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FOREWORD
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This report was prepared by Mr. Lloyd A. Robinson of Stantord Resesrch
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[
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Ingstitute, Menlo Fark, Californis, om Air Force Contract AF33 (616)-5539,

8 VYY)

2T

. unler Project Nr. 4161, "Redome Techniques and Components.® The contract

L

o
_F .

MY

efforts were accarnplished under the cognizance of the Reconnaissance Labora-

A

tory, ¥right Air Developuent Center (now designated wright Air Development

L) g
‘,:.‘1 i

Division), with the technicel work directed by Lt. Vernon Duna and Capt.

- -

Frenk Brown, im turn, es the task engimeors. This report covers the period

of March 1958 through April 1959.
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ABSTRACT

This is the final report on an investigation of the electrical
properties of radomes containing metailic inclusions that may serve to
reinforce the radome. This work is a continuation of that done on
Contract AF 33(616)-3495, and vmphasis has been placed on the resonant -
wall type of rudome.

The resonant.-wall radome 13 described as a thick metal place perfo.
rated by & number of dielectric-filled resonant cavities tunsd to the

operating frequency of che tadome. Ic 1s elecerically feasible to use
this metal plate by icself, o1 1n conjunction with any of several
combinations of dieleccric layers. Empirical design daca are presented

for resonant-wall i(adomea wich a dielectric layer 0.2 MHE to 0.6 ASE
thick in contact with a meval place 01,4 AVE to 1.5 A/J? thick. Here A

is the free-space wavelength, and € 1s the relative ditlectric constant

of the material filling the cavities and on the surface of the mecal
plate, Empirical design data are alsoc presented for a metal plute

0.2 A/V€ to 1.6 Af¢ thick thac s not covered by dielectric., The
measured power transmission and insertion phase delay of three resonant-
wall radomes are alsc presented as funzcrons of the angle of incidence

and polarization of the incidenc waves. Equivalent carcuicts for resonant-
wall radomes are presenced, approximate values for the circuit elements
are deduced, and the electrital performance calculated from the equivalent
circuits is compared with measured performance.

Finally, descript.ons are given of the ccher metel-loaded radomes
considered briefly on this contract. These are A-sandwich radomes with
wire grids located atv the skin-te tore interfeces; radomes containing
self-resonant, perfocrated metal sheees, and resonant-wal! radomes using
eir-filled, ridge-loaded cavities.

PUBLICATION HEVIEW

The concenr of this report represents the sciencific findings of an
Air Force sponsored program. Ic¢ does not direct any specific application
thereof The report 1s approved for publicagion to achieve an exchange

and stimulation of ideus.
FOR THE COMMANDER: géﬁ
E, B. WOODFO

Technical Director
Reconneissance Laborstory
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SECTION T

INTRODUCTION

Radomes mounted on high-speed aircraft und missiles ouit operate at
high vemperatures and be able to withstend severe rain-erciion conditions
These needs have resulted in a trend towsrd the use of inorgunic materials
such as ceramics, glass and glass-bonded mica in the conxtruction of
radomes. Such materials have already been used successfully for some
wissile radomes, but their tensile atrength doea not appear to be adequate
to withstand the sevcre stresses that will be encountered in the large
radomes required for aircraft of the future. As a complement to the secarch
for high-strength radome materials, it is appropriate to investigate
methods of increasing the strength of currently available inorganic radome
materials. Therefore, the present study is being carried out to determine
the electrical performance of radomes containing various metal inclusions
that may serve as reinforcing menmbers.

During & previous contract it was shown that several types of metal-
loaded radomes were promising from the electrical standpoint.!” Of these.
the resonant-wall radome appeared to be the most promising from the
wmechanical standpoint since a relatively lurge percentage of the radome
is metsl. The basic resonant-wall radome consists of & thick metal plate
perforated by dielectric-filled resonant cavities all tuned to the zame
frequency, as shown in Figs. 1{a) and 1(e). It is also electrically
feasible to use the perforated metal plate in conjunction with layers of
dielectric, as indicated in Figs. 1(b), 1l(c), and lid).

* Reiarsnces sre listed at ths aad of ths rapart.

Manuseript released by the author 4 April 1960 for publication as a WADD
Technical Report.
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SEVERAL RESONANT-WALL RADOME CONFIGURATIONS ‘
“ -
-~ A noae radome of the resonant-wall type might be similar to that shown .
., Wt
. wn Fig. 20 Except for the meval tip and the mounting ring, the outer
- surfave aould be covered with solid dielectric vo provide protection ‘I.;
. x N Al .~1
! against ruin erositon. 1t has been suggested by WADC that a rescnant-wall =
: &8 Y it
;‘ radone without the dielectrie cover might have poor rain-erosion restistance i
; because ol the many daelectric-ro-rmetal joints exposed. No dielectric is -
X v
y shown on the wvnner surface of the metal plate, since there is no mechanical ‘;..‘
E teason to have 1t there. UInder aerodynamic loading. a radome wall is sub- t
‘ Jected to both compressive and tensile loads. Since inorganic dielectrics t'
N
" tevagcaal aad square attavs o sar.ties cam ba ls1d cut om conicul radowes with total 1acluded vervey N
aagies <f 19 2 and 29 0 cgrees, respactivelyv, bor other radoms shepws the cavity bayout would depert i,
Pom a reguial hexsgodel of aquere array =~
)
2 .
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NOSE RADOME OF THE RESONANT-WALL TYPE COVERED WITH DIELECTRIC

huave greater compressive strength than tensile strength, there might be
some advantage 1n using the metal xtructure to place the dielectric shell

R - 3 ~ 3
¢ comprosaich, ! e, to pre-stress the radom

_ whot e L.
ofF €343 uUbh

In this report, empirical design data wil! be presented specifically
for the radome configurations illustrated in Figs. lta) and lib).  Syffi-
clent information 1s contz2ined in the data that a limited numbeér of radomes
of the configurations shown in Figs. lic) and lid) van also be designad.

In addition to the design data, the measured power tiansmssion and inser.
tion phuse delay are presented for one radome using the configuration of
Fig. lig) operated ar its first-order and second-order resonances, and fot
one radome using the configuration of Fig 1tu)  The use of approximate
equivalent circuits for caleulating the electrical pevformance of resonant-
wall radomes 1s discussed, and the calculated performance of the above-
mentioned radome samples 13 compared with the measured performance In
addition to the resonant-wall radomes with dielectric-filled cavities,

which are the major subject of this report, brief consideration 1s given

3
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r,

to the following metal-loaded radomes: A-zuindwich radomes containing wire
grids, radomes containing resonant perforsted-wmetal sheets, snd resonant-

wall radomes using air-filled, ridge-loaded cavities.

The metal inclusions considered here consist of elements whose center-
to-center spacing is sufficiently small that only the principal transmitted
and reflected waves need be considered, i.e., the wetal inclusions do not
radiate diffracted waves. Greater spacing for the loading elements is not
considered since it is felt that diffracted waves would decrease the trans-
mission efficiency of the radome, contribute to the side-lobe level of the
antenna used with the radome, and contribute to the boresight error of

the radome.
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SECTION II

RESONANT-WALL RADOMES

FUNDAMENTAL CONSIDERATIONS

In order to obtain high transmission through a thick perforated metal
plate it is necessary that the diameter of each aperture be suf "iciently
large that the dominant TE,, circular-waveguide mode can propagate through
the apertures. Each length of circular waveguide, together with the re-
active discontinuities at its ends, forms a resonant cavity that will have

high transmission efficiency at its resonant frequeacy. Thus, the operating

[
Iy

frequency must be above the cut-off frequency, f for the dominant mode :

Pl i o 3 R
i -

co’ u
as given by Eq. (1): o
PR
11.80 b
5 e —— kilomegacycles, O ot
Tee 1.706 € ;D gacy ) O
3 .“F -“
'
where SRS
D = diameter of the cavities in inches !
€, = relative dielectric constant of the material in g
the cavities. 5
o
In order for the resonant cavities to function as single-mode transmission N
lines, the first higher-order TM;, mode should be below cut-off. This S{?
condition requires t;xq
4]
11.80

Vilomegacycles (2) L
d 1.3061 € D gacy -

.
-.:_\:
"h‘:.n
Even if the TM;, mode can propagate in the cavities, however, it will not PR
LY

affect the radome performance unless the operating frequency of the radome S
is near a resonance of this mode. Sincr the TE,, and TM,, modes have .
different guide wavelengths, and since the two modes see Jdifferent reactive s
discontinuities at the surfaces of the radome, it is possible in principle }};
to separate their resonances by proper desigr. Thus, it should be possible %
to exceed the inequality of Eq. (2) slightly. It is not possible to ~—
S ﬁ}j
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calculate the separation between the resonances of the two modes, however,
since the reactive discontinuities at the radome surface differ by an un-
known amount for the two modes. For one resonant-wall radome, designated
as Radome B later in this report, the inequality of Eq. (2) was exceeded
by about 25 percent, and evidence was observed of slight interference by
the T™;, mode.

Another condition Lo be fulfilled Ly a resonant-wall radome is that
the center-to-center spacing be sufficiently small that none of the inci-
dent energy will be transferred from the main beam of the antenna to
diffracted waves. Diffracted waves are undesirable since they reduce the
gain of the antenna a.d raise the side-lobe level, and may contribute to
the boresight error of the radome. When the well-known criteria for no
diffraction from a uniformly-spaced linear array are generalized for a

two-dimensional, plane array of apertures, Eq (3) results:*

s 1
A— < - (3)
A ve, *+ s5in 6
where
s = center-to-center spacing of the cavities
kX = free-space wavelength
€, = relative dielectric constant of material in contact

with the surface of the metal plate
¢ = angle of incidence of the impinging wave measured
outside the radome with respect to the normal to
the radome surface
1 for cavities arranged in a square array
}0.5.3 for cavities arranged in a hexagonal array.

The upper frequency limit, f at which a resonant-wall radome can

max'
be designed to operate satisfactorily will be taken as the highest fre-
quency for which both Eqs. (2) and (3) are satisfied; and the lower

frequency limit is f _. The maximum frequency bandwidth within which a

® Equation (3) expresses the condition for no diffraction within a dielectric layer in contact with the
perforated metal plate. If Eq. (3) is not satiafied, but the corresponding equation with ¢, set equal to
uaity 18 satisfied, the waves diffracted in the dielectric will not radiate into space, but“will be
totally reflected ot the dielectric-to-ai- interface. Even though these waves are pot radiated directly,
they may degrade the zadome performance by exciting surface waves iz the dielectric layer.

YADD TR 60 84

‘furEF
vak

AL
Dy
YR YA

$c5

-'-i »
li'

"4 e T

it

—v
"
P

.,....._.,
N
"l...l «
N

-
..,
.

{
-

s

LN

el o

fu g

s .
MR |

e
DA

T.-
yir

2,

g

S re
AEREAGRIA
PR )

o,
pe

e .. N o.{!
LA

L%

0k

",

l'f

i
ANais

-
Es " g
i
b

e
i

o
.



resonant -wall radome can be designed to operate is f_ . /f.. . and is given
by Eq. (4) or Eq. (5), whichever gives the smaller bandwidth:

fans 1.706
= - - + 1.306 - 4
fe. 1. 306 ¢ 1 ¢ (4)
eax 1706‘/2: b )
- . - - 5 (S)

f. } A\vfé‘; + sin &) s

where & is a negligibly small positive quantity such that the inequalities
of Eqs. (2) and (3) are just satisfied

In practice, the actual usable bandwidth of a particular resonant-wall
radome will be smaller than the limits specified by Eqs. (4) and (5). It
will be shown later in this report that a resonant-wall radome designed to
operate far from f_, will have a larger usable bandwidth than one designed

to oparate near f since the electrical thickness of the cavities varies

ceo’
rapidly with frequency at frequencies near f . Thus, it will be assumed

for the purposes of the following discussion that it is desirable to

design the radome to have a resonance frequency as far from f, as possible.

The frequency band within which the radome may be designed to operate
changes with various radome parameters as shown in Figs. 3 through 6. 1In
these figures, the horizontal line represents the maximum frequency for
single-mode propagation in the cavities.® and the sloping line represents
the maximum frequency for no multiple scattering within the dielectric.
The area below and to the left of these curves represents the region within
which the radome may be designed to operate. Figure 3 shows that for a
given ratio of wall thickness (between cavities) to cavity spacing., the
ratio f_  /f_ . is larger for the cavities in a hexagonal array than for
the cavities in a square array, and for either cavity configuration, the
ratio f_ /f. .  is increased only slightly by reducing the maximum angle
of incidence from 85 degrees to 60 degrees ' Figure 3 also illustrates

that the mechanical requirement for thick walls between the cavities is

® As hes already bees mentiocaed. it ia possible t: opersce & vesommntewall -adcwe with more than one mods
above cut-off. If the results obtained with Radome B can be generalized o apply to all zesonsatewsll
redomes, then extrapolatioa cf the sloping lines tc the teps of Figs. 3 cthrough 6 would be juatified.

t This is mot to be confused with the fact that the usable baadwideh of che -adowe, within which the

trensmiasion coefficient i1s greater than a specified min:sum value, wil! 1ncreaae suigr ficantly as the
maximum angle of imcidence i1s reduced from 85 t: 60 dogrees.
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not compatible with the electrical requirement for the frequency bandwideh

~to be as large aa possible. From thias figure one can conclude that the

usabie bandwidth of & rcacmant-wall radome will be increased by using
hexagunal array of cavities instead of & aguare array, by restricting the
maximum angle of incidence, and by decreasing the tatio of wall thickness
to cavity spacing.

It is shown in Fig. 4 that for an (s = D)/s ratic greater than about
0.15, the ratie faux/f., increases as the dielectric constant of the
material filling the cavities and covering the surface of the mntal plate
is increasad. Caution must be used however, in drawing conclusions re-
garding the effect of changing ¢, and €, on the usable bandwidth of
resonant-wall radomes since there are two effects to coasider. One effect
is that as the dielectric constant is increased, the radome can be operated
farther from the cut-off frequency of the cavities so that the guide wave-
length in the cavities (and thus the electrical thickness of the cavities)
does not change as rapidly with frequency. This effect tends to increase
the bandwidth of the radome as the dielectric constant is increased. The
other effect is that as the dielectric constant increases, the difference
between the impedance of the radome and that of free space increases, which
tends to reduce the bandwidth of the radome. For resonant-wall radomes
operating close to the cut-off {requency of the cavities, the first effect
is likely to dominate, and for radomes operating far from the cut-off
frequency of the cavities, the second effect is likely to dominate.®

Changing only the dielectric constant, €;, of the material filling
Lhe cavities has a greater effect on fusx/F., than changing both €, and
€, together, as can be seen by comparing Figs. 4 and 5. This suggests
that for a given surface dielectric chosen on the basis of mechanical
properties, the widest bandwidth might be obtained by using a material of
different dielectric constant to fill the cavities. It is not obvious
whether ea'should be greater or less than €, since the same problem of

mixed effects discussed with respect to Fig. 4 also occurs here.

%hen the resonant-wall radome has one or both surfac:s covered with
dielectric, the cavities must be packed much closer together (in order to
avoid exciting diffracted waves in the dielectric) than when the surfaces

of the resonant-wall radome are not covered with dielectric, as can be

® The usable bandwidth for & givem minimum tranam:ssion c{ficiency will alsc depend oa the dissipation
foss within the dielectric, as well as oa the dielectric conatant.
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seen by comparing Figs. 5 and 6 * Thus, the walls between the cavities
cun be made thicker when the surfaces of the metal plate are not in direct
- contact with lsyers of dielectric thin they can when the surlsces ave iwn

direct contact with dielectriec luyers.
FMPIRICAL DESIGN DATA

MEasuRENENT TECHNIQUE

The insertion loss of several radome samples mounted in waveguide was
measured as a function of frequency by conventional techrniques. Some of

resonance frequency and bandwidth for perpendicularly polarized waves

the samples had a dielectric layer on one surface of the metal plate, while ::':
the rest of the samples did not have a dielectric layer on either surface. :::E
The data showed the way in which resonance frequency und bandwidth depend ifﬁj
on the thickness of the metal plate and on the thickness of the surface if?
dielectric. Only one value of dielectric constant, and one value of wall :
thickness between cavities was used in obtaining these data. Waveguide x -
was used in these measurements since the samples could be smuiler and more ( E
accurate data could be obtained than in free space; however, waveguide is e
subject to the limitations that oniy perpendicularly polarized waves are }1
readily obtainable, sand for a given waveguide width only one incidence .iﬁ
angle can be obtained at a given frequency The data taken with waveguide :fi
samples are intended to show what radome dimensions give the desired 3;3
incident at wide angles The electrical performance as a function of in- R
| cidence angle and polarization must be determined using other techniques Eﬂi
' and larger samples. :?k
. 7y

I One of the resonant-wall radome samples is shown partially disassembied

at the bottom of Fig. 7. When inserted between the flanges of the wave-

« .-
e
PRAP R )
v "
PR

guide shown at the top of Fig. 7, the carities in the sample are mirrored

. .
S
’

in the walls of the waveguide so that the sample is equivalent to an in-

«*e
.
‘.'."

finite plane sample with the cavities in a square array. The wave incident

b

SR . s & &
L4
. !;

on the sample is equivalent to two plane waves polarized perpendicular to

P
LI 3

the plane of incidence at angles € and =8, as explained in Appendix B of

j Ref. 1. The angle of incidence is related to the width, a, of the wave- L
N guide and the free-space wavelength, A, by Eq (86): =
" .
| ) A

; sin & - 16) E
" 2a “u
. "\
)
i: * Note that Fig. 6 bas a different scale facior on the abscissa chan do Figs. 3, 4, sad §. >,
3 g
3 "‘:
! , u .
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RESONANT-WALL RADOME SAMPLE AND
WAVEGUIDE TEST SECTIONS

To obtain proper mirror-imaging of the cavities into a square array a
special cross-section waveguide was fabricated, the two halves of which
are shown in Fig. 7. At the center, where the radome samples are inserted,
the width is exactly twice the height, and the inside dimensions taper to

those of standard 2- by l-inch waveguide at the ends.

The dimensions of the samples are shown in Table 1. Supramica 500
was used as the dielectric since this is a high-dielectric-constant
material that can be readily machined. For simplicity, a square array of
cavities was used since a hexagonal array cannot be mirrared properly in
the waveguide walls without placing metal walls through some of the
cavities Since the bandwidth uf resonant -wali radomes 1s narrowest for
perpendicularly polarized waves incident at wide angles, the samples were
made with resonance frequencies sufficiently low that the incidence angles
were about 60 degrees.

12
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E : TABLE 1 : :
DIMENSEIONS OF RESONANT -WALL RADOME SAMPLES TESTED IN WAVEGUIDE

1 “=
Arvangemant of cavities Square srray
Dismster of cavities, D 0. 818 inch
Cantar-to-canter apacing of cavities. 0.946 inch
Ratio of {2 ~ D)/ 0.126
Patcent of wetal plate replaced by diwlectrse 60 perceat
Thickneas of mutal plats, i, 6.3 to 2.0 inch
Thickness of surface dielectric, |, 0 3ta0.7 inch
- Uhelectric in cavities sad oo surviace, .
Materisl Sypramica 500
lative dielectric coastant, ¢ 6. 4%
Loss tamgent, ten & _ R .
Cut-off frequency of cavities 335 Wk -
Range of resonsnce frequescies ‘ 3.4 to 6.4 ki ,“-:
Inside cross section dimensions of speciet G
waveguide; it
Near radome sumple 0.935 by 1.872 inch g
At ends connerting to standsrd waveguids 0 872 by 1.872 iach r
* Valuea msacured vath the grais visable in the materinl prrpondicelar te the \‘::‘d'
electric field. The value ¢ = 6.9 wrasnred wvath che gratn pasailel with the ",-"
elactric faeld 1s in closer agrecmnt with the velue givew by vou Hippel. "._-.:
Resomant-WarL Rapoues WiTwout SurrFace DiELECTRIC e
| g::
Data were taken at the first-order and second-order resonances of the e
\l;.".
samples that had no dielectric layer on either surface of the metal plate R
[
but had dielectric within the cavities. At the first-order resonance, the ot

radome is approximately one-half guide-wavelength thick messured in the

circular waveguides, thus the radome is somewhet analogoui to a conven-

tional half-wavelength radome. At the second-order resonance, the radome Si

. is approximately one guide-wavelength thick, analogous to a conventional 5$
. full-wavelength radome. Foo
e

! The lower curve in Fig. 8 shows the required thickness, !, of the !!
. metal plate us a function of the diameter, D, of the cavities in the metal :iﬁ
N plate for the radome operated at its first-order resonance frequency. Each ::f
. of the cavities is a lengih of circular waveguide through which energy is ;¥
i transferred in the dominant TE,, circular-waveguide mode. The cavities ré
N are somewhat less than one-half A, thick because of the reactive discon- 52
\ tinuities present at the air-to-radome interfaces. Here A , is the guide ;:
> wavelength of the TE,, mode in the cavities and is given by Eq. (7): é:
A A v
f S S A VY (1) E
N LT A\ 70s D) -
i where K, - AJ\E:‘G the wavelength measured in the dieclectric, ?;
) 13 E
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Since the guide wavelength decresses an the cavity diameter is incressed,

‘the metal plete thickness required for the radome to be rescnant at u given

frequency alao decreases as the cavity dismeter ia incressed. For a given
cavity diameter aad operating frequency, other values for the thickness

of the metal plate cun be vbtained by increasing the leagth of the cavities
by aX (72, where n is any positive integer. Meesured values of metal plate
thickness for the aecond-order resonsnce, t.e., A « ), are given by the
upper curve in Fig, 8.* The particular incidence angle st which thexe
curves apply for esch value of D/A; is shown by the 'lower curve in Fig. 9.
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Ap the cavity dismeter 15 incieased. the guidé wavelengih becomes
less frequescy-sensstive. because the tesshant [requency of the radome 1s
farther from the cut-off fregueacy for the ik, mode Therefore. the

electracal lesgih of the cavities, defined s T A . becomes less {requency-

senBitive &8 the cavity diameter 18 tncteased.  In addition, the reactive

discontinuities at the ends of the vavaties probably decreuse as the cavity

diameter is increased. As & renult of theso effects, the Landwidth of
resonant-wall radomes, when operated at cither the first- or the second-
order resonsnce, incteases as the cavity diameteor .hirvases. The ccrvni
of Fig. 9 show that near the cut off of the Thk,, mode the bandwidth s
nearly a linesr function of cavity dismcter.

At & given dexign frequency, if the cavity diameter s fixed und the
metol-plete thickness 18 increased by A‘ifi to obtawn the second-order
resonance, Fig. 9 shows that the resulting bandwidth is epproximately half
that for the first-order resonance  Although a4 given chunge 1n frequency
results in the same percent change in electtical lengih of the cavities

at both resonances, a larger change in terms of degrees occurs for the

vadome operated ut the sccond-order resonance. This situation 15 snalogous

to the decresse in bandwidth resulting if the thickness of a conventional
half-wavelength radome is increased to obtain a full .wavelength radome
Correspunding to the narrower bandwidth. the transmission coefficient ia

smaller at the second-order resonance than at the lowest .order resonance

On the other hand, i{—at a given design frequency-—the metal-plate
thickness 1s fixed and the radome 15 tuned to the first-order and the
second-order resonances by varying the cavaty diameter. the situation 18
more complex. The electrical length, ?‘jh',. of the cavities 13 greater
at che second-order tesonance, which teads to reduce the bandwrdth. how-
ever, the guide wavelength is lens frequency sensitive at the second..
resonance since the cavicies are larger in diamecter, which tends to in-
crease the bandwideh, This latver {actor has vhe greatest influence on
the bandwidth since Fig. 10 shows that for « {.xcd metal-plate thickness,
wider bandwidth and higher transmission are obtained at the sccond.order

resonance than at the first-order resonance

Resonant -wall radomes of the configuration vilascrated an Fag  lud)
can also be designed using the data presented in Fig 8 provided that the
layer of dielectric 1s a conventional half -wavelength radome It would
also be necessary for the spucing between the dielectric layer and the

metal plate to be an appreciable fraction of the ca 1ty spavaing »o that

17
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the local fields at the surfuce of the metal plate would not extend inte
the dielectric layer significantly. If these conditions are fulfilled,
both the metal plate and the dielectric gsheet will be well matched as
individual units, and the spucing between them will not be a critical
dimension. The bandwidth of this combination would be only slightly less

Theeee TR T et mTal T T AT . e 5

than that shown in Figs. 9 and 10, since the bandwidth of the perforated
metal plate is significantly less than that of & half-wavelength radome.

The transmission coefficient of the combination at resonance would be
approximately the product of the transmission coefficients of the perforated
metal plate and of the dielectric layer.

- F & TR e e 4 F @ 7

RESONANT-WaALL RapoMES witTy DIELECTRIC ON ONE SURFACE

The data for the radome samples with dielectric on one surface are

summarized in Fig. 1l. In this figure, the solid lines are contours of

.
L ]
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LI

« ¢ & & F F SEEL "
biaacd M .
«ta e b [ S
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constant cavity diameter, and the dashed lines are contours of coastant

b
.
L

L A

3-db baandwidth. The curves of Fig. 1l are normalized so that they can be
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used to design resonant-wall radomes to operate at frequencies other than
thoze used in testing the samples. The D/A; ratio would be chosen on the

‘basis of the bandwidth required, and the possible combinations of metal

plate and surface dielectric thicknesses found from Fig, 11. If the same
cavity layout, dielectric constant, and (s = D)/s ratio ere used, the
radome will be resonant at the desired frequency for perpendicularly
polarized waves incident at the angle given on Fig. 11. It would also be
possible to use the information contained in Fig. 11 to obtain approximate
designs for resonant-wall radomes using a different dielectric and having
the cavities in a hexagonal array, es will be explained on pp. 21 to 24

Although the contour curves shown in Fig. 11 are nearly straight lines,
which probably cover the region of practical interest, caution must be used
in extrapolating the curves. It is known, for instance, that as the surface
dielectric becomes thin and the local fields at the ends of the cavities
cross the dielectric-to-air interface, the curves change slope rapidly to
connect with the points along the absciasa. There may be a similar effect
as the metal plate becomes thin and the local fields at the two ends of
each cavity interact. These effects were not investigsted in detail since
neither l,/A, or 1,/A, is likely to be small in an actual resonant-wall
radome.

Note that for each value of cavity diameter, there is a value of
dielectric thickness zuch that the resonance frequency of the radome is
the same whether the dielectric layer is present or absent. This special
value for the thickness of the dielectric layer can be found by drawing a
line parallel to the ordinate, passing through the point along the abscissa
for the particular value of cavity diameter. The intersection of this
line with the respective D/A, contour gives the special value of L,/N,
When this is done for various values of cavity diameter, it is found that
l,/A, ranges from 0.4]1 to 0.44. If adding a layer of dielectric of this
thickness to one surface of the metal plate does not change the resonance
frequency, then adding a second dielectric layer of this thickness to the
other surface of the metal plate would not change the resonance frequency
either. Thus, Fig. 11 supplies a limited :mount of data fcr designing
vresonant-wall radomes with dielectric layers in contact with each surface
of th: metal plate, as shown in Fig. 1(c). Comparing Figs. 9 and 11, it
is seen that adding one dielectric layer to the metal plate does not greatly
change the 3-db bandwidth. Thus, it is not expected that adding the
second dielectric would change the 3-db bandwidth significantly It should
be kept in mind that these data apply for perpendicularly polarized waves
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incident at a fixed angle, thus they do not provide sufficient information
on which to base a comparison between the usable bundwidths of the varicus
radome configurations considering a wide range of incidence sngles und
polarizations.

In addition to providing design data, Fig. 11 shows some of the
general properties of resonant-wall radomes with dielectric on one surface.
One conclusion that can be drawn is that in order to obtain the widest
possible bandwidth the radome should be designed to operate az far from
cutoff of the cavities as possible, i.e., with D/A; as large as possible.
Another conclusion is that for a given D/ks ratio less than about 0.68,
the bandwidth increases slightly as the thickness of the metal plate i
decreased, but for larger D/ks, the bandwidth is independent of the thick-
ness of the metal plate. A third conclusion is that the tolerance on the
thickness of the metal plate would be less stringent than that on the
thickness of the surface dielectric. This can be seen from Fig. 11 since
the resonance frequency changes less with a given change in metal plate
thickness than for the same change in the dielectric thickness.

GENERALIZATION OF THE DEsicw DaTa

In obtaining the data presented in Figs. 8 through 11, only a limited
number of the sample parumeters were varied. Technigues for applying this
design data to other resonant-wall radomes will now be considered briefly.
Although the data were obtained with samples operating within the frequency
range from 3.4 to 6.4 kMc, these data can be used to design resonant-wall
radomes to operate at any frequency by normalizing the radome dimensions
with respect to wavelength, as was done for Figs. 8 through 11. For
greatest accuracy in applying these data, the dielectric constant, ratio
of (s ~ D)/s, layout of the cavities, polarization, and incidence angle
should be as specified on the figures. If these parameters are changed,
the discontinuities at the ends of the cavities will change, and the
actual resonance frequency will be only approximately equal to the desired

value.*

Next consider generalization of the bandwidth data. In discussing
the bandwidth of resonant radomes it is convenient to u.¢ the concept of
Q discussed in Ref. 1 (om pp. 113 to 117). For the convenience of the

reader, the various Q's of a resonant-wall radome will be reviewed briefly.

® Techniques for determining the effect of changiog the discoatinuities at the cavity epds will be
considered on pp. 38 to 43 and 52 o 54.
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By definition, the @ of a resonant device is proportional to the ratioc of
the average stored energy divided by the energy lost per eycle. The un-
loaded Q, Q;. of the radome is determined by dissipation loss in the metal
surfaces and in the dielectric by the relation

Q, e, Q,

Here Q, is the Q due to dissipution loss in the wmeta! surfaces, and can
be determined from Fig. VI-3 of Ref. 1, or from Montgomery.? The Q due to
dissipation loss in the dielectric is

1

where tan & is the loss tangent of the dielectric. For moat combinations
of metal and dielectric, Q, is approximately equal to Q,;. The external
Q. Qg. is that due to the energy coupled out of the ends of the cavities
into space, and the loaded Q, Q,, is that due to all sources of energy
loss, and is related tc Q, and Q, by Eq. (10):

1 1 1
e Tt ( 10)
;, T % 'q

The loaded Q of a radome sample can be readily determined by measuring
the insertion loss of the sample as a function of frequency. The QL is
then found using Eq. (11):

Q = —— (11)

where f 1s the resonance frequency as indicated by minimum insertion loss,
and f, an! f, are the upper and lower frequencies, respectively, at which
the insertion loss is 3 db greater than at f_ . The 3-db bandwidth of the
radome is, by the usual definition, equal to 100/Q, percent. Assuming
that the loss tangent of the dielectric and the conductivity of the metal
used in the sample are known, the Qx of the sample can be calculated using
Egqs. (8), (9), and (10).
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~ Equations were derived in Ref. 1 for the external Q of resonant-wall
radomes with constricted coupling apertures at the ends of the cavities
Although these equations do not give the correct numerical value for the
Qg of the radomes being considered here, they do suggest that for D/A, and
ly/A, held constant,

(12
Q - AF #E; (%J sec 6 (12)

when perpendicularly polarized waves are incident on the radome, and

)~

2
Qp = AF Ve, (%) cos 4 (13)

when parallel-polarized waves are incident on the radome, where & and A
are as defined under Eq. (3), and F is a constant of proportionality.

Thus, once Q‘ has been measured for one resonant-wall radome sample,
the factor F can be evaluated and the 3-db bandwidth can be approximately
determined for resonant-wall radomes with the same D/K3 and !,/A; ratios,
but with different dielectric constant, loss tangent, conductivity, and
cavity spacing, and operating at different incidence angles with waves of
either polarization. If the Q, of the radome is not changed, it is con-
venient to make one further approximation and substitute QL for Q; in
Egs. (12) and (13). This approximation will be justified in the following
paragraphs.

i Finally, consider generalization of the transmission data. The power
transmission coefficient of a resonant-wall radome at its resonance fre-
quency can be calculated from the Q's defined above using the well-known
relations given in Eq. (14):

Q 2
T . <—Qi> (a)
]
Q, 2
s <1 - 25' (b) (14)
0
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Thus, by the use of Eqs. (8) through (14) the transmission at resonance
cah be determined for resonani-wall radomes sther thas thozs uzad wo

obtain the design datms of Figs. 8 through 11.

For radomes of practical interest, T? is not much leas than unity;
thus Eq. (14a) shows that Q, can be substituted for @Q; for some approximate
calculations., JIf the loss tangent of the dielectric and the conductivity
of the metal in the radome are not known, Eq. (14b) can be used to determine
Q, from the measured insertion loss at the resonance frequency. It should
be pointed out, however, that small errors in the measured T? at resonance
can introduce large errors in the calculated value of Q, if the insertion

loss at resonance i3 small.

MEASURED PERFORMANCE AS A FUNCTION OF INCIDENCE ANGLE

Radome samples mounted in waveguide can be used to determine the
dimensions required for the radome to be resonant at a given frequency,
as was described on pp. 11 to 20. It is not convenient, however, to
measure the electrical performance of radomes as a function of incidence
angle and polarization using samples mounted in waveguide. The incidence
angle and the polarization of the incident wave can be readily changed
using flat radome panels in free space, but this method has the disad-
vantage that relatively large radome samples are required. As a compromise
between the flexibility of free-space measurements and the swell samples
required for waveguide measurements, a measurement set-up using a parallel-
plate transmission line has been developed. A flat-strip radome sample,
such as thact shown in Fig. 12, 1s mirrored in the conducting surfaces of

e T e e w o w we a
: -] "ﬁﬂgﬂk & % o B
> e 2 IS

o

™ - ':*@ﬁ’?’ﬁvﬁ@ - oD

FIG, 12
RESONANT-WALL RADOME SAMPLE FOR TEST IN A PARALLEL-PLATE TRANSMISSION LINE

24
WADD TR 60-84

-
4
.i

1-’.,E‘nwlr d

-
ot &

T,
FHESN 7 P 57 ¢

L .'-t.‘ -
Ly

O h HhA

E)
RN LA

r.’i‘"ﬂ

Tgm
i e

PR o o
Sk -
Dol ity A §

-
LA

K 4610

e

AN

SR

e

A%

PO

k)

,-
L]
.

e
NN

> v @
-

; 1”. . -

Lot Zdiids o
<4

*

1"' )

FL T

by |

W e B ol g
n'lf‘l.‘-‘_"- S

i 5




TN Ay e 2 B o=

¥
»
y
b
%
I
L

the vranemigeion line to simulste a flat-panel vadome sample. Details of
the measurement technique are described in Appendix A.

The physical dimensions of a resonant-wall radome sample tested in
the parallel-plate transmission-line set-up are given in Table 2. The
radome sample operated at the first resonance will be referred to as
Radome A, and the sample operated st the second resonance will be referred
to ax Radome B. As presented here, Radomes A and B have the same physical
dimensions, but are operated at different frequencies. They are referred
to as separate radomes since they would not have the same physical dimen-
sions if sculed to operate at the same frequency. The dimensions of

Radomes A and B arec given in Table 3 in terms of wavelength.

The measured power transmission coefficient and insertion phase delay
of Radome A are shown in Fig. 13 for several frequeacies. Of the curves
shown, higk transmission was obtained for waves polarized perpendicular
to the plane of incidence over the widest range of incidence angles at a
frequency of 8415 Mc. When the transmission of waves polarized parallel
to the plane of incidence is also considered, the best operating frequency
is 8450 Mc.* At this frequency, at least 80 percent of the incident power
is tranamitted for incidence angles up to 70 degrees. As the incidence
angle varies from 0 to 70 degrees, the insertion phase delay varies
56 degreea for perpendicularly polarized waves, and 68 degrees for parallel
polarized waves. As is well known, the variation in insertion phase delay
depends on the physical thickness of the radome as well as on the type of
radome. Thus, for the purpose of this study, the insertion phase delay
characteristics of the resonant-wall radomes will not be compared directly
with those of conventional uniform-dielectric radomes since the two types
of radomes would, in general, have different physical thicknesses. A more
general comparison is obtained by comparing the variation in insertion
phase delay of the radome with the variation in electrical thickness of
an air path of the same physical thickness as the radome.! For Radome A,

® For parallel polarized waves, the parellel-plute tranasinsion-line set-up does not provide deta on the
electrical performance at small imncidence anglea, as explained in Appendix A. Alsc, the accuracy of
the poiats shows at the smallest iacideace aaglea for perellel-polarised waves is relatively poor.
These are not serious lisitatioms ia testiag the reacasst wall radomes being coasidered hars, siace the
electrical performasce is expacted to vary smcothly et amall iacideace angles, as indicated by the dashed
curves sxtrapolated back to 1ero iscideace angle.

f The insercion . a0 delay, V), of o radoss is defined sa the differaace botweea the phase delay, ¢, of o
vave passing ' ugh the radome and (27L/A) cos O, the electrical thickaess of so sir path of the sems
physical thi wures, L, oa the radowe. If the resosaace frequancy of s radome doss mot cheage greatly
with iacicar ;e angle, &, the phaae deley w' vall aot chamgs greatlv eith incidence sagle. Thus 3t is
to be cxpe. .cd that the variatioa ia J with incidence angle will ba of the same order of magaitude as
the variation in (27L/A) cos 6.
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3
1

3 L
: DIMENSIONS OF HESONANT-WALL RADOME SAMPLES A AND B :{:
IN PHYSICAL UNITS e
‘ .
! vy
! Arrangesent of cavities Hexagonal Array :,L:
" Dismater of cavities, D 0.3125 inch ::.:
§' Canter-to-center spacing of cavities, s 0.360 inch §
‘ Ratio of wall thickness betwesen cavities 0.132 \
i to apacing of cavities, (2 = D)/« ‘;
2 Thickneas of metal plate, I, 0.250 inch v
; Dielectric in cavities; o
. Materisl Alumine ceramic® "
" Relative dielectric conatant, ¢ 8.66! v
" 3
‘ Loas tengeat, tan 8, 0.o001at r—
i Height of sample 0.900 inch T..
Length of sample 24 inches o

r::
[
-
A ® Matarial supplied by Raythsca Menufacturiag Compaany, Vslthas, Massachuaetts, E
! easured valusa. -

! : P
P

s

. TABLE 3
) DIMENSIONS OF RESONANT-WALL RADOME SAMPLES A AND B
| IN TERMS OF WAVELENGTH R
. 5
3 :ﬁ'.:l
d RADOWE A | RADOME B e
i Ocder of resocnance Ficrst Secoad ﬁ
. Resonance frequency at wide incidence 8.43 kide 12,2 ki kT
. angles (perpendicular polarization) t-"
‘ Free-space wavelength at resonance, A 1.401 inches| 0.968 inch :-;
. Wavelength iu the dielectric at 0 476 inch | 0.329 inch v
- resonance, Ay =
i Guide wavelength et resonace, Ay 1.058 inch | 0.418 inch
Diameter of cavities, D 0.65€ A, 0.950 A, by
- Thickness of metal plate, I, 0.525 A, 0.760 A, N
: Electrical leagth of cavities, ly/A,y | 0.236 0.598 o
. v
b Center-to-center spacing of cavities, 5] 0.257 A 0.372 A i
! Thickness of radome, L = I, 0.1718 A 0.258 A o
. f\:
o'\'l
&
b3
b
Ay
26 i
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the variation in inscrtion phase delay is greater than the variation in
the slectrical length of this air path by 4 degrecs for perpendicularly
polarized waves, and 26 degrees for paraliel-polurized waves.

The performance of the radome us & function of frequency can be more
tcadily visuslized by means of Fig. 14. Figure 14(a) shouwa that the
resonance frequency wnd bandwidth of the radome are functions of the in-
cidence sngle for perpendicularly polarized waves. The frequency response
for small incidence angles is sufficiently broud that when the radome is
operated at the resonance frequency for perpendicularly polarized waves
incident at wide angles, high transmiassion is oblained vver a wide range
of incidence angles. Figure 14(b) shows that, for parallel-polarized waves,
the insertion loss inareasrs rapidly for incidence angles greatwa than
70 degrees over the frequency range of interest. Thus, the maximum
incidence angle for which Radome A can be used is determined by the trans-
mission coefficient for parallel-polarized waves.

Figure 14 can also be used to determine the bandwidth of the radome
for given minimum transmissxion coefficicnt «nd runge of incidence angles.
The 3.db bandwidth® and the transmisuion cvefficient at resonance for
perpendicularly polarized waves are plotted in Fig. 15 as functions of the
incidence angle. The agreement between the measured pcints and the upper
two curves in Fig. 15 supports the approximate generalization techniques
suggested on pp. 21 to 24. The cosine curve was drawn through the measured
bandwidth at & = 0, and egrees well with bandwidth at ather incidence
angles. The top curve was calculated using the Q; found from the solid
curve, and using a value of 500 for Q;. This ¢, was measured with a single
cavity mounted in rectangular waveguide in the process of messsuring the
dielectric constant and loss tangent of the alumina ceramic filling the
covizies The @, of the radome should not be significantly different from
this value.

Iv is of interest to compare the bandwidth of this resonant-wall
radome with that of a more familiar uniform dielectric radume, even though
the radomes do not have exactly the same physical thickness The 3-db
bandwidth of Radome A for perpendicularly polarized waves incident at wide
angles is smaller by s factor of 0.17 than that of a half-wavelength radome
with a dielectric constant of ¢ = 8 66. Although this faztor does nat

® The beaduidth between the frequeacies ot whirh the amsertion lcas 34 3 db haghes thae at resonance is
considevud bare simce this quantaty is the tast gracral wasausr of banduidth  As expiaraed oa pp- 2Yee
24, tha 3-db bandwidch measused for ome cvsczanc-vall indcme can b apprisame.c.y vpplicd Lo clher
rasvasat-vall radomes.
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MEASURED BANDWIOTH AND TRANSMISSION OF
RESONANT-WALL RADOME SAMPLE A

apply to all resonant-wall radomes, it doex emphasize the fact that
resonant-wall radomes are narrow-band structures.

Also of interest is the bandwidth of the radome within which the trans-
mission coefficient doea not fall below a given minimum value. This minimum
acceptable value will, of course, depend on the application for which the
radome is intended. As a representative value, the bandwidth for a minimum
power transmission of 70 percent for both perpendicularly and purallel

polarized waves is shown by the lower curve in Fig. 15

The resonance frequency and 3-db bandwidth predicted by Figs. 8 and 9
for perpendicularly polarized waves incident at & = 57 are as follows.
The predicted rezonance frequency is 8.48 kMc, which ia only 0.6 percent
higher than the observed resonance of 8.43 kMc. This is good agreement
considering that the approximate techaiques of pp. 21 to 24 were used, but
better accuracy would be desirable if the radome were to be used at inci-
dence angles greater than 60 degrees The predicted 3-db bandwidth is
4.0 percent, which is nexrly equal to the observed value of 4.2 percent.
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The measured power transmission coefficient and ingsertion phase delay E&?i?ss

of Nadome B are shown in Fig. 16 for several frequencies. High transmission Eﬁgﬁiﬁ
is obtained over the widest range of incidence angles at 12.2 kMc. At this Ao
frequency, at least 90 percent of the power is transmitted for incidence g;;;i;i
angles up to 70 degrees for either perpendicularly or paralle] polarized i;g{?g
waves incident on the radome. At least 80 percent of the power is trans- Q;r‘ﬂﬁ
mitted for incidence angles up to about 80 degrees. As the incidence angle E%E’.g
varies from 0 to 80 degrees, the insertion phase delay varies 86 degrees :%ﬁ?tf
for perpendicularly polarized waves, and 102 degrees for parallel-polarized l;gffﬂ%
waves. These variations are 9 degrees and 25 degrees greater, respectively, g}tmt%
than the variation in the electrical thickness of a layer of air of the St el

same physical thickness as the radome.

The transmission of the radome at wide incidence angles is shown as

a function of frequency in Fig. 17. It is seen that the transmission of

perpendicularly polarized waves drops off as the frequency departs from

12.2 kMc, but the transmission of parallel-polarized waves is relatively

independent of frequency. Figure 18 shows that for Radome B, as well as

for Radome A, the 3-db bandwidth and the transmission at resonance vary

with incidence angle as suggested by Eqs. (12), (13), and (14). Figures 8

and 9, together with the approximate techniques of pp. 21 to 24, predict
the resonance {requency to be 12.37 kMc, and the 3-db bandwidth to be

9.8 percent for perpendicularly polarized waves incident at an a- ‘e of

35 degrees. Although data were not taken over a sufficiently wide fre-

guency range to accurately determine the resonance frequency and bandwidth

at such a small incidence angle, the predicted values seem to fit in very

well with the values observed at wide incidence angles. The 3-db bandwidth

of Radome B for perpendicularly pelarized waves incident at wide angles

i1s smaller by a factor of 0.47 than that of a full-wavelength radome with

a dielectric constant of ¢ = 8.66.

Comparing the electrical pe~formances of Radomes A and B, it is seen

that at their center frequencies Radome B gives high transmission for waves

of either polarization over a wider range of incidence angles than does

Radome A. Also, Radome B has a larger bandwidth than Radome A when opera-

tion out to a given incidence angle is considered. The 3-db bandwidth of
Radome B is larger than that of Radome A by a factor of 1.43. The band-
width of Radome B for T? = 0.7 is twice that of Radome A at & = 70°, and

this diflerence increases for larger incidence angles.
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The insertion phasa da-
lay of Radome B varies with

to BegaRvESIEERARARIORTNSATERRA S 1T 300
incidence angle more than R e e "
that of Radome A, since £ Hr2thrbe e s
’ . .\ W éi: HY‘ iayd e 2y :
Radome B ia the thicker of g 08 o e 2“’%
. Bt L 3
the two as measured in free- g u seass oats S iads )
ace wavelengths at th © ; Fatis a <
8 aveie e » 1 e .
pace wavelengths z os i Hiz00 2
respective operating f{re- ] ISs TRRes pus)
24 + RS EEeEE SET ]
4 3 IR wEwED e 7]
quencies. It should be 2 L g 4 et L é
: 4 dadape . - -.
pointed out however, that § odfli s s 50 o
, . - TSA Y A Srih Wiy b } <]
Radome B is probably thinner » s seETsTTRTE rm £
w i { 4+ ] -
than some of the other ra- 2 e pEee LlcenifERRl: y b
a . S - + N 2
: . . 02 e ma: 00 =
dome configurations suggested <« ¥ B T35 sues. >
in Fig. 1, and thus could s panes T o=
PRE N1 1y N SN 153 3
be expected to have less ot 8 5% i Bl asasasensl)
S S , ) 20 40 80
variration in insertion phue 8, INCIDENCE ANGLE - dagress anaars2 20
delay than some configura-
tions. For both Nadomes A FIG. 16 (Continued)
and B, the insertios phase MEASURED TRANSMISSION AND PHASE DELAY OF

RESONANT-WALL RADOME SAMPLE B

delay varies with incidence
angle a few degrees more than does the electrical thickness of an air path
the same thickneas as the radomes. For uniform-dielectri: haif-wavelength
and full-wavelength radomes, the insertion phase elay varies less than

the electrical thickness of an air path the same thickness as the radome.*
Thus it appears that resonant-wall radomes of the type illustrated in

Fig. 1(a) would have slightly higher boresight error than uniform-dielectric
radomes of the same physical thickness.

The diameter of the cavities in Radome B, measured in terma of wave-
length in the dielectric, is sufficiently large that the TM,, mode can
propagete in the cavities, as well as the dominant TE,, mode. The TM,,
mode will not couple to perpendicularly polarized waveas incident on the
radome, but it will couple to parallel-polarized waves. If a resonance
of the TM,. mode occurs near the operating frequency of the radome, this
mode might degrade the tranamission or phase characteristics of the radome.
While testing the sample of Radome B with wavea containing both perpen-
dicularly and parallel polarized components, a sharp dip in the

* For example, for o halfewevelengch radcms vith ¢ ® .8, duitud for maxiwum trassmission at & w §§ da-
greas, the veriation in imsertica phase deley for perpendioularly polarised waves as the incidsncs angle
variea from 0 tc 70 dagrsss is 12 degresa less tham the variakiom in the electrical thichaess of the
sir path, The corresponding figure for a fullewavelesgth rsdome with the ssms parusatera is 21 degress.
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FIG. 17

MEASURED INSERTION LOSS OF RESONANT-WALL RADOME SAMPLE B
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MEASURED BANDWIDTH AND TRANSMISSION OF

transmission vs. fre
to 12.7 kMe, with th
the lowest point. 1
the Thjy, mode. For
with the electrical
radome is usable at
of the dip ware not
necessarily have to
of the Try, mode awa
other than the prece

the resonance freque

RESONANT-WALL RADOME SAMPLE B
quency curve was observed extending from about 12.5
e power transmission dropping to about 43 percent at
t is assumed that this dip is due to a resonance of
this particular radome, the TM,, mode did not interfere
characteristics within the frequency band where the
wicde incidence angles; thus detailed data on the shape
taken. This demonstrates that Eqs. (2) and (4) do not
be satisfied, provided care is taken to keep resonances
y from the operating frequency of the racome. No data
ding are presently available, however, for predicting
ncy for the TM,, mode.

ECUIVALENT CIQRCUITS OF RESONANT-WALL RADOMES

GENERAL

The transmission ar reflection coefficients for a ray striking a

particular point on

WADD TR 60-84

a curved radome can be calculated assuming these

36
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_coefficients to be the same as those for an infinite plane panel of the

same radome material with a plane wave incident at the same angle and with
the same polarization as the ray in question. This assumption is juatified
for the usuel case where the radii of curvature of the radome are large
relative to the wavelength of the incident energy. The electrical per-
formance for the plane-panel, plane-wave case can, in turn, be calculated
using microwave filter theory, provided that an equivalent circuit is known
for the radome panel. Thias approach was used extensively on the previous
contract! to calculate the power transmission and insertion phase delay of

radome panels containing metal structures whose equivalent circuits are

known. 2o
RSy

. ‘-_“bq'_' .

The resonant-wall radome, however, has not been analyzed theoretically iy

. . . . . AN

to determine its exact equivalent circuit. Therefore, an experimental AN
program was conducted to obtain design data for resonant-wall radomes. In, S |

addition, the power transmission and insertion phase delay were measured

as functions of incidence angle and polarization of the incident wave for

some specific radome designs. The information obtained from this program
also made it possible to deduce equivalent circuits that describe the
behavior of the radomes to a fair degree of approximation.

RESONANT-WALL Rabougs WITHOUT SURFACE DIELECTRIC

The physical similarities between the basic resonant-wall radome
(i.e., one without surface dielectric) and other structures for which the
e4.rvalent circuits are known, suggested that the eguivalent circuit of
Fig. 19 might be used to describe the radome in question. This eqdivalent
circuit can be valid only if the center-to-center spacing of the cavities

is sufficiently small that none of the energy is transferred from the

cos

X

il 4’3

Ra-2447-33-31

FiG. 19

EQUIVALENT CIRCUIT OF RESONANT-WALL RADOMES WITHOUT
SURFACE DIELECTRIC

31
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incident wave to diffracted waves, i.e., Eq. (3) muat be satisfied. It
is assumed that in practice this equation would be satisfied to avoid
deterioration of the antenna pattern used with the radome. [t it also
assumed, as a simplification, that the cavities are sufficiently close
together that the surface of the radome appears isotropic to the incident
wave. A well-defined criterion for isotropy in a structure of this kind
does not exist. ' ' ‘ '

Energy propagates through the metal plate by means of the many
circular-waveguide transmission lines; thus, the metal plate can be repre-
sented as a transmission line of appropriate characteristic admittance,
Yy, electrical length, ¢,, and attenuation constant, a,. 1In the region
of each air-to-radome interface, there are nonpropagating modes required
to satisfy the boundary conditions at the surfaces of the radomes. Since
energy is stored in these modes, their presence can be accounted for by
the shunt susceptances in Fig. 19. Approximate values for the circuit
parameters were deduced as follows.

It is seen intuitively that the nonpropagating fields in free space
near one surface of the resonant-wall radome would be very similar to
those on each side of a zero-thickness perforated metal sheet with the
same aperture diameter and spacing as the radome. Thus, the expression
for the susceptance, B,, at each surface of the radome should contain one
term equal to half the shunt susceptance of a zero-thickness perforated
metal sheet. There will alsoc be nonpropagating modes present inside the
circular-waveguide cavities, which will contribute a second term to the
expression for B,. it will be shown later that it is also convenient to
take these latter nonpropagating modes into account by shifting the
rzference planes, at which the equivalent circuit is taken as valid, out
of the planes of the radome panel surfaces. Formulaes are not available
for calculating the equivalent shunt susceptance or the reference-plane
shift due to the nonpropagating modes in the circular waveguides, and for
initial calculations they were neglected completely. That is, the shunt
susceptance at each surface of the metal plate was taken to be half that
of a zero-thickness perforated metal sheet, as given by Eq. (15):

B - --—A_--i.-s_z(z\_ 1.. 170602 (15)
¢ 317 2n \ D/ \D A
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__ where, as before

A 1 for a square array of cavities
] 2
0.5:3 for a ltexaronal array of cavities

s = center-to-center spacing of the cavities
I = diameter of tle cavitics

A » [ree-snace wavelength.

Equation (15) was used for tue case where the incident waves are polarized
parallel to the plane of incidence as well as for the cuse where the in-
ciuent waves are polarized perpendicular to the plane of incidence.
Equation (III-10) of llef. 1, which gives the theoretical shunt susceptance
of a thin perforated metal sheet with parallel-polarized waves incident

on it, contains a term involving the squared sine of the angle of incidence.
This term accounts for coupling through the apertures of a thin sheet by
the equivalent of the TM;, circular-waveguide mode. For the present
application, this term is not required since the resonant-wall radome is
sufficiently thick that coupling through it by the T¥;, mode would have
negligible effect on the end susceptances.®

The characteristic admittance, Y,, of the metal plate containing the
dielectric-filled cavities is another circuit parameter that has not been
evaluated theoretically. The parameter Y, can be calculated for any
resonant-wall radome whose resonance frequency has been measured, subject

to the assumption that the end susceptance, B, , is known. This cslculation

L -'j‘:

i it SO 0
a

makes use of the fact that the midplane admittance of a symmetrical

g

structure is purely real at resonance, and is conveniently carried out
using simple graphical constructions on the Smith chart. The parameter

Y, was evaluated for a resonant-wall radome, whose dimensions were given
under iladome A in Tables 2 and 3. It was noted that the value of ¥, re-
sultins from these calculations was nearly egual to the value obtained by
suitably modifying a formula given by Marcuvitz.® These modifications are
described in Appendix B, and the resulting formula is given by Eq. (16):

’

N
2

o
'..'"_—‘n

- -
.

g

«
.

]

g,

® It actually makas lattle differance 15 the calculated power transmission e«d iasertion phase delay
whethar this sine-aquarad term 18 included or neglected, The measured ele... ical perforsance agreas
alightly better with that celculated neglacting the sins-aguered tera.
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Y. = —(-—) - ——] - whos (18)
3
b \ds h
where F
'y Cy = ua constant of proportionality &
o . . i
o . = first derivative of the Bessel function of the a
‘ first kind of first order £
Aﬂ = guide wavelength in the cavities, as given by t;,
Eq. (7). b
.
The value of €, suggested by Marcuvitz's formula is 1.522. The factor o
involving the Bessel function is plotted in Fig. 20. E
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FIG. 20

A FACTOR USED IN CALCULATING THE CHARACTERISTIC ADMITTANCE
OF RESONANT-WALL RADOMES
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plate thicknesas is

vyly » ayly + jo, (17)
where
nl,
$y v = radians (18)
k‘,

¢y =« electrical length of each cavity

I, = physical thickness of the metal plate.

The attenuation constant for the waves traveling through the cavities 1ia
the metal plate will be taken as equal to that for a wave in an infinitely
long circular waveguide of diameter D, constructed with the same metal and
dielectric as the radome. The actual attenuation constant will be only
slightly different from the assumed value due to the nonpropagating modes
at the cavity ends. Also, dissipation losses due to currents on the
surfaces of the metal plate will be neglected since it is likely that they
are small compared to those within the cavities. The attenuation constant
is composed of two terms,

g, = a, tea, (19)
where

€, = attenuation constant due to dissipation in the
dielectric

@, = attenuation constant due to dissipation in the
conducting walla of the cavity.

The attenuation constants a, and &, are given by Eqs. (20) and (21):3

X., tan &,

4, = T 0y nepers per inch for all dimensions  (20)
3 3 in inches
’Frp ’53 Aes Aoy?
d - ].-S X 10-‘ mem—— — — . + S ——
c ( ) 3 X D, 0.420 (1.706 é) (21)
41
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where

loss tangent of material filling the
cavities

[ad
"
2
O
[ ™)
»

K, = rvelative permeability of the walls of
the cavitirs

p = resistivity of the walls of the cavities

P, 1.724 % 107% ohm ~ meter = resistivity of copper.

It is significant to note that for many combinations of dielectric
and metal, most of the dissipation loss occurs in the dielectric. For
example, the resonant-wall radome referred to as Radome B in this report
is constructed of alumina ceramic with tan &y « 0.0018, and of aluminum
whose resistivity is approximately three times that of copper. For this
radome, & 1, = 0.0055, and a I, = 0.0006; thus the diasipation loss in the
metal is only 10 percent of the total. If the radome had been constructed
of nonmagnetic stainless steel whose resistivity is 53 times that of copper,
then a.l, would have been 0.0026, and the dissipation loss in the metal
would have been 32 percent of the total. The values of a.l; quoted above,
which were calculated assuming smooth mectal surfaces, might be increased
by a factor of up to about 1.6 by roughness of the metal surfaces. 7

The power transmission coefficient and insertion phase delay of a
resonant-wall radome without dielectric on its surface can be readily
calculated from the equivalent circuit of Fig. 19. A convenient method
for performing these calculations is the general-circuit-parameter method.
The general circuit parameters, A4, B, €, and P, ave found from the matria

product of Eq. (22):

h v, inh l
A B 1 cosh 7,1, sinh ¥y,
= y!
c D jB, 1| [Yy sinh 74l  cosh 7,1,
1 0
x . (22)
jB 1

The power transmission coefficient, T?, and the insertion delay, ¥, can
then be calculated using Eqs. (23) and (24), respectively:
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4 .
2
Ia(A + BY, + C/Y; + D) agg L

Re(A + BY, + C/Y, + D) A

-

Y = tan cod U (degrees) {24)

vhere

Y, =« characteristic admittance of free space
« total physical thickness of the radome

s incidence angle measured in free space between
the incident ray and the normai to the radome
surface.

The characteristic admittance of free space for waves polarized perpen-
dicular to the plane of incidence is

cos &

Y, = 375 . (25)

and for waves polarized parallel to the plane of incidence,

1
Y i = m . ( 25)
RN
The electrical performance calculated using the simplest assumptions E:%ﬁ
regarding the values of the equivalent-circuit parameters will be con- Qﬁ;i

sidered first. Specifically, the nonpropagating modes within the cavities
are neglected, hence Eq. (15) is used to calculate the reactive discon-
tinuities at the surfaces of the radome. In calculating the characteristic
admittance of the metal plate from Eg. (16). the value C, « 1.522 is used.
This value is based on the constant given by Marcuvitz,® as explained in
Appendix B, Subject to these assumptions, the curves of Figs. 21 and 22
were calculated. It is significant to note from these curves that for
perpendicularly polarized waves the resonance frequencies change only
slightly with changes in incidence angle. For parallel-polarized waves,
however, the resonance frequencies shift rapidly with changes in incidence
angle at wide angles. Also, the transmission between resonances for
parallel-polarized waves increases with incidence angle up to approximately
80 degrees, and then decreases rapidly as the incidence angle is increased.
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The incidence angle where the transmission between resonances is maximum
corresponds to Brewater’s angle for uniform dielecirics, i.e., the char-
acteriatic admittance of the metal plate and that of free space are equal.®
As a result of this behavior of the resonance frequencies, the maximum
incidence angle at which Radome A gives high transmission for both parallel
and perpendicularly polarized waves at a fixed frequency is about 70 de-
grees. This maximum incidence angle for Radome B, on the other hand, is
about 80 degrees.

At present, it does not appear possible to completely eliminate the
variation of the resonance frequencies with changing incidence angle.t
It is likely, however, that the resonance frequencies of resonant-wall
radomes using different design parameters than the particular examples
presented here, would vary in a slightly different manner with incidence
angle. Thus it might be possible to design resonant-wall radomes to have
electrical performance that is even better than Radomes A and B. It would
be a cumbersome task to empirically determine the optimum design for a
radome with as many independent parameters as the resonant-wall radomes.
Using the approximate equivalent circuit proposed here, however, the
optimum design for a particular application could be determined with s

reasonable expenditure of effort.

The calculated curves in the regions nea~ the resonance peaks for
perpendicularly polarized waves are compared with measured points for

Radome A (first-order resonance) and Radome B (second-order reaonance) in

Figs. 23 end 24, resp:s ."v. It 18 seen from these figures that the
assumed values for ¢’ uiv lent ecircuit parameters predict the resonance
frequencies within 0. ‘cent at the first-order resonance, and 1.3 per-
cent at the second-orde:r anance. Although these errors are small,

closer agreement between c¢. _ulated and measured performance would be
desirable for applications where perpendicularly polarized waves are inci-
dent at wide angles, since the bandwidth is small for these waves. It ia
alsc seen from Figs. 23 and 24 that the calculated curves satisfactorily

® For this particular redems sample, and for f = 12,3 kie, Yi = Yl for parallel-polarised vaves incident
at 6 = 76.8 degrees,

t The varistion is resocmaace frequeacies with chaagiag incidence angle and polarisation is related to the
prascuce of the reactive discostinwities at th: eads of the cavities. For the rescasat-wall redomss
described hare, theas discoatisuities are iad ive is msture. Perdaps if these isductive susceptances
were resonated by shuat capacitive swaceptanca ., tha wide-angle parformance of the radomes cowid be im-
proved. Thase capacitive slemeats might teke the form of metsl tabs extomdiag from the surface of the
astal plate over the ead of each cavity, or ixsuletsd matal disks of diemeter less than D, bomded to ths
eads of esch dislectric plug. These possibilities have mot, however, bees investigated.
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predict the bandwidth,effect of dissipation loss, and the shift in resonance
- - freguency sz functions &of the ineidence angle and the pelarization.

Closer agreement between the calculated curves and the measured points
can be obtained by using values for B, and Y, slightly different from those
given by Eqs. (15) and (16). For example, the values of C, in Eq. (16)
can be reduced in such a way that the calculated values for the resonance
frequencies agree with the measured values at either the first-order or
the second-order resonance; however, no single value of C, will give
agreement at both resonances. When the value of C, is made less than
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€, = 1.522, in order to obtain better agreement for the resonance fre-
quencies, it is found that the agreement betwsen the calculated and the
measured bandwidths deteviorates. Since the bandwidth is determined pri-
marily by the characteristic admittance of the metal plate, it appears that
the use of C; = 1.522 in Eq. (16) gives a fairly good approximation to Y,.
Thus it appears that the calculated values for the resonance frequencies
differ from the measured values because the values assumed for the reactive
discontinuities at the ends of the cavities are inaccurate. It will be
recalled that for the curves of Figs. 21 through 24, the nonpropagating
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— —wmodes -inside the snds sf the cavitiae wers neglected. These modes can be

taken into account by adding a second term to Eq. (15) in calculating B,.
An alternative ia to use lq. (15) for calculating B,, but to shift the
reference planes—at which the terminals of the equivalent circuit are
considered to exist-—out of tihe plunes of the radome panel surfaces.
Theoretical formulas do not exist for either of these approaches; however,
either the correction term for B, or the reference-plane position can be
calculated for resonant-wall radome samples whose resonance frequencies
have been measured.

Using simple Smith-chart calculations, the reference-plane positions
hava been evaluated for QRadomes A a2nd B, assuming that Egs. (15) and (16),
with C, = 1.522, give the correct values for 8, and Y;. The resonance
frequentuies measured with perpendicularly polarized waves incident at
€ = 75 degrees were used in thess calculations. It was found that for
siacome A {first-order resonance) the reference planes are a distance
T = ,.0088 1‘3 ingide the radome surfaces. For lladowme B (second-order
rasonabre;, the reference planes are a digtance 1t » 0.0074 A,y inside the

cadame surfaces. The location of the reference piunes was not determined

at other frequencies, but since thiz quantity iz relatively unimportant

N

at ireguencies far from resonance, the simplifying ansucption was made }:it
q

1] . . . v - H 3} - = '.‘

taat T/m‘a varies linearlv with {reguencv as given by &g. (27): }}a{

":\'.:\

Pe o

v _{ p\ B

S 2.7022 + 0.0055 == . {27) ﬁf'

€3 ™3y o

VY N

S

SN

. . . L YN

[t was also assumed that the ratic T’A‘S is independent of incidence angle Hﬁg

. . . . . N bty
erd rolsrization wt the incident wives., 7The agreement between the calcu- b

lated snd mcusured clectrical performance of Nadomes A and D seems to L
justify this assumptign Snifring the reference planes to within the ;i¥
surfaces of the radome sample is eguivalent to calculating the electrical t;z
. ' . . B L]
length of the cavities using a value (l; - 27) in place of the actual o

E

physical lensth, !,, of the cavities. Thus, in Eq. (17) and in Fig. 19,

b, ¢3 should be replaced hy ¢;, where &?ﬁ
, 2T ) ;;::‘::
¢y = ¢, - 2m — radians. (28) ta

&3

) The performance calculated taking the reference-plane shift into

account is shown by the curves in Fig. 25 for Radomes A and B with
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perpendicularly polarized waves incident on them. It is seen thet there

is good agreement between these calculated curves and the measured points
with respect to the values of the resonance frequencies, the shift of the
resonances with changing incidence angle, the bandwidth, and the less-than-
unity transmission at resonance due to dissipation loss. The calcilated
curves for parallel-polarized waves incident at & > 60 degrees were

essentially the same as those shown in Figs. 23 and 24, thus they were not

repeated.
Lo ———— 1o — 1
; 0OME A PRS- =
w ! 040" % T 4"
& ‘ 08 *"“‘:“4% //VL/ "R N
g s’ VA \\ N
o ! |7 N
2 0.6 (/ // / +— N
B R
es’ -
A7/ A
- // | \ !
- 4 i i
LTINS
s /" RapoME B | \{
: | o | ] ]
7 ue 2o 12l 122 123 12.4
150 —— Y 200
| |
- L ! !
¢ : RADOME A | RADOME 8| | 1. ;
s 100 250 1 —1— § = 88" —]
T I : 885 . ' B T
z | - . | - 13
5. —--"J o /ﬂ
g //i. L’ 200 ’is";«""
l-ol,l / /50" ..-J""'AP A/' I/ 2
3 A/X/ ) ' Ang’:Lf — |
o 7 : 150 A r"?,.ngfj s
: | 280 NN E A s
g . ] ),4 i ‘ ' é/ ;——-1!‘"'] \‘.'.-:‘
w -850 , - 100 —+— - D
z - / S i [~ -' & e
> —t R £
N e 0 TN T T 0 O I A A e
8.2 8.3 8.9 8.5 8.6 87 W8 120 1zl 122 123 124 T
FREQUENCY — kM¢ P
FIG. 25 o
COMPARISON OF CALCULATED AND MEASURED PERFORMANCE OF RESONANT-WALL RADOME E
SAMPLES A AND B FOR PERPENDICULARLY POLARIZED WAVES (MODIFIED CIRCUIT (.‘_'::.
.‘:K"
e
50 .n'.‘

¥ADD TR 60 84

»

e
-
[

Vs .l
et

a2t

PR



A A MR 4 RS T S W B p—

 The expression of Eq. (27) gives the shift in the refereuce planes
with sufficient accuracy for Radomes A and B; however, it was possible to
obtain this expression only after the radomes were built and their
resonance frequencies measured. The empirically derived relation in

Eq. (27) does not generally apply to other resonant-wall radomesa. For
example, the reference-plane shift calculated at the second-order resonance
of one of the waveguide-samples of resonant-wall radomes described in

Table 1 was about twice the value given by Eq. (27).* It should be empha-
sized, however, that the shift in the reference planes is a second-order
correction on the equivalent circuit required in order to shift the
calculated resonance frequencies slightly. If the reference planes are
taken at the surfaces of the radome, the calculated curves still predict
the bandwidth, the effect of dissipation loss, and the shift in resonance
frequency with changes in incidence angle, with sufficient accuracy.

It is seen from the above discussion that the simple equivalent cir-
cuit of Fig. 19, together with Egs. (15) through (26), is useful for
calculating the performance of resonant-wall radomes that do not have
dielectric layers in contact with either surface. For example, calcula-
tions based on this equivalent circuit could be used to determine the set
of design parameters that gave the best performunce for a particular
application. A test panel could then be built and tested, and the thickness
wmodified slightly to obtain the required resonance frequency. The tolerance
required on a particular radome could also be determined by calculations
based on the equivalent circuit.

ResoNANT-WaLL Rapours viTeR DieLeECTRIC oN ONE SURFACE

Following the same line of reasoning as was presented on pp. 38 to
42, the equivalent circuit of a resonant-wall radome with dielectric on
one s\ ~face can be shown to be as in Fig. 26. To the circuit of Fig. 19
has been added a length of transmission line of characteristic admittance
Y, and electrical length ¢, to account for the dielectric layer. The fact
that the reactive discontinuities at the two surfaces of the perforated
metal plate are not equal has also hae- taken inte account. The parameters

B

. Y3, &;, and a, are the same as tor a resonant-wall radome without

* Small erro.s in the redome dimensions, aad in the dielectric comatant of the material filling the cavities,
cam result in relatively large errcra in the calculeted shift im tha zeference plames. It is aot fale,
however, that this completely accounts for the difference moted for the two redome ssaples.
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FIG. 2

EQUIVALENT CIRCUIT OF RESONANT-WALL RADOMES WiTH DIELECTRIC
IN CONTACT WITH ONE SURFACE

surface dielectric, and can be calculated approximately from Eqs. (15)
throvgh (21).

The susceptance B, at the interface between the metal plate and the
dielectric layer can be calculated approximately using Eq. (29):

po. - A3 .s_’(.iz L - (k10 2)’
¢ 31T 2w (D D X,

2 AVe€, = .wavelength in the dielectric layer in
contact with the surface of the metal plate

(29)

€, = relative dielectric constant of the dielectric in
contact with the surface of the metal plate.

The parameters A, s, D, and A are as defined under Eq. (15). Eguation (29)
is just half the theoretical formula for the susceptance of a zero-
thickness periorated metal sheet in a uniform dielectric of relative
dielectric constant €,. It was shown earlier in the report that Eq. (15)
gave & fairly good approximation to the susceptance at the surfaces of a
resonant-wall radome without surface dielectric. It was shown in Ref. 1,
however, that the theoretical formula for a thin perforated metal sheet
becomes less accurate as the aperture diameter becomes an appreciable
Thus,
Eq. (29) is not expected to give an accurate approximation to the suscep-
tance at the surface of the metal plate next to the dielectric layer.

fraction of the wavelength in the medium surrounding the sheet.
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The susceptance B, is smaller than B,, thus the percent accuracy required

is not as great for B) as for B, for a given accuracy of the calculated

electrical performance,

The characteristic admittance of the dielectric layer is taken as
the ratio of the magnetic and electric field components parallel to
sutface of the dielectric. and is

Ve,

Y - — ,
2 377 con 93 (30)

for waves polarized perpendicular to the plane of incidence, and

o
Ce Vg w
(31) &

Y -
2 377 cos 93

t".‘r,
L S MES

"

-

for waves polarized parallel to the plane of incidence. The angle of

incidence, 6,, measured in the dielectric betwcen the incident ray and &
the normal to the radome surfece is given by Eq, (32): E
:

: el lil"l 6 f-.:

92 - s1n (‘/‘—2 . (32) E':‘

The product of the complex propagation constant within the dielectric g
and the physical thickness, l,, of the dielectric is §
X

Yaly = ayl, + jd, (33) ;

where f
ot

7 tan 8 ‘u

2 y

a - R —————— a

2 A, cos 6: (34) P

2m 1, cos 6, C

¢ = radians (35) '

A, '

@, = attenuation constant in the dielectric layer ;

tan &, « loss tangent of the dielectric layer ;

¢, = electrical thickneas of the dielectric layer. E

53 ;
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———— —————-The power transmizsion coefficient and inazertion phase delay ofa 7
resonant-wall radome with dielectric in contact with one surface can be
readily calculated from its equivalent circuit. A convenient method for
performing these calculations is to substitute the general circuit
parameters of the radome, as found from the matrix product of Eg. (36),
into Eqs. (23) and (24):

B sinh 72127 ~ -
A B cosh y, 1, 1 0
- Y!
¢ D Y, sinh 7,1, cosh 7,1, _!B; lﬂ
L -~
¥ sinh 731,1 B 7]
cosh Yyly 1 0
x Y, . (36)
Y, sinh 7,1, cosh 7,1, jB, 1

These calculations were carried out for an 0.223-inch-thick layer of
slumina ceramic on one surface of the perforated metal plate also used as
Radomes A and B. The resulting flat-strip radome sample will be designated
Radome C in this discussion. The calculated electrical performance of
Radome C is comzared in Fig. 27 with the performance of the sample measured
in the parallel-plate transmission line described in Appendix A. It is
seen that the calculated resonance frequency for perpendicularly polarized

waves incident at wide angles is about 1.8 percent lower than the measured %ﬂc
value. This discrepancy is probably due to the fact that the nonpropageting RSN
waves within the radome cavitiea were neglected for these calculations, )

snd Eq. (29) does not accurately account for the nonpropagating waves
within the dielectric near the surface of the metal plate.

3 .
{3 -
3
<
(] ..
.

[REA
0
e et
R B TP

Examination of Fig. 27 shows that there is considerable ascatter in
the measured points, and that the data could not be reproduced. This is
attributed to poor contact between the metal portion of the sample and the
parallel-plate transmission line, which would prevent proper mirror-imaging
of the sample in the surfaces of the tranamisaion line. It was found that

—y e o
«
»

¢ LS

‘D
[

s .
. 16
ot e ¥ it
tSSS, .
P
L ) .

the jointa in the dielectric layer (which consiats of four strips of :ﬁué
ceramic cemented end to end) were slightly misaligned. This would prevent EE;
the surfaces of the transmission line from making frequent contact with i&j
the perforated plate, even though the height of the individual pieces of :ﬁg
ceramic was slightly less than that of the perforated metal plate. This :25
o
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FIG. 27

COMPARISON OF CALCULATED AND MEASURED PERFORMANCE OF
RESONANT-WALL RADOME SAMPLE C

defect in the aample was not discovered until the series of measurements
was completed. Thus, the available data indicate little more than that
the resonance frequency for perpendicularly polarized waves incident at
wide angles is about 8.35 kMc. The dimensions of the sample are given in
terms of wavelengch at this frequency in Table 4. Because of the poor
quality of the measured data, the remaining discussion concerning this

radome will be based on the calculated performance.
Figure 27 shows that the resonance frequency of thias resonant-wall

redome with dielectric on one surface changes only slightly with incidence
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S L TARIEL
DIMENSIONS OF RESONANT-WALL RADOME
SANPLE C IN TERMS OF WAVELENGTH

Measured rescnance fraquency at wide imcideace 8.35 Miic
angies (perpendicular polarization)
Fres-space wavelength st resonsnce, A 1.414 inchea
Waveleagth in the dislectric at resomsace, A,y 0.481 inch
Guide wavelength in cavities at resonance, k‘, 1.11] iaches
Diameter of cavitias, D : 0.650 Ay
Thickasss of metal plate, I, 0.520 A,
Electrical length of cavities, ‘3’*;3 0.225
Electrical thickness of dielactric layer 0.464
at normal inscidence, lz/ 2
Centar-to-center spacing of cavities, 0.255\ = 0.749 A,
Thicknesa of radoms, L = I, + 14 0.3%4 A

angle when the incident waves are polarized perpendicular to the plane of
incidence. For waves polarized parallel to the plane of incideance, however,
the resonance frequency changes greatly as the incidence angle varies.

This variation in resonance frequency is similar to thet observed for the
resonant-wall radomes without surface dielectric. Thias variation in
resonance frequency limits somewhat the range of incidence angles over which
high transmission can be obtained for waves of any polarization. At a
frequency of 8.23 kMc, the calculated power tranamission is greater than

70 percent for either perpendicularly or parallel polarized waves incident
at angles up to about 70 degrees.

Also at 8.23 kMc, the variation in insertion phase delay as the
incidence angle varies from 0 to 70 degrees is 69 degreea for perpendicularly
polarized waves, end 74 degrees for parallel-polarized wavea. These varia-
tions are 9 degrees and 4 degrees leas, respectively, than the variation
in the electrical thickness of a layer of air of the same physical thick-
ness as the radome. On the basis of the particular examples considered in
this report, it would appeer thar for resonant-wall radomes of a given
total physical thickness, the Boresight error would be slightly smaller
for a radome with dielectric in contact with one surface of the metal plate
than for a radome without surface dielectric.® The boresight error of

* It was showa previowsly that the insartios phase dslay of Radosss A and B veriad sore with chaages ia
the angle of iacidence than doss the electrical thickmess of an air layer of the sams physical thichnssa.
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either resonant-wall radome configurstion would probably be alightly greetes
than that of & uniform-dielectric radome of the same physical thickneas.

Comparing Figs. 15 and 18with Fig. 28, it is seen that the 3-db band-
width of Hadome C for perpendicularly polarized waves is slightly greater
than that of Radome A, but samaller thun that of Bmdome B. The bandwidth
for at lesst 70.percent power

transmission of either perpen- 10 oI T 9
dicularly or parallel-polarized Syiber i iy
waves is smaller for Radome C '”; LAt 31 algit “haa.h
than for both Nadomes A and B. . HEHCEHEE ;“‘;*4"fjﬁ z
Since the physical thickness of § ] 5" % $ -,%:EE §
s 434 1. 4T gy
Radome C is of the same order as ¢ '“‘- SANRWIDYH PN LTI JJja‘g
that of & conventional uniform- & [ J ) 1 <
. N e ~“ . ‘1.'( - _umh -8 54
dielectric, full-wavelength i s Eff:::;r, N HHoat
radome, it is of intercat to com- & [HSHEAH #‘““f'j safBLARIEEE 14 g
& s EHHLE e siHT
pere the bandwidths of the two o HisE fs - IR D U P
typea of radomes. For perpen- i H B E T H e T
dicularly polariied waves inci- o ﬁgfuhfh:fogghgn' Y ‘~°
: e i o 20 ) w0 (T
dent at wide angles, it is found 4, INCIDENCE ANBLE — dugraes
that the 3-db bandwidth of srar
lladome C i3 smaller by s factor G,
W,
of 0.34 than that of o full- o e
] CALCULATED & ¢ W - if'd%. ud, A
wavelength radome with ¢ = 8.66. TRANSMISSION Of RESONANT-WALL RARO
SAMEL: C

It is worth noting that most .
tradomes, including conventional half.wavelength radomes, full-wavelength
radomes, A-sandwich radomes, multilayer radomes, and Radomes A and B in
this report are physically and electrically symmetrical about the midplane
of each radome. Thus, when the same medium is present on both sides of
the radome (uaually air), these symmetrical radomes have low reflection
coefficients at their frequencies of maximum tranamission. For radomes
that are not symmetrical about their midplane, such as Radonme C, the reflec-
tion coefficient is not neceasarily low under conditions of maximum trana-
migsion. The calculated power reflection coefficient, R3, of Radome C ia
plotted at the bottom of Fig. 28, from which it ia seen that up to 11 per-
cent of the incident power is reflected from the radome at its resonance
frequency. Off resonance, of course, the reflection will be higher. This
curve and the curve of T? at the top of Fig. 28 do not apply at a fixad
frequency, but rather at the resonance f}equency, which is also a function
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--— i the incidence angis ?ﬁc“pcwcr refisction coefficient was cuicuimted
by substituting £q (233, (26), and (36) into Eg. (37):

.

R 3

. A+ BY - C/Y, - Dy :
. a7
A A+ BY +C/Y, +D (3n

L i SN

£d

-
-}

The caleulated tranamission Qf Badome C at resonsnce, as ihown in Fig, 24,
i3 lower than that of Hedomes A and B, as shown in Figs. 15 and 18. Near
normal incideace, this can be mostly accounted for by the relatively high

I KA

reflection from Radome C. At wide angles of incidence, the différence in

~ the calculuted transmission coefficients ix largely due to the higher ;;
' dissipation loss in the thickest radome, Hadome C. P
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SECTION 11l

OTHER METAL-LOADED RADOMES

CERAMIC A-SANDVWICH BADONES

One of the objections to the use of cersmic redoste miterisls to ob-
~tain high-remperature stebility and good rain-erasion resistance ia the
relatively great weight of these muterials. A ceramic A-sandwich radome,
consisting of dense ceramic xkins separated by o foawed cerumic core,
would have a higher strength-vo-weight ratio than a uniform, dense cersmic
radome, although ita strengeh would not be as great. The strength of these
A-sandwich radomes might be incresaed by cmbedding thin perforated metal

LAl

-
Cal S EaN

'-

might also be mechanical advantages. A brief investigation was conducted
on the present contract to determine the electrical fessibility of using
metal inclusions in A-sandwich radomes using dielectric constants typical

»
2

sheets or wire grida within them. :iﬁfé
I¢ was shown previously- that it is electrically feamible to embed &:ﬁf&
wire grids in A-sandwich radomes with relative dielectric conatants of f%ﬁg
€, « 4.5 for the skins, and €, = 1.3 for the core. The calculations pre- ‘f;
sented in llef. 1 showed that there would be electrical advantasges to the $i§§:
use of wire grids in A-sandwich radomes, and it was indicated that there :&fff
?;::
4

of danse ceramic skins and foamed ceramic cores.

Sections of A-sundwich radomes containing perforated metal sheets and
wire grids are illustrated in Fig. 29. In this figure, the metal inclu-
sions are shown at the skin-to-core interfaces; however, they could also
be embedded within the akins or alightly within the core. The perforated
metal sheets might be better from the mechanical standpoint since they
provide more nearly uniform strength in all directions in the plane of the
sheet than do wire grids. For calculating the electrical performance,
however, the wire grids are better since accurate eguivalent-circuit
formulns are available. The equivalent circuit parameters of parforlteﬂ
metal sheets locared at or near the interface between two dielectrics could
be measured. This information could then be used to design and evaluate
A-sandwich radomes containing perforated metal aheets. The investigation
described here did not go into that grest detail.

39
4ADD TR 60 84

=

] ‘-..- »
s . "
LIRCIRER A .

RN )

PR Ay B S )

o
xei b
E 4
1e%a

Ex



©
L

AT

-
..-I&

TET

SSERFLIEN]

D -l ik i L, - o
ST T

Foooo| LIl

TR

s

AL
3

.- r S

CORE SKINS
A-24820418

FIG. 29

A-SANDW!CH RADOMES CONTAINING PERFORATED METAL
SHEETS AND WIRE GRIDS

The dependence of power transmission coefficient om incidence angle
and polarization has been determined approximately for a few dissipation-
less A-sandwich radomes by Smithgchart calculations using the half-section
analysis technique described previously.}® Transmission-coefficient curves
are shown in Figs. 30 and 31 for the A-sandwich radomes, which contain wire
grids at the skin-to-core interfaces, that are described in Tables 5 and 6.
Each of thes~ radomes was designed to be matched at a frequency of 9375 Mc

for waves of ny polarization incident at an angle of 85 degrees,

To simplify these initial calculations it was assumed that the eqriva-
lent shunt susceptance of the wire grids, normalized to the characteristic

admittance of the .ore dielectric, varied as

-K
- (38)

cos 9‘

B
y =
<

for perpendicularly polarized waves, and as

B -X cos? 6, + cos? 6,
Y, ces &, 2 cos? 8,
60
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TABLE §

DESIGN PARAMETERS FOR METAL-LOADED A-SANDWICH RADOMES WITH ¢_ » 4

FIETITITRTN

RADOME D RADOME E RADOMNE F
Type of metal inclusions Wire grids Yire grids Wire grids
Position of metal inclusiocaa At skin-to-core At skin-to-core At skin-to-core
interfaces interfaces interfaces
Relative dielectric coanstant,
in skins, €, 9.0 9.0 $.0
in core, e, 4.0 4.0 4.0
Match angle 85 degrees 85 degrees B5 degrees
Match polarization Land il A and |} L and ||
Match frequency 9375 Mc 9375 Mc 9375 Mc
Thickness of skina, I, 0.050 inch 0.075 inch 0.100 inch
Thickness of core, 21, 0.273 inch 0.294 inch 0.339 inch
Radome thickness 0 373 inch 0. 444 inch 0.539 inch
Nornalizeu siunt susceptance -0.85 -2.25 ~8.75
of meral inclusions (at
normal incidence), -K
TMLE 6

DESIGN PARAMETERS FOR METAL-LOATED . -S/087ICH T/ N ES YITh e = 2

WADD TR 60-84

RADOME G T7I'OME H
Type of metal inclusions ire grids “ire grids
Position of metal inclusiona At skin-to-core .t skin-to-core
interfaces interfaces
Relative dielectric constant,
in skinas, €, 9.C 9.0
in core, € 2.0 2.0
Match angle . 85 degrees 85 degrees
Match polarization J and " _L and “
Match frequency 9375 Mc 9375 Mc
Thickneas of skins, l' 0.050 inch 0.075 inch
Thickness of core, 21‘ 0.510 inch 0.599 inch
Radome thicknsas 0.610 inch 0.749 inch
Normalized shunt susceptance ~1.38 -12.5
of metal inclusions {at
normal incidence), -X
62
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for purallel polarized waves, where

K =« a constant of proportionality

€. » angle of incidence measured within the core
dielectric with respect to the normal to the
radome surface

€ = angle of incidence measured within the skin
dielectric with respect to the normal to the
radome surface.

This assumption amounts to neglecting a correction term in the denominators
of Eqs. (38) and (39). This correction term takes into account the energy
stored in the noanpropagating waves corresponding to diffracted waves
scattered at imaginary angles, and is a rather involved series depending

on wire spacing, incidence angle, and polarization as given in

Refs. 9 and 10.

Since the correction term was neglected, it was not necessary to NS
specify any particular wire diameter and spacing in order to make the N
calculations. Combinations of wire diameter and wire spacing that will ;kjb

. ]
L4

&

v

give approximately the assumed susceptances at normal incideace, neglecting
the correction term, are shown in Fig. 32. Theae curves were calculated
using Eq. (40),? and the values of the conatant K given in Tables 5 and 6:

s s \'!
K = (T In 1'7—5) (40)

v w
S
et

" *a
.

a'! s
LINCIA
ol

‘.'
b
PR

wvhere

D = wire diameter

s = center-to-center apacing of the wires in each grid
A, = A\Ve_ = wavelength in the core dielectric

€_ = relative dielectric constant of the core material

A = free-space wavelength.

The difference between the actual susceptance of these wire grids and the

assumed susceptances will increase with increasing incidence angle for

perpendicularly polarized waves, and will decrease with increasing inci-

dence angle for parallel polarized waves. The maximum wire spacing for

F

no diffraction within the skin dielectric is 0.315 inch for €, = 9 and A

f = 9375 Mc. As the spacing approaches this maximum value, the curves of

r 3
L
L

[ LN
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FIG. 32
APPROXIMATE WIRE GRID DIMENSIONS FOR RADOMES D, €, AND G

Fig. 32 become less accurate since the neglected correction term becomes

larger as the wire spacing is increased.

Although the curves of Figs. 30 and 31 were calculated using simpli-
fying assumptions, they are sufficiently accurate that the following

conclusions can be drawn:

(1) A-sandwich radomes loaded with wire grids can be
designed to have high transmission for both per-
pendicularly and parallel polarized waves incident
over a wide range of angles, even out to 85 degrees.
This is in contrast to conventional unloaded A-
sandwich radomes, for which the transmission for
parallel polarized waves falls off rapidly as the
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. _incidance angle excesds Brewater’s angle for the =
skin dielectric.

(2) The magnitude of the siusceptance, and thus the
amount of metal in the grid, increases as the akin
thickness increases,

(3) There is a limit to the skin thickness that can be
usad and still obtain high transmission over a wide
range of incidence angles; however, it is likely
that the akins cun be made at least as thick as those
of unloaded A-sandwich radomes. For a core dielectric
constant €, = 4, this limit on skin thickness is

between 0.075 and 0.100 inch, and for ¢ » 2, it is \;f
between 0.050 and 0.075 inch. There will be a corre- h:ﬁ

~*
.
-

sponding limit on the amount of metal that can be
used in A-sandwich radomes.

-
(]

. LN

et et e

P

It is also evident from the calculsations carried out on the Smith chart

that the metal-loaded A-sandwich radomes will require significantly less

> .
o 0.
PN

. .'.'-:.:r' "m- * :.;-! .\.:‘
t.

stringent tolerances on the core thickness than unloaded A-sandwich radomes

-'1 .l

)
o

using the same dielectric material. Presumably the tolerance on core t;tl
dielectric constant would also be less stringent for the metal-loaded e
. o Lo
A-sandwich radomes. I;E
e

Note that as the skin thickness approaches the maximum value, the N

PRI Y

equivalent shunt susceptance required of the wire grids becomes suf-

ficiently large in magnitude that it might be practical to use inductive

P
«
g

mo

T
»
il e

perforated metal sheets rather than wire grids. As pointed out before,

however, there are no accurate formulas available for calculating the :\}‘
equivalent circuit paramsters of a perforated metal sheet located at or kﬁ:
. . . LR

near an interface between two dielectrics. Another structure that shows oy
W

promise for inclusion in A-sandwich radomes is the self-resonant perforated-

metal sheet, discussed in the next section. It would probably be possible

u"'-\.
to embed more metal in the radomes by using these resonant perforated metal uiﬁ
DR
sheets than by using either inductive perforated metal sheets or wire grids. Pﬁ:
e
e

.
»
"

RESONANT PERFORATED-METAL SHEETS

]

: GENERAL e

The design of resonant-wall radomes centers around a thick metal plate, };}

N

which is electrically equivalent to a distributed-constant resonator, as K
was explained in Sec. Il. Another approach to the design of metal-loaded -
. . . . . O

radomes, which was used extensively in Ref. 1, is to use thin mstal 33-
(el

structures that are electrically equivalent to shunt susceptances  These BN
o
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are used to tune a layer or layvers of dielectric to obtain the desired
resonance frequency and the best electrical performance as a function of
incidence angle., A third approach would be to use thin mevtal structures
that are self-resonant, {.e¢., metal structures that transmit all of the
energy incident on them. Ideally, these thin resonant structures could be
embedded within a radome without affecting its electrical performance, and

the location of the metal structures within the radome would not be eritical.

An investigation of the mechanical properties of some metal-loaded radomes
indicated that thin metal structures might be useful as reinforcement
elements in low-density ceramics, such as would be used in the core of an
inorganic A-sandwich radome.Y To investigate the electrical feasibility
of using perforated metal sheets for this application, the resonance char-
acteristics of a few samples of perforated metal sheets were measured, as

will be described in this section.

Experience with resonant coupling apertures in waveguide has shown
that, at least for some aperture shapes, the resonance frequency of an
aperture is very nearly the same as the cut-off frequency of a waveguide
of the same cross section as the aperture.® Assuming this relationship
to hold for a perforated metal sheet, initial calculations can be made to
determine the amount of metal that can remain between the apertures. The
diameter of a resonant circular aperture would be approximately
D - K2/1.706 = 0.586&2. where Az = AVQGE; is the wavelength in the medium
of relative dielectric constant €, surrounding the metal sheet. In order
that the perforated metal sheet not excite diffracted waves, the center-to-
center spacing, s, of the apertures must satisfy Eq. (3). As an example,
for a metal sheet embedded in a dielectric with €, =« 3, the incidence angle
in the dielectric cannot exceed &, = 35.3 degrees. Thus, the spacing must
satisfy s < 0.634A,, and the maximum amount of metal left between the
apertures is (s - D) = 0.075 s. That is, the metal between circular
apertures would be only about 7.5 percent of the center-to-center spacing
of the apertures. The amount of metal left between the apertures can be
increased by decreasing the aperture diameter, and at the same time loading

the apertures in some manner to keep the resonance frequency the same

A convenient way to load circular apertures is by ridges, such as
shown in Fig 33(a). Quadruply ridged circular apertures were used in the
investigation described here, since the cut-off wavelengths for waveguides
of similar shape have been measured and reported in the open literature B

Two other aperture shapes that might be considered for the present
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(o) QUADRUPLY RIDGED CIRCULAR APERTURES {b) QUADRUPLY RIDGED HEXAGOMAL APERTURES -

(¢) SEXTUPLY RIDGED HEXAGONAL APERTURES 2638 o

FIG. 33 . 2

VARIOUS RIDGE-LOADED APERTURES WITH CENTERS FORMING HEXAGONAL ARRAYS ‘::::f'
application are also shown in Fig. 33. It is stated on p. 35 of Ref. 11 L%,
that perforated metal sheets do not bond to a cerzmic as well as do wire o
grids because of the smooth surfaces of the metal sheets. This difficulry §3§
can be partially overcome by placing the spertures cloaer together than ;SE
is usually done in metal sheets 