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1.0 SUMMARY

F
In this study a mathematical tool is developed for evaluation of

antenna radiation pattern effects on the Shuttle Orbiter S-Band

Quad 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 optimization and evaluation

of the S-Band Quads and the computer tool develo ped in this study may

be used to evaluate other Shuttle Orbiter antennas.

I	 ^
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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 upper and the two lower 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-60403-004 dated November 21, 1976). The previous report

included only 6 individual rays and showed more severe radiation pattern

effects from the multiple layer dielectric thermal protection system.

The results of this study may also be-used to evaluate the radiation

characteristics of other multiple dielectric covered antennas thus

minimizing the need for testing to determine optimum design.

In this paper 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.

1
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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.

3.1 Background

Traditional solutions for dielectric and radome covered antennas 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 (Rnferences D and E), Another

method considered was the method of moments (Reference F), which

utilizes mutual coupling to produce the antenna pattern. 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 prntection 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

VACUUM

BOROSILICATE

SILICA

ANTENNA

CAVITY

LAYER LAYER DIELECTRIC LOSS

DESIGNATION THICKNESS CONSTANT TANGENT

5 .010" 4.8 .003

.405"
4 (upper) 1.17 .0016

1.86"

(lower)

3 .015" 4.0 .005

2 .250" 3.6 .040

1 .015" 4.0 .005

FIGURE 1. MULTIPLE LAYER TPS ANTENNA INTERFACE CONFIGURATION
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layers are seen to consist of.an RTV-566 layer, Nomex Nylon (felt), a

second layer of RTV-566, the silica portion of the TPS the and a

waterproof coating of borosilicate. The most significant part of

the dielectric interface is the LI-900 the which has a thickness of

1.68-2.15 inches near 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 alternating fashion

sim i lar to a house brick matrix. The spacing between the tiles is .060

inches and the walls of the tiles are coated with borosilicate. Since

the thiek-iess of the borosilicate coating and the spacing between tiles

is small compared with a wavelength at S-Band, the effects of the walls

are not incorporated in this study. The basic techniques 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 radiatnr 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

sin 0 i- /^_

sin 0^
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where	 Oi is the input angle of incidence measured from the

internal	 normal	 in the i th dielectric

e  is the output angle measured from the internal normal

in the j th dielectric

E i is the relative dielectric constant in the i th dielectric

is the relative dielectric constant in the j th dielectricEj

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

refraction angles such that

Oj = aresin (^ • sin 'J i )	 (?)

J

The tabulation in Figure 2 shows the angles of refraction through each

layer of dielectric material. The input angle is designated as 0,. It

is noted that the input and output angles are the same since E, = E6 = 1.0.

A special case exists when the ray is passing from a material 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 (0 c ) where

O i ^ aresin ( ^ )	 (3)

t

The critical angles associated with the high dielectric constant materials

are found to be

0 I =	 71.570 (RTV-566)

03c =	 32.740 (RTV-566)

05c =	 27.150 (Coating)

di
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-^	 As may be noted in Figure 2 npne of the previous critical angles are

exceeded. If, however, the dielectric constant of the material at

the antenna surface is significantly greater than air (E. = 1), then

complete internal reflection will exist at angles equal to and

greater than the critical angle.

The s l:cond 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

On	 C 
32V f 	`n X X n	 (4)

cos On

	

I	 where	
On	

is the phase delay in radians

f	 is the frequency in MHz (assume 2200)

En	is the relative dielectric constant of-the n th dielectric

.X	 is the thickness of the nth dielectric
n

C	 is the speed of light (assume 11808 megainches/sec.)

0n	is the angle of refraction in the n th 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 Quads and from 29.4° to

71° for the two upper Quads. The incidence angles for the above

delays range between 0° and 89°. The delay in the f;;!t material ranges

from 31.8° to 37.4° for the above conditions ar:d the delays in the

RTV-565 and the borosilicate coating are less than 2.3° degrees. In
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general, single layer phase shifts of 180 0 , 360° etc. will provide

maximum transmission and those of 90°, 210
0
 a	 will provide minimum

transmission 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	
A

T	 E^1 T	 2	
Eci cos Oi	

(5) .
J	

Ei inc	
T cos O i + L. cos 0•

1	 j

where	 Ti is the transmission coefficient for perpendicular polarization
^^i which is a complex number

EJ1T is the transmitted field which is perpendicular to the

plane of propagation
A

E i-Linc is the incident field which is perpendicular to the plane
of propagation

e i 	is the relative complex permittivity in the ith material

€^	 is the relative complex permittivity in the 
Jth 

material

01 and 0^ - input and output angles nleusured from 6hei r
respective normals.

The relative complex permittivity may be expressed as

A

Ecn 
=	 En -J En tan 6 o	 (6)

.1
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where	 cn is the relative dielectric constant in the 
t,th 

material

tan do is the loss tangent in the nth dielectric

For parallel polarization the transmission coefficient is given by

(Reference G)

A	 2 / eci cos 0 	 (7)
TijI,	

s

/--E-
ci 

cos 0
j 
+ ^j nos Oi

where TijI1 is the ratio of the transmitted electric field in jth

medium to the incident electric field in the i th medium which is

paral •,el.^j the plane of propagation. Other variables are similar

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

The expression, for the reflection coefficient rij1 in the i th dielectric

from the jth dielectric is given by (ReferencE G)

_ Eijl ref _ 	
Eci cos O i -	 Ec • cos 0(8)

	

r
i 
j1	

E	 T	 .cos 0 + ►^ cos 0.
i1inc	 ci	 cj	 d

where 
Ei1inc 

is the incid-:nt electric field in the i th medium wit`s

perpendicular polarization and EijLref is the reflected electric

field in the i th medium with perpendicular polarization. Other

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

For parallel polarization the reflection coefficient is given by

(Reference G)

9
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f

Eijllref	 EC, 
cos 0

i
 - 

Ecj cos 01	 (9)

Ein inc	 Eci cos 0 +/ Ecj cos 
Oi

It is interesting to note that parallel polarization has associated with

it an angle where the reflection coefficient becomes zero

called the Brewster angle or the polarizing angle.

This angle is given by

-1
0 i B = tan	 E.

The Brewster angles for the 5-Band Quad dielectric layers are

found to be

(10)

= 28.41°

= 63.72°

- 24.53°

id to reflection angles

only be perpendicularly

	

e0B = 63.430	
63B

01B	
= 43.490	

04B

026	 = 46.510	
05B

The preceeding refraction angles correspor

at which the internal reflected field will

polarized for each respective dieleLL'ric.

Another factor to be considered is the attenuation in each dielectric

material which is expressed for a low loss dielectric (tan 6<<l) as

(Reference H;

,w f	 Xn tan (dn)	 (]1)
a =

n	 C cos0in
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where

is in Nepersan

f is the frequency in MHZ

En is the dielectric constant in the nth dielectric

x 
is the thickness	 in inches of the 

nth 
dielectric

tan	 (6 
n ) is the loss tangent of the nth dielectric

C is the speed of light in megai-	 `ies/sec.

A i is the angle of incidence in the nt h dielectric

The actual attenuation of the electric field is given by

ATTn = e ern	 (12)

It should be pointed out that the power transmission coefficient for

a circularly polarized incident ray may be obtained from the following

relationship

2 = 

T
-L
+T

O

2
(13a)I

T 

or	 ITI2 = 1/4 (IT,, I 2 + I II 2 + 2 11IIT„I cosd P } (13b)

where T H
 is the overall transmission coefficient for parallel polarization

1 is the overall transmission coefficient for perpendicular polarization
6  is the difference in phase between perpendicular and the parallel

overall transmission coefficients.

t

1
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;l	
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

T06 1 	= 01-L 	 '23_L
	 '451 T 561

x C
al a-a2 a-a

3 e
-a, a-as	 (14)

x e-J (A^ 1 + A^2 + 0^3 + A^4 + A^5)

where A¢, T and a are computed from Equations (4), (5) and (11).

For parallel polarization the symbol "1' is replaced by ."W'. The

T's represent complex transmission coefficients, a -as s represent

attenuations and CjW s represent phase delays in passing 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 for 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 infinite 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 transmission coefficient magnitudes are included 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

constant (low impedance) to one of lower dielectric constant (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 observed that the reflection coefficient

magnitudes for 
r12 

and r 23 are quite small (less than .04) and that

the reflection coefficient magnitudes for r•
34 ' r45 

and 
r56 

are

somewhat more significant being on the order of .3 for 0 = 1°. Internal

reflections resulting from r
56' r45 and r

34 are shown in equations (15),

(16) and (17).

i
t
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r	 '

A	 A	 A	 A	 A	 A	 A

TR561	
T011 II21 

T231 
T 341 T451 T561

A	 A	 A	 A	 A	 A

X T	 T	 T	 T	 r	 T	 (15)541 431 321 211 101 121

_3 (a +a +a +a +a
	X T23 "34_L

"45 T 56 e
	 1	 2	 3	 4	 5)

1 	 1 1

xe-D(o l +"2+"3+"4+"5)

A	 A	 A	 A	 A	 A	 A	 A	 A	 A

TR451 -	 011 
T 121 t 231 t 341 r 451 T 431 T 32i 211r10

A	 A	 A	 A	 A	 A

X T101 T121 T231 
T341 

'451 
T561 	(16)

x e-3( a, + a 2 + a 3 + a4) P - a5

x e-j 3 (A"1 + "2 + A^3 + "4)e-3A^5

A	 A	 A	 A	 A	 A	 A	 A

TR341	 T011 T121 "23
1 r341 T321 T 211 r101

X 
T011 

1.421 
T231 '341 "

451 "561
(17)

X e- , 3(a l +a. 2 +a3 ) e - (a 4 +a5)

X e-33 (A^1 + A^2 + "3) 
e -J (u4 + "5)

A

where r 10	 = -1 for reflection from the metal skin of the Orbiter.
1

Similar expressions for T
R23 

and 
TR12 

may be written and the above

equations for parallel polarization may be obtained by changing the

subscript "1" to "W'. In 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.

t
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These include two rays which reflect from the borosilicate/air (or

vacuum) interface r56 and from the silica/borosilicate interface

r45 and which are then reflected from the silica/RTV interface r43

and transmitted forward. The equations for these two rays are

T 546,	 - T011 T121 T 231 T 341 T 451 r561

X T541 T431 T451 "561 e (a
l + a 2 + a3)

x e - 3 ( a4 +- a 5 ) a-J (o l + A^2 + '143)

e- j3 ( A^4 +AY

i	 ..	 ..	 ,.	 A

T4461.	 T011 T 121 7 231 T 34 r 45 r43

	

A	 A

X T 45 T56	 a
-
 
(a
l 

+ a 2 + a3 ) e-3a4

x e-a5 a- J (oi l + "2 + A43 ) e -j 3A^4

e-jA45

A	 A

It is noted that r43
	

- r34 and that the expression for parallel

Polarization may obtained replacing the "1" subscripts with "11".

Similar expressions may be written for 
T556, 

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

(18)

(19)
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reflections of three largest reflected rays T
R56 1 , TR451 and

i

f
TR341 from the 3/4, 4/5 and 5/6 interface as TX 56

1 , TX451 and

TX 341
 , The last three transmission coefficients represent a total

p	 of 9 rays.

f

The composite transmission coefficient for 20 rays with perpendicular

polarization becomes

T1 =	 T061 + TR561 + TR451 + TR341 + TR231 + TR121

+ T5461 + T4461 + T5561 + T2551 + T3551	
(20)

+ TX 561 + TX 4 51 + TX 341

'	 Parallel polarization is obtained by replacing the "1" symbols with

The transmission coefficient for circular polarization

becomes.

T	 =	
T^ + T..

circ

2
(21)
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y

4.0 RcSULTS

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 multiple 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

parallel polarization. If the input ray is assumed to have

perfect circular polarization the axial ratio of an outgoing ray may

be computed by the formula below assuming 6p = 0.

A. R. = 20 lo5	 lT,,l	 (22)

IT I

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 lower

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 is not specifically treated.
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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 0 = 45° and 0 = 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 = 0 0 to p = 45° there is little change in the

level; however beyond 45' the gain level falls off significantly. The TPS

in this case has the effect of narrowing the beamwidth of the upper

Quads. In addition to beamwidth variation effects, the transmission co-

efficients for parallel polarization in Figure 5 are found 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 0 = 50° and 6.36 dB at 0= 70'. For the lower Quads the axial

ratio degradation is found to be 2.25 dB at 0 = 50 0 and 7.77 dB at 0 = 70 0 .

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 1dicular and parallel polarization do not

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

exp--ctrl.
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5.0 CONCLUSIONS

The developed computer program shows that sl i ght changes in beamwidth

may be expected between the upper and lower Quad antennas 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 pronoun,:ed .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, the lower Quad

patterns are slightly flattened on axis and the beamwidth is slightly

increased over the no TPS condition. Since the p attern modification

effects of the TPS are sensitive to changes in dielectric constant,

material 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)

I
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KCAL IE1 fPLh^ALT,IFAk IES
--- COhtPLL A 	------	 --- --- - --

COMPLtA K JoKI9K29KS,R4,R5•R6	 -
COMPLEX fJIPEN,T14 PEN,T23PEN,T34PLN,T45PEN,T56PEh)
COMPLEX TjIPAN,TILPAR,T23PAK,T34PAK,T45PAK,T56PAR

----COHPLLA KI2PEN,RZ-sPEN,k34PEN,Ft45PEN,RS6FEN 	 -------	 -
CQMPLGA kIZPAK•,RZJPAR, k34PAK ;k45PAk,R56PAR
CpMPLtA EL3,ECImtL2,EC3,E(.4,EC5,EC6
COMPLLA TS4PAK,T4jPAk,T32PAK,T2IPAR

-----COMPLLA T54PEN, T43FEN, T32 P EN, T21 P L N ------	 - --	 ----
Jc0
A4°•4J5
GO TO 4

--3 - A ,4 =  I . b 6 - -- -- -- -- --	 -- - - ------ - ---- --- - -
4 aRITE(o,51
5 FGRMAT(IHI,IX,BHTMETA(O), 2X,8HTHETA(1)I2X,6HDELAY(1),'fX,8HTHETA(2)
1. 2x,sHUELAY(2),2A,bHTHETA(3),2x,8HDELAY(3),2X,AHTHETA(4),2X,BHDELA
2T14)•2A, b HIH E TA( 5 ),2X,BHDELAY(5) 9 2A,BHTHETA(6))	 - -------- --- --	 -
AI=.015
A2=.25
A3=.u15

F1=3.14159
Ep=1•
E

E3°4•u
L4=1.11
ES=4•d

- 1. 6 s I • La ---	 -----	 —	 --- ---- -
f01	 J5i02 =•;,4
T03 =•015

--- I 04= 6oJ 16 ----- --	 -
TD5=•6,J3
ILI=-EI•TDl
1E2=-t1•IU2

-- IE3=-t3.103 -- -----

IE5=-L5*TUS
LCD=Ci1PLA(t0,u•0)

---LCI=COPL A (E1+IE1)	 ------	 --------------	 ---
EC2=CMPLA(t2,)L2)
EC3=CMFLX(E3•IL3)
EC4 =CNPLA(t4 1E41

--	 LC5=CM-PLA(E5 lES) --._-..-- --- ------ ------- -- - - --- --
LC6=CPIPLA (to,;,, 3 )
kO=CSWKT(ECO)
kl=C54KT(LLj)

••-k2 = CSWKT ( L L 2 )	 --- ---	 -------

K4 = C S Wri1 (LC4 )
KScC SWK T(tC y l

--	 K6=C5vK1 I L L 6	 -	 -- - -	 - -	 --- -- -- - -
C=11 Bob.
F'=220U.

pRIGINAL' PAGE LS
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.^	 Kq^IHJ•/3.14159
Up 20 I=1.69

a

—f—{i: r---^T6 RU- KEPr<L5E r+T A rvGLES-UF-ItEFRAC *T10N-IN-RADIAN5	 ---	 - -
10K=T3/k u
IIK= Ay IN(54R T IE	 E11.51N(TCRII
12R =A SIN154)1 T (LI / _.1	 Ir4fTIK) )
T; N=A SINISWK7 L2 / EJI 1 51rvl 1[K) ) -	 ---	 --
i4K= A aIN	 TlL.3/L4J•SINlT3R
1SK= A 51NIS KTIE.4/E5l•S1NlT4K)1
T K= A :^IN(S 11T(E5/to ► •S1YlTziK)1
1t = T 1H RU	 - ----- - ---------	 -	 ------
f 2=T2rt•Ru
13=T3R•Ru
14=14K•R0

Tb=T6h•R0
C XE_I - AE 5 RLr'KESENT PH A SE DELAYS IN DEGREES IN EACH DIELECTRIC

AF1=`wr1TIL1 6 J6 • r • XI/(C • CUSl TIR) )
-AE2= S u^lTlC.2J • JSO • r' • X2/(C • Cu5(TIRI)	 ----	 ---------	 ----
XEJ=S^KT(c3 ► •3o0•F•X3/(C•C^S(T3Rl1
AE4=SwRTIE4)43600r•x4/(C•CUS(T4R))
AE5=S4RTlcS1•Jo0•r•X5-/(C•CUS(f5R))

--t—A-111- -A I 15 KtrRE^ v	 KEi( tI.ELTIC FIEL D ATTENLIA71O N FACTORS	 -- ---
Alf1 = (Pl*• •5QKT(Ll)•TAN(TJI)•xl)/(L•CO5(TIR))
ATTI=LAP(-ATT1)
AT •T2 = IP1 • F • S',+KTlc2) • TAN(T t)Z)•X2)/(C • CJS(T2-R) )
ATT2 = LAP( -ATT2) ---- ---- - ----- -- - -- - -	 - --- --- - - --
AT13=(PI•F•S'.MKT(E3)•TAN(TD3)*X3)/(C•CUS(T3R))
ATT3=tAP(-ATT3)
AT 14 = IPI • F • S r+KT(t4	 TAN(TU4)•X4 1/ (C•CO5(T4.R)1

-

	

	 — A -T T 4=L A P l - A T T 4 1 -- --- --- - --	 --- - - - - - - . -`-.-- -- -- -
AT15=(P1•F•SOKT(t5)•TAN(T05).XS) /(:•COS(T5R))
ATTS=LAP(-ATT5)
,rr,ITE16,IC)TC,T19AEl 9 T2,XE2,T3,XE3,T'4,XE4,T5,XE5 ,Tb 	- -

-Jt?-r-0KM A I t 12FI^•11
C TI:IPLN - IDO LN KLPFEj^i4T COMPLEX ELEC T RIC F1EL-D TRANSMISSI041
C	 COEFFICIEr0ti FUR PERPENDICULA R POLARIZATION

jn1PEl,4=294KI•C0S(T0K)/lri7s:US(T^Rl+r,l•CD5(TIRI
1l12FEi.= 2•• r<1•CUSlflR)/(^l•CUS(TI?)-m2•CC)S(T2R))
T2JPEi4=2•.K2 • CO5 ( T2K /(R2•CU51 T 2 R 1 + R3 • COS(T3R) ) - ----`	 --
f; 4PE1t= 2•• r( 3•CUS31.3R1/l R 3•CUS(T3R1+ K4 •C0^)(TyR))
145PEiv= 2s.K4• COS(F4R)/(R4.CuS(T4R)+R5•COSLT5R))
I St, F'-EN = 2 • • rtS • CUS ( Tz,R ) / ( R5• COS ( T5R ) + Fr6 • COS (T6R ) )

—C-T:,-T'PNr;' - TS6PAR 4LPRL[ )L.i:T CO : iPLEx ELECTRIC FIELD T:2a NJ5MTSS10N -
C	 C J E F F I: I C +T5 F u H PARAL.LLL PULAk I Z A T 10N

Tr11P A R = 2••R;, • COS ( I3R)/(R0•CGSITIr^I*ril•COS(f^R) )
T1LF' A k z 2••n ► 'COS ( TIH)/(R( *LOS IT2R)+K2•C0^(TIR))

--- ----T^3PAK=2••112•CUSlTin)/(R2•CU5(T3R)+K3•COS(T2R1)
T34F'ANz2••K3•COS(T3K)/(R3*CuS(T4R)+K4•CUS(T3R))
IN 1) pA K =2••K4 • LOS( T4i 1 )/(H4aLL)S(TSR) + RS • CG5( f4R) )
1S6PAK= 2••N50LUS(f3R)/(r15sCUS(16R)+K6•LOS(TSR))

-C--k12 Pt. k- - rCS6rEN Ktr'i?L^)LNT C0'lr'LEX ELECIRIC FIELD KEFLECT10N
C

	

	 CUtFFICIENT.5 Furl PEPPLINOICULAH POLARIZATION
kt2F'E_N=(kl•CUS(T(K)-RL•COS(T2 K)) /(i•Il•CUSITIR) +R2•COS(T2R))
K73PEN=(K2•CUS(T2R) - H3•COS( T3H))/lri2•CO5(12R)+R3+C0S(T3R))

---- --K34PEN : (K3 • LO'l(T.)K)-H4•CUS (14R)) / ('t3 • LUS(1 3R)+R4 • CUS(T4R) )
K4SPEi4 = (K4 • CUS(1 `) .-1) - `l5•C`JS(T S HI)/(lti•CuSlT4R)+RS•COS(T5PI)
r.L,oPE. q =(rl; • CO (T `5r2)-Ro • C0i>(T6-1	 CUSIIbk)+Rg•CUS(T6411

C R12PAR - rt56PAK RLf'F.L';LNT COMPLLX ELECTRIC F IELD RFFLECTION_C_______.__,._____._.	
CJEFr ICIENTS FOR PARALLEL POLAPil7.AT10N

K12PAk z (RI•CO5(T''K)- RL•CUj( TIR))/(rll•CDS(T2R)+R2•COS(TIR1)
K23PAi(=(K2•CU5(T-)H)-,'J•CUS( 12ri ))/lk2•(OS(T3R)+g3•CO51T24))
K31F' AK=(RJ+CUS( 141t)-R4•CUS(13h)) /(KJ•CUS(T4R) +RU•CUS(T3R))

-	 K4'jf'AKz(K4•CUS(T:jl)-FT5•CU`,(Tt1'i))/IK4•CO5(IbR)+R5•CO5(TIR))
r•t,oF A K= 1 H7 • COS ( 1 6 t 1 -Rb # CU`, l 1 S'11) / ( K!, • CJSI T 6R ) + :16 • CUS ( T5 o ) )

C T54PLN - IZlrLN I tLPKLSLNT Tr^AP4 .)NIS	 ON CUEfFICIENI c, FL,H REFLECTED
C	 RAY5	 l TFl PEKP^NCICULAR POLARIZATION

	

r	 I t,4 PErr=2••K5'CO51Ttirl)/(i^SeCJS17	 )+R4•COS(T4R))
143P<:_IV^2••H4•CUS((4R1/(R4•CU5lT4kl+R3•CU5113R11

pft:Gl '̂^AL' YAGB5



1.2-DN-B0403-005
Page 30

T32PLN=2••K3•COS(T3R)/(R3•CUS(T3R)+042•COS(T•2R))
T21PEN=2•• K20 CUS(f2R)/IR2*C0S(12R)+kl•CUS(T1R))

'C-ItM PAO	 1tIPAM NLPRt^oENT TRAN5N1551ON COEFFICIENTS FOR REFLECTED
L

	

	 HAYS iITH PANALLEL POLARIZATION
T c,4 PAR=2•• K S•CUS(T5R)/(k5oLUS(T4R)+k40005(TSR))
T43PAh= 2+• K4• COS(f4R)/(R4+LUS(T3R)+H3+COS(T4R))
T32F AK= 2 •• K3 9 CO5 t f3R)/(h3.COS(T2Rl+R2•COStT3R)) 	 -
T21PAK=2•.K2•COS(fZR)/(R2•CUS(T1R)+kl•COS(T2R))
1ri1PE=LAdS(TCIPE-q)
f 1 2PE = L AUS (T 1 2PE r• )
12JPE = CA0S t f23PL N I -- --	 -- --- - - - - .
i34PE=CAb^i ( T34P--- 4)
T^SPL=CAdS(T4S^c^)
fSoP	 A 	 T5ePE,J1

--	 Fn1PA=CAd T-1PA l I --	 --	 -- -- - - --	 -- - -
T12PA=CAb'i(TI2PAM)
T73PA=LA^3S(T23PAK)

T34P ►t=lAbz(T34PAK)
145P Az ^.Ad^itT4iPA n ) ---- ------------- - --- -	 - - - -
Tc,bPA = LAOS (TS6NA K 1
R12,PEaCAOS(R12PEA)
K?3PE = L AO, (K23r'E c)

- -
RabPE = CADS l 14^Pi_ 1 ) )
K,bPCZQA6O(450Hk14
K12PA=t.A0,` R12PAlt
ri2.1PA= ^Ab,lR2jH r,
K-14 pA =CA0 R34F'A r( ) - -	 --- - -- — --	 -- -	 - -

K45PA=CAbo(rZ4SPAK)
KStPA=LAd^(KSc,PAAi
T54PE = CABS l T 5 4 P i f 4 )

--f4-3PE=CAb5WIJPEN! 	 ----	 --------- --
T jZPE = LAbS t OiPE-r )
f21PE4LAb,(T21F'EN)
f c,4P A =CAbo t T54PA-< )
fg-3PA=(AbSt T43PA rl l	 --	 ----	 -- -- --- --- -
f;ZPA=LAbSiT32PAr<)
T21PA=LAbb(T21PA^i)
AFT T=(AEI+AL2+XEJ+AE9+XE51/KD

—A-F f = C M P L A c 0. 0 , - x L I T) -- - ...- - - --	 =— ---- -- - ----_----- --- - --
TPLN=I;,1Prri•TI2Pcv•T23PEN•T34PEN•T45,'E,:•T56PEN.ATTl•ATT29ATT3•ATT4

1+ATT5•,LAP()kEf)
Tvi-=CAdS (T('EN )

-- -- TPAR=TJIeArc•II2PAn•123PAR•i34PAR•T4bPAR•TSbPAR.ATTI•ATT2•ATT3•ATT4
1 • ATT 5•l.E X HlAt f)
fvA=CADS(TPAR)
(ta11(-(o,15)T21 P E. f 12PL,T23F'E,T3 14Pr=.T 4 5PC 9 TS6PE	 _-

—r,gIT E lo,)51TC1P A 112PA,T23r'A,T34PA,T45PA,TS6 P A -	 --
nc4lTL16 1ttIR12PE ri23PE rn34r'E,R4SPr-,K5oPE
,4WlTEtS,1b 1!212PA 	 23PA,n34PA ,i145PA,K 56PA
rowIIt:(o,IY)T21PC	 32Pc,T43PE,TS`iPE	 _	 -
ngITE(o,iY1T21P' , oT32PA,14,3PA,f54PA	 -	 - ------- - - ---
nk1TE(b,I6)ATII,„T129ATT3,ATT4,ATT;i
vow ITE16,2'311PL
00.tIIElo,2•j1TPA

----15 F^rcMAT111x,F5.?,to11SX,F5.2 ► )
to F^rRMATl3UX,FS.2,`(115X,Fb.2)1
I ti FORM A 1l3ix F5.2,3115X,F5.211
25	 r,,KMAi (12vA1F^•41
2u CoNT I-+UE

J=i+I
-- ---IF(O•LQ*l) GO TO 3- -	 - -

LNO
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LISTING FOR PROGRAM

WHICH INCLUDES MULTIPLE

INTERNAL REFLECTIONS

TO PRODUCE COMPLETE TRANSMISSION

COEFFICIENTS (SEE FIGURE 6)
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REAL IEI IE2,IF„TE4,,IES
COMPLEX TPEP;,YET,t^to
COMPLEX A ^, o, . -.^'.^4.p`.R6
COMPLEX T ^l o E',. T I. 5F'..T-i-,E P.,T? 1.PE% T45PEN,TS6PrN
COMPLEX T'IP!D,T1'clD,7'3FAR,T:4P6P,T4;PAP.T56CJAR

---- - COMPLEX Q 12-E	 :r•^3	 arSPF	 oE^;
CCHPLFX R12Pto.RC:G:4'.R34PAP.R45FA4,PEtPAP
CCMPLEX EC0.EC1,:C2,_C7,EC4,ECS,EC5
CO M PLEX T54PL^-,TZ'Pt:,T32PAP,T2IPAR

	

--- CO MP L E X T54 D E':.T	 1N,132P	 .T21PCN
CCMPLEX TP:".,T,T,-^tT,TClo
CCrPLFX TR56Pr,TPctCA,Ta45GF,TP450A,TR34PE,TR34PI
CCMPLEx T54hPF,T=_L,^FA,1446PE,T446PA

-- -- CCHPL:X T:56PE,T °_ 	 - -	 — - -COMPLEX X446,X44o.XE56
COMPLEX XETV4S.XET.'i.
COMPLEX XCl.XC2,xC3.YC4,XC5

'.CO M PLEX T25;PE,T^ z7 'r .13Sr%PE,T355CA
COMPLEX TP2'CE,T;.e3EA,TPI;FE,Tnl2PA
CO M PLEX TX34PE,TX3tr'!,TX45PE,TX45PA,TX56PE,TX56PAU:r

C THICK".E SS FOR UPPED CUACS
Xu=.405
GO TO 4

C THICKNESS FOR-LO ► ER CUADS
-	 3 X4=1.46	 — - -

4 W P I T E (6,S)

C	
5 FCR M ATIlHl,1.X,5HTHETA,6X,3HT r E,7Y, Z HTPA.6X,44TCI0 6X, EHTCIPIre1/)

-C- X1 — XS PEPRESENT DIEL_CTRIC LAYER THICKNESSES
X1=.015
X2=.2`
X3=.015

-	 --	 X5=.01	 -	 - - --- - -	 -
PI=3.14155

C
C EO - E6 REP R ESENT RELATIVE DIELECTRIC CCNSTA&TS

_ EC_1.
E1:4. 2
E2=3.6
E3 =4.?
E4=1 . 17	 ---	 - -	 — —
ES =4.a
E6=1.0

C TD1 - 1D5 RE P RESENT LOSS TANGENTS
T^1=.CJ5	 --- -	 ---	 -	 -TV2=.C4
TD3=.0O5
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too=.rJ16
T05=.C,-3

-C-IEI-- IES FE P ,ESENT IMAGINARY PARTS-OF RELATIVE COMPLEX PERMITTIVITIES
IF1= –`1•T^1
IE2=-E2*T(.2
IE3=-E3+TC3

-- --	 IE4c-F4•TGu	 - --	 ._-- -	 -- -
IE5=-ES+T-5

C ECO - EC6 PEPF':°_E'.T RFLPTIVE COMPLEX PERM17TIVITIES
ECC=C"PLx1''',^.J1

---EC1=Ct • PLx(L'1,1 7-11	 ------ -	 -- -
EC2=C`• P LX (E2,?E2 )
EC3=C"PL)(IE7,'E7)
EC4=C"PLX(Eu,;Eo)

------EC5=C'.PLX IE"`. I - 1 --- - -	 ---	 - - -	 - --
EC6=C-PLx(E6,-.5)

C RO - r6 RE PP FSEvTS THE PEL A TIVE REFRACTION INDICES
Rr:CSC;T I'^^1

-R1=CSOR7IEc1) - _ -_	 —	 ----	 . - -	 _. _.._
R2=CSCPTIFC7)
R3=CSCRT ( ,- C? )
R4=CSCRTlECL1
R5= CSCRTIEZl51 - —	 —	 -- -	 - -
R6=CSCRTIECE)

C	 C IS THE SPEED OF LIGHT IN MEGAINCHES/SEC
C	 a.

-L F IS FRECUENCY I!+ r.EGARERI2
F=2ZC';.

C RD CG'-VEP.TS 0 10IA',S TO CEGREES
RC=16' ./3.14159

-- -- 00 20 I=1,?;	 -- -	 --
TC=FLOAT(I)

C
C TOR - T6R REP P ESENT ANGLES OF REFRACTION IN RADIANS

TIP =ASI% S 	 (F 	 F1)+S! I.I TZ s' 1 )
12 C =ASI	 T 1= /r't•SI'.tT1= ► )
T?R=ASI'.tS•-'T(`__/'T)eS" l T	 1)

— ---74R=AS1`.(SZ T(	 E41aS;1.(T'=))
TSR=ASI'.IS:^T lE  /E`. ) + ^1'. ( T.: 1 1
TER =A S 	 S 0 P T l c: / E c 1+S 1!, ( T 5 = t 1

C TO – T6	 RcPrESE'+T Ar__IES CF REFRACTION IN DEGREES
- --	 - T1=T1 6• RG	 - --	 -

T;=T2r.•a^.
T3=T3P•PC
T4=T4R•R:.

- -- - T 5 = T 5 R c R 0	 . - --- ---- ---- ----

C XEI - XES F E P:"'SFNT PNA c E C l L A YS IN DEGREES IN EACH DIELECTOIC
XEI= SCRTIFIIet:,T'cfrY1/I^a^^clTl^t)

_---	 XE2=S: nTIE 21+1 C+F•X	 tC-P'7 1T^nl)
xE3= sc.7T1^3t e ' —^F•Y: /1;,•..SITSR))
XF4=SC2T	 r+YU/ 1'oC(,S 1 T 	 1 t
xE5=5cRT IES I e 36!'.f.XS/ 1C+C:,51 TSR) 1

C - -
C XRI - XR5 RE°RESENT PHASE DELAYS IN RADIANS IN EACH DIELECTPIC

XRI=XE1/ZC

uF 
PWg ^UALI'r`j



1.,2-DN-60403-005
Page 34

XR2=xr2 /Pn
xR3= xF3/P,)

-- --- XR4=XE4/PD
xp5=xE5/a0

C XC1 - xCS --EP^ESENT PHASE CELArS IN RADIANS EXPRESSED AS A CMPL)( N'0.

	

--	 XC2=CVPLx17 :,-x4 , I 	-	 -- -- --
XC3=C"PLx ('' . " , - XW 3 )

XC5=C"PLX(i.l. -xa°)
-t ATTI - aiTS Fca . FSENT ELECT = IC F IELD ATTENUATION FAC TOPS

AT71z Ex P (- 1. °( ? : - r c, Z ;zT	 11 n TA',(T')I)-vI ► /('•C0SITIR111
A772=EX P I-1	 I•Fv`:=TIr.:I TA?,IT7Z) n x')/('eC0SIT"4111
AIT3=Fx P 1-1.ofPI•F	 T 	 Tt`;IT^31•X;1/IC•COSIT?^t1T

---._— ATT4 =EXP (-1. • (PI -F • SG=TI	 T-l.I1	 •C0SITua1 ► 1
ATT5=EXP(-1. • IPI, s e c-C O TIEs) • TA	 Tn51a)f	 I'•CO	 PtI)

	

C TCIPEN - T56PEN PEPRESE !•T C'" P LFx ELECT ? ;	 F IEL^ T^Ak'SMISSIC'+

	

C	 CCFFFICIENT5 F-;; O -RPE%. I 	 POLARIZATION
---- Tr_. IPE!J=2. •a ^ a COS(T' )/IcC7,SIT11"n 1 •R 1 n :.OSITIRII

112PE	 2.•R1°'C$lT1c')/(i' CCS(TI:) •P 2^COS(T Kr
723PE'' -2••^,O ^., (Tz W I/1- -er " c (T 2R	 CO` (T "11
T34 P E •;_2 •• ^ : n SOS1T T= )/l = 3 e '-0T3k1•=i n C0c(T4P11

---- T4S P E 1•=2. e u•'.: 5IT4r1/l7.oL,r,5I7uR.).PS•C^:SITSR)t
T56PE'•=2	 v C. ' T F cl	 :' c L 0 S T 15 4	 z-, C0	 T	 I

C 701P A c? - T56PAR P-PP SE N T :i." P LEX cLECTP1C F;_L:^ TRANSMISSION

	

C	 C"EFFICTE'•TS FC 0 ']44LLEL POLA2TZ%TICN
--- 70IPAP=2.°?	 0SITCP1/1= °C0SITIR	 C	 'P	 \

112PAR=2. • RI • r 'SI T : C I / l I w '^SIT2K	 C_S(T1R)1
T23PAc-^.•^' n COS(T^^1/l^c°C^$IT?:1•=?^:OSIT^01)	 \
T34PA O =2, • ? I --0SIT7 	 C^S(T'A	 DuaCnS(TTF))

--- - T u 5PA	 2.c.:uarG J IT6 	J,C, T5ii1.QSsL0S1TuP!)
756P4	 2. +.R	 S 	 CS( 16:. 1 	 6-CC`_( Tcn1)

C RIVEN - c 56PEN ^FPP"S; T	 LEZ "L - C T 	 %; L = «LrCT'^N

	

C	 crrF- 1CTE % T5 F,: P`pjc,Or^L.LA^ POL=PIZATjC,%
--	 R12PEN=l R 1• CGCITI=I - RZ=CCS(T	 JSIT	 r2 COSIT'all

923PEN-(R'•CCS(T'=t-R t vCJ I ( T	11/(:'oCZSITrcI..^t•rrS TTPII
R34PE'.=IP? O CC IT S = ► -=uor1 r- TUr 	 T4^
R45PE'=I q 	CC,S( T 	1-	 aC,c(T5=tl/ICUaC	 ('.4	 .0 5 01 ^SI 7	 11
R56PE l:_f R= ° CC, :IiSR) - RC	 PS•'0$(Tr01.0P•COSITc^II

C R12PAP - P56PAR ti-0	 rc ' T	 -` P L _x ELECT 7 I[ F ;Ei n = E c LF' T I3%

	

C	 C"EFF:CIE',T: c 7-1: A:eLLEL	 ^L A'T,-TIC•
RI2PAR=(Rj •r ^SIT 0 1- - L'0'_111 % 11/1 = 1 • CCSIT	 7	 0 SlT1P11

- -	 PA	 C r SIT	 1-{:? • CJ	 T; )1/!ti.'a7i.` 1,:=1•P'•'_CS(T:" 11
P34PAR=( 0t ,r	 T^ 1-i. o'	 lT'=11/1];0' cI T ^ 1 • a4•C0	 =11
R 4 S P A =l=u•rC(T=C)- r,or` 	lr .'))rl^'us^:^('^^)•^5•C c iT Ali
P56PA = =I 4c *CC c_ITO = t-^f	 •`IiSR11 /I^^er`clij^)• ^6^T051T"=?11

-L - T54PEN - 1.1PEt. rEP; L c	T i -	 :S IC'. ` C E F F	 ^'.T; f—	tiEFLECTEC
	C 	 ctr5 :I Tr.	 -_	 'L•^PCLI	 -xT10 

754PE1,_ , e ^ c• :rS IT c z 1/1"	 t	 1T541	 u011
T4?PE\= 2 	 Le-^$lT4r	 Ci!5(iu:.1•='tCJ",ITt=11

---- 132PE	 :CS (T?F ► /(P' v CCo(T3k	 2•C0)(i :11
721PE t•=	 • o^ e'(' IT9- r')/l am a L"	 TZdI•=:•C'J`ITIc'I)
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