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Mu ltiple Mode Control of Grating Lo bes in
Limite d Scan Arrays

1. l\TROI)t ( TIO\

Limited scan antenna systems are an important and new area of phased array
technology. Their importance lies in their app lica tion to air traff ic  control sys-
tems, fire cont rol sys tems , weapons locators and communications antennas for
synchronous satellites. The literature now contains references to a myriad of
Limited scan antenna types, f rom combination of scanning reflectors t o sys t ems
based solely on ar ray approaches , and this literature has recently been surveyed
by a number of authors. 1-4 The goal of all of these systems is to minimize
antenna cost by using relat ively few phase cont rols to scan a large an te nna
aperture.

( Received for publication 4 October 1976)
1. Patton , W .T . ( 1972) Li mited scan arrays, in Phased Array  An t ennas~ Proc.

1970 Phased A rray Antenna Symposium, A. A. Ol iner and C. H. Knitt~1~~~ d.,
Artech House , Inc. , Dedham , Mass .. .  pp . 332-343 .

2. Ta ng, R. ( i~~~2) Survey of time-delay beam steering techniques , in Phased
A rray A ntennas , Proc. 1970 Phased Array Antenna Symposium, Artech
House , Inc~~~Dedham , Mass. , pp. 254-2~ 0.

3 . Mail lo ux , R . J . , and Blacksmith , P. ( 1974) Array and reflector techniques
for airpo rt precisio n approach radars , Microwave Journal, pp. 3 5-38.

4. Howell , J. NI . ( 1974) Limited scan antennas , IEEE Trans. APS International
Symposi um.
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Of all the available approaches , the a r ray  techniques are the newest and least

developed. These techniques take advantage of the l imi ted  sector coverage to

reduce the number of phase controls by usin g large elements or subarrays , and
can be grouped into three  categories : those consisting of overlapped or interlaced

subarrays2’ ~ which  use narrowed and shaped subarray patterns for grating lobe

suppression: those which use aperiodic element spacing to redistr ibute the grating
lobe energy in space: ’. 8 and those in which grating lobes are suppressed by active
control of the element pattern as a function of scan angle. ‘~‘

This report summarizes  the results of an extensive theoretical and experi-

mental study program related to the use of large aperture horn elements in a
limited scan array. The report presents data that addresses the potential and the

limitations of the technique and includes enough background material  so that  this

new approach can be placed in perspective.

Limited scan antenna systems can have very d i f fe ren t  forms , but some m di-
cation of relative system cost is given by a con- parison of the number of active

phase controls required to scan a given angular volume. Althoug h st~ ted in various

forms by several authors , 1, 9, 10 the condition is that the min imum number of

phase controls necessary to scan a given volume is equal to the number of antenna

beams required to fill that volume. This condition can be made qui to  ri gorous for
orthogonal beams wi th  uniform il lumination, 9 but it has ISUL been fully generalized
to the case of low sidelobe il luminations or strained to the l imi t s  of allowing given
ri pp le levels within the scan sector .

Neverthelers , this accounting of the minimum number of phase shif ters  wil l

be used thrcugnout this paper in the following form for maximum scan ang les
max and o2 max in the two principal planes , and half power beamwidths and
in these planes (wi th  all angles expressed in radians).

5. Mailloux, R .J .  (1974) An overlapped subarray for l imited scan application ,
IEEE Trans AP  AP-22:487-489 .

6. Stangel, J. , and Ponturieri, J. ( 1972) Random subarray techniques in elec-
tronic scan antenna design, IEEE G-A P International Symposium.

7. Ma illoux , R . J . , and Forbes , G . R .  (1973) An array technique with gra t ing-
lobe suppression for l imited-scan application, IEEE Trans. AP AP-2 1
(No. 5) :597-602 .

8. Manwarren, T .A. , and Minu t i , A . H .  ( 1974)  Zoom Feed Technique Stud y,
RADC-TR -74-56 , Final Technical Repor t .

9 . Stangel , J .J.  (1974) A basic theorem concerning the electronic scanning
capabilities of antennas . Paper presented at URSI Commission VI spring
meeting.

10. Borgiotti , G. V. ( 1975) Degrees of freedom of an antenna scanned in a
limited sector , IEEE Trans AP-S International  Sympos ium.
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A reasonable m i n i m a l  number of phase controls is therefore  given by

sin ~ l 
~~~~~

N 4 max max 1
min 1 2

03 3

for a rectangular  scan sector and pencil or elli ptical beam antennas . The ra t io

of the number required of phase controls to this ~~~~~ 
is therefore a measure of

the economy of phase sh i f te r  usage for any given antenna and has been named the

element use factor  by Patton . 1 In this form the equation can be app lied to des-

cribe an es t imate  of the minimum number of phase sh i f t e r s  for rectangu lar  arrays

used alone or as a feed for scanned reflector or lens systems. In pr incip le, the

formula should be modified by mult ipl icat ion by i n 4  for c i rcular  a r rays  and conical

scan sys tems.
If the scanning system is a p lanar array,  this  formula  can be shown to lead

to a scan condition that deterrsines the min imum element (or subarray)  size in

order to achieve the required economy. Assuming a rectangu lar a r r ay  of elements

wi th  rectangular  cross section d .~ x d2, wi th  zero wall th ickness , and assumsng

uniform illumination and principal  plane beamwid ths  of approximate l y X / d , and

x/ d 2 then for an a r ray  consisting of the minimum number of phase controls as

given by Eq. (1) , one notes that the following condition must be sa t i s f ied  in each

principal plane:

( d / X )  sin 0max 0.5  (2)

Note that the incremental phase shift  necessary to scan to this l imit  is 2 ,r

t imes this number and so the scan condition can ne ver be achieved wi th  an ar ray

using symmetr ica l  element patterns because the 1800 incrementa l  phase s h i f t  would

produce two beams of equal size . However , the equivalence of th is  condition for

planar arrays, together with the equation defining the minimum number of e lements

(which is used for planar arrays or other scan systems) , allows a convenient tool

for comparison.

For example , an array that is designed to scan to (d 1/ X )  sin Ii ’ and (d 2 / X )  ~~~ 92

and which requires ‘Q” phase controls per element for beam steer ing and pat tern

control , will  have an element use factor  of

N - 
Q ( 0 .5 ) 2 

(3 )
N .  

[(d 1/x )  sin 91] [(d 2 /x ) sin ~2]
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Equation (3) wi l l  be used throughout the report for comparing various ap-

proaches .
The advantage of assuming this  point of view is that most limited scan antenna

types have re la t ively fixed element use factors , and so one can directly compare

very d i f f e ren t  types of systems using this  mechanism. Ar rays  scanning offset
reflectors can have factors between 2 and 3 if properly des igned , whereas arrays
scanning dual-ref lector  or lens systems can have factors as low as 1.4 (although

requiring the use of relatively large subref lectors) .  A conventional a r ray  wi th

0. 5X spacing, scanned to 100 in each plane , would have an element use factor of
about 33 and thus require that many times the minimum number of phase controls.
Its factor is uni ty  if scanned to end-f ire .  Ar rays  wi th  fixed spacing (independent

of maximum scan angle) , do not take advantage of the scan restr ict ion but the

technique discussed in this paper is a true limited scan approach because the
element size is increased as maximum scan is decreased in order to maintain

constant element use factor , and thus to take advantage of the scan reduction by
decreasing the number of phase controls.

A previous paper 7 introduced a technique for using large aperture elements
in a l imited scan array.  Grating lobe reduction was achieved by control of the

I ~ amp litude and phase of a higher order odd mode in order to produce an element

V pat tern null at the nearest grating lobe in the plane of scan. Prel iminary data
showed that  this technique could provide grat ing lobe suppression of up to

d / X  sin 0 = 0. (4)

for E-plane scan using horn aperture elements with two  phase controls per horn.
Some data were als~o given for H-plane scan, and it was observed that in this plane

one must either tolerate higher grating lobes at broadside , or decreased scan
limits .  The earlier paper also presented a demonstrat ion that random errors in
odd mode power ampli tude  do not al ter  the position or depth of the element pattern

null .
These early results were obtained using theoretical array data and some

experimental  element pat tern data , and the later  survey3 showed some data for an
8-element array for E-plane scan. These earlier works did not address the
important  issues of sidelobe suppression, bandwidth , and the realization of cir-
cuits for scanning in two planes . This paper presents new results that demonstrate
the use of multiple mode control for array grat ing lobe suppression, that outline

the advantages and disadvantages of using this technique for two planes of scan,
and that demonstrate  control of far  grating lobes by the use of dielectric layered
filters and by column or row displacement.

8
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• The present data indicate  that  the mul t imode approach , when r I)rn b ine d  w i ’h  a

new technique for sidelobe c on t r o l  us ing spa t ia l  f i l ter ing,  can achieve a p pr o x im a ~elv

-20 dB sidelobe levels , e x t r e m e ly  good aper ture  e f f i c i ency ,  and r e q u i r e s  u n I v  2 . ~to 3 t imes the theore t ica l  min imum number of phase controls for a g iven garn  and

scan sector .  This required number of phase controls is approximate l y the  same

as for most a r ray- re f l ec to r  l imi ted  scan systems 3 which occupy a much larger
volume and require  perhaps double the f inal  aper ture . Limi ta t ions  of the tech-

nique at i ts  present s ta te  of development  are its b a n d w i d t h  and the requ i l - cu lo nt for

a spatial  f i l t e r  to obtain the -20 dB sidelobe level.

2. 01)1) ~lUIlI -  ~:o\ FR0I .  l O B  ~~ ~\\ I \~. I\  l i i i - :  i - ;— p i.  ~\ I .

2. I I’. I ( 1I11 111 I’ at t ern  ~ I Uflfl I ng

Element pa t t e rn  data presented in the previous  paper showed t h a t  s u b s t a n t i a l

grat ing lobe reduct ion could be achieved by fo rming  an element  p a t t e r n  null  and
control l ing it as a funct ion of a r ray  scan. The element pa t t e rn  data  &t a ~z i v en
fixed f requency showed that deep nulls could he main ta ined  for scan ang les up to
the s ta ted  l imit  (d

r
/ A )  sin 0max = 0. 6 (see Figure 1) and tha t  th i s  could he achieved

consis tent  w i th  gain reduction of about 1 dB at max imum scan ang le.
The required odd mode amp li tude and phases are obtained f rom a knowled ge of

the element pa t te rns  for even and odd modes . An a r r ay  for  E-p lane scan , as
dep icted in Figure 1 wi th  A~ 0, has i t s  field pa t t e rn  given by

Z / /

Y
/

I ’  
~~~~~~~~~~~~~~~~~ ( 3 , 3 )  - 4 .3) /

~~~ ~~ , 2l~~~~~ 2 ’2 )  
‘

/(3, 2 )  ( 4 2 )  /

• 
t m n ) ~~y/~~~~2 , I )/( 3 , 1) /~ 4 , I ~~~~~

Figure 1. Ar ray  Coordinates  (Element Center
Locations x - md -t-~~~~~, y = n d )
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N -v - (v-v  ) n d
E (u , v) E (u) 

n = l  

e ,~ ( v)  e . (5)

Here E~
(u)  is the  ar -r a y  I l— p lane r a d i a t i o n  pa t t e rn , is the  amp l i t u d e  c o e f f i c i e n t

at the nth element , and the  phase has been chosen to fo rm a beam at v - v .  ‘1 he

direct ion cosines u and v are given by:

V = sin U sin ~
u = sin U cos ó . ( 6 )

• The E - p lane d i s t r i b u t i o n  has gra t ing  lobes at

V V + qx . - d ~~.

• The element  pa t t e rn  e~,(v )  is zero at the g r a t i n g  lobe pos i t ions  v ~~~ c u r - i - I s -

* 
ponding to broadside main  beam posit ion for  a u n i f or m a l l v  i l luminated  e l e m e n t .

The g rowth  of the q = -l gra t ing  lobe as a func t ion  of ~~C3I i  can he near l y e l im ina t ed

by a c t i v e l y control l ing e~ (v ) to p lace a zero at th is  g r a t i ng  lobe for  all scan angles .

In a waveguide c i rcu i t  such control is accomp lished by e x c i t i n g  the  a p er t u r e  w i t h

two modes (the LSE 10 and LSE 11) instead of lu s t  the dclminant  I.~ L 10 moc’e, so

th at e~ (v) becomes the sum of two terms , wi th  a zero  at  the  a p p r oP r i a t e  ang le.

Defining the ra t io  of odd mode to even mode as R u ,  one notes tha t  t he  combined

element pat tern

e ( v )  e ( v )  + R 1 e (v) . ( 7 )
• Y Yo 1

Upon choosing e~ (v ) to be zero at the posi t ion of the q = - l  g ra t ing  lobe , ne ob ta ins

for

-e (v )
1111 ~~~ 

-l (8)
y 1 (v _ 1 )

Since the various waveguide modes have constant  phase ape r tu re  di~ t r i h u t  I on ,

is a real funct ion and e~ is pure imaginary,  so the R 11 is pure  I m a g in a r y  and 
-

increases w i t h  scan in order  to main ta in  the null pos i t ion  co inc iden t  w i t h  the r e n te r

of the  q -1 gra ting  lobe. The re la t ive  odd mode phase is thus f ixed at ±90° -
~ ift

respect  to the even mode phase , depending upon the sense of the scan ang le.

2.2 l -o n t r I I l  ( i t I llill.

Several ty p e s  of c i rcui ts  were  described in the previous s tudy f i r  d i v i d i n g  t h e

power between the even and odd mode signals.  The basic control  c i r cui t  (F igure  2 a)

uses two hy brids and two phase s h i f t e r s  in a convent ional  power divi.der a , ~ -r n  the

10
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PHA SE SHIFTER 6, ~A)
HYBRID S —i ~~~~~~~ (BEAM STEERING CONTROL PI.US

INPUT WAV EGUIDE PORT 000 MODE AMPLITUDE CONTROL)

_____ A OI~~~~~~W EGUIDE

ATTAC H TERMINATION

PHASE SHIFTER )~~)
(BEAM STEERING CONTROL)

( a )  BASIC POWER DIVID ER

PHAS E SHIFTER 6, + A) E—PLAN( FLARED

A~~
A
~~~~ E~~~Ifl *~~~~~~~~~~~~~~~~~~~~~~~~~~~

PHASE SHIFTER )‘~)
(BEAM STEERING CONTROL)

(b)  ODD-MODE AMPLITUDE CONTROL USING SIMPLIFIED
POWER DIVIDER CIRCUIT

Figure  2. Basic I’ ower  Div ider  C i r c u i t s

inpu t  si g n a l s  0f a monopulse - type  n e t w o r k  (not shown)  that  exci tes  the even and odd

‘ai des .  This c i r c u i t  has the advantage ( If  e x c i t i n g  the even and odd modes at

s e p a r a t e  t e r m i n a ls , and allows the use of a shor t  horn s t r u c t u r e  since the re la t ive

odd ru de-even mode phase d i f f e r ence  of 900 which  must  be main ta ined  at the

: ipe -’ u r ( -  èan be adj us t ed  us ing the lengths  of l ines feeding the separate  por ts .  The
i - x t r - a  s hor t  horn  s t r u c t u r e  makes bandwid ths  in excess of 10 percent reasonable .

An a l t e r n a t i v e  c i r c u i t  (F igure  2b) , is s imp ler because two hybr ids  are el ini i-

mni ’ i - d  and the  u n c t i o n  into the dual mode waveguide takes the p lace of one of the
) i v t r i d s , p r o v i d i n g  model t e rmina ls  tha t  correspond to a sum and d i f f e rence  Port .
A l t h o u g h possessing the advantage  of s imp lici ty ,  th i s  c i r c u i t  has the d i s advan tage
( If r e q u i r i n g  an e x t r a  length of L dual  mode waveguide s u f f i c i e n t  to a l ign p r o p e r l y

the I V ( fl and odd modes in the ape r tu re .  This d i spers ive  length  of l ine  thus i n t ro -
d ar e s  the major b a n d w i d t h  l i m i t a t i o n  of the  array.

2 . )  
~ IIiI~ 4% IIh I)u ,Ie ,-I r i ,- I. I-II = I =

The expe r imen ta l  and theore t ica l  pa t terns  used in the  ear l ier  stud y fi lled in

to  about the -15  dB level , whereas  the theore t i ca l  p a t t e r n s  had perfec t  nul ls .  This

nul l  t il l ing w~ s d~ e to the phase d i s to r t ion  in the f lared horn a p e r t u r e  and caused
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gra t ing  lobes to exis t  at the f i l l ed  l i v e )  i- ~ - , - m i  1 1 , 1  t r ~ • H . , o I i  r a d i a t i o n . Figu : ~ 3

i l l u s t r a t e s  the use (If a lens to r l l ) r r r : l t I  the  ( I n I ; n  vi I l l  h orn ;  Figu re 4 shows the

broadside p a t t e r n  da ta  for an ( I r r a v  of 8 )- — p l : I n I -  h r - I r s  e q U I p ped  a I t t  p I i l V ._~I \ 1 ( 0 1

co l l ima t ing  lenses and e x c i t e d  a ( I i  I n  i l l u m i n a t i o n  • produce : ippr X 1 I ~ • : I t e l\

• -19 dB near  sidelobes .  I’he lens , as described , 11 has a f la t  back face and

• curved f ron t  face p r o t r u d i n g  out of the horn , and produces l e + s  a p e r t u r e  t aper  t h a n

one wi th  a curved back face . ‘l i r i s  design i.s t h e r e f o r e  p r e f e r r e d  s i n c e  e l e m e n t

pa t t e rn  broadening d i r ec t l y results  in increased gra t ing  lobes or t t a -  broadside

main beam. Each lens face was matched at 11. 25 0Hz u s i n g  q u a r t e r - w a v e  match-
ing rid ges. The horn e lements  were exci ted by 0. 874 in. square  waveguides  and

are 7 . F in.  long. The E and Fl-p lane aper ture  d imensions  a r e  3 .11  in .  and 1 .825

in.  The lenses are made of Plexi glas ( e = 2. 6 )  and are 0. 84 in.  t h i c k  including
the  quar te r -  wave rid ges. The broadside pat tern data  of Fi gure 4 shows a compari-
son e 1~ the radiat ion patterns of an 8-element a r r ay  with  and without  lenses . ‘rhe
fi gure shows some a s y m m e t r y  in its pa t te rn  d is t r ibut ion , but  clearl y demons t ra tes
that  the  g ra t ing  lobes nearest  broadside can be reduced between 4 and 5 dB u s i n g

• the  lens design . Figure 5 shows the gra t ing  lobes at m a x i m u m  scan and indicates

that  levels of about -14 dB are achieved wi th  the lens g e o m e t ry  even in that  case.

The key development in the above descr i ption is that  the lobes neares t  broad-
side can be reduced to the -18 dB level and , wi th  care , to levels below this .  This

fac t  is crucial  to the design of large elements for l im i t ed  scan because there  ar - c

no o ther -  techniques available for reducing gra t ing  lobes located near to broadside

except the use of random element p lacement . As indicated in Fi gure 5, other

MATCHED CONVEX
DIELECTRIC LENS FOR
BROADSIDE COLLIMATION

PHASE SHIFT ,
~

4 
( BEAM STEERING CONTROL)  L 

)

PHAS E SHIFT ,
~ 

+
~~

(BEAM STEER rNG CONTROL PLUS
OD D MODE A MPLI TUDE CONTROL

Fi gure 3. Ar r ay  Element  w i t h  Lens

11. Zahn , L. (1974 )  Q~~.,j,gn of a C o l l i m a t i n g  Lens for a L im i t ed  Scan A r r ay .
A F C R L — T R — 7 4 - 0 4 9 2 , Ph sical  Sciences R e s e a r c h  Papers , No. 223.
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Figure 5. End-of-Scan Data:  A r r a ~
Figure 4 . Broadside Data: w i t h  Lenses
A r r a y  w i t h  Lenses

g r a t i n g  lobes do i n c r e a s e  when the a r ray  is canned , but the~’ are never  very near
to the b roads ide  d i rec t ion  and so can be suppressed by other means . These wi l l
be called the  “ f a r  g ra t ing  lobes” and techniques  for  suppress ing  them are  d iscussed-
l a t e r .  The c o l l i m a t i n g  lenses perform the one cruc ia l  task of assur ing  that  these
near  broadside gr a t i n g  lobes are suff ic ient ly suppressed .

O The cross polar ized radiat ion of t h i s  a r r ay  was measured  at less than _ l t l  CI I I
r e la t ive  to the  ma in  bea m for the  m a x i m u m  scan (worst  case) s i tua t ion , as com-
pared w i t h  about -22 dB w i t h o u t  the lenses.

The element pa t t e rn  nul l  fo rmed and control led as a function of scan suppresses

the largest grating lobe . The p o s i t i o n  of th is  null  is de t e rmined  by the r a t i o  of odd
mode to even mode s ignal  as indica ted  in Eq. (8) , and this  ra t io  is re la ted d i r e c t l y
to the d i f f e r e n c e  in phase provided by the two  phase sh i f t e r s  in the odd mode power
divider .  When chosen correc t ly at the  cen te r  f requency,  th i s  nul l  corresponds to

13
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the pos ition of the nearest g r a t i ng  lobe (q -1) . The nul l  remains fixed in position

on the (d
~ ~ ) s i t i  f curve  as frequency is changed and s ince the g ra t ing  lobes and

main beam also r e m a i n  in a fixed posit ion on this  normal ized cur ve , the nul l

a lways  occurs at the gra t ing  lobe. Thus , even thoug h the beam and gratin g lobe

positions squint wi th  f requency , the null squ in t  compensates for this phenomenon

to provide the potential of wideband opera t ion .
- ‘  Althoug h the null posi t ion is f requency independent , the null depth is not. It

is p r imar i l y de te rmined  by the re la t ive  phase differences  between the even and odd

modes in each element aper ture, and waveguide dispersion thus imposes a l imit  on

the accuracy to which  the required 900 can be mainta ined  over a given frequency

band. This bandwidth is much larger for c i r cu i t s  fed by hybrid power dividers
( F i gure 2a) than those which  ut i l ize  the wavegu ide dispersion i tself  (Figure 2b)

to align the even and odd mode phases at the aper ture .  Figure 6 shows the meas-
- 

- ured null depth for the ar ray  of Figure 7 . These elements were not designed to
be broadband and are excited by dual mode waveg-u ides whose dispersion accounts

for almost all of the null filling observed in this f igure . The same horns without

• the attached waveguides have only slightly more than a degree of phase dispersion

between the even and odd mode phases over a 10 percent  bandwidth , and so the
geometry of Figure 2a can be used if broader bandwidths  are desired .

Another  factor that influences observed null depth as a funct ion of f requency

is the excitation of unwanted higher order modes at the apertures , lenses or in the

horn throats .  No a t tempt  was made to suppress these modes in any of the several

horn types studied dur ing this  experimental  program and one could observe these

contributions f i l l ing in the scanned null to levels of nearly -16 dB. This effect

can be avoided at any one frequency, but re-enters  periodically as frequency is
varied. Its reduction below this level depends upon good lens matching and care
taken in exci t ing the desired higher order mode.

~ 24 -

Z - TrSCAN-.- 8-HORN ARRAY 11GH z
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Figure 6. Null Depth Bandwidth
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I :i gure 7 . F i g h t — I b m P m - o t o t v p c  ~\ r r a y

2. 1  \Ikt ~~IIIIIIIII ~( i4i , ’ \ _j I( I ,. \ I II)  lb-p Il l ..

• A s s u m i n g  t h a t  each of these  f ac to r s  can be c o n t r o l l e d , so tha t  the  even and

odd element  p a t t e r n s  combine  e x a c t l y  t i  f o rm a per fec t  nul l  at the p r i n c ip a l  g r a t i ng

lobe , one observes t h a t  the  suppress ion  p m  a i d e d  at th is  lobe s t i l l  ( l e I ) ( . 1 C C l  - upon

the  w i d t h  of the nu l l  compared to the a r r ay  h e a r n w i d t h .  F i r  any g iver  S i / C  a r m - an ,

t h i .~ means tha t  u s i n g  low s idelobe a r r ay  d i s t r i b u t i o n s  has the a d v e r s e  e f f ec t  of

broadening the beam , and thus d ecr e a s i n g  he e f f e c t i v e n e s s  of a aiven c len en

• p a t t e rn  nul l  in suppressing t i re  p r inc ipal  g r a t i ng  lob e s .  l- i gm-e It sho~~.s - e v ra l

examp les of t h e  m a x i m u m  ~u p p r - e s . s i o n  ach ievab le  for the q — l  g ra t ing  lobe it

broadside and at the end —i f -~~ca n a s suming  ( l reb\  ~hev a r ray  d i s t r i b u t i o n  w i t h

s idelobe l ev e l s  of -20 , -30 , and -40 dB. These d a t a  are based up in c a l cu l a t ions

a s suming  idea l  F — p l a n e  e lement  p a t t e r n s , and 5 }r ( l~ t h a t  20 d13 g r a t i n g  lobe

15
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Figure 8. Grating Lobe Level vs Ar r a y  Size

suppression is achievable, even wi th  -40 d13 near sidelobes , t or  ar ’-ays  w i th  eig ht

or more  elements disposed along the scan plane. The requi rement  of a m i n i m u m

• number of elements is seen as no l imi t a t i on  for -20 dB sidelobes b e c a u s e  the

technique is not needed for small arrays, and has i t s  most s ign i f i cant  app l i ca t ions

to cases in which the number of elements is large . The data do reveal t h a t  g ra t ing

lobe levels much below -25 dB can onl y be achieved wi th  a bar -ge a t - i - n y . Data for

u n i f o r m  amplitude have not been included in the fi gure because in tha t  c a s e  t he

gra t ing  lobe levels are submerged in the sidelobe s tr u c t u r e .

:1 F:’~p F:HI%II - : \ J  ~J . i t i : . =t I. l~ I- OI l I l—PI .  ~\F; ~\I )  UI ~I ,  I ’l .  ~\~: — I  -

:i. I Il-Plan.. ~ l ClII

/ ts  shown in Section 2 , the mult imode scanning techn ique  is ideal l y suited to

- . 
F-p lane  scan because the array grating lobes lie in the element pa t te rn  nulls when

the a r ray  is at broadside.  The Fl-p lane scan of fe rs  more  d i f f i cu l t i e s  because the

widened element pa t te rn  has nulls beyond the grat ing lobe points  for the a r r ay  at

broads ide , and so energy is lost into these Il-p lane gr a t i n g  lobes . Fi gure P s l rot ~s

the I l - p lane experimental  element pat terns  for  several  scan condit ions for a f lared

horn w i t h  and wi thout  d ie lec tr ic  loading. These curves have been normal i zed  so

that  their  peaks are at the same level , and this  precludes the i r  use for gain com-

p ar i son .  The vert ical  lines denote the ma in  beam and g r a t i n g  lobe posi t ions

I I ;  L I
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Figure 9 . H-Plane Co r r e c t i o n  I s i n g  Dielectr ic  Slabs

corresponding to any given scan ang le . Observed gra t ing  lobe levels for an

unmodified flared horn are indicated on the solid curve of Figure  P as approx ima te -

ly -10 dB wi th  respect to the main beam for 4 . 38~ horn described by l i la i l loux  and - •

• Forbes. 12 The dashed curve of Figure 9 shows that  this pa t t e rn  null is varied

correct ly by in t roducing the Fl-p lane odd mode (LSE 20 ) , w i t h  
~~~ dd 

— ‘) t t l ~ 
0. 6 ,

and that in fact the null  can be controlled well beyond the ( CI A) s in (I = 0. 6 point
(to  0, 69) at the expense of a -10 d13 gra t ing  lobe at sin 0 = sin 0~ - 2 \ / d x for a

main beam at 0
(I

12. Mailloux , E . G . , and I- ’ I Irbes , G. E.  (1973) Experimental  Studies of a Multiple
Mode A r r a y  Techni que for Limited Scan A pplication, A F CH L - T R-7 3 - 0 6 8 5 ,

• Ph ysical  Sciences Research  Papers , No . 575 .
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Unfortunately, the odd mode can do no th ing  to c o n t r o l  the g r a t i n g  lobe h -vo l

present at broadside , and so the 11-p lane e lement  pa t te r -n  m u st  he mod i f i ed  for

proper operation.

The dash-dotted curve of Figure 9 shows the I l -p lane h r c c a d ~~i c l e  eb - i c en t

patter -n of the 4 . 38X (5 . 87 in. ) horn using 0. 25 in.  Plexig las du- l e -t r L  slabs at

the H-plane horn walls as shown on the f igure.  The slabs are  tapered  to near l y a

point to a f fec t  a smooth t rans i t ion  into the die lectr ic  loaded horn sec t ion .  Th i s

geometry was developed by Tsandoulas and Fi tzgerald 13 to i r c i p i - ve t i r e  a p e r t u r e

eff ic iency of large H-p lane flared horns , and achieves th i s  e f f i c i ency  l v  making

the field wave more uniform throughout the aper ture .  The fi gure ShI/S s that  the

broadside element pat tern  is indeed improved by (his  des ign , for the r r e a r  g ra t ing

lobes are reduced to approximately -18 dB wi th  respect to the main  beam. The

dotted curve of Figure 9 shows the geometry provides a controlled null sui table for

scanning to (dx/~Jsin e = 0. 49, but that the p = -2 gra t ing  lobe is larger than the

E-p lane case and its suppression remains a problem to be solved .

The H-plane odd mode excitat ion for the circuit  u -~ing d ie lec t r i c  slabs is given

by direct  analogy wi th  Eq. (8) as:

B 20 = — e (u 1
) / e (u~~1

) - ( 9 )
x 1 x2

Cross-polarized radiation for E- and H-p lanes was below -24 dB for the even

mode in either case; the odd modes had cross-polar ized components of -24 and

-20 dB for the two cases . These low cross-polarized rad ia t ion  components  c f f e r

good assurance that the linearly polarized LSE modes are indeed the dominan t

higher order modes excited , and that  cross-polar ized radiat ion e f f ec t s  can be

neglected for all but extremely low sidelobe requirements.

3.2 Scanning in T~ o PI ani ’~

4 Having thus achieved scanning in both princi pal planes , one observes that it is

not d i f f icul t  to anticipate the character is t ics  necessary for scanning in two dimen-

sions. The array of Figure 1 has the field pattern given below : the basic phase

controls are chosen to form a beam at (u v ) in d i rec t ion  cosine space:
0 0

I
13. Tsandoulas , G. N . ,  and Fitzgerald, W. D. (1972) Aper ture  eff ic iency en-

hancement in dielectrically loaded horns , IEEE Trans. AP  AP -2 0  (No.  1) :t 69-74.
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l-: (u , v)~~~~~ 
n~~~l n~~ l 

1 0
e (u , v)

j - ~--~ [(v--v ) n d  + (u-u (m d  + A
X e ~~~~~ 

0 y 0 x n (10)

where u = s in  0 cos ~ and v = sin 0 sin ~ and where ‘mn is the ampli tude of excita-

tion at element (m , n) . Assuming that  the array is excited by a separable distri-

bution so that  I — ~II 1E and assuming that the element pattern is also separable
n~n m n  -

then e(u , v) = ex (u) e
y

( v) . one can write this field distr ibution in the following form :

N x . 2 i r ( - )m d
E(u , v) - ~~ I i~ ex

(u) e A u 0 ~
X m = l

N -
~~

--- I~ e~ ( v)e A [ 0 ) ’  
+ A ( u - u )]

y n = l

E~~
(u) E ( U , v) . ( 1 1)

This pa t tern  is not separable in general , but may be so for cer ta in  choices of 1A ~ 1.

The choice of optimum A1~ for gra t ing  lobe reduct ion will  be considered la ter .

If An 0, the field pat tern is separable and is w r i t t e n :

N
e (u) X j ?~~ ( u - u  )md

E(u , v) = -i-— ~~~ e ° X

X m 1

N
e (v) j~~ - ( v - v  ) n d

N 1e~~~~~A 0

-- n = l

= E
~

(u) E~ (v) . (12)

Mainta in ing a separable e lement  pa t tern  as required for the control of grating

lobes for general scan angles requires the control of an addi t ional  wave guide mode ,

the LSE 21. Relat ive  odd mode amplitudes as given by Eqs.  (8) and I l l )  p rovide

19
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control for princ i pal plane scanning,  and by exc i t ing  the I~~ 1~al  mode wi th  r -e la t ive

amplitude

R 9 1 = H 20 H 11 , (13)

one obtains the following e lement pat ter -n (us ing separable horn element pat terns)

e(u , v) [e Y
(v) H 11 e\, (v )]  

[
e
~~~

(u) H 20 e
~~~

(u)]  = e~ ( v) e
~

(u ) . (14)

This separable element pa t te rn , w h i c h  (-an be obtained using the  c i rcu i t  of

F igure  10 , provides excel lent  gra t ing  lobe control fo r- general scan planes. h ere

each horn is exci ted b\- a large waveguide b i f u r c a t e d  in the I l-plane to form two

wavegui des , each capable of supporting the LSE 10 and LSE 20 modes. This

b i furca ted  guide is (hen excited by four waveguides throug h a power d iv ider  ne twork

(using 180 ° h ybr ids)  that fo rms  all symmet ry  combinat ions.  This c i rcui t  exci tes

the basic horn wi th  the  four’ fundamental  symmet r ies  as appropr ia te  for proper

modal se lect ion . Termina l  1 excites the aper ture  w i th  an inphase d i s t r i b u t i o n

corresponding to the 1~~ L 10 mode , terminal  2 excites the LSE 20 mode, t e r m i n a l  3

the LSE 11, and t e rmina l  4 the LSE 21 mode . Extra  line lengths may be added

-

/ ,
- ,

~~~
/ I~~~l~~~ fV3Ifv’\

2/ ~~~~~~~~~~ LINE FOR PHASE COMPENSATION

Figure 10. Two Dimensional  h orn Exc i t a t i on
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to any three  t e rmin a l s  to compensate  for the phase veloci ty  d i f fe rences  in the horn

arid produce deep element  p a t tern  nulls for any genera l ized  scan ang le as w e l l  as

t h e- pr incipal  p lanes . This c i rcu i t  can then be excited us ing another ne twork  of

four  ~~~~~~~ dividers  in an or ienta t ion  reversed from the ones shown. This  network

serves  as a variable power divider so that  if exci ted by four inphase signals it

forms an output  at t e rmina l  one onl y, and if exci ted  by four equal amplitude phased

si gnals , it  r -esolves the combined signal down to i t s  four  symmet r i ca l  components ,
and excites t e rmina l s  one throug h four  wi th  the proper ampli tude.  These c i rcu i t s

are d i r e c t l y analogous w i t h  those for one p lane of scan and so will  not be described

fu r -ther.

In general, the cir -cuit  of Figure 10 is preferable to one that would  be the two-

dimensional equivalent  of Figure 2b because of the bandwidth l i m i t a t i o n s  imposed

by using the d i f f e rence  in waveguide propagation constants  to correct  the re lat ive

phases of the four modes. The modal par ts  of Figure 10 are separate  and one can

make length corrections external to the mult imode waveguide s t r u c t u r e .
The resul ts  obtained in an experiment  using this  c i r cu i t  are shown in Figures

11 and 12 for a single horn element wi th  dimensions given below. The horn i_ s

loaded w i t h  d i e l ec t r i c  slabs to narrow the Fl-p lane beamwid th .

CI
4 . 58

d
—~~ - =  s . 44

The c i r cu i t  of Figure 10 was configured using s t r ip- l i ne  power d iv iders  and

in t e r connec t ing  coaxial lines , but the power divis ion n e t w o r k  for fo rming  the input

signals to ports  1 th rough 4 was conf igu red  external l y us ing phase s h i f t e r s  and

a t t enua to r s . Dup l ica t ion  of these experiments  us ing  a variable power d iv ide r

control led  by phase sh i f te r - s  is seen as providing no addi t ional  d i f f i c u l t y .

The use of an H-p lane b i fu r ca t ed  guide as indicated in Figu r-e 10 ins tead  of a

large mul t imode  waveguide at the horn throat  is war ran ted  because when the  four

waveguides are used di rect ly at the th roa t , the exci ta t ion  of the  Lm - E 91 mode pro-

duces a c ross-polar ized  component that  is even in a z i m u t h  and e leva t ion . This

contr ibution was measured at approximately -18 dB re la t ive  to the peak of the

beam , but it is suppressed to about -23 dl3 us ing the Il-p lane b i f u r c a t i o n .

A second fac to r  which influenced the way the  exper iment  was conducted is

that the coordinates of the a r r ay  grating lobe posit ions coincide wi th  t ime p a t t e rn

cuts that  are taken wi th  an e leva t ion-az imuth  antenna mount onl y when the  lobe

positions coincide w i t h  one of the p r inc i pal planes , and since t h a t  condit ion was

21
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seldom fu l f i l l ed  in t h i s  ( X ) s i i I I  p i n t , the  lobe posi t ions  ar -c d i sp laced f rom the

a z i m u t h  l v s  i t i -nr ~ - I i  ~u n e  I - , l r c c w ~ t h e  r -e lat ion ship between the  a r - r a y  ~ c c c c -  t r r ~~c t  i s

and the pa t t e i -n  Ill000 t co o r d i n a t e s .  The d i r e c t  ion P-OS ines u and v are n - c i a  t i - i t p

the mount  c - c c r - l i m ct e - .s I~ l i i i -  r e la t ions

u = ( u s  Y) 5~~ fl ~

v = + s in i-
~ . 

1 15 )

These - p u : t n i o n s  show that  in the pr inc ipa l  p lanes , when ~ = 0 or when ~ 0,

these ~ or r~ components  assume the func t ion  of the orig inal o and 0 ar r -av coordi-

mite s ;  and thus g r a t i ng  lobes in the p lanes Q = 0 and ~ mr~ 2 lie a lo n c  (he p r inc ipa l

p lanes of the  antenna mount .  Fc o - t u n ; r t ej v , the e leva t ion  angle n depends or r l v  upon

the di rec t ion cosine v, so it is convenient t o  take az i m u t h  cuts  (~ ) t h roug h l i c e

specific elevation planes (
~

) which corr-espond to the V
q 

gra t ing  lobe pos i t ions . The

u~ grating lobes are thus located in tha t  e l e v at i c n plane at ang les 
~pq according to

the re la t ionship:

= sin k 
. (16)

l - i gu i -r -  I . — \ n I t e  m a c p p  I’a t t ern  S t c u n I i  ( p c c t i n a ( e s
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This az imu tha l  disp lacement coi i e c ( iu n  has been app lied to all of the recorded
- g r a t i n g  lobe posit ions.  ) i c ~l c m - l -  11 shows  the H-plane pat tern  of a sing le horn v, ith

only  the LSE 10 nn r ode  exci ted.  The g r a t i n g  lobe posit ions are marked by ve r t i ca l
lines . Those indica ted  at ± 1 g r a t i n g  lobes are evident l y suppressed about 15 dB
relat ive to the main h i - a n n . ( ) b v i c c u s l y these lobes could have i -e c u  fu r the r  sup-
pressed by nar rowing  the e lement  pat ter -n  us ing  th icker  d ie lec t r ic  loading or a
higher dielectr ic  constant , but the chosen - u cn f i g u r - a t i on  was selected because it
has be t te r  scanning c h a r a c t e r i s t i c s  than a h e a v i l y  loaded horn.  The cross po la r i zed
component of t h i s  r -adiated mode is below -34 dB everywhere  in space. Figure 11
also shows t w o  H-p lane pat terns  of the basic horn element  scanned in the  E-p lane
by the addi t ion  of the LSE 1 1 mode . The dashed pa t t e rn  is t aken  through a cut
denot ing  the main beam location at Ii . 6° (v 0 . 115) away from broadside in the

- !  E-p lane , and the dotted pa t t e rn  is an H-plane cut t aken  th roug h the E-p lane  gra t ing
lobe locations. The dashed figure shows a power loss of about 0. 7 dB in scanning
the element to this  elevation point ( I )  ~~) ~~~ 0 0 .53 which is sl i ghtl y less than

- 
- maximum scan. This loss is measured t h r o u g h the power d iv id ing  ne twor k and
- 

should  not be i n t e r p r e t e d  as an absolute  gain numt- c- r - . The shape of the  pa t t e rn  is
nearl y ident ical  to the broadside pa t t e rn , i n d i c a t i n g  tha  the u~ lobe suppress ion

— 
- is not de ter iora ted  ic y  scanning in e levat ion . The dot ted pa t t e r -n  is an h i - p lane cut

- through the null  formed in the elevation plane (v _ 1 = 0. 103) and occurs  at -5 . 9~ .
The largest g ra t ing  lobe ind ica ted  in t h i s  p a t t e rn  cu t  is at -24 dB re la t ive  to the
main beam. Cr-oss polar ized rad ia t ion  fo r- th i s  (- a -c e w a s  m e a s u r e d  at -2 0 dB.

Figure  12 shows four  h i -p lane c u t s  r ep re sen t ing  various -cond i t ions  tha t  in-
clude I l -p lane  scan and scan to an i n t e r ca rd ina l  p lane . The v p n - t i c ~~1 lines mark

p az imutha l  g ra t ing  lobe 1 cca t i on-c  for each e levat ion . Tir e solid and dashed curves
are taken at d i f f e r e n t  e l e v a t i o n s  for the element exci ted w i t h  the l S E 10 and 20
modes to achieve for H-p lane scan. The solid curve is taken  at zero e l eva t ion

- 
and has its null  at _ 10 0 (u 1) corresponding t o a main beam ang le of 1 . 7°
(dx ~ sin 0 0. 40). The null formed by this  pa t te rn  is at appn - ox im ate - lv  -21  dl3
w i t h  respect to the main beam , and the  gain measui-ed through the  d iv id ing  n e t w o r k
is approx imate l y 0 . 4 dB below the main beam level for broadside  r a d i a t i o n
(F igure  11). Other -  g ra t ing  lobes in this  pr inci pal plane are at levels below -16 dB,
The dashed curve of Figure 12 is an az imutha l  cut th rough  the plane w i t h  e l e v at i n r

ang le 12 .6 °, corresponding to the “1’ g ra t ing  lobe. This pa t t e rn  has a peak about
• - 12. 5 dB below that  of the  pa t te rn  at zero elevation; it  is an examp le of the  same

E-plane nu l l  f i l l ing  observed in the previous e x p e r i m e n t s  w i t h  E-p lane scan . A
before , t h i s  level can be reduced using col l imat ing  lenses , but no a t t e m p t s  have
been made t o desi gn such a device for a horn loaded wi th  d i e l e c t r i c  slabs as
required  for H-p lane scan cont ro l . The appearance of the pa t t e rn  at th i .s  elevation
is s imi l a r  to t h a t  at z e r I  e leva t ion , but the null  is d isp laced so tha t  it  no licnge i-

t
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cor responds  to the  p — 1  g n : u t  ing lobe. This  is due t i c  t he  I c r - i - s e n r i -  c c f  h ig he r -

o r d e r  modes r e su l t i ng  in i m p e r l e u - t  ~epn n - p i t - i  I i t v  of the  10 and 20 pa (  t i - n - n i - c  in t i r e

r egion of t h e i r -  e l e v : c t i c i n c  nulls , and c u n r - e - c t u i - m i t l v  mc a g n - ; c t i n g  io t p e  (p, q — 1 , 1)

about — 2 1  dIl i elat  ic - c- to the ma in  beam.  The cross po la r ized  i- o c cc p u i n r e m c t  was

measured at — 2 0  dIl r e l a t ive  t i  the main I c u - p i n i p  -

- 
- The dotted c - u n - c - c of i - i g e r n - e  12 is t ime a z i n c l u t i r  p a t t e rn  at the  e leva t ion  ang le 1 . (V

lox - the h o r n  wi th  modes 10, 20 , 11 and 21 chosen to l or m  a b e a r ;  at 6 . 60 e levat ion

and (1. 7 c i  a z i m u t h .  The main beam gain is approx in c i a tu l y 0 . 9 B below the  h - v u - I  of

the broadside p a t t e n - n  but o i l c c r w i s e  the p a t t e r n  is nea r l y i d e n t i c a l  to the c -; i . s c- for -

pure  l i -p lane scan (sol id  cu i -ve )  p i t  / ( - n - c elevation ang le . l - i gn r e  12 i l l u s t m - ; c t c - , the

good qual i ty  of g r a t i ng  lobe s u p p r e s s i o n  achievable in t o  d imensions , because

c c , r c c p a r i s o m m  w i t h  t he  d a s h — d o t t e d  c u r v e  t p i k c - n r  at the E — p lane nul l  ( — P . 9°) dc-m an—

-pr a t u - -, tha t  about -50 dB suppress ion is p i y I i i e v e c i  for the neares t  E -p lane grat in g

lobe , and the  p r i m a r y  I i — p lane lobes are suppr - c - s - - - ed  below that  l e v i - I ,  The 1 : — p la n e

cut t h rough  c-~~ is n t  recorded l u - n - u - , hu t  is c o n si s t e n t  w i t h  the — 1 2  to —13 dli

leveI .s observed for all o ther  1 : — p lane scan c o n d i t i c c r r s .  The i - r o s s — p o l a r i z e d  r a d i —

at i c - n  i s  at a p p n - o x i n c i  Pe I ~ — 23 dli m - l p c t  i c - c- to the m a i n  b e a n i .
The  ma in  p - i n r t  i l l u s t  r a ted  i c y  th is  e xp e r - i m e n t a l  s tud y is t h a t  n h i - i i p t t u - r n s

fo p - m i - c l  by the I o u r — n n o d e  horn arc indeed sep;  r a i S e  ( i - x c - c - p t  f l u - a r  t h i e  c u ; c t  t u n I c  zeros

of each i.~c 1:ute d mod - ) , and so one can c-ombine modes us ing  t i p i -  pc i .’ c c -  r a t i o s  t h a t

p i n - I -  a p ç c i p P ~~c r r p i t  e for  m i c e  p r i nc ipa l  planes of se - p I n , and achieve ~ c c i d  u m ; - t  t u g  l l ch e

a n t  ~~ in t w c -  in e s  . This s e p a n a b i l i t \ -  is ev id en ~~- e-d  in both I iL r u r - e s  I - \  ~i ie  near l

i c l u - n ~ ical P c /  i m - - u t i c  cu t — t h roug h d i f f e r e n t  e l eva t i cc n  angles , and t v  the fact  t h a t  t i r e

nul l  h e - a l t  n -c remain  s table  as r - equ i  r e d  for good g r a t i n g  lobe l r f c J c r - e- 5 0~ 1 ; .

1. 111 1) 1 I I I I I ’. l i t  I \ I i  ~.II ~ F I \ I ,  l Ul i l - -’

The m u l t i r n c o d e  appr -oach desc r - ib ed in e a r l i e r  - c i - n t i -n~ pn c - n m h - ~ n p i - — l  o m i t  Pu

s u p p r e s s  ion of liC In r~~e p - p i l i n g  lobes flea r e st  u ’ri p c d r d p -  a l lowing  5 1 - p u r r  ‘ o I P i  S i - I l  —

able a nglc.s w i t h o u t  c -x c - e  s i c - c  power  I c c s s .  i\ s  i n d i c a t e d  e a r - l i e i - , the  ~c - ; i m c  l i m i t  is

d u - P m i c d  p r i n c i p a l l y  t r y  the  ex i s t e n c e  ci r e l a t i c - - l \ -  la rge  g r a t i ng  I c p h e  p i t  (p  or q)

equal  t c p  —2 for -  a l e n r i r  scanned  in the pos i t ive  d i r e c t  i n  iTi C r I I  v •~~p~~~~
- l l p u - ~ e

lobes reach -12 to - 14 dll in the  15-p lane and larger in the  I l - p la n t - , c i t - p e n d i n g  upon

‘ , - I i t - n e  the scan l imi t  is d e f i n e d .

Al thoug h t h u - s e  s r d u - I c , i s -  b - v p - i - s  a re  acceptab le  for c e r t a i n  app l i c a t i o n s , t h u - re

a r-C r i p ; -  nI m c i c r e  w h i c h  r e q u i r e  s id elo l cc- -, c i  about t c i- — 2 0  dli level.  If  ci i - c o r n —

st a n c u - s  p c - n n i it , t O P s  inc reased s u p p n - e - s i o n  of fa i -  g r - a t i n g  I n h u -  ran i i  a c i i i u - v c - c I  by

- s r - v e r a !  m c c u - p p n c  and the  t a s k  of e v a l u a t i n g  the  p r a c t i c a i l i t  ‘- of m u l t i i - n m i u d e  t e c h n i q u e s

for  an g iven l i m i t e d  scan -s ’  s t e - m n  becomes I n C  of d e t i - r m i n n n g  w h i c h , i t ’  u r ic - ,
s i d u l c u t c e  s c c l cp r e s s  ion s c he m e  ;u p p l i e s .

2 5
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I c v u u  techniques for’ I n i -  g i - a t ing  1 p i e r -  suppress ion  h a v e -  h p - u - m i  i n i v u - .sI iga ted  in t P u n -,
l p r t c c u r ; r i e c c y :  (1) the s ’ - r r t h e s i s  of d i e l e c t r i r  l a ce r  . s p ; c l i ;u l  F i I t i - r ,  t a r  p r - P u t  ( r i g  lobe
r e l e r t r e c n r ;  and (2) t I re  j ud ic ious  - i u - l e a  (b un  of ; u r r ; e ~ (a n t i c - u- -, lo r g r a t i n g  I l - u -  suppi ’es—
sian in one p lane.

I _ I  \ I I I h I — ~~I~ (Ii -‘ç, F n I _ d  I I I ) , — r —  I 11F(r I ) u F - ) ’ - I - I r F F - I _ , u , ’r ~

~I \ f l t i l e s  is procedures have bee n p i e - c c - c - c i  t ha t  p r -od ir ce l av i -  c - i -ct  d i u - I e i - l  i - t i -  f i l t e y - ,

w i th  good t ransmiss ion  th rough ou t  a s p ec i f i e d  s p a t i a l  p~i~~~band and s u h s t ;~r i t i ; u l
r e j ec t ion  thr ’oug hout a s top band region t h a t  is m a d e  to n i e i n u - i e l u -  r ou glr l\ -  w i t h  t h e

gra t ing  lobe locus . The p ‘c - edur - e  tha t  h a s  b e t -n i  P u - c u - i c  pe el 14 svn hi -  u t  = Pu - -

f i l t e r s  in t e r m s  of ( hebc - .s !m c- c - pol y n om i a l s ;  it  has been s u c c e s s f u l  in g r a t i ng  lu be

suppression even in the  presence u - i  m u t u a l  co u p l in g  e f f e c t s  P ut  t i le  a r r a y  lace.
Fi gure 14 s i c c e w 5  the  rad ia t ion  pa t te rn  of i n -  8 -e lement  a rra ~- d e s c r i b e d

ear l i e r -  but us ing un i fc cr in  i l l u n n -r in at i on  and w i t h o u t  lenses . At l i i i -  end of — ,can (12 0)

the a r r ay  has major  gr -a t ing  lobes at ab cuut  -26 °, _ 51 0, ~~33 0 and - ;2 . The it -n-
t h a t  cc -pu s desi gned for p ; - a t i n p  lobe s u ; c r e P - i- P r u in th is  case was a tour  l ay e r -
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( 1 , - i - c  = 1 - p - c ue - n -  p u - t n - c  ‘ . r I O  P l i p u  c - t e l  -~v u -  e t r u - i u c t r i c  l:i~~u - r -, h a v I n g  d r i b - -  n c  c- em —

t a i c t s  i , 15 _ 15 , and 3 ar n ; - m r g u d in  t h a t  p - l i u - r -  a n n - i  u - p u - - h p  —u -pa  p e m u - - t  lu v - - c i a  p c i - I 

of a - u - p - i  I -c c e i r c - l e u - I r i c  -s p p i c - u -r -  m a t e r i a l .  1 I ’  t I n t - di n e i r - m n - , i u u ns : u  u -  I n a p e iv  1 

I - v  at  - - c i t  3. 7 111 t i e s . e ’ n m u - n  fr equenc\  r u - n  e h n ~ / 1 g m  11 G u i .
1 I i i -  U S C  u u t  i e r n t - ’ t p i v u i t t i g t h  s pac i nc  e el  e ’  a r - n  f l l ’ u r  e l i  - u n  — c r e - e h . c u - — a ~~‘ - e  em - i

nI.s -. t - ; u r r d  I - ( u , u n - I  t he  r u - v  - t e e  - L i e -  - f u r  d n a - I  a - u r n -  - - p - h ( a e n r -  t O n O  ~ 3 and 15

are  a ’ 60° a n n u l  7 _ ~u I
, So ‘ l i p -  I c i t e n - c : i s e l p -  p u n - I c  m r p u t  r i i - c~ym p , - e i  n -  su p p t - u - - s i i -  g i - p i t i n g

l e - t u n ear’ ,;0 c l i i i  u i  d e s i g m c  goal -i pcs t e u  produce s u : t ; -  a - n i t  r - e p u - i - t c n i  a t  ‘ t i -

do c m i m n ; i n n t  g i ’at ing 1 - - l e e — -  p u t  — 2 6 °  p m )  3:1 , and  the cl i  - u f .t = u - ) c ; u n ; - l i o n  Lfl p ’ -  a c u - n y

s t e t - g  r o t o i f  i e p t c c p u n r  Pu. p i n i c i  2 u ~ so t h a t  t In -c I n c  j p -  l o t - c  e u i u l e l  lie  = c p ~ u m - i - = = c - ni = n u t f n —

p r i e n t l c ,  1- i gure 14 s h o w s  the  ; a n r a y  e i p c t p u  w i t !  f i l t e r -  j e l e e n t u d )  and -‘. i t t - l i !  (I (s, l i d ) ,

r m r d t e - : i ’ i n r g  tha t  ( t i p - r e  is t I t l e  or no n n i e p p , r  r e d  m n s e i m i o n  loss t o n  the : p u c ’ i  t - am  u t

12 1 , and H i t  t i re  near  -s id el ie l i cs are e s — u - m i t  i ;  1 H u n a t t  u - n  u - - I  by  m I a -  r i t e  r , 1 ca  g r a t  —

ing I - l e e s  p i t  — 2 1 ;  and — 1 ° are suppi-essed ; up p  i c e s  r n i p p e t e l ~ 7 . 5  dli ~c e )  P l I P , P u - — —

pu- P i c - u - I- . , and t i e r -  li la -  ~i t  330 i_ s s u p i c n x - - s s e d  r u i u u r u -  than 10 dli. i O u -  l i - i - i -  p t  2 r s

c-~n s u - n t i p i I l v  l u - f t  c c n u r i i ; u n g u - d ,  Th enc e su ) n p l - e . s — i o n  v a l u l - -, t5c l l ow I r e  t i c - u - - t i c - u - e l v p u l n i u -

ve ry  n - l u c s e - l v , g ic - in g  a s s u r a n c e  - i n p u t  such t i l l e r - s  can Ice e l i  = p p n c c - d  t - s p e u - j f i c a t r e  - m s

t ha t  w i l l  su i t  m ;un c  l i mb e d  s e - a n  ;u p ~cl n i  a t  r e - n i - s .

The ( !nc-h\ - .shev f i l t e r  des ign ed for I l iP s e x p u :- r m  r p P ( - n e t  h a s  t i m e a d v a n t ; i g e - e e —

p m - - e p e m - t v  of providing p r - ; i e - c  ful e i u - g r - ; i c i p i t r c e m n  of the  f i l t e r  c —ha;  c u - n c — t  c i  as p a t u n n u —

t i e e f l  of fn - equenc v .  ~ in uu - c-  the  i n t e  n - l ; i v e r  e l e c t r i c a l  h - m i - ~ is

- 2~ 4cos o ( 1 7 )

the f i l t e r  has ( h e!cc shc-v  behavior  in f r equency  as wel l  u s  nn cos - , w n t h  t h e  n u t

e f f e c t  that  the  spat ia l  passband becomes n a r r o w e s t  at  t he  lowest  m - c - i i n p e t a - \  - The

d e s i gn procedure  is thus reduced to a s c e r t a i n i n g  tha t  the  s e c t o r  es cc ide u - n e - u g h  t c

allow good t r a n s m i ss i o n  w i t h i n  the  a r rays  scan se c - p e e r  a t  t he  l u u w  i r - t - n ; t n P - m u c \ - , and

n p c r n n e c c  enough at the  hig h f requency so tha t  the m u u - a r e s t  gr’ at ing lobe i - c  s t r n e n g l v

re jec ted .  The ope r at i ng  b a n d w i d t h  is smal le r  for  f i l t e r s  ce i r o s e  m a x i m u m  spa t ia l

passband ang le is c l e a i  to the angle of the  nea re s t  g r a t r n c  lobe. The b a n d w i d t h

appr-oaches zero in the  l i m i t  when these  t w e u  a r e  co inc iden t :  it  is Pu m a x i m u m  a P p - n c

these two angles a re  widel y sepa rated.

The A ppendix  gives several  e x p r - e s s i c P n ~i f c i n  f i l t e r  b a n d w i d t h  in t e r n u s  of the

des i red  r e j e c t i o n  at the  g r a t i n g  lobe and to lerable  r e i e - c t h i n n  ( i f  any)  p it  t he  low

frequency  m a x i m u m  scan ang le. The m a x i m u m  c e l n i u - v ; i h l e  b a n d w i d t h  occurs for

i n f i n i t e l y  s teep f i l t e r  r e j e c t i cu n  - s k i n - h - , . It u. s g i v e n  by

u-os I-
- [ cu p s  ~ 1] 

( I l l )
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cc l o ir e  
~nu is the max imum scan angle for the ar’r-a and ‘ gi is t h e  p a nmg lc- of ‘ l i t -

n ea r - u - s t  u n w a n t e d  lobe. ‘I he examp le gi c -erm in the A p p e n d i x  ç c r t d i c  about P p e r c a -n t

b a n d w i d t h  for t h e  f i l t e i ’  described in t in i . s  r e p o r t  for ’ t i re  l i m i t i n g  c p u = e e I P e . P dli

n - u - i a - i  I r o n  arid 0. t ; dli inser’tion loss . linp i-oved c h a r a ct e i - i s t i c s  a r e -  I e t p u r r r u d if n ha

l i l t e r  is opera ted  over’ na r rower  fr equency l i m i t s .

1. 1 
~rI,’ , -I i I ig I - i , -mu , ’ iui I al i t1 - m’ ~ for I)pt ituurn ~~- a m r I u l l i m n ~

There have been a number of s tudies  .s lnn icc ing the i-ethic - I ionu elf  p p r i t i n n p  I - h e i - =

t i - s i ng a r - n - ; c v .s t h a t  are aper iodic  in one i i i  l i v  u planes. In g e n e r a l , t ine .s e r equir’ e

c u u n i i p l e x  m u e w e r  d iv id ing  and phasing s y s t e n u n s , hot one can achieve a c e r t a i n  reduc -

t i cu n  of the g ra t ing  le duc ’ s in one p lane by m ci -e l -v  d i sp l a c i n g  t h e  t - iucv .s c f  an a i m

t h a t  sp ans in two d in rens i cuns .  Such disp lacement  as ind ica ted  in F i g u m - e  1 is

consis tent  w i t h  exc i ta t ion  by a convent ional  power d i v i d e r  and c v r t h  I l r P i . = e  cec n t r u e ! —

tha t  are progressive w i t h i n  each n p uc v  and , except for a disp lacement  t e r m , a r - i -

e u l s u p  pr - ogre-s  s ive  be tween  columns .
Equat ion ( 11)  shows that  by r I cc~o~~ing to displace p - a c h  r e cw of e le r iuen ts  by an

a r n i i p u n t  
~~rr w i t h  u-es pect to t i re  f i r s t  row , up ne obtains an ar i-ni r-ad r at  re - un p a t t u ’  r n

i n p u t  r .s g i c e r i  1-v time p rodu c t  ec f the una l te  r-ed H —p lane p a t t e r n  E~ (u i and a non —

eu ep am -ab le  i ; — i l  p lane d i s t r i b u t i e p n  E~ (u , cS , whe re :

N -c -- j —  (v-v  ) n d  - ~~ ( u - u
i-:~ ci , v) - 

~ 
ey ( v) 

n~~ 

l~ e 0 5 n IP ( 1 1 )

The rnax imun m value of th i s  pa t te r -n  is u n i t y  and t h a t  va lue  is a t t a i n u - - t  at the  main

beam locat ion (u , v) — (u v ) for an ’s- c a  l ue 
~ 

. Th i s  p a t t e r n  also h a s  the s ame
o o - n

m a x i m u m  value if  A I — 0 at t he  pc i t i e u n  ~ - V ( f e e r  all u) .  Since t h e  t i - h p i l  c p t m e - r - r n

is t h e -  p roduct  of th i s  d i s t r i h u t i c u n  and the u - :~~H n ) f u n c t i s u n , t i r e -  - nh m a j e u r  peaks  in

the con~hined p a t t e r n  o c c u r  at the g r - a t ing  l u r b e p u i - c  i t i e p r i s . The c- — p l a n r -  c u ’ t  a - n - n i  of a

u r mi fo rma l l y i l l u m i n a t e d  a r r ay  (I~ 
— 1) w i t h  n e c - h  p a n g - u l a  r l a t t i c e  t A n c 0) has  time

expected — 1 3  dli sielelobe pa t !  u - n - r u  c h a r a c t e r i s t i c  c f  the un i fo rm ar r a\ . S l i i -  f or r im - - f

- 
the  sum in I - ; q .  ( 1 )  a l lows pIne to expe r imen t  w i t h  time e t c  - n c - i -  of I l i e -  s e t  I ~~ 

i n n

o rder  to suppress  the peak value  u p f  l - ~ ( i n , v) as a f u n c t i r u n  of c- p i t  t i n e  v a r i u u u s  g r a t i n g

lobe positions u = u
p ’ l - ’u c r  examp le , cecn.s  i c i e r an e v e - tm n u m b e r  ( if e l e m p  e u - n t  in t h e

15— p l a n e  ( N ,_ . even) . A n - i - p u  - i n p n r p n ) e l i -  choice of l a t t i c e  is t ime  conc - c - n t r e  , n p i l  t r i a n g u l a r

grid function . ( h p p p p s i n g

1~~n (o , d x 
- 2  c e , d / 2 , n p  d 2 , . .  . )  -
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one obta in s  p ut  t l c i  g r a t ing  lobe positions p ~ l , ±3 , ±5 , a nd so on; the  r e s u l t s :

( a p a r - t  f r o m  a i -or np lex c e e r m s t a n t  of anip li tude  u n i t ’u - , arid af ter -  exp l i c i t l y  f - en -roving

the  ele nime r d pa t tern  e~ ( v)

j u  vi  sin [N  ~ (v -v  ) d  ~v p 1 L V 0 \ -
-m- - _ _ _ _ _ _ _ _

e u p, ’, N 
- cos n- ( c’-c- ) P -~S [ 0

S i n s p a t t e r n  has a s e r e c  at v = V and an a c v c n n m m e t r i c a l  d i s t r i b u t i o n  in (v  v ) w i t h

pr -inc ipa l  m a x i m a  of un i ty  at (v - v )  d~ A 0 . p p , 

I)

A t  the  g r a t i n g  lobes p ±2 , ±4 , . . . , the  s u m m a t i o n  becomes

(in - c i  sin IN  ~~( v -v  i - I
P .  _ 5 1~ - L ~ -~ (21 )

e (v ~ N - s i n e  f~ (v - v  I c I A
S S c u

w h i c h  again is the  s p n n n p e  d i s t r - i b u t i o n  as for - u n i f o r m  i l l u m i n a t i o n  and 
~ n 0, and

of fe r - s  no g r a t i n g lc p be suppress ion .

- - The d i s t m - ibu t i on  c h u u s e n  in time fo rego ing  thus supp m -esse .s the odd g ra t ing  I n c h e s

in eune sector of space by sp l i t t i n g  them each in to  t w u c  lobes and ru -r oving each out
t e e  a e - u - l a t i v u - l y  w ide  angle , where  I cc - v  are reduced Fey the ele m ent pa t t e rn  e (v) ;

the  e h s t n - i t e i c t r p u n  d u p & - .s not a l te r  the even gi-a t ing  lobes at a l l .  This capab i l i ty  of

s c - l € - r t i v e l v  modi fy ing  a chosen g ra t i ng  lobe r e p r e s e n t s  an addi t ional  degree of

fr ’eedecm tha t  is usefu l in des ign ing  a r r a y  t echniques  for l imi ted  scan s y s t e m s .
In or-der t u c  inve p t i g a t e  the  p e u t e n t i a l  l e e r  g ra t ing  lobe reduct ion us ing  th i s

technique , it is c i e n v e n u i e m i t  t u p  aga in  e x p l i c i t l y remove the elem ent pa t t e rn  e (v )
- I f rom Eq. ( 1 ! )  and eva lua t e  time i n t eg ra l  of the  power w i t h i n  the region 

-

-0 . 5 < ( v  - c - I d  ~ < 0 . 5 . A f t e r ’  no rn m a l i z ing  th is  total  power to the power at the

peak u~f t h e  l e t - a m  one u p h t a i n s  for the n o r m a l i z e d  power per un i t  length in

(d~ 
- 

a )  (v  — v i  space

N

n - b  
~ 

2

N N (22)

(

~~~~~~
r ) (

~~~~~ l~~~

t 
independen t  c f  the  1 1cr u n i f o r m  i l l u m i n a t i o n  th is  level is 1 N~ and so a l t h oug h

it m ay  i a -  poss ib le  t u p  choose the 
~~~~ 

s u p  as t u e  reduce the peak value of time g ra t ing

2 ~I

—4~~~ -t J~~I~~~,I ’ ~~~~ ~~~~~~~ —‘ — - - ‘- - - — - PL -• . -
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lobe throughout the region specified , the average value w i l l  r en m a in  e n s  t an t  at t h e

level l/N ~ for an ar ray  wi th  N ,,’ rows.  The nm a x i m u m  available gra t ing  lobe

suppression using this  techni que is thus about 9 dB fom an 8-row p u m - r a \ -  and 12 dli

for a 16-row ar ray ,  and so on.

Figure 15 shows  five curves of E~ (u~ . v) e~~( v )  w i t h  various 
~ n and p combina-

p tions for an 8-element ar ray.  The combinations are chosen in a s y m m e t r i c a l
manner across the array in order that the final  s t ruc tu re  have a per - feet  monopul se

- - null in the ideal s i tuat ion , As a resul t  of this  s y mm e t ry , all pa t te rns  have a nul l

at (v-v 0)d~ /x  0. 5. In addit ion , all pat terns  are s y m m e t r i c  abc uut  the points  ±n

and ± (n+0 . 5) for all integer  n inc lud ing  n - 0, and so onl y a r e s t r i c t ed  sector  of

the patterns are indicated.

The solid curve of Figure 15 is the result , as ment ioned ear l ier , for 1~~n
it exhibits no grating lobe suppression . The disp lacement

{
~

] [o~ d
~ /2 , o, d~~- 2 , d

~~/2 , o, d 2 , o] (23)

0 
~~ T I

-

.
4 . • \  -

6 ‘ 
1~rt—:~~~~
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,1i.~/ !~~~~~
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Figure 15. Grating Lobe Suppression by Row
Disp lacement
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y i e l d -  the  dashed pa t t e rn  for the g ra t ing  I u e t c e - i  w i t h  p 1 and so ha.s good sup-
pre ssicln except near  (v~ v d - A 0 . 4 , but th e  g r a t i n g  l u p i n e - c  for wh ich  p ± 2 again
a s su n r e  the  n h t  r ibu t ion  as . s h m e u w n  by  the s c u l i u i  cur-y e w i t h  no suppr ess ion .

The d i sp lnu -e r n e n t

[‘~~rn] 
- 

[ c c , ci 4 , c u , d
~~

/4 , c I
~ 

4 , u u , d / 4 , P u ]  ( 2 4 )

y ie lds  the dot ted curve shown in Figure 15 , and evident l y prcivldes u u r m l v  abe~ut 3 dli

suppress ion  for the  lobes cvi th p i 1. The gra t ing  lobes with p ± 2  are again
given by the  dashed curve and so are s o m e w h a t  suppressed for small  ( v _ v ~, )d~ A

values , bu t  have a peak value of -3 dli .

T he dis p lacenm en t

{
~~ 1 [ u p  0. 25d , 0. 65d 0. 85d 0 . 85d 0. 65d 0 . 2 5d ~1 (25)
~ n j  L x x ’ x ’ x ’ x ’ x j

v i e i m h - n  the t w u u  solid curves  c o n n e c t i n g  circles (p = ± 1) and X ’s (p ± 2) shcm-n in
Figur -e 5 . Th is conf igura t ion  was obtained empi r i ca l ly  and provides at least  six
dli g ra t ing  loir e supp re s s ion  th roughout  space. A l t h o u g h each of these d i sp lacement
combina t ions  produce the same average (-9  dli ) level over the region
-0 . 5 (v - v I P  -

- A < 0 . 5 , the last  d i sp lacement  produces the lowest peak g ra t ing
lobe level and is t h u s  p r e f e r r ed  for g r at i n g  lobe reduct ion . The second desirable
fea tu re  about the pa t t e rn  produced by the above disp lacement  is that  i t  has much
more suppression nea r  ( v _ v

u n )d v 
‘
~~ 

- 0, when -c  the  na tu ra l  e lement  pa t t e rn  suppres-

4 sion is min ima l , and so in s u n m e  ca - ce - c  one can obta in  somn e a-h at  more than the
6 dB suppression.

Row disp lacement  c-an thus  provide  su b s t a n t i a l  suppr ’ess ion for most of the
gra t ing  lobes , but it does not a l te r -  those  lobes a s soc ia t ed  w i t h  the  (u , v0

) post-
tions. These beams have the  s ame  u - c o up r d i n a t e  as the des i red  main  beam , but
are disp laced in the l- -p lane . They must  ice suppressed us ing d i e l ec t r i c  f i l t e r
techniques or m i n i m i z e d  in the des i gn u c f  t h e  basic scann ing  e lement.  Examples
t h a t  i l l u s t r a t e  the e f f ec t iveness  of t h i s  t e chn ique  wi l l  be given l a t e r .

T,. l I I ~~H~~l - I I I I N I U  ~~~
- i~ ~ I ’I~~ \ I .  i i ~i ii i :u ~i ~\ ~~~ FFM ~

The preceding sec t ions  of t h i s  r e p o r t  have demonst r ’a ted  the f ea s ib i l i ty  of
scanning in t c v u e  planes wi th  the mul t imode technique . This sect ion is devoted to
p resen t ing  da ta  t h a t  wi l l  aid in designing a r r ay  s y s t e m s  and in eva lua t ing  the i r
pe r fo rmance .  The tools for th i s  anal ysis and compar i son  are the power trans-
m i s s i o n  factors of each e le r um en t ;  knowing these, one can add the sidelobe
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suppression corrections for- a spa t ia l  f i l t e r -  and row or column displacement,
including the a r ray  project ion factor  (cos 0) t u u  g ive d i r e c t i c - i t v  for a large two-
d imensional  a r r ay  and thus comput2  required pe r fo rmance . The te rm pu lw er

- t r a n s n i m i s s i e p n  f ac to r - , as used her -c , is  the ra t io  of power t r a n s m i t t e d  in a given
d i r - ec t i on  per uni t  cell of an in f in i t e  phased a r r ay  to the  cell input ui-c ’  e r . ‘I his
m a t t e -  d u u ’s not i n c l u d e  tire beam broadening  factor ’  ( P r r r p u v  p ro jec t ion  l a c t - - r - )  P u u s  Cu ,

and fot tha t  r e p a s u e n  the nc e cva n t r p u r m s m i s s i o n  fac tor  cur-yes can be used for  any size
aper tures  ic r  for column a r rays  and can p r e p v i d u -  r imuc h m ri-r o n-c usefu l ir m fo rnu a t ion
than  if t h i s  f ac to r -  were  included , i i g u n u - .s 15 and 17 ~ l n i u c c  t h e -  power ’ t r a n s m i ss i o n
patter -ns that  app ly t n l-~— and l i — p lane s p a n  - s i t u p a t  i u u r r  w i t h  and wi thou t h igher  o r d e r
model c e u n n l m u n l . G r a t i n g  lu p i n t -  levels for t h e  tic ~c— d i m e n s  ional  ar r ay  a r e  deter-
mined in\ -  e v a l u a t i n g  t i me i a - v a - i - ,  in t i e r - — u -  p r i n c i p a l  p lanes and f o r m i n g  the  pr ’oduc’ t .
The curves a r e  p l - c t t u - e l  in t e l  ~~) sin lu s p P u u - u - , p u m i p i  s u e  a d j a c c - n n t  g r a t i n g  lohme s are
spaced one uni t  d is tance pa m t  in u - ( ~ l i p - n  plane . ~l in n  it is u ip n v c ’n i e n t  to c i s c  t l r c - ,e
cii n c- u .s lo r’ d e t e r m i n i n g  the  g r - a t  i ng  I - - l e a -  l u - c  i - i  c o r n - u- -~~ ce e m p c h m i  e~ t u  - p u n s -  e-h oser r  ma in
b ear -ri a n g le.

These c o m p u t e d  e lement  p a t t e r -n - c  e i e c  not i n - l u u l e  m u t u a l  -oup l in g .  The\- w e r e
obtained u s ing  Eq. (14) , and n o r n m a l i , i m i c  t i e - i a - v a - k  of h e r - -nc - pat terns at each scan
ang le so that  the  t e t p n l  po w p -  r- was un i t y .  Thus  the n u - h u t  e v a-  l e v t - i - ~ a t  each gra t ing
lobe w e r e  given 1ev the ~ - (  ci p p m -  c- I n n )  f u n c n  n - - n i  ~ , but t i r e -  p a h - o e l u t e  l e s - c -l  was  obtained
by n o r m a l i z i n g  the  a -  p a d  c’ sucl . t n p r t

0 r -  -r - -r -r r - r  t - --— - I ‘ - 
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Fi gure 17. (~€ - n m e - m - p u i n , e - d  l !—I ’l ane  l ’ u e c ’ e C I  T r - p a r r - i m c i n - , - c n u i n p  I a u t p e r - ,

e 2 ( u )  I = 1

and

~~~ (V
q

)

in the pr inci pal p lanes.
For the special (- na - ce  t ha t  u n - - n a b - -, a - l c u  - c t  n - i t  - - p  ‘ w a - - t - t r c r n e l u - , t he  was

evaluated lvi- solving the r e q u i r e d  t - u n  — - u - n - c  - r u t  .p rI~ u.r~~t i - - n  - - - m e t  I n  t h e  -c a e- - i ( I
eigenvalue m c d e  n u n e i i - u - m - —n , p c n n e i  r n i p a - i e e  p u n I e r  - ‘ - c  l u -  - - e . - . S i - -  -n  a n a l  odd - p

e igenvalue f u m n u - ~ m c , n s  t i e  e e i e p i m m r  t ime r p p n h m ; a ! r u  e t c  t r e l u i _

Whenever odd modes p u n- c used in ‘ I n  n r t r c p l  c i r c u i t , l i i i -  c - I a - c -  u - n i t  c a t t u c n n  t~ p u s

several d i s c o n t i n u i t i c - -c . ‘I h e s t -  m ’e su lt  f m - u e r m n ’ l i t -  n m t - n — \ - : p - , - ! n i u  f l p p ’ U p  a -  e c f  t i m e -  p i p  l i v e - I c

p control led e lement  pat ter -n , and t h e  I e u e i m n ’  of e l i — u  c u m i n  r n n c p n n l , n - a - e r r - - c u- n i t - - l i i -  end of

scan .
The E-p lane  data  of Figure 16 show t i n t -  a d v a n t a g e  e a f  - - - m e n  r’olling ‘he i i g her

order  m ode in th is  p lane . W i t h  use of the  s im p l e  mc m ode iP e n t P n n n  alone , a t e e  a n n

scanned ten  (d y - A ) sin 0 0. 2 would have an p a - c s u p c i p a t e d  g r a t i n g  i c e i c e  level  of —13 dli

at ( P - v / A )  sin (1 —0 . 8 . Al thoug h at a n i n a m m g e r - u - n e - s i \  s t eep  
~ 

rt of the  curc -e , t h i s

would be s a t i s f a c t o r y  for a lan -pc -  a m n - a ~ - i f — - - e c u -  ex t e r n a l  - -  u - e e n n s  o f g r a t ing  l u p i n e

suppression were app lied . A l t e r -n a t i v e l y, the  t m - n a n - s m n i s s i o n  f a c t o r  curve us in g the

LSE 1° and 11 n m p c n i e s  ( da shed )  s h u e w s  t h a t  scan t u e  (dv  A )  s in C u 0. 5 k p u P s  i t e l e  w i t h

a resul t ing gra t ing  lobe at about -12 dii .
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The advantage br-oug h t  about by the use of the e x t r a  mode is a reduct ion in

phase s im i t t e m ’s  to t h u  th i r ’d s  of the number  n -equired f u r  the oversized sing le mode

cu i i u  i t u r e .

Fi gure 17 i n c u w s  four I l -p lane power t r a n s m i s - c i p u i m  f a c t o r  curves for unloaded

and d ie lec t r i cal l  loaded a p e r t u r e s  w i t h  and wi thout  the hi gher order LSE2Q mode.

Time basic , Unlu ) aded  I l -p lane pa t t e rn  (dash-do t ted)  has t~ - o  g ra t ing  lobes at the

-10. 5 PB I c - v u - i  for’ broadside rad ia t ion  and one at the -8 . 5 dli level a f t e r  scanning

emi l y to (e tc - c - A )  s i m m  at  = 0. 1. ~ c’an m u  (dx ’X ) sin CI 0 . 3 p r o d u c e s  a p r - c u t  m e g  lobe at

about -5 . 5 dB. The in t roduc t ion  of a hig her  u u r d e r  (1 SF 90 ) m ode n - u - s u l t s  in the

dotted element pa t t e rn  and , depending upon w h e t h e r  one cisc -s the odd mode for

broadside or in t roduces  it a f te r -  a degree of scan , one e e i i t a i n s  a p r p u t i n p  i c e i c e  of

— 5 to — 6 dli at (q 1). Never the less , th i s  g e u u r r c e t n ’y  , e i t e n - ~ ext  r e m n e c - l y  c - - i d e  ang le

scanning to (d y / A )  sin Ii = 0. 7 .

I se of d i e l e c t r i c  layers  tc nan -row ti -re l i — p lane a i e r j c-r r t  p a t t e rn  n - e s n l t -  in an

LSE 10 m ode pa t te r -n  as shown in the solid cur -vc -  of 1- igure 17 . ‘l I n i s  curve is

drawn for - a d ie lec t r ic  of th ickness  0. 2 A and u i  mis  t p n n t  2. 5 , W i t h o u t  h igher  mcude

cont ro l , the a r r a y  can c -v ic i em m t  lv be scanned to p n n I c e - c - c-c r e c c a t c - i y ( d v /  ,i )  ~e no (t 0. 25

for about a — P . 0 dli gr-at ing lobe level and c u n iy  1 dB i n s e p t r c u m m  h e s s .

The dashed curve  of F igure  17 d e mu ,n s t n - a t e s  the  scanning c h a r a c t e r i s t i c s  of

nbc  loaded m u l t i m o d e  11—p lane b ea m and cl ear ’ ly  i n r d i c a t e s  t h a t  t i - re  f a l l — o f f  and

gra t ing  lobe levels make n i u l t i m n u d e  scanning in t i m i s  plane fa r  i n fe r io r  to ti -rat in

the E-plane (1-’i gure 15 - dash -r ed ) .  Scan t e e  ( dx  A) sin (u 0 . 6 in both planes results

in an element use fac to r  of 2. 78 , but t h i s  is accomplished cv ith over 3 dli loss at

the m a x i m u m  H-p lane scan angle, and a g r a t i ng  lobe at ap~ r -~ x in -r a t e l v  -8 PB.

Table 1 shows a conmpar i son  of the v a r i u p u s  options for 1-i-p lane pa t t e rn  cont ro l

along w i t h  the number  of E-p lane i- uec v necessary  to main ta in  -20 dli g r a t i n g  lobe

suppress ion in the  I l -plane.  In c o m p u t i n g  the  g ra t ing  lobe suppress ion by element

d isp lacement , one n uc fe . s  that  the  suppr ession value 6 dli w a s  chosen for 8 rows ,

10 dli for 15 i- uu cv s and t h e r e a f t e r  values 2 dli less than the max imum 10 log N

were used in o rder  m u  pr -ovide a conservat ive  e s t ima te  of the expected suppression .

The u - l u ’ m n i c ’ n t  use i p a n ’ t u e n  has been ‘omputed  in each case assuming F-p lane scan

I v i t h  can I ~~~~~~~ 1 mode to (dv ‘ A )  sin PJ 0. 1; . The te rm ‘ n m c p r m a l i z e d  scan l imi t ” is

the  ( dx  A )  sin 11 a divided by the  r equired number  n p f  ce rn t rols  per element

(2 — for  odd mu u d e ) .

The options defined by the table lead to two re la t ic- e ly  clear choices , depending

upon wh e t h e r  the  a r r ay  has enough rows to produce the requir ’ed g ra t ing  lobe

suppress  u n  u s ing  row disp lacement .  P5c m a large a r ray  w i t h  more than 4 rows ,

t I er  i p p e .~ a - s f  e lement  use fac to r  is cpbt aj n ed cv i t h  the  unloaded aper tun - e and us i m m p  an

ep dd 11-p lane d i st r i b u t i e p n , as well  as the odd E — p lane d i s t r i h i m t i u e n m .  This geomet ry

has exce l l en t  L e p u i n  f a l l -o f f  in bo th  p lanes , and an e lement  use fac to r  of onl y 2 . 4 ,
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which is n m m n u r e  than c o m p e t i t i v e  w i t h  most present  an -n - a y - r - e f l e c t o r  sy s t em s . The
hig h I l - p lane gra t ing  lobes are suppr’essed by r e e w  d i sp lace r im en t , but w i th  64 rows
cuf l an -ge  a p e r t u r e  elements , the array b e a r m m w i d t h  must  be e xt  n c - i m p ly na r row (about

one th i rd  of a degn’ee for dy A - 3) .

The logical choice for smal le r  a r rays  is the use c f a d i e l ec t r i c  loaded H-p lane
aper-ture  w i t h  a single incident nmode.  Table 1 i l l u s t r a t e s  t h a t  the re  is l i t t l e  ad-

vantage to the use of any I l -p lane h igher  model control  iii th i s  case , for the

normal ized scan l imit  and grat ing lobe levels ar-c unchanged , but in order  to
main ta in  the same element  use iac tor , the d i s t r i bu t ion  wi th  h igher  e c rde r  mode
control  s u f f e r s  an increased scan loss at the end of scan.

Figures 18 and 19 show the radiation charac te r i s t i cs  of a u n i f o r m al l y illunm i-
nated 64-element  a r ray  cv ith ( d x / X )  = 3 .37  and (d y / A )  4 . 5 and des igned to scan t e e

7 . 7° in the F-plane and 10. 25° in the H-p lane. The chosen exan~ple uses hig her
or-Per mode control  in both planes wi th  d ie lec t r i c  loaded aper tu res  for p ieced  per-
formance  at broadside.  The d ie lec t r ic  slab th ickness  is 0. 2 A  wh ich  is s l i gh t l y
t imicke r  t i -ran that  used in the previous exper iment .  The d ie l ec t r i c  cons tan t  is 2. 6 .
The ei ght rows are disp laced according to the values given in Eq. ( 2 . 5 ) . This
examp le does nent  co r r e spond  to one of the e u p t i m u m  choices above, hut  i t  does
i l l u s t r a t e  all of the various techniques  used in th i s  development.  The f igures  s h - r u e c v

E-p lane cuts through the ma in  beam and all I-I-p lane gra t ing  lu be-c , and thu s nm- e n d

all undes i red  lobes at the i r  maxima .  The data shown include t w e e  casm-c c o r r e s -

ponding to main beam locations at the max imum scan in the i l -p lane and the point
of maximum E and IT-p lane scan in the in ter -cardinal  plane . Broadside data  in s -

not  shown because for the chosen case all g ra t ing  lobes are suppr -es- -ced below
-35 dli at broadside . The c-a se  of pure E-p lane scan is fleet  - ihmu u cc ni e i t he r , i e u - r p u n n c
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- for t h a t  u - a - c e  p o n y the lobes for tire u 0 cut  are p u t  levels p m - C - P i t a - n -  than -35 dB and

t t r e s e  may  ice nub ta ined  d i rec t l y f r o m  the maximu m -r i  scan case (u rn , Vm
) by adding

3 dli to the l- — cu t  da t a  t h r o u g hm the nn a in  t e e - P i n - r n  (u , v) to compensa te  for ’ the  l i — p lane
- 

- 
element pa t t e rn  loss .

p The F-plan -re  cuts of l-’igure 18 depict  time s i t u a t i o n m  for 11-plane SC p un  t e e  10 . 26°

(u = 0. 17 I I , c = 0) , and show about 2 . 5 dli loss in nm - ra in  beam gain r e l a t i v e  t c c
0 P P

- b roadside . The cu t  t i r r o u g h  the onain  beam -r i (u 0 = 0 . 178 , v) ex h i b i t s  t i n e  c ha r ac t e r -

i s t i c  pa t t e rn  for un i fo rm i l l u m i mm at i c r n w i t h  — 1 :3 dB s idelohes  and no g ra t ing  lobes.

The F-p lane cut (u 1, c-) has all lobes below -35 dli due t o the uidd mode , and the

cut at (u 2 = -0 . 414 5 , v) has a suppressed g ra t ing  lobe s t r u c t u r e  at about the

- 1 2 . 5  level re la t ive  t u e  the br ’oadside beam;  t h i s  g ra t ing  lobe was computed  at -7 . 5

wi thou t  t h e  row d i sp la -en m ent , con f i rming  the 6-7  dB suppress ion p e v p p i l c p i - I e  w i t h

- - the c h c c s e m n  disp lacement .  The g r a t i n g  lobe at (u .3 = -0 . 7112 , v)  is at the -15 dli

- ‘ 
level . Time grat ing lobe at (u 1 + 0, 4757 , v)  has a d i f fe ren t  di s t r ’ ibu t ic j r r  f rom t h e e -

- u 9 g ra t ing  lobe , as noted also in F igure  18, and i t s  peak reach -re - s  a level of

approx im ately  -29 PB n-d at ive to the b roads ide  gain .  T h e  grat ing lobe p ut

(u 2 - 0. 772 5 , v)  are at about -21 PB and have , as expected , the same form as other

even -n m - d e n  g ra t ing lobes (u 9, v).

The E-p lane mats  of Figu r-e 19 show ‘I n c  r a d i a t i o n  behavior’  at the end of scan

(u = 0. 178 v 0 . 13 3) ,  These c a n t e r - n  d i s t r i b u t i o n s  are s imi la r  to thosemax ‘ max
of Figure 18 exc , -~-t for m inor changes due to s y n r n n n m p - t r y , The main beam gain is

- - at -4 dli i-d at ive to b r o a d s i d e  (3 PB loss for l i - s c a n , 1 dB loss for  E- scan) , and
p 

t h e  cut throug h (u max , v) s h e u w s  the usual  -12  dli level for the v 1 grat ing lobe

- below the peak of the v fl-rain lobe. Other ’  p n c a t r n p  lobes are at the same re la t ive

levels as for pure E-p lane scan , as ti -is  cu t  is t o t a h i c -  una l t e red  by the n - p e w  dis-
- 

- 
placem ent. Other  E-cu ts  show the suppression ach ieved by row d i sp lacement , and

- 
again the cut through (u 2, v) s hn n w . s  the l a rges t  g r a t i n g  lobe at ab n uu t  -13 . 5 dli

relat ive to b roads ide .  This lobe is at a p p r ox i nr a t e l ~ -7 . 5 dli w i t h - - n i t  m ccv d i s p l a c e -

mn en t .  O ther  gra t ing  lobe levels are below -20 dli excep l  the (u .1 , v i Icube w h i c h

is — 1 6  dli .
These TI-p lane g ra t ing  lobes are  each suppressed by ti -re ann - o ne ’ n - n - , - - t p -  p a t

- using n - ow d isp lacement  and support  the e s t imates  of Table 1 for -20 dli l c - c - c ’l~~.

None of these  ca l cula t ic ,n m s have included the use of s p a t i a l  f i l t e r ~ , h m o w u - v e n - , w h i c h

would be required fo r’ E-plan e lobe c or n - e i - t i o n  in any case , and so for  c u n c -  - r v a - n m

number  of e lements  the  ac tua l  I l-p lane grat ing lobes would be suppressed well

beyond the  values predic ted  by row d i -~p l a c en m e n t , or a l t e rna t ive l y few-er rows

- I cvould be r ’equin -ed for any given suppression n ’at io.
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‘ Ib i s  n - e p o r - I  ha. s s u nn m ar i / . e d  t h e  n - c - s e e I h . ~ c- f ann c - ’ p t u - n n i ve  s t u dy  e e r e e l u - r n p l - p u - n c  t p e

c l e - t e r m i n i n i e -  t ire p u e t e n t i a l  and l i m n i t a t i c u n m s  u p i ’ lan -ge a r - r - P p \  c p h a p m i c e - n c t -- inn a e l i p c -s u - - l  p u e - m - P u \

w i t h  I n - m I e n  - , i - n t u - c - p e u u - , The pr - in n an ’ y  s h i l e I e c l  of the  r u - p e e r - I  i - ~ a ei - l o i q u u -  fun’

u s ing  m u l t i p le h n ig b e en -  - e r - d a m n  a c e d e  e u e m i t r e u l  a t  the c c ç n c - r t u  c u e  to s n c l c p m s - s s  t he  ~- r - c l ing

i e e i e e 5  t h a t  a r - i - s c -  c vh re n  time ai’n p iv is - s c c i m e r n u _ -eI .
S im rm-  can -h er r eports  have demon s t m a t e d  the p u - m c i - p u  s c a n n in g cal c P n l e i l i t v  e u f

t i n e  t e c h n i q u e , the  purpose of the repe crt  bea.s I - u - c - n i  to p e n c e l c  a - c c c h  e e l  t h u  P u c e  -b  1r p m

areas of m u l t i p le n m n i c d c -  l imi t ed  scan sy s t e r n c s , and t e e  dc- n  e e n n c i n e u . - t o t he  fu l k- .-,t

r legn’ee p en ss ib le  cc-heti ner these m - c - b c c - c - ~, e n P t e - e 1 f u n d a e n e e n n t p c l  lj m i t a t i u e m i s  u , r ~ . i p , - ~ i c r

bn ec -  c o uld be ceve rcome  by e Ie- ~ i c ’ mm t u - c h n n i q u e s  - The c o s t  of cu f u l l  t w o — d i m e n s  iu u n a l
ar-ray test bed is prohibi t ive  at this t u n e  and so the de t e rmina t ion  im a n ~ i - c - i - ri b a sa e l

on e.p n e—din ensional a r r a y  data on ‘he-  n e t h r p a l  c - c l m -u l a t ic ,ns  anti on - I -p i r e n t  P i e t t e - P  P C —

scanned in ecne - e n  bo th  n l c i n e c . - cc .

The f i r - s t  area of inc - c - s t  i g a t i e  mn was t i e  e l emen t  pa t t  a - r n  nu l l  h i l l i n g  due to

phmse d i s t u c r t i e c r n  in time 1 : — p lane i n c  - c - n a - ~ used in ti -re pr -evious c - x p c - n i n e e e - m n t  s. Th i s  nul l

f i l l ing raised tine  b r o a d s i d e  u n c n t i m i p  lu -b ms to a b u u u t  the — 1 5  c l i i  i c - c  c - I , but  e ’P b c P - n ’ i m c - n t

w i th  d i e l ec t r i c -  l e n -~es im an 8 — e l e m e n t  a r -r ay  im nec ’ . ed - I m p i t  c m -  e b u e r l ’p co ll in m a n  a pp t h i n -

beam could reduce these l e v e l s  to — 1 8  t o  —2 1) d l i i  c v i t l i u - n n t  r - a i - r n g  t ine  c n - i e s ~~ po la r - i z ed
r a d i a t i o n  be vu nd a p p r o x i n n a t e ly  — i l l  dli at h i r e  m a x i m n u m m i  scanc  ‘ 0 5 - i - s t  case  - e i n i e i l t  c - - n m ,

) t t i e  n c - x l n u - r i r n e n t s  leave i n d i c a t e d  m a t  t i re  e f f ec t s  u c f  un cva n t e d  h ighe r -  - - n i l e - n

modes can d -au s c -  nul l  f i l l i ng  and thus  n -a l -se r es idua l  p m - a t  i m p  lu be I a - c - u - l s  I n ,  n eai- lv

the — l b  dli level at f requencies  that would o therwise  l ie  cc i t h i n  the am -ra  d e s i g n
f z - e q c c e n rcv  band. Wi th  these  con t r ibu t ions  suppres sc- e l , the r ies i p en band cc i d t h  can
c - s d - c - e d  10 pe rcen t .

,\ n e t h e m -  fac -tor’ tha t  w a s  i m r v u - s n e p p e t e d  i.s t h e  n m a x i : n m c e m  pp r - p e t i n g  I c - I c e  level c - f  an
a r r ay  as a func t ion  of the number  caf cc r ra c - -  u - I c - n m m e n t s  m i d  t he  arr -p cv a m p l i t u d e  O i J i c - n

( s idelobe level) .  These fac tors  i n f l u e n c e  ‘P c - p r a t i n g  I c  I i i  l p v a  I l n u - u p i n m s c -  n i n c -  c’ i d th
• of the  elensent p a t t e r -n  null  is r i s c - r I , h u t  t i n e  a r - n - p c ) -  b - a - a n m i n i d t i n  P u t  t i ne  p r a t i ng  I- - h a —

varies c v i t l n  a n n c u \  s izc-  and taper .  Thus fo r’ a very  lam - ge ci r r - nn \  P Is e n t i r e  b - u - m i rn

can be placc -d at the  c ic -e mp u a s  I sec t ion of t ine  e lement  pa t t em - r i  rmu l l , b ut fu r ’  s m m n a l l e n
a m - r c e v s  c u r  h i g b nlc -  t a p e r e d  a r r ay s  t i n e -  nu l l  is t u e v e  n i p  n - n - ac- , tc m suppress  the  lobe corn —

p letels .  Data  a re  given t h i a t  show br c p a d~ i d a -  and e n m d — e  e l — s u p -u rn l evels  f o r  ci c - a r i a - t v

of ( hebyshev di  st  n i h n u t i u e m l  -, and  a r r p u \ -  s i , c s  and t i n - - u -  e i p i t p u  i nd icate  tha t  an - i - ac - -s mc i lh
e ight  ear more  elements in the s e - a n n  p i c u n m u -  c -a n h a m - — 2 ( r d l i  s i n l e - l a h i a -  su p p r - u - s s  c u r l

w i t h  near  s i c l u - l u e h e e —  a I e e c v as — 4 0  dli ,  The d p a t p i  p 1 - s e e  i n d i n c u t e  tha t  g m - p u m p  I c e h ~ .

levels h e - I c c’: — 2 5  dli u - a n  i e m n l ’  I n c  a c b m a u - v c - d  a i t h c  c - c- n - c -  l an g e  an -ac--s .
Expen i  n - p e u n t c i l  and the r r et i c a l  51 n i d r e - s  of 1! — ( c l m e n ] , -  and d u a l  p lane scan p a v e -  shown

I b n p i t  t h e  use  c f  d i e l e c t r i c  ~ l a h e .s e arn nor  n- nv n b p p -  I l — p l a n e  : i p i t p - r - n  m ind  thus  n - e d u c e -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ~~~~--- --. --
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the n e c - c e  r u - - s t  I J — ~d i r m a —  p n - p c i  np  I e e h u a - .s t u e  ~ a i c  - fair  h nr c ep u ds  id ’  - i p u e  I i p n t  I - e n i  p a t  n b a -  a -~ m ~ -n - - a -

c t  h m i gh e i -  ~ econni  p- n - c i t i ng b el a - s  (p ± 2 )  annul  i r e  p c -_ u - e l l e u — ,.s p e t  t h m a -  b i p l n u - r — - p e n e  a m a L ’ l a - —, .

~\ l l  a~ f t h u - s i -  e i p n t : u  i nd ica te  that  t i r e  p a t t c — r ’n  u t n a r c u i t a - n i s t i c s  t p e r  i l — l e l p e f l a  sn-an  p i n e  I an-
n I p - n i ,  en  ‘ u u  c h i c -  I — p l a n e  scan e - c p . e, and t h a t a t  i t  is d i f f i c u l t  to a rhieve  innuc hm c - p a n i

c c c l  I n -  c c l  a - s c - c - s  - i v u -  pp c - m e n u  n i p  I c - l e e - s  in t I n  i_ s m I m i - .
‘I w u e  I p - - h n n p l ( l I e c - s  bn p i v c -  been in i v a - - _ I i p m u teci  l’oi suppres . s iue nn  of th e c- f a r  p i - p i l  n a p

h - I - u -  — - ‘I he s n m m i l n ! p -  ch i sp l~i c e n i i u - n i I  of p u n i i p p e a - m e l  n— na - s  or columns i.s s ine w nn t e  l a p i r i  t r r

. m n p n u n - e s — i o n uf  s e h a - - t a - e i  g m P i t r n p  l e e h e n -m ar-rd t u e  u n u e v i d a -  up  t u c  10 log N di i  eaf s n i t c h e r - u -  — —

n - nm h u e  m - carl p p n-r ca c- c c  f N n - u p mc - .s c u r  - i n n  d a m n s . P-~e 1ec—t ing e h r  p1 cc - -c nn i c -n ’  I s  win ch ar -a-
v n c r n m n e t m - i c  abeuu t  t u e  a n - c - a c - -  e a n ~t e n  p a l l e e w -, gn -a t ing  l e e h e  .sn i cp i - e—c— ~i c e m n  w i t i e u u u t  d p - — e t m ’ ~ e v —

h u g  n i i e e m n u - p u l — m l -  n ulls , amc d ~c u e  i s  en t i n - a - i c -  c e ~n -, i - t e n n t  c v i t h  r a d a r  a p p l i e - P I i m n -  - i - i n i p e l l ’ e ,
e i n r  approach d u c a s n r c - I  d e s i r e - v  t In e  a rm-a  p e n i e u d i c - c t  a l o n g  p c n m c -  m e w - e m- c ’o lun r n  t i c c t

is d i s r u l a - ecl , and i s  t h cm s s t i l l  n c p p r o p m ’ i P a t u -  f o r  n -mm —c el ~r n n n  —p c s - m - e n n p p ,  The g n ’ P i i  i m n pp -
- - - l e e h e  sc c p p n u - s s i ( n m i  thu s  pr - ov iden l  hea lds  l i e n  al l  h u t  t h i e ~~ a- in  t h e e  e l a n - f o n n n i a - e i  i e ~ ti n e

ac-m a in h e a s u  n i l  and a i u - m ’ p end in -u l an — t u e  t Ine  p lane of I i i -  n i h - p l n n n : e a c e c - m n t , ~,u ‘i r p c t  ar m
1-P p u n - i - 18 the bccc n cn.s (u

nn
, vq

) am - c  u n ch a n r ,- c-e i i cc -- d i  s i n  an -_ p - n : - emit , hut  al l  f l i p - n -  - a n- c
su j e i e n - i c s - _ e - i l . T ln i ~n Iu p c v e s  as n - e n n c u i n i n g  t b c u -  p n i n - i p a l  p lan -re gm-al i n i p  l u c h i e s  ini t h e
plane i c m - t b p e g e e n r p i l  t e e  e t c  sp l p n u - a n c r e m r t , anni t l m u s  p r - innar ’ i l  l i n e -  F - I—plane  l e e h c a s c c- i th t h e ir
e i n p u n : e r t e n i s t  he  — 1 2  dli lobe at q = — 2 ,

The second h e - i n n i qucm invest  i p p - : i t c e l  for f a r  gr a t ing  lobe - _ cn y  p m - e s  sio n t  i . -_ is’ ci sc-
naf  a s p a t i a l  fil  t e n . Data a n’e p r - e n m t e - d  t i na t  d e n n n o n s t  c m i  I P gn -a t in g  lncbe s u p t c n - a — ~ i - e ni

of th i .  donminan t  q — —2 F — p lane lobe for  t i - re  PP — c- c - n : r a - n n t  l i m i t e d  s e - a n n  a r l - P c ’ , e e l

l - r p p e c - n  n - a -  7. A l t h ough spa t i a l  f i l t e r i n g  is a f r5 n Ic u  - m n c v  dependent  - P - - :n ique , ‘he
( h c c - t i v s i c a m v  n i a - s n ~~n has the  advantage t b n a l  t ime s p a t i a l  e c i s h e p i n e i  n m e - n , - l v  b - n -  - p c e t u - n n  and

nor  n - u e m v s  as a func t ion  of fr equency , annd it is u p f l e n r  ne es _ s i h n i a -  l e e  ( ‘hcj r up 4 e a - I ’ - , Lrn ‘ h a d

i.5 f l i t  p c e ! c - e t - s i ’ l v  cc l I e - u - t e d  1ev fn ’equency e - h c p m n n p p e - .

The b e n n n p m l h e n i  of t lnese Icc - n e  approaches p r c c v i c i e s  s u f l i e - i c m r ’  pp : - ‘i nni lab ,

s u p p r - u - s s i P e r n  t u e  g u a r a n t e e  — 2 0  dli lobes (or low -o ct  for a l l  P e n  c t n  ‘ n a g  I - h - . - , nmnui

inc l c o-eI  f e - n -  all g ra t ing  l u t e s  c - c - c r e p t t i r e - s e  I ’ n e u : u n  m e l - u -  -‘ i n n  h i p ’  p i c r m r a -  P en ’ e e n n  m c u l c a r

to  ‘ l i e— d i s p l a c e m i n e n t  ( in  l i m p -  e x a mp le n p c - ~a ’  p — - i i . A s  po in ted  p d i i , - p u n - i n u ’ n - , ‘ I n , - ,-

l c d  e l - s  can approach — 1 8  t e e  — 2 0  dli cc i t h  pr-ope r c-Ic s i  pc -n p p n c e i  m u m - u - n i e ; a  a I ’ . - e icc i c c —  a -  •

t i n a n  — 1 6  dli , but  t h - - v  r e p r — e s a - n n t  c - n - P m - p c i  u i u s j p -n m p i n - p - m e —  nv h i r i m p - P i n n e d  I c - n a - c t - ’ - I i - c
f u r -  d i s pl acemen t  n c r  I i l t c - n ’ i n g  t e c - b i n n i d n n e .

it s ub s t a n t i a l  u - l i e u - I  hac~ been dc- c- e d e n  to  t e u t l i n n o n i ’  p e e — ,  u c l a -  ‘ n - m e - h r - - I ,  - ‘ ic a - ’ ’
t i p -  u- c e n f  m u l t i ple r n - u c l a - s  fear  t e .c e e — e h n r m m p - n c s i o n a l  sca n a p r ’  f p - r  on ly  p -

t 1 r s c m l t c  have i n d i e p u n e - d  t i -rat  t~~~ e e  d i s t i n u - t l c - ’ e l i I I u n e - n n t  ~ e e l c e d i e e n p _  m e n ’ -  t ,  I - ’ -  p r e l u ’ n - c  -el

depending  upon the a m - n - p r y  S i z e , and t h a t  in  f ac t  f e p r  a c -r n - c  ha n- ga - a n r - av n t  i -c r oa r -u t

a p p r a u p r i a t e  to u~~e a h i gb n er  ca rder  - - ‘ l a -  m n e e n c l v  c - l i e -  u l p u m r ’ -  m .  m p h - t a  h c c c i i  on f i l t e r s

u n d e lem ent  d i -s p l a r e nn e n n  h o  su p p n - u - ~ s g r a t i n g  l e e b u p - , inn ‘ t e a -  e d h c , - r  l a l c u m m u - , I ) , ’ e P I  p e t

• t i m e - s c —  and o the r  d r p c , l r - p e b t s  P u r r ’  ( i a ’ s e - r m l l u ’ d i  in  c i t - t a i l  l u  a - n n p u l ’ i , -  h -  r h o c n n _ _rn a - n - ’ - -  p 0 ’

P a t c n n - e e n m - i p c a e n - h a m m e r — s  of e l i c m c u - n n — _ p e e n , m i n I  P u n ~ i ’c~ ’ I a - u - I a n h q c m a - ~~_
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- :  A ppend ix
- - Bandwidth of Spatial Fitters with Chebyshev Charact eristics

Spatial f i l ters desi gned according to the analytical t r ea tmen t  of Reference 14
ha”e limited frequency bandwidth because their  characterist ics are Cheb yshev in
frequency as well as angle.

The power loss polynomial -used throughout that  analysis is

A 11 A 1~ = 1 + ~~2 T 2 (sin ~ / s in  ~~ ) ( A l )

whe n’e

= 
2 irS cos o ~~~ S cos o (A2 )

and ~ , is the value e u f  ( at the passband edge , S is the inter layer  spacing, f and X
the frequency and ccavelength, and C the velocity of li ght.

An advantage of the Cheb yshev desi gn is that  the spatial charac te r i s t i cs  merel y
narrow and broaden as a func t ion  of frequency, and this need not seriously alter
f i l ter  effect iveness provided that there  is adequate separation between the maximum
passband ang le and the nea res t  grat ing lobe or sidelobe requir ing reject ion.

Figure A l  shows a typical  spatial  coverage as a funct ion  of frequency, and
indicates tha t  the passband i~c na r rowes t  at the lowest frequency f _ 1  and broadest
at the high frequency f 1. An es t imate  of  f i l ter  bandwidth is obtained as follows:
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At 
~~l’ set sin ~ equal to K 1 sin 

~~ 
at the maximum paseband ang le. This

allows to occur in a region where th ere n may be some tolerable rejection. The

-

‘ 
value of K 1 is selected as unity or some larger value as associated wi th  the toler-

able rejection ratio.

2 ir f
= __— ! s cos 0 = -~~-!~-~~_ comm 0 and sin ~ = K sin ~ (A 3)

m C m m m 1 1

or approximatel y:

(art 
~~~ 

= K 1 ( nit - 

~ l~~ 

(A4)

Here nit has been subtracted from 
~i to allow the l inearization. The integer n

is unity for S/ ~~ 1 approximately 1/2 , two for S/A 1 approximately unity, and so on .

The condition above also serves to define the interlayer spacing using:

= 
2 prr C u s  0m 

[flit - K
1 

( nit - ( A 5 )

2~ cos 8m 
[nit - K

1 ~
] , which defines the variable ~~~.

A t the high frequency f 1, set sin ~ equal to K2 sin at the grating lobe angle
Here K2 is chosen to provide the desired suppression at the grating lobe.

Again linearizing the expression after subtracting nit leads to:

nit  - 
~gi = K2 (nit - ~~) . (A6 )

Combining this with Eq. (A4) one gets

nit - ~~ ~~~~~~ 9g1 = - 

2 r t f~~~~ 

~~ ~~~~~~

Setting f 1 = f 1 + ~~ , one obtains an expression for percentage bandwidth ,
rela t ive t o the low frequency f _ 1.

~ ~
(
~

) cos~ og~ (n)(~~~~~ 1) 
- 

(‘ 

-

~~~~~~~~~ c~
°
s~0~~~

)- 

(A7 )
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This exp ression, used with Eq. (A 5) , provides a solut ion fo r bandw id th based

upon the condition that there be sufficient grating lobe rejection at the high
frequency.

-. In certain cases the bandwidth may be restricted fu r the r  by the condition that

at the high frequency the broadside angle (0  = 0) will suffer some rejection. This
is so if

sin 
~ I = sin (2lr f i ~-)i � I sin 

~~ 
. (A 8)

When this occurs , this relationship , rather than Eq. (AG ) determines the
bandwidth. This does not occur for the filter described in the report , and so it is

recorded here for completeness.
Equation (A7) may be combined with an approximate form of Eq. (A5 ) to give

a par t icularly convenient form for cases in which K 1~ is small compared to nit.

In this case the resulting approximation is:

..
~~ + ::::~ [1 -(-~

.
~ 

‘)-
~~‘] 

. (A9 )

A n example of the use of these formulae for the filter shown in this report
follows.

Consider that the array scans to 10. 25° and a grating lobe comes within 24. 70

of broadside. Usin g sin = 0. 15, cos 0m = 0. 984, cos 0g 1 = 0. 909 , and setting
K 1 = 1. 85 f o r  about 0.6 dB rejection at the 0m for the lowest frequency and

P K2 = 2 . 94 for about 6. 5 dB grating lobe rejection at the highest frequency, one
obtains S/A 1 = 0. 97 (n 2) and the bandwidth i~ computed to be 5. 2 percent us ing

Eq. (A7) and (A 5) or 5. 4 percent using Eq. (A9) .
Equation (A9) also gives the bandwidth for the ideal Chebyshev-type fil ter ,

fo r if the rejection slope could be infinitely st eep, then K2 /K 1 could be unity and
st ill provide perf ect rejection ; and in that case

a cos 0
6 m

-1 cos egl
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