is the unknown
complex amplitude of the reflected signal from the target. n(k)’s are also complex N-tuple interference
vectors which are assumed to be an AR process of order M given by [29]:

M k=12,..,L
ey = Zarnk,ifr T We =12 N 3)
r=1 T LoLgeeey
a=[a, ... a,] “

Where w, ;’s are zero-mean discrete complex white Gaussian noise with variance o’, and a is the AR
parameters vector. We assume that @ and o are also unknown, but fixed constants which are the same
under the two hypotheses.

Sheikhi assumed b to be unknown and derived a GLRT for the hypothesis-test [24-26]. In this paper,
we assume a different assumption regarding b in two different cases.

3. DESIGN OF NEW ADAPTIVE DETECTORS

CASE 1: We assume the target has fluctuation with the Swerling I model. Therefore, the target amplitude
b to be given by:

b =ue’ Q)

u has Rayleigh distribution with unknown parameter m , as follows:

2

f(u) = %exp(—;‘—m), u>0 (©)

and @ has uniform distribution in the interval [0,272').
For deriving the decision rule, we first calculate the likelihood ratio as follows:

g YOOy DI -
fY[Z(O)az(l):»Z(L)|HO] -

For the sake of brevity, we useL( yla.a', o-(f,crf,(p,u) instead of L( yla, o-z,(p,u), albeit the latter
representation is more usual. Since w, ;’s are Gaussian and independent identically distributed (i.i.d):

2
v

1
S, (W) = exp ®)
‘ v

270 20°
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1
H \/27[0' exp(— 20° |Wk’i|2j )

Considering the AR model of interference yields:

M
Wy =My =D a0y, (10)
and so: SO0y (L) | Hy] =
= £,1(0) e s, y (1), ¥(L) | H,] (1)
therefore: = fwlwe, wp,eow, | H|]
S0, (L) 1 H ] = fE(LVo | H) - fK(LVL | H))
LY ) (12)
] e 8
xOn :yO,n —ue Sn
B n=12,.,N (13)
I ST W)
s = ej(n—l)ﬂ
If the poles of the AR process are not too close to the unit circle [23], we have:
Sy, (L) | H ] =
1 N(L+1) L 1 N M 2 (14)
(72'0'3} Hexp[—o_lz”%;l T _;ar% " ]
In a similar way, the following equation can be written for /, condition:
Sy, y(L) | Hy ] =
1 N(L+1) N M 2 (15)
(mz) Hexr{— PINEEILA P J

Based on the detection theory, the ALR can be used because the distribution of parameters u# and ¢
are known. Hence:

L(y\a;,a:,ag,af): (16)

1 N(L+1) L 1 N i 2
"
exp| —— z y —Za‘y ~,
2 H 2 k.n rYk,n—r
[”0—1 J k=1 Oy n=M+1 =1 3
= X
1 N(L+1) L 1 N M 2
eXp =5 D |Viw— 2 Vi
2 H 2 k.n rYkan-r
[”0—0 J k=0 O) n=M+ =1
" 2
Yo —ue’’s,
Srldew : p
o 2, —za (vo,., —ue”s,., (17)

2
x exp[— qu(p du
m 2m
Now, using definitions:
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M
e= [eM+l c eN ]T 4 en = yO,n - za:‘,yo,n—r (18)
r=1
p M
v=lya vl w2l (19)
r=1
Y =Viad, o=l em .. o] (20)
We can write:
N _ M _ 2 o,
z yO,n - ueﬂpsn - Za;"(yo,n—r - ue](psn—r* = |€ - ue/‘/’ Z| (21)
n=M+1 r=1

and so the term B can be rewritten as:

! £
B=——exp| —=5 [XC (22)
27m o;
C—J.uexp —L(u2|l//|2j—i x Ddu (23)
u o} - 2m
D= J 1 ( jo JH -je, H )
= | exp| —\ue’’e’ y +ue 'y elldp (24)
4 O-l - -
By the following definition:
IZQHZ - =ZHg (25)
The integral argument of D can be simplified as:
e’ +t’e’ = 2Re{te”’} = 2lt|cos(p + £t) (26)
and so the term D becomes:
27 2u
D= I exp —2|t|cos((p + At) do 27
Considering the modified Bessel function of the first kind:
1,(n) = Lj”e“‘”w-@de _1 j e 40 (28)
‘ 2790 /A
D can be written as:
2
D= 27%(—@ ¢ V’U (29)
o, -

Thus:
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Dol I
B =—exp —=5 |XG
m o,

G= L ul (Otu)exp(,li'u2 )du

By solving the G integral we have:

And finally:
2 7ol
o, 1 2m|g Z| 2
= 2 L, P S —22—|€|
2m|%| + 0, 0 2m|%| + 0]
Therefore:

M
_ "
yk,n aryk.n—r

r=1

7o, O n=M+

| N(L+D) | 2
BN

X

) N, | & " >
’
o Tlexnl —— 2 -2,
7o, k=0 O\ n=M+1 r=1
2
H
Y
xp| —| — 1 =1
2 2 2
2m‘y/‘ +o; g Zm‘z//‘ +o;}

Consequently, considering the definitions of ¥ and P matrices:

M
_ "
Vi A Ykn-r
r=1

2]=exp{—;<P—w>”<P—w>}

1

L 1 N
[ Texp| —— E:
k=0

1 n=M+1

L 1 N
[Texp)-— X
k=0

O\ n=M+

M
’
Yin — Z Yk n-r
r=1

ZJ:exp{—;(P—wr(P—m}

0

Where:

/_[r r]T rr_[" !!]T
a =|a ... ay , a =|a ... a

_ _ "
e=P,-Y,a

Therefore, the likelihood ratio will become as follows:

349

(30)

€3]

(32)

(33)

(34

(35)

(36)

(37

(3%

(39)

(40)
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L(X|a_lna_”,o-(§,o-12):%
0
1 N(L+1) 1 o )
F=|— xexp| —— (P—-Ya")" (P-Ya")
7o o,
" 2 41
ol 1 2m|(1_°o—Yoa_)Hz| @D
f v 1 o, +2m|z|

{ N(L+1) {
F( J xexp{——zu_»-m_')”(z—m_')}

7o, o,

Now, because the parameters m and o, in the F| statement are unknown, and the distribution of these
two parameters are also unknown, we apply the GLR test on the likelihood ratio. By some computations,
we can obtain the ML estimation of these parameters as follows:

R Vs A et 1
My = 2|l//|4 (42)

— n\H 2]
4 ! (P—Ya")"(P_Ya,,)_(PO YOZ) ﬁ
62 = -
1 ML N(L+1)-1 L‘

43)

Substituting Eqs. (42) and (43) in F, and applying the log operator, we obtain:

n\H
) |(1_30—Y0a_) i
max InF, =-N(L+)Inz-[N(L+1)-1]lné},, ~In - ~N(L+1) (44
m,o; |Z|
Also, with simplifying Eq. (43):
1
A2 ' 1\ (pr rn
o ,, =—\P -Ya") (P-Ya (45)
i e - re)
Where P’ and Y are:

YO
Y yi:M yf,l

Y = Db Yi= : :
Y, Yin-t oo Vin-m |y aryem

EZ[Eg BlT S EZ]T Bi:[ngﬂ coe y[,N]T (46)
Y,
Y,

v\ v=my, p=[pt P ... P, P,-HP,
YL

H:[_QQH 0:[1 PRI e_[(N—M—l)Q]T
QHQ’ =
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Also, since the AR parameter vector,a” is unknown, if we substitute its ML estimation in Eq. (45), 012
becomes an estimation of its real value. Unfortunately, there is no closed form for F| to compute the ML
estimation of the a” parameter vector. In other words, it is impossible to convert it to a least squares
problem. Then, we used the covariance method for the estimation of parametera” . This method is not
necessarily optimal, but is similar to what is used in ARGLR. We have:

E — (YrHYr)’l(Y!H E)

A2 1

2

(47)
— P!_Yrﬂer Pr_YrAlr
ey e re)

It has to be mentioned that the process has two steps. First, it projects the primary data in the
perpendicular subspace of target signal space using the H transform. Then, in the second step it estimates
the variance of the AR process. Substituting Eq. (47) in F; yields:

InF, =—N(L+1)Inz—[N(L+1)-1]In6? —Iné? - N(L +1) (48)

|(£o - Yoﬂ)ﬁ Zr

5; = 2 = (Eo - O"E)H (P_"o - Yoﬂﬂ) (49)
v
P =H'P,, Y/ =HY, (50)
H=I-H (51)
Similar to the F;, for term f, we have:

A2 1 ~r\H A1

0y =——(P-Ya ) (P-Ya
" N+ (-vay(e-va) (52)

d=(r"u)'(r" )
Substituting Eq. (52) in F yields:

InF,=-N(L+1)Inz - N(L+1)Iné; — N(L+1) (53)
And finally, the decision rule will become:
H,
InL(y)=InF ~InFy, = ~[N(L+1)~1]In6? ~In6? + N(L +1)In & n G
HO

Since we used the ALR and GLR tests to derive the structure of this detector, and considered the AR
model for interference, we call it ARAGLR. Figure 1 shows the block diagram of the ARAGLR detector:

H'— projection 67 — Estimation 4’

H — projection

vy

61 — Estimation [MrL+1)-1]in > ) ~ 7 —

15'3 — Estimation N(L+1)n

Fig. 1. Block diagram of ARAGLR detector
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Since this detector uses more information in comparison with the ARGLR, we expect the ARAGLR to
have better performance than the ARGLR.

CASE 2: We assume b to be completely known. In this case, the amplitude and the phase of the target
signal are constant and have known values. So the likelihood ratio is given by:

2 2)_ Sy [(0), y(0),.., (L) | H|]

L(y |a',a", 05,07 )= (55)
= Y £ 00,y p(L) | H, ]
1 N(L+1) L 1 N M 2
ASRSHEIS [WfJ Xgexp(_dfn;l Ho _,Z::‘a'xk’"# ] (56)
Xo.n = Yoo -bs, n=12,..N
ka = yk,n k = 1a2,“'>L
1 N(L+1) L 1 N M 2 (57)
[9(0),.... (L) | H,] = -—— on = 2 Vi
Sy[3(0),.s (L) [ H, ] [wéJ Xgew[ o7 2 [ ;ay, ]
Since:
N w " : 2 2 2 H * H
Y o - 2alx,, | =le=by| =|d" +py| —be"y-by"e (58)
n=M+1 r=1
Using Egs. (5) to (20), we obtain:
1
In £,[¥(0),.... (L) | H]=-N(L+DInz = N(L+DIno} ——(P-Ya")"(P-Ya")
Y Y o
(59)

S T
O-l
And so:
In £, [p(0),.... y(L) | Hy]==N(L+ 1) Inz = N(L + 1) Ino; — %(l_’ ~va) (P-Yd') (60
0

- 2 2 L
Since parameters ¢, and o, are unknown, we should now compute the ML estimations of these
parameters. Therefore, we obtain:

- 1 |[e-Y2)'(P-Ya) 1)
Oy vy =———
VN AD | o] by e—bey
Substituting &IZML inf,[---| H,]:
I £, [p(0),.c p(L) | H] = =N(L+1)In 7= N(L+1) In 67, = N(L+1) (62)
And also:
1
A2 NH ’
o, =——I\P-Yad' ) |P-Ya 63
o N(L+1)(_ a)'(P-vd) (63)
In £, [3(0),.... y(L) | H]= =N(L+1) In 7 = N(L+1)In &;,, = N(L+1) (64)

And so ML estimations of @' and a” are:
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2 1

o - (P-YaYV(P-Yd" 65
" N(L+1)(_ a"f'(P'-Y'a") (65)
p=lpt PP (66)
Eo :Bo _b£t£t :SMHQ (67)

YO!

, |4
=] (68)

Y,
Yo=Y, +Y, Y, =0x[s, .. s] (69)

Consequently, the following statements will be obtained:

5 =y ) (70)
& =("y)' (v p) (71)
And so:
5 =y B () )
a="y)'(r"p) (73)

Finally, the decision rule is:

InL(y)=In £,[3(0),..co p(L) | H,1= 10 £ [p(0),eee (L) | H, ]

) 2> (74)
=-N(L+1)In6; + N(L+1)In&, _n

Hy

Since this detector has been derived under the special conditions in which target amplitude is known, it is
point optimum, hence we call it ARGLRPOD (ARGLR Point Optimum Detector). Since this detector uses
the most information of the target amplitude, we use its performance as an upper bound for the achievable
performance by target amplitude modeling.

4. PERFORMANCE EVALUATIONS

The behaviors of ARGLR and ARAGLR detectors have been simulated for comparison. The Monte-Carlo
method was used for this purpose. In this procedure, we produce AR interference of order M =4 with
parameters:

a=[03-;0.7-0.4—-j0.3-02+ 0. —0.1—;0.2]"

Since these simulations are performed for specific Signal to Noise Ratio (SNR), the SNR is defined as:
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SNR=S"R'S. (75)

Where S is the signal vector of the target and R, is the covariance matrix of interference (Note that
"noise" used in SNR refers to the interference, which is the clutter with the AR model here). Based on the
[30], for the AR process, R;,l can be calculated from:

R‘;'] _ ]2 (AAII _BBII)
1 0 0]
a 1
: a,
A=la,
0 a,
0
| 0 0 a, a 1], ,
(:) e 0 (76)
0
B=
aM
L a, eoay, 0O --- 0 e
Where O': is the variance of the input white Gaussian process to the AR filter. Thus, the SNR will be:
S, =bs > SNR=E\S"R;'S, |= E(b* )" R,'s (77)
For Rayleigh distribution:
SNR =2ms" R's (78)
When the amplitude of the target signal is known, (77) becomes:
SNR = b’ s" Ry's (79)

It is clear that the target signal phase has a uniform distribution in the interval [0,272).

Based on the simulation results, Figs. 2 to 4 have been obtained. Figure 2 shows the performance of
ARAGLR and ARGLR against SNR at P, = 0.001. Figures 3 and 4 show the ROC of ARAGLR and
ARGLR for N=10, L=15, and Q =4(rad /s) at SNR =—-10dB and SNR =—15dB, respectively. As
the figures show, the performance of ARAGLR in low SNR and the low probability of a false alarm is
better than ARGLR. Since the SNR and probability of a false alarm are relatively low in the practical
applications, this is a very desirable result. Besides, the performance of both detectors depends on the
assumed value for the Doppler shift (£2) compared with the clutter spectrum. For instance, if in the above
situations Q) is changed to 7 (rad/s), the superiority of the ARAGLR will be more apparent for higher
SNR. Figure 5 shows the ROC of ARAGLR and ARGLR in these conditions at SNR =10dB . The
superiority of the ARAGLR compared with ARGLR has been clearly illustrated in this figure.
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N=15 | =20 , M~=4 , Doppler=4 rad/sec , Pfa=0.001

0
| ARGLR
|| ===ARAGLR |-

=1

Frobahility of Detaction

SNR in dB

Fig. 2. P4 against SNR for ARAGLR and ARGLR

M=10, L=15 , M=4 , Doppler=4 rad/sec , SNR=-10dE

Frobability of Detection

10 10 10 10° o 10
Probability of False Alarm

Fig. 3. ROC for ARAGLR and ARGLR () = 4 rad /s , SNR=-10dB)

As we know, one of the most important features of any detector is its CFAR property. In other words,
to compare the two detectors, we should compare their CFAR property in addition to their ROC’s. It is
proven that ARGLR has CFAR property for enough large pulse numbers [25]. So, because of the
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similarity of the deriving method for ARAGLR and ARGLR, it can be concluded that ARAGLR has a
similar CFAR property. But, for more confidence, its CFAR property has been investigated and Fig. 6 is
obtained. This figure shows Py, against noise power for the fixed threshold as well as some various pulse
numbers. As is seen, the ARAGLR detector has a very good CFAR property, even for the small values of

pulse numbers.

M=10, L=15 , M=4 , Doppler=4 rad/zec , SNR=-15dB

10 e
ARGLR
['| ———-aRaGLR :
10’
£ 0’
&
=
&
[m]
=
z
:E
-
S 10
o
10t
10'5 i 1 1 L 1 1
10 1t 0’ * 10’ 10°
Probability of False Alarm
Fig. 4. ROC for ARAGLR and ARGLR (Q =4rad/s , SNR=-15dB)
0 M=15, L=20 , Doppler=pi rad/sec SNR=1048
10 ‘ ——rr . — . .
| [ ———aRaGLR | i
|——#RGLR |
= N
= H
& :
6] :
&
(] N
uD— N
= -
= :
8
- N
2 :
o :
1 4 . o F H o
10 sy ! [ R | i PR R N A i [ B i i T R B
1o 10° 1* 10 10°

Probability of False Alarm

Fig. 5. ROC for ARAGLR and ARGLR (Q = 7w rad /s, SNR=10dB)
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CFAR Property of ARAGLR for L=0 , Threshold =7

Probability of False Alarm

Interference “ariance

Fig. 6. Py, against interference variance (CFAR property for ARAGLR)

Performance comparison of ARGLR and ARGLRPOD detectors against SNR at P, =0.01
and P;, = 0.001, have been shown in Figs. 7 and 8 respectively. As it is seen, there is 3-5dB improvement
in the performance of the ARGLRPOD in comparison with ARGLR. Figure 9 shows the performance of
ARGLRPOD in different amplitudes such that the dash-dotted line and solid line have maximum and
minimum amplitudes in these simulations, respectively. Notice that in Fig. 9, the solid line shows the
performance in the case that the real amplitude of the target signal matches that of the assumed amplitude.
Also, the dashed line and dash-dotted line show the performance in the cases that real amplitude is three
times and five times that of the assumed amplitude, respectively. As is seen, when the real amplitude
increases, the performance of ARGLRPOD is improved. Therefore, we can design our interested detector
for the smallest expected amplitude and be sure that we will not have inferior performance in all real
cases.

N=15 =20, M=4 , Doppler=pi rad/sec , Pfa=0.01
1 T T T T 7

—— ARGLR : I/
— —— ARGLRPOD : : d
sl : - ; J

Probability of Detection
=) o o o o o
w = o @ ~ @

=1
ha

01

&
SMR in dB

Fig. 7. P4 against SNR for ARGLRPOD and ARGLR (P;=0.01)
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MN=15 , =20 , M=4  Doppler=pi rad/sec | Pfa=0.001
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e f
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: ! :
D7 e e T -
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: /
s : :
e e // . S ————— 4
: y :
: / E s
1) |5aa0aa0aa00a00a00a0086000300999030a900809900800300AA0930BA09A00A5G // e e
PR/ - '
in T i i i
10 5 0 5 10 15 20
SNR in dB
Fig. 8. P4 against SNR for ARGLRPOD and ARGLR (P=0.001)
N=15, =20 , M=4  Doppler=pi radfsec , Pfa=0.01
1 T T T T F= =T
assumed amplitude | : t :
— = =37 agsumed amp.
09 —+—-57 assumed amp. 7
0.8 -
07 - —
c
2 06 7
5
i)
5}
a
5 05 ol
=
=
@
2
2 04 -
o
0.3 -
....... ot L
0 I
-20 15 20

SHR in dB
Fig. 9. P, against SNR for ARGLRPOD and non-matched amplitude

5. SUMMARY AND CONCLUSIONS

In this paper we have designed ARAGLR and ARGLRPOD detectors in which the former uses some
assumptions closer to the practical cases and real conditions for fluctuating targets, while the latter can be
used for conservative designs. Simulation results show that the ARAGLR detector, in which the target
amplitude has been assumed to have Rayleigh distribution, has better performance than the ARGLR,
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especially for low SNR and low probability of false alarms. Moreover, this new detector has CFAR

property, even for small values of pulse numbers.

Also, for the ARGLRPOD detector in which the target amplitude is known, we see that its

performance is improved 3-5dB compared with the ARGLR. These results show the importance of the
ARAGLR detector (much consistency with the real conditions) and also the ARGLRPOD detector (design
in the worst case).
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