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1-n SUMMARY

The purpose of this design note i5 to evaluate the Earth and

Orbiter body reflections involving the Tracking Data Relay

Satellite (TDRS) /Orbiter communications link. 	 Recommendations

address operational conditions in order to avoid critical mul'tipath

impacts, modulation preferences during acquisition, and preferred

scan	 limit	 implementation.

This detailed analysis employs the use of the baselined 36-inch

diameter dish and triple channel monopulse system. 	 The Orbiter is

assumed to be in a nominal orbiting altitude of 237.57 n.mi. 	 This

evaluation shows that the scan limitations for grazing angles

relative to Orbiter reflections for the sum and difference

radiation patterns are 3.5 and 2.0 degrees respectively. 	 The
r

results show a zero' peak shift in the sum pattern at an offset

(grazing)	 angle of 3.5 degrees,	 and a zero null	 shift in the

difference pattern at an offset (grazing) angle of 2.0 degrees.

x The results in this design note indicate a possibility of false	 4

4

F

lock-on when the Orbiter grazing angle is less than 3.5 degrees.

Results from the Earth reflections are minimal and not expected to

cause any ,critical variations in the received power of the

TDRS/Orbiter r.f. communications link for positive grazing angles.

k_-
The recommended modulation for the multipath environment is-the

E spread spectrum because a` smaller percentage of power would be lost

l
by cancellation.

S

7"411
	 'IIF
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2.0	 INTRODUCTION

The purpose of this design note is to evaluate the effects of

' multipath from both the Orbiter and the Earth and make recommenda-

tions for tracker implementation for the Space Shuttle Orbiter Ku-

Band Communications Antenna System. 	 First, background information

f
is given to orient the reader to the definition of multipath and

related parameters.	 This is followed by a discussion pertaining to

the factors required to analyze the multipath phenomena which

include:	 geometr<ical configuration, electrical	 characteristics,

scattering and reflection factors, and path difference. 	 These

factors are compiled into, two math'tools which were developed 'in

References A and B for the analysis of Earth and Orbiter multipath

:respectively.

The remaining sections of this design note are related to -

evaluation of multipath-on the sum and difference patterns including

recommendederformance limitations imposed b 	 the Earth andP	 p	 Y

Orbiter.	 The results of the output from the two math tools are

interrelated in the results section to show the rationale for

pertinent recommendations.	 The last section in this design note	 1

^

summarizes the recommendations for proper tracker scan implementation. 	

e

_	 s

a
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i	 n ..:..	 _f

s.0	 afu,NUKUu110	 -

_ The basis for this Earth and Orbiter multipath study had its origin

: from a general multipath studg	 y (Reference C) that indicated some 	 •

concern on this subject, and recommended further investigation.

This initial study indicated that the amplitude of the multipath

factor had its null points nearly coinciding with the Pseudo

Noise	 (PN) sideband spacing which was 5.486 kHz. 	 The present

spacing	 is 2.9599 kHz.

The multipath phenomenon is the result of a signal reflected off an
;a

object or protrusion in the vicinity of the direct signal

causing enhancement or cancellation of part or all of the resultant

signal, that is transmitted from the Tracking and Data Relay

Satellite	 (TDRS) to the Orbiter,- The multipath factor which

represents multipath is broken up into a specular and diffuse -'

component.	 The specular reflected wave is the worst case from

a uniform surface;, such as, the relatively smooth surface of

the Orbiter and uniform areas of the Earth. 	 The diffuse wave is

scattered over a broad' angle greatly reducing the possibility of

direct` signal perturbation.

Two math tools were developed, which are.found in ,Appendix B; one

E is related to Earth multipath which is designed to a
i
d in the study

o

of multipath' as a function of grazing angle and frequency;'' the	 r^
s

second program is concerned with Orbiter multipath using similar	 LL

aspects as in the Earth multipath program.

.. • j-	 -	 covere d	
_^•The ski	 of the Orbiter	 ^s covere	 wito a thermal protection system	 ;
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,r

(TPS) with various-thicknesses to accommodate the different

heating loads anticipated on the orbiters surface during mission

operation. The purpose of the TPS is to dissipate external

surface heat buildup on the Orbiter. The TPS consists of five

layers of material which was analyzed for reflective properties

(Reference B). The results of this analysis show that only the

outside layer contributes significantly to the reflection

coefficient at low grazing angles. The outside layer of the TPS

has a thickness of,0.10".

The Ku-Band Communications Antenna is a parabolic dish type

antenna with right hand Circular polarization (RHCP) having

a thirty-six inch diameter. Antennas are deployed from the orbiter's

right and left side and will be used only during on-orbit activities.

The antenna mountings are located in the forward section of

the payload bay.	 The ,right antenna may also be used for radar	 j

purposes.

The region where multipath will have the most impact for

communications is near the line-of-sight where the grazing angles

of the signals from the TDRS are small. In this region the

reflected signal has a phase shift which approaches 1800 causing

f	 either a gain or loss of signal strength at the Shuttle Orbiter

I'	 depending on the path difference between the direct and indirect

signal.



1.2-DN-X50703-008
Page 5
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I

The discussion section is divided into seven subsections, in

which the rationale for the multipath parameters is developed

and incorporated into a computer program that aids in the

evaluation of multipath on the Ku-Band Communications Antenna

,System.	 The recommended operational	 limitations will also be

discussed to obtain optimum implementation of this antenna system.

The first section deals with the two geometrical configurations

i
used to determine the Earth and Orbiter math models and its

respective parameters. 	 The electrical properties of the different

Earth.ter.,in and Orbiter surfaces are also shown in this section..

The second section, 4.2	 deals with the development.of the reflective

and scattering parameters for the respective math models.-	 The

third section, 4.3,	 is concerned with the development of the

path difference between, a direct and indirect signal which may

indicate whether enhancement or cancellation will occur.	 The

incorporation and modifications of the multipath_ parameters

C

are combined into an equation for both Earth and Orbiter multipath

in Section 4.4.	 The multipath equation.is expressed in dB which

is called "multipath factor". 	 The Fortran programs written

for this multipath evaluation are discussed in Section 4.5,

In this section, the modifications made to the basic multipath

factor equation are explained relative to the Earth, the Orbiter, and

the sum and difference pattern sensitivity to multipath.	 In_ •

Section 4.6, evaluation of the multipath phenomenon is discussed	 j

in relation to the sum and difference channels. 	 This evaluation

uses a Besse! function to produce the sum radiation pattern

i
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found in Reference D. The difference channel radiation pattern is

produced using a sine function approximation which is found in

Reference E. These pat-terns are combined in a computer program

with the multipath factor to show the sensitivity of the Ku Band

sum and difference patterns to multipath relative to the Earth

and Orbiter. In Section 4.7, the results from the multipath

`program written as a function of frequency and grazing angle are

discussed for both the Earth and Orbiter. The recommended

functional implementation of the Ku-Band antenna is made in this

section and also documented in the results section for

convenience.

The data obtained in this analysis is shown in graphical form

and is used to indicate the limitations; of the tracking capabilities of
the Ku-Band Communication System. From these results, optimum

implementation for the Ku-Band antenna is recommended.

4.1 Geometric Configuration

-	 a

The -geometries that are used to analyze multipath relative to the

Earth and Orbiter utilize a geometrical optics approach for

a sphere and cylinder. The sphere represents the shape ofthe

Earth and the cylinder represents the orbiter's shape. The

geometrical configurations for Earth and Orbiter multipath are

shown- in Figures 1 and 2, respectively. The region of interest

for multipath is near the'1ine=of-sight (LOS) or interference

region. This is a region with small grazing angles and `path

differences, resulting in relatively small -r.f. 'phase shifts

'between the direct and indirect signals._ These geometri-es are



shown in Figures 1 and 2.

4.1.1 Geometrical Bodies
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P AGES
ORI POOR ^U AL
OF

The geometry of the Earth multi_path shown in Figure 1 considers the

atmospheric_ effects and spherical effects on the signal from the

TDRS. The atmospheric effects are due to refractive and

diffractive bending of the incident wave and reflected gave off the

Earth. The effect of the atmosphere is to take 4/3 of the earth's€	 ^c.

radius which is referred to as the effective radius of the Earth.

Figure l also shows the pertinent angles and arc distances used to

determine the amount of movement-of the Orbiter in a fixed orbit

traversing around the earth's center while holding the TDRS in a

k((k

	 fixed position.. The curved surface of the Earth is accounted for

by the divergence factor which approaches zero as the grazingangle

is encountered making the received field the same as that of free

R	 I	 space. The grazing angle,y l , in Figure l is encountered when the;

'	 { Orbiter/TDRS line of site passes thru the point of wave impingement

E on the earths surface (apex'of grazing-angle).

The geometry for Orbiter multipath is illustrated in_Figure 2;

the Orbiter is assumed to be a smooth cylinder rotating in a

circular orbit 'around the Earth approaching the point for

acquisition of the TDRS signal. The approach taken for this

aspect is to consider. the TDRS to be in the far field,

therefore implying-that tie direct and indirect paths are parallel'
s

upon incidence to the orbiters thermal protection system.

The effect of the TPS on the reflected signal was evaluated

j
1



t
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i,n Reference C. Results indicated that the top layer of the

TPS has the major effect compared to the other four layers of

the TPS at near grazing angles.

i	 4.1.2 Electrical_ Characteristics	 3

I
The electrical properties of the objects from which the TDRS

signal is reflected should be considered in order to have a

meaningful result relative to the scattering and reflection

of the signal	 The Earth and Orbiter multipath were considered

from a number of surfaces which are listed in Table I with the

conductivity in Siemens/meter and relative dielectric constant.

1
i
i

COMPLEX
CONDUCTIVITY

(s	
CONDUCTIVITY	 DIELECTRIC

MATERIAL	 (Siemens/meter)	 CONSTANT(cr)

	

cr	
at 13.775 GHz

!	 Top Layer TPS	 1.102x10`2	 4.8=j1:4410-2

Sandy Soil	 10-5	 3-jl.31x10-5

•	 E

f

j	 Wet Soil,	 10-3	 80,-jl.31x10-3	
s

Fresh Water	 10-2	 80- j 1.31 x10 --3
w

Salt 'Water,	 4	 80-j5.24

I	 Ice	 5x10-3	 2.92-j6.532x10-9
_.	 -.

TABLE L ELECTRICAL PROPERTIES OF ORBITER/EARTH SURFACES

as

6
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4.2	 Scattering and Reflection Parameters Relative to Earth and Orbiter
Multipath

_ The scattering coefficient for the specularly reflected wave

off the Orbiter is calculated using equation (1) Reference F,

I which is used for both the Earth/Orbiter surfaces listed in 	 -

Table	 1.

IPSI	 exp -	
(4	

^rm S 
Sin Yi)	 (1)

Y'.

E

I p sl	 is the scattering coefficient magnitude (no units)

r a	 is the root-mean-square roughness height in meters
° rms

T1	 is 'the grazing angle in radians

X	 is the wavelength in meters

Tr	 is 3.14159265358979324

i

7 The specular scattering .coefficient is considered to have a

1.t value of unity for the Orbiter surface multipath calculations.	 The

t unity scattering factor indicates that the Orbiter is assumed to 	 1

have a smooth surface.

E The scattering coefficient wi 11 alter the reflection coefficient in

,;  such a way that the resultant specular reflection component will be

b IRsI =P s LRcI The baselined polarization for ,the Ku-Band

Communication Antenna is circular._ The circular reflection

f
coefficient R consists of two components, vertical and

horizontal` as shown in equation 	 (2)	
•	 -a
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2(Ss r + qX)
m (5c)

1.

S	 q

{ 2S
mh	 ^^—	 (5d)

S	 + q	 ;

er	 is the relative dielectric constant of either the
Earth or Orbiter surface (no units)'

5	 is a function of grazing angle and complex-dielectric
constant (equation 6a)

X	 is the imaginary component of relative dielectric
1 constant	 (equation 6b)	 -

q	 is 'a function of S and X	 (equation 6c)

1
i4

2	 2;

1 C{e1^ - cos 2 ^ 1 )	 + X	 {	 +	 (er -cos 41)
i S	 (6a)

2

t

$^

,

kj

X = 1.80X10
10

 (F)	 (6b)

X

i

', 	 I

q°	 2S	 (6c)

t^

.f

a	 is-the conductivity of the respective reflecting
surface in Siemens/meter

F	 is the frequency in Hz

:

-	
1

The reflection coefricient approaches unity for small grazing'
.

-
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angles and decreases as the grazing angle . increases	 Along

4 with the circular reflection coefficient there is also the circularJ

• phase lag, ^C, which has a vertical	 and horizontal phase component.

The simplified form for the calculation of the circular phase

lag is written in equation	 (7) as

±-v

c2	 (7)
..

^v	 is the vertical phase lag in radians

^H	 is the horizontal phase lag in radians

Ii The horizontal and vertical phase lag components are given

in equations (8) and	 (9)	 (Reference H) as

- sinsin Y.,- q	 _ 1	 X sin Y 1 + q(X

tan	 er sin T 1 - S	 - tan	 er sin T:1 + S	 ($)

{

3
-q	 _	 q

O^H =tan 
l ^sin T3 - S) -tan	 {sin ^Y 1 + S	 9

4

The phase lag is a function of the dielectric and conductive

properties of the reflective surface, grazing angle, ` and frequency

of the transmitted signal from the TDRS.

i
1Y`-

N
A

i :
Ya
k

L
^::i

•
^1

r

t
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3

4.2.1 Earth Reflective Characteristics

The reflective characteristics of Earth refer to the shape of

the reflecting surface and the atmospheric environment. The

spherical shape of the Earth is taken into account by the spherical

divergence factor, De,. The spherical divergence factor is an

i abstract measure of the reflected field off the Earth received
;

at the-Ku-Band Antenna on the Orbiter as it'approaches

the TDRS . in its circular orbit about the: Earth. The divergence

factor approaches zero as the grazing angle,', , approaches zero

making the received field the same as that of free space. The

grazing angle is that angle between the path made by the incident

component'of the indirect signal and a plane tangent at the

point of wave impingement on the surface.of'the>Earth. The

spherical divergence- factor for. Earth is calculated by equation

(1) found in Reference I as

ae (r l • + r2) sin T2 cos T2

ae + z2 r i cos T3+ a
	 rcose+z l 2 c 	 T1; ae + z2 - a + zSie	 2	 ll 8

is the effective radius of the Earth in meters
a (8.986333333 X 106 meters)

i

rl &r2 	are the distance ,components of` •the ind i rect wave
in meters

Z2	 is the altitude of the TDRS in meters

Z	 is the altitude'of the Orbiter in meters
i

Ti	
is the angle between a line from earth's center	 `.
to the Orbiter and the selected wave moving towards
the Orbiter in radians

T2	 is the complement of the grazing angle; the angle
between the normal on th- tangent at the point of

k	 reflection and the i'nc i dent ,wave.%of'the indirect

r
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signal- in radians

za	 is the angle between a line from the earth's center
to the TDRS and the incident component of the indirect
signal in radians

-p	
is the angle i;,ade by the arc distance between the
Orbi ter and TDRS relative to the earth's center
in radians

I

4.2.2 Orbiter Reflective Characteristics

I	
,

The reflective properties of the orbiter's surface, which _is

assumed to be a cylinder, is accounted for by the cylindrical

divergence factor which has been found to be the square root

of the spherical divergence. The radius of the orbiter's cylindr -

ical fuselage is 2.,992 meters. The cylindrical divergence is

a function of the grazing angle, Orbiter radius, and the height

of the Ku-Band antenna from the orbiter's surface. The TDRS'

is assu};red to be in the far field which 031 result in incident

parallel, wave paths for the direct and indirect signals. The

cylindrical divergence is calculated by use of equation (11).

4
a sin ^Z

Dcy	 [a sine + 2r 2] ((1 + a--')sin (cos -1 a +	 _rig	 (11)
l	 z

2aa +z 
a	 is the radius of theorbiter's fuselage in meters

(a	 2.9921005843281686563-m.)

,y	 is the grazing angle made by the incident wave of
i	 the indirect signal and tangent at the reflection

i point in radians (Reference°Figure 2)

z 2	is the Ku-Band antenna height from the orbiter's
surface in meters

r 2	is the reflected distance component of the indirect
signal in metersr,



i
I
I

I	 ^<

I'
I
i

I

I
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The cylindrical divergence factor for the Orbiter has been shown

to be the square root of the spherical divergence that is found

in Reference I. The effective radius parameter, ae, is replaced

by the orbiter's radius, a, in equation (11) because operation
I	 ;

of the Ku-Band Communications will only occur during on-orbit

i

activities where there are no refractive and diffractive effects

from an atmosphere.

4.3 Path Difference Relative to Earth and Orbiter

I
The final factor required to compose an equation to calculate

a reasonable value for the magnitude of'multipath due to the

Earth and Orbiter is the path difference. Two path difference

equations will be discussed in this secti.on,,one for the Earth

iF	 geometry and one for the Orbiter geometrical configuration.

3
The Earth path difference, or, , is a function of altitude and

,t

path traveled by the Orbiter and TDRS relative to the.earth's

L.
center. There are three components required to calculate the

Earth path difference, the incident and reflected path•distances

of the indirect signal, and the path distance of the direct
r:

signal. The two components of the indirect signal are calculated
t

by equations (12) and (13) in meters found in Reference 1.

1 2 	 2	 d
rl	 ae + ( ae + Z 2 ) - 2 

ae (ae + Zz) cos al 	(12)
, e

^':	 r2	 a 
2 

+ (a	 +' + z ) 2	 2a (a	 z	 co d--'e	 e	 i	 e e	 1 )	 s a e	(13)
€	 I

i
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ae is the effective earth's radius in meters	 (8.986333333
x 105 meters)

z l is the altitude of the Orbiter in meters

z2 is'the altitude of the TDRS in meters

d l &d 2 are the arc distances for the incident and reflected
signal of the indirect wave in meters 	 (reference
figure	 1)

The path of the direct signal between the TDRS and Orbiter is

calculated by equation (14)	 in meters.

i

2	 2

•
-	 T•

r'	 a	 {) + O'	 - 2 (-^-) (z2) + 2 1 +-a+ z-2	 + (^1)(-) 1 -cos (a ) 1 (14)
e	 ae	 ae ae	 a a	 a	 a	 a	 a

e	 e.	 e	 e	 e	 e!

d is the arc distance of the direct signal	 relative'
to the spherical surface of the Earth in meters

The Orbiter path difference, ero,	 is-a function of the grazing

angle and antenna height above the orb-iter's surface.	 The - path

difference is calculated using equa t ion	 (15) found in h ^ference J

k

r	 ;

as

ero _ 2z,tan- Y	 (15)
since z > ? z

z	 ^	 1
Z	 - z	 z

tan ,Y'
1
	= -^	

d d
Z2 is the altitude of the TDRS in meters

Z is the height of the Ku-Band antenna above the orbiter's
surface i.n meters

Yr l ' is the grazing angle in radians

r

a
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4.4 Earth and Orbiter^Multipath Factors

fl	 The Earth and Orbiter_mul tipath factors which represent a direct

and indirect component compose the•received signal (field) at

I	
^

the Ku-Band Communications Antenna on the Orbiter. This field

is a result of the transmitted signal from the TDRS. The resultant

multipath factor for both Earth and Orbiter encompasses the

five factors outlined in Sections 4.1-4.3 which are the electrical

	

j	 properties of the reflecting surface, the geometrical shape

of the reflecting object, reflection properties of the reflective

surfaces, surface roughness, and the path difference of the

direct and indirect signal. The multipath ..factor representing

j	 the multipath phenomena is a voltage ratio parameter. Equation

(16) is used to represent Earth multipath..

«

L (d6) = 20 log (1 +P (	 r	 )D ^	
Ie -J { 2 ' er +M	 RP	 s ri + r2 e c 	a	 ^c)^ (16)

g
e

P
s 

-	 is the scattering coefficient (no units)

r	 is the differential loss factor between the direct
ri+r2	 and 'indirect signal (no units)	 a

De,	 is the spherical divergence factor (no units)

RC

	

	is the circular polarized • reflection coefficient
magnitude (no units)

	

! 	 ` er is the path difference of the direct and indirect
wave in`meters relative to the Earth in meters

^c

	

	 -is the phase lag of a circul ar polarized wave in
radi ans

I
'r	 is 3.14159265358979324

is the wavelength in meters

fi	 I-
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t

t
Equation (16) is used to account for the multipath impact on the

sum and difference radiation patterns as will be shown in section

4.6. This equation is also used to account for the variation of

frequency and grazing angle to evaluate the limitations of the

i tracking subsystem of the Ku- Band-Communications Antenna relative_

to the Earth.
i

The same factors that apply for Earth multipath will-also apply for

Orbiter multipath with some modification. These factors that are

modified include the scattering coefficient, the differential loss

i
factor between the direct and indirect signal, path difference, and

the divergence factor'. The remaining f actors, reflection coefficient

and electrical surface properties, still mu.st be considered.

The surface of the Orbiter is assummed to be smooth having a	 j

scattering coefficient equal to unity. Another modification

is the differential loss factor between the direct and indirect

signal which is negated considering the TDRS to be in the far

field. The approach taken is to consider the direct and indirect

l
traveling waves to have parallel paths incident to the surface

of the Orbiter. The path difference, therefore, will be a function

of grazing angle and the `height of the Ku-Band antenna above	 -+

the surface of the Orbiter. The only other major modification

for Orbiter multipath relative to Earth multipath is the divergence

factor which requires the divergence to be from the cylindrical

surface of the Orbiter. The cylindrical divergence has been

prc =,en to be the square root of the spherical divergence factor.

This multipath parameter is calculated assuming the TDRS to
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be in the far field. After incorporation. of these modifications,

the Orbiter multipath equation used in the computer program

is shown as equation (17), which is a voltage calculation.

_i(2Tr or + ^
LMP (0)
	 20 log 11 + P s pcY IRc le	 a	 o	 c I	 (17)

EMP	 is the multipath factor in dB

Ps	 is the scattering coefficient equal to one (no units)

Dcy	 is the cylindrical divergence factor (no units)
A
Rc	 is the circular reflection coefficient magnitude

for a circular polarized wave (no units)

ero	 is the path difference between the direct and indirect
`signal relative to the Orbiter in meters

^c	 is the reflection coefficient circular phase lag
in radians

is the wavelength in meters

!	 is 3.14159265358979324

'The factors 'in these multipath equations, 16 & 17, which are

varied to evaluate the multipath phenomena include frequency,

;
grazing angle, and electrical surface properties pertaining

to the Earth and Orbiter.
a

4.5 Fortran Programs

The computer programs developed for this analysis are designed

for the 1108 EXEC, II system. The programs can be adapted to

the 1110 EXEC VIII system by making control card changes. The
^	 a

subprograms that were used to complete this multipath analysis'



i	 r	 I	 I(	 I	 4
1.2-DN-B0703-008
Page 20

include a plot program, Bessel Function program used to analyze

the multipath impact on the sum pattern, a difference pattern
	

I

function to evaluate multipath impact on the difference channel,

and a computer program concerning the reflective effect on a-

j	 signal in a multi-layer dielectric. The multiple-layer dielectric

program was used to study the effect of the TPS on the reflected

signal (indirect signal),

The programs developed for this analysis are contained in Appendix

B which all use a double precision format to avoid errors

due to round-off of the output data. The first two programs

listed and flowcharted in the appendix (Figures 18-21) are used

to give the results of Earth and Orbiter mu.ltipath .as a function

of either grazing angle or frequency. The remaining two programs

(Figures_ 22-25) are used to show the effect of Earth and Orbiter

multi path on the sum and difference channels for multiple offset

angles as a function of grazing angle and frequency:

The components previously discussed that make up the multipath

programs for this evaluation are incorporated into two general

computer programs relative to the Earth and _Orbiter. The two

i
	 programs are then adapted to study the multipath impact on the

i	

sum and difference channels of the tracking, system of the Ku-

Band Communications Antenna.

^	 —	 r
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4.6 Multipath impact on Radiation Patterns for Sum and Difference Channels

The multipath effect on the sum and difference channels of the

Ku--Sand tracking system has been evaluated by combining the

individual radiation pattern and the multipath factor into their

respective electric field equations. The electric field of

the direct and indirect signals relative to the sum pattern

are written as a function grazing angle, Yl	 frequency, and

offset angle,

The geometry used to evaluate the impact of multipath on the

sum- and difference tracking charnels is illustrated in Figure 3A.

This geometry is utilized for both the Earth and Orbiter related

multip-ath math models. The dotted line illustrates the path

of the signal relative to the Earth multipath math model.

In Figure 3A the indirect signal is only illustrated to prevent

possible confusion with a line representing the direct signal.

The antenna radiation patterns are calculated for offset angles

from the horizontal denoted by O in Figure 3B between zero and v

r	 ten degrees. The negative offset (_-¢) would refer to the Ku-Band

t	 Communications antenna being pointed towards the Earth or Orbi ter

surface. The electric field equations for the direct and indirect a

signals that are used to illustrate the Earth and Or , aiter multipath	 i

impact on the sum pattern are shown in equations (18) and (19),

'respectively.

sin (Yi
E(Ti	 (TrD	 sin ^ i;'	 )	

(18)
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( ^=	
J1 f

( I )	
sin	 ( - y 1 	-	 )^

EFT _ ^) IUD '(-	 sin	 -T,	 (19)

D	 is the diameter of the Ku-Band antenna in meters

Ti	 is the grazing angle in radian;

•is the offset with respect to the horizontal of
the antenna in radians

J1	 is the first order Bessel function (Reference J)

ED	 is the Bessel function argument for
J1 ^(a	 )sin	 (^i	 )^ the direct signal

j (ID) sin (-T1	 -)l is the Bessel function argument for
J	 the indirect signal

Equations	 (18) and	 (19)'are combined with the multipath equations

06) and (17) to evaluate the multipath impact'on the sum radiation

pattern relative to the Earth and Orbiter . .	 The resultant modified-

multipath equation for Orbiter multipath is shown 'in equation (20).

r LMP'	 (dB) = 20 log	 JE(T1 -f) + E (-Ti-^)( p D	 R	 e-J(-^ oro+^c ) )	 (20)s	 cy,	 Cl

E(^'i-)	 f̀	 is the electric field of the direct signal	 in volts/meter

E 	
is the electric field of the indirect signal	 in

1-	 volts /meter

Equation	 (20) accounts for the combined'• effect of the direct

and indirect components of the resultant signal received at the

Orbiter from the TDRS.	 The indirect signal field includes the

effect of multipath off- the Orbiter,	 1

LT
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,:
The result of Orbiter multipath impact on the sum radation pattern

is. shown in Figure 4. This radiation pattern illustrates, the
•	 I	 i

results of a signal being received at a grazing angle of 1.50 and

the antenna at an offset angle of 1.5 0 in a multipath environment.

The radati, on pattern is isotropic as all the patterns are in the

design note. The error or peak shift of this pattern is shown to

be .080 from the 1.5P point on the grazing angle coordinate. Sum	 -i

channel radation patterns were also evaluated for offset angles

between +5 0 within a 0-100 grazing angle spectrum..

The Earth multipath impact on the sum radiation pattern is

calculated using equation (16). The resultant modified Earth

multipath equation relative to the sum channel is shown in equation

(21) as

i
- EMP (dB) = 20 log I E (,' 1 -O) + E(-Y -0) ( 	 r	 (2a "or +	 )i	

pS(ri+r2) 
[^RC ^e	 a	 c»

	 ( 21)

The equations used to.calcul_ate-the direct and indirect signals

in orderto show the impact on the difference channel employs

a sine function as shown in equations (22-23) which were derived

from Reference E.

s	 E' (Tj - '^)	 sin('r( HPBW ) + ,r)	 sin ( 'r (HPBW))	 (22)

I,
•

E	 _
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E ^^ (_, 1	_)sin	 ( tt (-^^^) + ^)	 - sin	 (Tr(-))	 (23)

is.the grazing angle in radians

is the offset angle with respect to the horizontal
of the antenna in radians

is 3.14159265358979324

HPBW 	 is the half-power beamwidth ,(1.300)
r

To, account for the multipath impact' on the difference channel

from the- Orbiter and Earth, E { T,4 ):and E	 are replaced

by,E-'(^y1— ^)	 and f"(-T	 -	 )	 in equatins	 (20)	 and	 (21).	 The results -

fromfrom the difference channel function is repetitious which means

the graphs are interpreted in a localized manner i.e. for a particular i

offset angle (grazing angleYon the coordinate axis within +

X degrees the null	 shift may be read directly.- An example i.

shown in Figure 5 for the Orbiter multipath impact on the difference

channel	 where the offset 'is 3:5 degrees having a null 	 shift of ;18

degrees.	 The modified Earth and Orbiter multipath equations

(20 and 21) pertaining to the sum-and difference channels are

incorporated into the multipath programs shown in Appendix B,
a

Figures 44 and 46, as a function of grazing angle and frequency.

r

4.7	 Evaluation of the Multipath Effects

A general computer program has, been written to evaluate the impact of

-multipath on the Ku-Band Communications Antenna performance. 4

The program has many modifications that-were written for the
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1108 Executive II system. These modifications were written

i
to show the impact of multipath on the received signal from

the MRS to the Orbiter. The different modifications aid

the revaluation  of multipath from the Earth and Orbiter as a

I	 function of grazing angle and frequency.	 Another modification
n

has been written to evaluate the multipath impact on the sum

and difference radiation patterns to determine the antennai

limits  of the Ku-Band tracking for the communications system.

4.7.1	 Evaluation and Recommended Implementation for the Ku-Band
Antenna Referenced to Earth Multipath t

The five different surfaces chosen to represent the earth's

composition are: 	 sandy soil, wet soil, fresh and salt water,

I	 and ice.	 The results showed'minimal multipath magnitudes of

10-3 and 10- 13 between 0 and .2 degree grazing-as a function

of grazing angle.	 Frequency also shows a minimal	 effect relative

i	 to Earth multipath at a grazing angle of .2 0 for the five respective
•

Earth surfaces. 	 Figure 6 shows the Earth multipath mangitude
{

from sandy soil which is also representative of the other four

Earth surfaces as a-function of frequency.

The Earth multipath impact to the sum and difference patterns

as a function ofgrazing angle shows a minimal effect as illustrated

in Figures 7-8 from sandy soil. 	 The peak and null shifts are

very minimal	 in the radiation patterns of Figures 7 and 8. 	 This

i
I`

impact is also representative. of the other four Earth surfaces.

a

f	 L.

2
J

I
a	

.7

3

3
•

a
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II The Earth multipath--impact to the sum and difference pattern

as a function of frequency had the same minimal	 impact for small	 3l
grazing angles from the five respective surfaces considered 	

i

on the earth's surface as shown in Figures 9 and 10, respectively.

The curves shown in Figures 9-10 show no scalloping of the pattern

indicating that there may not be_any -interference within the

frequency bandwidth of the TDRS/Orbiter communications link.
4j

Therefore, the impact of Earth multipath as a function of frequency

shows that there is no effect as shown in Figures 9 and 10.

{ The multipath from the earth's surface will have a minimal effect

on '(the signal transmitted`from the TDRS at a carrier frequency

of 13.775 GHz.	 Also, the pointing error or-peak 'and null 	 shifts

are at ;a minimum for the sum and difference -patterns of the

1 TDRS carrier frequency producing a good tracking signal.

( In relation to the Earth multipath, the modulation of the carrier

signal,from the Tracking Data Relay Satellite (TDRS) may be'

afdespread signal due to the results shown in this paragraph.

Recommended implementation of the Ku-Band Antenna is not restricted

due to Earth multipath and therefore may function with very little

interference from the earth's reflections.

4.7.2	 Evaluations and Recommended Implementation for the Ku-Bandi	 .
Antenna_ Referenced to Orbiter Multipath

The Orbiter multipath factor shown in Figure 11 as a function

` of grazing angle indicates that it is a cyclic function with

k ' increasing	 magnitude  and an le	 When integrated w ithg g	 w^	 a signal_g

{

1	 1
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' degradation or enhancement may result.	 The Orbiter multipath

r 3
factor as a function of frequenc y illustrated in Fi gure 12 shows

that the multipath nulls do not occur within the r.f. 	 bandwidth

of the 'TDRS/Orbiter signal for grazing angles less than 3.5	 1

degrees.

The Orbiter multipath math model was used to show the peak and

null shifts of the sum and difference patterns for grazing angles

between 00 and loo at offset angles between +50.	 Table 2 contains

a

j

a tabulation of these respective shifts or pointing errors for

corresponding_ offset angles within the grazing angle spectrum.

Table 2..shows that minimum pointing error for-the sum _pattern 	 a

occurred at 3.5 0 offset (grazing angle) and 2.00 offset (grazing

I angle) for the difference pattern.

i

a

The Orbiter multipath results shown in Figure 13 as a function 	 of

grazing angle shows that the minimum peak shift of the sum pattern

occurred at a grazing angle of 3.5 degrees.	 Therefore, it may

4
be concluded that the worst case tracking due to multipath interference

i. will occur when the grazing angle is 0-3.5 degrees in relation

to the sum pattern.	 There are still some minor perturbations

in the si,delobes which are at a level of -17 d6 down from the

main lobe.

The minimum null displacement of the difference pattern was 	 -

I found to be at a grazing angle of two degrees as shown- in F-igure	 i

14.	 The- difference pattern is the signal from which the elevation

1 , and azimuth difference tracking channel	 is derived.	 Figure

s	 `^
a.

14 shows that there are possibilities for false lock-on at lower

.r 77	 —
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i

!
-

i

Offset'Angle,¢ Sum Patter- Pointing Error Difference Pattern	 -
(degrees) °(degrees), (degrees)

I

-2.0. .18 .185
-1.5 .02 .52
-1.0 . .23 .60
_	 .5 .20 .25

0 .30 .02
f	 .5 .20 .10

1.0 .20 .20

1. 5 .08 .15
2.0 .50 .001
2.5 .50 .02

3.0	
_

.50 .20
3.5 0 .18
4.0, 1 1.10
4.5 .05 .05'
5.0 .02 .04

Table 2 Pointing Errors Due To Orbiter'.Multipath For Sum And
Difference Radiation Patterns.

I

fJ
f^
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grazing angles shown by the small g l i ch or f al,se null i n the

pattern just before the main null. There are a number of false

nulls in Figure 14 which accounts for the repetitous sine function

used to produce this pattern. With this false null being close

to the actual null which is characteristic in a multipath environment

a spread modulation is recommended to avoid as little power

loss as possible in the signal. In a spread spectrum modulation`
i

or pseudo noise modulation the power bandwidth is large decreasing

the possibility of total signal cancellation. a

The impact of Orbiter multipath on the sum and difference pattern

as a function of frequency shows a possibility of interference.

The center frequency of the carrier, 13.775 GHz, is shifted

close to the null between the mainlobe and first sidelobe,of

the sum pattern for an offset of -2,00 and +3.00 at ,small grazing

angles (0-1.320) as shown in Figures 15-16. Therefore, the

mul'tipath interference may occur at these respective offsets

with the center frequency of the carrier being shifted close

to the null between the mainlobe and sidelobe of the sum pattern.

p	

_	 s

The difference channel is affected by multipath 'in relation

to frequencyinthat the TDRS carrier frequency bandwidth is

at the top of the difference lobe for offset angles greater

than 2.5 degrees and lower in the null for •offset angles of

Tess than 2.5 0 at small -grazing angles (0-1.320). Therefore,

tracking of an object would be better at ±2.5 0 off the horizontal

i
of the beam. This result is shown in Figures 17 for offset angles

of +2.50 relative to the difference pattern.

r	 -.:
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5.0 RESULTS

The purpose of this section is to summarize the factors from the

previous disussion to define the rationale for pertinent recommenda-

tions for operation of the Ku -Band tracking in a multipath

environment.

The first three discussion sections (4.1-4.3) reviewed the factors W'

and geometries used to build the math models to analyze multipath

' relative to either the Earth or Orbiter. 	 The r.f. bandwidth

" (13.75-13.80 GHz) analyzed was the-Ku-Band TDRS/Orbiter

communications link which operates at a center frequency of 13.775

GNz. The calculations performed considered the geometrical shape

of a sphere and cylinder for the Earth .and •Orbiter. The factors

1
that are considered in these math models are grouped into three

areas which include: ".the electrical characteristics of the

reflecting surfaces, reflective surface characteristics, and the

path differences between the direct and indirect signal from the

t TDRS..-Equations 16-17 represent the multipath factor relative to

I
the Earth and Orbiter, respectively. 	 These equations may be

_

adaptable to numerous surface conditions on the Earth or Orbiter.

' Multipath at sma-11 grazing angles can have an impact on the

operation of the Ku-Band tracking system. 	 The -multipath phenomena-
.

t

may impact the system by shifting and scalloping of the sum and

difference signals which could result in ra-false lock-on of the.

TDRS signal as shown in Figure 37, and also a r.f. phase variation

which could result in ,partial	 or total cancellation within the =.;

spectrum of the TDRS signal.
3

_:_
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The received signal on the TORS/Orbiter link (Forward Link)

may be enhanced or degraded by the multipath factor dependent

on the r.f. phase variation between the direct and indirect

signal, and also the electrical characteristics of the reflecting

i
surface. The sum and difference curves shown in Figures 37

and 38 show a minimum peak shift of zero degrees for an off-

set of 3.50 and a minimum null _shift of .001 0 . The sum pattern
i

will not have maximum tracking for grazing - angles of-3.5 0 or

less
.
. The difference pattern showed a minimum shift for grazing

angles of 2 degrees or less. The difference between the peak

shift and null shift which has the maximum difference will yield

the best tracking signal.

^'	 ff	 The most favorable modulation fora multipath environment is

i	 considered to be a•spread spectrum or pseudo noise type of

modulation. This fact has-been shown to be true in past history.

I
TFe spread spectrum spacing for Ku-Band is 2.9599 kHz over a 6.056

MHz b
I
^	 andwidth. The spread spectrum requires a small beamwidth,,

!	 as is baseli_ned, in order to operate properly. The spread spectrum

has a very good advantage over other modulations such as the

despread modulation where, if cancellation does occur, the cancellation

1
I 	 may be very slight, in comparison with the despread modulation.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

As a result of this multipath study relative to the Earth and

Orbiter, the following communication oriented recommendations

are made for. the Ku-Band Communications Antenna tracking system.

(1) The multipath effects from the earth's surface will have

a very minimal impact on the TDRS/Orbiter communications

link	 (13.75-13.80 GHz).	 As a result communication may

be maintained when the TDRS is within the line of site
a

of the Orbiter.

(2) The Orbiter reflections will 	 impact the.sum and difference

t
patterns limiting the antenna scan of the Ku-Band tracking

,

system.	 Grazing angles of 3.5 degrees or less will generate

an impact on the received signal by . scalloping of the radiation

patterns and may also result in a false lock-on. 	 The recommend-

ed scan limit for Orbiter multipath corresponds to a minimum

grazing angle of 3.5 degrees.

(3) Use of the spread spectrum (pseudo noise modulation) is

recommended to create minimum cancellation impact and may

be used during acquisition if the signal- to -noise ratio

is adequate.'

(4) Further use of this math tool may be applied to radar problems

and changes in the baseline antenna patterns.

z^

1 1
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UNIVAC	 IIOa	 FORTRAN V EXEC	 11 'LEVEL 2SA -1EItECSLEVEL E1201001041
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OACOS

— 0007 --" CCOS._.__,
f 0010	 DSuRT

0012 OSIN
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^
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_	 ...
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t	 -	 00101 29 OIN[•NSION	 NMPi IA1).GRAZ;(183)
'—	 00104

f}
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DOUBLE	 PRECISION	 BN.PV.RDIE	 S.Q$BVsCONpp
DOUAL£	 P R ECISION	 D.WAVE.FRE^,H

".T_.____^. _0
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.

E RV=OSORT C (t .'+ (BV/2. I * (L. —000S (2- YGRM g 1 (I ))) —PVtOGIN (GRMR t (I))

L	 I

" CQ`NT.N PC,	 U	 OFi6S0
PG	 3 , If	 in
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1.2-DN-60703-008
R-2.8

r (BV/2'. l ^t { L, - 00O512, rtGRh± H IMC P I J +PVAOS IN( G-RMR L C::[:) l) 1

C	 PHASE AN-rjL.E CH:RNGEi FOR R VERT [CRL POLARIZED WRVS

PHAV=ORTRN (^(YYDS Ii1 (G^1MR L C [ 1) -0 )7 CRD CE vDS CN (GAMA l (I)) -8l i -DATRN C CY*
OS IN (GF1MR L C I I 1 +Q) / (R0 CE*OS IN (GAMR L t I l l +S) f

PHRV_PH^V+PI

rc
PRRRMETERS USED TO CALCULRTE HORHONTRL POLAR [ZRTION REFLECTION
EFFICIENT

E'H=1./ (Sit x2.+0;:x2:1
-	 PH=i2.XS) fCe^x2.+0^^2.)	 .

C	 HOR[ZONTRL REFLECTION COEFFICIENT 	 i

RH=OSQRT C ( L. + (8 11/2.1 * ( L - -OCOS (2. w GRMP L C 11)) -PH*OS IN (GAO-A 1 { [ 1) ] f C l .

+(BH/2.l*(L.-OCOS(2.*GAMRLCI)II+PHfOSIN(GRMRI(I)) U

C	 PHASE RNGLE'CHRNGE FOR R'HOR[ZONTRL POLAR 2ED WAVE

FHAH	 ORT9N(-Q/(OSIN(GRM9L{I)l-S)1-ORTAI)(Q/COSIN(GAr-RL (iI 	+S11
PHRH=PHRH+PL

t-,

C	 CIRCULAR RE FLECTION C CEFF[CTENT

RC=ORBSC(RV+RH)/2.)

i
C	 PHASE RNGLE CHHNGE FOR R CIRCULAR POLRRIZEO WAVE

PHRC=CPHRV+FH9H)/2.

C	 SCATTERING REc: LECT[ON COEFFICIENT 	 -I

SCRT=OSQRT(OEXPC-(((L1.xPII/WAVE)*H*GSIN CGRM91(I))1*421)
J

I
C	

MULT[PATH FIELO STRENGT	 (INOIRECT SIGNAL)

FIELD=CO IV*ORBS(RC)*SCAT)**2+2_*(bIV*068Sif;Cl*SCfiTI*(DCOS(C((2.*PI
1/.WAVE),APRO[F)+PHACII 	

1

' C	 SESSEL FUNCTION SL'BFROC-RRM	 (SUM PATTERN) _	 4	 j
_ c	 GESSEL FUNCTION ARGUMENT

X2=((PrVOIR) /WFVE)-*OSIN(GRh'9L( [ I -PT (L)

' C	 BESSEL- FUNCTION L IM [TRT ION

M-
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B-29

Y1-Y1+2
I NT= (M+}!2)12 .
6Ei'R=2.0-* [NT+Y l
I6E1"A=BE1A+.001
RFL,G=0.0
E1FLG:-O. [l

CFLG=0.0
OFLG::0.0
EFLG=L.O
Z=1.0
FFLG=OCOS((IgETA-2.14(PI12.)1'

.
A3

.
s

_• CONTINUE

IF(IBETA—M)S0.6L.60

•

CFLG=EFLG

60
CDNT `NUE

k	

F
-

_ 	 IF C IBETA. E0.01

G0	 TO	 62 .
	

n'+

F
— IF(SFLG.GT..0000001)	

A ,

E T

d
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1.	 ntl-F03- 008

GO TO 75

I

Ag P

AFL.0 =AFLG, FFLG

GO TC 76 3

i	
7 I

BFLG=0,0

i	 s
•

76

CONT INL)E

II
-	

Z=(( 2. * IeETA)^(EFLG+((-1.1^pFl.G^XS)/{2.^[6E]'R)) )!X3

,

OFLG=EFLG
EFLG_Z
IBE1'R = IBET9— l

-GO TO 70 A7

7 BO
77

y Z=(2. *AFL Gl +EFLG

AFLG-CFLG/2

C	 [NOIRECT SIGNAL FIELD

SMP l= (2. XWAVE*, RFLG) / (P I x0 IRifOS IN (—GRt-191 (I) —PT (L)) 1 x
INO=SMPL
XLMP (I) =ORBS (SMP+ (INO#F IEL 0 H a

C SUM PATTESN F IEL.07

•	 SP(i1=20-.v0L0GI0(XLMP(I))

I
C	 OIFFERENCE.OIRECT SIG,NgL

OIFF==OSIN(PI*((GAM4L(I)-PT(L))/HF6W)+PI1—OS(N(Pld((GRtlAl(Ii—PT(L))
1 /HPBWII

C	 OIFFE ENCE . IN0IFECT S,IC,WAL
x.

CONT.	 ON PG	 9	 G^aBSO	 r	 f
_	 EG 8 OF	 t o
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x

1.2-D1,11-B0703-003
R'-33

I

[JIFFL-05 [N (Pft(( GRati?R1(f')—PT(L)1!HI'5W)+PI)—DOI^i(P[y((-GRMRL(I)—PT(
LI)/HPGW))

YLFiP(I)=OABSCHU+(0[FFLvFIELO) 1_(

0 [ FFERENCE PATTERN F [EL.O

0?(I? =20. rOLOGLO (YLMPH J )
Ggf!RI(I),GAt,)Al(f)V.Ct.IX)
PT(L)=PT(L1v-(L./X)

•	 LS^II)=SPCI1	
,

LOPM=OPCI)
MLSP C I) =SNGL CLSF ([ )
NLOP C I ) =SNGL. (LOP C N )
GR g 2ECII=ShGL.(GAMRL;J) )

PT(L1=PT(L)X

J=J«1

C	 RRCO [ST gMCE INCREMENT
C	 RRCO[STANCE INCREMENT

t	 '

	

02=02-INC	
a

1
I F

.	 !F([,EO.l Lil

TI	 -

1	 Q-O TO IS Q

GRhIR LC I ) =OFTRN) (2 l/02) -9 THEY

F
fF ( I .LT.K)

l	
T	 r

!	 ^•	 GO TO 2t

bCONT INUE
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1.2-htl-BO703-006
" B-34

+
1 ^

NAMEI(ST/OCEPIPT
WR (TE(6. OCFPI a
NRMELIS'[/PATN2/GRA?E
WRITE CG, PRTH2)
NPHEL ISTMULT ti"LSP, LOP
WR[TE (G.MULT[1

— — - — — — -	 — — —	 - — COO 90 I = L . L83

4JRITE(8lMLSP([J .GRg ZE([) .NLOP(Il

-	 — — —	 —	 — — —	 — - —	 —	 -	 9
CON-T MUE

ENOFILEB
`	

C	 OFFGET ` [NCREMENT

' PT(L+1)=PT(L)+.87222222220-2
L-L + l

1

IF(L.LT_2t)

T

GO T 	 8(]	 Al J.

(^ TG 30 qO

CONTINUE

'	 ENO

}

ORBS0

EZ	 a F I N-9
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Y FOR ORB6R,rOAdGR 22 JUL 77 11113:21.622
UHIVAC	 IIUA	 PUrITMAN V EXEC it	 LEVEL 25A IEXECS LEVEL C12010010AI
NoIS..CUM ►_ILAJION--OAS _0_O.N.E ON 23_JUL_l7 AT _1.1313.121

- "Atli P R OVAh

SIOMAGE U7ED: CODE(I1 0014121 DALA10) 0027731 . OLANK COMHON121 0034'16

EXTER N AL A _FEKENCES : IBLOCKr	 tIAMEJ

JOU3 N'IDU ♦
OOJ4 NIJ2S ..
-0O JS OACOS 1
X3.:.6 D.ATA11 ... ..	 ... _	 ._; _	 ._.....	 ...._... _	 __ ..,___	 .. ._....,..	 ..,^__......',__._... -.,:._..... ....	 _	 .._. .. _ _	 _
0337 JCJS
301D J'I^KT
u]II' UTAr
U012 UiIN
001] JCaP
.3014 OLOG10
0015 , NANLs
0316 :4,19Us
JJ17 v4x,Fs
3020 NSTD 3 f

-'	 SIORAGE ASSIGNMENT ISLOCK* -TYPE, 'RELATIVE LOCATION. NAME)

0031 000111 21L1 0000 On2656 26F OOUI 000000 30L 0001 001442 4 004- On01 001471 '411
JAJI 300727 60L 00al OJO774.621. 0001 000144 641. 0001 000746 65L 0001 000722 66L
GnJU 032660 67F 3331 OoII3 4 70L 0001 001141 72L 0001 DOl'!56 75L 0001 0011eU 76L
aUJI ')71206 7lI U701 0<)0021 UUL 4001 001'121 041. 0000 D OU261U A DODD D 002464 ArLG
JO.+,)	 D 3314.2_BE A_ OJUO D,0021 4 74 OFLr, OOUO D O025S1 BH OOUO 0 OU2626 UTMET 0000 0 002630 BT`HET: r G

-S1	 OJ.,u'	 O J325S4 By 0000 D	 0:)297 6 CFLG	 -.... OOUO D 002566 CU11	 .<^._.. -0000 D 002636 U	 -. 0000 002662 OCLP
O'3vU	 0 0)2500 OF 0000 U 002510 UIIA 0000 0 002506 DIFF. 0000 0	 DU251.6 OIFFI 0000 D 002544 015
-.'.030	 D- 031012:011 .0002 0 ¢00556 OP. DOJO D	 0 0 26 14 D1 OOOO.0 002634 02 00x00 O 002502 E	 L(. '~	 ^
.3030	 0 UJ2SO4.FFLG OOLO 0	 OU257 6 FIELD 0000 D	 002642 FREG	 °•	 • 0002 0 002670 GA,yA1 0000 R	 002175 GRAZE
u0JU 0011646 H ,7000 D	 002511 "Pilo OOuO 1	 002652 1 0000 1	 UU2655 IbETA 0000 0 001550 11+C
UOuu	 0'3)2522 INO'No 4300 1	 300 00 0 1147 OOUO 1	 002653 J 0000 1	 OU2650 K OCJD I	 OC26SI L 1z81	 UJJ2 0 03111 0302 U	 0,713] 4 LSP OnuO 1	 002654 M 0000 H 0GO663 MLSP- DODO OU2674 HULTI
U'3a0	 H OJJ3S2'N!.DP 0000 D	 90262 4 r'ADIF UOJO 002661 PA TH2 0000 0	 OJ[-,7U PH 0000 0 002534 PnAC
JauU D JU2536 PHAH _	 0000 0 OJ2511 PtIAV•-	 - ODUO D 00261 6 PHI UOUO U 002600 PI 0000 U OOUu01 PT -
UJUJ O OJ2SS4 PV 0100 0 002561 U 0000 0 002540 RA14GI 0000 D 002342 RANG2 0000 U 002606 TIC ►^

r	 00u0	 D 002556 NOIE 0000 D 002530 MH DODO D 00252 6 RV 0000 0 002S6D S DODD D ODLS7 4 SCAT C: r;
'	 03uO	 0 '¢il1	 .6 _SICK 0 30 0	 00251 4 5MP 0VU0 D 002524 SHPI 0002 0 0 6 0000 5P 0000 U 002672 STriLT
^..	 0000	 a OJ2620 TmErk 0030 D	 002640 .1A'VE	 -- 0000 D 002632 A'	 —: 0000 D OU0441 ALHP	 .._	 .. 0000 V 00247U A2 _-_	 t7

WOUO U- 001510 t3 0300 0	 Or32S71 Y 0000 0	 OUIS17 YLMP DODO U	 002644 Y 1 0000 U 001466 2 [^ 'JCuJ D OJ2602 '2I 3000 0 00260 4 12
^^11

OOIDl	1•.	 CCJHHON'5PIlB]1rpPIlB71
OJ103	 c•	 COMMON_ LSPIId31,LDI'11b31
00104	 J•	 00413!1 GAHAI(tdJ)
00105	 4• JlHE7iS 08 PT1ZS1
00106'	 5,6	 OIME115^JN MLSPlld3lo4LOP111131

FIGURE 24	 ORBITER MULTIPATH IMPACT ON SUM AND DIFFERENCE CHANNELS`
AS A FUNCTION OF GRAZING ANGLE OR FREQUENCY
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15•
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011115 I0) _ D 0 u d L E 	 FREC151ON 0.''hAVE.FRf O.I1 ,d 
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1UJIS• r ^• I.3=1	 59265350V794 

^0
Oul^.4 4ir. _C

OEGHIt	 RADIAN CONVERS<ION_:
Out 

1 
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