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1.0 SUMMARY

In this study a mathematical tool is developed for evaluation of
antenna radiation pattern effects on the Shuttle Orbiter S-Band

Qﬁad antennas. A ray optics approach is used which includes multiple
internal reflections with special consideration to reflection from the
metallic Orbiter skin. The study shows significant depolarization may

occur as the angle from the normal increases. Also the effect of

" changing tile thickness on the beamwidth of the upper Quads versus the

lower Quads results in a small increase in the lower Quad beamwidth'
compared with the beamwidth in the upper Quads. The results of this
study may be used to minimize testing in the optimizatiop and evaluation
of the S-Band Quads and the computer tool developed in this study may

be used to evaluate other Shuttle Orbiter antennas. . .
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2.0 INTRODUCTION

The purpose of this study is to evaluate theoretically the effects of
the dielectric materials which cover the S-Band Quad antennas on the
Shuttle Orbiter. The antenna is assumed to be a point source and the

ray optics method using multiple internal reflections to calculate

~ the tranmission coefficient as a function of angle is used. Two thicknesses

of material corresponding to the two ubper and the two 1owef Quads -

are considered. In this study a total of 20 individual rays are
considered to improve the accuracy of that obtained in an ‘interim
report (1.2-DN-B0403-004 dated November 21, 1976). The previous report
included only 6 individual rays and showed more severe ragiation pattern
effects from the multiple layer dielectric thermal protection system.
The results of this study may also be.used to gva]ﬁate the radiation
Characteristics of othgr multiple dielectric covered antennas thus

minimizing the need for testing to determine optimum design.

In this papér background information is given describing the specific
problem and previous work. The theoretical basis for the solution and
the formulation used are then described. This is followed by the

computer results and conclusions.
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3.0 DISCUSSION
This section contains (1) background information, (2) the theoretical
basis for the ray optics technique and (3) a description of the

equations used in the computer formulation.

- .Background

Traditional solutions for dielectric and radome covered anfénnas have
involved the use of plane wave transmission theory through multiple
dielectric layers (References A, B and C). More recent exact solutions
have involved the Fourier transform technique for a single dielectric
layer with an assumed aperture distribution (References p and E), Another
method considered was the method of moments (Reference F), which
utilizes mutual coupling to produce the antenna péttern.. Both the
Fourier transform technique and method of moments have been developed
only for single dielectric cases. Because of simplicity and
adaptability, it was decided to pursue a modified version of the

plane wave transmission theory including multiple internal reflections
and the effect of the ground plane reflection. Previous methods have

not considered the ground plane reflection.

- The thermal protection system (TPS) consists of Lockheed LI-900 tiles
having dimensions of 6 inches by 6 inches and varying thicknesses.

The antenna TPS interface is shown in Figure 1. The multiple dielectric
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AIR OR ' LAYER . LAYER DIELECTRIC  LOSS
VACUUM DESIGNATION THICKNESS CONSTANT TANGENT

;7EOPOSILICAT§//i///;//r 5 - .010" 4.8 .003

AWM e
SILICA , 4 . (uggsr) 1.17 .0016
\\<\\X?\<?\\\ \\\& (1ower) :

,RTv-sss ///// 3 Lo 4.0 .005

. onsx NYLON FEL\\\ 2 - .2so" 3.6 .040
RTV 566///// 1 - .015" 4.0 .005

ANTENNA
- CAVITY

FIGURE 1. MULTIPLE LAYER TPS ANTENNA INTERFACE CONFIGURATION
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layers are seen to consist of.an RTV-566 layér. Nomex Nylon (felt), a
sgcond layer of RTV-566, the silica portion of the TPS tile and a
waterproof coating of borosi]icate. The most significant part of
the'dielectric interface is the LI-900 tile which has a thickness of
1.68-2.15 inches nezr the two lower Quad antennas and 0.41-0.12

inches near the two upper Quad antennas. The tiles are

placed on the metal skin of the Orbiter in an a1terna§1ng fashion

similar to a house brick matrix. The spacing between the tiles is .060
inches and the walls of the tiies are coated with borosilicate. Since

the thickness of the bcrosilicate coating and the spacing between tiles

1s small compared with a wavelengfh at S-Band, the effects of the walls

are not incorporated in this study. The basic techniqués of calculating the
angles of refraction, transmission coefficients and-reflection coefficients are
developed in this study and later could be applied to wall effects which |

may be appreciable at Ku-Band and higher frequencies.

3.2 Theoretical Basis
This study assumes an isotropic hemispherical radiator from a point
source with individual rays incident upon five dielectric materials as

shown in Figure 1. The angles of refraction are determined by Snell's law

such that

L N L L)
sin Oj Y ci
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where e1 s the input angle of 1ﬁcidence measured from the
internal normal in the 1th~d1e1ectric

eJ is the output'angle measured from the internal normal
in the jth dielectric

th

€5 {s the relative dielectric constant in the i~ dielectric

EJ is the relative dielectric constant in the jth dielectric

Equation (1) may be rewritten in the form below to calculate successive

refraction angles such that

(2)

The tabulation in Figure 2 shows the angles of refraction through each
layer of dielectric material. The input angle is designéted as 0,. It

is noted that the 1npﬁt and output angles are the 'same since €. = g¢ = 1.0.
A special case exists when the ray is passing from a matér{al of high
dielectric constant to one of low dielectric constant such that

complete internal reflection occurs. This happens when the incident angle

is equal to or greater than the critical angle (Gc) where

0,5 arcsin ( —,,'/_—;—_i———) (3)

The critical angles associated with the high dielectric constant materials

are found to be

O = TN.57° (RTV-566)
050 = 32.74° (RTV-566)
O, = 27.15° (Coating)
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As may be noted in Figure 2 none of the prerous critical angles are
exceeded. If, however, the dielectric constant of the material at
the antenna surface 1s‘signif1cant1y greater than air (e,= 1), then
comblete internal reflection will exist at angles equal to and

greater than the critical angle.

" The sicond factor to be considered is. that of the phase delay which
occurs in each dielectric material. From geometrical and electrical

considerations the phase delay in the nth material is given by

f /fE; : xn - (4)

A¢n c X cos °,
where 4, 1s the phase delay in radians

f is the frequency in MHz (assume 2200)

th

€ is the relative dielectric constant of -the n~ dielectric

n
Xn is the thickness of the'nth dielectric
c is the speed of light (assume 11808 megainches/sec.)
en is the angle of refraction in the nth dielectric
The largest phase delay takes place in the silica part of the TPS and
ranges from 135° to 353.7° for the two lower Qu;ds and from 29.4° to
-~ 77° for the two upper Quads. The incidence angles for the above
delays range between 0° and 89°. The delay in the fult material ranges

from 31.8° to 37.4° for the above conditions and the delays in the

RTV-566 and the borosilicate coating are less than 2.3° degrees. In
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general, single layer phase shifts of 180°, 360° etc. will provide
maximum transmission and those of 90°, 2705 e ». will provide minimum

transmissfon when internal reflections are considered.

The next factor considered is the transmission coefficient for
perpendicular polarization which is the ratio of the transmitted

electric field to the incident electric field given by (Reference G)

a i q 2 /%ci ©95.9 C(8)

re

13,
ci'

cos 01 + v ecj cos 0.

Ee ,inc J

where Ty is the transmission coefficient for perpendicular polarization
< which is a complex number ¥

~

;ilT is the transmitted field which is perpendicular to the
plane of propagation .

E'I_Linc is the incident field which is perpendicular to the plane
of propagation

21 is the relative complex permittivity in the {t material

~

. . cir & h "
ej is the relative complex permittivity in the Jt material

e1 and O, - input and output angles measured from their
respective normals.

The relative complex permittivity may be expressed as

~

€™ € - h| €, tan & (6)
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where ' €, {s the relative dielectric constant in the nth material

tan Gn is the loss tangent in the nth dielectric

For parallel polarization the transmission coefficient is given by

(Reference G)

- 2 /€ cos 0y (7)
Tijn '

/'T»:::i cos o + Ecj cos 0

where ;1jn is the ratio of the transmitted electric field in jth

medium to the incident electric field in the 1N medium which is
paraliel iy the plane of propagation. Other variables are similar

to those associated with Equations (5) and (6)-

PN h .
The expression for the reflection coefficient rijJ_in the 1" dielectric

- from the jth dielectric is given by ‘(Reference G)

; ) E‘J. ref . /gci cos Gi - ECj cos % (8)
ij A / A / A

where Eilinc is the incid=nt electric field in the it medium with
perpendicular polarization and Eij vef is the raflected electric

th -+
field in the i medium with perpendicular polarization. Other

variables are defined in Equations (5) and (6).

For parallel polarization the reflection coefficient is given by

(Reference G)
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T Eijliref s Y By 08 8 -F By cos & (9)
“4in 2 . ;
Eilinc . /rE;i cos_ej +/ Ecj cos O,

It is interesting to note that parallel polarization has associated with
it an angle where the reflection coefficient becomes zere

called the Brewster angle or the polarizing angle.

This angle is given by

. Ei '
;5 = tan : (10)

The Brewster angles for the S-Band Quad dielectric layers are

found to be
903 = 63.43° 633 = 28.41°
e]B = 43.49° 948 = 63.72°
628 = 46.51° 95B = 24.53°

The preceeding refraction angleés correspbnd to reflection angles
at which the internal reflected field will only be perpendicularly

polarized for each respective dielectric.

Another factor to be considered is the attenuation in each dielectric
~material which is expressed for a low loss dielectric (tan 6<<1) as

(Reference H) .

o =
C cosOin
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where
a is in Nepers
f is the frequency in MHZ
€, is the dielectric constant in the nth dielectric
Xn is the thickness in inches of the nth dielectric

tan (Gn) is the loss tangent of the nth dielectric
c is the speed of 1ight in megai: hes/sec.

0. is the angle of incidence in the th dielectric

The actual attenuation of the electric field is given by

ATTn= e n : - (12)

It should be pointed out that the power transmission coefficient for
a circularly polarized incident ray may be obtained from the following
relationship .

172 (13a)

lT +T

or 7|2

2 ~ 2 ) ~ ~ -
1/4 {|T | lTLl +2 |1L||T”| cos8,} (13b)

where T is the overall transmission coefficient for parallel polarization

~

tL is the overall transmission coefficient for perpendicular polarization

Gp is the difference in phase between perpendicular and the parallel

overall transmission coefficients.
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3.3 Formulation

The computer formulation to calculate the transmission coefficient for
circular polarization (as generated by Orbiter S-Band Quad Elements)
involves <tensive use of the previously developed formulas. The
transmission coefficient for a direct ray may be written in the

following notation for perpendicular polarization

~ ~ -~ ~ ~
-

‘06, - Yo1, Tg, 23, T3a, T45, Tsg,
x &% % ¢7% g% 05 (14)
x ed (8; + Ady + 0dg + 80, + Adg)
whe;e 5¢; T and o are computed from Equations (4), (Bi and (11).
For para11e1 polarization the symbol ";" is éep]aced by "u". The
;'s represent complex transmission coefficients, e'a's represent
attenuations and e'jA¢'s represent phase delays iﬁvpassing through

each dielectric. The subscripts designate the following

0 for the antenna cavity

1 for the inner RTV bond

2 for the felt (strain isolation pad)

3 for the outer RTV bond

4 for the silica portion of the tile

5 fdr the borosilicate (waterproof coating)

6 for the air or vacuum region outside the borosilicate coating
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Since there exists the possibility of an 4nfinite number of internal
reflections and subsequent retransmissions, the transmission and
reflection coefficient magnitudes for each interface were determined

in order to evaluate only the most significant reflections and retransmissions.
A matrix showing some of the data is given in Figure 3 for a total tile
thickness of 1.87 inches with the weatherproof coating. The

reflection and transmiséion coefficient magnitudes are in;]uded as
well as the phase delay in degrees and the electric field attenuation
factors. It is observed that some transmission coefficient

magnitudes exceed 1.0 in going from a material of high dielectric
Constané (Tow impedance) to one of lower dielectric con;tant (higher
impedance). An analogous result occurs when a transmission line of

low impedance is connected to one of high impedance in which the
transmitted voltage may double in magnitude in the high impedance line.
From Figure 3 it is observea that the reflection coefficient

magnitudes for ;]2 and ;23 are quite small (less than .04) and that

the reflection coefficient magnitudes fof ;34 ’ ;45 and ;56 are
somewhat more significant being on the order of .3 for © = 1°. Internal
reflections resulting from ;56’ ;45 and ;34 are shown in equations (15),

(16) and (17).
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A ~ - ~ ~ L)

RS6, - o1, 12, "23; "34; V45, Tse,

—4>
"

~ ~ ) A A

X Tsq 743, T32, T21) Ti0; T12) (15)

~ -~ ~

X Tp3, T34, Ta5, Ts6, ©

e‘j3(A¢] + A¢2 + A¢3 + A¢4 + A¢5)

3 0y ey % By o+ g g

x

~ ~ ~ -~ ~ ~

Ras, = To1, iz, T23, T34, 45, Ta3, T3 21 M0

~ ~ ~ ~

Mo, M2, "23) T34, Tas5, Tse,

~

b

. (16)

e.3('011 + az + u3 + a.4).

x

ed 3 (80y + 8oy + 803 + A9y) -Jhog

~ ~ ~ ~ A ~

R34, ~ Y01, T12, 23, T34, T32, *21; M0,

-
1}

(17)

x

To1, "a2; T23; T34) T45 Ts6,

x 3 3y 4%3) e‘§°‘4*°‘(s) :
- -J (A, + A9
e-J3 (Aqb] + Ad, + B¢5° e 4 5
where "o, -1 for reflection from the metal skin of the Orbiter.

L
Similar expressions for TR23 and TR]Z may be written and the above
equations for parallel polarization may be obtained by changing the
subscript "L" to "u". 1In addition to the preceeding internal
reflections additional reflections are considered because of the

significant magnitude of the reflection coefficients in layers 3, 4 and 5.
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These include two rays which reflect from the borosilicate/air (or

yacumn) interface ;56 and from the silica/borosilicate interface

T45
and transmitted forward. The equations for these two rays are

and which are then reflected from the silica/RTV interface r43

~ ~ ~ ~ A ~

Tsae, = Toy, Mz, 23, T34, Y45, "s6)

(18)
X Teq Ta3, Tas) o6y e T (1 F %t )
x e 3 (8 +ag) o3 (80 + 80, + 203)
x o 33 (804 *04) s
Tadey = 7Ty, T1z, T23) T34 "45 43
(19)

X Tas Tsp o (& vy ) E,

x es e'j (A¢1 Y ag, + A¢3) e'j3A¢4
< e'jA¢5

It is noted that rg3 = = f3y and that the expression for parallel

polarization may obtained replacing the "l" subscripts with "II".

Similar expressions may be written for TSSQL which represents the transmission

coefficient for a single internal reflection in the 5th layer as well as

T2551 and T3551 which represents two and three internal reflections

in the 5th layer. Also, expressions may be obtained for secondary
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reflections of three largest reflected rays Tpce | Tpas | ‘and
TR34J_fr°m the 3/4, 4/5 and 5/6 interface as TXSSJ_. Tx4SJ_°"d
TX34J_ The last three transmission coefficients represent a total

of 9 rays.
The composite transmission coefficiant for 20 rays with perpendicular
polarization becomes

TL = Tog, * Treey * Trasy * Traay * Trozg * Trizy

~

+ T

~

546, * Tase, * Tsse, * Tossy * Tass, (20)

* Txsent Trasy * Txaay

Parallel polarization is obtained by replacing the "|" symbols with
"I",  The transmission coefficient for circular polarization

becomes.

_:l:_J. + ?u

circ 21
> (21)

—A>
n
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4.0 RESULTS

This section describes pertinent results from the computer runs. A

plot of the direct transmission coefficient magnitude for both
perpendicular and parallel polarization is shown in Figure 4. These
factors do not consider internal reflections and are presented only

as an aid in understanding the complete effects of the mul;ip]e layer
dielectric covering. It is observed'that the perpendicular polarization
coefficient is significantly smaller than the parallel coefficient

which shows a tendency for the outgoing wave to have a predominant
para]]ei.polar1zation. If the input ray is assumed to ﬁave

perfect circular polarization the axial ratio of an outgoing ray may

be computed by the formula below assuming &p = 0.

>

A. R. = 20 log. : ": | (22)

el

At an angle of 50° the hypothetical axial ratio would be 3.77 dB. At

70° the hypothetical axial ratio becomes 8.7 dB.

The results of the computer run with the complete transmission coefficient

including a dB factor for circular polarization are shown in Figure 5 and a

plot of the results is given in Figure 6 for both the upper and Tower

Quad antennas. The dB factors represent pattern changes which would
take place but do not necessarily represent a loss of energy since the

pattern is redistributed and since energy reflected back into the antenna

aperture js not specifically treated. :
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TOTAL DIRECT TRANSMISSION COEFFICIENT MAGNITUDE

OUTPUT INCIDENCE ANGLE (DEGREES)

FIGURE 4 TOTAL DIRECT TRANSMISSION COLFFICIENT MAGNITUDE (NO INTERNAL REFLECTION )
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It is observed from Figures 5 and 6 that the TPS has a noticeable effect
on the lower Quad antennas with a slight reduction in gain on axis (normal
to the antenna surface) and relative increases in gain off-axis with a
maximum at O = 45° and O = 78°. The general effect of the TPS on the
lower Quads will be to slightly increase the antenna beamwidth over that
obtained when the antenna is operated without a TPS covering. The effect
of the TPS on the upper Quads is to gradually decrease gain as the angle

- off-axis increases. From © = 0° to © = 45° there is 1ittle change in the
level; however beyond 45° the gain ievel falls off significantly. The TPS
in this case has the effect of marrowing the beamwidth of the upper
Quads. }p addition to beamwidth variation effects, the transmission co-
efficients for parallel polarization in Figure 5 are fou;d to be generally
larger than those for perpendicular polarization. The result is that
axial ratio degradation occurs off-axis. Using Equation (22) the
approximate axial ratio degradation for the upper Quads is found to be
2.9 dB at @ = 50° and 6.36 dB at €= 70°. For the lower Quads the axial
ratio degradation is found to be 2.25 dB at © = 50° and 7.77 dB at & = 70°.
If the S-Band Quads have a lower parallel polarization components with no
TPS the previous axial ratio numbers may improve. Also, since t.e
maximum and minimum for perp ~dicular and paralle! polarization do not

occur at the same angles some unusual axial ratio variation may be

expecte .

T
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5.0 CONCLUS1ONS
The developed computer program shows that slight changes in beamwidth
may be expected between the upper and Tower Quad anternas caused by
the difference in thickness of the TPS tiles. AlSO, a general degradation
in axial ratio is shown as the off-axis angle of the Quad antenna is
increased. The axial ratio degradation may be improved by using an

* antenna design with a less pronounced parallel polarization.component when

operating without a TPS cover.

This investigation shows that the multiple layer dielectric covering

for the Upper Quad antennas will slightly decrease the antenna beamwidth
of that obtained without a TPS covering. In addition, th? lower Quad
patterns are slightly flattered on axis and the beamwidth is slightly
increased over the no TPS condition. . Since the pattern modification
effects of the TPS are sensitive to changes in dielectric constant,
Mmaterial thickness and.frequency, a change in any of these parameters
will result in a different pattern modification effect which may be used

to optimize the antenna coverage.
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LISTING FOR PROGRAM WHICH
PRODUCES DATA IN TABLE
FORM (SEE FIGURE 3)
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