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1. INTRODUCTION

The considerable interest in phase-only control of the element weights
of array antennas to suppress interference reflects the growth in im-
portance of both phase arrays and adaptive processing. As adaptive
nulling with full amplitude and phase control is rather expensive, con-
sidering the cost of the phase shifters and variable attenuators, the idea
of the phase-only control [1, 2] and amplitude-only [3, 4] control were
proposed. Since in a phased array the required controls are normally
incorporated, phase-only perturbations of the antenna elements is of
particular interest in pattern nulling. However, the general phase-only
implementation involves numerical complexity in solving the phase ad-
justments, except for the case of small phase perturbations in which
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the problem can be linearized [5-7]. A consequence of the small phase
assumption is that imposing two symmetrical nulls in the pattern with
respect to the main beam is impossible [6].

Also, considering large arrays with full phase-only nulling, the ar-
ray performance will be subjected to degradation due to the phase
shifter quantization errors [8]. Thus, the full phase-only nulling method
presents a problem for large arrays because of the potentially signif-
icant high cost of high-resolution phase shifters. The use of partial
control for synthesizing low-sidelobe array patterns will lead to a sig-
nificant reduction in the number of variable attenuators and phase
shifters as compared to the full control implementation [8-10]. By
partially controlling the antenna elements to suppress prescribed sec-
tors in jammers direction, the phase perturbations of the phase shifters
will be relatively large which contradicts the small phase perturbations
assumption.

The problem of the array pattern synthesis with wideband interfer-
ence suppression using phase-only control is of practical interest [11,
12]. The suppression of an interfering wideband signal can be achieved
by means of arranging for a suppressed sector in the array pattern
to coincide with the angular location of incidence of the interference
signal. In general, multiple wideband interference suppression using
phase-only control yields large phase perturbations. The large phase
perturbations is a nonlinear problem and cannot be solved analytically.
However, numerical solutions can be obtained by using nonlinear pro-
gramming techniques [2].

In this paper a pattern synthesis with multiple wideband interfer-
ence suppression using phase-only control is presented. The nonlinear
constraints of phase perturbation are solved using an iterative pro-
cedure with linear programming to calculate a new phase set of the
controlled elements. The linear programming method is used to re-
strict the magnitudes of the phase perturbations to be less than small
value in every iteration. The full phase-only control is accomplished
as well as the partial control of the edge element phases. The com-
puter simulation results show that the partial control using the edge
elements is very efficient for the large size antennas compared to the
full phase-only control.
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2. FULL PHASE-ONLY CONTROL FORMULATION

Consider a linear array of N isotropic equispaced elements with a,
is the nth element normalized current excitation and d,, is the nth
element position with respect to the center of the array (the wavenum-
ber is included in d, ). Denoting the angular direction u = sin(f), (0
is the scanning angle from broadside), then the initial pattern can be
expressed as

Foluw) = ¥ S (u) (1
where
j ; ; 9T
S(u) = [aleﬂchu’ aae]dzu7 o ’aNedeu] (3)

are the initial phase vector and the weighted steering vector, respec-
tively, and T is the transpose operator.

A fully controlled array for interference suppression means that ev-
ery phase of the array elements is individually controlled to suppress
the sector levels of the array pattern in the prescribed directions of
interference. This can be achieved by forcing the perturbed pattern
levels at the interference directions to be much below the level of the
pattern in the sidelobe region direction while maintaining the main
beam directed towards the desired signal. Using the full phases of the
current excitations of the antenna, the new pattern with the suppressed
prescribed sectors, F'(u), should be expressed as

F(u) = ¥''S(u) (4)

where .
U= [ejwl,ejw,ejd’?‘,...,eij} (5)

is a vector containing the element’s phase perturbations. In this work
we consider the general case where the element’s phases could be large.
To find the solution of large element phases, we will suggest an iterative
procedure to find ¥ for a given initial element phases Wy. Let the
perturbed pattern at the kth iteration to be expressed as

Fiy(u) = ¥ S(u) (6)
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where WU, denotes the phase vector at the kth iteration,
. 4 . 1T
Wy, = |V V2 eIV ,ejwka] (7)

We wish to proceed from the initial point to other point such that
Fj(u) approximates the perturbed pattern better as the number of
iteration index k increases. To establish the iterative procedure, let
the nth element phase of the kth iteration to be expressed as

Ph =it 4Bl with gl <1 (8)

where (F is the nth elements phase increment of the kth iteration.
Assuming the phases increments to be very small, the perturbed pat-
tern can be approximated by the first two terms of Taylor expansion.
Thus, equation (6) in the kth iteration can be written as

N N
Fi(u) = Z CLnejwﬁ_lejdnu +7J Z /Bq]ianejd}s_lejdnu 9)
n=1 n=1
A practical approach to suppress I interfering signals is by forcing
the maximum perturbed pattern level at the interference directions
to be less than small quantity while maintaining the main beam and
the sidelobe region as close as possible to the initial pattern. Let
0;(u) denote a certain error function in the ith suppressed sector and
0o(u) denote the error in the mainbeam and sidelobe regions, then the
approximated perturbed pattern in every iteration should be expressed
as,
Fo(u) + 6k(u) u e Ry
Fk(u)_{(sf((u)) ot uweR, 1=1,2,...,1 (10)
where Ry represents the angular region of the mainbeam and the side-
lobe regions and R; represents the ith angular sector of the ith in-
terference with lower and upper angular bounds (u;, uy;) . Therefore,
equation (9) can be written as,

N
JZ ﬁﬁanewﬁ*lejdnu — 5% (w)
n=1

N
— Zanengilejd"“ + Fo(u) u € Ry
= ! (11)
Cok—1 .
—Zanew” eldnt vueER;, 1=1,2,...,1
n=1
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The small error function 6*(u) can be expressed as
F(u) =widf(u)  we(-1,1) (12)

and w; is a weight factor that enables the designer to choose the
relative size of the error function in the mainbeam and the sidelobe
region, Ry, and in the suppressed sectors, R;. Equation (11) can be
expressed in matrix notation as

ayp(u)xg = br(u) (13)
where
ay(u) = [jalewfilejdluaja2€jw§716jd2u7 e ajGNejwyl@deu, —Wi]
(14)
k qk kE ok T
Xk:[ﬁlaﬂ27'~-aﬁ]\776i(u) (15)
—yl S(’LL) + F()(u) u € Ry
bi(u) = A1 1
k() {—w{_IS(u) weR, i=1,2,...,1T (16)

The above approximation problem can be solved using linear program-
ming since the constraints equations are linear in terms of the coeffi-
cients set BY as given in equation (13). Discretizing equation (13) at
a sufficient number of points, {u,,m =1,2,..., M}, the following set
of linear equations can be written as

where the mth row of the matrix Aj is given as

s k—1 . o k—1 .
ak(um) — ]ale]w1 e]dlum’ ja/2e.]¢2 eJdQUm’

ce jaNej¢%7lede“m, —wj (18)

and the mth element of the vector B

—w{,ls(um) + Fo(um) um € Ro

bk (um) = . 19
#{tm) {—Wf_ls(um) um €ER; i=1,2,...,1 (19)
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In practical problems, it is required to minimize the maximum devi-
ation error, 6 . of the error function §%¥(u). Therefore, the linear
programming approximation problem can be stated as

minimize

0
9k = [ﬁfﬁg .. 'ﬁ]’if(srlilax * - (20)

0

1

subject to

Re {Apx;} = Re {By} (21)
B — Ghax <0 forn=1,2,....N (23)
—BF—¢k <0 forn=1,2,...,N (24)

where ¢F . is the maximum phase of the kth iteration. The iteration

procedure can be stated as follows:

1. Initialization:
- Set k = 0, the initial phase column vector ¥y = [11...1], and
ok . = any large value.
- Set the maximum phase bound ¢. .., the ith relative deviation
error, w;, and the number of discretized points M for equation
(13).
2. Set k = k + 1. Calculate the matrix A, and the vector Bj ac-
cording to equation (18) and (19).
3. Calculate 3% and 6F,  using the linear programming equations

(20)—(24) and update the element phases according to equation ().

4. If oF . < 651 go to step 2;
else set 68 = ¢6k~1 and gk = gkt
5. Stop.

3. PARTIAL PHASE-ONLY CONTROL FORMULATION

When the number of interfering sources are much smaller than the
number of antenna elements (I < N), a partially controlled array
is preferred. A partially controlled array for interference suppression
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means that only part of the elements weights are controlled [8-10]. It
is shown that the edge elements of a uniformly excited array are ideal
for cancellation of specific sidelobes of the pattern [10, 13]. Let the first
and the last P elements are used to create I wide suppressed sectors
in the array pattern at the directions of the interference sources by con-
trolling the corresponding current phases only. Then the new pattern
with the suppressed prescribed sectors, F'(u), should be expressed as

Za el¥neldnt 4 Z anel¥reddnt 4 Z apel¥neldnt
n=P+1 n=N—-P+1
(25)
Considering the general case where the element’s phases could be large
and following the suggested iterative procedure to find elements’ phases
{¢,} for a given initial element phases {¢,}. The perturbed pattern
in the kth iteration can be expressed as

Z apel¥neddnt 4 Z (el P eddnu 4 Z eV eidnu
n=P+1 n=N-—-P+1
(26)
where {1¥} denotes the set of the phases for the first and the last P
elements in the kth iteration. Let the nth element phases’ of the kth
iteration be expressed as

YF =y 4 gF with ¥ <1, n=1,...,Pandn=N—-P+1,....N

(27)
where ﬁ’g is the nth elements phase increment in the kth iteration.
Assuming the phases increments to be very small, the perturbed pat-
tern can be approximated by the first two terms of Taylor expansion.
Thus, equation (26) in the kth iteration can be written as

Za e]wn e]d7bu+ Z an e]¢7Le]d u+ § an, ej'lpn e]dnu

n=P+1 n=N=P+1

P
o k— . o k— .
+]-Z@1§anem ! pidnu 1 Z ﬁ{fbaneﬂ/)n ! pddnu (28)
n=1 n=N=P+1

Now, with partial control, the interference suppression problem can be
obtained by forcing only the pattern levels at the interference directions
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to be less than small quantity while controlling only the phases of
the antenna edge elements. To suppress I interfering signals which
covered an angular sector R, the perturbed pattern must be forced to
be equal to a certain small error function 0y(u). Therefore, equation
(28) can be written as

Fi(u) = 68 (u) weR;, i=1,2...,1 (29)

Consequently,

p N
j Zﬁﬁanejwﬁ’lejdnu 4+ Z Bﬁanewﬁflejd"“— 8 (u) = —W,_1S(u)

n—=1 n=N—-P+1
weR, i=1,....1 (30)

with

k-1 k=1 . o k—1 k-1 T
U, =™ ,...,ewP ,emP“,...,emN*P,ewN*PH,...,ewN

(31)
and the small error function 6*(u) as given by equation (12). Equation
(30) can be expressed in matrix notation as

ap(u)xp = br(u) ueR;, i=12,...,1 (32)
where
ag(u) = [jalejwfilejdlu, .. ,japenglejd”“,
jaN_p+1ejw1]i’7—1P+1ede*P““, . ,jaNejw?V_lede“,—wi} (33)
o = (05,85 BB B s B O )] (34)
br(u) = - | S(u) weER; i=1,2,...,1 (35)

Evaluating the above equation at a sufficient number of points, the
following set of linear equations is obtained

Apxy, = By, (36)
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where the mth row of the matrix Aj is given as

k-1 . Ceer .
ak(um) = |:ja16.7'¢’1 16]d1Um’ o ,jape]wP 1e]dPUm’
jaN—P+1€jw1kV_*1P+lede‘P““m, . janeTN edANum
(37)
and the mth element of the column vector B
bi(um) = ~ P18 (um) (38)

The above approximation problem can be solved using linear program-
ming since the constraints equations are linear in terms of the coeffi-
cients set (¥ as given in equations (35). As before, it is required to
minimize the maximum deviation error, 6% ., of the error function
5? (u) . Therefore, the linear programming approximation problem can

be stated as

minimize
0
g = [BF. 85 BB B prs e B O ¥ | | (39)
?
subject to
Re {Ayx;} = Re {By} (40)
Im{Agx;} = Im{B} (41)

B_gk <0forn=1,2,....,2Pandn=N—P+1,....N (42)
—ﬂs—qbk <0forn=1,2,...,2Pand n=N—-P+1,...,N (43)

max

where ¢F _ is the maximum phase of the kth iteration.

4. NUMERICAL EXAMPLES

To demonstrate the validity of full and partial phase-only control for
multiple wide band interference suppression, several computer sim-
ulation examples were conducted and discussed. Although the de-
rived equations are valid for arbitrary phase values, the phases are
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Figure 1. Perturbed pattern with two suppressed sectors imposed at
R; = (—0.8,-0.76), Ry = (0.38,0.42) with wg = 0.1, w; = 50, and
w2 = 25.

assumed to be symmetrically odd with respect to the center of the
array to reduce the number of calculations. The full phase-only con-
trol is illustrated using a 40 equispaced linear array elements of a
30-dB Chebyshev initial pattern with half wave interelement spac-
ing. The phases of antenna elements are computed using equations
(20-24). Figure 1 shows the perturbed pattern with two prescribed
wide sector imposed at the angular locations Ry = (—0.8,—0.76) and
Ry = (0.38,0.42) with wp = 0.1, w; =50 and we = 25. The number
of discretized points, M = 40, is taken as 10 points in each suppressed
sector and 20 points in the mainbeam and the sidelobe regions. From
Figure 1, the corresponding sector depths for the suppressed sectors
are 01 = 78dB and Jo = 72.3dB, respectively. And Figure 2 shows
the perturbed pattern with two symmetrical wide sectors imposed at
R; = (—0.52,-0.48) and Ry = (0.48,0.52) with wyp = 0.1, w; = 75
and wy = 75.1. Figure 2 shows that the obtained sector depths are
6; = 78dB for both symmetrical suppressed sectors. Also, the com-
puted element phases for the Figures are given in Table 1. The above
results show the ability of this technique to suppress multiple wide
band interfering signals even if they are symmetrically located around
the mainbeam.

On the other hand, the partial phase-only control is illustrated us-
ing a 100 equispaced linear array elements of a uniform initial pattern
with half wave interelement spacing. Figure 3 shows the perturbed pat-
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Figure 2. Perturbed pattern with two suppressed sectors imposed at

Ry = (—0.52,-0.48) and Ry = (0.48,0.52) with wy = 0.1, w; = 75,

and wy =75.1.

tern with two prescribed wide sectors imposed at R; = (—0.52, —0.48)
and Ry = (0.48,0.52) with w3 =1 and we = 1.01 while controlling
only the first and the last 10 edge array elements, (P = 10). The
number of discretized points, M = 20, is taken as 10 points in each
suppressed sector. From Figure 3, the corresponding sector depths
are 01 = 79.7dB and §o = 79.8dB for the suppressed sectors, respec-
tively. Table 2 gives the computed phases of the first and the last ten
elements using equations (39-43). Notice that the phases are symmet-
rically odd with respect to the center of the array as it was mentioned
above. Although the array consists of 100 elements, only 10 controllers
are required to realize the prescribed sector suppression which reduce
the system complexity. Furthermore, the pattern of the partial control
method is only discretized at a smaller number of points, M = 20,
in the interference directions, and the results show the ability of this
method to suppress the wide sectors while maintaining the main beam
in the desired signal direction. As the controlled phases of the edge
elements are used to suppress the prescribed sectors the uncontrolled
coefficients of the antenna elements are used to maintain the perturbed
pattern as close as possible to the initial pattern.

To discuss the effect of the number of controlled edge elements on the
suppressed sector level with partial-control method, the 40 equispaced
linear array elements of a 30-dB Chebyshev initial pattern with half
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Figure 3. Perturbed pattern with two suppressed sectors imposed at
R; = (—0.52,-0.48) and Ry = (0.48,0.52) with wp = 0.1, w; = 1,

and wy =1.01.
Element Bn (Deg.)

No. Fig. 1 ‘ Fig. 2
1,40 +41.6226 +74.1593
2,39 +31.9801 F85.0603
3,38 F20.0410 +55.8476
4,37 +58.6006 F66.0368
5,36 +82.5794 F76.2894
6,35 F30.6446 +45.1371
7,34 +22.8177 +35.1777
8,33 F11.3709 +16.8822
9,32 +6.7372 F8.5715

10,31 +6.9882 F1.3458

11,30 +10.5177 F14.0623

12,29 +6.6230 +26.0699

13,28 F4.6079 +2.6778

14,27 +0.0628 F5.7901

15,26 F7.4101 F12.1979

16,25 +3.1102 +2.3777

17,24 +3.0741 +7.0550

18,23 +0.3971 F4.7330

19,22 +4.0436 F21.3055

20,21 F8.7185 +4.2666

Table 1. Computed element phase {f3,} for Figure 1 and 2.
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Element Br, (Deg.)
No.

1,100 +90.0116
2,99 F89.1207
3,98 £79.5280
4,97 F78.9170
5,96 F55.0763
6,95 +56.4949
7,94 F31.8783
8,93 +33.2656
9,92 +16.6322

10,91 F16.1241

11,90 0

Table 2. Computed phases {3,} of the first and last 10 elements for
Figure 3.

P 3 4 5 6 7 8 9 10
4; (dB) 56 67.2 67.7 68 86.1 99.2 96.8 99.1

Table 3. Suppressed sector level, §; (dB), versus the number of the
controlled edge elements, P, with one wide suppressed sector centered
at R; = (0.48,0.52). The initial pattern is a 30-dB Chebyshev with
2N =40.

wave interelement spacing is used. Table 3 gives the suppressed sector
level, §; (dB), versus the number of the controlled edge elements, P,
with one wide suppressed sector centered at R; = (0.48,0.52) . From
the Table the suppressed sector level increases as the number of the
edge elements increases. For the purpose of comparison, 85.4 dB was
achieved by using the full-control method while imposing the same
suppressed sector. As given by the Table, using only 7 controlled edge
elements, (P =7), the level of the suppressed sector is 86.1 dB which
is slightly more than the level of suppressed sector with the full-control
method.
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5. CONCLUSION

A pattern nulling for multiple wide band interference suppression using
phase-only control has been presented. The large phase perturbation of
the antenna elements are calculated using an iterative procedure with
linear programming technique. The simplification in system complex-
ity is achieved by assuming small phase perturbations in every iteration
while updating the approximated initial pattern. The full phase-only
control is accomplished as well as the partial control of the edge el-
ement phases. First, the interference suppression problem has been
formulated by forcing the maximum perturbed pattern level at the in-
terference directions to be less than a small quantity while maintaining
the main beam and the sidelobe region as close as possible to the initial
pattern.

Next, the interference suppression problem has been formulated by
forcing only the pattern levels at the interference directions to be less
than a small quantity while controlling only the phases of the antenna
edge elements. The computer simulation results show that the partial
control using the edge elements is very efficient for large size antennas
compared to the full phase-only control. In contrast to the small phase
perturbation method, this technique can impose symmetrical nulls in
the perturbed pattern as a consequence of the large phases.
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