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SUMMARY

The purpose of this design note i to evaluate thelEarth and
Orbiter body reflections involving the Tracking Data Relay
Satellite (TDRS) /Orbiter communications 1ink. Recommendations
address operational conditions in order to avoid critical multipath
impacts, modulation preferences during acquisition, and preferred

scan limit implementation.

This detailed analysis emp10ys the use of the baselined 36-1n¢h
diameter dfsh_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 Qraiing angles
relative to Orbiter reflections for the'sum and difference
radiation patterns are ?.5 and 2.0 degréeg respectively. Thé
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.

The results in this design note indicate a possibility of false

" 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. -
~The recommended modulation for the multipath environment is-the

spread spectrumybecauée a smaller percentage of power would be Tost .

B by cancellation.
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2.0 INTRODUCTION

‘The purpose of this design note is to evaluate the effects of
multipath from bbth 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
is given to orient the reader to the definition of multipath and
related parameters. This is followed by a discussioﬁ pertaining to
fhe factors required to analyze the multipath phenomena which
include: geometrical configurat%on, electrical characteristics,
scattéring and reflection fdctors, and path d%fference. These
factors are compiled into two math tools which were developed in

- References A and B for the anq1yéis of Earth and Orbiter multipath

‘respectively.

The'rémaining sections of this design noté'are related to

evaluation of multipath on the sum and difference patterns including
3 L : recommended performance limitations imposed by the Earth and
Orbiter. The results of the.output from the two math tools are
interrelated in the results section to show the rationale for
pertinent recqmmendatipns. The last section in this design note

‘summarizes the recommendations for proper tracker scan implementation.
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3.0 BACKGROUND - -

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

from a general multipath study (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 poipts nearly coincidinQ 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
object or protrusion in the vicinity of the direct signal |
causing enhancement or cancellation of part or all of the resultant
siggal that is transmitted from the Tracking and Data Relay
Satel1ite (TDRS) to the Orbiter. The multiﬁath factor which
represents multipath is broken up intb a specular and diffuse
component., .The specular reflected wave is the worst case from |

a Qniform surface, such as the rélative]y smooth surface of

the Orbiter and uniform areas of the Earth. AThe diffuée wave is
scattered over a broad angle greatly reducing the possfbi]ity of

direct signal perturbation.

Two math tools were deve]qpéd, which are found in Appéndix‘B; one

is related to Earth multipath which is designed to aid in the'study

of multipath as a functfon of grazing angle and frequency; the
‘second program is concerned with Orbiter mu]tipath using similar

- ‘aspects as in the Earth multipath program.

. The skin of the Orbiter is covered witii a thermal protection syStem
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(TPS) with various-thicknesses to accommodate the different
heating loads anticipated on the orbiter's surface during mission
operation. Tﬁe 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 refiection
coefficient at low grazing angles. The outside layér of the TPS

has a thickness of 0.10"%,

The Ku-Band Communications Antenna is a parabolic dish type

antenna with right hand ¢ircular polarization (RHCP) having

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

right aﬁd left side and will be used oﬁ]y 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

purposes,

The region where multipath wi]] have the most impact for
communications is near the line-of-sight where the grazing angles
of the signals from the TDRS are small. 1In this region the
reflected signa1 hag a ppase shiff whichlepproaches"1860.cauSing .

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

depending on the path difference between the direct and indirect

signal.

3
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The discussion section is divided into sevén subsections, in
which the rationale for the mu]tipath'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 optimdm impiementation of this antenna system.
The first section deals with the two geometrical configﬁratfons

used to determine the Earth and Orbiter math models and its
respectivé'parameters. The electrica]rproperties of the different
Earth, ter. nin and Orbiter surfaces are a1so'shown in this section.
The second section, 4.2,.deals with the development. of the reflective
and scattering parameters for the respective @ath mode1s.. 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
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 thié multipath eva]ugtiOn are discussed in Section 4.5.

In this: section, the modifications made to the basic multipath

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

the sum aﬁd‘ﬁifference pattern sensitivity to mu]tipath.' in

phenomenon is discussed

. in velation to the sum and difference channels. This evaluation

u;hses a Bessel function to produce the SUm_radiation pattern -
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éound in Reference D. The difference channel radiation pattern is
produced using a sine function approximation which-is found in
Reference E. These patterns are combined in a computer program
with the mu}tipath factor to show the sensitivity of the Ku- Band
sum and difference patterns Fo multipath relative to the Earth
and Orbiter. 1In Section 4.7, the results from the multipath
program vritten as a function of frequency and grézing ang]é are |
discussed for both the Earth and Orbiter. The recommended
functional implementatijon 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

1mp1ementation‘for the Ku-Band antenna is recommended.

4.1_Geometric Configuration

The geometries that are‘used to analyze hu]tipath relative to the
Earth and Grbiter utilize a geometrical optics approach for
a sphere and cylinder. The sphere represents the shape of the
Earth and the cylinder represents the orbiter's shape. The
"gedmetriCal configurations for Earth and Orbiter multipath are
shownfin Figures 1 and 2, respectively. The regibh of intérest
- for multipath is near the line-of-sight (LOS) or interference
régjpn., This is a region with émai1~grazing angleé and péth
"diffefences, resulting in re!ativé1y sma11;r.f; " phase shifts

~ between the direct and indirect signa]s.; These'geometries are
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shown in Figures 1 and 2, ‘ :

4.1.1 Geometrical Bodies

The geometry of the Earth multipath shown in Figure 1 considers the
atmospheric effects and spherical effects on tho s%gna] from the
TﬁRS. The atmospheric effects are due to refractive and
diffractive bending of the incident wave and reflected wave off the
gp;th. The effect of the atmosphere is to take 4/3 of‘the earth's
raﬁfus which is referred to as the effective radius of the Earth.
Figure 1 a]so shows'the pertinent ong1es and arc distances used to
determine the amount of movement -of the Orbitep in a fixed orbit
traversing around the earth's center while holding the TDRS io_a

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

by the divergence factor which approaches zero as the grazing angle |

is encountered making the received field the same as that of free
space. The grazing ang1e,wl, in Figure 1 is encountered when tho
Orbiter/TDRS 1ine of site passes thru the point of wave impingement

on the earth's surface (apex'of*grazing angle).

’The geometry for Orbiter multipath is i]]ustrated in. Figﬁre 23

the Orbiter is assumed to be a smooth cylinder rotat1ng in a
c1rcu1ar orb1t around the Earth approach1ng the point for

acquisition of the TDRS s1gna] ~The approach taken for th1s

’aspect is to cons1der the TDRS to be in the far f1e1d

therefore 1mp1y1ng that! the ‘direct and 1nd1rect paths are—parallel

| upon incidence to the orbiter's'thermal protection syStem.

‘The effect of the TPS on the reflected signé] was evaluated
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R

s,
i

in 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.

4.1.2 FElectrical Characteristics

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.-

MATERIAL
Top Layer TPS
~Sangy Soil
- Wet Soil
‘Frésh Water

Salt Water

e

Lce

CONDUCTIVITY

‘(Siemens/meter)

¢)

1.102x10~2

10-5
10-3

10-2

5x10-3

COMPLEX
DIELECTRIC
CONSTANT (e .}

at 13.775 GHz

4.8:31.44x1072

13-31.31x10-5

80.-j1.31x10-3

80-31.31x10-3

80-35.24

1 2.92-36.532x10-9

TABLE I ELECTRICAL PROPERTIES OF ORBITER/EARTH SURFACES
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s 4.2 Scattering and Ref]ectwon Parameters Re]at1ve to Earth and Orbiter
g Multipath

The scattering coefficient for the Specu1ar1y.reflected wave
off the Orbiter is calculated using equation (1) Reference F,

which is used for both the Earth/Orbiter surfaces jisted in

Table 1.
|=ex-(&3—o sin ¥,) (])
Ips . P= W rms 1 "
ji ]psl is the scattering coefficient magnitude (noc units)
I : ) '
: % s is the root-mean-square roughness height in meters

¥, is the grazing angle in radians
t A s the wavelength in meters

x  is 3.14159265358979324

Tho specular scattering  coefficient is considered‘to have a
E . value of unity for the Orbiter surface multipath calculations. The
. : unity scattering factor indicates that the Orbiter is assumed to

have a smooth surface.

The scatter1ng coeff1c1ent will. a1ter the reflect1on coeff1c1ent in

\ | | .
such a way that the resu1tant specu1ar ref]ectwon component will be ,
lRS[ P lRJ . The baselined po1ar12dtxon for ‘the Ku Band

Communication Antenna is c1rcu1ar The c1rcu1ar reflect1on

: {,; R coeff1c1ent IRC' s cons1sts of two components, vertical and

hor1zonta1 as shown in equat1on (2
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§+§H : :
-1»2—-—- . (Reference G) (2)

L

is the vertical reflection coefficient (Reference H)

A

R (no units)

ﬁ ©4is the horizontal reflection coefficient (Reference H)
H ~ {no units) :

The respective vert1ca1 and horizontal components in equat1on

(2) are calculated by the f011OW1ng equations (Reference H).

b
n 1 _53(1 - cos 2 W ) - m, sin ¥,
IR =/ (3)
‘ 1+ 5 =1 - cos 2 v + m, sin Wl'
bh = ‘ ’ ] R .
- 1 +7§~(]:-'cos 2 yy) - m sin ¥, (4
IRH"" ] 'bh;‘ _ N ,
1+ 5 f';os 2 1) +my sin ¥
4 __is the grazing angle in radians

b . bh’ m, s and mh are comb]ex parameters used to calculate
ve the vertical and horizontal reflection

components (quations 5a55d)-_

2

bh - —z—l*ﬁz.f» : .  .]~ (Sb)
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v 2(Se._ + gX) {

0 m, = Zr ” ) - (5¢c)

L S + q '
= 2§ ‘
My = 2=~ (5d)

S +g

€ ' is the relative dielectric constant of either the

~Earth or Orbiter surface (no units)

S is a function of grazing angle and complex dielectric
constant (equation 6a) .

X k is the imaginary component of re]atwve d1e1ectr1c
constant (equation 6b)

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

| / , ) 2 _‘2,'1/72 ' ‘ ) ;
i [(Er -cos ¥ ) +X i * (g, - cos v;) (6a).

MRy

‘g 10 :
X =1.80x10'" (%) | (6b)
X
q= &5 (6c)
B is the conductivity of the respective reflecting

surface in Siemens/meter

F o  “ ~is the frequency in Hz

2
AR

The reflection coefficient approaches unity for small grazing
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aﬁgles and decreases as the grazing angle-increases. Along
with the circular reflection coefficient there is also the circular
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

byt b o '
¢C = .._.V—_.é._u. ‘ (7)
% is the vertical phase lag in radians

oy is the horizontal phase lag in radians

The horizontal and vértica] phase lag components are given

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

' JX sin v, - g Jf ¥ siny +g R
o e o — (8)
'¢v = tan €, sin ¥, - S/ - tan Ep sin ¥; + S/ .

- 1 1k o
e ()t (o) |
(bH tan (sin Yy =-S5 ‘.tan ,'_(sin ¥y, +.5 ) (9)

_The phase lag is a function of the dielectric and conductive

properties of the ref]ective'surface, gkazing angle, and frequency =

of the transmitted signal from the TORS.



(R TTiy,
~m—

e
i 3 s
" . :

& r B . [ S

1.2-DN-B0Q703-008
Page 13

4,2.1 Earth Reflective Characteristics

The reflective characteristics of Earth refer to the shape of .
the ref]ecfing surface and the atmospheric environment. The
spherical shape»of the Earth 1is taken into‘éccount by the spherical
divergence factor, Dee. The spherical divergence factor is an
abstract measure of the reflected field off thé Earth feceived

. at the Ku-Band Antenna on the Orbiter as'it"approaches
the TDRS in its circular erbit about the Earth. The divergence
factor approaches zero as the grazing ang1e W1 , approaches zero
making the received field the same as that of free space. Tﬁe
grazwnq angle 1s that angle between the path made by the 1incident
component ‘of the indirect signal and a p]ane tangent at the
point of wave impingement on FhevSurfade‘of'the Earth. The
spherical divergence factorfforfEarth’is ca]cu]afed by equation
(i) found in Reference I as.

a (r +r,) sin 1, éo% T,

= “ ’ (10)

/"[(ae + 2,)r, cos 13+(a +zl)r1 cos 1, a, "+ z )(a + 22)51n )

a. is the effect1ve radius of the Earth in meters
e | (8.986333333 X 106 meters)
ri&r2 : are the distance components of ‘the indirect wave
in meters ,
2 is the altitude of the TORS in meters
"2z s the altitude of the Orbiter in meters )
' 7,f1i: “ '_1s the angle between a line from earth's center

~ to the Orbiter and the selected wave moving tOWards
the Orbiter in radians '

ré  " is the complement of the graz1ng angle; the ang]e
' between the normal on thc tangen//at the point of
ref]ect1on and the 1nr1dent wave/of the indirect
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signal in radians
T, is the angle between a 1ine from the earth's center
to the TDRS and the incident component of the indirect
signal in radians
0 is the angle wade by the arc distance between the
Orbiter and TDRS relative to the earth's center
in radians

4.2.2 Orbiter Reflective Characteristics

The reflective propert1es of the orbiter's surface, wh1ch is
assumed to be a cy11nder, 1s accounted for by the cy11ndr1ca1
divergence factor which has been found‘to_be‘the square root

of the spherical divergence. The radius of thevorciter's cylindr-
.1ca1 fuselage is 2.992 meters. The cy]indr%ca] divergence is

a function of the grazing angle, Orb1ter rad1us and the height
of the Ku-Band antenna from the orbiter's surface. The TDRS'

is assumed to be in the far field which will result in incident
parallel wave paths for the direct and indirect signals. The

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

bt~

4
_ //// , L a sin w, .
DCX" [a sin ¥, + 2r,]((1 + %L) sin (cos -1 (a (a + zy) l - Fz))
‘ o : 2afa + z,)

is the radius of the orbiter's fuselage in meters
(a = 2. 9921005843281686563 m. )

is the grdzing angle made by the 1ncwdent wave of
1 ~the indirect signal and tangent at the reflection
point in radians (Reference Figure 2)

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

r,oo is: the reflected d1stance component of the 1nd1rect
s1gna1 in meters
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The cylindrical divergence factor for the'0rbiter has been shown
to be the square root of the spherical divefgence fhat is found
in Reference I. The effective radius parameter, ag, is replaced
by the orbiter's radius, a, in equation (11) because operation

of the Ku-Band Communications will only occur during on-orbit
activities where there are no refractive and diffractive effects

from an atmosphere.

Path Difference Relative to Earth and Orbiter

The final factor required to compose an equation to calculate

a reasonable value for the magnitude of muTtipath due to the

‘Earth and Orbiter is the path difference. Two path difference

equations will be dfscussed in this section, one for the Earth

geometry and one for the Orbiter geometrical configuration.

The Earth path difference, Ar, js-a function of "altitude and

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

center. There are three components required to calculate the

Earth path difference, the incident and reflected path'distances_ o

_of the indirect signal, and the path distancé of the direct

signal. The two components of the indirect signal are calculated

'by equations (12) and (13) in meters found in Reference Lo

e T T , 4
rL // ae + (ae;+ zz) -2a (a +2z)cos =L (12)
2 k 'f o
r, é'//ae _+-(ae tz ) - Zae(ae +.2.) cos %2- .(13)
e .
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a is the effective earth's radius in meters (8.986333333
; € x 106 meters)
Z; is the altitude of the Orbiter in meters
z, is the altitude of the TDRS in meters
d,&d, 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.

/// z %2 'z 2 z oz oz oz 7z 4
reag /|G G - 2GIGH el 4 e 2 2|1 - cos @]
e e

a9
e e e 9o @ %e

| d is the arc d1stance of the d1rect s1gna1 relative
to the spherical surface of the Earth in meters

The'Orbiter path difference, Aro, is a fhnct1on of the gra21ng
ang1e'and antenna height above the orbiter's surface. :The"path_

- difference is calculated using equation (15) found in ksference J

~as
| ar, = Zzltan»xyn ‘ - (]5)
e : since z>> 2, '
: ) 5 Lo V4 - 2Z ~ z"
T : : , , tan w -J—EF-JL az.
; ' Z, - is the a1t1tude of the TDRS in meters
2 | is the he1ght of the Ku-Band antenna above the orbiter's

surface in meters

¥ ~is the grazing angle in radians
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4.4 Earth and Orbiter“Mu1tipath Factors

The Earth and Orbiter multipath factors which represent a direct
and indirect component compose the received signal (field) at

the Ku-Band Communications Antenna on the Orbiter. This fié]d

is a result of the transmitted signal from the TDRS. The resultant
multipath factor for both Earth and Orbiter encompasses the

five factors out]ined'in Sections 4.1-4.3 which are the electrical
properties of the reflecting surface, the geometrical shape

of the reflecting objéct, reflection properties of the reflective
surfaces, surface roughness, and the path difference of the

direct and indirect'signal. The multipath .factor representing
- the multipath phenomena is a vd]tage ratio parameter. Equation

(16) {s used to represent Earth md1tibath"

‘ _ . . Yl A _.b 2

P is the scattering coefficiehi (no units)

r ~ is the differential Joss factor between the direct
rytr, ' and indirect signal (no units)
De - is the spherica1 divergence factor (no units)

ﬁc o is the c1rcu1ar polarized reflection coeff1C1ent

magn1tude (no units) s

Ar~  : ~is the path difference of the direct and indirect
' ' wave in meters relative to the Earth in meters

¢c ‘ ;V s the phase lag of a c1rcu1ar po1arwzed wave in f 
: rad1ans

T T s 3.14159’265358979324

A is the wavelength in meters
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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
tracking subsystem of the Ku-Band Communications Antenna relative

to the Earth.

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

thévdivergence factor. The remaining factoré,ref]ection coefficient

» and electrical surface properties, still must be considered.

The surface of the Orbiter is assummed to be smooth having a .
scattéring coefficient equal té unity. Ano?her mod%ficatibn

is the dﬁfferentié] loss factor between the direét and indirect
signal which is negated considering the TORS to be in the far
field. The approach taken is to cdnsider the direct and indirect
trav¢1ing‘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

factbriwhich réqqires‘the divergence to be from the cylindrical

: surface of the Orbitek; The cy1indrica1 divergence has been

,pr¢ven to be the squaié fdotfdfbthe spherical divehgénce 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 voltaue calculation,

. A _s(2m :
Lyp (dB)'= 20 Tog |1 + o Doyl Rele SGT et o) (g9

Lyp is the multipath factor in dB

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

Dcy ' is the cylindrical divergence factor (no units)

ﬁc ~ is the circular reflection coefficient magnitude
for a circular polarized wave (no units)

Aarg is the path difference between the direct and indirect
signal relative to the Orbiter in meters :

dc o is the reflection coefficient circular phase lag
in radians

A is the wavelength in meters

T 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 fhe Eakth and Orbiter.

Fortran Programs

The computer programs devgjdpgd for this ana1ysis arerdesigned

N : ; _ ,
~for the 1108 EXEC II system. The programs can be adapted to

the 1110 EXEC VIII system’by making Contro]-card changes. The

'sprrograms that were 05ed to'comp1ete this mu]fipath analysis’
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include a plot program, Bessel Function program used to analyze
the multipath impact on the sum pattern, a difference pattern
function to evaluate multipath impact on the difference channel,

and a computer program concerning the reflective effect on a

'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 nrécisfon format to avoid errors

due tb round-off of the output data. The first two programs
1isted and flowcharted in the appendix (Figures 18-21) are used

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

.of either grazing angle or frequencyQ The'remaining two programs

(Figures 22-25) are used to shoiw the effect of Earth and Orbiter
multipath on the sum and difference channe]é for multiple offset

angles as a function of grazing angle and frequency.

The components previously discussed that make ap the multipath
brograms for this evaluation are incorporated into two general
computer programs relative to the Earth and Orbiter. The two

programs are then adapted to study the multipath impact on the

~sum and difference channels of the tracking syétem of the Ku-

- Band Communications Antenna.
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ﬁ . 4.6 Multipath Impact on Radiation Patterns for Sum and Difference Channels

The multipath effect on the sum and di%ference channels of the
Ku-Band tracking system has been éva]uated by éombining the
individual radiation pattern and the multipath factor into their
respective electric field equations. The electric field of

the direct and indire;t signals relative fo the sum pattern

are written as a function grazing angle, Y1 , frequency, and

offset angle, ¢ .

The geometry used fo,eva1uaté the impact of multipath on the
sum and differente‘tracking channels is ij1ustrated in Figﬁre 3A.
This geometry is utilized for both the Earfh and Orbiter related
mu1tipath méth‘mode]s. The dotted 1ﬁne ilustrates the path

T of the signal relative to the Earth multipath math model.

In F{gure 3A the indirect signal iékon1y illustrated to prevent
possible confusion with a line representing the direct signal.
The antenna radiation patterns are4ca1cu1ated for offset angles

'from the horizontal denoted by ¢ in Figure 3B between zero and

teh'degfees. The ﬁééative offset (—=¢) would refer to the‘Ku-Band
CommUnications antenna"Being pointed towards the Earth or Orbiter
surface. 'The e1ectri; field equations‘for the direct and indirect
signals that are usedifﬁ illustrate the;Eafth and Oraiter mu1tipafh
impagt on the sum pattern are shown in~equation$ (18) and (19),'

‘respectively. -

o @ sin gy, - )]
Sl - E(y-e) = %%'( 1[sin (YiQ ;),‘ f])'

ey
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wDy .
; 6;; Eéw ) ¢)~= 2&_(J1[(* ) sin (,Wl <bﬂ (19)
O "1 D sin (-¥; - ¢)
D is the;diameter of the Ku-Band antenna in meters
¥ is the grazing angle in radiars
¢ is the offset with respect to the horizontal of
the antenna in radians ‘
Ji is the first order Bessel function_(Reference J)

1Dy . . is the Bessel function argument for
Jl[(x ) sin (v, - 9)]  the direct signal

Ji [(EQ) sin (-y, - ¢)] is the Bessel function argument for
¥ _ ; A -
" : the indirect signal S ,
Equations (18) and (19) are combined with the multipath equations
: 616) and (17) to evaluate the multipath impact on the sum radiation

péttern relative to the Earth and Orb%teru The resultant modified

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

AP ¢ ))

LMé' (dB) = éo Tog E(w -¢) + E(- wl ¢) p ,R (20)

‘E(W;-¢);'W' is the e]ectr1c f1e1d of the d1rect signal in vo]ts/meter .

| E(cy _¢)~ is the electric field of the 1nd1rect s1gna1 in
mr volts/meter i =

o

' Equation (20) aCCOunts:f¢f the combined effect of the direct

~and indirect components of fhéfrééﬂltant signal receivéd at the

_Ofbiter from the TDRS. The 1nd1rect signal f1e1d 1nc1udes the :
effect, of mu1t1path off. the Orbiter. | |
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The reSuit of Orbiter multipath impact on the sum radation pattern
i% shown in Figure 4. This radiation pattern illustrates the
résu%t; of a signal being received at a grazing angle of 1.50 ah
the antenna.at an offset angle of 1,50 in a multipath environment.
The radatipn‘p;ttern is isot}opic as all the patterns are in thé
design note. The error or peak shift of this pattern is shown to
be .080 from the 1.Sb'boint on the grazing ané]é coordinate. Sum

channel radation pétterns were also evaluated for offset angles

between +50 within a 0-100 grazing angle spectrum.

The Earth multipath impact 6n the sum radiation pattern is
calculated using equation (16). The resultant modified Earth
mu]tipéth equation fe]ative to-the sumychannel_is shown in equation

poE | (21) as

’LM;;(dB?‘= 20‘]09 'ﬁ(?1'¢) + E(-W1f¢)(ps(;35%§;) Qlﬁcle'j‘(§l"Ar * ¢c?” (21)
!
The equations used toéca]cﬁ]ateithe direct and indirect signals
' ‘ inibrder to show thérfmpacf on tﬁévdffferénce channe]'emp1oys‘
a sine function‘és‘showniin equations (22-23) which wére'derived‘

'§ "' ‘ ~ from Reference E.

E' (v; -9) = s1n(n(ﬁ§§W0 +‘F) - Sin.(ﬂ-(ﬁﬁgw9) (22) o
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; Y, =y : ¥ e
E" (—‘l’l - ¢)t:$7h (“(Hp W") + TI) = S1n(“("ﬁm)) (23)

¥y is.the grazing angle in radians

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

LI is 3.14159265358979324

HPBW is the half-power beamwidth (1.30°)

. To account for the multipath impact on the difference channel

from the-Orbiter and Eartn, E { Wlfér)iand E ( -¥y=¢ ) are replaced

‘ by Er(y —-¢) and\E"G”“ - ¢) in equatins (20) and (21). The results:’

from the difference channel funct1on is repet1t1ous wh1ch means

the graphs are 1nterpreted 1n a 1oca1wzed manner. 1 e. for a part1cu1ar

- offset ang]e (grazwng ang1e) on the coordﬂnate axis within +

4.7

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

shown in Fxgure 5 for the 0rb1ter multipath 1mpact on the dwfference

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

degrees The modified Earth and Orbiter mu]tipath equations

(20 and 21) perta1n1ng to the sum and difference channe1s are

: 1ncorporated into the mu]twpath programs shown in Append1x B

F1gures 44 and 46, as a function ofegraz1ng angle and frequency.v

Evaluation of the Multipath Effects

- A general computer program has been wr1tten to evaluate the 1mpact of

f-mu1t1path on the Ku Band Commun1cat1ons Antenna performance

-

The program‘has many modifications that: were written for the



S

,,céwn_
§

#

1.2-DN-B0703-008
Page 25

1108 Executive II system. These modifications were written

to show the impact of multipath on the received signal from
thé'Tbﬁé to the Orbiter. The different modifications aid -
the avaluation of multipath from the Earth and Orbiter as a
function of grazing angle and frequency. Another modification
has been wristen éo evaluate the multipath impact on the sum

and difference radiation patterns to determine the . antenna

- 1imits 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

The five different surfaces chosen to represent the earth's
composition are: sandy soil, wet soil, fresh and salt water,

and ice. The results showed minimal mu1t1path magn1tudes of

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

qf gnazjng angle. Frequency.alsO shows a minimal effect relative
fo;Earth nultipafh Atva grazing angle of .20 for‘tnelfive résnectiVe
Eartnvsurfaces. ~Figune 6 shows the Earth mu]tipath.nangitude

from sandy soil which is a}sofrepresentatfve'of the other four

i

Earth surfaces as 4 function of frequency.

{
|
!

The Earth mu1t1path 1mpact to the sum and dwfference patterns

as a funct1on of gra21ng ang]e shows a m1n1ma1 effect as 111ustrated :

~in F1gurgs 7-8 from sandy soil. The peak and null sh1fts are

~ very minimal in the radiatﬁon'patterns of Figures 7 and 8. This

~ impact is also representative of the other four Eanth‘surfaces-
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The Earth multipath-impact to‘the'sum and difference pattern

as a function of frequency had the same minimal impaCt for small
grazing ang]es‘from the five respective surfaces considered

on the earth's surface as shown in Fioures 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

%;5 . frequency bandwidth of the TDRS/Orbiter communications link.

? Therefore the 1mpact of Earth mu]t1path as a function of frequency
R

|

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

The ‘multipath from the earth's surface will have a m1n1ma1 effect
on'the signal transmitted ‘from the TDRS at a carrier frequency
of 13.775 GHz. Also, the pointing error or peak and null sh1ft§

-are at(anminimum for the sum and difference -patterns of the

o

TDRS Carrier'frequency producing a good tracking signal.

In re1atfon to the Earth’mu7tipath, the modulation of the carrier
siéna] from the Tracking Data Re]ay'Sate]1ite (TDRS)-may be

a| despread signal due to the resu]ts chown 1n th1s paragraph
Recommended 1mp1ementat1on of the Ku- Band Antenna is not restr1cted

|  due to Earth multipath and therefore may funct1on with very little

interference from the earth's ref]ect1ons

|
1 SRE
o 4.7, 2 Eva]uat1ons and Recommended Imp]ementat10n for the Ku- Band
} The 0rb1ter mu1t1path factor shown 1n Figure 11 as a functlon_oﬂ-
\
I
|

of graz1ng angle 1nd1cates ‘that 1t 1s a cyclic funct1on w1th

o :f(}‘f‘- o 1ncrea51ng magn1tude and ang1e when 1ntegrated with a 51gna1
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degradation or enhancement may result. The Orbiter multipath

factor as a function of frequency illustrated in Figure 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

degrees.

The Orbiter multipath math model was used to show the peak and
nu]]?shifts of the sum and difference patterns for grazing angles

between 00 and 100 at offset angles between +50, Table 2 contains

‘a tabulation of these respective shifts or pointing'errors for

corresponding offset ang]es within the grazing angle spectrum.
Table 2. shows that minimum po1nt1ng error for.the sum pattern
occurred at 3.50 offset (grazing ang]e) and 2 0o offset (grazing

angle) for the difference pattern.

-~ The Orbiter mu]tipath-resoifs shown in Figure 13 as a function of

gra21ng angle shows that the minimum peak shift of the sum pattern
occurred at a graz1ng ang]e of 3.5 degrees Therefore, 1t ‘may

be conc]uded that the worst case tracking due to mu1t1path interference
W111 ‘occur when the graz1ng ang]e is 0-3.5 degrees in relation

to the sum pattern. There are still some minor perturbat1ons
o :

~in the sidelobes whieh are at a level of -17 dB down from the

main lobe.

The minimumenuli*displatement“of‘the difference oatfern was:

; found to be at a graz1ng angle of two degrees as shown in. F1gure

14, The d1fference pattern is the swgna] from wh1ch the e]evat1on :

.-“and az1muth d1fference tracklng channel 1s der1ved F1gure

| “§i14 shows that there are poss1b1l1t1es for false lock-on at 1ower Rt
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Offset Angle,¢

-~ (degrees)

ot
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Table 2

~Sum Pattern Pointing Error Difference Pattern
(degrees) . (degrees)

.18 .185
.02 .52
.23 .60
.20 - .25
.30 .02
.20 10
.20 .20
.08 15
.50 .001
.50 .02
.50 .20

0 .18
1 1.10
.05 .05
.02 04

Po1nt1ng Errors Due To 0rb1ter Mu1t1path For Sum And
D1fference Radiation Patterns
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‘grazing angles shown by the small glich or false null in 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

Toss as possible in the signal. In a spread spectrum modulation

or pseudo noise modulation the power bandwidth is large decreasing

the possibility of total signal cancellation.

The inpept of drbiter multipath on the sum and difference pattern
as a function of frequenty shows a possibility of interference.
The center frequency of the carrier, 13.775 GHz, is shifted

close to the null between the mainlobe and tirst side]obe‘of

the sum pattern for an offset of -2.00 and +3.00 at small grazing

" angles (0;1.320) asnshown in Figures 15-16. _Therefore, the

multipath 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..

The difference channel is affected‘by multipath in relation

tolfrequency inithat the TDRS carrier frequency bandwidth is

V‘at the top of the d1fference Tobe for offset ang]es greater

than 2 5 degrees and lower 1n the null for offset ang]es of
less than 2.50 at smaT] gr321ng ang]es (O 1 320) Therefore,

tracking of an obgect wou1d be better at +2 50 off the hor1zonta1

) of the beam. This result is shown in F1gures 17 for offset ang1es

y : of +2.50 re]at1ve to the d1fference pattern _ ;“



ST Y 8

_-.._
—————

o,
e ]

e
; r—
: . B

G | S | e 1 : }
1.2-DN-B0703-008

Page 30
In relation to Orbiter multipath, there is a possibility for
cancellation of the TORS signal as explained in this'paragraph;
Therefore the recommended modulation to use is pseudo noise

(PN) for the orbiter multipath environment.
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5.0 RESULTS : -

The purpose of this section is to summarize the factors from the
previous disussion to define the rétiona]e for pertinent recommenda-
tions for operation of the Ku-Band tracking in a mu]tipath

environment.

The first three dﬁscdssion sections (4.154.3) reviewed the factors
and genmetries used to build the math models to analyze mp]tipath
‘relative to either the Earih or Ohbiter. The r.f. bandwidth
(13.75-13.80 GHz) analyzed was the Ku-Band TDRS/Orbiter
communications 1link which operates at a center frequency of 13.775
GH%, The calculations performed considered the geometrical shapes

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

that are considered in these math models are grouped into three

areas which include: .the electrical charac;eristics of the

ref1ect1ng surfaces, reflective surface characteristics, and the

path d1fferences between the direct and indirect s1gna1 from the

5@ .- , TDRS.. Equations 16-17 represent the mu]twpath factor relative to
N the Earth and Orbiter, respectively. These equations may be

adaptable to numerous surface conditions on the Earth or Orbiter.

Mu1t1path at small grazwng ang]es can have an impact on the
operat1on of the Ku-Band track1ng system The mu]tipath phenomena
‘_may impact the system by_shjftlng and sc%}1op1ng of the sum and
| diffehence'signais which eeu1d reSth in am?aise 1ockfon;bf”fhe
) TDRS s1gna1 as shown in ngure 37, and also a r.f. phase var1at1on

"wh1ch cou]d result in part1a1 or tota] cance11at1on w1th1n the :

‘spectrum of‘the TDRS s1gna1
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The received signal_on the TDRS/Orbiter link (Forward Link)
may be enhanced or degraded by the mu1tjpafh factor debendent
on the r.f. phase variation between the direct and indirect
signal, and also the electrical characteristics of the reflecting
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 .0019. The sum pattern
will not have maximum tracking for grazing angles of. 3.59 or
less. The difference pattern showed a minimum shift for érazing
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.

The most favorable mpdu]ation for a multipath environment is

considered to be a~spr¢ad spectrum or pseudo nojse type of

modulation. This fact has been shown to be true in past history.
The spread épectrum spacing for Ku-Band is 2.9599 kHz over a 6.056

‘MHz b%ndwidth. The spread spectrum requires a small beamwidth;

as is baselined, ih order to operate prober]y. Thé spread spectrum

has a very good advantage over other modulations such as the

deSpreadﬁmbdu1atiohvwhere, if cancellation does occur, the cancellation

may be very s]ight 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
Tink (13.75-13.80 GHz). As a result commun%cation may
be maintained when the TDRS is within the line of site

of the Orbiter.

(2) The Orbiter reflections will impact the.sum and difference
patterns limiting the antenna scan qf 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
pétterns and may also result in a false lock-on. The recommend-
ed scan limit for Orbiter multipath corresponds ta a minimum

grazing angle of 3.5 degrees.

(3) Use of the spread spectrum (pseudo noise modulation) is.
'recommended«tq 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 app]iéd to radar problems

and changes in the baseline antenna patterﬁs.
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