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Adaptive  antenna  systems. 

©  In  the  or  each  steered  adaptive  control  proces- 
sor  loop  with  weight  update  gain  of  an  adaptive 
antenna  system  is  included  a  weight  limiting  network 
(11),  which  serves  to  put  variable,  but  equal,  bound- 
ing  limits  to  each  individual  inphase  and  quadrature 
component  of  each  adaptive  weight,  whereby  to  limit 
the  growth  of  output  noise  in  the  presence  of  a 
misaligned  signal  whilst  maintaining  sidelobe  jammer 
suppression  capability. 
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ADAPTIVE  ANTENNA  SYSTEMS 

This  invention  relates  to  antenna  systems  and 
in  particular  to  steered  adaptive  antenna  systems. 

The  beam  pattern  of  an  antenna  array  is  deter- 
mined  by  the  type  of  elements  in  the  array,  their 
orientations  and  position  in  space  and  the  am- 
plitude  and  phase  of  the  currents  induced  in  the 
elements.  An  adaptive  antenna  array  modifies  the 
pattern  in  accordance  with  some  control  criteria 
whereby,  for  example,  to  steer  the  beam.  An  adap- 
tive  processor  can  act  to  apply  complex  weightings 
to  the  amplitudes  and  phases  of  the  signals  from 
the  elements  of  the  array  to  provide  such  adaptive 
control. 

In  many  radio  communications  systems  the 
optimum  reception  of  desired  signals  may  be  ad- 
versely  affected  by  the  presence  of  one  or  more 
unwanted  interference  or  jamming  signals.  By  em- 
ploying  an  adaptive  antenna  array  for  the  receiver  it 
is  however  possible  to  modify  the  associated  radi- 
ation  pattern  of  the  array  to  create  a  null(s)  centred 
on  the  direction  of  the  incoming  jamming  signal(s). 

In  a  number  of  communications  systems  the 
position  of  the  transmitter,  or  angle  of  arrival,  of  a 
wanted  signal  is  known  to  a  moderate  degree  of 
accuracy,  such  that  the  signal  can  be  put  very 
nearly  at  the  peak  of  the  beam  of  a  beam  steering 
antenna.  However,  in  the  presence  of  high  level 
jamming,  even  in  the  sidelobes  of  the  antenna 
pattern,  the  signal  to  noise  plus  interference  ratio 
(SNIR)  fails  and  the  system  fails.  If  the  angle  of 
arrival  of  the  wanted  signal  is  known  to  a  very  high 
degree  of  accuracy,  then  a  steered  beam  imple- 
mentation  of  the  Wiener-Hopf  solution: 
Wept  =  R-'S"  where 
W  opt  =  Optimal  Weight  Set; 
R  =  the  total  covariance  Matrix  including  the  sig- 
nal,  interference  and  noise; 
S  =  Space  Vector  corresponding  to  the  complex 
envelope  of  the  desired  signal  received  across  the 
array  aperture; 
may  be  employed.  Alternatively,  if  some  unique 
signal  trait  is  know,  a  reference  signal  may  be 
generated  and  the  optimal  weight  set  thereby  ob- 
tained.  However,  with  only  moderate  signal  direc- 
tion  accuracy,  slight  misalignment  between  the 
"look"  direction  and  the  signal  angle  of  arrival  is 
inevitable.  With  such  a  misalignment  the  "optimal" 
weight  set  as  defined  by  the  Wiener-Hopf  equation 
(1)  steers  an  antenna  null  towards  the  signal,  re- 
sulting  in  severe  degradation  of  the  output  signal  to 
noise  ratio. 

A  system  which  is  capable  of  broad  accep- 
tance  to  main  lobe  signals,  whilst  retaining  the 
ability  to  steer  nulls  towards  jamming  signals  arriv- 
ing  via  the  side  lobes,  is  thus  desirable  for  various 

5  applications. 
According  to  one  aspect  of  the  present  inven- 

tion  there  is  provided  an  adaptive  antenna  system 
including  a  plurality  of  antenna  elements  and  adap- 
tive  processor  means  for  processing  signals  from 

10  the  antenna  elements  whereby  to  steer  an  adaptive 
beam  pattern,  which  adaptive  processor  means  ap- 
plies  adaptive  complex  weights  to  the  amplitudes 
and  phases  of  the  signals  from  the  antenna  ele- 
ments,  which  adaptive  complex  weights  have  in- 

rs  phase  and  quadrature  components,  and  wherein 
the  adaptive  processor  means  includes  means  for 
applying  variable,  but  equal,  bounding  limits  to 
each  individual  inphase  and  quadrature  component 
of  each  adaptive  complex  weight. 

20  According  the  another  aspect  of  the  present 
invention  there  is  provided  an  adaptive  antenna 
system  including  a  plurality  of  antenna  elements 
and  a  respective  beam-steering  adaptive  control 
processor  loop  associated  with  each  antenna  ele- 

25  ment,  each  said  processor  loop  applying  adaptive 
complex  weights  to  the  amplitude  and  phase  of  a 
signal  from  the  respective  antenna  element  and 
generating  updated  adaptive  complex  weights  for 
application  to  the  respective  antenna  element  sig- 

30  nal  in  a  subsequent  cycle  of  said  processor  loop, 
which  adaptive  complex  weights  have  inphase  and 
quadrature  components,  and  wherein  each  of  which 
loops  includes  means  for  applying  variable,  but 
equal,  bounding  limits  to  the  magnitude  of  each 

35  individual  inphase  and  quadrature  component  of 
each  adaptive  complex  weight  whereby  to  limit  the 
growth  of  output  noise  in  the  presence  of  a  misalig- 
ned  signal  whilst  maintaining  sidelobe  jammer  sup- 
pression  capability. 

40  Embodiments  of  the  invention  will  now  be  de- 
scribed  with  reference  to  the  accompanying  draw- 
ings,  in  which: 

Fig.  1  shows  plots  of  output  signal  to  noise 
ratio  for  a  single  misaligned  -10dB  source  for  three 

45  processor  configurations  and  various  misalign- 
ments  between  processor  look  direction  and  signal 
angle  of  arrival; 

Fig.  2  shows  plots  of  weight  norm  of  the 
Wiener-Hopf  weight  set  for  two  -10dB  sources,  one 

so  fixed  and  the  other  swept  through  the  main  lobe, 
for  various  fixed  source  positions  and  artificial 
noise  levels,  and  various  misalignments; 

C  denotes  complex  conjugate) 

2 
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Fig.  3  shows  a  conceptual  processor  loop; 
Fig.  4  illustrates  the  employed  l,Q  bounding 

in  the  complex  plane,  and 
Fig.  5  shows  a  digital  processor  configura- 

tion. 

Referring  to  Fig.  1  ,  which  by  way  of  example, 
shows  the  output  signal  to  noise  ratio  for  a  single 
misaligned  -10dB  source  for  various  processor 
configurations  and  misalignments  between  the  pro- 
cessor  look  direction  and  the  signal  angle  of  arrival, 
with  a  thermal  noise  level  at  -50dB,  the  array 
natural  beam  width  being  approximately  21  ° 

Curve  (a)  of  Fig.  1  corresponds  to  the  known 
optimum  weight  solution  as  defined  by  the  Wiener- 
Hopf  equation  (1)  with  "artifical"  noise  added  at  a 
level  of  -40dB  and  clearly  shows  inadequate  output 
signal  to  noise  ratio  for  misalignments  of  1/8  or 
more. 

Conversely,  the  conventional  beamformer 
(curve  (b))  maintains  gain  towards  the  signal,  with 
adequate  signal  to  noise  ratio  to  beyond  16°  mis- 
alignment,  but  with  no  ability  to  place  nulls  against 
other,  unwanted,  sources.  Curve  (c)  represents  the 
performance  of  the  weight  bounding  processor  of 
the  present  invention  which,  while  10dB  lower  than 
the  conventional  beam  former,  retains  the  important 
ability  to  null  unwanted  signals. 

The  process  of  nulling  a  slightly  misaligned 
signal  by  a  Wiener-Hopf  type  processor  involves 
considerable  weight  norm  growth,  where  weight 
norm  is  defined  as  Nw  =  WHW  1/2  By  way  of 
example,  Fig.  2  shows  the  weight  norm  growth  of 
the  Wiener-Hopf  weight  set  for  two  -10dB  sources, 
one  fixed,  the  other  swept  through  the  mainlobe, 
for  various  fixed  source  positions  and  artificial 
noise  levels,  with  thermal  noise  at  -50dB  .  Curve 
(a)  corresponds  to  the  fixed  source  located  at  35  '  , 
well  into  the  sidelobes,  with  artificial  noise  at  - 
40dB,  and  shows  a  rapid  increase  in  weight  norm 
away  from  perfect  alignment.  However,  as  long  as 
the  misalignment  is  less  than  approximately  5°  ,  no 
significant  reduction  in  output  signal  level  occurs. 
Thus,  signal  to  noise  degradation  for  a  misaligned 
signal  is  achieved  by  increasing  the  weight  norm 
and  hence  noise  output  level  instead  of  reducing 
the  signal  output  level. 

Hence,  signal  to  noise  ratio  improvement  may 
be  maintained,  even  for  misaligned  signals,  by 
limiting  the  rise  of  noise  output  level,  that  is,  by 
bounding  the  weight  norm.  Bounding  the  weight 
norm  causes  no  significant  degradation  of  the 
sidelobe  jammer  suppression.  Curve  (b)  of  Fig.  2 
shows  by  way  of  example,  the  weight  norm  for  a 
perfectly  aligned  fixed  source  with  artificial  noise 
added  at  -40dB.  It  is  apparent  that  beyond  the 
mainlobe,  the  weight  norm  shows  no  increase  over 
that  attained  had  no  swept  source  been  present, 

confirming  that,  for  a  perfectly  aligned  signal,  the 
processor,  even  when  norm  bounded,  is  able  to 
steer  nulls  towards  sidelobe  jammers. 

It  may  be  shown  (see  "Adaptive  Array  Princi- 
5  pies"  J.E.  Hudson,  IEE  1981,  pp  175-176)  that 

applying  a  weight  norm  bound  is  equivalent  to 
adding  artificial  noise  to  the  processor.  Thus,  by 
way  of  example,  in  order  to  simulate  norm  bound- 
ing  using  Wiener-Hopf  direct  solution  method,  artifi- 

70  cial  noise  was  added  at  -15dB  as  shown  in  curve 
(c)  of  Fig.  2.  The  fixed  source  is  placed  with  a 
misalignment  of  0.25°  .  Again  the  weight  norm  with 
the  second  source  in  the  sidelobes  is  not  signifi- 
cantly  above  the  norm  for  no  swept  source  present. 

75  Hence,  provided  a  sufficient  weight  norm  bound  is 
applied,  it  is  possible  to  protect  a  misaligned  signal 
without  jeopardising  the  null  steering  capability  in 
the  sidelobes. 

The  hardware  implementation  of  a  norm-bound 
20  system  is  complex.  However,  we  have  found  that  a 

similar  effect  to  norm  bounding  may  be  obtained 
by  applying  a  variable,  but  equal,  limit  on  each 
individual  I  (Inphase)  and  Q  (Quadrature)  compo- 
nent  of  each  complex  weight,  thus  each  weight 

25  may  occupy  a  square  in  the  complex  plane  (Fig. 
4). 

It  is  thus  proposed  to  use  a  weight  I,  Q  boun- 
ded  processor,  which  is  simple  to  implement  in 
hardware,  to  protect  misaligned  signals  whilst  also 

30  suppressing  sidelobe  jammers. 
The  basic  structure  of  the  processor  loop  em- 

ployed  is  indicated  schematically  in  Fig.  3.  It  is 
based  on  a  conventional  steered  adaptive  control 
loop  using  a  time-shared  digital  correlator  and 

35  serves  to  "remove"  jammers  prior  to  subsequent 
processing  by  means  (not  shown)  following  sum- 
mer  1.  Each  loop  includes  a  weighting  network  2 
and  the  outputs  of  the  various  weighting  networks  2 
are  applied  to  summer  1  which  is  common.  Signals 

40  from  the  summer  1  are  digitised  by  ADC 
(analogue-to-digital  converter)  4  and  negated  by 
network  7  prior  to  being  passed  to  digital  correlator 
12.  The  signal  from  antenna  element  A  is  digitised 
by  ADC  3  and  the  complex  conjugate  of  this  digital 

45  signal  determined  by  network  5  and  passed  to  the 
digital  correlator  12.  The  correlation  result  from 
correlator  12,  with  the  appropriate  steering  vector 
added  thereto  as  indicated  at  adder  10,  is  passed 
to  a  bounding  network  11.  The  network  11  corn- 

so  pares  the  current  correlation  (weight)  with  the  value 
contained  in  a  memory  and  outputs  either  the 
weight  or  the  bound,  dependent  on  the  result  of  the 
comparison.  The  output  is  converted  back  to  ana- 
logue  form  and  the  voltage  produced  by  the  digital- 

55  to-analogue  converter  (DAC)  controls  the  weight 
applied  by  network  2. 

Functionally  the  digital  correlator  12  comprises 
a  multiplier  6,  an  amplifier  8  and  a  leaky  integrator 

3 
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9,  in  series  but  not  necessarily  in  that  order. 
Fig.  5  illustrates  a  more  specific  digital  proces- 

sor  configuration,  like  reference  numerals  being 
used  for  equivalent  elements,  which  employs  a 
single  processor  loop.  Associated  with  each  an- 
tenna  element  Ai  to  A„  is  a  respective  weighting 
network  21  to  2„,  the  outputs  of  which  are  applied 
to  the  common  summer.  Signals  from  the  elements 
Ai  to  An  are  selected  in  turn  by  an  analogue 
multiplexer  13,  digitised  by  ADC  3,  and  the  com- 
plex  conjugate  of  the  output  of  ADC  3  applied  to 
the  complex  multiplier  6  of  the  digital  correlator 
which  in  the  processor  configuration  illustrated  in 
Fig.  5  is  combined  with  the  means  for  adding  the 
steering  vector  (10-Fig.3)  to  form  a  digital  correlator 
and  beam  steering  network  121.  The  network  121 
consists  of  five  parts;  the  complex  multiplier  6;  a 
multiplier-accumulator  14;  a  parameter  memory  15; 
a  correlation  memory  16  and  a  steering  vector 
memory  17. 

The  correlation  result  from  network  121  is 
passed  to  the  bounding  network  11  which  consists 
of  three  parts;  a  comparater  18;  a  multiplexer  19 
and  a  bound  memory  20.  The  network  11  com- 
pares  the  current  correlation  (weight)  with  the  value 
held  in  the  bound  memory  20  and  outputs  either 
the  weight  or  the  bound,  dependent  on  the  result  of 
the  comparison.  This  weight  (or  bound)  is  directed 
to  the  appropriate  DAC,  22,  to  22n,  by  a  demul- 
tiplexer  21  ,  the  voltage  produced  by  the  DAC  con- 
trolling  the  weight  applied  by  the  appropriate 
weighting  network  2i  to  2n. 

Claims 

1.  An  adaptive  antenna  system  including  a 
plurality  of  antenna  elements  and  adaptive  proces- 
sor  means  for  processing  signals  from  the  antenna 
elements  whereby  to  steer  an  adaptive  beam  pat- 
tern,  which  adaptive  processor  means  applies 
adaptive  complex  weights  to  the  amplitudes  and 
phases  of  the  signals  from  the  antenna  elements, 
which  adaptive  complex  weights  have  inphase  and 
quadrature  components,  and  wherein  the  adaptive 
processor  means  includes  means  for  applying  vari- 
able,  but  equal,  bounding  limits  to  each  individual 
inphase  and  quadrature  component  of  each  adap- 
tive  complex  weight. 

2.  An  adaptive  antenna  system  including  a 
plurality  of  antenna  elements  and  a  respective 
beam-steering  adaptive  control  processor  loop  as- 
sociated  with  each  antenna  element,  each  said 
processor  loop  applying  adaptive  complex  weights 
to  the  amplitude  and  phase  of  a  signal  from  the 
respective  antenna  element  and  generating  updat- 
ed  adaptive  complex  weights  for  application  to  the 
respective  antenna  element  signal  in  a  subsequent 

cycle  of  said  processor  loop,  which  adaptive  com- 
plex  weights  have  inphase  and  quadrature  compo- 
nents,  and  wherein  each  of  which  loops  includes 
means  for  applying  variable,  but  equal,  bounding 

5  limits  to  the  magnitude  of  each  individual  inphase 
and  quadrature  component  of  each  adaptive  com- 
plex  weight  whereby  to  limit  the  growth  of  output 
noise  in  the  presence  of  a  misaligned  signal  whilst 
maintaining  sidelobe  jammer  suppression  capabil- 

10  ity. 
3.  An  adaptive  antenna  system  as  claimed  in 

claim  2,  wherein  each  processor  loop  includes  a 
weighting  network,  and  wherein  the  outputs  of  the 
weighting  networks  are  summed  in  a  common 

75  summer. 
4.  An  adaptive  antenna  system  as  claimed  in 

claim  3,  wherein  each  processor  loop  includes  re- 
spective  means  for  correlating  a  complex  conjugate 
of  the  respective  antenna  element  output  and  a 

20  negative  version  of  the  common  summer  output, 
wherein  means  are  provided  for  adding  a  respec- 
tive  steering  vector  to  the  correlating  means  output 
prior  to  application  thereof  to  said  adaptive  com- 
plex  weight  bounding  means  and  wherein  the  out- 

25  put  of  the  adaptive  complex  weight  bounding 
means  is  employed  to  control  the  weighting  net- 
work. 

5.  An  adaptive  antenna  system  as  claimed  in 
claim  4,  wherein  the  correlating  means  comprises, 

30  functionally,  in  series,  a  multiplier,  an  amplifier  and 
a  leaky  integrator,  not  necessarily  in  that  order 

6.  An  adaptive  antenna  system  as  claimed  in 
claim  1  wherein  the  adaptive  processor  means 
includes  a  respective  weighting  circuit  associated 

35  with  each  antenna  element,  the  outputs  of  which 
weighting  elements  are  coupled  to  a  common  sum- 
mer,  and  includes  a  common  beam-steering  adap- 
tive  control  processor  loop  for  each  antenna  ele- 
ment  of  the  system,  which  processor  loop  gen- 

40  erates  udated  adaptive  complex  weights,  and  com- 
prises  said  steering  and  bounding  limit  applying 
means,  the  signals  from  said  antenna  elements 
being  selected  by  a  multiplexer  of  the  loop,  and  the 
output  of  the  loop  being  applied  to  the  correspond- 

45  ing  demultiplexer  of  the  loop. 
7.  An  adaptive  antenna  system  as  claimed  in 

claim  6  wherein  said  common  processor  loop  in- 
cludes  means  for  correlating  a  complex  conjugate 
of  an  antenna  element  signal  and  a  negative  ver- 

so  sion  of  the  common  summer  output,  adding  an 
appropriate  steering  vector  to  the  correlating 
means  output,  and  applying  the  correlating  means 
output  with  the  steering  vector  added  thereto  to  an 
adaptive  complex  weight  bounding  means,  wherein 

55  the  said  bounding  limits  are  applied,  before  ap- 
plication  to  the  demultiplexer. 

4 
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