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F VA LU A TI ON

Thi s report describes an exper imenta l  evaluation of dielectric slab

angular  f i l t e r s .  The synthes is  techni ques for de r iv ing  the f i l t e r

parameters was done in an earlier work (RAI) C—TR— 76- .4 08) . In  th i s

report the effect iveness  of dielect slabs , used as an angula r  f i l te r  to

reduce all sidelobes beyond ten to f i f teen  degrees from broadside , is clearl y

established . For examp le , a pair  of gra t ing  lobes at 360 from broadside , t h at

were originall y just 6dB below the mainbeam peak , are reduced to below

38 dB in the H plane and 28 dB in the E plane . The [imitations on thi s type

of f i l ter , particularl y those imposed by tolerances in the die lect r ic

fabricat ion are well discussed . Some in teres t ing  effects  of very close

antenna—fil ter  interaction are also examined .
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I. INTRODUCFION AND SUMMARY

This report  summarizes the experimental investigation of a dielectr ic

slab spatial filter.  The spatial filter was designed under a previous effo rt

(Reference  1). Specifically, the objectives were:

• To fabricate the spatial filter designed under Contract F 19628-
76-C-0189.

• To test the completed filter with a linear a r ray  of polarization
diverse circular elements

With respect to the test program , the goal was to provide experimental con-

firmation of the filter concept and to investigate the array/fi l ter  interaction .

The dielectric spa t ial filter is an 11-layer sandwich composed of ECCO-

FOAM PS, STYCAST HiK and STYCAST HiHiK. The design values of relative

dielectr ic constant were 1. 02 , 5, 9. 5, and 23. All materials were synthesized

by Emerson & Cuming, Inc. who also performed the filter fabrication task.

The actua l dielectric constant values synthesized were in va r iance with the

design va lues and required redesign of the filter using the numerical optimiza-

tion procedur e (Reference 1) dur ing the materials synthesis process. A

redesign sequence was antic ipated and an optimized filter design configuration

was obtained. However , variation in material properties within a single sheet

of the target Er = 23 dielectric resulted in a limitation of the experimental

scope. This aspect of the program will be discussed in detail below.

Pr incipally, the experimental program consisted of the measurement  of

ar ray  and single element patterns with and without the filter in place. The

ar ray  used for this purpose was a polarization diverse linear row of c i rcular

radiators. The ability to electronically switch polarization provided both E

and H plane data on filter coupling to planar arrays.  The most signif icant

result  obtained from the fi l ter/ array measurements is that the filter may be

positioned with respect to an ar ray  supporting grating lobes such that the

reactive termination of the spurious beams increases the main beam gain.

This will be treated fully below. A theoretical discussion of planar a r ray

coupling to dielectric slab spatial filters is given in Append ix B.
1
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1. 1 Filter Design Procedures

A general computer optimization procedure for dielec~tr ic  slab spatial
f i l ters was developed under Contract F 1962 8-76-C-0189 (Reference 1). A
particular result of this effort was an electrical desi gn for an 11 -layer filter
cons isting of E r 1. 02 , 5 , 9. 5, and 23 dielectrics. This filter confi guration
is shown in Figure 1. The layer thickne sses are given with respect to f r ee -
space wavelength at center frequency (9. 5 GHz). Over the 4 percent design

~~~~~~~~~~~~~~~~~~~~ 
= 5.0 0. 101

_ _ _ _ _ _ _ _ _ _ _ _ _  

0.6 10

E
3 = 23. 0.052

//~~ 
=5 .0’ / /// ~ 0.103

Figure 1 - Preliminary 11-Layer Filter Design

frequency band the filter has less than 0. 15 dB insertion loss in the 10°
spatial passband ; and greater than 10 dB rejection beyond 24° from broadside
for TE incidence (H-plane incidence with respect to an array). For TM
incidence (E~~ l’ ), 1ie~~~ 5~b°add 1i~ s’ greater than 10 dB rejection from 26°
to 62° (the onset of the Brewster angle passband (Reference 1)). A contour
plot of filter performance at center frequency is shown in Figure 2.

2
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Figur e 2 - Transmission of Fields Generated b y X-Directed Magnetic
Current-Preliminary Filter Electrical Design

It was initially proposed that the filter be comprised of synthesized multi-

component dielectrics (E r = 5 and 23),  Alumina 
~~r = 9. 5) and low densi ty

foam. The rnulticomponent dielectrics are wide range materials which were

selected by the optimizer due to the lack of ei ther natural or ceramic materi-

ale with or in the range of these constants. The Alumina was selected by the

optimizer due to its stable electrical properties.  However , it was deemed
to be more expedient and cost effective to obtain all materials from a single

tendor - hence a wide range multicomponent die lect r ic  was also selected for

the 9. 5 layer . Emerson & Cuming, Inc . was selected as the vendor for all

dielectric materials and for the fabrication effort .

In antic ipation of e r rors  in the materials synthesis process (assumed to

be of the order of ±3 percent in E r for the tiig h dielectr ic  constant layers) ,

a filter redesign procedure was developed . Brief l y, the procedure required

that the optimizer be exercised following materials synthesis and dielectric

constant measurement at the design center f requency to obtain a new set of

layer thicknesses which would result in fi l ter performance roug hly equal to
that originally specified. Provided the e r rors  were in the ±3 percent range ,

3
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only small changes in layer thickness were anticipated , and it was a s sum ed

that the lim ited degrees-of- f reedom impossed on the numerical  f i l ter  syn thes is

technique would not present significant problems. Unfortunately,  at no point

in the redesign effort (five iterations were required)  was the maxL~iurn e r ro r

in measured dielectric constant relative to the cur ren t  desi gn value 1es~ than

7 percent. Furthermore, due to nonuniformity of materials , surface  g r i n d i n g

to intermediate and f inal  thicknesses resulted in changes in d ie lectr ic  con-

stant as great  as 6. 6 percent. These problems severely taxed the opttrn iz~ r

( operating under limited degrees-of-freedom) ,  and the resultant  tota l f i l ter

thickness increased by 78 percent,

The impact of these difficulties is discussed in deta~~ ..~elow and in Se”-

tion 3.

1.2 Multicomponent Microwave Dielectric Nonuniformities and Their Effect
on F ilter Performance and Testing

The principal materials synthesis difficulty in multicomponent microwave

dielectrics is evidently stratification of the particulate loading during pouring

or injection processes (Referenc e 2). Consequently, within a single molded

piece , dielectric constant may vary widely, depending on the manufacturer ’s

techniques. Furthermore, depending on the pouring or injection procedure,

flow streams may be nonlinear resulting in local, anisotropy, or change in

dielectric constant with polarization. Clearly, such nonuniformities will

depend strongly on the viscosity of the solution prior to curing, and , hence,

degree of particulate loading.

In the instance that a s ingle sheet of multicomponent dielectric forms an

entire layer of a spatial filter , the princ ipal area of concern is the average

anisotropy of the slab. This , of course , applies pr imari ly to f i l ters  for sys-

tems requiring multipolarization and/or wide angle filtering in all cut planes.

However , for use with a large planar ar ray  or reflector systems , each layer

of the filter must be comprised of several sheets, It is in this area that the

greatest  d ifficulty ar ises  - small uniform or tapered phase e r rors  over a

signif icant  percentage (but not all) of an antenna aperture will produce large

er rors  in sidelobe levels within the spatial passband , and may occur without

significantly al tering main beam shape or pointing direction. Consequently,

the p r inc i pal advantage of molded dielectric sheets (which is that they are

4
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available in very large dimensions relative to a wavelength at X-band)  is lost.

In order to minimize the effect  of materials  nonuniformit ies, the e r ro r s  must
be randomized by reducing the sheets to small tiles , thereby dramatically
increasing the fabr ica t ion cost of the f i l ter .

Each hig h dielectric constant layer of the filter consists of two sheets

which are  23 . 19 in . x 5. 65 in.,  giving an overall fil ter length of 46. 38 in.

This leng thwise splitting of the fil ter resulted in an insert ion phase error  of

approxin~ate1y 20° across  the f i l ter  mid plane due to the independent buildup

of dielectric constant e r ro r s  in each f i l ter  half. Consequently,  a r r ay  pat tern

• measurements with the entire fil ter showed extreme sidelobe dis tor t ion in the

spatial passband. It was, therefore , necessary to perform filter measure-

ments on each fi l ter  half independently, which , due to the desi gn of the test

fixtures resulted in a limitation of the f i l ter  test program . Specifically, it

was necessary  to translate the a r r a y  phase center to coincide with the length-

wise geometrical  center of the fil ter half , leaving insuff ic ient  room in the

fixture to allow fil ter tilt with respect  to the a r r a y,  or to allow an investiga-

tion of the effects of f i l t er - to -a r r ay  spacing. To compensate for the lack of

experimental results for the f i l t e r - t o - a r r ay  spacing stud y, anal ytical  resul ts

are presented in Section 3 and in Appendix B .

1.3  Filter Testing

Filter testing was performed at the Raytheon Compact Range Facil i ty in

Lowell , Massachusetts .  The fa c ility is a far field anechoic chamber with less

than 0. 3 dB amplitude taper and 2° phase dis tor t ion over a 4- f t 3 quiet  zone

at 10 GHz. Typ ically, s tray radiation is down 40 dB.

Filter testing was conducted with both a small rectangular  waveguide  probe

and a linear polarization diverse phased a r r a y  of loaded circula r aper tu res .

The small probe measurements (Section 2) provided a di rect  measurement  of

filter transmission coefficient for TM (E-p lane ) incidence , and a d i rec t

measurement of filter passband and ski r t  proper t ies  for TE incidence.  The

ar ray  measurements (Section 3) provided insig ht and quantitat ive data on

ar ray- to- f i l te r  coupling and demonstrated that for an a r r a y  supporting gra t ing

lobes in the stopband of a spatial fi l ter , a f i l t e r - t o - a r r ay  spacing can be

determined which will result  in an increase in main  beam gain. Fur thermore,

it is demonstrated in Section 3 and Appendix B that a die lect r ic  spatial f i l t e r
5
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may be designed to match an exis t ing a r ray  to f ree  space , or , converse l y,

for a given spatial f i l ter  and a r r a y  face geometry,  an element match trg

s t ructure  can be determined which will maintain ar r ay  gain in the presence

of the fil ter.  These results are an important extension of the conclusions

g iven by Fante (Reference  3), and will therefore be discussed extensively i~

the sections mentioned above .
For theoretical discussions, the assumed time dependence is ej W t

.

6
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II. EXPERIMENTAL INVESTIGATION OF PLAN E WAVE
SPATIAL FILTER USING SMALL RECTANGULAR PROBES

To determine the properties of the experimental filter , ~ thorough investi-
gation of plane wave filtering was conducted using a 0. 400 in . x 0. 900 in .
open-ended rectangular waveguide probe with a 0. 500 in . x 1. 000 in . flange .
These investigations considered only relative pattern shape since the details
of the filter mismatch at the probe could not be accounted b y simple anal ytical
arguments. For these measurements, the probe flange is butted directly
against the filter back face ,

2 . 1 Filter Configuration and Test Facilities

Figure 3 shows the configuration of the experimental filter . The fi l ter is
composed of 11 layers of low loss (tan 6 < 0 . 001) dielectric. Six of the layers
are w’cie range multicomponent materials, specifically Stycast HiK (c ~ 0),

and Stycast HiHilc (ç.~ 9. 7 and 23). The remaining slabs are EccoFoam PS

(E
r 

= 1. 02+) . Layer thicknesses are given in inches , and the total thickness
is 7 . 68 in , Cross-sectional dim ensions are 46 . 38 in , x 5. 65 in . Total
thickness deviation along the full length is less than 0. 030 in , or 9 ° in air at
9. 5 GHz . The thickness tolerance could be reduced significantly by replacing
the foam layers with higher density foam ( Emerson & Cuming , Incorporated
recommends Er 1. 06 for improved structural performance) or low loss honey-
comb , such as HEXCEL HRH- 10 . The latter is recommended due to lower
dielectric constant .

Each high dielectric constant layer is comprised of two sheets with the
seam at the center . The foam layers have seams at locations other than the

center . Appendix A gives the electrical properties of each sheet as measured
b y Emerson & Curnings Incorporated using a 450 interfermoter. Data is
taken with the polarization along the length of the sheet ( 0 ° )  and perpendicular
to the length of the sheet (90 °) .

7
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CENTER SEAM OF Hi — LAYERS

FILlE R — I 
,
,/“ FILTER — 2

‘ l I E ) ~~( T M ) ( T E ) c ( T M ) THI CKN(S5(i~~)

5 0 3  
—— 

4 .85 I 4. 93 4 .82 0 466 
—

I 02 1.02 1.02 1.02 2. 439

9 . 72 
- 

9.63 ~~~~~~~ 9.63 9.72 0.268

1.02 1.02 I 1.02 1.02 1.874

22. 39 23.27 22. 12 24.30 0.154

1.02 1.02 I 1.02 1.02 0.6 12 7.68 n

24.34 23.70 22.40 24.28 0. 200

1.02 1.02 1.02 1 .02 0 5.

9 .56 9.56 I 9.4 1 9 .87 0. 247

I 02 1. 02 1.02 1.02 0.630

5.13 4 .83 4 .95 5.10 0.088

46 . 38 in

Figure 3 - Experimental Filter Configuration

The filter retainer is shown in Figure 4. It consists ox two sheets of

0. 750 in . thick plywood and supporting members. The sheets form frames,
with the filter inset 0. 375 in. at its periphery. The frame overlap onto the filter

face is 0. 50 in . reducing the unobstructed filter cross-section to 45 . 88 in .
x 5. 15 in . A supporting member is located below the midseam to minimize
stresses, The other support members provide structural integrity while

allowing access to the filter edges ,

The measurement program was conducted at the Raytheon Compact Range
Facility, A sketch (side view) of the facility is shown in Figure 5. All
measurements were taken with the filter in a horizontal positon. The physical
and perfo rmance, parameters for the facility are summarized in Table 1.

For the probe measurements, the entire backplane of the filter was
covered with free space absorber to minimize scattering from the a r ray
support into the probe .

8
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SECTION AA TYPICAL 
~~~~~~~~~~~~~~~~~~~~ A B E )

~~ 4~~~~ 

¶ 
III ____________ 

‘7

1~ 1 1/2
1/2 in DIA ~~ —22 ~ 3/8 DIA

NOTE I. LENSE DIMENSION 5 .65 in HIGH. I
7.68 . W IDE • 46 .44 in LONG I 

__________________

SUPPLI ED BY DEPT 1175 ) — — —.-——— —  — ________ — — 6 7 6

NOTE 2. MATERIAL PLYWOOD 
I

50

Figure 4 - Filter Retainer
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TABLE 1

COMPACT RANGE PHYSICAL AND PERFOR MANCE PARAMETERS

Overall Size 36 ft long x 20 ft wide x 16. 5 ft high

Frequency Range 2 . 6 - 18 GHz

Antenna Size 4 ft diameter or less

Amplitude Taper 0. 5 dB

Phase Variation ~5

Reflector

Type Offset Parabola

Size 16 ft wide x 12 ft high (27 ft diameter)

F/D 0. 6

Weight 5000 lbs

Surface Specification ±0 . 002 (2 ft x 2 ft)

±0 . 010 (overall)

Surface Actual ±0 , 003 rms from ideal

Surface Type Machined epoxy with silver film

Frame Welded steel truss

Source

Low Reradiation Circular Horn

Low Back Radiation Circular WG. chokes

illumination Equal Pattern Tapers

Taper -2 dB at edge of reflecto r

Typical Performance

X-band 8 - 12 GHz

Test Antenna Diameter 3 ft

Amplifier Taper 0. 3 dB

Phase Taper 7. 5°

Stray Radiation -40 dB

Polarization Tilt 1 ° /ft.

III
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& 2 Analysis of Filter Configuration

The final design configuration for the experimental filter is shown in

Figure 6 and will be discussed to provide a reference for the predicted and
measured perfo rmance of the actual filter . TE and TM rejection character-
istics are shown in Figures 7 and 8, respectively. In the passband, maxix.ium
reflection loss is less than 1 cIB and occurs at 100 from broadside at 9. ~~t GHz
in both planes. Over the remainder of the passband , and throughout the fre-
quency band , reflection loss is less than 0, 5 dB. The design shows a slig}.t
improvement for TM incidence over the initial design , (Reference 1) tr~ that
the onset of the stopband occurs inside 25 ~~~

. However , ~ is is ..t the expe~~
of greater pa ssband reflection loss and earlier onset . of the Brewster ang le
passband (Reference 1). The ripple occuring in the stopband for both plarLes of
incidence is due to the increased total filter thickness.

( i n )

________________________________________ 0.468

= 1~02 2.441

_ _ _  _ _ _  
0.266

= 1 .02 1.857

~~~~~~~~~~~~~~~~~~~ 0. 153

( 1.02 0.617

~~~~~ _ 
0.200

- 1.02 0.598

_ _  

0. 246

1.02 0. 637

~~~~~~~~~~~~~~~~~~~~~~ 0.088

Figure 6 - Final Design Configuration
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Figure 7 - TE Power Transmission Coefficient - Final
Design Consideration
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Figure 8 - TM Power Transmission Coefficient - Final
Design Configuration
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The predicted performance of the experimental filters* is shown in

Figures 9 through 12. Figures 9 and 10 e~iow response to incident TE 
waves

for each filter . The performance of filter 2 is severely degraded with respect

to desired passband shape. TM response Is shown in Figures 11 and 12. TM

response is particularly poor for filter 2 , which shows significant reflectiGn

loss in the passband.

* Hereafter , the filter halves will be referred to as filter 1 and filte r 2 , as
indicated In Figure 3.
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Figure 9 - TE Power Transmission Coefficient - Filter 1
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2. 3 Measured Filter Response to TE and TM Plane Waves

To determine transmission characteristics , the filters were independently

studied using a rectangular waveguide probe butted atainst the filtex’ , The probe

studies resulted in direct measurement of relative filter transmission

coefficient out to 90° for TM incidence and approximately 2 5 °  for TE incidence.
Absolute transmission loss in the passband was measured in the range of 3 to

4 dB ,

2 , 3, 1 Measured Filte r Transmission Loss

The mechanism responsible for the measured transmission loss is

problematic. Two sources are immediately evident. The f irs t  is the probe

mismatch induced b y the filter , No effort  was made to match the probe to

either the free-space or filter environment, Con~ equentl y, the introduction

of the filter into the measurement system has an equal chance of either

improving the match at the probe feed or giving fur ther  degradation. The

second source of transmission loss is the large depth-to-height aspect ratio

of the filter which, in essence , clips the filter frontplane distribution required

for normal filter response. Based on some simple physical arguements it is

reasonable to assig n to the bulk of the transmission loss to the first  source ,

Let & (u)  and & (u) be the tangential cylindrical fourier transform

components of the probe and flange. Without detailed knowledge of these

components, it can still be shown that the admittance looking out of the probe

reference to the dominant guide mode has the general form*

.~~ap j 7[~ 
TM

(u) i&~~~(~~ )I

2 
+ Y TEu I &  (ii) 1 2 ] d~a ( 1)

TM TE .

where Y (u) and Y (u) are the TE and TM admittances )ust outside the

probe , looking away f rom the aperture , and u is the free space t ransverse

wavenumber integration variable . It is evident f rom Equation (1) that both

the real and imaginary parts (conductance and susceptance) are significantly

altered by the introduction of the spatial filter close to the probe . In pa rticular ,

* See , for instance , Reference  4,
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for any direction (u), in or outside visible space ( Iuf ~ k or l u l  >k , respectively) ,
y TM (u) and yTE (U) are simply the magnetic field s at the aperture plan e for
unit electric fields incident on the filter back face in the direction u, ctnd there.

fore are directly related to the filter planewave transmission propertie s.
Hence , the angular filter response significantly alters the aperture admitta’~ce ,
and , consequently match at the probe exciter . A similar arguement app1i~~s to
filter interaction with infinite arrays of identical radiators and is treated more
fully in Appendix B.

To evaluate the possible effects of filter cross-section ~pe~.t ratio on
passband power loss , it is instructive to consider a sin~p~~ two-dimensi-i~~~l
configuration, as shown in Figure 13. Let it be assumed that the t ran smisEic n
response of a hypothetical spatial filter is a spatial pulse function , as shown

Fl__
- ~o 0 ~o

U

~PAT IAL PULS E FUN CTION

I r~ — L I N E  SOURCE I FILTER
x = - x  

I 
x — x

x 0

Figure 13 - Spatial Pulse Function Generator
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iii the inset, whene the pulse width is twice the passband width (u0

) in wave-
number  space . 1.1, on transmit , the wavenumber generator at the filter back-
fa ce gives a uniform distribution (1, e, , is a line source perpendicular to the

representation in the figure), then the tran8fer function to a point, x , on the

front  face of the filter must be given as

sin u x
T(x) I  = A 0 

, -~~~< x< oo (2)z=h u x
0

Where  A is an appropriately chosen normalization . If , now , A is held constant

(that is, the source current is constant),  and the domain of x is limited to

-X ’� x � by placing perfect absorber symmetrically about x o in the z = h
plane , the properly normalized far electric field is

F(x ’ , u0 , u)  {
~ 

Si[x’(u0 - u)} + Si[x ’ ( u +  u)] } (3)

where u is an arbitrary direction in wavenumber space, and Si (4) is the sine

integral , given as

4
Si(4) = dt (4)

Figure 14 shows F(x ’ , u , o) versus Zx ’/A for u0 = (2 /X ) sIn 100 . From

the figure , it is clear that significant broadside power loss occurs tor
2x ’ /A < 3. 46 or at 9. 5 GHz ,

- — — — Zx ’ <4 .  29 in. Consequently for the
0~, unobstructed/aperture of the experi-

0 
mental fil ter , it is concluded that
transmission loss in the passband due
to aspect ratio is potentially insignif-

I I 
-

~5 10 15 20 icant with respect to loss due to

aperture mismatch ,

Figure 14 - F(x 1
,u ,o) versus

for 10° Passband
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2 . 3. 2 Measured Relative Response

Measured filter response was determined with the probe electric
field perpendicular to the filter long dimension (TE incidence) and parallel t~
the filter long dimension (TM incidence). For TE incidence, the probe
pattern modifies the filter response beyond approximately 2 5 ”  f r o m  b r~~aU-

side - hence , beyond , the measured result s can not be interpretcu a s  a d i r e ct
measure of filter properties. For TM incidence, the probe may be as~~urti ed
to radiate unifo rmly.

For TE incidence (H-plane with respect to the p” ih~~ , t1ie sh ape  of

the passband and filter skirts are in good agreement ‘.it~ predicted data 1~~r

the actual filter , as shown in Figure 15 for Filter-i at 9. 41 GI-Iz, Howev~~
throug hout the remainder of the stopband , the sidelobes are significantly
greater than might be expected. This behavior can be exp lained b y again
considering the effect of truncating the distribution required to obtain a 9p.i t i.-J
pulse function from a line source , Examination of Equation (3)  shows the~ for

1 u l >1 u l ,  significant cancellation of the sine integrals is obtained , Howe ver ,
for finite aperture size , this cancellation is not complete and a complex. side-
lobe structure is obtained in the stopband . Typical sidelobe structure for  a
sin x/x distribution truncated at ±1OX is shown in Figure 16. The discontinui-
ties in the pattern are due to the sampling interval,

Figure 17 shows measured and predicted performance of Fi l ter- i  for
TM incidence at 9. 41 GHz , Again , the principal features of the spatial pass-
band are obtained without significant distortion . Also , the properties of the
spurious passband are well defined , The excessive ripple in the stopband is
clearly associated with the truncation of the filter ,

Figures 18 and 19 show TE and TM filter response for Filter- 1. The
• principal pattern variation with frequency is clearly evident. An increase in

frequency results in an increase in width of the spatial passband for both
polarizations,
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Figure 16 - Typical Sidelobe Structure for Filter Truncated at ±lOX
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III. EXPERIMENTAL INVESTIGATION OF LINEAR ARRAY
COUPLIN G TO DIELECTRIC SLAB SPATIAL FILTERS

The principal objective of the spatial filter experimental study is the
examination of filter interactions with a linear ar ray  of circular elements.
The overall teat program was limited by the independent buildup of phase and
amplitude error in the filter halves. However , the effectiv-eness of the spati~. ’
filte r concept has been clearly demonstrated by the measuremeflt  pr ogram.

The array used in the measurement program is on-: ow of a 128-elem ent
linear phased ar ray ,  which was developed for demonstration in a Raytheon
in-house program . For the present study, the array was modified to generate
6 dB grating lobes in the spatial filter stop band . The principal result of thi s
measurement program is that greater than 23 dB rejection of the grating lobe s
can be obtained with the filter while increasing main beam gain.

3. 1 Multipolarization Linear Array and Experimental Setup

The array used in the measurement program is one row of a 128-element
wide angle scan demonstration ar ray ,  developed by Raytheon in an in-house
program . The feed is a monolithic center-fed ladder feed for independent
stun and difference illuminations. The difference port was load-terminated
for the present study. Phase shifting and amplitude switching are electronic .
The phase shifters are toroidal ferri te type . Of the six possible polarization
states (two circular and four lines), only the E and H-polarizations were used .
All couplers are loaded hybrids. The array is shown in Figure 20 .

For the measurement program , only the center 32 elements of the row
were excited. The remainder were short circuited at the aperture with
copper tape. This shortening was required, due to independent buildup of
phase and amplitude errors in the two filter halves, as discussed below,
Grating lobes were generated by short ing every third element at the aper tu re .
With element spacing of 0. 674 in. ,  this produced 6 dB lobes at ±37. 9 ° at
9. 5 0Hz. The 6 dB level is due to the subarray pattern of the excited element
pairs.
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Fi gure 20 - 128-Element Multip le Polarization Linear A r r a y  cN~~~1932

T he a r r a y/ f i l t e r  mount is shown in F igure  21 . The mount is cons t ruc ted
of plywood . The a l ignment  holes shown in the f igure  were  to provide accurate
ti l t of t he ar r ay, wit h respect  to th e filter normal . Due to the independent
phase and ampli tude e r r o r s  on the fi l te r halves , it was necessa ry  to t ranslate
bot h f i l te r and a r r a y ,  such that the a r r a y  center  was al ternatel y aligned with
t he cen t e r s  of each fil te r ha l f .  In this  manner , pa t te rns  were measured on
each f ilt er half independen tly .

For the a r r a y/ f i l t e r measurements , f r ee  space absorbers  were conf igured
to enclose the a r r a y  and f i l t e r  backface and edges.

The measu remen t  program was conducted at the Ray theon Compact Range
Facil i ty desc ribed in Subsection 2 . 1 .
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Figure 21 - Array/Filter Mount

3.2 Pattern Measurement Program

Initially , pattern properties were studied using the full 64-element
aperture and full filter length . These studies led to the necessity to inde-
pendently characterize the filter halve s , as described in Section 2 , using a
small waveguide probe. Figure 22 shows the result of these earl y measure-
ments . Shown in the figure is a comparison of H-plan e array patterns with
and with out the full-length filter . With the filte r in place , there is a limited
decrease in far -out sidelobes , and a significant increase and asymmetric
structure to sidelobes in the paseband. These properties arise primarily
due to an imbalance in tran smission phase , as seen by the following argument.
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Let a pair of equal length and amplitude colinear , contiguous line s~ -~ r c  e~~
of length A be out of phase b y ~ degrees .  Then the normalized f a r - f i e l d
magnitude is:

IE (9)~ = cos (iiA/2 - 0/2 ) (5)

where

2 w
sinO

Figure 23 shows I E  ( 9 ) 1  f o r Ø  = 0 0  and 40 0 with A/X = 24 . As ~ is
increased , the near-in sidelobe s t ructure  becomes hig hl y a symmet r i c , wh~
the main beam scans less than 0. 2 5 0 . This simple example shows the b asic
fea tures  of the measured antenna/filter pattern in the passband , but does not
account for the (relatively) high sidelobes in the nominal stop band reg ion .

I c ’

I ’II \
II I
II ‘i
II ~/1 10

‘ ‘ I
LII I L E G E N D

-
~~~~~~~~~~~~~

1 1  
~20 - I~~

I

o~~~

’
i \ ’

Y
~~ 

I

DESREES FRO M BROADSIDE

Figure 23 - Effects  of Independent Phase Erro r  - Line Source Model
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This region  can be explained , in pa r t , b y a~ sur r iing the total f i l ter  impar t s

a sin (x)/x  wei g hting to the e f fec t ive  e lement  pa! t t e mn , but with a phase discon-
t inui ty  at the center of th e  f i l t er .  W i t h  th is  assumpt ion , the filte r t ransmiss ion
proper t ies  of a ~0 A f i l te r are shown in F i g u r e  24 for three relative phases

(4) = 0 , 20 , 4 0 0 ) .  As ~he ph a s .~ ~ v r o r  i n c r e a ses , there  is a dramatic decrease
in stop band rejection (which  is in ”ependent  of tota l f i l te r length) .

Evidentl y,  these simple ar~’u xn ent s  a re  not  suf f ic ien t  to completel y
explain the measured  data , but ~ r~• c er t a i n ly p r i m a r y  cont r ibu tors.  The
phase e r r o r s  used in this iilu s~rat ion are  typica l  of the actual buildup in the
f i l ter  halves , due to d ie lectr ic  con s tant  e r ro r  onl y.

Figure 25 shows a compar ison of a r r ay  pat terns  with and without  f i l te r ing
for  the modified (shor t )  a r r ay  suppor t ing grat ing lobes. F c -  this par t icular
measurement, the fil te r back plane and a r r ay  are not enchjsed by the absorber .
The measurement  is at 9. 5 GHz using Filter 1 . The principal  result  ~~ re i s
a 23  dB rejection of the grating lobes with simultaneous 3 dB increase  in main
beam gain . With Filter I in place , there is a slig ht deformation of the main
beam and sidelobes in the passband are increased.  Away from the grat ing
lobes , sidelobe improvement is roug hly 10-15 dB , indicating s ignif icant  con-
tribution due to secondary sources ,

The increase in main beam gain is due to the react ive te rmina tion  of the
grat ing lobes b y the f i l ter.  Since for an inf in i te  a r r a y ,  all energy must  appear
at the feed port or one of the beam ports , the reac t ive  termination of the
grat ing lobes must result in an al terat ion of aper ture  fields , and hence , a l ter
the ar ray  match. Specifically, since the beam s are propagating in f ree  space ,
the reflected energy will phase in and out at the feed port  as the separat ion
between a r ray  and filter is varied. Consequentl y, depending on a r r ay/ f i l t e r
spacing , the presence of the f il ter  may improve the a r r a y  matc h , as in t h e
fi gure. In this measurement, and those to be discussed below , the array/
filte r spacing is 0 . 500 in. A more extensive t rea tment  of f i l te r/ a r r a y  coupling
is given in Appendix B.
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Figures 26 through 28 show modified a r ray  H-plane pat terns  with

Filte r 1 , at 9. 33 , 9. 5 and 9.69 GHz , respectively.  For these and the

following measurements, the filter back plane and a r r a y  are enclosed in t ile

absorber .  The gra t ing lobe rejection exceeds 28 dB at all f requencies .  The

heav ily excited lobes at ±144° correspond to energy passing through the
absorber enclosure and reflecting back into the feed port; they are essentia iy

negative images of the grating lobes. The peak at 180° is the image of the

main beam . Similar results are obtained for Filter 2 , as shown in F i g u r e s

29 throug h 31.

Figure 32 shows the modified a r r ay  E-p lane pat terns  v~~t~i I il~e~ I at

9. 5 GHz. The asymmetry ,  which was obtained for  all ~~-p Lane pa t terns , is

due to the asymmetry of the measurement configuration. Grating lobe rej .~c-

tion is approximately 22 dB , as predicted. The peak at 68° , on the left of

the figure , indicates that the transmission loss in the Brewster angle pass-

band is approximately 4 d B . The rapid falloff beyond 70° is typical of TM

incidence , as seen previously. As shown by the insets in the figure , the

Brewster angle passband is eliminated when the forward edge of the f i l ter  is
close to the ar ray  phase center. This is most likely due to absorption at the

enclosed filter edge.
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IV. CONCLUSIONS

The dielectric spatial filter has been demonstrated to be an effective

means of controlling far out antenna sidelobes and unwanted grating lobes.

Grating lobe rejection exceeding 32 dB in the H-plane and 22 dB in the E-

plane has been demonstrated fo r a linear array. Furthermore, it has been

demonstrated that grating lobe energy reactively terminated by the filter may

appear either at the antenna feed port, or as additional energy in the main
beam. A particular result has been cited wherein 6 dB grating lobes are

rejec ted to the 2 9 dB level, and main beam gain increased by 3 dB.
The fabrication process for the experimental filter has shown several V

key areas which require further investigation. The synthesis of high dielec-

tric constant multicomponent materials poses potential tolerance diffi-

culties. Significant changes in dielectwic constant and anisotropy within

single large sheets of these materials requires that the sheets be cut into

small tiles to randomize the buildup of transmission phase and amplitude
error over the filter. In addition, due to curing processes, surface grinding
of multicornponent synthetic dielectrics may result in large changes in per-

mittivity (6. 6 percent error has been observed). In consequence, it appears

that the primary advantage of molded dielectric materials, namely, that they

can be fabricated as large single sheets, is in actuality, a disadvantage if
more than one sheet per filter layer is required.
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APPENDIX A
EMERSON & CUMING , INC. TEST REPORT

This Appendix presents the Emerson & Cu.ming, Inc . final test report
on the synthesized dielectric materials in its entirety, and , without comment.
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Novembe r 12 , 1977

RAY THEON COMPANY
Hartwell Road
Bedford , MA. 01730

Attention: Mr . Jerome Posgay

Subject: Purchase Order No. 7 1-3407BB -92 098 , Dielectric Filter
Sandwich per Sketch No. RH-6677BB-l 00 .

Gentlemen:

On Nove mber 7 , 1977 the subject sandwich was shi pped to ycu in
accordance with subject purchase order .  The order also requires
a test report. This letter is the test report and completes our
obligat ions under the purchase order.

The final dimensions of the sandwich are:

Length: 46.38”
Wid th: 5.65”
Height: 7. 68’

The dielectric constant of the spacer foam varied over a range from
1. 022 to 1.02 1.  This was at a test frequency of 9. 5 GHz , which was
the test frequency for  all of the dielectr ic measurements.

All of the dielectric measurements were made on a free space inte r-
ferometer  at 45° incidenc e, perpendicular polarization. Thus the
electric field is in the plane of the sheets. Two measurements were
made on each sheet , in one of which the electric field was along the
length of the sheet , and in the other perpendicula r to the length of the
sheet. The 0’ value is along the length of the sheet. The 90° valu e is
perpendicular to the leng th .

In the thickness table which follows the sheets are  numbered in order
including the foam spacer layers.  Each high dielectric layer is com-
prised of two dielectric sheets with the seam at the center.  The foam
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R a y th e o n  Company  Let te r  Test  Repor t
Page 2

space l a y e r s  have  seams at loca t ions  other  than the c e n t e r .  Two
die lec t r i c  data tables  a re  p r e s e n t e d . The f i r s t  gives d ie lec t r i c  va lues
and t h i c k n e s s e s  before  m a c h i nin g  to the f inal  thic knesses  which were
optimized by Raytheon Company.

Final Sandwich Thickness  Tabulation

Layer  Design Th ickness  Actual  Th icKness

1 ( K - 5 )  0. 468” 0 . 466 ’
2 (Foam)  2 . 44 1 11  2 . 438”
3 (K-9 .  7) 0 . 266” 0 . 268”
4 (Foam) 1.857’’  1. 874”
5 ( K - 23 )  0. 153” 0. 154”
6 (Foam) 0. 617” 0. 612”
7 ( K - 2 3)  0. 200” 0 . 200 ’
8 (Foam)  0. 598” 0. 603”
9 (K-9 .  7) 0. 246 0. 247”

10 (Foam) 0. 637” 0.630”
I 1 ( K - 5 )  0. 088” 0. 088”

Prel iminary Dielectric Data

Thickness Relative Dielectric Constant
Sheet No. Inches 9. 5 GHz

0° 90°
1 0 .494  4 . 9 7  4. 86
2 0 . 494 4 . 9 1  4. 88
3 0 . 493 4 .94  5. 00

~4 0. 345 4. 97 4. 9 5
*Note : Ori g inal Sheet lost during final surface gr ind ing .

1 0 . 6 2 6  9. 77 9. 82
2 0. 626 1 0 . 0 5  9. 59
3 0 . IV ?€ 9. 89 9. 60
4 0 . 62 6  9 . 9 4 9. 46

1 0 . 293 23. 30 23 . 65
2 0. 293 22 . 65 22 . 23
3 0 . 292 24 . 01 22. 48
4 0. 292. 22 . 23 23. 27
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Raytheon Company Letter Test Report
Page 3

Final Dielectric Data

Thickness Relative Dielectric Constant
Sheet No. Inches 9. 5 0Hz

0° 90°
0. 466 4. 85 ~. 03

2 0. 466 4 .82  4 .93
3 0. 088 4.83 5.1~

*4 0 . 088 5.10 4.95
*Note: Ori g inal Sheet lost dur ing final  sur face  gr inding.

1 0. 268 9. 70 9. 63
2 0 . 268 9. 63 9. 72
3 0 .247  9. 56 9. 56
4 0. 247 9. 87 9. 41

1 0. 154 24. 30 22. 12
2. 0. 154 23. 27 22 . 39
3 0. 200 24. 28 22 . 40
4 0. 200 23. 70 24. 34

Comments and Recommendations

1) We recommend that the low dielectr ic  constant spacer layer
material have a somewhat hi gher density and dielectric c ,nstant  than
that chosen for this desi gn. This would improve the st ructur ~ . per-
formance of the sandwich without appreciably affecting the e lect r ical
performance. A foam with a dielectric constant of 1. 06 and a densi ty
of 3. 2  lbs/cu . ft. is recommended. The hi gher density would also
improve the machinabil i ty of the spacer layers and the ability to
maintain tight dimensional tolerances.

2) Since in these f i l ter  sandwich designs there is considerable flex-
ibility available in the choices of the K ’ s and thicknesses of thc indivi-
dual layers , it may be worthwhile to expend fur ther  effort  on the
theoretical side where emphasis is placed on considerations such as
broad f requency range , minimum total thickness , minimum weight ,
optimum structural  properties , and lowest incidence angle cut-off.

It has been a pleasure to participate with Raytheon Company in this
sandwich program. We look forward to future programs such as this ,
and we believe that these sandwiches will become a usefu l accessory
or addition to future  antennas.

(J~hn T. Gear Eino J. L~~ ma
‘!~ngineering Assistant Chief Physic is t

JTG/EJL:cw

cc: CLE , RAN ,  PEF . EJL , EFB
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APPEND IX B
DIELECTRIC SPATIAL FILTER COUPLIN G TO PLANAR

ARRAYS OF CIRCULAR ELEMENTS

It has been demonstrated b y Fante~
3
~ that the filtering properties of

infinite planar dielec tric spatial filters are independent of source location

provided the source is far  from the fi l ter:  that is , su fficicr.i.ly far  such that

the filter does not alter the current distribution at the source. Typically,

thi s might be of the order of A/4 separation. The remaining question , then ,

is what is the interaction between filter and source when the separation is

less than, say. X.
This question is quite broad, but may be succinctly treated when the

source consists of.an infinite planar array of
’identical apertures in a uniform

grid. Borgiotti~
6
~ demonstrated for an infinite planar array of apertures,

that the modal aperture admittance (looking out ) has the general form

= ~ YTM
c~pq) J~pj (B~pq

) 
J~ 

+ YTE ( ,q ) J&~ (~~
) 
~ 

( B - i )

whe re u is the spectral component in the scan direction; u is the spectral
thcomponent of the pq Floquet harmonic; ~pj (~~ q ) and &~~ (u n

) are
~~

1e TM and

TE components , respectively~ of the vector Fourier transform of the i aperture

mode; and Y TM (u~~ ) and YTE
(;q) are the TM and TE Floquet modal adniittances

of the pqth spectral order looking outward from the aperture plane.

Borgiotti~
4

~ further demonstrated that for a single layer dielectric covering

of thickness d and relative permittivity 1r on the array , the aperture modal

admittance is obtained by replacing yTM (3~~~) and YTE (i:!pq ) by the input

admittance of the equivalent transmission line circui t in Figure B- i  for each

spectral order. The extension to multiple layers is obvious. In a straight-

forward manner it is then possible to solve for the reflection and transmission

coefficients of an array/filter combination and to study the effects of proxim-

ity on performance.
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Figure B-i - Equivalent Transmission Line Network fc’i- ~pectral
Orders of Unit Cell Waveguide

Figure B-2 shows the H-plane realized gain pattern of an array of loaded
circular apertures with and without an eleven layer dielectric spatial filter
at band center (the filter configuration is shown in Figure 1 of the text). The
array is matched to broadside in the free space environment. With the
filter butted directly to the aperture plane, the overall performance is

• I I I~ (d B )
0

10 V V
V_V._\ 

V V~ 

W/O FILTER

•20

‘ Is- 
‘ I s
‘ S I

- 40 .

‘J I

0 30 60 90

Figure B-2 - Fl-Plane Realized Gain Pattern With and Without
Preliminary Design ~ 1even- Layer Filter - 9. 5 GHz

Array Matched to Free Space
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severe ly degraded , althoug h , by comparison with Figure 2 of the text , the
basic f i l ter  spatial characterist ic  is maintained. By matching the a r ray  to
broadsi de •.-~ the f i l ter  enviro nment, the f i l ter  response is recovered, as

shown in Figure B-3. Consequentl y one may conclude that f o r a given f i l ter ,

and given grating lobe free ar ray  configuration , a matching structure can be
dete rmined (at least in principle) which will result  in the desired filter
respon se for any fil ter/a r ray separation. It is equall y clear  that , again in
the ab sence of g ra t ing  lobes, a f i l te r/ ar ray  spacing can be determined for a
free space matched a r ray  such that the filter does not interact (reactivel y)
with the array. This last is, of course , exactly the conclusion reached by

(3)Fante

I • i i2 6 0 1

Figure B-3 - H- Plane Realized Gain Pattern with Preliminary Design
Eleven-Layer Filter - 9. 5 0Hz - Array Matched to Filte r

In the instance that an a r ray  supporting grating lobes is used in conjunc-
tion with a dielectric Bpatial f i l ter,  the situation is somewhat more complex,
since, in general. for  the particular grid c onfiguration the filter would be
specifically designed to reject the unwanted beams. In this case the filte r
reactively terminates the grating lobes, and the array/ f i l ter  spac ing becomes
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a si gnif ican t variable.  Since the spurious beams are propagating,  the
influenc e of a r ra y/ f i l t e r  spacing on aperture mismatch and main beam gain
must  fluc tuate as the reflected beams phase in and out at the aperture plane .

• . • . • 2This is il lustrated in Figure B-4 which shows 1 - 
~“ 

for  broad.~icie scan

as a func tion of a r ray/ f i l te r  separation for an a r ray  supporting grating 1cib~
The filter is the eleven layer design shown in Figure 1 of the text. Thi
array grid is rectangular with E-plane spacing of 0. 75 A and H-p lane spaci ng
of 1.618 A ,  cor responding to H-plane grating lobes at *38.2° in the broad - .
side scan condition. The array is not matched. Without the ~~~~~ a l .  beams
are equally excited. With the filter present , 1 - j I’j 2 is -ppr ’.x imate ly  equal
to the normalized power in the main beam.

With the array directly butted against the f i l ter ,  the fil ter totall y mis-
matches the array. As the separation increases, 1 - I r ! 2 rapidly increases
out to 0. 05 A , then equal ly rapidly becomes mismatched again. Beyond
0. 1 A ,  the mismatch decreases steadily out to 0. 35 A. where the calculations

1 . 1  P 1 2, dB

2O~~~~’~~~~t~~~~~~~~~~~~~~~~~~~~ 
4

ARRAY / F ILT ER SEPARATION • d A

Figure B-4 - I - Versus Array/Filte r Separation
for an Array Supporting Grating Lobe -

Preliminary Design Eleven-Layer Filter - 9. 5 0Hz
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were ter minated. It is interesting to note that for separations 0. 17 ~ ~~d ~
0. 350, the power in the main beam is greater with the filter present than
without. This is not at all unreasonable when one considers that the power

in the gra ting lobes can onl y appear at the feed port or in the main beam.
Although the calculations were not carried beyond 0. 350 A separation.

it is not unreasonable to assume that the array match is periodic with f ilter/
array separation. The only mechanism by which the grating lobe energy can
be t ransferred to the main beam is via reflection at the array face.
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