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Abstract. The purpese of this paper is to present a simple procedure for partial amplitude contral 10 suppress
muttiple wide band interferences in lincar arrays. The partial element excitations are determined to meet a
specified array pattern using the simplex method of linear programming to solve an overdetermined system
of linear equations. The procedure achieves the minimum numher of cantrolled edge elements for the prescribed
sidelobe level (SLL), main bearn width (MBW), and multiple wide hand interference suppression in arbitrary
directions. The performance of multiple interference suppression using this technique is independent of the
numbet of array clements.

Introduction

Interference suppression can be achieved by penerating a null in the direction of the
interference by controlling the phases and/or the amplitudes of the received signals at the
elements of the array [1-3]. When the direction of arrival of the interference is not known
exactly or when the interference source is varying with time, then the pattern has to be
nulled over an extended sector. So far, a fully adaptive array is used to achieve wide band
nulls where every element of the array is individually controlled adaptively [4,5]. In
practice, corrolators and attenuators must be added to the antenna system which requires
an expensive hardware for large arrays. When the number of external jammers are much
smaller than the number of degrees of freedom, then a partially adaptive array is preferred.
It is shown that a partially adaptive array can be achieved by controlling the elements of
the array at a subarmray level, by controlling certain auxiliary elements, ot by searching for
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the best phase and/or amplitude settings according to a certain criteria. Controlling the
signal characteristics at the subartay level reduces the amount of extra hardware but
generally will cause distortion in the far field pattern [6]. On the other hand, pull formation
by searching for the best coefficient setting avoids the expensive hardware but takes
considerable time to form the nulls [4,5,7]. A simple algorithm for canceling specific
sidelobe using edge elements alone is presented in El-Azhary et af (8]

In this paper, a partial amplitude control technique based on the minimax approximation
is applied to suppress wide sectors in the prescribed directions. This technique determines
the minimum number of perturbed edge clements and the cormesponding current ratio
excitations for the prescribed SLT, MBW, and wide band sectors suppression in arbitrary
directions. The obtained number of perturbed edge elements and the corresponding current
distribution that produces such a pattem are considered as being optimum in the minimax
sensc. The algorithm is based upor the simplex method of linear programming and uses a
step-wise approach which successively increases the degree of approximation until the desired
accuracy is achieved. The edge elements arc chosen to suppress the wide band interferences
because they are ideal for canceling specific sidelobes [8]. Furthermore, the number of the
array elements does not affect the performance of this method.

Problem Formulation

Consider a linear array of (2N) isotropic equispaced elements with interelement spacing
of d,. When the current excitations are symmetrically even (a=a,, ;, Jand because the
element positions are symmetrically odd around the center of the array, then the array
factor can be written as

N
F,(u)=2Y 1, cos(d;ku} n
where =

di=do(i‘2N2+1) (2)

a, is the initial current excitation of the ith element, d; is the element position with respect
to the center of the array, u = sin (8) , (@ is the scanning angle from broadside), and k is
the wavenumber (27/A). In an interfering environment, J broad nulls are required in the
pattern to suppress J wide band interferences at angular location u,, j = 1.2,....., J. An
array with conventional feed network has a frequency dependent antenna pattern such
that a jth interference source at a fixed direction u; appears to cover an angular pattern
sector

Au, = By, 3
where B is the relative frequency bandwidth. Tn practice only few elements are used to

suppress the interferences when the number of interferences are much smaller than the
number of array elements (2N). It is known that the far-field lobes of the edge elements of
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a uniformly excited array are nearly equal in width to the sidelobes of the array itself.
Therefore, the edge clements are ideal for cancellation of specific sidelobes of the pattern.
This fact supports the concept of partial adaptation using the edge elements to suppress
wide sectors. Assume that the first and the last M elements are used to suppress the
interference by perturbing the cormesponding amplitudes of their current excitations,
Therefore, the new current excitations can be written as

by=a,+E i=12,.,M @
Whete £; are the current perturbations of the first and the last M elements, The current

perturbations are constrained to be symmetrically even with respect to the center of the
array. Then, the perturbed pattern can be written as

M N
F(u) =23"b, cos(d,ku)+2 ¥ a; cos(d, ku) (5a)
ot =l i=M+|

M
F(u) = F;(u) + 23 £; cos{d, ku) (5b)
im]

So it is required to minimize M and to determine the current perturbations for given
SLL, MBW, and suppressed wide band sectors at prescribed locations. To calculate these
current perfurbations, let the desired function be defined as the initial antenna array in the
main beam region and zero elsewhere, ie.,

D{u):{Fn(U) O=u<u, (6)

0 elsewhere

where u, is the location of the first null of the initial pattern. Now, the perturbed pattern
F(u) can approximate the desired function D(u). However, to maintain the level of the
perturbed pattern for the whole jth sector within small quantity, 6*21- and at the same time
maintain the main beam characteristics as the initial pattern within certain tolerance, 5*],
the perturbed pattern F{u) should satisfy the following equation

F,(u)+8] 0<us<u,
Flu)={ 0%3;, u=u, 054y, j=12,.,] 0
0%8; elsewhere

where 6*3 ig the tolerance in the sidelobe region. Then the following relation must hold
83 <8y j=12...) (8
Let the weighted deviation error E(u) be defined as

E(u)=W(u)[D({u}-F(u)) 9
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where W{u) is a weighting function that enables the designer to choose the relative size of
the error in different angular locations.

Minimum Edge Elements Approach

The minimum edge elements approximation problemn with sector suppression can
now be formulated as follows; find the minimum number of perturbed edge elements M
and the corresponding set of coefficients {£;}, (i = 1, 2, ....., M), that minimizes the
maximurn absolute value of E(u) over the region u & {0,1}. Using the notation ||E{(u){| «
to denote this minimum value [L , norm of E(u}], the approximation problem may be
stated mathematically as

. (10)
[BCul, =55 [ [E@]
Let the weighted function W{u) be defined as
81. gusu, {an
Wlu)=1=-  u=u;2058u;j=12....J
2j
i‘; elsewhere
&3
According to the above discussion, the error E(u) should satisfy the inequality (12)

[Eu) <57

Tn order to achieve the perturbed pattern with exact desired tolerances, the normalized
coefficients must be used. Therefore, substituting Eq. (5b) into (7} and normalizing the
result yields

0y s,
M
F,(u)+ 23 &; cos(d.ku) 2;“‘ (13)
——El = 038y w=uE0SA,j=12,]
2_2531 *’ZZ;EI 0+ 8, elsewhere
i= i=

where 8,, 8,., and &, are the corresponding exact desired tolerances. Let the normalizing
factor be defined as
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1
I I <
2y a+2Y
i=] i=1

then the left hand side of eq, (13), which is the normalized perturbed pattern, can he
written as

Lo (14)

M
F,(u) =EF,(u)+ Y £} cos(d;ku) (15)
i=1
where

L =2k (16)

and F (u) is the normalized perturbed pattern. Substituting Eq. (15) in (13), then the
following equation is cbtained

Fon(u)£38; 0=usu,
M
EoFylw)+ S e cos(diku =1 D48, =, i%ﬁu},j= 12, (1n
n=1
08,

where F, (u} is the normalized initial pattern, Consequently, the absolute value of the
normalized weighted deviation error is given by

[E, () = W(u) D, (w) - F,(u) < 3, (18)

In practice, to minimize the deviation error, Eq. {18) should be forced at a sufficient
mumnber of points, P, in the interval U {0,1}. Therefore, by forcing Equation (18) at P
sample points {u;, 1=1, 2, ....., P} with P >M, the problem is reduced to an overdetermined
system of linear equations, i.¢,,

[Eau;) = W(u)| D, (u;) — E,(u;)| £8; fori=12,...,P (19)

The normalized perturbed function Fn(u), which satisfies Eq. (19) in the minimax
sense of Eq. (10) can be solved using the simplex method of linear programming. Therefore,

the following dual linear programming of a maximization problem is formulated as
maximize

P
WD S, - 1) (20)
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subject to

B

_E(Si = 5 W0 g (wi) =0 (21)

4

pNERANES! (23

i=1

§,50, 1,>0 @3
where

' Fy(u) forn=0
()= cos(d ) forn=12,.. M, (24)

and M, is the expected maximum number of allowable controlled elements to be set by
the designer. The parameters S; and 1 are slack variables and the set of coefficients

1EorElEbrnEp s 18 evaluated as the marginal cost in the simplex tableau through steps 2
and 2 of the following optimization process:

Step 1. If an cstimate of the minimum number of controlled edge elements, M, can
be provided by the designer, set ’

n=M, (25

n=0 (250)
Step 2. Construct the initial simplex fableau to sulve Eq. (20) subject to Eqs. (21-25).

otherwise, set

Step 3. Utilize the efficient three stage algorithm that was developed by Bamodale
and Phillips and the routine CHEB [9] for solving Eq. (20).

Step 4. If Eq. (19} is satisfied, go to step 7.
Step 5. If (n+1)>M,, modify the required specifications and go to step 1.

Step 6. Add the following constraint to Eq. (21) to modify the number of perturbed
edge elements from n to n+1

P
(8, —t,)W(u;)cos(d,, ) =0 (26)
i=l

then go to step 3.

Step 7. Calculate &; and b, according to Eqs. (4) and (16), where M=n.
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A computer program has been developed to perform the above algorithm and some
of the obtained results are given in the following section.

Resnlts and Discussion

In this section, computer simulation results are presented to demonstrate the validity
of this technique to suppress multiple wide band sectors in the sidelobe region using
partial amplitude control. The simulations ar¢ based on a uniformly excited initial pattern
with 100 equispaced linear array elements with interelement spacing of A/2. The sample
points, P, are chosen as 400 points in the main beam and sidelobe regions.

Figure 1a shows the initial pattern and Fig. 1b shows the perturbed pattern with three
suppressed sectors imposed in the sidelobe region around the centers u;=0.326,0.51, and
0.83 with relative bandwidths of 5%, 20%, and 10% respectively. All the sector depths,
8,j, are reduced to -70 dB level while the SLL, 8, is set to 13 dB and the main beam
toierance, &y, is set to 0.01. Table 1 gives the computed current ratios which produce the
perturbed pattern of Fig. 1b where only the first and the last twelve elements, which are
determined by the algorithm, are perturbed to suppress the prescribed three sectors. Note
that the current excitations have even symmetry which results in an even symmetry pattern.
Therefore, the number of attenuators required is effectively halved.
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Fig.1. a- Uniformly excited initial array pattern with 2N=180 and d, =1/2.
h- Simulated perturbed antenna array pattern with three wideband seetors Imposed at "=
0.326, 0.51 and 0.83 for B=5%, 20% and 10% respectively.

Table 1. Computed edge element current ratios {b ) for Fig. 1

Elemno. b, Elem no. h
1,100 ©€.11191 7.94 1.25877
2,99 0.25452 2,93 1.25593
3,98 0.47973 9,92 1.20446

T 497 0.73357 10,91 1.12402
5,96 0.98020 11,90 1.0583%
6,95 1.13453 12,89 1.00859
13,88 1.0
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Now, the performance of sector suppression with partial amplitude control technique
using the minimum edge clements approximation algorithm is studied numerically. Fig.
2 shows the number of the first and last controlled elements, M, versus the sector depth
when the center of the suppressed sector is imposed at u; = .45 with 13 dB SLL and 0.01
main beam tolerance. It can be seen that as the sector depth increases the order M generally
increases. Also, the achieved order M increases as the relative bandwidth of the jammer
increases. Figure 3 shows the order M versus SLL of the perturbed pattern with fixed
sector depth of 60 dB when the center of the imposed sector is at u; = 0.45. As shown in
the figure, the obtained order increases for larger SLL and larger relative bandwidth.
Table 2 gives the order M needed to suppress one sector using different array sizes, 2N.
The sector depth, centered at the peak of the sidelobe around-u; = 0.45, is suppressed to -
80 dB while the SLL is set to 13 dB, Furthermore, the main beam tolerance is kept relatively
constant for the different array sizes since the main beam width increases as the array size
decreases. Tt is apparent that the order does not depend on the array size since a partial
control is used (M<<N). Consequently, M degrees of freedom are used to suppress the
same prescribed wide sector and (N-M) degrees of freedom are used to approximate the
initial pattern. Finally, Fig. 4 shows the effect of varying the angular location of the
suppressed sector on the mumber of controlled edge elements. From the figure, the number
of controlied edge elements increases significantly in the vicinity of the main beam.
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Fig.2 . Number of controlled edge elements versus sector depth for the perturbed pattern when the
center of the suppressed sectur is imposed at u; = 0.45 with SLL=13 dB and &, = 0.01.
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Fig.3 . Number of controlled edge elements versus SLL for the perturbed pattern when the center of
the suppressed sector [s imposed at u= .45 with sector depth=60 dB and d = 0.01. :
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Flg.4 . Numhber of controlled edge elements versus angular location of the suppressed sector when
B=10%, sector depth =60 dB, SLL=13 dB and 5,= 0.01.
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Table 2. Computed number of conirolled edge
clements, M, [or different array sizes, 2N

2N 5, M(") M(*)
B-5% B=20%

200 9.0055 4 7

150 0.0073 4 7

100 0.01:0 4 7

&0 0.0137 4 7

60 0.0183 4 7

{*) The suppressed sector depth cenlered at the peak of
the sidelobe around u; = 0.45 is reduced 1o -80 dB and
the SLL is set to 13 dB

Conclusion

This paper presenied a simple procedure for multiple wide band sector suppression
by controlling element current ratios in partially adaptive arrays. The above results
demonstrate the capability of this method to achieve multiple wide band sector suppression
with minimum number of controlled edge elements by maintaining the levels of the whole
sectors below specified values while keeping the SLL and the MBW within required
specifications. In effect, the pattern parameters can be controlled directly while achieving
the desired levels of the prescribed sectors depths. Also, the performance of sector
suppression using this technique is independent of the number of array elements,
Furthermore, the main beam characteristics of the perturbed pattern is almost unchanged
from the initial pattern.

This technique is based upon the simplex methad of linear programming to solve an
overdetermined system of linear equations, and uses a step-wise approach which
successively increases the degree of approximation until the desired accuracy is achieved.
The number of computations is preatly reduced since a partial amplitmde control of edge
elements is used (M<<N). Furthermore, if an estimate of the minimum number of controlied
elements can be provided, then the number of iterations can be reduced. The obtained
number of edge e¢lements and the corresponding current distribution that produces such a
pattern will be considered as being optimum in the minimax sense,
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