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ABSTRACT

A method for designing near-optimal, tapered subar-
rays for adaptive interference cancellation is proposed.
The limited aperture or limited element feature of these
subarrays enables a low-complexity hardware imple-
mentation of a partially adaptive array. This approach
optimizes canceller performance for a given number of
beams and a given number of elements per beams.

1. INTRODUCTION

We consider the problem of designing a partially adap-
tive array such that the �xed beamformer (non-adaptive
part) has a low-complexity RF implementation. Such
a design is appropriate in applications such as forward-
looking radar in which adaptive arrays must be imple-
mented under extreme size and weight constraints. In
particular, we consider the architecture shown in Fig-
ure 1, where all elements are weighted and summed
to form the main channel, but some of the elements
are also weighted di�erently and summed to form aux-
iliary channels. These weights are �xed and can be
implemented in hardware. Steering is assumed to be
performed by conventional RF phase shifters on each
element. The outputs of the auxiliary channels are then
adaptively weighted and summed to estimate the in-
terference in the main channel. Our design goals are
to minimize the number of adaptive weights, which en-
hances adaptive algorithm performance and reduces re-
ceiver hardware, and minimize the number of elements
used in each auxiliary channel or subarray, which re-
duces the size and complexity of the RF manifold. To
achieve these goals, we take a fundamentally new ap-
proach, as described below.

Several authors have considered the design of subar-
rays that each use a limited number of elements. Nickel
considered quantizing a low-sidelobe tapering function
for the entire aperture, and grouped elements into a
subarray when they corresponded to the same quan-
tization level [1]. The elements in a subarray were
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Figure 1: Adaptive Subarrays

weighted and combined using the full-aperture taper.
The procedure leads to non-overlapping, irregularly
shaped, and tapered subarrays. Xu et al. [2] dis-
cussed a similar \equal subarray-weight"method based
on quantization of the integrated tapering function.
Abraham and Owsley [3] considered minimum vari-
ance distortionless response (MVDR) using several dif-
ferent subarray con�gurations, including overlapping
subapertures. They did not address the design of the
auxiliary channels other than to note that the spatial
windows and phase centers of the subarrays were se-
lected to avoid spatial aliasing when the subarrays were
adaptively combined. Other authors [4, 5] have chosen
individual elements for adaptive weighting, either ran-
domly or by exhaustive search, or considered simple
equal partitions or row-column combinations.

Other authors [6] have proposed auxiliary beams
that are designed to optimize cancellation performance
using as few beams as possible. However, each beam
in these designs uses all the elements, and are therefore
too complex and costly to implement as RF beamform-
ers.

In this paper, we derive tapered, overlapping sub-
arrays from the optimal full-aperture beams proposed
by Yang and Ingram [6]. These beams require a small
fraction of the total elements (22 % for an example
rectangular array) and only a small number of beams



a
re

req
u
ired

to
a
p
p
rox

im
a
te

th
e
p
erfo

rm
a
n
ce

o
f
th
e

fu
ll
a
p
ertu

red
fu
lly

a
d
a
p
tiv

e
a
rray.

T
h
e
d
esig

n
p
ro
-

ced
u
re

p
ro
d
u
ces

a
fu
ll
set

o
f
b
ea
m
s
th
a
t
is
o
rd
ered

in
th
e
sen

se
th
a
t
th
e
d
esig

n
er

ca
n
u
se

th
e
�
rst

M
b
ea
m
s

if
M

a
d
a
p
tiv

e
w
eig

h
ts
a
re
d
esired

.
W
e
co
m
p
a
re

o
u
r
d
e-

sig
n
w
ith

q
u
a
n
tiza

tio
n
-b
a
sed

,
reg

u
la
r
p
a
rtitio

n
,
a
n
d
ir-

reg
u
la
r
p
a
rtitio

n
d
esig

n
s
a
n
d
sh
ow

sig
n
i�
ca
n
t
im

p
rov

e-
m
en
t
in

sig
n
a
l-to

-in
terferen

ce-p
lu
s-n

o
ise

ra
tio

(S
IN

R
),

in
p
a
rticu

la
r
3
to

9
d
B
av
era

g
e
im

p
rov

em
en
t
a
n
d
1
4
to

3
4
d
B
w
o
rst

ca
se
im

p
rov

em
en
t
fo
r
a
set

o
f
5
0
0
ra
n
d
o
m
ly

g
en
era

ted
p
o
in
t
ja
m
m
er

scen
a
rio

s.
It
is
a
lso

in
terestin

g
th
a
t
th
e
h
ig
h
est

p
rio

rity
b
ea
m
s
fo
r
o
u
r
ex
a
m
p
le

co
n
-

�
rm

th
e
ex
p
erien

ce
o
f
o
th
ers

[5,
7
]
th
a
t
\
ed
g
e
clu

stered
"

elem
en
ts

m
a
k
e
g
o
o
d
su
b
a
rray

s.

2
.
D
E
S
IG

N
P
R
O
C
E
D
U
R
E

T
o
b
eg
in
,
w
e
a
ssu

m
e
th
e
g
en
era

lized
sid

elo
b
e
ca
n
celler

(G
S
C
)
stru

ctu
re

[8
]
w
ith

a
n
o
n
-sq

u
a
re

m
a
trix

T
in
-

serted
fo
r
ra
n
k
red

u
ctio

n
.
H
ere,

x
is
th
e
N
-d
im

en
sio

n
a
l

in
p
u
t
sn
a
p
sh
o
t
v
ecto

r
ta
k
en

a
t
N

sen
so
r
elem

en
ts.

T
h
e

q
u
iescen

t
w
eig

h
t
v
ecto

r
w
c
d
e�
n
es

th
e
m
a
in

ch
a
n
n
el

a
n
d
m
ay

b
e
d
esig

n
ed

to
sa
tisfy

co
n
stra

in
ts

o
f
lo
o
k
d
i-

rectio
n
,
b
ea
m

sh
a
p
e,
a
n
d
sid

elo
b
e
lev

el.
T
h
e
co
lu
m
n
s

o
f
th
e
sig

n
a
l
b
lo
ck
in
g
m
a
trix

,
W

s ,
a
re

o
rth

o
g
o
n
a
l
to

th
o
se
o
f
th
e
co
n
stra

in
t
m
a
trix

,
C
.
A
d
a
p
tiv

e
a
lg
o
rith

m
s

co
n
tro

l
th
e
a
d
a
p
tiv

e
w
eig

h
t
v
ecto

r,
w
o ,
so

a
s
to

m
in
i-

m
ize

th
e
av
era

g
e
o
u
tp
u
t
p
ow

er
o
f
th
e
G
S
C
o
u
tp
u
t.

T
h
e
p
ow

er-sp
a
ce

(P
S
)
m
eth

o
d
[6]

�
n
d
s
a
p
ro
to
ty
p
e

T
m
a
trix

,
T

p
s ,
th
a
t
a
p
p
rox

im
a
tely

m
in
im

izes
th
e
av
er-

a
g
e
G
S
C

o
u
tp
u
t
p
ow

er,
w
h
en

fu
rth

er
av
era

g
ed

ov
er

a
la
rg
e
co
llectio

n
o
f
ra
n
d
o
m
ly
g
en
era

ted
in
terferen

ce
sce-

n
a
rio

s.
It

p
ro
d
u
ces

a
sq
u
a
re

~T
p
s
m
a
trix

w
ith

o
rd
ered

co
lu
m
n
s
su
ch

th
a
t
th
e
left

m
o
st

M
co
lu
m
n
s
fo
rm

a
T

p
s
m
a
trix

th
a
t
is
b
est

fo
r
M

a
d
a
p
tiv

e
w
eig

h
ts.

T
h
e

co
lu
m
n
s
o
f
W

s
T

p
s
fo
rm

th
e
w
eig

h
ts

o
f
a
u
x
ilia

ry
ch
a
n
-

n
els,

a
n
d
ea
ch

co
lu
m
n
g
en
era

lly
h
a
s
n
o
zero

elem
en
ts.

H
ow

ev
er,

th
ere

is
sig

n
i�
ca
n
t


u
ctu

a
tio

n
in

w
eig

h
t
m
a
g
-

n
itu

d
es,

a
s
sh
ow

n
in

th
e
fo
llow

in
g
ex
a
m
p
le.

F
o
r
th
e
6
4
elem

en
t
u
n
ifo
rm

recta
n
g
u
la
r
a
rray

(U
R
A
),

F
ig
u
re

2
illu

stra
tes

th
e
m
a
g
n
itu

d
e
o
f
�
x
ed

w
eig

h
ts

fo
r

th
e
�
rst

9
sig

n
i�
ca
n
t
b
ea
m
s
fro

m
a
P
S
d
esig

n
.
In

o
th
er

w
o
rd
s,
if
o
n
ly
3
a
d
a
p
tiv

e
w
eig

h
ts
a
re

d
esired

,
th
en

o
n
ly

th
e
to
p
th
ree

b
lo
ck
s
w
o
u
ld

b
e
u
sed

in
a
p
a
rtia

lly
a
d
a
p
-

tiv
e
d
esig

n
.
A
n
d
ea
ch

p
o
in
t
in

ea
ch

b
lo
ck

co
rresp

o
n
d
s

to
th
e
m
a
g
n
itu

d
e
o
f
ea
ch

elem
en
t
in
W

i
=
W

s
t
i ,
n
o
r-

m
a
lized

b
y
m
a
x
im
u
m

va
lu
e
in

th
e
b
lo
ck
,
w
h
ere

t
i
is

th
e
ith

co
lu
m
n
o
f
T

p
a .

N
ex
t,
w
e
d
isco

n
n
ect

th
e
w
eig

h
ts

w
ith

th
e
sm

a
llest

m
a
g
n
itu

d
e.

O
p
tio

n
1
is
to

rem
ov
e
th
e
elem

en
ts
b
elow

a
certa

in
th
resh

o
ld

lev
el
th
u
s
resu

ltin
g
in

su
b
a
rray

s
w
ith

d
i�
eren

t
n
u
m
b
ers

o
f
elem

en
ts.

O
p
tio

n
2
is
to

rem
ov
e
a

certa
in

p
ercen

ta
g
e
o
f
in
sig

n
i�
ca
n
t
elem

en
ts
to

p
ro
d
u
ce

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

2
4

6
8

2 4 6 8

 1

magnitude

 0

F
ig
u
re

2
:
W
eig

h
ts
fo
r
b
ea
m
s
o
f
p
a
rtia

lly
a
d
a
p
tiv

e
U
R
A

su
b
a
rray

s
w
ith

sa
m
e
n
u
m
b
er

o
f
elem

en
ts.

E
lem

en
t
re-

m
ova

l
b
rea

k
s
th
e
o
rth

o
g
o
n
a
lity

o
f
th
e
sig

n
a
l
su
b
sp
a
ces

in
th
e
G
S
C
,
a
n
d
th
u
s
ca
u
ses

a
sig

n
a
l
ca
n
cella

tio
n
.
T
o

rem
ed
y
th
is

p
ro
b
lem

,
w
e
itera

tiv
ely

p
ro
ject

th
e
su
b
-

sp
a
ce

o
f
th
e
�
x
ed

w
eig

h
ts
in
to

th
e
n
u
ll
sp
a
ce

o
f
th
e
d
e-

sired
sig

n
a
l
w
h
ile

k
eep

in
g
th
e
sa
m
e
elem

en
ts

rem
ov
ed
.

M
o
re

sp
eci�

ca
lly,

w
e
u
se

a
n
o
rth

o
g
o
n
a
l
p
ro
jectio

n
m
a
-

trix
,
P
n
=
I
�
C
(
C
H
C
)
�
1
C
H

fo
r
th
e
co
n
stra

in
ts

m
a
-

trix
C
,
to

m
o
d
ify

th
e
�
x
ed

w
eig

h
ts

o
f
th
e
su
b
a
rray

s.
T
h
e
d
esig

n
o
f
th
e
su
b
a
rray

is
su
m
m
a
rized

a
s
fo
llow

s:

1
.
D
esig

n
T

p
a
u
sin

g
th
e
P
S
m
eth

o
d
fo
r
th
e
p
a
rtia

lly
a
d
a
p
tiv

e
G
S
C
.

2
.
C
a
lcu

la
te

th
e
m
a
g
n
itu

d
e
o
f
w
i
=
W

s
t
i ,
w
h
ere

t
i

is
th
e
ith

co
lu
m
n
o
f
T

p
a .

3
.
R
em

ov
e
th
e
jth

elem
en
t
fro

m
th
e
g
ro
u
p
o
f
a
u
x
il-

ia
ry

b
ea
m
s
b
y
su
b
stitu

tin
g
a
zero

in
to
w
i ,
eith

er
if
w
j
<


t
o
r
if
w
j
2
K
th

p
ercen

ta
g
e
o
f
elem

en
ts

h
av
in
g
th
e
sm

a
llest

m
a
g
n
itu

d
e
o
f
w
i ,
w
h
ere

w
j
is

th
e
m
a
g
n
itu

d
e
o
f
w
i 's

elem
en
t
co
rresp

o
n
d
in
g
to

jth
sen

so
r.



t
is
th
e
th
resh

o
ld

lev
el

in
O
p
tio

n
1

a
n
d
K

is
th
e
d
esired

p
ercen

ta
g
e
in

O
p
tio

n
2
.
T
h
is

p
ro
ced

u
re

in
tro

d
u
ces

T
s
a
=

[t
1 ;
t
2 ;���;

t
M
]
w
ith

t
i
=
N
U
L
L
IN

G
(
w
i ).

M
is
th
e
m
a
x
im
u
m

n
u
m
b
er

o
f
b
ea
m
s
co
n
sid

ered
fo
r
th
e
d
esig

n
a
n
d
N
U
L
L
IN

G
d
en
o
tes

th
e
elem

en
t
n
u
llin

g
o
p
era

tio
n
a
cco

rd
in
g
to

eith
er

O
p
tio

n
1
o
r
O
p
tio

n
2
.

4
.
A
p
p
ly

th
e
p
ro
jectio

n
,
P
n
=
I
�
C
(
C
H
C
)
�
1
C
H
,

to
th
e
T

s
a
w
ith

elem
en
t
n
u
llin

g
.

5
.
R
ep
ea
t
4
u
n
til

th
e
o
rth

o
g
o
n
a
lity

is
recov

ered
,
i.e.,

T
(k

)
s
a

=
N
U
L
L
IN

G
f
P
n
T

(k
�
1
)

s
a

g
,
fo
r
k
=

1
;2
;
���;

K
,
w
h
ere

K
is
g
iv
en

su
ch

th
a
t
T

(K
)

s
a

H
w
c
�
0
.



3. DESIGN EXAMPLE

We consider a 64 element URA with �=2 spacing and a
single look-direction mainbeam constraint for a desired
signal of (�; �) = (30o; 50o) and 0 dB signal-to-noise-
ratio (SNR), where � and � denote the elevation and
azimuth, respectively. For the design of Tpa and the
evaluation of designed adaptive subarrays, 500 random
jamming scenarios in which jammer angles were uni-
formly distributed over an annulus of 5o inner radius
and 65o outer radius, centered on the desired signal.
The magnitude of �xed weights corresponding to the
designed Tpa is shown in Figure 2. Based on this mag-
nitude plot, we remove part of the elements using Op-
tion 1 and Option 2. Figure 3 shows the cosine angles
between wc and the 63 columns of nulling matrix T(k)

sa

with the number of iteration k. Option 1 using 
 = 0:8
requires about 200 iterations for near zero value of co-
sine angle, while Option 2 using 80 % element nulling
requires about 40 iterations for near zero value. The 80
% removal in Option 2 speci�es 14 elements for each
subarray out of 64 elements. It is clear that the it-
eration is e�ective in both options to recover the or-
thogonality between mainbeam and auxiliary beams.
We note that Option 2 is more e�cient that Option 1
because of its fast convergence to zero cosine angle.

Figure 4 and 5 show the SINR performance of the
adaptive subarrays. We use 250 and 100 iterations for
the both Option 1 and Option 2, respectively. To ac-
count for potential signal cancellation, we use the SINR
index instead of the mean-squared error (MSE). For the
SINR of the adaptive subarray, termed as SINRsa, and
the SINR of the full apertured and fully adaptive array,
termed as SINRfa, we de�ne the SINR loss as

SINR loss (dB) = 10 log10fSINRsa=SINRfag:

For Option 1 shown in Figure 4, we calculate average
SINR loss in (a) and the worst case SINR loss in (b) for
500 random scenarios. In the �gure, the smaller value
of threshold level means the smaller number of elements
for a subarray. The performance becomes worse as
fewer beams and fewer elements/beam are used. How-
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Figure 3: Iterative projection with element removal
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Figure 4: Element removal based on the threshold level
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Figure 5: Element removal based on the percentage

ever, if 4 dB SINR loss is tolerable, the 18 beams with
0.7 threshold level can be used. The next results in Fig-
ure 5 use Option 2, where the subarrays were obtained
by deleting a percentage of insigni�cant elements. For
the same tolerance of 4 dB SINR loss, 12 beams with 14
elements/beam can be used for the adaptive subarrays.
Figure 6 shows the element locations for 12 beams de-
signed by Option 2. It is interesting to note the edge
clustering, which has been observed to perform well by
previous authors [5, 7].

For the comparison with the other design techniques,
we considered three other methods: (i) regular sub-
array without overlapping, (ii) regular subarray with
overlapping, and (iii) irregular subarray based on the
magnitude of tapers. In particular, (iii) is the method
suggested by Nickel [1] with a design requirement of
low sidelobe level for the sum and di�erence beams as
well as interference cancellation. For (iii), we apply
Taylor and Bayliss tapers with 40 dB sidelobe levels
and evenly quantize the relative weights for 14 levels,
which results in 12 subarrays. Figure 7 shows the de-
signed elements' location for (i) and (iii). In the �g-
ure, the positions having the same number construct
a subarray and the number denotes the signi�cance of
the subarray in view of interference cancellation. We
note that Method (iii) has an irregular structure like
our proposed design method. Method (ii) using 16 ele-
ments/subarray produces 12 overlapped subarrays with
regular shapes.

The performance comparison is given in Table 1.
In the table, the second column gives the available
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Figure 6: Elements for 12 beams and 14 elements/beam
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Figure 7: Elements for other subarrays

number of degrees-of-freedom (DOF), i.e., the num-
ber of subarrays combined adaptively for interference
cancellation. For Option 1 and Method (iii), the num-
ber of elements/subarray is not speci�ed due the ir-
regularly sized subarrays. We applied same 500 ran-
dom interference scenarios to all �ve di�erent subar-
rays. The numerical values in the table are SINR losses
in dB relative to the averaged optimum SINR of 17.26
dB. Among these methods, our suggested design using
Option 2 provides the best performance in maximum
SINR loss and average SINR loss. Method (iii), which
is designed for lower sidelobe level, shows worse cancel-
lation performance than the proposed designs.

Table 1: Performance comparison

Design No. of No. of Worst case Average
method subarray elements SINR loss SINR loss

Option 1 12 - -7.31 -1.07
Option 2 12 14 -3.84 -0.52

(i) 16 4 -24.37 -3.38
(ii) 12 16 -18.23 -9.51
(iii) 12 - -39.19 -7.37

4. CONCLUSION

A new design for adaptive subarrays was suggested for
interference cancellation. The proposed method con-
structs the subarrays by nulling insigni�cant elements
from the full apertured partially adaptive GSC. A rank-
reduction matrix designed by the PS method was used
as a prototype of element nulling matrix. Two design
options were proposed and tested for element nulling.
Iterative projection to recover the orthogonality be-
tween the mainbeam and auxiliary beams was applied
to the non-nulled elements. The option that provides
the same number of elements for all subarrays shows
the best performance in computer simulations. For the
uniform rectangular array with 64 elements, our pro-
posed method (Option 2) shows a signi�cant perfor-
mance superiority over other subarray structures.
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