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20. Abstract (Continued)

of the element’s scanning behavior. Computed results indicate that the struc-
ture radiates efficientl y within the two bands and operates free from anomalous

- 
behavior over substantial scan angles. These results demonstrate the feasi-

• bility and practicality of the basic concept .
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Anal ys is of a Dual Frequency Array
Techni que

1. I \ T R O I H  ~:rio~

The growing number of Air  Force tactical and communication satellites place
a conti nually increasing burden on aircraft  antenna systems as presentl y conceived.
The development of new array concepts to allow a sing le array to provide two inde-
pendentl y scanned beams in separate frequency ranges , would aid in relieving the
demand for  a i r c r a f t  station locations.

The poss ibi l i ty  of combining two or more phased arrays in such a way as to

fu l l y share the same location , has in t r i gued researchers for several years . Some
• so lut ions  to this  problem are available and range f rom very wideband ar rays~~~

4

which  can direct  several beams on a t ime shared basis — but  r equ i re  an excess ive

(Rece ived  for publ ica t ion  2b J a n u a r y  1977)
• 1. Byron , E . V. , and Frank , J. ( 1968) Lost beams from a d ie lec t r i c  covered

p h a se d - a rm - i ape r tu re , IEEE  Trans.  G-A P A P - l I d N o .  4 ) : 4 b f -4 bF l .
2. Byron , E. V . , and Frank , J. (1968) On the corre la t ion between widehand

• , ar rays  and a r r a y  s imu la to r s , IE EE Trans .  G-A P AI’ - l l d N . 5) :60 1-603 .
3 . Laughlin , G. L , Byron , F. V. , and Cheston , T. C. ( 1 b7 2 )  Very wideband

p h a s e d - a r r a y  an tenna , I F - FE  Trans.  G-A P A P -2 0 ( N o .  d : d P F _ 704 .
4 . ( ‘hen , ( . C. , Il onp ,  N.  S. , and Tang,  H. ( l F t 7 3 )  U l t r a  Widehand  Phased

A r r a ys , F i n a l  R e p o r t , Cont rac t  F l 9 6 2 8 —7 2 - ( ’ -0224 , A F C R L - T R -7 3 - 0 5 ;9 .
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number of control elements at the lower frequencies — to in ter laced arrays 5 8  in

which the total  aperture is subdivided into ingeneous b r i ckwork  pat terns  of various

size elements, w i th  each frequency occupy ing a portion of the total aper tu re .

The concept investigated in this report was an ou tgrowth  of a search for a new
kind of dual-band array.  It had to be subject to the cons t ra in t s  t h a t  each f requency

band use the full ape r tu re , that  the a r ray  be exci ted by a separate  corporate  feed

at each f requency  ( t h i s  to allow simultaneous, individual l y pointed beams) , and
that  each corporate feed have the min imum number  of phase s h i f t e r s  consis tent
w i t h  i ts  scanning requ i rements .  These cons t ra in t s  led to a r e th ink ing  of the dua l -

band problem , and to an a r r ay  of the  waveguide elements  shown in Figure 1.

‘ 4
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The element shown in Figure 1 is made to operate at two independent fre-
quencies by designing two circuits into the same microwave waveguide, and by

dielectrically loading the waveguides so that the two signals do not interfere . Wi t h

proper design the higher frequency signal can have the appropriate phase rela tion-
ships across the final aperture to scan its beam over relatively wide angular sec-
tors , and the lower frequency scans in the manner of a conventional phased array
with a uniform phase across each element. The element consists of a waveguide
bifurcated across the H-plane and loaded with four dielectric slabs as shown in
Figure 1. The element size and thus the array interelement spacing is consistent
with conventional practice for wide angle scanning at the lower frequency band .
This low frequency circuit is excited by a probe as shown in Figure 1 or by a
probe across a ridge loaded waveguide.

The high frequency circuit  consists of four feed waveguides with tapered

transitions into dielectrically loaded sec tions as shown in Figure 1. The wa ve-
guides are excited by conventional transitions from coaxial lines or by other w ave-

guides with phase shif ters ;  these details have been omitted in all f igures.  The

purpose of the dielectric loading is to confine the fields very close to the dielectric

slabs , and when this is done properly the central H-plane divider between two

adjacent waveguides (the central wall divider indicated in Figure  1) can be removed

wi thout  any substantial  coupling of the adjacent waveguides . This wall  is removed

in the f ront  part of the c i rcu i t  and a probe for exci t ing the lower frequency signal

is also mounted in the center  of the oversize wavegu ide.  This probe does not

in t e r f e re  wi th  the high frequency signals traveling down the guide because th e y

remain  confined very closel y to the d ie lec t r ic  slabs. Some taper ing of the slabs

is u~ efu l near’ the r ad ia t ing  aper ture  to improve scan ma tch .

The c ruc ia l  f ea tu re  of th i s  hi gh f requency c i r cu i t  is tha t  the adjacent  high

frequency signals coup le min ima l ly — except  at the r a d i a t i n g  a p e r t u r e  ‘— and so to

f i r s t  order the H-plane field d i s t r ibu t ion  across the  element ape r tu re  is the  same

as that  incident from the feed waveguides.  Thus , again to f i r s t  o rder , the dif-

ference  be tween  feed wave guide phases  for two adjacent  launchers  is the same as

that  required to form a beam at the  given scan anl!ie.  An a l t e rna t ive  pe r spec t iv e

on the question of 11-p lane independence w i l l  be pre sented later  by i n r a n s  of a dis-

cuss ion of the w nv eg u i d e  higher  order modal propagat ion .

The low f requency  c i r cu i t  consis ts  of t wo  waveguides a p p r o x i n l a t e l V  t w n c o  the

w i d t h  of each of the high f r equency  wavegi.iides and lp n n - o \ i t T c ; l t e i ~ the same height

r .  as the hig h f r e q u e n c y  waveguides.  These  waveguides are exc i t ed  in p a i n s  l v  means

of a d ipo le  probe connected to a - o a x i a l  l ine. The height  of each pair  is appi’oxi-

m a t elv  t w i c e  t h a t  of the  h igh  f r equency  guide.  The d ipo le  probe is p laced a f ixed

distance ‘ L’’ in  f r o n t  of wh o n o  the hig h - e q u i n e  is av e  Fir n h -  j o i n  I I re  double  wid th  • 
-

waveguide , a n t  the K — p i a n o  S I - r l t u r n  and h i p t n  F i ( ’ , T I i i l  V i’ v ( - L a n i ( l ( 5 -,e red a-i a

7
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shorted back-plate for the low frequency probe. The low frequency waveguide
itself will operate well below the cutoff of the particular waveguide type , because
of its heavy dielectric loading.

In this manner, and depending upon desi gn constraints , the array element
• operates within two distinct frequency bands. These frequencies should nominally

differ  by a factor of two for wide angle scanning at each frequency, and the usable
bandwidth about each nominal frequency is a function of the required scan angle,
impedance matching conditions , and element geometry.

Since an array of the dual model elements can be expected to exhibit the usual
problems associa t ed with scann ed waveguide arrays, it is important at the outset
to investigate this scanning in some de tail .

This report treats the fundamental probl em of H-plane scanning for the dual
band , infinite array. The array periodicity in this plane is quite unconventional,
and so one might expect that any major problems due to element spacings and the
complexity of the periodic cell would be more important in this plane than in the

E-plane. The elements are assumed to have zero thickness walls perpendicular

to the E-p lane and therefore the array fields are uniform in this plane, (a/a~ = 0) .

2. ~lfl I)E s I\ FIlE FI- :EI) ‘~, ~\ 11;i II )F t’ V \ I )  FHI- •tBH- %.\ I - ; I_ K\ IF\ r  l\ ~\ i-1;I II)I- :
I)I-:~I(,\ I~lPI I( ~ IIU\~-

The behavior of waveguides partially filled wi th dielectric is well known to
• those who have designed f e r r i t e  isolators . This behavior is widel y documented

for hi gh dielectr ic constant slabs placed across the center of the guide in the

E-p lane , and for such s “uctures , one can choose slab thickness and dielectr ic
cons tan t  to resul t  in wavegu ide fields that are very  intense wi th in  the d ie lect r ic  but

small elsewhere in the waveguide. It is also commonly known that , for these

cases , removal of the waveguide E — p lane walls barel y per turbs  the field. This

fact  allows the dual slab ar ray  element waveguide to be excited by two conventional

dielectric slab-loaded waveguides as shown in Figure 1, and the assumpt ion  implied

above is that the two excit ing feed waveguides establish independent fields that  are

then used to control the field at the  r ad ia t ing  aper ture .  For in tu i t ive  purposes ,
these fields are considered as unperturbed f rom the field d i s t r ibu t ion  for the  feed

waveguide w i t h  a single slab, In fact , however , the dual s lab a r ray  element  wave-

guide cannot support th is  incident  field exactly, and what  is described in the  intro-
duction as “ coupling” between these independent fields is p r i m a r i l y  a consequence
of the d i f fe rence  in propagation constants between the two lowest order modes in

the dual slab guide . A brief descr ipt ion of these modes for single and double slab
waveguides and t h e i r  implicat ions  for design follows.

8
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For the present case the electric field is independent of Y and has only one

Y directed component. Therefore, scalar, transverse electric mode functions
suffice to describe the fields , and for the waveguide of Figure 2 they are defined
in the three specified regions by the following equations :

-j arg P~• e~~= A ~~e sin P~~

en = D sin (Q~ + r~~~) a a + 6

( 1)

C~ cos P~ (1 - 4 ) n odd
e~~= -j argP~Cn e sin P~ ( l  - 4~

) n even

where

= x + a/2
~
‘ a

• C1
a~~~~’ — anda/2

H 6 = ~~~~~~ .

OIELECTRIC CONSTANT ~

• / 
/ / / /

/ .
~ 

/ /

C /
/ ‘0- f I- / 

/ /

/ / / 
/ /

/ / /

/ / /
F Y  /

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —+X
1

Figure 2 . Section of Infinite Dual Frequency
A rray (H-Plane Scan )
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This notation is chosen to correspond to that used by Seckelniann ,9 who also

defines the relative amplitudes of A , C, 0, p and Q for TE modes in this type of

waveguide. The parameter nj replaces the function ~ as defined by Seckelmann.

• The parameter D is used to normalize the orthogonal 1° set {e~ ) so that

(e m, e~) = f e~~~. e~ d~ = 6 mn ‘ 
(2 )

Subscripts “ n have been introduced above to dist ingu ish the various modes.

Seckelmann shows waveguide field distributions and ranges of propagation

const ant s for va r ious waveguide and slab geometries , ari d gives an equa t ion for

• the propagation constant- The modes for “n ’ even are antisymmetric about the

center of the dual slab waveguide , and he n ce are also solutions for the single slab

feed waveguides if the w all thickness be tw een adjacent feed waveguides is zero.

Figure 3 shows the n = 1 and n = 2 field distributions for a dual slab wave-

guide with the following parameters:

a = 4. 755 cm = dx
= 0 . 635 cm

c 1 = 0. 825 cm

C s 9

Frequency 6 GH z

These symmetric and antisymmetric  distributions are remarkably similar and

their propagation constants are also nearly the same:

= 

~~~~ 
(
~ ) 6. 709 

~20 g20 ~~ 
= 6. 679

These constants are normalized to the waveguide ha l f-wid th  in keep ing wi th  the

defini t ions by Seckelmann.

• The near identity in propagation constant is a major design fac tor because it

determines the degree to which signals can be considered to propagate indepen-

dently along the two dielectric slabs. As indicated earlier , the n = 2 mode also

satisfies the boundary conditions in the single slab waveguides , but the  pure n = 2

9. Seckelmann , R. (1966) Propagat ion of TE mode-i in d ie lec t r ic  loaded wave -
• guides , IEEE Trans.  Microwave Theory and Techniques  MTT-l4 :5 18-527 .

10 . Collin , R. E. ( 1951) Field Theory of Guided Waves , New York , McGraw lu ll .

10
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Figure 3. Modal Field A m p li tudes e 1, e2

mode is onl y excited in the dual slab waveguide when the two feed guides ar- c phased

1800 apar t .  The n • I mode does not s a t i ~~t ’y the sing le s lab waveguide boundary

conditions , and so the re  i.s actuall y no mode in the dual  slab is avegu ide that  -orre-

sponds e’- :art lv  to the independent  exc i ta t ion  by only one of the  feed guides. How-

ever , the simi1ar i t~ between s v r t r n n e t r i c  and a n t i sym me t r i c  d i s t r i b u t i o n s  and t h e i r

wrnvenumher ~ a ~su r c~ tha t  h~ supe r impos ing  these n o d e s  in the  dual  slab wave-

FtIidC’ , one can approx ima te ly  match  this  inc iden t  d i s t r i bu t i on  at  the input  t u r r e t  i n .

t~r n c e  the  rt ~i/ ni - cat  i l l  1 -o n s t O nt S  are not ident ica l  the field d i st  r i l u t ion  changes as a

f u n c t i o n  of d is tance  f rom the junct ion , and this  f a c t o r  m u s t  be accounted for  in

design . The examp le civen t h r i v e  i l lus t ra tes  one choice of t r - a r r e t e n - .s that  obviates

t i r e  need f o r  any  special  car -c , because th e  d i ! iu - r e n c e  h i t  i r - een n o r m a l ize d  pi-opaga-

t i on  ci n s 1 ant .s ns  0 . 030 and t h u s  if the  two modes s ta r t  ut in phase , the requi red

d h~t a n c e  for t hem to h a - r - o n n e  s epara ted  liv 180 0 is ii 0 . 030 or a p p r o x i m a t e l y 105

ha l f  ru id e  w i d t h s .  ( lenn y this  r a t e  of di  ;p e r s i i i n  t s so slow as to he u n i n r r p o r t a n t ,

h u t  the use of lower  d r i e r - F  r io  i - i n s t a n t  or th inne r  d ie l ec t r i c  sl a b s  i-an c r ea t e  a

a n r t i a l  problem and m u s t  he cons ide red  w l r e n t  c h l r r s i n g  d imens ions .

Vt rrur e 4 shows t h r e o  •~~‘t s of da t a  c o r r esp on d i n g  i i  t i r e  casc  of a u n r t  i t t  t o —

‘‘ : i - et r  tw i  ‘in i ~~tc and one d o u b l e  slab waveguide , w i t h  onl y ( n I -  i f  the  s r n i F l I -  s lab

~q nhb- -; ex c it e d , I hese curves sh iw the  f ie ld  at nI n - n r i a ] i z e d  d i s t a n c e s  of 0 , 40 , and

11
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Figure 4. Normalized Waveguide Fields

105 waveguide half widths  from the junction and so correspond approximately to

inp hase sli ght ly less than 90 degrees and 180 degrees of phase differe nce between

t he modes. The analysis leading to Figure 4 will be sketched briefl y in the next

F sec t ion , and accounts for all of the higher order modal effects  present at the junc-

tion where  the E-plane bifurcat ion ends. The curves serve to il lustrate  how the

sum of propagating modes can become distorted because of the difference in rela-

tive propagation constants. Unfortunatel y, this effect cannot be eliminated by

merely adjust ing the relative phases at the single-slab waveguide feeds because

these serve only to define the amplitude ratio of even to odd mode exci tat ion , and

not the phases of the two modes. Since full amp litude and phase control  as required

‘ 
to counteract the dispersive ef fect  would require use of a pair of hybrids , it  is by

far  easier to choose the waveguide geometry and line lengths so that these adverse

effects  a r - c  m i n i m i z e d  at center frequency.

F igure  5 shows several curves of normalized propagation constants 13 10 and

‘20 and I ,0 as a funct ion of free space normal ized  wavenumbe r for  three d i f f e r e n t

d i e l e c t r i c  slab  con f igura t ions  in the basic waveguide section w i t h  dimensions given

earl ie r . These curves  ind i ca t e  that  i t  is possible to choose opera ting bands at t w o

d i f f e r en t  f requency 1-anges (one roughl y double the other  as required by scanning

and la t t i ce  c o n st r a i n t s ) .  The low f requency range is cha rac t e r i zed  by propagat ion

of r r n l y  the 10 mode and the usefu l high t’rcquency range by the n e a r - i d e n t i t y  of

v t r r r i r i - t  n c  and a n t i sy m me tn i C  model propagat ion cons tan ts .  The useful  upper

lii -n i t . s  to each of t i o -~ e i’anges is the  in s e t  of the next  h igher  order  mode , t t r c  20

12
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Figure 5. Propagation Constants  for Fundamental  Waveguides

mode for the low frequency range and the 30 mode for the high frequency range.

Amon g the conclusions that  can be drawn based upon these curves is tha t  the use

of the higher d ie lec t r i c  constant  ( = 9) wi th  0. 984 cm t h i c k  slabs results  in the

broadest usable hig h f t - c q u en c v  range , but has i ts  low f requency n-ange l n n r r ~ e F  by

earl y onset of the propagat ing  20 mode. U s i n g  t h i n n e d  slabs of the  same m a t e r i a l

or reducing the d ie lec t r ic  constant  of the m a t e r i a l , r a i s es  the  low fr equency  range

at the  expense of the  hi gh f requen cy  bandwid th .

Other factors  tha t  inf luence waveguide  and d ie l ec t r i c  geon re t n -v  s e l ec t i ons

include the deg i -e i -  of d i f f i c u l t y  in des ign ing coaxial t rans i t ions  to the i~~ii f r equency

guide and the exten t  to which  the  low f requency probe assembl y r n O - n - a i - t - i  w i t h  t h e

high f r equency  f ields.  These t r adeo f f s  cannot be made at t h i s  stage of development

because they n i t u s t  he considered in the lig ht of an a r r a y  scanning in b i r th  p lanes ,

not merel y l ine.  i l r wc- v(-r , ear ly des ign  r e su l t s  point  to the re lat ive d i f f i c u l t y  r i

develop ing t r a n s i t i o n s  to the  heavil y loaded waveguide w i t h  - 0 , and r h i s  must i c

t r aded  of f  a g a i nst  the  advantageous dispers ion c h a r a c t e r i s t i c  of tha t . l e s i 2 n.

A l inal  des ign conside rat ion  is t h a t  it  ma~- he n e r - e s a n y  to Inc  n - ’:-asc the  r e l a —

tive d i s pc n - i  ion hc ’ween modes in on -de c to  - p t  i r o n ;c- p a t t i - n f l  i - r O t  ro l .  An examt )le .
~j

I - i
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of t his need is given in Sec ti on 3 where an added phas e delay produces improved

gratin g lobe response. In man y such cases , Figure 5 shows that the extra phase

dispersion can be obtained by reducing the dielectric thickness for a given lengt h

of guide .

5. t -:\t :li ’ ~- ito ~ n i r  u~; iiu~ii i- iti: Qi ~:‘\(:\ F-lF:Lus t r  j ut : i~iii ~i
- - - -~~ \ :iio ~

Th e previous section described modal eigenfunctions for single and dual slab

waveguides .  This section presents an analysis of the junct ion between the single

slab and dual slab waveguides subject to the condition 8 ‘3 = 0 and an inf in i te l y

thin bifurcat ion .

Figure 6 defines the geometry of the jun ct ion and both waveguides.  Incident

and reflected mode amplitudes are denoted by vectors

~~
‘ {a~} and ~~~

‘

in the  b i furcated waveguide  region and

r1a~~} and ~ {r l

in the dual slab waveguide region. These model ampl i tudes  are related hv the

s c a t t e r i n g  m at r i x  that  describes the ju nct ion  and the sec t ion  of dual slab wave-

gu ide between junc t ion  and ape r tu re

/ i~i\  ( S 11 s19\ /~~~’\
( J ( U ) .  (3)

\~~/ \~~ 
S2 2 J \  I

‘rh e am p l i tude  coef f ic ien t s  a ni and r 0 
mu l t i p ly  the o r t h o n o rm a i  e l e c t  c r c  modes e0

in ~‘ r i -  double slab ‘ a v e e n n i d e , m i d  the c o e f f i c i e n t s  a ’ and r ’ m u l t i p ly  or thonon’rnaln n
i’ & - i . - - t r i c  n r , r  d i -  f0 w h i c h  are def ined over the c o m b i n e d  -no.5 -i - r o n - l i o n  of the t w o

~~• S r - m - d = t i d ~ - . 5 - t i - n i t e n o a t n - i c e s .  The modes f of F i r e  k - r - I ~ u n i i e  pair , t he e rodes

I -
~~ 

F I i -  - r m r n r ’ i e  r i - i r n i r c a - . and the modes en of the double s l ab  guide a t e  r e l a t e d  in

- - I l - i ’ . I’l l’ ‘- ‘ I V , Ttìo e — n o des correspond to the  t r n r t n s v r - ’ - r r l - t n i i  e — t i r e d e s  and

t i n  ‘in l ~’ d i r -n- -to - n s  11 ni n - t n r , l n y r n ~ vec t or

~
nr - I~~ one 0 - t - n i g u n n l i :

r (-~~ _ 
(4 )  -- 

-

0 j~ - -  i - t i -  -

I- 1 -I
*

,, 0 %~
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For the anal ysis , the modes f0, which are symmetric and antisymnretric combina-

tions of the e ’ -rnodes , are more  convenient .  They are

1 I n ’ l \  -e’ —~-‘— j over lower guide n = odd , f~ � e~

= 
~ 2 15)

n 
~ / n + l \  -

— & 
~ 2 ) ver  upper guide n even 1’n

The on -des f and e d i f f e r when n odd because of the  field / e n r n  at the
n Ti

b i f u r ca t i on .
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Using Eq. (3) and the reflection coefficient matrix ra to relate incident and

- 

I 
reflected waves at the aperture (plane 2)

(6) 

1
one obtains the following input reflection coefficient matrix:

r = (~~‘)~~ ~~‘ = ~S1~ + S12 ra (I - S22 r5Y~ S2 1] (7)

where I is the identity matrix .
Evaluation of this matrix requires that each of the S-matrices be known. Then

one can use the matrix above to evaluate the reflection coefficient in each of the

input single slab waveguides with arbitrary excitation A 1e1 for the lower guide

(Figure 6a) and A 2e~ for the upper guide. This corresponds to f 1 and f 2 wi th

— amplitudes :

• a ’ ,, ..L (A 1 + AI 2

= — ( A r A2
) (8)

a h O  n � 1, 2

Likew ise, the reflected dominant mode ampli tudes R’1 and in each wavegu ide a re

given by:

R = - ~ --- (r ’ ~t~ r I )
~ 1 2

R 2 = ~~~~~~ (r ~ - r~ )

and using ~ and the definition of r, one obtains for the reflected waves :

~ [Cr 11 + r21)(A 1 + A2
) + (r 12 + r2~)(A 1 - A 2 ) 1

( 10)

- 

I 

~ ~~
‘l 1 - r21

)(A 1 + A 2) + (r 12 — r22
)(A I - A 2 ) 1

where rmn denote the mnth element of the matrix r.

16
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Thes e equations give the input reflection coefficients at the single slab wave -

guides for arbitrary excitation and include the multimodal reflection coefficient at

the array aperture. There remains to solve the junc tion problem for the scatter-

• ing matrix terms ~~~~

- 
Defining E 1 and E 2 to be the transverse electric fields at planes 1 and 2, and

H’ and X-direeted incident magnetic field at plane 1, then E 1 may be obtained from

the equation

• 2H i 
= L’(E 1) + L(E 1) ( 11)

where L’ and L are the operators giving the H-field in terms of the E-field in a

traveling wave in the regions to the left and righ t of plane 1, respectively. The

H-plane is obtained by expanding E 1 in electric field modes and then multiplying

each mode by its modal admittance (Y~ and Y in the feedguide and dual slab guide,

resp. ) which gives

L’( E ) = (E , f ) Y ’ f1 1~~ s p , s
p

L ( E ) =  V ( E , e ) Y e  ( 12)
1 ~~~, 1 ~i

Hi 
= a ’Y ’ f

~.i j1~~.L
p

Here, the notation (E , e) is the conventional inner product. An approximate

solution for (11) is found by Galerki&s method. Letting
if

M
( 13)

and substituting (13) and ( 12) into ( 11) and taking the inner product of the resulting

equation with  the set {f m I M reduces ( i i )  to the following matr ix  equation for the

unknown (v •
~1 .

17
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2Y~~’ C v

- 

- 

where

f ~ ’i 0 f~’~\ f v ~~\
‘
~ 

;~~= (  ) ( 14)

\o y
~~~~! \~ki, \V M /

C (Cmn) (Cam) 

(

~~~omn + 
~~~Y~~~~ m B~~

)

Bpm (e~

The 
~ll 

and S21 are given 
in terms of the above using

= ~~‘ + F’ 2C~~ 
Y1 ~~‘ 

(15)

and therefore

S11 = F’(~ ’)~~ = 2C 1 Y’ - I . (16)

The transmitted waves F in the dual band waveguide jus t  inside of the array

aperture, are obtained by equating the tangential E fields on 
both sides of the sin-

gle slab/dual slab waveguide junctions and then transferring this field to the

aperture.
Equating the tangential fields

M
E1 = 

r~~l 

v f  
m = l  

rm(O) em 
(171

which  gives

r (O) 
~~ 

V ( f ~~, em) -

n -l

18
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At plane 2 and distance from the junct ion, the modes have been delayed

and therefore the waves incident upon the aperture are:

F = S~1~ ’ F(i) = ~F(0) = = 2~~BC 1Y ’ a ’ (19)

where

--In’
th~~~~mn~~~e 6 rnn

and the B matrix with coefficients Bmn ha s been defined previously.

The remaining parameters which must be defined to solve Eq. (3) are the

scattering matrices S12 and S22 . For this case , the field (a) is incident from the

dual slab region. Following the same procedure for solving (11) as before , one

obtains

2 B t Y ~~(0) = C~~ 
( 20)

where the dia gonal matr ix Y has coefficien t s 1mn = “k m 6mn 
Since

~(0) = 

(21)

and , this time

(22)

it follows that

S12 = r’(a) ’ 2 C
_ i  

Et Y~ - 
(23

Sim ilarly, S22 
can be obtained as before by t ransferr ing the waves reflected

from plane 1 to refe rence plane 2 . This is done by f i r s t  expressing E 1 in terms of

‘ I  (en).

E1 > Vm 1m = > (a m (O) + rm
(O)) em - 

(24)

19

- - - ~~~~~~~~~~~~rr~~~~~-~~~



Again, taking the inner product with em gives

~(O) + F(0) = B~~ - 
(25)

-Substttutmg a = ~ a (0) a n t  r ~ r(O) gives

S22 
= F(~~~ = 4 [2  B C’1 B - — I) ~ . (26 )

This completes the determination of the jun ction scattering matrix and ‘-ence

the characterization of the network from the array face back t o t he single slab

waveguides.

This analysis was used to compute the data presented in Figure 4, which shows

the field distribution at various points along a dual slab waveguide that has been

excited by the left waveguide of a two waveguide feed. Relevant dimensions are

given on Figure 4. The dual slab is assumed to be infinitely lon g or properly

t erminat ed, so tha t t he ra matrix is null. This analysis has also been used to corn-

pute the fields for the same wave guide exciting a radiating element in an infinite

array, the geometry of which is the subject of Section 4.

I .  lI-I’I, ~\L -d - ~\ tlI-~II ~\ 1011 FOIl %\ I\I-i\Ii F ~RU ~

For the case of H-plane scanning with array elements having zero thickness

walls perpendicular to the E-plane , the ar r ay is equivalent to a parallel plane

structure shown in Figure 2. The electromagnetic field is thus derivable from a

scalar po tential function.
The solution proceeds by expanding the dual slab waveguide fields in terms of

an infinite series of wavegi~iide modes ( LSE~ ~
) and u sin g t hese fi elds in the half

space Gree ns function expansion.
The interior potential function for a mode with transverse incident field dis-

tribution e (x) is:

= e ~ e~(x) - ~~ r’~ e q eq
(x) (27)

q i

wher e and the 
~q are the modal propa gation constants for the slab loaded

waveguide.
The coeffici ents rq give the am pli tude and phase of the waves reflect ed from

the ape rtu re face (Z 0) and include propagat ing and nonpropagating niodes . The
I-

- 
- , 

apertu re field i s :

I 
- - 20
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~~Ti~~~ ~~T~T

E~ = ~~~~~~ = ~w [-~p
ep (x) + 

~~~ 

r~ .Y~~e~ (x)] - (28)

Within the waveguides the magnetic field is given by

2
B = - -~~

—
~~- (29)

and in the exterior region it is obtained from t he appropriate fo rm of the half

space Green ’s function . Assuming a periodic aperture field that forms a beam at
the angle 

~~ 
the aperture field in the M ’ th wav eguide, is

-jk u m d
E = E  e 0 0  X (30)
Y 0

the exterior potential function for the infinite array, P’th incident mode, is

w r i t t e n U

a - 2  -- —j~3 ( x—x ’) —~~ z
tr(x, z) = —i -- 

- a / 2  
dx ’ E~(x?) 

~~~~~ 

e m m (31)

and the magnetic field by:

Bxp 
= - 

A {~P 
~~~: 

a

x I) 

m~~-~ 

e n 
~ni dx ’

-~;3 (x-x )
+ > ~~~~ f 

eq
(x 1) ~~ e 

ITt dx ’

q=1 - a / 2  m - -~~~

11. Mailloux, H.J. (1972) Surface waves anomalous wave radiation nulls on
• phased a r rays  of TET’1l waveguides wi th  fences , IEEE Trans. AP-20(No. 2):

160—1 15 6 .
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where

= 
j~~/ k ~~ - i 3~~, for

m 

~~ 3~ ,
_ k 2 for

- k [ u +~~~ .] (32)

and

u0
Sifl O -

Equating the interior and exterior magnetic field expressions at Z 0, trun-

cating the series at q = Q, multi ply ing by e1(x ’) , usin g orthogonality and defining

the integral

a/2 +j~3 x ’
rntq(;3m ) = 

f 
e~(x’~ e 

m dx’ (33)

-a/2 —

one obtains a set of Q equations for the Q coeff ic ients of Fq for - the incident  ii ’ the

mode excitation:

~~~~~ 
= 

~~~ 

~~~~~~~~~~~ -r 
~~~~~ ~ qI]

- 
- 

for I = 1 to Q and where

Jqç = 
~~ ~m Int q

(_
~ m

) Int 1(
~~ 1

) (3 Ti )

m=-]V1

- - - Solution of the a b n n v ~ ma t rix eq uat ion gives the waveguide field d i s t n ’ i h r * i n n~ at l n r 1 r

aper ture, and includes all of the mutua l  coup ling e f f e n - t  for the i n f i n i t e  a r i -Ry . A ’
the high frequency , two modes are i n c i d e n t  and Eq. (34) mus t  be • s n l v e d  t~ i c e  anni

I

22
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the solutions combined appropriately for the combined two mode excitation. The

truncation parameter M was varied between forty and several hundred in order to

assure convergence.

As explained earlier , the combination of a symmetric and antisyminetriC

mode is required at the high frequency to produce an aperture distribution resem-

bling the case wherein one dielectric slab is illuminated and the other not. Start-

ing with that field configuration and neglecting the differences in the propagating
-

- - 
constants of the TE10 and TE20 

modes, one can represent an incident field that

has approximately the same progressive phase distribution across the element as

the corresponding phase between elements. This is done for the incident magnetic

hertzian potential functions

u p  = ~~~~ e~(x) 
(36)

and with the total incident potential function for two modes (p r ~ and p 2) o that

~i + Rur 9 - 
(37)

The incident modal voltages are , the refore, mult ip l ied by H and by the

terms , and the ratio of the powers in the two incident modes is

2 3 3

~ in2 
= ~~ (k-2~ ik- 11 ) - - 

(38)

Given this general definition of H , one can choose its value such that  there is

a zero in the two mode element pattern at the grat ing lobe pos i tion. In order  to

include the mutual coup ling this must be done a f t e r  ihe  boundary value problems

are solved for symmetric and ant isymmetr ic  incident ri des , but for the purpose

of t h i s  w r i t e u p  it is convenient to choose an appr o x ima te  value n - i  H. If 
~ 2’

• one can assume a progressive phase input , resolve  it n n t n -  even an~ old f e i c r s , and

identify ft with the odd mode a m p li tude - n i - f t  n c r e n t . The r e - m i t  is

/ t ’ d
-
~ 

j tan ( —~~-~~~ — sin ~ 
(3 1 1 )

I
‘ ‘-h i - r e  ~ is defined b~- the pr igressive phase s h i F t  I i - I  ‘ e e n n  t w o  i p c n t u n ’ e ~~, wh i c i  is

2-t (1x(~ ) sin 0.

1-igures 7 and it s how the i - o n n r p u ( e d  scan  character i-tri ., for an infinite array

wi t h = 0. 8255 cm , t = 0. 535 c m (solid )  and 1. 14.1 cm , t 0. 3175 cm ( d o t t i - d t . 

~~~~~~~~~
‘ 
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The low frequency da ta of Figure 7 is computed at 2. 5 GIIz which is j ust  below the

onset of the LSE20 
mode. The hi gh frequency data (a t 6 G l I z)  shows the height of

• 
- the grating lobe at sin 8 = sin ~~~~~~~ 

d as well  as the main  beam c o n t r i b u t i o n  at r n .

Choosing H as defined in Eq. (39)  y ields grat ing lobe levels below -16 dB

wi th  respect to the perfect  transmiss ion  case. The dashed curve shows the g ra ting

lobe level obtained by choosing H emp iricall y to be

R H ~‘ ( 1.  l - ~ - 10. 2 5)  . (40)

This choice of R does not change the gain measurabl y, but for all but the rela-

tivel y small  scan a n i t t e =  it provides much bet ter  gra t ing  lobe suppression.  This

result  sh o w s  ‘h a t  p in e d  suppression can be obtained wi th  a value of H that  has con-

stant  phase , so the  r i - l ; n t i v e  phase of the odd and even modes is approximatel y a

cons tant  and independent  of scan.  The phase constant  is not 90 0 however , and so

it is n e c e s s n m - v  ti  a dj u s t  t h e  l ine  length while using and perhaps necessari ly increas  -

ing the m - - 1 r t i v c  d i f f e i - e n c u -  in modal propagation cons tant s  given a section of the line

rn i t - d e c  - i n  ub t - r  in t h e  I i -  -ii n c - i  phase di ffer -ence .

T I r e  dot ted  c o r v u s of i i t ~ n t u  7 slroii h i -  - c - s u i t s  h o ’  a slab of c 1 n i c t i H i

i t t  ~ 0 . 317 ci i i . Imp r n v i - d  urn in c h a r a c t e r ist i c s  for  t h i s  - r e t r y  s u p p o r t  I I

• n c l i r  - - t n - t i  ~iia (  I r n p c  r i c o  would be a r m  a id in sc a n  — m a t c h i n g  it the h i g h fr equenc\  -

I n~ar m u d -  ( row s s o r : r i  of t h e  con -re spond ing  data h r  ‘ I i i -  s t i r - i c  rv a vt L nj l m i c  

et n - v  I o t i - f n - d  ri I t O  S i l m i - l e c i  i - i n - , This choice d in e.s  provide •s u p i - r ior  sc- ti I : n t c h —

i ng c h a r - a u ’ - i - i s t i c s  tnt  t he  h ip h  fr equency,  but t h i s  a r i v ; n n m t  m O e  is i c h n u - r i l a t  t i r e  u-

of S O n n r u \ v i n n l O m u - r n t i - r dj i f c r - i- nccs  in r n - i i p a o a t m n n n  c r - t t s t ; n n i t  i i  t r i c n  t n  t i n e  I I - ~ ,~ and

- - ‘ I c -  t I i ; n t i  ion  he u S d i e l e c t r i c . The r e l a t iv e  n - - t n ,  a t i o n m n - n m m s t n n n t  d i S c  c -nec

i-i 0. 030 for the 0 i r u s c- , t n - i  is

-

• 
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F 
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‘on - t i n -  Ti u t i s u - , and so the i l m a s e  c n r o r  bu i ldup  r i - I - .’ i - i - n ,  n \ I - n and - - ~I - I  ‘ l r u - - l e . =

0 15 r - a - I i n.s t n - n  i t c h  ha l f  ~- I i I ’ ( r  o f ~u n c i u  i - t r o l l , This c u l l i i  a p r - n - i - - i c -  - 
j i m - i - r i - —

in i ~ m mi ii t h u  l i - n u t S  i i i  ih e  dual m ode S e n - t i n  i i  nd i s  t h u s  a I ;  n i - i - I ‘o 0 - t r ~ n l c r ed

in -~~n 

i’, En c i i i , these - i r n f a  pi~~
- c ~c i i i d  ~ s mi r a n r c l -  t l~~ t i n e  a n ’ r m n v  s t , - n r c ’ m . r  -s of 1- i c u r e  I

c-an pr :1ul~ p u - i d r -ad i a t i on  i - } n . - n r - m n i ’ c m r ~~( m c ~ n - i - e r  r -u ~~ s i - n i r~lTh scan  a o l - -- . The d a t a

sI t u ’ lu -h n n l n u - ~ s or - c i  s i - n - i i n m m .5 i l u - i m c m u - n c ; c  - - ‘ - s u l t i n i ~ t r a m  cu i ’ m i l a t n i - , - , - r m m t ( - m l

c - n - n i m a r t , ~~o a t  t i o r p t  r u t  - i :, t i  n i a r ~ h i n g  has i u ~~rn m n t u d c  a nd t h e  n l e a m c n i t  - h av i  n _ - f

i r u - u - ’ r  am ;  ‘ c u d  n i t  h r - i i - d s  - Ic - n i  - n - c- 1.5 ri n o i n i m  for  s u b  - ‘ n i ? ;  i i  i n m p  i VP m i l l _ t i m  in ;i r t  u t t i

~ - - n t  r i d  I h r o u L r l n  t u e  app i r n  ~ l j i i f l  of  l i t - n b e  0- l -t l L f u t ti : i  ? ‘ I f l i f ‘-c  r n n i i r n u - ~~ .
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Figure 9 shows the magnitude and phase of the reflection coefficient at each

of the two inpu t waveguide ports for several values of the d i s tance  between the end

of the E-plane b ifurcat ion and the waveguide radiat ing aperture . These results

include the two propagating modes only ; all higher order  modes have been assumed

too strongly attenuated to be of consequence. The pr inci ple conclusion drawn from

these results is that the reflection coeff icients  at each inpu t port diffe r , thus mak-

ing it diff icul t  to design one matching unit in each wavegu ide that  can provide t rue

scan correc tion. Clearly, such cor rection can be achieved in the sense of an

average tuning for the two waveguide element , but the problem is more d i f f i c u l t

• than for the conventional waveguide case. The second conclusion evident from the

Figure 9 is that the introduction of the junct ion does not cause any noticable reson-

ant behavior or pat tern null wi th in  the scan sector.  This conclusion assures at

least for pure H-plane scan that the high frequency element can be excited by con-

ventional waveguides without the risk of element blindness.

2~~~~~ - 
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5. ~~ O\ ~~ 1,1 r U ~\

This report has anal yzed the behavior of a new dual frequency phased a r ray
- 

- 
element for the case of H-plane scan. The basic element  uses dielectr ic  loading

to provide an ef f ic ien t  t r ansmis s ion  path f o r  the h i gh frequency signal , which  radi-

ates through the same aperture as the lower f requency.  This assures  that  the

a r ray  can have good aper ture  eff ic iency at both f requencies .

-
• The analysis includes a considerat ion of sca t te r ing  at the jun c t ion  between the

single slab feed waveguides and the dual slab radiating waveg’uide. This junc t ion

anal ysis is used in conjunction w i t h  an anal yt ical  so lu t ion  for  the ref lect ion coeffi-

cieri t of the radia t ing waveguide to provide a comp lete descr ’ipt ion of the ref lect ion

proper t ies  of the ent i re  waveguide combinat ion at the hi gh f requency . Since the

low frequency is exci ted by a dipole and uses the E-p lane b i f u r c a t i o n  to s i m u l a t e  a

shor t  c i rcu i t ed  t r an smi s s ion  line , the behavior  at th is  f requency  is independent  of

the feed wavegu id uo - . Scanning c h a r a c t e r i s t i c s  are recorded at h i - t b  f r equenc ie s  and

indicate  t h a t  the  geomet ry  exhibi ts  no undes i rab le  scan c l n a r a c t u - r i - ,t ics ( ( - L i n n i n u - ~ — )

a t  ei ther  f requency for  r eason able sc an anple - i  in t he  11—plane .  l i n u - — e - l a t : n  1 i t l u i

su f f i c i e n t  evidence i i -  d e m o n s t r a t e  the  l u r ; n n t i c a l i t v  of t h e basic el c r - r i - n t .  l°u r t h e r -

m o r e , the~- indicate  that  w i t h  s u f f i c i e n t  concern for  u - lu - rn i en t  d u - — u p n , th i s  O c - i l n m n , - t  n -\ -

I u f l  n i n - n n v i - l e 5 i n i S h  a p i -  r t u r e  c-fficienc v i t  hn ’ i r a i t  i d e  for l in ~ Ii f r e q u e n c i e s  ii i t h m  p u n t e n —

t i a l l y c N n - e l l e n ’  scanning  c har a c t e r r ~ u i s ,

- I
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