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ABSTRACT 

The significance of this research and development to the Air Force Is 

that a new type of electroroaguetic window panel was designed and tested 

that exhibited a bandwidth of 10:1 or greater.    Empirical data are Included 

on both flat panels and curved panels.    A typical panel that operates  from 

4 GHz to 40 GHz, having 90 percent or better transmission coefficient from 

0°  to 60° angle of incidence range,   is l.S-inches in thickness.    The inner 

and outer surfaces of the panel are either grooves or pyramids.    This  type 

panel design has excellent circular polarization characteristics,  since the 

amplitudes of the parallel and perpendicular components are near equal and 

since  the insertion phase delays  for the two components are approximately 

the  same.    Antenna radiation pattern measurements are included   that also 

verify the broadband characteristics of these panels.    Data are also pre- 

sented on a computer analysis program of transmission through an anisotropic 

medJ".    Ihe analytical results compare favorably with the measured data. 
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S*.' flON I 

INTRODUCTION 

This report describes the results of a research program to design, 

fabricate, and test broadband panels (both flat and curved). The trans- 

mission tests covered the 2-36 GHz frequency range. 

The main goal of the program was to develop techniques whereby the 

panels would operate from 2 GHz through 36 GHz with a transmission efficiency 

of at least 70 percent for all incident angles up to ±60°. Based on weight 

and thickness considerations, the panel designs presented herein operate 

from near 4 GHz through at least 40 GHz. 

The basic panel design is discussed in detail in Interim Report No. 1 

[1] and is reviewed in Section II of this report. Also, the anisotropic 

dielectric panel analysis is reviewed in Section II. A computer program 

has been developed which allows predictions to be made of the performance 

of any anisotropic dielectric panel. 

The designs of broadband flat panels and curved panels are outlined in 

Section III. The design details are presented in this Section and the 

measured transmission data are included in Section IV. A rain erosion 

coating placed on the panel surface was used in some of the tests and 

these results are also presented. Radiation patterns of an array were 

measured using the curved panel as a radome and these patterns are shown 

in Section IV. 

Comparisons of measured data and predicted data are made in Section V. 

The comparisons are very good indicating that the computer analysis accounts 

 MlliiMM ...... ..■^^,.^A,...v^l^M-...       ■      ....■;.■.    ..^amtmim^ut^    |||. |  [   [| 



for all reflections. A fev; of the problem areas associated with this type 

structure are presented in Section VI. 

The Conclusions and Recommendations are covered in Section VII. An 

evaluation of propagation constants and directions of propagation that aid 

in the explanation of the computer analysis program is found in Appendix 

A. Appendix B is a compilation of typical transmission data and radiation 

pattern data utilizing the broadband panels. 

I 1 
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SECTION II 

ELECTRICAL THEORY 

1.   Introduction 

The proposed broadband panel concept was based on previous work at 

Georgia Tech sponsored by the Air Force Avionics Laboratory [2,31.  The 

rationale for this concept and the Initial design analysis are sunmarlzed 

In this Section. It was apparent during the first phase of the program 

that accurate prediction techniques were required to determine the trans- 

mission properties of the broadband panel concept, because the meastrement 

of these properties In the laboratory was very time consuming. A computer 

aided anlsotroplc dielectric panel analysis has been generated and Is 

discussed In this Section. 

2^, Initial Panel Concent 

Reflections from panels can be eliminated by smoothly changing the 

dielectric constant of the panel from a value of 1.0 at the Inner and outer 

surfaces to an arbitrary value In the Interior [4]. This method of obtaining 

broadband panels Is an application of Richmond's [4] WKB solution for plane 

wave transmission through Inhomogeneous plane layers. For the case of a 

lossless panel with a relative dielectric constant near unity just Inside 

the panel on both sides, the Interface reflection coefficients are near 

zero for both polarizations  Under the conditions for which the WKB solu- 

tion Is valid [4], the transmission coefficients for both polarizations 

are unity, the Insertion phase delays of the parallel and perpendicular 

components are equal, and the phase of the transmitted wave depends only 

..  -L-»- a'"yi.i niV'Miiiiihiiiii r lir   n    ii .^^^.^«^ 



on the average value of  the expression J*-  (z)   -  sin  9    In a panel of thick- 

ness d,  where  K    is  the relative dielectric constant of  the dielectric 

panel,  z  is  the distance measured  from the surface of the panel toward  the 

interior,   and  6  is   the angle of incidence. 

The main problem with applying these results  is  that of realizing a 

practical  structure  that has  the required variation,   K  (2),  of dielectric 

constant.    That  is. 

(1) K  (o)  - 1.0  (incident point), 

(2) K^Cd)  -=1.0  (exit point),  and 

d   K   (z) o     3/2 
(3)      —r1     « 2k [K  (z)   - sin 91 v  / dz r 

In utilizing these results  for  the design of panel No.  1  (Figure 1), 

additional design data were required.    As previously reported [1],  the 

spacing restriction between the grooves is: 

2*A 
1.0 

./q +7^ IsingJ 
(1) 

where 

9,  ■ angle of  Incidence, 

K..  ■» 1   (free  space dielectric constant), 

K» ■ dielectric constant of panel material,  and 

ll - center-to-center spacing of  the  strips. 

There is also a restriction on the rate of change of the dielectric constant 
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wir!   dlbtance.    The restriction for which the KKB solution  is valid is 

tiven by 

Ifjl «^[Kr(2)  -Sin20l3/2  . 
o 

K (z) ■ real part of complex permittivity function,   and 

(2) 

where 

A.    = operating free-space wavelength 

It is also known that it is necessary to have a gradual transition from 

air to lt_, so that there is a practical restriction on the taper of the 

strips. 

The strip spacing for panel No.  1 was 0.25-inch.    From Equation 2,  the 

upper   frequency limit was calculated  to be approximately 18 GHz.    A total 

thickness, d, of the panel was  chosen to be 1.5 inches.    Upon measuring 

the  transmission properties of  this panel,  the upper  frequency where the 

transmission decreased below 90 percent was about 18 GHz.    The lower fre- 

quency cut-off was 4 GHz.    The transmission properties,  both amplitude and 

phase,  of panel No.   1 were excellent from 4 GHz to 18 GHz.    These data 

are presented in Section IV and  compared to calculated data in Section V. 

3.      Anisotropie Panel Analysis   - Formulation of Problem 

As indicated in  the preceding discussion of  the initial panel design 

analysis,  the upper and lower  frequency limits of operation could be rea- 

sonably predicted.     In order  to establish design criteria and  prediction 

techniques for broadband panels,  an analysis was completed and  included 

a computer program that modeled   the type panels designed on this program. 
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Consider a  series of planar slabs,  as  shown in Figure 2,  that are In- 

finite in the ± x and ± y directions,  that arc perpendicular to  the z axis, 

and each of which  is  linear and homogeneous  in permittivity and permeability 

but possibly anisotropic in its permittivity.    Let there be a total of N 

slabs including the semi-infinite isotropic-dielectrlc regions on either 

side of the central  slabs.     In the m-th  slab  (for m = 1,  2,   .. .N) assume 

that the rectangular components of the permittivity tensor are given by 

m 

c 
X m 

0 o   - rK 
xm 

0 0     ~ 

0 C 
ym 

"«o 
0 K 

ym 

0 0 c 
zmJ 

0 0 K 
zmJ 

(3) 

where e , e  , and e  are all constants, e is the free space permittivity, 
x   y      z o tn      •'m m 

anr.  K    ,  K    ,  and  K      are  the dielectric constants  in the principal   coordln- 
x y z mm m 

ate directions.    Also assume that the permeability of all  layers is g, where 

li is a scalar constant.    Let  the m-th slab start at z ■ d    .,  end at z ■ d 
m-i m 

and have a thickness i  . The total thickness of all finite thickness 
m 

dielectric slabs will be L. 

Let E and H be the total electric and magnetic fields, respectively, 
m     m 

in the m-th region. The field, E will, in general, be composed of an ■ 

incident field E.     and  a reflected  field E      so that 

m 

m 

E.     + E 
i r 

m m 

m 

(4) 
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Let us now assume that only plane waves exist in each layer. Since each 

layer is dielectrically anisotropic, in general, then both the incident and 

the reflected fields will in general contain ordinary and extra-ordinary 

wave components [ 5,6]•  Hence the incident and reflected fields can be 

written as 

E.  = E? + if 
i    i    i 

(5) 

E  = i0 + E6 
r    r    r 
m    m    m 

In general,  E.     consists of many waves traveling in different directions 
m 

with different propagation constants.    The same statement can be made for 

—e  —o     —e 
E. , E , and E  • To illustrate this point, consider a single wave in- 
m   m      in 

cident from region 1 onto region 2. This wave will split into two compon- 

ents [ 7]  when it strikes the anisotropic region 2. Upon striking region 3, 

each wave from region 2 will split in two. Hence, progressively more waves 

are present as one moves from left to right. Handling all of these com- 

ponents gt'.ts very complicated; therefore, a simplification is made. It is 

shown in Appendix A that if (a) each slab is uniaxial (or Isotropie), 

(b) the optical axis of each layer lies in the x-y plane, and (c) each 

optical axis is either parallel of perpendicular to all other optical axes 

then (1) only one ordinary and one extraordinary component exists for each 

E  (similarly for E® , E0 , Ee ) and (2) the incident and reflected waves 
m m   m   m 

in n medium have the same ordinary (and extraordinary) propagation constants. 

Assumptions (a), (b), and (c) will be made in all that follows. 

I   mi    —     I III'- —~^—■— .    ^      ihiii^i    .        irtlBlirilllllll HiiliniirliiMiiiiiHr   ■ <„,,■:***.,. ■,.■.,„■■ 



Hence, let 0 and ß be the propagation constants of the ordinary and 
m m 

extraordinary waves,  respectively,   in the m-th region,  and  let "^   »  n4   » 
_ _       _        _ i!—     m 

n     ,   and ne    be the direction of propagation of R.   ,  E    ,  E      and E    , 
mm m        m        m m 

respectively. 

By assumption (a) above, each slab is uniaxial. According to Born and 

Wolf [ 3] and to Jones [ 8J , for a uniaxial crystal the electric flux density 

D of the ordinary wave is perpendicular to the principal plane while D of 

the extraordinary wave lies in the principal plane. The principal plane is 

defined to be the plane containing the optic axis and the direction of pro- 

pagation. Thus in each region there are four principal planes, one for 

each of the four components  in  (5) . 

A rectangular coordinate  system will now be established  for each of 

these four components in terms of the principal planes.    For brevity,   let 

— "no       ""e n    represent any of the four directions of propagation vectors n     , n    , 
m        ir 

n     ,  and n     .    Let u      be   J unit vector in the direction of the optical 
r r c 

m m m _ 
axis  in the m-th region.    Notice that u      is independent of which of the 

m _ _ 
four direction of propagation vectors  is  selected for n   .    Let u      be a 

m      x m 
unit vector perpendicular to both the optical axis and the direction of 

propagation n such that 
m 

n x u 
m   o m 

Sn n x u 
m   0 m 

(6) 

Notice  that u      depends on which direction of propagation is  selected for 
  m 
n .  Finally, an orthogonal coordinate system will be completed by defining 
m 

a unit vector u  in the principal plane such that 
'm 

10 
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U        XU 
m        "Sn 

u      x u    1 
0          J- m           m 

Substituting (6)  into (7)  gives 

u      x (n    x u    ) o mo m m_ 

m 

or 

u      x (n    x u    ) 
o m       o m m 

n    - u       (n     '  u    ) m        o        m        o 
 m m 

m n    - u       (n        u    ) m        o        m        o m m 

(7) 

(8) 

The orientation of u    ,  u    , u    , and n    are shown in Figure 3.    Notice that 
o j. II ro _        _ _ m        m        m _ 

u    ,  u      and n    are coplanar  in the principal plane and  that u      is per- 
o   11     m x 
mm m 

pendicular to this plane. 

The unit vectors u  , u , and u  form a right-handed rectangular co- 
o   x      II m   m      m    _ _ 

ordinate system. The ordinary component of D is colinear with u  and the 
  in 

extraordinary component of D lies in the principal plane as shown in Figure 

3.    Since each layer is uniaxial, the dielectric constant is independent of 

direction in any plane  trans,   rse to the optic axis.    Thus,  by choosing 

u    ,  u    , and u      as the axar,  the permeability tensor can be reduce] to 
mm n1 _ _ 

diagonal form with the u      mkA u      components of the tensor being identical 
-P m   _ _ 

Thus,  the components of E along the u      and u      transfer into the extra- 
_ to -P ^ 

ordinary component of D and the component of E along u      transfers into the 
_ TO 

ordinary component of D. 

11 
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OPTIC AXIS-uom 

PRINCIPAL 
PLANE 

EXTRAORDINARY 

nm-DIRECTION OF 
m PROPAGATION 

Qfc    "Xm 
"* 
^i 

igure 3. Orientation of the Unit Vectors and the D Field 

in Layer m. 
Fig 

•"«m 

^4-x 

igure 4.     Orientation of  the  Optic Axis in the m-th Region. Fig 

Figure 5.     Direction of   Propagation of  Incident Wave 
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From the preceding observations and the above notation, the components 

of the field in (5) may be written as 

30    "1  „1       /  .QO "O ij -u  E  exP («JIJ« 
m    ni  BH m 

E^ - (u  E?; + ^ ij ) exp (-jß* **.     ' r) 
1     0_ ©_   II   II ml 
m    m  m    m  m m 

7V    . TX    ** aO -D E0 - ur E, exp (.||r n^  • r) 
m r    l«. -L   "   " m r rm   Tn  m 

^ -(uo Eo +%  EH > exP(-Jßm^  '»> 
m     m  m    m  m m 

(9) 

where E , E , E  , E  , E  , and E  are complex constants representing 
m   m   m   m   «I      m 

the complex amplitude coefficients and 

n.     x u 1 o 
-1    A        m m    A  .   i 1 1    N 

m n.    x u 1 o m m 
v yv Z-L_ m 

-o        — n      x u 
^  m 

m n      x u r o m m 

^ Ä (ur     .  ur     .  ur    ) 
x-V  y^n   Zim 

m 

n«    - u      (n®     •  un ) 
A            i                  Ol                  O.j •                    4 A    _jn m        m m      A /  1 _*        «.*    \   ■ (u      , u       ,  u       ) 

X||    » ylj    '       ,1   ' 
m m          m nl    " Uo    (nl     *  uo ) 

m m        m m 

? 
7   kJ!i 

m 

u       (ne     '  u    ) or o        . m m        m m  A / r r r    . ■ (u      ,   u       ,   u       ) 
-e        —      ."e v n      - u      (n •  u    ) r          o         r o m          m        m m 

xll '    yii  '    z||m m m m 
(10) 

and  the symbol = means "defined as". 
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The magnetic field, ^ assoc 

Mnxvell equation 

V x E •= -iuM 
in      *" 

in ted with E^ can be obtained from the 
m 

This  last equction combined with  (4)  and   (5)   gives 

H    -^-[Vxi"    +VxE0    +VxE,J    +Vxi«] m      J^u. i^ r 1 r m m m m 

Substituting (9)   into  (11) produces 

U    = m 
"i    .1 .0° ro ^x*'^™"^ r) 

f 
+ ^[^    x^    Er     e.pc-jß^    • r) 

^      ^        ^n    ^ m    r- 

^      l«        0m    0m m        "m    V • 
r) 

(ID 

3' oe -e 
+ Jil^    xü     Ero    +n«    xü;    Ej]   exr   (-jfT ^    • r) 

^^      rm        0m   0m       rm        "m    "m 

(12) 

The next major objective in the derivation is to match the tangential 

components of the electric and magnetic intensity vectors at each interface. 

To accomplish this,  it is expedient to have explicit expressions for the 

tangential components of E    and H   .    To facilitate this matching of the 
mm 

fields and  since the optic axes have been constrained to lie in the x-y 

plane,   the optic axis in the m-th region will be specified by an orientation 

angle 9    with respect to the x axis as  shown in Figure 4 .    Thus, 
m 
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u      - cos 9    a    + sin 9    a    + 0 a 
o in    x my z 

(13) 

Matching tangential E and H at z = d    requires that 

E - E 
xiJri-l       xm 

I - E 
in 

H - H 
m+1 m 

H = H 
yiiri-l        yin 

(14) 

(15) 

(16) 

(17) 

at z « d   .    Equation 14 can be written out explicitly using  (4),   (5),   (9), 

and   (10) .    The result is 

cos  9   ,,  E e 

,QO O . 

i J m+l    zi   .,    m  .    i „i nHl 
m+l    o 

m+l 
m+l        + u E e 

*xvti I    ■'"m+l 

"j^  n6. d 
je      _e 

J m'l    j- 
i „i ■"    Zim+1    m ^ vv ' ^    zrm+l 'm 

+ u E e + cos 9   ., E e 
x||m+l    "nH-l ^    Vl 

-jP°      n0 d -Jßl.,  ne d J m+l    zr   .,    m        , ^ J nr+1    zr   .,     m 
r _r m+l .    r «f       Ä """l + u Ee +u.Ee 

m+l    "in+l x|lnri-l    "mfl 

. Qe    e      j J a0    0     J -jPn.d -jpn.d 
. J m    zi      m . . Jmzim 

*    —i m i      _i m ■ cos 9    E      e + u        E      e 
m    o 

m Si    ^m 

. 

e „e 
• . in    zi      m 
i      „i m 

ae    e •ir ne   d 
m   zr     m 

+ u~      E~    e + cos 9    E      e 
mm m 

15 
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jO     o 
jPm "z-      m       _        _        J m    zr      m 

+ ur      Er    e m       +«!„    E^    e (18) 

^m    *■ "m      m 

In a similar fashion (15)  can be written as 

J nrfl    zi ^,    m • i Be      n d 

sin 9.  E^        e ■•*       ♦ uj E e 
m+l    oni+1 yx^i    i^H 

+ u1. E1        e m+1        + sin e_^  C        e 
'm+l    "m+l 

Jin+1 "o m+l 

+ ur Er        e 
y-^m+l    Vfl 

■j^ ^Vl ^        r r 1,1+1        + ur E'        e 
y'Wl    "nri-l 

J lB+1    "nri-l    ,n 

-jße ne,    d J m    zi     m        . j^ 
sinemE^    e m       +Uy,     E'    e 

3o    o 
J m    zi_    m m 

1   .   -K<^ ,   X-^V 

-1ß0 n0      d -jß6 n6      d 

r        r        
j m    "m   ra +   r        Er     ^      m    "m    ra 

(19) 

To simplify manipulations,  it will be helpful to define the following 

terms.    Let 

-J0O n°      d J m    zi 
e°(d)  = e 

m 

-jBe ne.    d J m    zi 
e^d) - e 

m 
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Then 

and 

d(dm) " e 

-jß0 n0, d J in zi  m 
o, . v m 
^^m)  e 
m m 

"J06 ^^   dn, J m zi  m 

•!<*■? " e 
m m 

(20) 

(21) 

Equations (20) and (21) will be used as a shorthand notation for the 

expotentlal terms In (18) and (19) . Notice that since n zr     zl 
m      m 

and ne  = - ne  . all exponential tenas In (18) and (19) can be ex- 
zr      zi 
m      m 

pressed by (20N or (21) or by their conjugate«, e.g., 

"^ ^1 ^   e* (d . (22) 

By linearity, each of the electric intensity components in (1-3) must 

satisfy the Maxwell equation 

n -D-n •« -E-O 

or 

n • E • E - 0 

For E® , (23) becomes with the aid of (9) 

• 

(23) 
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ne     • fl     •   (u      E1    + ^    E1 )1  " 0 
i m o      o I ra     L mm m    "m J 

or 

m 
•    (K      cos 6    E1    + K      u1      E^ ) 
x      xm rr.    o x^,    x||       || m m m        m      m 

+ a     ('C       sin 9    E1     f ^       u1,,     E^  ) 
y    y. mo y     yll m        •'m    ^ m      m 

+ a     (K      u1      E1  ) 
z     zm   ZIL   I- m        m      m _ 

or 

i   ,     K      cos  9    + n  .     K      sin 8 xi      x m        yi       y r mm 'mm im [< 
n   ,     ^      u xi      x      x| L      m      m 

^IE1 

m      o 
J      I 

+ n j    K      u        + ne,    K 
yi    ym  yii„      zi    z m m      m        m m 

u1     IE1    - 0 
m        m J     m 

or 

^i        ^        ^i E      = C  .     E 
m mm 

(24) 

where 
e e n  .     K      cos 6    + n  , K      sin 9 xi      x m        yi y m 

r        _  _  m     m '  m 'm  

m n.*      ull+n,^       uii+n.K      u, 
xi     x    xii        yi    ym   yiL      zi„,   z

m   •■■ mm        m m      m        m m      m        m 

(25) 

Equation   (?3)   can also be applied   to E     •     Noting the  similarity in form 
m 

from   (9)  between E.     and E    , we can replace i by r in  (24)  and   (25) 
m rm 

and  obtain 

r r 
E = C        E 
i. Ilrm    0 

m mm 
(26) 

18 
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where 

m     m m      n> 

ur..  +n!L  K & +v K
z_<\ 

(27) 

^       <r,KSV«.->r, JW^     ^   ^   -» 

Equations  (24) and   (26)  can be used  to eliruinate the parallel ccnponeats 

of the field  in (19)  and   (20)  and obtain 

* e* 1    r 
+ \cos Vl Vl(dn.) + "xll^ enH-l(dm) Sir^J EonH.1 

■Wi 

m     ■ 

+ [u1      e°(dm)l  E^ 

♦   [-« •■ < «*> + ^ < (d™)  Sir J Eom 

+    ur      e°  (d )    E1; LX1m    ,n      mJ     ^n 
. (28) 

and 
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'*** Vi ^i^^ + "yii^ ^V Sl^] 

r i 
> 

+ lu- KL^XO" •. 
^nrfl   ^    mJ    ^1 

* * r 

. y^i In+1 m J X
I»H-I 

+ F"1   C<*J yx     mm -I    -Sn 

- 

+ rur      e0(dm)lE' 

The x and y components of   (12) must be obtained  in order to equate 

(29) 

the magnetic  field components a 
t the interfaces.    Obtaining these components 

Ls  facilitated by using the vector  identity is 

A x B - a„  (AA   - A7Bv)  + I    (A^ - A^)  ♦ •,   (AxBy  - AyBx) 
x     y z       z y 

Applying this identity to   (12) allows  (16) and (17)   to be written 

respectively,  as 

20 
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2 CM       -nB4 Sin   9m+1 
J      i 

"Jß^ "'^l ^ 

+ i m+l n ^        u " n J        u. E, 
.y1^!    Z-Wl        ^nrfl    y-Sn+lJ    'wfl 

■^ "5^.d" 
Vl    Z-Sn+1 

i e      r_e i e 

■'nrfl    '"m+l 
+ ^.i   T^^        u " n 

m+l |_ yi z|1-- ^nrfl "yllnri-lJ    "nH-l 
u E1        e ** 

- 

-Jl»     ne d J m+l    zr_.,    m 
sin 1^.1 Er        e ^ 

"„+1 ^J    0mfl 

"•*   L^nri-l    S#4        "m+l 
ur lEr 

yvnJ f 
e 
•Jd v^ ^ 

■Siri-l 

+ C« [-^ "l n" u_ E e 
„+1        "mfl    yllnri-lJ   "m+l 

,e    e 
K 

J m+l    tt^i   m 

ße   f-n6,     sin 9 m        zi m m 

-IP    n  . ■    zi-. m m 

.   aofo        i o        iTi 
m  l**    Z±m        zi

m    y^nJ   \ 

L-7!!! m            m-'mJ 

+ ße   [-n6 sin 9  1 Er 

m        zr mo L       m * . ■ 

•jß    li   .     d 
■' m    zi      m m 

-jße n6,     d J m    zi      m m 

m 

jße ne      d J m    zr      m m 

,   ao   r o        r o        r    i „r + pn        u -n u Ee m     yr      zj. zr      yi_ ;    i L     mm m        in-'     m 

+ e0   [n6      ur - ne ur     1 Er    e 
m   l*m    Z,lm        "m    yUmJ    "m 

-jß0 n0      d J m    zr      m m 

-jße ne      d J m    zr      m ■ 

and 
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3e     _e 

2 IL* ^     cos ^i  E«    e 
m+1

      zinr+l nH"1      0m+l 'l^ 
iC -^d. 

QO      f o i 
X1nri-1  ^ nxim+l 

+ 0e      fn6 u1 
P
rQ+l      tl^j    x| 

e 
- n  . 

nH-1        X m+l 

u1        IE1 
Z1nri-lj    Ji 

u1        IE1 

J
 m+l    zi,,^!    o 

■jd n:Vl 
d« 

z 
+ 3*        ne cos 6.. 

zrnH-l 
LJ  Eom+l 

•iß6      ne d 
*PmH    zr  ..    m m+i 

+ 0' nH-1 
o r 

n u 
o r 

n u 

+ f* m+l 

m 

zrm+l    X1m+1        xrm+l    Zlnri-1 

" e r ne ur 

nzrnH-l ^"nrfl  "    Xrnri-1    Z|lm+1 

-jß6 ne,    d 

E1    e 
o ■ 

Er        e 
■■■nrfl 

Er        e 

•JCi v^ ** 

•id ^ % 
»■fi 

n  .     cos 9 zl m 
L     m 

+  0C 

m 
n0,    u1      -n0

4     u1    "IE1 

zi
m    X-Sn       Xim    ZM    \ 

P      in.u        -n^u E m      zi      x|| xi      z|| || in        m m        in j     m 

•jß0 n0.    d J m    zi      m m 

J m    zi      m 
ID 

e 

e n 
z 

+ 0e    ne      cos 9 
m      zr m 

m 

-jße ne      d J m    zr      m 
E       e 

o m 

3°   fn0      ur      -n0      ur    lEr 

m   Lzrin    ^m       Xrin    ^J    ^ 

•jß0 n0      d 
m 
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3» zr
m 

m (31) 

EquatlonS 30 an. 3: - *  M^«- ^ »^ "°> - (21)' ^ rod "^ ' 

The results, respectively, are 

nH-1 «W 8in Vl en+1 
(V + (V^i ^W " n:Vi "wj 

C»^ V nri-l 
E 

0m+l 

vi 4^+ (v^ %*' ^ ury,,^) .ne sin 

ei»-l(dm) C||r nri-l 

E1 

0nri-l 

+ ß' 
nri-l 

o r 

=^1 ' ""nri-l    yiin+l 

->       * r e° (d) r 
nri-l    m      x, 

= ß' m 

o ' 

^nril   z 

oO   I o i            o        i      1   o,, v  „i P     In.    u        -n.     u        le(d)E 
l      m m            m        mj                   m 

ße    -ne sin 6    ee (d ) + (ne      ur      - ne     ur       Ue (d ) C       \zT 
m       zr m   m N nr      l   yr      z||          zr      yil    i m      tr     ||r        o 

QO      o r            o        i 
• P     n u        - n        u m     yr zi           zr      yj. 

e0 WJ < tn     o      i^ 
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and 

i CM 1 "^rt "• "u* ^ <V + (v^ u-wi" ^^i ••w) 

Cl(dm>  Cl,i. '   E1 

•lj    0: 

+ 0' nrfl 

nrfl        ra+l 

zim+l    XVH        XinH-l 

+ P' mfl ^r    
cos Vi e^i(d 

m+l 

i       1   0    ^ ^ if1 

e^l(dm) Gttm 0nrfl 

♦ 0 Wl ^i U^i " ^i Sj^: 
cw EU 

m 
n  .    cos 

Zim ■ 
^<<v+(":im^„m-vm^.m)'X>c.im m 

fl0 L0     u1      - n0      u1        e0(d ) E1 

■ 

* 

+ * m 
/(d ) +/ne     ur      -ne     ur    \ee*(d ) C      I Br 

m     m       V "m   Xllm       Xrm   2,linj   m     m      llrm     % 

+ ß' m 

ne      cos em e 
zr m m 

In«     ur      - n0      ur    1 eNd ) Er 

zr      xx xr      z i        tn     m     x i"        m m        in in 

(33) 

An examination of (28),  (29) ,   (32), and  (33) reveals that 

these four equations can be written in the following tensor form: 

WV • U' t'V ' Si 
(34) 
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where E   and  E ^  are column vectors and m m+l 

m 

E
n- 

■Sn 

sr 
o 

m 

(35) 

LVJ 

and   F.. has the same form as  E   with m replaced bv m+l. 

The tensors A    and A    ,  have the same form only the subscripts are 

different.    The argument d    of these tensor functions,  however, is the 

same for both.    For an argument d,  the form of these tensors is as follows; 

Arn(d) - m 

All      A12 

A21      A22 

A31      A32 

A41      A42 

'13      "14 

'23      "24 

S3      A34 

l43      "44 

where 

'U 

A,„ - 

/cos 9    +5..    u1,,  \ e^(d) 
\ m        n^    xWj   m 

*12 

l13 

u1      e0(d) 

(~ •****.<$<«> 
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A.,  - ur      e° (d) 
14        xx„    «n m 

,,  " (sin 9   + C, .    u1,,   ) e®(d) 
\ mm/ 

A,, - «i      e°(d) 
22        yi      m 

m 

»« ■ (•«• e
n 

+ ««. "yllm) < (d> 

A0/   = u        e    (d) 
24        yi^   m 

A       -  ß A31        m 
-n  .     sin 9    + C, 

zl mm 
m 

l32 

A      =0 A33        m 

^4 

(nyi   uz,i    -nzi   uyiimjh m \ ^ m      "m m       m/J 

QO / o        i o i     \   o,,. 
« ß    (n  .    u        - n  .    u       )e (d) 

\      m        m m        m / 

-nzr    sinGm + C„r    ("yr    Uzil    " "zr    "yll) 
m m\in       m m       m/ 

3° /n0     ur      - n0      ur    \ e° (d) 
m \ ^m    ■*,        "m    yV   " 

e. 
(d) 

em (d> m 

*41        m 
n  .    cos 6    + C 
zi m 

m 

/ e        i e        i    \ 

I*    V^m 
Ux"m " "^m Uz,lmJ m \      m        m m       m/ 

42 
*(m\    u1      -n^    uj     \e°(d) 

1,1 V 2im   x^       xim    Z1m/   ,n 
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%3        m zr 
cos 

m 

«„        /e       r e       r\ 9+C        in        u        -n       u.l 
*        l|r« V "«   X,lin       "m    Z,lm/ 

n 

44 
QO/O       r o       r\o /.>k Pin       u        - n        u       I e    (d) 

m I   zr      xj. xr      z i    /   m \     m       m m      Tn/ 
(37) 

The system of equations (34) applies at each Interface. This group 

of1 equations can be solved by the following procedure. First, Invert the 

tensor on the left side of (34) and obtain 

nrri        in        m 
(38) 

wl ei e 

in       m+l    in in   in 
(39) 

Thus 

E2-Bl-El 

E3 " B2   '   E2 

h ' BN-I ' Vi (40) 

From (40) It can be seen that 

\''C'\ (41) 

where 

C " BN-1 • BN-2 ' BN-3 ' *' B2 • BL 
(42) 
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Since medium N is semi-infinite, there is no reflected field in this 

region; hence, Er - Er "0. Thus, the tensor equation (41) can be 
0N   "Sn 

partitioned in the following manner 

K 
hi 

— ■■ 
m     1 

0 

0 
L.       — I 

11 '12 

'21     22 

'31 

^l 

'32 

'42 

'13 

'23 

'33 

'43 

14 Kl 
24 B1 

11 

34 K\ 
44 _XlJ 

This  last equation can be rewritten as 

(43) 

E    = F     •   E    + F     •   E 
*t      rl       ''i        2        r 

0    " F3   •   E, + F4  ■   Er (44) 

where 

1 % 
(45) 

U ^l- 

(46) 

Er" 

L ^1. 

(47) 
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Cll   C12 

C21   C22 

C31   C32 

LC41   C42J 

F m 

F4" 

• 

'C13 
cu ■ 

«n C24. 

'C33 C34' 
(48) 

LC43 C44j 

and 0 Is a two element column matrix of zeros. 

In roost applications, the Incident field E, Is known and the transmitted 

field E and the reflected field F must be found. These two fields can be 

obtained from (4A) and are 

F4  ' F3 * £t 

L - (f, t    n   F2 * F4  • F3) • h 

(49) 

(50) 

The incident, reflected and transmitted fields in (49) and (50) are 

specified in terms of optic axis coordinate systems. For more convenient 

usage they need to be expressed in terms of rectangular coordinate r  v- 

ponents.  If the Incident field in rectangular components in medium 

given by 

E ■ (E , E , E ) 
1    x' y  z (51) 

then 

or 

E  ■ E • u 
01       01 
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E1 - E cos 9. + E sin I. 
o,   x     i        y 

(52) 

Also 

x1   i   ij 

or 

\ «L + Ey »TX. + *. Vx 
(53) 

Fro» (46) It car, be »een that (50) through (53) specify I^ 

U  the locUent „ave lo regloo 1 i. propegeting in a direction epeclfled 

by the spherical coordinate angles (6,. I,) shown In Figure 5. then 

-"   I"        „°   n0  \ (54) 

where 

n° ■ sin 9. cos l4 
xi1 i     1 

n0^ » sin 9. sin •- 
yi1 i     i 

o n . = cos 9 
zi1 i 

* 

(55) 

It will be assumed, of course, that only one wave, the ordinary wave, is 

incident in region 1. 

The transmitted fL and reflected field E are expressed in optic-axis 

coordinate components and need to be converted In  rectangular components. 

If E = (E 9 E , E ) is the optic axis representation, then the rectangular 

components are 
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E    = E   •   a 
x x 

E    - E   •  a 
y y 

E    - E   •  a 
z z 

No"- 

u    ■ cos 6 a    + sin 9 a    + 0 a o x y z 

u"u      a+u      a+u      a 
i      xx   x      yj.   y      zi   z 

u"u      a+u      a+u      a 
II        x||    x        yll    y        zu    z 

Thus 
p*      ■ 

a 
X 

_ 
a 
y 

a 
z 

1-1 

tt. 

Qll      Q12     Q13 

Q21     Q22     Q23 

Q31      Q32     Q33 

where Q = P      and where 

cos  9        sin 9 

xx yi 

yii 

zx 

u 

Thus 

Ex ■ EoQll + ExQ12 + E||Q13 

Ey " EoQ21 + ExQ22 + E
II

Q23 

Ez " EoQ31 + ExQ32 + E||Q33 
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Thus for the reflected  field 

where 

and 

^ " <, Q31 + ^ "32 + K, S3 

Q  » f 

cos  9, 

XJ.1 

l_uxlll 

sin 9, 

"H ZX1 

u 
yii. 

while for the transmitted field 

8
N 

0N 
EL = Eö. S31 T \ ^2 - \ ^33 

(56) 

(57) 

(58) 

(59) 

I 

where 

and 

S  - T 

32 

(60) 
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• 

"cos eN 8in9N 0 

i 
u 
xxN 

i 
u 
y^ 

i u 

i 
_UxilN 

i 
uyiiN 

i 
UZ"N 

(61) 

The components of E parallel to the optic axes can be eliminated ubing 

(26) and  (24) which give, respectively, 

" 

r 
'ri  0i 

E1 -c. Ei 
•g «%    0N 

This analysis has leen programmed on a digital computer, and the broad- 

band panels have been eva*uat'jd.    The predicted  transmission data versus 

the measured data are presented in Section V. 
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SECTION III 

BROADBAND PANEL DESIGN 

The design of the panels that were tested during this program are pre- 

sented  In this section. 

1.      Panel No.   1 

The spacing,  2^, of the grooves and  the thickness, d, of the panel 

were chosen to be 0.25-inch and  1.5 inches,  respectively, as Indicated  In 

Section II.    The spacing of the grooves was  chosen on the basis of designing 

a panel that would operate satisfactorily from 9 GHz through 16 GHz.    The 

depth of the grooves was chosen to be 0.625-Inch and  It was  felt  that  this 

would be a sufficient depth for operation over the 9-16 GHz frequency band. 

The panel was machined from a 1.5-inch  thickness Rexollte    1522 

material which has a relative dielectric constant of 2.54 and a loss 

tangent of 0.0002.    The grooves were machined horizontally on the front 

surface and vertically on the rear surface.    This type groove orientation 

was chosen to obtain the same insertion phase delays  for horizontal and 

vertical polarization. 

The panel dimensions weri> 24 inches by 24  Inches by 1.5 inches.    This 

was sufficient size to obtain iree space transmission measurement data. 

These data were measured at incidence angles  if 0    to 60    in 5    increments 

for both polarizations.    These data are presented  in Section IV.    A photo- 

graph of Panel No.   1  is shown in Figure 6. 
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Figure 6. 
Panel No. 1 (Groove Spacing = 0.25"). 
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2, Panel No. 2 

To Increase the upper frequency to at least 36 GHz,  Panel Mo. 2 was 

designed with a groove spacing of 0.125-inch.    All other dimensions were 

the same as Panel No.  1.    Rexolite^ 1522 was again used as the panel material 

The tapered grooves were machined and due to the close spacing between 

grooves,  sharp edges of the tips could not be maintained.    This was not 

noticeable in the measurement data. 

Free space transmission measurements were made on Panel No. 2 from 2 

GHz to 36 GHz, and  these data are presented  in Section IV.    The bandwidth 

of the panel was  from 4 GHz  to 36 GHz  (bandwidth is defined herein as  90 

percent or better power  transmission coefficient) . 

I 

5.      Pyramidal Panel 

A third Rexolite    panel was machined with pyramids on each surface 

instead of the grooves.    The tip-to-tip spacing of the pyramids was 0.25- 

inch which was similar to Panel Mo.  1.    Again,  the overall dimensions of the 

panel were 24 inches by 24 Inches by 1.5 inches.    Transmission data were 

taken on this panel and differed very little from the data of Panel Mo. 1. 

Some of these results are presented in Section IV.    A photograph of the 

pyramidal panel is  shown in Figure 7. 

The pyramidal panel was then modified in a number of ways to determine 

the effects of a rain erosion coating on the outer surface and to determine 

the effects of foam-filled grooves. 

37 

■-.i.,;'"...   -*■■—  - —n 
—— " ■■'-'• w ■ '- ' - ' ■ 



Figure   7.     Pyramidal Grooved  Panel, 
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Mvlar Coating 

Since the grooved or pyramidal panels do rot present a smooth 

exterior surface, It was decided to place a rain erosion coating over the 

pyramidal panel. A sheet of 0.005-Inch thick Mylar was first placed over 

one surface of the pyramidal panel. Measurements were performed to deter- 

mine the change In transmission characteristics due to the Mylar sheet. 

These data are presented in Section IV. 

b.  Rain Erosion Coating 

A standard Astrocoat 7110 rain erosion coating was painted onto the 

Mylar surface of the pyramidal panel. Three thicknesses were used: 0.005- 

inch, O.OlG-inrh and 0 020-Inch. Free space transmission measurements were 

performed for each thickness and these data are discussed in Section IV. 

c .  Foam Filled Grooves 

Another technique used in obtaining a smooth outer surface with- 

out degrading the broadband characteristics of the pyramidal panel was that 

of filling the grooves with a low density, low loss foam. Type BP-3 Isofoam 

was used to fill the grooves of the pyramidal panel. Free space transmission 

measurements were performed on the panel as well as antenna radiation patterns 

of an antenna placed behind the panel. These data are presented in Section IV, 

4.  Curved Panel Design 

An important application of a broadband antenna window is that of pro- 

tecting aircraft ECM antennas. Some of these multi-band antennas are located 

on the leading edge of the aircraft wing. To simulate this case, a curved 

 — '-I  I1LU_1_I_ 
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broadband  panel was designed and  fabricated.    The radius of curvature of the 

panel was 2.5 Inches.    The panel shape was that of a half-cylinder with a 

length of 16 Inches.    Vertically tapered grooves were machined  Into the 

outer surface and on the Inner surface were machined horizontally tapered 

grooves   (Figure 8).    The spacing of the grooves was 0.25-inch,   similar to 

Panel No .  1. 

To better compare the effects of panel curvature,  the thickness of the 

tapered  grooves and  the groove spacing were the same as  Panel No.  1.    Trans- 

mission tests and antenna radiation pattern data were also made with  this 

panel. 

To determine the effects of a thin protective cover,  a fiber glass 

sheet was placed over the exterior surface of the curved panel.    Amplitude 

and  phase transmission data were obtained on this configuration.     In addi- 

tion,  antenna radiation patterns were made, and all of the data are pre- 

sented  in Section IV. 

5.      High Dielectric Constant Panel Design (Panel No. 3) 

To observe the effect of a higher dielectric constant on the panel 

design, a third panel was machined with the following parameters: 

d - 0.625 inch, 

21 - 0.25 inch, 

K    - 9.0 r 

total thickness B 1.5 Inches, 

height ■ 24 Inches, 

■HBMMMHM 
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I 

Figure  8.     Cylindrical  Broadband  Panel. 
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width - Ik Inches,  and 

material ■ Emerson and Cumlng Stycast  Hi-K. 

in summary,   the bandwidth of the  third panel decreased considerably as 

comp.u-cd  to the lower dielectric constant panels.    This is partly evident 

tirom Equation 1,  since an increase in dielectric constant will cause an 

increase  in the denominator of Equation 1.    Thus,  the groove spacing 

decreases as dielectric constant increases.    Since Panel No.  3 was machined 

with a groove spacing of 0.25 inch,   the bandwidth decreased considerably. 

42 

— urn ii iiwiir^"iny*-**Mtima*,A*Mli',*t:'t—- —    --     - - - -   



SECTION IV 

MEASURED RESULTS 

Most of the data on Panels No. 1 and No. 2 have been presented In the 

Interim Report [1]. For completeness, these data are Included in this sec- 

tion of this report. Additional data included are the results of the Mylar 

cover over the pyramidal panel, the rain erosion coating and the foam filled 

grooves of the pyramidal panel. The transmission data obtained on the 

curved panel and the antenna radiation pattern measurements are also In- 

cluded In this section. 

1.  Free-Space Measurement Technique 

The transmission properties of each panel were determined by using a 

microwave phase shift bridge technique. The Insertion phase and Insertion 

loss of each panel were measured as functions of frequency. Incidence angle, 

and polarization. The microwave bridge was composed of a reference arm and 

a sample arm so that phase Information c tuld be obtained. 

Two horn antennas were mounted In the sample arm. A reference test 

panel was mounted perpendicular to the horn transmission axis, and the data 

measuring system was adjusted and calibrated so that the reference test 

panel measured transmission properties approached those of a theoretical 

flat panel. Upon completion of the reference flat panel measurements, 

the test panel under consideration was placed Into the test fixture. 

Transmission measurements were performed at 1.0 GHz Intervals over each 

waveguide band of Interest. Radiation pattern measurements were made at 

selected frequencies using the panels as antenna windows. 
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2.       Pariel No. 1 and Panel No. 2 Measured Results 

The insertion loss and insertion phase shift of thete two panels are 

presented in Figures 9, 10, 11 and 12. The plots are for the 0° and 60° 

cases only.  The data of incidence angles between 0 and 60°, in general, 

fell between the two curves on each graph. Both horizontal and vertical 

polarization data are shown. In comparing the phase data, it is significant 

to note that the insertion phase shifts of the two polarizations are nearly 

the same. This indicates that the panel has good circular polarization 

transmission properties. ' 

The amplitude data for both panels show very little insertion loss 

over the broad frequency range.  As indicated in Figure 9, the insertion 

loss Cor Panel No. 1 is very low from about 4 GHz to 18 GHz.  Panel No. 2 

has excellent transmission properties from 4 GHz to at least 36 GHz. This 

is a 9:1 frequency bandwidth which la remarkable for a panel fabricated 

from a single material. 

3.  Pyramidal Panel 

As previously stated, the transmission properties of the pyramidal 

panel are about the same as those of Panel No. 1. The upper and lower 

cut-off frequencies are about the same as Panel No. 1. This is due to 

the 0.25-inch groove spacing and to the depth of the groove. 

The pyramidal panel was used for a number of experiments during the 

program. There has been apprehension about the aerodynamics of the broad- 

band panel, so three methods of smoothing the outer surface of the panel 

have been evaluated. They are discussed in the following paragraphs 
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9 

Panel Size  - 24" x 24" 

£       -90 

i 

Figure 9.    Panel #1 Transmission Properties 
Vertical Polarization 
(0° and 60° Incidence Angles). 
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Figure 10.    Panel #1 Transmission Properties 
Horizontal Polarization. 
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Figure 11.    Panel #2 Transmission Properties 
Vertical  Polarization. 
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Figure 12. 
Panel #2 Transnission Properties 

Horizontal Polarization. 
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Mylar Coated Pyramidal Grooves 

One of the approaches to obtain a smooth aerodynamic panel shape 

was to cover the «external surface with a rain erosion coating. The rain 

erosion coating was applied to a thin sheet of Mylar and the combination 

Mylar/coating covered the pyramidal panel. Transmission tests were made 

of the panel and the mylar coating. Little, If any, effects were noted. 

A slight Increase In Insertion phase shift was measured. 

b.      Rain Erosion Coating over Pyramidal Grooves 

The Olin Astrocoat 7110 rain erosion coating was applied  In thick- 

nesses  of 0.005-Inch,  0.010-inch,  and 0.020-Inch to the  Mylar sheet.    Trans- 

mission measurements were made on the broadband panel for each thickness 

coating.    For the 0.005-inch rain erosion coating,  the typical X-band inser- 

tion phase increased by about 5 degrees and  the change in transmission loss 

was  less  than 0.1 dB from 0°  to 60°  angles of Incidence.     In the K -band 0 u 

frequency range, the transmission loss remained constant at 0.1 dB while 

the insertion phase delay increased from 5° to 9 . These values are valid 

for both linear polarizations. 

The Mylar sheet was coated with a 0.010-Inch thick rain erosion coating 

and placed on the outer surface of the pyramidal grooved panel. For fre- 

quencies between 8 GHz and 13 GHz, the measured transmission loss was near 

constant at about 0.3 dB while the insertion phase delay Increased from 

10 to 13°. These values hold for both linear polarizations and for angles 

of incidence less than 10 . 

At frequencies between 14 GHz and 18 GHz, the transmission loss re- 

mained at 0.3 dB for horizontal polarization to 60° and for vertical 
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polarization to 40°. The vertical polarization transrdsaion deteriorates 

above 40° incidence angle and decreased by 1.3 dB at 60° angle of incidence. 

The phase change was very smooth (13-17 c. -^rees) to 60' . 

The 0.005-inch thickness mylar sheet was coated with several layers 

of the Astrocoat until a combined thickness of 0.020-inch was obtained. 

This sheet was then used as a cover for the pyramidal plate, in both the 

foamed and unfearned configurations, while transmission data were taken. 

Very little amplitude change was noted for horizontal polarization, 

while significant changes occurred for vertical polarization. For low 

incidence angles, both the foamed and unfoamed panels caused a reduction 

of about 0.35 dB in the transmitted signal; however, as the incidence angle 

increased, the unfoamed panel produced a rapid signal loss, reaching a loss 

of 1.25 dB for the 8 GHz signal at 60 degrees angle of incidence. This 

signal loss was not apparent for the foamed panel. This panel showed al- 

most uniform transmission across the 0 to 60 degree angle of incidence 

range. 

In general, very little amplitude changes were noted with the Astrocoat 

layer. The improvement of the transmission characteristics with the foam 

added was probably due to better impedance matching of the pyramidal plate. 

The phase data indicated that an additional phase delay of about 10 

degrees can be expected when the 0.020-inch thick Astrocoat is placed on 

the outer surface of the pyramidal grooved panel. A look at horizontal 

and vertical polarization phase delays shows that they were essentially 

equal for all angles of incidence of interest. 



c.  Pyramidal Plate After Foaming 

The outer surface of the pyramidal grooved plate was covered with 

a low density PE-3 Isofoam manufactured by Isocyanate Products, Inc. The 

foam was used only for experimental purposes and It Is not recommended for 

use on an operating antenna window or radome.  The foam's purpose was to 

provide a smooth aerodynamic shape to the pyramidal grooved panel. 

A comparison of the transmission data of the unfoamed panel with the 

foamed panel (one side only) showed an average ceductlon In transmission 

amplitude of about 0.2 dB; the difference between the two Is greater at 

angles near 60 degrees and Is most likely due to the edge effects. 

The vertically polarized wave transmission was slightly more attenuated 

by the foam panel than was the horizontally polarized wave. On the average, 

only about 0.15 dB separated the two sets of data. 

A much more noticable effect was seen In the phase data. Generally, 

the foamed panel's Insertion phase delay was about 18 degrees larger at zero 

degrees Incidence and Increased to a value of 29 degrees for angles close 

to 60 degrees. These values were found to apply to both polarizations. 

Both polarizations exhibited very nearly the same phase change character- 

istics, with the horizontally polarized waves being delayed by about 15 

degrees more at large off-axis angles. Typical data are plotted In Figures 

13, 14 and 15 for the pyramidal panel with and without the foam coating, 

foam and Mylar* and the rain erosion coating. The Insertion phase shift 

versus Incidence angle showed a smooth Increase. 
. 
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3.  Curved Panel Measured Results 

a. Transmission Data 

The transmission data for the cyllndrlcally shaped grooved panel 

are presented In Appendix B. The significant results are (1) the panel has 

excellent broadband transmission characteristics, and (2) there Is a lens 

effect that causes the transmission amplitude to Increase over that of 

free space conditions. 

b. Pyramidal Horn Radiation Patterns 

The radiation patterns of a pyramidal horn antenna were measured 

with and without the cylindrical grooved panel. It was found that the 

amplitude characteristics of the horn with/without the curved panel are 

very similar. The phase characteristics are about the same to incidence 

angles up to ± 45°. A number of these patterns are included in Appendix B. 

c. Air Force Array Antenna Radiation Patterns 

The grooved cylindrical panel was used as an antenna window for 

an Air Force furnished array antenna. Radiation pattern measurements were 

performed on the mid-band array which had equal length phasing cables to the 

array elements. Typical radiation patterns are presented in Figures 16 

through 27. At each measurement frequency (8 GHz, 9 GHz, 10 GHz, and 11 

GHz) three radiation patterns were run; the first pattern is of the antenna 

array without the cylindrical broadband panel, the second is of the Mid- 

Band Array mounted flush against the cylindrical broadband panel, and the 

third is of the array mounted at the center of curvature of the cylindrical 

broadband panel. As noted in the radiation pattern plots, the panel had 
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very littli effect on the radiation pattern main lobe and the initial side- 

lobes . This was typical of the broadband panel as noted on numerous radia- 

tion pattern measurement plots . 

d ■      Curved Panel with Fiberglass Outer Shell 

A 0.063-inch thickness fiberglass shell was  fabricated  to simulate 

a protective coating on the outer surface of the broadband cylindrical 

panels.    Radiation patterns were made of a pyramidal horn with the curved 

panel positioned in both the vertical and horizontal planes.    The horn 

was positioned approximately one inch behind the curved structure, and 

pattern distortions due to reflections and surface waves were noted.    The 

patterns improved considerably with the placement of microwave absorber on 

the rear of the broadband panel flat surfaces.    A number of these X-band 

radiation patterns are included in Appendix B. 

•« 
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SECTION V 

COMPARISON OF PREDICTED DATA TO MEASURED DATA 

The analysis of Section II was performed in order to model a particular 

grooved panel developed by Bassett and Huddleston [1]  at Georgia Tech.    This 

panel is  shown in Figure 28 and  is made by cutting triangular wedges into 

both sides of a flat,  solid  slab of dielectric.    Since the dielectric pro- 

perties of this panel change with distance into the panel as well as with 

direction at a particular point,  the grooved panel is both inhomogeneous 

and anisotropic.    The objective of tapering the panel is to provide a 

gradual dielectric constant transition from the  K.,  region  (usually air) 

into the dielectric and  then a gradual transition into the K    region 

(usually air).    This type of tapering should provide good transmission 

characteristics according to Richmond's [4] WKB solution for inhomogeneous 

panels. 

The dielectric properties of the panel were modeled as  follows [1] .    The 

tapered region was partitioned into a set of contiguous layers as shown in 

Figures 29a and 29b.    Each of these trapezoidal rods was  then replaced by 

a semi-infinite strip forming the dielectric strip array shown in Figure 6c. 

Tue dielectric tensor for this strip array can be determined from the 

analysis of Morita and Cohn [9] .    The dielectric constant for perpendicular 

polarization (see Figure 29c) which represents  K    and  K    for region d.  of 

Figure 28 is given by the zero of the following function: 

f   (K )  -  " ? + A -/K     -  K    + 
X     I 

tan V K     -   K 
_2 x      ... s an coth r - KI 

(B^V^) (62) 
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•- y 

(a) Division of tapered region into discrete layers (top view) 

•J*. 

iE^«i Ca ft 
2i 

(b) Representation of each layer as rectangular dielectric strips 
of finite thickness (top view) 

SSSSS 

(c) Appropriate case from analysis of dielectric strip array of 
semi-infinite depth (perspective view) 

Figure 29. Steps in Determining Dielectric Constants of Layers in 
Grooved Dielectric Panel. 
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where 

B   -   2TT   (I   -  f)   f 
0 

The dielectric constant for parallel polarization which represents K    for 

region cL  of Figure 28 is given by the zero of the following function: 

f (K)  - A A tan 

s-^r^, 
tanh (BV^7^) (63) 

and A and B are defined as above. Equations (61) and (62) can be solved 

using Muller's method, Newton-Raphson or other techniques. By using an 

appropriate change in terms, (61) and (62) can be used to determine the 

K's of region d- of Figure 28. 

The above dielectric tensor model was used to describe the panel shown 

in Figure 28. This model combined with the analysis of Section I permits 

the evaluation of transmission and reflection properties of the panel for 

both perpendicular and parallel components of the field incident on the 

panel. 

Two panels of the type shown in Figure 28 were constructed and measured 

at Georgia Tech. The physical characteristics of these two panels are 

given in Table I. The transmission coefficient and the insertion phase 

delay of these two panels is presented in Figures 30 through 37. A 

comparison of measured and predicted values is given in Tables II and III. 

From Tables II and III it can be seen that the predicted and measured 
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TABLE I 

PROPERTIES OF TWO TESTED PANELS 

Parameter Panel  1 Panel 2 

dj   (inches) 

d.   (Inches) 

d_  (Inches) 

2i>    (inches) 

2i3  (inches) 

1.00 

2.54 

1.00 

0.625 

0.250 

0.625 

0.250 

0.250 

1.00 

2.54 

1.00 

0.625 

0.250 

0.625 

0.125 

0.125 

transmission coefficients agree with ± 0.2 dB while the insertion phase 

delay agrees within ± 4    over the measured 2  to 35 GHz range.    This excellent 

agreement indicates  that the analysis and dielectric model are good. 

Some general comments can be made regarding the transmission charac- 

teristic shown in Figures 30 through 37.    At very low frequencies, below 

1 GHz,   the panel begins to behave as a  thin wall radome and  the  transmission 

coefficient for both polarization approaches 1/0  .    At around 2  to 2.5 GHz 

the panel is roughly X Ik thick.    The tapers are not electrically long 

enough to permit a slow change in dielectric constant from free space to 

a value of 2.54 at the center as required by the WKB solution [6] .    Hence, 

a substantial reflection occur.-.    As the frequency is increased,   the tapers 

look longer electrically and  low loss transmission is obtained with this 

thick wall structure as expected from the WKB solution. 
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SECTION VI 

PROBLEM AREAS 

The broadband panel is unique in its bandwidth capability, but problems 

have been encountered in its fabricability, in its low frequency operating 

characteristics, and in the shape of the external surface.  During this 

(R) 
program, Rexolite  (K ■ 2.54) was used as the base material. All of the 

panels were machined from Rexolite . This material is not a typical flight 

material for radomes and antenna windows, although it could be used on a 

ground-based application. The machining process is laborious and is not 

cost effective. For applications where a plastic material can be used, the 

panel could be built-up from small elements that are either glued or 

pressed together. Each individual panel element would be fabricated by 

either a casting or molding technique. 

Another process for panel fabrication is that of injection molding. 

This would be especially applicable to a ceramic panel such as slip-cast 

fused silica. A pattern mold is made by Injection molding. This mold in 

turn would be used to form an additional mold out of a material such as 

paraffin from which the broadband panel would be formed. 

The undesirable feature of this particular broadband panel design is 

ehe thickness requirement for operation near 2 GHz. The 1.5-inch thickness 

panel operates well above 4 GHz and does so only if the base material has a 

low dielectric constant (less than 4.0). Even with this thickness, the 

density of the material is approximately 0.63 g/cc (Panel No. 2). The 

(R) pyramidal plate design has a density of 0.48 g/cc.    Since Rexolite    has 
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a density of 1.05 g/cc, the weight of this type panel is reduced by one- 

half when machined. For operation near 2 GHz, the panel would approach a 

thickness of 3 inches based on the current design. 

The non-smooth exterior surface might present a problem in some flight 

environmentü. It is not likely to pose much of a problem for aircraft 

use since it has been shown in this report that a thin covering can be 

used without degradation of the panel transmission properties. 
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SECTION VII 

CONCLUSIONS AND RECOMMENDATIONS 

General conclusions drawn from the research work performed are: 

(1) Bandwidths of 10:1 are readily attainable on the broadband flat 
panels, where bandwidth Is defined as the frequency range of 90 
percent or greater power transmission coefficient. 

(2) The difference In Insertion phase delay for perpendicular a.J 
parallel polarizations  Is minimal  for angles of Incidence up to 
60   .    This  Implies  that  the broadband  panel will operate 
satisfactorily for circularly polarized radiation. 

(3) The broadband panel operates satisfactorily In a curved con- 
figuration. 

(4) The panel requires  a  thickness of approximately 1.5-inches   to 
operate near 4.0 GHz using a material of relative dielectric 
constant near 2.5. 

(5) For operation below 4.0 GHz, the panel thickness requirement 
becomes severe for most applications. In addition, a weight 
penalty would necessarily be Imposed. 

(6) Rain erosion coatings can be appllcJ  to the structure without 
serious degradation of performance. 

(7;    There are  fabrication techniques  that are readily adaptable  to 
the broadband panel■ 

(8)    A computer program has been developed which allows anisotronic 
panels  to be fully analyzed. 

Due  to  the potential use of this  type structure,  specific recommenda- 

tions are as follows: 

(1) A radome which operates  from 8 GHz to 40 GHz  should  be fabricated 
from a typical organic material such as  polylmlde-quartz or  PRD-49 
and tested as a broadband  structure and  as a boreslght radome- 

(2) A radome which operates  from 8 GHz to 40 GHz should be fabricated 
from a ceramic material such as slip-cast fused  silica.    This 
radome should then be electrically tested. 
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(3) Design techniques should be explored  that would enhance the 
lower frequency characteristics of the panel without degrading 
the overall performance. 

(4) There are current requirements for dual mode radomes  (RF/IR) 
which have a broadband RF requirement.    The potential of this 
type structure for this application should be fully explored. 

(5) Broadband antenna windows should be designed,  fabricated, and 
tested for use on current aircraft development programs. 
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APPENDIX A 

EVALUATION OF PROPAGATION CONSTANTS 
AND DIRECTIONS OF PROPAGATION 

A system of equations will be derived  for determining the propagation 

constants and the directions of propagation In each layer of the anlsotroplc 

radome  panel discussion In the main portion of the presentation.     Each layer 

is assumed to be linear, homogeneous,  lossless,  charge  free,  and  possibly 

dlelectrlcally anlsotroplc.     The evaluation will  take place at an arbitrary 

Interface,   z  = z    = a constant as  shown In Figure 33. 
■ 

A.  Derivation of Basic Equations 

The fields in each region will be the sum of a number of plane waves 

traveling In different directions with different propagation constants.  In 

the m-th region the electric field will have the form 

_ 

E =E E , e'j3mJ Vj ' r (64) 

where the summation Index j Includes all ordinary and extraordinary waves 

no matter what their direction of travel.  The vectors E . are complex constant 
mj 

vectors representing the wave amplitudes, ß . Is the propagation constant, and 

n . Is a unit vector In the direction of propagation. 

At the Interface z = z the phase variations In both the x and y dlrec- 
m 

tlons must be the same for each term on both sides of the Interface. Thus 

mj K    •'mk x , 
tuj        mk 

(65) 

B s * mj y, mj 
3mkny 

mk 
(66) 

"mi  x    °(mfl)k x/_.1v1 J  mj (mfl)k 
(67) 

»mj nymj 
= P(mfl)k ny(nH.1)k 

(68) 
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m-th 
Region 

(nH-l)-th 
Region 

Z   m   z 
m 

-*- z 

Figure 38.    Medium Parameter at  thr: 
Interface at z " z m 

m-th 
Region 

-^-b 

(nri-l)-th 
i    Region 

Figure 39.    The Splitting of Two Waves 
Into Four When Passing Into 
a New Medium. 
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where J and k represent any pair of waves in the two media and the x, y, z 

subscripts on n represent the particular rectangular components of that vector 

n. According to Collln [6, p. 98], If the permittivity tensor Is diagonal In 

rectangular coordinates with components In the (nrt-l)st region of 

0 

m+1    o 

m+1 

0      K 
'm+1 

nH-1 . 

then the ß's and n's In the (nri-l)st region satisfy the equation 

2 2 2 2       2 2 
(ß    ,   -   K lc  )   ((TL.   -  K kZ)   n K k^ 

nH-1 Wl     0 m+1 'nH-l    0       XnH-l     XnH-l     0 

2 2   2 2   2 +
(BLI - K k) ((tLi - K

     
k > nr, nrfl   z ., o'  m+1 x ,,  o  y 

m+l mfl nrt-1 ym+l 

2           2 2           2   2 2 
+ (ßLi " K    k ) (PLT - K    k ) n K    k^ v m+1   x ,,  o' v m+1   y ..  o'  z ... z ..  o mfl 'm+l      m+1 m+1 

(69) 

where the k subscripts denoting a particular component in the (m+l)st region 

have been dropped for simplicity and k is the free space propagation constant, 

Since n ., is a unit vector, it follows that m+1 

= 1 - n - n 
mfl m+1   ym+l 

(70) 

substituting (67), (68) and (70) into (69) and dropping the j subscripts 

for convenience yields 

7 2 2          2 2 
®Lx - Kv  V (d ■ Kz V "x Kx mfl ym+l 0 mfl   Zmfl 0 xm Xmfl 

9 2 2           2 2 
+ (9Z , - K    k ) (3 ^ - K k ) n  K v m+1 z ..  oy v m+1   «.-  o" ym y 

m+1 m+1 m 'mfl 
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•( 

m+1 

2 
ßnri-l 

8? 

2 2 :      k) itL.* x  .,     o        m+1 c        k2) 
Wl 0 

- n - n2 )K 
m ym    ZnH-l 

(71) 

Equation 71 shows that if all of the medium parameters are known and if 9 and 

n are known for the incident wave in the 1-st medium (which is the usual case) 

then the S's and n's for all regions to the right of the first one can be deter- 

mined.  This last statement is true since all terms in (71) are known in the 

m-th region. Also, Equation?. 67 , 68 and 70 allow n . to be determined from 

n , 8 , and 8 ,, (all of which are known) as 
m  m      m+i. 

m+l 

'nH-1 

0m 

nrt-1  m 

m 

0mfl ym 

- + 
'mfl V mfl Wl 

(72) 

B.  Properties of Propagation Constant Equation 

Some of the properties of (71) will now be examined. First notice that 
2 2 

(71) is a cubic equation in 8 ., and that 0 ., ■ 0 is always a solution. 
m+l mrl 

2 
To prove this last statement simply substitute 9 . = 0 into (71) and obtain 

Uhrl 

Xnri-1 ynH-l 
!    n  + K 
z ..  xm   x L. mfl        mfl ynri-l Zmfl m 

+K 
Xmfl ymfl 6mfl 

(-n -n2) 
x  y 
m   m 

Thus there are only two nontrivial solutions for fr.. in (71). Thus, In general, 

for each wave Incident from medium m onto the interface, two waves are produced 

in region mfl each having different values of &, and n . . 

The second property that will be proved is that if all dielectric constants 

are positive then 
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k mln(K w )<e 
Tm¥\ nri-1 

nH-1 

• < k max(K 
- o    x x 

m+l ymfl m+l 
(73) 

The validity of (73) can be seen from Equation (69) .  If 

I*  >k2 max(K   , K   ,   K ) 
mfl   0     XnH-l *mi      Znri-1 

then the left hand side of (69) is positive and a solution of (69) does not 

exist.  Similarly if 

• *  < k2 min(K 
trri-1   o     x ) 

nri-1 'nri-1 "rnfl 

then the left hand side of (69) is again positive and no solution exists. 

Thus, (73) is proven. 

Let us next prove that there is only one incident ordinary and one 

incident extraordinary wave in each' region.  First assume that there is only 

one incident ordinary and extraordinary i/ave in region m; then, the most 

general situation in region (nri-1) is one in which four waves are present. 

One ordinary and one extraordinary wave could be produced for each of the 

two incident waves.  These four waves in region (nri-1) will be labeled a 

through d as shown in Figure 39. We must show that a and c are the same and 

that b and d are the same.  From (65) and (67) it follows that 

oa 
I 
Xnri-1 

ao o 
P n 
m x 

a oa 
nri-1 

(74) 

eb 
i 
Xnri-1 

aO  0 
P  n 
m x m 
.eb 
nri-1 

(75) 
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oc 
0e ne 

m    x m 

nH-1 
.oc 

(76) 

Bene 

m    x m 

Vl 8 ed 
mfl 

(77) 

.0    o oe     e 6    n       =  3    n 
rax m    xm 

(78) 

,eb       eb „ed       ed (79) 

A set of  equations similar to the  last  six can be written for the y components 

of the direction of propagation vectors. 

It  is  obvious that 

ooa «oc 
nri-1  *    nri-1 

(80) 

since the ordinary propagation constant of a medium is Independent of the 

direction of the wave [5, p. 680].  Utilizing (78) and (80) it can be seen 

that the right hand sides of (74) and (76) are identical. Hence, 

oa     oc 
n    = n 
xnrt-l   Xrafl 

(81) 

In a similar manner it can be shown that 

  ._.  -■,■... 



Hence from (72) 

oa 

mfl 
« n 

oc 

'UH 
(83) 

From (80) through (83) It follows that waves ... and c are ident'cal since 

they travel in the same direction with the same velocity. 

Next it must be shown that waves b and d are identical.  To do this notice 

that both of these waves satisfy (71) but with different I , n  and n 
m' x      y 

2 m     •'m 
values.  If (71) is multiplied by I and then (78) and a corresponding 

equation for the n components are used, it can be seen that the propagation 

constants of the b and d waves satisfy the same equation and so are the same. 

Using (78) and the fact that 

geb  =  ed 
m+1   mf 1 

in  (75)  and  (77)  reveals  that 

eb 
Xiirfl 

= n ed 

Wl 

In a similar fashion it can be shown that 

eb 
i 
ymfl 

= n 
ed 

fw¥l 

Hence from (72) 

eb 
i 
z m+1 

= n 
ed 

Smfl 

Thus, since waves b and d travel in the same direction with the same velocity, 

they must represent the sama  wave. 
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It has thus been proved that two waves incident from region m onto region 

(nH-1) can produce at roost two Incident waves In region (nH-I).  Only one wave 

would be produced if region (nri-1) were Isotropie.  This situation holds true 

for any region m and hence holds true for the entire panel.  It is of course 

well known that one wave incident from an Isotropie region, ie: region 1, 

onto an anisotropic region, ie: region 2, will produce in general two incident 

waves in region 2. 

The proof that no more than two incident waves exist in each region 

hinged on the permittivity tensor being diagonal.  An example of such a 

permittivity tensor is one describing a uniaxial medium in which the optic 

axis lies either along the x or y coordinate axes. 

Now consider the case of a panel each layer of which is uniaxial and 

for which each optic axis lies along either the x or the y axis.  In the 

former case K ■ K while in the latter K = K .  For either of these two 
y   z x   z 

cases it can be seen from (A-8) that 

nri-1 o 
(84) 

is one of the two nontrivial solutloü^ . . (71). Since (84) is independent 

of the direction of propagation it represents the ordinary wave propagation 

constant [5, p. 680].  The remaining solution of (71) must represent the extra- 

ordinary wave.  Next notice that (84) is independent of direction or propaga- 

tion in the other layers.  Hence, the ordinary ß may be determined from (84)' 

and only the extiaordinary 8 need be found from (71). The nonlinear equation 

(71) may be solved using Newton-Raphson, Mullet or oth r methods. The region 

over which to search for the solution can be determined by examining (73) 

and (84) . 
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APPENDIX B 
■ 

TYPICAL RADIATION PATTERNS OF CYLINDRICAL PANEL 

The  six figures  included  in Appendix B are representative radiation 

patterns  using the cylindrical  panel as an antenna window.    The  figures 

denote  the amplitude/phase characteristics of:     (1)   the  test horn antenna, 

(2)   the  test horn antenna  placed behind  the cylindrical grooved  panel, 

and   (3)   the test horn behind  the  fiberglass covered cylindrical grooved 

panel .    Both horizontal and vertical polarization plots are shown and 

these were measured at a  frequency of 11.0 GHz.    As noted,  the cylindrical 

panel was  positioned horizontally and  the angle of  incidence was measured 

from a vertical plane  through  the center of the panel.    Very little 

difference  in amplitude is noted  for  the patterns. 

The radiation patterns of  the horn antenna with the cylindrical panel 

positioned vertically and with  the  incidence angle again measured  from a 

vertical plane through  the center of  the panel showed a focusing effect 

at all  frequencies.    This was due  to  the small radius of the panel.    These 

patterns are not included here but the focusing effect occurred at all 

frequencies. 
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