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Abstract. It is well known that pointing and random
angle errors degrade the performance of adaptive radar
quickly. A joint adaptive estimation-calibration (JEC) al-
gorithm is proposed to provide on-line look direction cor-
rections and array calibration. The new algorithm is pre-
sented in the context of a generalized sidelobe canceler
(GSC). The proposed algorithm uses the array output to
generate a control signal for steering vector corrections,
which in turn yield higher signal-to-noise and interference
ratio (SNIR) at the array output. Doppler technique is
used to provide cleaner reference of target signal, which
results in better correction of the steering vector. A sim-
ple case is investigated to explain how the scheme works
and steady state condition analysis is provided. For an 8-
element antenna array, the new algorithm is demonstrated
by simulations, which show that the output SNIR is im-
proved by the correction of pointing and random angle
errors.

I. INTRODUCTION

Linearly constrained adaptive processing is a well
known technique applicable to adaptive radar. The gen-
eralized sidelobe canceler (GSC) is an implementation of
the linearly constrained processor [1]. The GSC was stud-
ied in [2], [3], [4] and its operation can be explained by
referring to Fig. 1. The signals received by an M-element
array are beamformed by the M X 1 steering vector s,
which provides the necessary phase shifts to co-phase sig-
nals impinging from the look direction. The (M —1) x M
matrix transformation A is designed to block signals rep-
resented by the vector s. Thus, when the steering vector
points in the direction of arrival (DOA) of the target sig-
nal, the (M —1) x 1 vector z is target signal free. An adap-
tive algorithm is used to control the (M — 1) x 1 weight
vector w to provide an estimate of the interference ya,
which is subsequently subtracted from the beamformed
signal yc. Higher SNIR thus can be obtained at the ar-
ray output y. The performance of this system degrades
when, due to pointing or random angle errors, s does
not faithfully represent the target signal [5]. The resid-
ual target signal contributions in z are interpreted by the
array as interference, and the array proceeds to cancel
them. This form of target cancellation is well known and
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Fig. 1. Narrow-band generalized sidelobe canceler.

various remedies have been suggested. In particular, Bar-
Ness and Haber suggested a self-correcting canceler to im-
prove performance of a two-element array using a hybrid
microwave component [6]. Their approach was tailored
for a spread spectrum signal. It used the high signal-to-
noise ratio (SNR) demodulated spread spectrum signal
to provide a pure reference, which in turn was applied to
control the phase of one of the inputs to the hybrid. In
this work we generalize the self-correcting canceler in [6]
to the multiple-element case, apply it to the GSC scheme,
and evaluate performance with a radar application when
Doppler processing is available. The new algorithm is il-
lustrated by a three-element array operating in the pres-
ence of single jammer. However, the scheme given here
could be extended to the case with multiple jammers.
The sequence of this paper is as follows: the system
model is contained in section II, we propose the JEC
algorithm with self-correcting loop of steering vector in
section III. Our simulation results are presented and dis-
cussed in section IV. Section V gives the conclusions.

II. SYSTEM MODEL

Consider an M-element antenna array with omnidirec-
tional elements. The following assumptions are adopted:

o the target signal is in the far field and is narrowband,
its direction of arrival (DOA) is used as a parameter
in our analysis.

o a single far-field narrowband jammer is present.
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s following complex demodulation, the target sig-
nal, jammer, and noise are represented by complex
zero-mean, wide-sense stationary random processes,
which are mutually independent and have indepen-
dent real and imaginary parts.

Assume the array elements are equally spaced, let
d/A = b, where d is the interelement spacing and A is
the wavelengh. The signal time delay at m-th element
with respect to the first is:

Tm = an—- -sinf,, m=0,..-, M -1,
where ¢ represents wave speed in the propagation
medium, and #, is the DOA of signal. Here the signal
could be target signal or jammer. Then the k-th sample
of the target signal at the m-th element can be written:

ro(m, k) = a, fEmdTeinbetdi) -y =g M -1, (1)
and the k-th sample of the jammer at the m-th element:
rii(m’ k) =a el (2mbxsin 0.‘+¢k), m=0,--,M—1. (2)

The quantities a, and a; are the voltage amplitudes of
the target signal and jammer respectively, ¢ and ¢ are
independent and uniformly distributed in (—=,7), 6 is
the DOA of target signal, and 6; is the DOA of jammer.
The overall input at the m-th element is given by

r(m, k) = rs(m, k) + ri(m, k) + n(m, k), (3)

where n(m, k) is additive white Gaussian noise. The
GSC’s adaptive weight vector w can be updated by sev-
eral methods, such as LMS, RLS or sample matrix inver-
sion (SMI).

In (1) and (2), the signal (target signal or jammer)
at the first element is taken as a reference, which is un-
weighted. The steering vector is then defined as

=[1]

where s’ is a (M — 1) x 1 steering vector.
In the context, matrices and vectors will be denoted by
bold uppercase and bold lowercase letters, respectively.

III. JOINT ESTIMATION-CALIBRATION

We propose to augment the GSC with a self-correcting
loop for joint estimation-calibration of the steering vec-
tor. The JEC system comprising the GSC and the self-
correcting loop is shown in Fig. 2. A Doppler filter bank
is inserted in the signal path to provide a cleaner reference
of the target signal. For an M-element antenna array, the
signal blocking matrix A is restricted by A1 = 0, where
the M x 1 vector 1 = [1, -+, 1]7, and the (M —1) x 1 vec-
tor 0 = [0,---, 0]7. The superscript “I” represents the
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Fig. 2. Joint estimation-calibration system of generalized sidelobe
canceler.

transpose. If the steering beam does not accurately point
to the DOA of target signal, then the output z of the sig-
nal blocking matrix contains a target signal residual. In
this case, the output of the Doppler filter bank g, which
is used as the reference of target signal, is correlated with
the vector z. The correlation between z and g is used by
the correcting loop to control the steering vector s, such
that the cross-correlation between z and ¢ is minimized.
The JEC algorithm is formulated as follows:

Algorithm:
1. Initialization: s(0) =[1, 'T(0)]7,
where s'(0) = [ e2t®indo ... ¢i2r(M~Dbsindo T

b = d/X < 0.5, and 6o, the target nominal angle, is
chosen according to whatever prior target information is
available.

Fork=0,1,. ..

2. x(k) = s*(k) or(k),

where r(k) = [r(0,k),---,»(M — 1,k)]T, the super-
script “#” denotes complex conjugate, and the symbol “o”
denotes element-by-element multiplication between the
components of two vectors.

3. z(k) = Ax(k),

where the signal blocking matrix A is given by

1 -1 o --- 0
1 0 -1 .- 0
A= .
1 0 o --- -1

4. ye(k) = 1Tx(k).

5. ya(k) = wH (k)a(k),

where the superscript “H”denotes complex conjugate
and transpose. As mentioned previously, a variety of
algorithms are available for computing the weight vec-
tor w(k). In this work we choose to use sample ma-
trix inversion (SMI), i.e., w(k) = R; !, 4., where R; =
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T alk—h) 27 (k—b) and £, yo = £ TP a(k-
Iy)yc* (k —13).

6. The array output: y(k) = ye(k) — ya(k).

7. Assume that @ coherent samples are available,
then at the output of Doppler processing, the reference
signal g(k) = d¥y(k), where d, is the Q x 1 steer-
ing vector corresponding to the target Doppler bin, and
y(k) = [y(k), .., y(k+Q — 1),

8. h'(k) = z(k) g* (k).

9. h(k) =<h'(k) >= £ Y/ W(k — I3), where the
symbol “< >” denotes time average, and L3 is chosen a
suitable value to smooth variations in h(k).

10. s'(k.+ 1) = s'(k) — ﬁE(kL)u -h(k) o s'(k), where p is
the step size, and

s(k+1) = [ s,(k1+ ) ]

Let (k) = YO the JEC actually uses a time-varying

step size. High target signal power at array input will
result in a large vector h(k), the time-varying step size in
the JEC algorithm can overcome the difficulty of gradient
noise amplification, which may be caused by large vector
h(k). Thus the correction applied to the steering vector
s/(k+1) is normalized with respect to the Euclidean norm
of vector h(k). This approach is also used in normalized
LMS algorithm [7].

A simple case is used to illustrate the scheme. Consider
a 3-element antenna array, assume that the interelement
spacing is equal to half wavelength, such that b = d/\ =
0.5. At time k, the steering vector is given by

S(k) - [ 1, ejarsinek’ ej21rsin0k ]T —_ [ 1, S/T(k) ]T,

where 0 is the beam steering direction. In the interest
of brevity, we suppress the time index notation.
The total input to the array can be expressed as:

1
r = a, ej¢ . ejwsine.
ej21rsin 9,
1
+a; e]¢- e]rsmo.- + ng, (4)
el2n sin §;

where ng is the noise vector. The steering vector shifts
the phase angle of r (except the first element) to generate
the vector x, which is

*

X = s or
1
= a, eji,b . ejqr(sino,—sina)
e 2m(sin §, —sin 8}
1
+a; el e_77r(sm 8;—sin §) +ny, (5)

ed27(sin f;~sin )

where n; is the noise vector. The signal blocking matrix
is given by
1 -1 0
A= [ 1 0 -1 ] ’
Then the output of signal blocking matrix is:

Ax

z =
. 1 — i 7(sin 8,—sin 9)
= as eJllJ . [ 1 - ejzw(sina,—sin0)

. 1 — i *(sin 8;-sin6)
+ a; ef? . [ 1 — i 2x(sin 8;—sin 6) +ny. (6)

The primary input yc is

17x

a, ejt/;[l + ejr(sin 8,—8in 9) + e_7'21r(sin 8,—s8in 0)]

+ a e]qS[l + ej‘)r(sin 6i—sin 6) + ej21r(sin0¢—-sin0)]

+ 1Tll1. (7)

il

yc

The sidelobe cancelling signal ya is given by

ya = whg

. H 1— eJm(sin8,—5in )
= G ¥ .w [ 1 — ef27(sin 8, ~sin8)

1— ej27r(sin 9;—sin 8)

s ej¢ WH [ 1 — ei7(sin 8;—sin§) ]
i .

+an2) (8)

where w is the SMI solution of the weight vector (see step
5 in the algorithm), we can express it as w = [wy, wa]T.
Combine (7) and (8), we can get the expression of the
array output as follows:

fl

y yc—ya

= a_,y_.e”’+aiyiej¢+vy, 9

where the quantities y, and y; are given by

2
s =14 Z[(l + w:n) ejmw(sin 6,—sin@) _ w:n]’

m=1

2
yi=1+ Z [(1 + w:n)ejmqr(sin 6;~sin @) __ w:n]

m=1

The noise v, = 1Tn; — wfn,. Assume the Doppler pro-

cessing is performed, @ coherent samples are available,
and the phase difference in consecutive samples is v, and
vi for target signal and jammer respectively. We use a
vector to represent the array output for @ coherent sam-
ples,

¥ = a,y,6/¥d, + a;5;¢7*d; + n3, (10)

322



wherg d, = [L,&,.. .,eJ'(Q—l)”r.]T, d; = [1,e,
ceeyed (Q“l)"‘]T and nj is the noise. Then the reference
signal g can be written as

g = df'y
= Qa,yse’? +a;gdT die?? + v,
= g,e"/’+g,-e’¢+vg, (11)
where v, is the noise, g, = Qa;ys and g; = a.-y,-df’ d;.
Multiply z by the complex conjugate of g, we get the
expression of h’,
(12)

By investigating (6) and (11), and using the assumption
that the target signal, jammer and noise are mutually
independent, we take the time average of h’ in order to
extract the control signal h at time k, which is given by

h' =zg*.

h(k) = <h'>
1 — gi*(sind,~sin @)
= gs0s- [ 1 — ¢i27(sin 6, —sin ) ]
1— ej‘;r(sin 9;~sin9)
+g: a; - [ 1— 6j21r(sin 8;—sin @) ]

+<npvl>. (13)
Since the noise is zero-mean Gaussian distributed and
mutually independent between the antenna elements, the
third quantity in (13) is negligible comparing to the first
and second quantities in (13), such that:

1 — eim(sin8,~sin )
gsas - [ 1 — i 2n(sin 8, —sin ) ]

h(k) =

1-— ejar(sin #;—sin9)
+gia; - [ 1 — f2(sin 6;—sin §) ]
= gsa,8"o(s' —s,) +giais" o(s' —s))
= s"ogea(s' —8)) +giai(s' - s)], (14)

where S{, _— [ejrsinﬂ., ej21rsin0, ]T and s’ = [ejrsinai
¢f2msindi |T. ! ’

Fig. 2 shows that the steady state condition is given by
h(k) =0, as k — co. From (14) we conclude that

(k) —s = gi(k)ai .
B) =5 = S + g0 a

as k — oo.

(15)
In a perfect pointing system, the steering vector s’ is
equal to s). Therefore the expression at the left-hand
side of (15) is the steady state error of the steering vec-
tor. From (15) we notice that if |g,(k)a,| > |gi(k)a;], the
error s8'(k) — s} is very small. Higher SNIR at array in-
put and cleaner reference signal will then result in smaller
steady state error. It is also noticed that when g;(k) — 0,
the error s’'(k) — s} — 0, which is the desired result when
a pure reference signal is available.

(si — 55),
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IV. NUMERICAL RESULTS

Numerical results illustrate the performance of an 8-
element antenna array using the JEC algorithm. All an-
tenna elements are omnidirectional and equally spaced,
the interelement spacing is equal to half wavelength. The
direction of arrival (DOA) of target signal is 6, = 0°,
the DOA of jammer is §; = 10°. At array input, the
interference-to-noise ratio INR = 10 dB, SNR values are
shown in the figures. Curves shown are averages of 100
Monte Carlo runs. Doppler processing consists of four co-
herent samples, and the Doppler phase difference between
the target signal and jammer is v — 4, = 70°.

Two types of errors are investigated: pointing errors
and random angle errors. The initial steering vector can
be written as s/(0) = [e/(T5info+h1) ... oi(7¥sinbotBr)T
where 6 is the initial beam direction, and B, (m =
1,--.,7) are the random angle errors, which are zero-
mean Gaussian random variable.

Fig. 3 shows the performance improvement with JEC
algorithm when the initial beam has a 0.5° pointing error
(80 = 0.5°), but no random angle error (8, = 0). The
step size is ¢ = 0.2. The simulation results show that
the higher the input SNR, the larger is the SNIR loss at
array output due to same pointing error. For input SNR
= 7 and 4 dB, 4 dB and 1.2 dB SNIR improvement are
achieved respectively by JEC algorithm, though there is
still 0.2 dB loss comparing to the perfect pointing system.

Fig. 4 gives the simulation result for the case of random
angle errors in the initial steering vector. We assume that
there is no pointing error in this case (6o = 0°), and that
the random angle errors G, are Gaussian random variable
with zero-mean and standard deviation og = 3°. The
step size is u = 0.2. Fig. 4 shows that the initial random
angle errors can also be corrected by the JEC algorithm,
and that the SNIR at array output is improved.

For input INR = 20 dB, Fig. 5 and 6 give the results for
same pointing and random angle errors as in Fig. 3 and 4,
respectively. Both figures show that the JEC algorithm
is not affected by high INR environment.

V. CONCLUSIONS

In this paper, we proposed the JEC algorithm to cor-
rect the pointing and random angle errors in the steering
vector of a GSC. A simple case with three antenna el-
ements and single jammer was investigated to illustrate
this algorithm. In the steady state, the steering vector
pointing error can be substantially reduced by this algo-
rithm. Numerical results illustrated the SNIR improve-
ment at the array output.
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