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PREFACE

This study was performed as part of Contract Number NAS 5-11602
entitled ""Study of a Low-Altitude Satellite Utilizing a Data Relay Satellite
System'' for-the National Aeronautics and Space-Administration, Goddard
Space Flight Center. The purpose of this study is to investigate the techni-
cal considerations associated with a low-altitude satellite (LAS) operating
in conjunction with a data relay satellite system (DRSS). One of the major
problems is interference in the communication link between the two satellites.
by transmitted radiation reflected and distorted by the earth's surface. This
problem, termed "multipath,' is the subject of this report.
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1. INTRODUCTION

The descriptive term "multipath' refers to a communication link in
which there exists moreé than one signal propagation path between the signal
source and the receiver. The phenomenon of interest in this study occurs

in the transmission of electromagnetic energy between a low-altitude satellite—.

(LAS) and a data relay satellite (DRS) at geostationary altitude, For this
study, low altitudes are in the 100 to 1000 mile range.

There are basically two paths between the satellites (Figure 1-1): a
direct path, and a path by reflection from the carth's surface. The total
reflecting surface may be thought of as being ¢omposed of many smaller re-
flecting surfaces, and hence, the total reflection path is a collection of many
reflection paths., The signal received via the reflection path is delayed and
distorted with respect to the received direct signal, resulting in ah undesir-
able interference. Further, under frequently occurring conditions, the mag-
nitude of the received reflected signal may be larger with respect to the direct
signal power. Later in this report it is shown that, for a range of geometrical
conditions and.a transmission frequency of 140 MHz over the sea, the average
reflected power incident on the receiving antenna will be only 2 dB less than
the direct signal-power. Interference of this magnitude has rather profound
consequences on a cor~munication system operating in this enviromment,

The principal objective of this study is to quantitatively characterize
the multipath phenomenon., Of majorinterest is the power received via both
the direct and carth reflection paths. And, since free space propagation can
easily be computed, the reflection process becomes the main subject of study,.

The goal, therefore, is twofold:

1) To develop a means for estimating the magnitude and nature of
the reflected power

2) To prescent numerical estimates of the reflected signal charac-
teristics in graphical and tabular form for reasonable ranges of
the important parameters

1-1
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In addition, the fading charactoristics of the combined signal are diacusacd,
and a scction ia devoted to methoda of communication improvement in the
nmultipath environment, The major parameters include;

1) Geocentric LAS-DRS separation angle, ¢

2) LAS altitude, h

3)  Transmission {requency,

4) Surface clectrical propertics (sca or land)

5) RMS surface slope (roughness factor),

6) RMS surface variation, o

71— Antenna polarizations

The reflection process is time varying and statistically nonstationary
because of the changing gecometry due to orbital motion.. However, the—short-
term statistics may_be considercd. stationary, thus allowing tractable
statistical analysis of the reflection process. For a rough carth, the surface
may be considered composed of many small patches, each with its own
geometry, resulting in a reflected power which is time delayed and frequency
shifted.. Thus, the multipath phenomenon may be characterized by the
following aspects of the total reflected power:

1) Magnitude

2) Time response of a transmitted impulsce

3) Frequency spectrum of a transmitted CW signal
Quantitative estimates of these effects are presented-in Sectio~ 3.

1.1 BACKGROUND

At the heart of earth reflection analysis is the analysis of reflection
from a flat rough surface, which did-not begin until about 1950. The analysis
can be divided according to the type of surface model used. One type consi-
ders surfaces composed of randomly distributed deterministic shapes. An

example of such a model may be found in Reference | where Twersky analyzed

a surface of hemisphetrical bosses distributed on a plane. A second model
treats the surface height as a random variable. This approach seems more

reasonable and has dominated roug.a surface analysis in recent years. A model
based on a statistical description of the surface roughness is used in this study

and is discussed in Subsection 2. 4,

Statistically, rough surfaces can be divided into three classes:
slightly rough, intermediate, and very rough. 'These classes ran




be quantitatively distinguished by mecana of a emoothness factor which
includen the ratio of the rmea surface variation and clectromagnetic wave-
length (sece Subscction 2,2), But only the sligphtly rough and very rough
aurfaces can be treated mathematically with useful resulta; howeved,
extrapolation hetween these two classes can yicld uscful catimates of sur-
faces with intermediate roughness, Supposc that a porfectly smooth surface
becomes slightly rough, The specularly reflected cnergy decreasces as the
roughness grows, but still containe the major portion of the encrgy.  But,

in addition, there-is a smaller amount of energy scattered away from the
specular dircction duc to the roughness. The signal reflected specularly is
phasc-coherent, while the scattered signal is incoherent (random phase) at
any distant reception point. As roughness increases, the coherent power
decrcascs and incoherent power increases until, even in the specular reflec-
tion direction, all reccived power is incoherent. The coherent component
is computed using the expression for reflection from a smeoth plane, with
additional factors included for the cffect of roughness and the sphericity of
the ecarth, The derivation of the expression is given in Reference 2, and the
resultsare discussed in Subsection 2, 3,

Two approaches to the slightly rough carth arc well documented,
A perturbation technigquedds used by Peake (Reference 3) and Barrick
and Pcake (Reference 4) and later extended by Valenzuela (Reference 5). The
results of thesc authors' approaches require the assumption that the rms
surface variation be much smaller than a wavelength and that the surface
slopes be small. Another derivation technique employing the tangent plane
approximation, or Kirchoff approximation,as it is sometimes called, is given
by Davies (Reference 6) and Beckmann (Feference 2). These derivations
require, in addition to the above a sumptions, that the surface radii of
curvature be ¢verywhere much greater than a wavelength, The results of
these analyses are useful for estimating the power rdéflected in directions
other than the specular direction, but it can be shown that this incoherent
power is significantly less than the coherent power reflected in the specular
direction,

Reflection from very rough surfaces has been analyzed using several
techniques, all of which lead to equivalent results, Basic assumptions com-
mon to these analyses are:

1) The rms surface variation is larger than a wavelength
2) The surface radii of curvature arc much larger than a wavelength

Assumption 2 is not always satisfied, particularly for land, but for the sea,
which is a better reflector, it is satisfied quite [requently. Isakovich
(Reference 7) provides the first comprehensive vector treatment of rough
surface reflection from a physical optics point of view, and Davies cssentially
duplicated this work in a scalar formulation. This work was extended by
Beckmann (Reference 2), Scemenov (Reference 8), Stogryn (Reference Y), and
others. Muhleman (Reference 10) considered the surface to be composed of




amall, connected, perfectly conducting facets, and used the probability
distribution of the facet normales in his analysis, Hagfora (Reference 1))
extended these reaults, showing that they are equivalent to those aof the other
authors mentioned above, A third, but related, approach by Kodis
(Reference 12) related the reflected power in a given ¢4 rection to the number
of apecular points, i.e., tho number of pointa satisfyiig specular geometry
with respect to transmitter and receiver, Barrick (Reference 13)

oxtended this work by developing expressions for the number of specular
points and average radii of curvature, obtaining resulls identical to

the other analysis approaches, The form of these results is discussed

in Subscction 2, 4.

The LAS/DRS multipath problem has been considered by several
investigators,. Durrani and Staras (Reference 14) began their analysis where

the rough surface analysis discussed above ended. They took the general ——

regult for rough carth reflection, which pertains to a surface patch, and
formulated-the integral for total average received-power., The method of
steepest descent was used, along with a number of approximations, to arrive
at a formula for the ratio of average received reflected power and received
direct power which is defined as the '"relative power' in Subsection 2. 4. Some
of the approximations made by Durrani and Staras are not accurate for

all values of the geometric parameters. Further, because of the integral
approximation approach, an accurate assessment of the effects of antenna
gain and polarization cannot be made... Massey (Reférence 15) and Bivch
(Reference 16) are concerned principally with modulation, coding, and signal
design to reduce multipath cffects, and they add no additional information
concerning the magnitude and nature of the reflected power beyond that given
in Reference 14,

In this study, the general rough surface solution of References 2, 8, 9,
11, and 13is used to compute the received incoherent power, and the
slightly rough, coherent power is determined from the results of Beckmann
and Spizzichino (Reference 2). The wough earth results arc achieved by
numerical integration of the surface integral via machine computation. This
method numerically sums the power contributions due to many surface
patches and, in the process, allows determination of the impulsc response
and frequency response of the reflection procéss. Thus, the multipath
phenomenon may be characterized as mentioned previously. Further, the
significant parameters may be readily varied and, in particular, the effect
of antenna pain and polarization may be evaluated.

1.2 PRINCIPAL RESULTS

Estimates of the reflected power and the cifects of the parametors
listed previously are illustrated graphically and discussed in Scction 3,
Section 4 presents techniques for improving communication in the multipath
cenvironment. A few of the morce significant results and conclusions are
presented herc,

1-5
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1,2.1 Interference Magnitude

In the abacnece of techniques for diseriminating againat the reflected
signal, the interference by this aignal can seriously degrade the performance
of an LAS/DRSS communication link, If the electromagnetic radiation is
polarized horizontally with reapect to the reflecting area, i.e., normal to
the planc containing the 1AS, DRS, and carth's center, then at 140 Milz the
avorage magnitude of the reflected signal will be only & dB less than that of
the directly reccived signal (R, = <2 dB). This can be scen from Fig-
ure 3-1, Further, from Figure 3-06 for this case, the reflected signal power
will exceed that of the divect signal approximately 20 percent of the time,
and from Figurce 3-7, the total received power will fade below the dirvect
signal by 5 dB 10 percent of the time.

1.2.2 Improvement Techniques

A directional antenna on the LAS will provide a significant improve-
ment by discriminating geometrically against the reflected power., lowever,
many missions require an omnidircctional radiation pattern. For this case,
circularly polarized antennas on both the LAS-and DRS will provide diserim-
ination against the reflected signal, If an LAS antenna system can be designed
to transmit/receive the same sense of circular polarization in all directions,
then the average reflected power will be less than 9 dB below the directly
received power. This conclusion derives from Figures 4-3 through 4-6.
Then, from Figure 3-7, the reflected power will be less than the direct
power 99. 96 percent of the time and more than 3 dB below the direct signal
98. 2 percent of the time.

Signal processing techniques with imiprovemenri potential are dis-
cussed Lriefly in Section 4, and include pseudo-noise (FPN) coding, diversity
techniques, frequency hopping, burst transmission, and deta rate limiting.
The most attractive and widely applicable of these techniques is PN coding.
With this technique, the data signal is modulated by a signal corresponding
to a PN sequence prior to transmission. This combined signal is demodu-
lated at the receiver in a correlation process which discriminates against
the reflected signal. It appears that effective use of PN coding requires a
minimum RF bandwidth of approximately 20 kllz, Larger bandwidths will
allow longer total communication time, better multipath rejection, and
shorter signal acquisition times.




2. ANALYSIS AND MATHEMATICAL MODELING

The multipath phenomenon requires mainly geometrie analysis in
arriving at-a athematical model useful for quantitative estimates of the
reflected power. The analytical treatment may be broken into three funda-
mental areas: 1) large-scale geometry involving the orbital positions of the
two vehicles and the carth's mean surface, 2) smaller scale, surface rough-
ness considerations, and 3) antenna radiation characteristics, These topics x
are treated in the above order in the following six subsections.

2.1 LARGE-SCALE GEOMETEY

In the following analysis, the LAS is considered as tie: transmitter
and the DRS as the receiver. This allows consistency and provides conven-
jence in the ensuing discussions since the communicationdink, including the

multipath reflection effects, is bilateral,

2.1.1 Scparation Angle and Transmission Planc

The two line segments froin the center of the earth to the twe satel-
lites may be used ar a geometrical basis for analysis of the multipath
phenomenon., The primary geon.ctrical parameters are the length of these
two lines and the angle between them, defined here as the separation angle,
¢, In general, these three guantities vary with time unless the orbits are
circular, in which case only the separation angle is varyinp. At any instant
in time, the two lines define a plane which intersects the earth's surface.
This basic geometry is illustrated in Figure 2-1,

The direct transmission path lies in this plane, and the reflection
from the earth's surface is nominally symmetric about it. This plane is
subsequently referred to as the transmisgsion plane, and it is a useful basis
for the geometric analysis required in studying the reflection process. The
separation angle may be related to the orbital parameters of the two satel-
lites by considering the lines from the earth's center to the satellites as
vectors in an inertial coordinate system, as shown in Fipure 2-2. Referring
to this figure,

2-1
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Figure 2~1. Basic Geometric Quantities in
LAS/DRSS Multipath Analysis
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Once the time variation of 6, ¥, and X is known, the time variation of ¢ may
be determined from Equation 3,

2.1.2 Coordinate Systems

Using the transmission plane as a geometric basis, several useful
coordinate systenis may be defined. Referring to Figure 2-3, the coordinate
system E] E2 E3 is defined as follows: E) coincides with Rpy, the line seg-
ment to the DRS; E2 is orthogonal to E] and lies in the transmission plane;
and E3 completes the system, lying perpendicular to the transmission plane,
All.vectors in the analysis of the reflection and direct transmission paths
will be expressed in terms of this coordinate system,

Two other coordinate systems required for describing the radiation
patterns of the antennas arc shown in Fipure 2-3. The D1 D2 D3 system is
parallel to the ] E» E3 system, but is centercd at the DRS antenna, 'The
L} L2 L3 coordinate system is centered at the LAS antenna. The I} coordi.
nate is parallel to the Ry, line and points away from the earth, L2 is ortho-
gonal to L] and is in the E| E2 plane, and L3 is parallel to E3 and D3,

2.1,3 Specular Point

'I'he specular point is that point on the carth's surface, in the trans-
mission plane, where the anple of incidence is equal to the anple of reflection
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measured from the local vertical. The geometry associated with this point
is shown in Figure 2-4, It can be shown that

R. + R,
I -1 L E 1
OL ) (p-6) + tan [R‘L - RE tan 5 ((p-,s)] (4)

R, +R

1 -1 E 1
(2] 1 = § + tan [—-———-—- tan -5] (5)
D 2 RD - RE 2

The specular point is the point where 61, = 8, and is specified by the angle
5, which can be found as a function of ¢ by equating the two expressions of
Equations 4.and 5, Figure 2-5 shows-§ as a function of ¢ for three different
: ’ values of the LAS altitude. TFigure 2-06 illustrates the relationship between
] the incidence angle, 6 , and the separation angle, ¢.

: The specular point is at or near the center of the region on the earth's
surface from. which the reflection toward the DRS occurs, Consequently, in
summing the effects of reflection from many small surface "patches, " this
point_will provide an origin for variation of the surface patch location.

a3t il

2.1.4 Scattering Patch Geometry and Reflection Plane

Consider a small patch, dS, of the earth's surface near the specular
4 point. The location of the center of such a point can be specified by the two
er angles a and B, as shown in Figure 2-7. The anple o is measured in the
transmission plane, and B is measured in the plane defined by Ry and E3,
Thus, the area, dS, of the srnall patch is given by

ds - REZ cos B da dp (6)

The vector Vi, is directed from the LAS to the patch, and V) is directed
from the patch to the DRS. These two vectors are given by

V, s Rg-Rp (7)
Vy = Ry - Rg
2-5
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ﬁn R, Lo (8)
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Also of interest is the vector, Vp, which bisects the anple between Vi, and

4
I
X “1’) I.A
Vo & oo - (1)
’ B VI) Vl,
4 The angle, Y, between Vp and Rg is given by
( V' R
] cos ¥ - GRS (12)
:'*‘ I; S
:Jak
The reflection planc is the plane containing both Vi, and V. Enerpy reflected
. from d$ to the DRS propagates in this planc.
2.1.5 Distribution of the Separation Angle, ¢
Since the separation angle, ¢, is the primary geometric parameter
and several of the multipath characleristics will be determined as a function
'H 2-8
-
X




of this angle, it is of interest to know the fraquency of accurrence of a given
value of ¢. In other worda, to aid in inte rpreting the data which is a function
of ¢ it is helpful to know with what frequency a piven value of@ will accur,
Equation 3 relates ¢ to the three basic orbital parameters i, 0, and -\ (ree
Figure 2-2), To determine the statistical distribution of ¢, some aspuMp-
tions concerning the distribution of these orbital parametors must he made.

For the purpose of pumerical evaluation, the following assumptions

are made:
1)  The orbits of the LLAS and DRS are circular; thus, over an
extended time period, the angle 6 will be uniformly distributed
between 0 and 300 degrees.

2) Over a complete mission, all values of the angle w -\ between
0 and 360 degreesd will vecur with equal frequency.

3) The inclination, i, remains constant.

4) The altitude of the LAS is 500 statute miles.

rmines the maximum value of ¢, which can
be shown to be 108, 7 deprees. Any vaiue of ¢, determined from Equation 2
which is preater than this value, is meaningless since the earth blocks
transmission between the two spacecraft for larper separation anples. And
when transmission is blocked, no direct or multipath signal is received;
thus, communication terminates or is ree stablished via another DRS for

which the separation angle allows transmission.

The-last assumption dete

Based on these assumptions, a computation was made of both the
relative frequency and the cumulative frequency of the sepatation angle, ¢,
for LAS inclinations of 0, 30, 60, and 90 degrees. The results are shown in
Figures 2-8 and 5.9, From Figure 2-8, it can be seen that the density func-
tions peak at the inclination angle. Figpure 2-9 can be used to estimate the
percentage of time for which the geparation angle lies in a given range. For
example, for an inclination of60 degrecs, the separation anple, ¢, lies
between 40 and 80 degrees 66.4 - 15,8 = 50.06 percent of the time, Figure

2_10 indicates the effect of LAS altitude.

35 0 e B sl P L

6

2.2 EARTH REFLECTION AND SCATTERING

Mathematical modeling of electromagnetic energy reflection from the
earth's surface requires assumptions concerning the rouphness in order to
arrive at analytical expressions useful for obtaining numerical results.
Based upon the results corresponding to two or more roughness conditions,
reflection characteristics for intermediate roughness conditions may be csti-
mated. In this study, both smooth and rough motdels are employed to esti-
mate reflection for these conditions and intermediate conditions. The
assumptions associated with these two models will be discus sed in the next
two subsections. But, before procceding with the analysis associated with

2-9

Yoo N



0,4 N A
8: Figurc.2=8. Relative Frequency
_ f Separation Angle |
LAS ALTITUDE 500 mi ‘ OF Beparation ARk
- 0,3fF—==c 4 ,Em 0,, -
o i= 90
5
& ,
3 !
g 02 —
s
<
w—t
&
Li = (°
0.1 - |
1.0 1 i | |
0 40 80 120 LAS ALTITUDE 500 mi é |
SEPARATION ANGLE, ¢, DEGREES 0.9 ‘ 12 b
s 08 //
S A
> 0.7 B
/ |
3 06 . / / |
& i
W 05f-i= 0% /oy, §
= | ‘// ‘IL/-i = 609 |
= 04fi= 30 4
= 77 Lot=90°
S 03 ‘
N7/
0.1 . - f . e
Figure 2-9, Cumulative -
Frequency of Separation 0 20 4 60 8 100 120
Angle SEPARATION ANGLE, b, DEGREES |
]
5
2-10 ;:
‘1
y 1




theae two extreme surfaco conditions, a diacussion of what conatitutes a
rough or amooth ecarth is warranted,

A surface in defined as amooth when the fielda reflected by the sur-
face from an incident plane wave propagate only in a pingle dircction. This
implics that the fields refloctad by one portion of the surface are highly cor-
volated or in a fixed relationship to ficldas acattered by other portions of the
gurface so that the reflocted enerpy propagatc as a wave in a single direc-
tion, Similarly,_a surface is qualitatively definad as rough when the ficlds
scattored by the surface from an incidence plane wave arc diffuse or propa-

gate in various dircctions,

To provide a-quantitative criterion for surface rouphness, consider
two points on a flat surface geparatod by a height difference, h, as shown.in
Figure 2-11. The waves roflected from these two surface points will differ

in phase by an amount given by

Ay 41 h ¢os O (13)

where O is the angle of incidence as shown in Figure 2-11 and N\ is the EM
wavelength, For a surface with randomly distributed surface variations, a

surface smoothness factor, q, may be defined by

419 cos
2IEsoms (14)

where o is the standard deviation of the surface variation. Although there is
no sharp change from a smooth to rough surface, a criterion often used as a
dividing line is the Rayleigh crite rion which states that a -mooth earth satis-

fies the following inequality

q < 3 (15)

If the surface variations are normally distributed, then it can be
shown (sece Reference 2, pages 80-89) that for a flat, perfectly reflecting
surface, the fraction of the incident power which is reflected as coherent
radiation is given by a coherency factor, p, defined by

p- e d (16)

2=-11
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Thus, a purface satisfying the Raylelph criterion for amoothness may reflect
only 8, 8 percent of the incident radiatior coherently,

A more reatrictive amoothnesp eriterion might require that the
portion of the incident power cahorently reflected by a smooth aurface he at
least 90 percent, Thia leads toicriterion for amoothneas of:

q < 0,324 (17

Similarly, a restrictive criterion for a rough surface might require that the
portion of the incident power coherently reflected by a rough surface be no
mozre than 10 percent, This leads to a criterien for rouphness of:

q > 1.52 (18)

The region 0,324 < ¢ < 1.52 can be considered a transition repion, both
gspecular and diffuse scattering being present.

The Beaufort sea state scale is presented in Table 2-1 where wind
speed and the rms surface variation, v,-are related, Fipure 2-12shows the
surface sioothness factor, ¢, as a function of ¢ and incidence angle for the
VHF frequency of 140 MHz. The values of rms surface variation used for
this figure correspond to those of Table 2-1, It can be scen that, for most
sea states, the surface is not smooth except al very large incidence angles,
and for most of the higher sea states, the gurface is rouph for a wide range
of incidence angle. But, for values of o between 0. 03 and 0.5 meters, the
surface roughness lies iu the transition repion, causing the reflected radia-
tion. to have both coherent and incoherent components., I"or hipgher {requen-
cies, the earth appears rougher and the reflected power will be principally
incoherent for all sea states and all angles except near grazing.

Modeling of rough surfaces based upon assumed surface statistical
properties has been successfully atte mpted for three roughness conditions:

1) q - 0
2y 0 < q < 1
3) q > 2.14

Barrick and Peake (Reference 4) develop expressions for reflected power cor-
responding to 0 < q <1 without using the Kirchoff approximation requirced by
Beckmann (Reference 2) and others, llowever, as is noted in Reference 4,
these expressions are most applicable to backscattering, whereas LAS/DRS
geometry leatls principally to forward gcattering, oxcept at small separation
anples. And, for the frequencics of interest in this atudy, i.e., £ 2 130 MHz,
the earth's surface will appear to be very rough (g > 2) most of the time for

2-13
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TABLE 2-1, RELATIONSHIP AMONG BEAUFORT SEA STATE SCALE,
WIND SPEED, AND RMS SURFACE VARIATION

Beaufort RMS Surface
Sea State Wind Speed, Variation,
Scale knota ¢, .motera
1 ” 1-3 0.02 tT
2 4-6 0.09
3 7-10 0.30
4 11-16 0. 88
5 17-21 2.1
6 22-217 4.0
7 28-33 7.0
8 3\4-40 11.3
9 41-47 17. 4
10 48.55 25,2
11 56-63 35.0

small separation angles. Thus, only two models are used in this study: the
slightly rough model of Reference 2, which includes perfectly smooth condi-
tions, and a wery rough model devcloped and discussed in References 2, 8, 9,
and 13. It is felt that intermediate conditions can be estimated from the
results of these two models. Each model consists of a single mathematical
expression for the ratio of received reflected power and received direct
power. For convenient reference, the models will be called sminath and
rough earth models, respectively,

2.3 SMOOTH EARTH

First consider reflection from a smooth plane surface. There is no
simple rule for computing the exact fields reflected by such a surface, but
an approximate field may be obtained as follows. When the source of the
waves is far from the reflecting plane, the incident waves are substantially
plane waves over any limited area, Because the angle at which a plane wave
is reflected by the surface is equal to the angle of incidence, the reflected
wave appears to come from an image source (Reference 2). Referring to

2~15
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Figure 2-13, the source or transmitter is located at T, radiating a field of
atrength 8, The image is located at T' and of strength R, times S, where

Re is the surface reflection coefficient which depends on the angle of inci-
dence and polarization of the wave, This is the same result obtained by ray
theory or geometrical optics which arc bascd on the assumption that the
clectromagnetic fielde behase.locaily as plancstaves,

Assuming for the moment that the electromagnetic field is a scalar
quantity, the cquations for thereceived direct and reflected signals are
given, respectively, by

2
G, G, \"
Py =gy P (19)
(4m°~ VvV
o
2
G, G, M
i 3 Gy 2 |
Pr = ZPRCI (20)

(4m)° (Vy + V)

where G is the gain of the transmitting antenna in the direction of the direct
path; G, is the gain of the receiving antenna in the direction of the direct
path; P-is the transmitted power; \ is the wavelength; G3 is the gain of the
transmitting antenna in the direction of the reflection path;.G4 is the gain of
the reéceiving antenna in-the direction of the reflection path; R¢ is the Fresnel
reflection coefficient; and V1,, Vp, and Vg are defined in Figure 2-13.

Electromagnetic fields can be represented as vectors, and the reflec-
tion of electromagnetic plane waves is dependent on the polarization of the
EM wave where polarization refers to the orientation of the vector repre-
senting the electric field, E. When considering reflection from a smooth
surface, this direction is most conveniently referenced to the transmission
plane, i.e., the plane containing the incoming propagation direction, the
surface normal, and reflection propagation direction,

Referring to Figure 2-14, the polarization of an EM wave with respect
to the reflecting surface and transmission plane is defined. The horizontally
polarized plane wa.c's electric field is perpendicular to the transmission
plane, while the vertically polarized component lies in this plane. Note,
Figure 2-13 shows that, by convention, the component of Eyj (the incident
vertical field), which is parallel to the reflecting surface, changes diraction
upon reflection, All other field components remain in their original direc-
tion. Using these conventions with Equations 16 or 17, only the Fresnel
reflection coefficients are needed to compute the received power,

2=17
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2.3.1 Reﬂectiorn Coefficienta

A theoretical expression for the reflection cocfficient of a plane carth
may be obtained directly from Maxwell's equations, The earth is character-
ized by its relative complex dielectric constant, c'.

¢' = - 00 jAe (21)
(o}

where € is the earth's dielectric constant, c is the earth's-conductivity, ¢ ¢ is
the free space dielectric constant, and A is the free space-wavelength. The—
reflection coefficients of a smooth plane earth surface are then given by:

Vertical pclarization:

¢! cos 6 - \/e' - sinie
R =

v [+ oin%e
et cos B8+ [e'+ sin 6

(22a)

Horizontal polarization:

cos @ - .,e' - sinze
- - (22b)
cose+_v}€'+sin 0

R

where 8 is the angle of incidence.

Figures 2-15 through 2-18 show the magnitude and phase of Ry and Ry
as a function of the incidence angle. For vertical polarization, the incidence
angle where the retlection coeffi~ient has minimum magnitude is called the

Brewster angle.
From these curves, the following points are of interest:

1) The reflection coefficients for land are relatively independent of
radio wave frequency (for the frequency range of interest in this

study).

2) The pseudo-Brewster angle is 72 degrees for earth and between
82 to 85 degrecs for sea in the frequency range of interest.
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3) For angles of incidence less than the paeudo-Browsater angle, the
angle of the horizontal refloction coefficient is near 180 degrees
and the angle of the vertical reflection coefficient is nearQdegrocs,
Thus, for angles of incidence less than the pscudo-Brewster
angle, the horizontal and vertical reflection coefficients differ by
approximately 180 degrees, which means a predominantly right
circularly polarized wave will be roflected as a predominantly left
circularly polarized wave.

4) TFor angles of incidence legs than the pscudo-Brewster angle, the
reflection coefficients of the sca are greater than the.-reflection——
coefficients of the land,

2.3.2 Divergence Factor

To this point, the model used in analyzing the reflection of EM waves.
by the smooth carth assumed the earthh was an infinite smooth plane. A
divergence factor, D, may be defined to account for the earth's curvature,
It is defined as the ratio of.the power reflected by the spherical earth-to the
power reflected by an infinite plane.

Referring to Figure 2-4, simple geometric calculations lead to a
divergence factor given by (see Reference 2):

|
D= TFE)0 + £/cos 0) (23)
whete
. “Vis Vs (24)
¢ -
Ry Vig ¥ Viyg)

R4 ig the radius of the earth.

A more precise analysis by Bremmer (Reference 17) gives the diver-
gence factor D as

1
L2 2
L+ £ (1 4+ cos” 0)/cosp +¢

D (25)

In later numerical computation, the more accurate Eiquation 25 is used,
Figure 2-19 shows the divergence factor as a function of separation angle
and LAS altitude,
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2,3,3 Slightly R ough Surface

It is shown in Reference 2 that, for a slightly rough surface where
q << 1, a major portion of the incident power is reflectad caherently in the
speeular direction, The major additional assumption is that the radii of
curvature of the surface he much larger than a wavelength, i,e., that the
surface consists of large-scale undulations, This condition is common for
the sea, which presents the most scrious multipath problems due to its
highly reflective properties. If, in addition, the surface variation has a
gaussian probability distribution, the power reflected by a slightly rough
surface may be estimated by multiplying the smooth surface reflected power
by a roughness cocfficient which is identicalto-the coherency factor, p,
defined by Equation 16.

2.3.4 Relative Power

For evaluating the effect of earth reflection on the LAS/DRS communi-
cation link, the relative magnitudes of the direct and reflected power are of
principal intérest. The reflected power may be normalized to the direct
power by defining the relative power, Rp, as the ratio of the two. Including
the divergence factor and roughness coefficient, the relative power is given
by

RJZ (26)

2
P G, G V. ]
R - 1:<3 4) 0 oD
1 2 (

P P G, G 2
d VL+VD)

Numerical results using Equations 16, 21, 22, 25,and 26 arc presented

in Section 3.

Equation 26 represents the smooth earth model where slight roughness
is included, i.e., smooth here means not rough (q < 1),

2.4 ROUGH EARTH

‘. . scattering of electromagnetic waves by a rough surface (q >1) is
treated extensively in References 2, 4, 8, 9, 12, and 13, The specific prob-
lem of interest in this study was also the subject of Reference 14. But, in
the process of arriving at a formula for the relative power for the rough earth
case, the authors made many approximations, some of which are not accu-
rate for-all values of the geometric parameters. The approach in this study
is to use the reflected power expression derived in Reference 2, but, whereasn
the authors of Reference 14 began their approximation of the required inte-
gration starting with this formula, the intent here is to perform this integra-
tion numerically via machine computation without approximation,




.

In addition to assumiug that the smoothness factor, q, is large, a
second important assumption in the derivation of the reflected power formula
is that the radil of curvature of the surface are large with reaspect to a wave-
length, Although this condition is not always satiaficd, capecially for land,
it is a common condition for the sea and for much land area, And since, as
was mentioned in the previous subsection, the sea ia the best carth surface
reflector, this condition is not severely restrictive,

To develop an expreasion for the expected value of tho total received
reflected power, Py, consider the power density, ¢, incidenton a small

scattering patch, dS. @ is given by

s 27

where G3 is the transmitter antenna gain in the direction of the scattering
patch, P is the radiated power, and Vp, is the distance from the LAS to the
scattering patch, as shown in Figure 2-7.

The expected value of the power reflected toward the DRS is defined in
tertns of a scattering cross scction by

<c1PS > = @ dC (28)

where dC is the scattering cross section for the scattering patch dS and is
defined below. Using Equations 27 and 28, the expected value of the received
power, Py, reflected from dS is given by

Gy Gy A° P
<dP_ > = : dC (29)
T 3 2 2
4n) VL‘ VD

where Gy is the receiver antenna gain in the direction of dS, and Vp is the
distance—from this patch to the DRS., As in the previous subsection, the quan-
tity of major intérest is the relative power, defined for a rough surface as
the expected value (average) of the ratio of received reflected power to.
received direct power, Combining FEquations 19 and 29

ikt

T G, G,
Rp = “p" * "B~ 476, G, | 52y 2© (30)
‘ ‘ S'L "D
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where § represents the total surface area common fo the view of hath
vehiclen,

2.4,1 Scattering Cross-Section

If the surface variation is considered to have random characteristica,
which appears to be a good assumption for a large area, then determination
of the scattering cross scction requires statistical analysis, The details of
the required analysis ave prescnted in Reference o and will not be repeated
hore. It is shown in Refereace 2 that a statistical distribution of the surface
variation about a mean value is sufficient for determining radiation ficlds,
But this distribution does not deseribe the surface completely because it
does not account for the separation of the peaks and valleys. A second func-
tion, the autocorrelation function, may be used to describe this aspect of the
gurface and is neécessary for determining the averape reflected power. In
this study, the following two assumptions are made about the nature of these
two functions:

1) The surface height variation about a.zero mean value is distributed
according to the raussian density function

plz)

aNZm

where o is the standard deviation or rms variation value defined
in Subsection 2. 2. For this study, this distribution is assumed to—
apply over the entire surface of cach ¢lemental scattering patch,

2) The surface autocorrelation function is piven by

2 2
Alx) e ® /T

where x represents the distance between two surface points, and
1" is a constant called the correlation distance.

An important point concerning the autocorrelation function is that it applies to
any two points repardless of the angular orientation of the line sepment
between them; thus, the roughness is considered isotropic, The gaussian
autocorrelation function i8 employed by Beckmann (Reference 2), Stopryn
(Reference 9), Hagfors (Reference 11), Barrick (Reference 13), and others;
but Fung and Moorce (Reference 18) suppest a more complex function which
they claim is better behaved. Although this function may be made to account
for smaller scale roughness in addition to the larpe undulating roughness by
introducing an additionhal parameter, it still behaves like a paussian function
for very larpe roughness q =~ 1. No expe rimental cvidence has yet been

2=25
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preaented to vorify the autocorrelation function of Fung and Moeare, and, in
addition, no asingle mathematical expression for the acattering crosa-
soction ia poasible, Thus, the more tractahle solution resulting from the
above two atatiptical assumptions is used here,

Basecd upon this statistical description of the surface, a lenpthy deriva-

tion, the details of which are piven in Reference 2,. yielda the following
expression for the scattering cross section, dC:

2

ln_ 2

dC - =y (’\ 7 CXp <- iﬁ?lvél) ds (31)
N cos’ Y n

where R, is the reflection coefficient corresponding to Og in IMigures 2-7 and
2.20: Y is the angle between VR; and the local vertical, Rg, as shown in
Figure 2-20; dS is the areca of the surface patch; and 1 is defined as the
roughness factor piven by

13%3

’
T

The roughness factor can be shown to be the rms value of the surface
slope with respect to local horizontal.

The scattering cross séction dC corre sponding to the surface patch dS
can be intetpreted as the portion of the patch dS which is oriented in such a
way as to provide specular re flection from the LAS to the DRS.. From Fig-
ures 2-7 and 2-20, it can be seen that as the distance on the esarth between
d$ and the specular point increases, the anpgle,Y , also increares and, hence,
the scattering cross section decreases.

2,4.2 Shadowing

The derivation of lquation 31 assumes that every region of the surface
patch, dS, contributes to the scattered fields, This assumption neplects the
shadowing of a surface by itsclf, an effect that is very important at iarge
angles of incidence which correspond to large satellite separation anples.
Indeed, the shadowing effect reduces the scattered fields to zero at an angle
of incidence of 90 deprecs.

Several authors have treated the subject of shadowing, Beckmann
(Reference 19) derives a shadowing function which yields the portion of a sur-
face area not shaded, i,e., that portion which is illuminated by the incident
radiation. This shadowing function involves the incidence angle, 0, and

=27




roughneans parameter, y, and it may be interpreted as the probability of a
given point on the surface being illuminated, Beckmann claimed that this
ahadewing function ahould be included an a multiplicative factor in the
expreoation for average reflected power given hy Tiquation 29,

However, Brockelman and llagforas (Reference 20) elaim that the
shadowing function should be the conditional probability that a point is
illuminated given that the surface at that point is properly oriented for
reflection. Probability fundamentals favor this latter approach, The
probabllity) that the surface at a point is propérly oriented is given by
(lC/dS]Rcl" (see Equation 31).  Thus, if

A occurrence of properly oriented surface
B = occurrence of itlumination (no shadowing)
then the probability that the surface at a point will be both properly oriented

and unshaded is given by

P(A, B)Y  T(A) P(P/A)

where

P(A) - dC/dS|R.|?
P(B/A) - shadowing function, S

If the two occurrences were independent, then P(B/A) - P(B) and
Beckmann's approach would be valid,

Brockelman and [lagfors werce unable to develop a shadowing. function
appropriate to their approach, but both Smith (Reference 21) and Wagner
(Reference 22) were successful, However, Smith considered only illumina-
tion of the surface by the transmitter, wherecas Wagner included visibility
by the receiver. If,

C :: occurrence of visibility by receiver

Wagner's results yield the conditional probability P (I, C/A). Thus, for the
LAS/DRS reflection signal, Wapgner's results are more applicable., Wagner's
analysis treats reflection in two dimensions, but the results appear to be
applicable to the three-dimensional reflection process of LAS/DRS
communication.
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Scveral new quantities must be defined, The angles 61 and 6 _are
shown in Figure 2-20 and may be calculated from ¥

=V, R,
cos Gi = Wﬁj (32)

Vr . RS
cos B, " PR (33)
Vel [R]
Now define
cot 9.1 \
By ~ 1
cot 0,
g, n
_ (34)
1 2
Bx =5 L exp (-g.1 ) - erfc (g.l)]
—
[ BT
21 1 2 .
B. =3 Lgr\&_ exp (-gr ) - erfc (gr)]

Two cases must now be considered in calculating the probability of visibility
by both the transmitter and receiver. This probability may be expressed as

P(B, C/A) = P(C/B, A) P(B/A)

Case [: Forward Scuatter

Referring to Figure 2-20, if the angle between ny and n, is less than
90 degrees, then the reflection is called "forward scatter,'" I'or this casd,
Wagner assumes that visibility by the receiver is independent of visibility by
the transmitter. This assumptionis consistent with that made by othersintheir

2=29
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analyses. The cxpression for the shadowing function, S, is then calculated
by Wagner to be given by

1 ) ] '(Bi+Br)
u(cot 9.1' - tan Yy ) u(cot 8, - tany )\l - ¢

8§ =
(B.1 + Br)

where u( ) is the unit step function and 95_' , 8r',and Y' are the angles between
Vi, VD, VB and the projection of Rg onto the reflection plane, However,
because of'the geometric relationship w'hich exists between Vi, Vp, Rg and
Vp, tan 8; > tan y' and tan 8, > tany and, hence,

-(By+Br)

- 1 -e ’
= (B, + B (35)
1 r

)]

Case Il -Backucatter

Referring to Figure 2-20, if the angle between n; and n, is greater _—
than 90 degrees, then the reflection is termed "backscatter' and

P(C/B, A) = 1

That is, if the point is visible from the LAS, then it is visible from the DRS.
This is not strictly true for three-dimensional reflection, but, for LAS/DRS
geometry, this case arises principally when the incidence angles are small.
So both P(C/B,A) and P(B/A) will be nearly equal to unity. The shadowing
function then becomes

' 1 ( _Bi)
u.(coi:ei -tany )\l - e

S = P(B/A) = B,
wiere, as before, u(cot 9-1' - tan y|) = 1, Thus,
-Bi
N N =
S (36)
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The eriterion for distinguishing between the above two casef-is
simple:

n.n 20 = Cascl
i r

n,* N, < 0 = Case Il

The shadowing function given by Equation 35 is plotted in Figurc 2-21 for the
specular point where 6§ 6,. Figure 2-22 shows the various probabilities
defined above according to diffcrent authors as a functionof 6 - 6; = 6, for
n = 0.4.

2.4.3 Divergence Factor

It should be noted here that this rough surface analysis does not
include a divergence factor, and rightfully so. The divergence factor is
proper for the ernooth earth case, but for the rough earth, the carth's
curvature is automatically accounted for by the geometrical computations
implicit in the determination of Y, VL,and VD in Equation 31.

2.4.4 Relative Power

Combining Equations 30 and 31 and including the shadowing func-
tion, the relative power—for a rough surface is given by

2 2
R, =7 Vc(; G G3ZG4 7 \P;.C\ b(:) exp ( —-—rtanzv) ds (37)
P ™M Y2 V.4 v.” 1" cos ¥ n

S 'L D

This equation represents the rough earth model, but the effects of antenna
polarization have not yet been considered. 1In the next two subsections, the
effects of reflection on an arbitrarily polarized wave and the description of
antenna characteristics are treated to provide more complete interpretation
of R, and the antenna gains.

2.5 DEPOLARIZATION

Equation 37 may be used to cstimate the relative power for radia-
tion which is polarized either vertically or horizontally with respect to the
surface, i.c., for which the electric ficld vector is oriented parallel to or
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perpendicular to the reflection plane, For instance, for vertical
polarization, the reflection coefficient, Ry, must be substituted for R¢, and
the gains G1, G, G3, and G, must correspond to the respective antenna
gains for this polarization, %ut, when the electric field vector is oriented
arbitrarily with respect to the reflection plane, both reflection cocfficients
must be used in calculating the reflected wave, and the polarization of the
reflected wave may be radically altered, This phenomenon is treated briefly
in Reference 2, but the development and results are difficult to apply to the
scattering problem of interest in this study.

To derive the depolarization equations, the three coordinate systems
shown in Figure 2-23 will be used. The unit vectors are defined as follows:
ki lies along the incident propagation direction; ey; is perpendicular to the
plane containing k; and the radius, Rg, from the earth's center to the reflects...
ing point S; ey, is orthogonal to k; and. epj as shown; s3 coincides with the
bisector of the angle between Vi and Vy; 81 is perpendicular to the reflecting
plane defined by V; and V.; s lies in this plane ¢ *hogonal to s] and s3; k,
lies along the reflection propagation direction te the receiver; ey, is pér-
pendicular to the plane containing ky and Rg; and ey lies in this plane per-
pendicular to ky. _These definitions may be translated mathematically as
follows:

V., v,
k. = ISyl k = m——
i IViI r I r|
R el . L Sx*Bs (38)
hi ki x Rsl' hr ’kr X Rs|
®vi T Cni XK Cvr © Cpy XK,
k -k,
s - r 1
N LY
V.x V k, x k
. | roo_ i r 39
E’1...|VixVJ Ikierl (39)
kr+lfc.1
52 ° m
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The electric field vector may be expressed in terms of ¢
transmission unit vectors

A N TR L (40)

The quantitics Ehi and 'Evi are complex numbers defined by

jlut +o,)
E . = Q¢
hi hi
jlut + o)
E . = Q. c¢
vi vi

For-this analysis, the time varying base, ert, can be omitted since only
the relative phases between the two components are important. Thus,

jo je
S h E.-Q.e Y (41)

.
hi vi vi

E. =0

hi

The first step in the development is to decompose Ej into components
parallel to and perpendicular to s3. It is useful also to maintain the identity
of the original polarization directions in these components. Thus, the fol-
lowing definitions are made for the coniponents of E.

: perpendicular to s4, originated from Ehi

hhs
Ehvs : parallel to s,, originated from Ehi

vhs perpendicular to s4, originated from EVi
E os ! parallel to s,, originated from Evi
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It can be seen from the vector definitions of Figure 2-23 that

hhe = Eni [t 81) 81+ (ogy o 82) 8,

al

Envs * Epj (opyt 83) 83
(42)

=
i

vhs = Eyi [(Cyir 8y) 8y tley 0 83) 8,

=
1

ovs = Eyi (8yy® 83) 83

In the reflection process, Eyng and Eyhs require the reflection coefficient
for horizontal polarization, Ry, while Enys and Ey g require the vertical
reflection coefficient, R,. The next step is to apply the reflection coefficient
to the vector—field .components of Equations 42°and then to express the field
with respect to ey, and-eyy coordinates. The.following definitions will
simplify the resulting expressions.

Ahh = (.eh.l . sl) (elw + 8, ) + (ehi . sz) (ehr . SZ) \

By = (e 83) (e v s3)

Apy = (e m sy (e s s) Hley, » sp) (e, v 8))

By, = (e s3) (e " 83)

(43)

vh vi® %1) (Bpp s sy (et sy) (e 0 8y)

vh = (8yp " S3) (B 0 85)

A, 7leg s leg ) ¥ leyy sp) ey, 0 8y)
Bov © ey sy)legy 53)
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Then
Ernr © Epi Ry App TRy Bry) = By Bp
Ehvr " Ehi (Rh Ahv * Rv Bhv) N Ehi Khv
(44)
Evhr = Evi (Rh Avh * Rv th) - Evi th
Evvv i Evi (E.h Avv * Rv va) = Evi va

where Eyi, E,i Ry, and R, are complex numbers. - The received electric
field vector is given by

Er - (Ehhr * Evh.r_) “hr + (.Evvr + Ehvr) evr

(45)

= Ehr ehr * Evr evr

Equations 44 preserve the depolarization process in that Ej,,, is the compon-
ent of the reflected electric field in the eyr direction , which originated from
the ep; component of the transmitted field.

2.5.1 Polarization Factor

A convenient method for describing the field is via a polarization
factor, P, defined by

E

P =g (46)

=

since E,, and E; are components in some coordinate system, P is also refer-
enced to that coordinate system, For instance, from Equation 41

poLoYh L vl (47)

L i S ek, imitile

i s e kma




represents the polarization of the tranemitted fleld with respect to the ki‘
ehi* ®yi coordinates, And

E}.1 = Ehi (Pi L +-ehi) (48)
From Equation 45, it can be seén that

E- E _+E _
P = vr _ _Vvvr hvr (49)
r E Ehhr + Evhr ;

Using Equations 44 and 46, P, can be expressed as a function of Pi'

Pi(Pfh Avv + Rv va) * Rh Ah.v * Rv Bhv - Pi va + Khv

P PRy Ay H By Byt Ry App YR By Py Kon * Ky

P

(50)

Since most of the reflected power is reflected from the earth's sur-
face near the transmission plane defined in Subsection 2.1, a special case
of interest occurs for smooth earth geometry when V;, V., and Rg of Fig-
ure 2-23 are all coplanar, i.e., when the incident and.reflected power both
lie in the transmission plane. For this case epj, s;, and ey, are parallel
and ey €yyps 53 and s, lie in the transmission-plane. It can be showa that

Ay =1
Bin * Apy  Bpy Ay By 70
A = -c:osZ 0
vv
B = sxin2 0
vV
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and so Equation 50 reduces to

P =P -If!—sinz() cosze (51)
r T UiE\Ry i :

When 6 = 90 degrces, it can be secn from Figures 2-15 and 2-16 that

Ry = R, ; thus, Py = P;, and the 4wo coordinate systems coincide. Consc-
quently, the polarization is unchanged. When 6 = 0 degrecs, Py = =Py,

thus the reflected polarization is 180 degrees different in phase with respect
to the receiver coordinates than that which was transmitted, Then, for
instance, if the LAS istransmitting a right circularly polarized wave omni-
dircctionally away from the spacecraft (a-hypothetical case for illustration.
only), and the DRS is "overhead" (¢ =0, 6 = 0), then the wave reflected
toward the DRS will be left circularly polarized, This phenomenon allows
the possibility of discrimination between the dizect.and reflected signals and
is discussed further in Scction 4.

2.5.2 Power Reflection Coefficient .

For a general polarization, a power reflection coeffic:i.ent2 [y can
be defined, This reflection coefficient replaces the quantity IRC in Equa-
tions 26 and 37 and is defined by

_ 2 _ specularly reflected power
r,.=|R = =
r c incident power

2 2

_ IEhrI + Evi‘
ENEEENE
vi

hi

From the definitions of the polarization factors given by Equations 47
and 49

2
(1 +

hr‘ I)r )

T IEhi

=

1—\

(52)

[3Y]

(1+|pi )




2.6 ANTENNA CHARACTERISTICS AND RECEIVED POWER

The characteristice of interest here are the radiation pattern and
polarization which must be related to the scattering procean, The polariza-
tion factor described in the previous subscction will he useful in represente
ing the gain and polarization of the antennas, There are five polarization
factors of interest which are referenced to coordinates shown in Figure 2-23,

Pi = incident factor referenced to SNG ¢ . 1(i

vi

P = roflected factor referenced to ey, ¢, k

r hr’ “vr’ 1

P . = transmit direct factor refereneed to ¢ 0 € k

d hd’ “vd® d
P = receiving antenna direct factor reference to e, e, =K

rd i hd’ “vd d
Prr = receiving antenna reflection factor referenced to ¢ .+ €. -kr

From the orbital geometry, it can be scen that vectors kyq and kr are
separated by a small angle. It is shown in Section 4 that this angle is
always less than 3 degrees for LAS altitudes léss than 800 n, mi.. Thus, if
the DRS is the receiving satellite, Puq = P and if it is the transmitter, .
P, sl

d i’

2.6.1 Received Power

Considering only specular reflection and depolarization, the ratio,
R, of received reflected power to ditect power is given by

2 e (2|2 | 2
R = Epp Bprr ¥ Eve Byrr = \Ehr‘ |Ehrr LePy })rr|. (53)
o " |Epg Epra * Eva Evrd] \Eﬁd\ '\Ehrd‘z |1 PP prdll

Now, by definition of the anteénna power pains Gy, Gy, Gz, and Gy in
Equations 26 and 37,

2 2 2
- IEhdl (1 + ‘pdl )

PrdF)

2
Gy = \Ehtl| +‘Evd

21+

- - - 2 - z — -4
Gy = ‘E' * ‘Lvrd‘ B \Lhrd

hrd
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Ehilz ( +'Pi|g)

2 2
Evrrl h lEhrrl (l *

2 | 2
Gy lEhil +|Evi| -

G, - ‘4

4 E

“hrr

Y

P
or

Using Equations 39 and 46, Fquation 53 becomes

R <G4 ‘Ehrl2>|1 P, P“.”"lz (1 +_|Pd|2) (1 + lPrd|2)
0

From Equations 44 and 45,

E = KooK
hi

hr s * Ev' K

i vh T Ehi (Khh * Pi K

)

hh vh

Then from Equations 54 and 56,

G, G
N3 Gy 2
RO GG lK + Pi. th PC

1 Ga hh

where PC is the polarization coefficient defined by

Il + Pr Prrlz (1 + |Pd|2) (1 + ‘PrgJZ)

e |1 + Py I’rdlz (1 1P 2) (1 * lprrlz)

For linearly polarized antennas, P;, Py, Ppqs and Ppy are positive real
numbers, Horizontal polarization corresponds to P = 0, while vertical

(54)

(55)

(56)

(57)

(58)

polarization corresponds to P = o, which presents computational problems
in evaluating R, as given by Equation 57. To overcome this difficulty, the

inverse polarization factor, Q, may be defined by

|
Qv U E

2=41
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It can then be shown by a derivation identical to the one above that

Gg G4 v & . :
Ry~ Til—:a? IKVV * Q’i IL"’hv. Qc (60)

whare

QC = ll * Qr.erli (I +  chl‘z) (1 * |Qrd|é)
|1+ Qg Qg (1 0 ) (1 +]0,]%)

(61)

It may be noted from Equations 57 and 60 that

Kon TP Koy

. (62) |
va + Qi K J

QC = PC
hv

Then for horizontal polarization, P = 0, and for vertical polarization,
Q = 0.

2.6,2 Relative Power

In Equations 57 and 60, the terms |Khh + Py th|2 and
Kyv + Qi Khvlz are equivalent to chlz of Equations 26 and 37. The
polarization coefficient PC or QC is an additional term that must be inscrted.
Thus, expressions for the relative power for both the smooth and rough earth
cases can be made to include the antenna characteristics and the effects of
depolarization,

2,.6.3 Rough Earth Case N

2

v G, G . 2

Y 3 Gy 2__PC__ per o [-tan® ¥\ .

R, = Invg. G [ 2 ZlKhh+Pi Rl =273 b("“"p( ) >db
172 Jg Vi, Vp N cos'y

(63)

where dS is a small scattering patch on the earth's surface and cach of the %
terms on the right side of the integral sign correspond to each ds,

3,
s
%

=42
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2.6,4 Smoaoth Earth Case i

Some simplifications can be made for the smooth carth casc by noting,
as was done in Subscction 2,6, that Khh c Ry Kw = Ry din®6 - Ry, ccmdo,
and Kpy @ Kyp = 0. Then

2

2
G, G \% G G \Y .
AR < o > 2. < >< 0 I 2
R = : D | @ DIR sin’¢
p <Gl (';> VL + VD Gl Gé VL+ VD v

cos® 0|& 0o (64)

R

h

B Rh

FEquations 63 and 64 arc the basis for some of the relative power calculations
discusscd in this report.

2.6.5 Antenna System Coordinates

The above development with the resulting expressions requires that
the LAS and DRS antenna characteristics be known for every significant scat-
tering point as well as for the direct path direction, IFor actual calculation,
the pains and polarization factors can be expressed as functions of transmis-
sion direction with respect to a coordinate system fixed on cach satellite,
Such coordinate systems were defined in Subsection 2.1 and are shown in
Figure 2-24,

The two angles & and ¢, relate the transmission direction Vy, to
the LAS coordinate system. Referring to Figurc 2-24, it can be shown that

V., * L
CObé' TLT"J_ (65)
ICOS @ | = WY—T—,’;%-L*—
1. lVL| smgL

1Vis|

-1
Q. spgn(V, ,) cos e
1, 1.2 |VL stTL/

(66)
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where sgn( ) means "aign of' and the numeric subscript refers to the
component in the Ly L L3 coordinates of Figure 2-24. And, sinec reflection ]
is symmetric about the transmission plane, Vi3 2 0, and so

=90 degrees s @, = 90 deprees

Os:séL

i

180 degrecs

Similarly, for the DRS antenna coordinates:

cosb LD __1 (67)

13

cos ‘PD‘ = W‘-‘—-’“—"'—'

-1 Vi3] g
¢p = sgn(VDZ) cos <|VD|SinQD) (68) :

The gains and polarization factors can be expressed as a function of L1, b1,
Loy and 25} after the antennas are related to the 1, Ly Lg and Dl D, ]]5'3
coordinate systems.

2. 6.6 Horizontal and Vertical Polarization

To provide numerical results useful for-understanding the effects of 1
the several parameters, two linear polarization oriertations will be used.
The horizontal polarization vector for both satellites will be taken as the :
normal to the transmission planc (the plane containing the LAS, DRS, and i
earth's center). The vertical polarization direction for cach satellite will ‘
be parallel to the transmission plane, but an arbitrary choice of direction is
required.

For the LAS, an omni capability for vertical polarization will be
assumed. That is, the gains in the direction of the specular point and in the
direct path direction will be taken as equal, This will allow the reflection
process to be characterizcd nearly indcpendent of the antenna characteristics.
Thus, for any given value of the separation angle, there are two cqual vertical
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polarization vectors, Vi and Vi, corresponding to specular point incidence
and the direct path, These two vectors arc illustrated in Figurc 2-25 from
which it can be shown that

cos a
VLI = { - sin a (69)
0
where
a = 90 -y -9
and the El E, E3 coordinates of Subsection 2.1 are used.

For the DRS, the vertical polarization direction is chosen as the
perpendicular to its earth radius vector, as shown in Figure 2-25, Thus,

VPD =11 (70)

This appears to be the most reasonable since the DRS antenna is most likely
to be an earth coverage antenna pointed, nominally, at the center of the
earth. Using these coordinates, the horizontal polarization vector, H,
defined above can be expressed by

£ e e v

e e i

With these definitions, an‘l considering scparately, horizontal and vertical
transmitters with 1 watt of powcr, the gains and polarization factors could
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s 4
»
3

be defined according to subsections 2, 6. 1 through 2,6.4, However, this
cage ia of sufficient intercst that additional relationships will be developed,
Firat, define the following quantitics:

G S B ¢

Hhi i “hi3

Grei ~ Hoeyp 7 o3

D@y ., Sina t ¢, ., COos a
hil hi2

Vhi = 'PL - ®hi

GVvi VPL J cvi = cvil sin a + QviZ Ccos a
(72)
Cppr B Cnp 7 ®pr3
Gomr © H" Cyp 7 O3
Gth - VPD " Chr 7 Chr2
Ger VI’D " Cyr T Cvr2

where the numerical subscripts corresponds to vector components in the
El EZ E3 cootrdinate system.

It can now be shown that,if horizontal polarization is transmitted, the
reflected, horizontally polarized field is given by

Evre © Shite Cuni Ban  Cavi Bon) T Gonir Crmi Bry ¥ Oavi By

where K,y» Kyp Khy, and Kyy are defined in Equation 44, The reflected
verticai polarization is given by

E (G )+ G (G K

Gy Ko vVr

Hhi l\‘hh Hvi v + GHvi va) (74)

Hhi

Hrv = Shve h
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Similarly, if vertical polarization is transmitted, the received
reflected vertical and horizontal polarization is given respectively by

E Is +GVviK )+ G (G + G K ) (75)

vV Snve Cyng B o Gt Cyng By F Gy Kov

E = QG I X + G

vRH  Snir Cvhi B J F G

.va) (76)

vvi S vilr Cvhi By Sy

For dirccet transmission, the recceived horizontal polarization is given
by Equation 19 with G| = Gy : 1. For vegtical polarization with the con-
vention chosen above, Gy « I and G, = cos®v, where v is defined in
Figurce 2-25,

Combining these results with the scattering cross section as was
done above, the relative power for transmitting and receiving horizontal
polarization (horizontal-horizontal) is given by

2 2 _
v E 2
HRH 5(6 -t: .
Rp) = | L |z ;OO exp (220 Y (77)
HH 47 2
Jy VL VD 11 cos Yy n

The horizontal-to-vertical relative power is given by this equation with
EHRV substituted for EI{I{H’

The vertical-to-vertical relative power is given by

2 2
2 E |s (8) ,,
‘A
v VRV  (egan?y) .
(Rp) = ) Z o 2.2 SV A (
VvV 4dwcos v 5 VL VD 17 cos y

and vertical-to-horizontal is given by substituting E

. for EVR in this
cquation,

v

VRH
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2,0,7 Smooth Farth

For the smooth carth model where veflection comes from the
specular point,

2 2
IRHRHI I“d

(79)
2 2 )
‘E\”{V R cos T
where 1 is defined in Figure 2-25,
Thus,
v 2
2
(R,,) - [=—2—) bD|Rr (80)
Praun  Vis ' Vs h
2
mpr, (o) (s ) e |2 o)
A'AL LS 1)5/ cOs v
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3, MULTIPATH CHARACTERIZATION

The multipath phenomenon cannot easily be described by one quantity
or function. However, it can be usefully characterized by its major effects
upon a transmitted signal, The prewvious section developed expressions for
the relative power (ratio of received reflected power to received direct.
powet) for both the smooth and rough earth cases involving the major.
parameters of satellite-to-satellite communication and the reflection
prccess. These cxprcssions may be used to cvaluate the following
three distinct bul interrclated aspects of the multipath phenomenon.

1) Power transmission - relative power reflected by the
earth to the receiver

2) Time rcsponse - received reflected power as a function of
time

3) Frequency effects - multipath cffect on a fixed frequency
signal

Ir. providing quantitative estimates of the above multipath aspects, the
cffects of the following major parameters will be shown:

1) Geocentric LAS-DRS secparation angle, ¢
2) LAS altitude, h

3) Transmission frequency, {

4) Surfacce clectrical propertics (sca or land)
5) RMS surfacc slope (roughncess factor), 7
6) RMS surface variation, ¢

7) Antcnna polarizations

3-1
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3,1 POWER TRANSMISSION

Power transmission has three aspects of interest: 1) magnitude
of the received average reflected power with respect to the received direct
power, 2) statistical variation about this average which results in a fading
signal power, and 3) distribution of reflected power over.the carth's
surface. These three aspects arc discussed in this subsection.

3.1.1 Reflected Power

A useful quantity for evaluating the received reflected power with
respect to the reccived direct power is the relative power defined in Sub-
section 2.3. The relative power, Rp, is defined as the ratio of the average
received reflected power to the received direct power. Ior the smooth .
carth model of Subsection 2.3, no statistical averaging is necessary, but for
the rough carth model, such averaging is required as discussed in
Subsection 2. 4.

The final mathematical expressions are given by Equations 63 and 64.
These equations require that the gains and polarizations of both LAS and
DRS antcnnas be known for the dircct path and over the scattering region.
For purposcs of characterizing the multipath phenomecnon, two orthogonal
linear polarizations were chosen and arc described in Subscction.2.6.6 where
the rclative power expressions for these two polarizations are derived.

Using thesc cquations, a digital computer program was written to
compute the relative power for the smooth and rough carth models as a
function of the above mentioned parameters. The program and details
associated with the numerical computation arc discussed in.-Appendix A,
Since the scparation angle, ¢, is the major geometric parametcr, the fig-
ures of this subsection will plot rclative power as a function of ¢ with the
effects of other parameters shown on these cootrdinates.

Surface Type

It can be scen from Figures 2-15 and 2-17 that reflection cocfficicnts
for the sea are pgrcater than thosc for land., The difference between the
reflection coefficients is due to the different clectrical properties of the
two surfaccs, which arc accounted for by the relative diclectric constant
€, = €/€, and conductivity, ¢, in Equation 21, For this study, the following
two scts of paramecters were chosen basced on Reference 23 (Table 5.1,
page 398) which arc representative of cach surface type:

Sca; ¢, = 80 ¢ = 6 mho/meter

Land: €, = 10 c 10_3 mho/mueuter

I'or sca reflection, Figures 3-la and b show the relative power as a func -
tion of scparation angle, ¢, for horizontal and vertical polarization,
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reapectively, and a transmission frequency of 140 MH=2, Both the perfectly !
smooth earth (¢ s 0) and rough earth (n = 0,1) caren are siown along with ;
the coherency factor, p, defined in Subaection 2,2, The ceherency {actor

corresponds to o = 1,0 meter, As mentioned in that subscction, the tranai-

tion region can be considered to correspond to a range in the cohevency

factor, p, between 0.1 (=10 dB) and 0,9 (-0, 457 dB), This region is shown

in Figures 3-la and b, Note that the results for the perfectly smooth and

rough carth cases are nearly identical, e¢ven in the transition region; thus,

it is not unreasonable to assumc that the relative power will lie between |
these two values in the transition-region or, at most, be equal to their sum,

Fqually important is the nature of the reflected power. As discussed
in Subscctions 2.3 and 2.4, the power reflected from a smooth or slightly
rough carth is phase coherent, while that reflected from a rough carth is
incoherent, In the transition region, it is to be expected that the total
reflected power will consist of both types, Using the coherency factor cor-
responding to the given value of o, the relative incolierent and ¢ohorent
power, respectively,.are shown in Figures 3-2a and by This method of
repreeenting the relative power appears to be the most appropriate and
will be used subsequently in this scction.

\ Figures 3-2a and b also show the relative incoherent and coherent

' power for nominal land reflection, Since the reflection coefficients for land
are relatively independent for frequencies in the range of 140 MHz to
15 GHz, the incoherent curve remains the same over this range, but the
coherent power is reduced to a negligible amount for nearly all separation
angles with frequencies above 2 GHz. It can be scen that the rolative power
for.sca—reflection is greater than that for land reflection.

Inasmuch as the sea covers approximately 0 percent of the carth's
surface and, at the same time, represents the worst-case reflection, this
surface will be used for the remainder of this section to show the effects
of other parameters. Typical roughness parameters for the sea correspond
to 0.05sn = 0.1 and o = 1.0 meter. When the effects of other paramecters
arc being studiced, n = 0.1 and o = 1.0 will be used.

Transmission Frequency

The effect of transmission frequency can be suen in Fipures 3-3a
and b. As the [requency increasces, the carth appears more and more
rough, with the result that the reflected powcer is incoherent for almost all
separation angles at frequencies above 2 GHuz,
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LAS AlLitu(_l(:

The effect of LAS altitude on tho relative power is shown in
Figures 3-4a and b for a frequency of 140 MHz, The relative power
decreases as the altitude increascs

Rouphness Parameters

The roughness factor, v, representing the rms surface slope and the
surface rms height variation, o, are clearly not independent variables as
can be seen from the definition

where T is the corrclation length, However, as the surface becomes rougher,
it is apparent that o increases and T decreases, Thus, n will experience a
greater variation than o, Experimental studies discussed in Reference 2
show that the rms slope varies between 0 and 16 degrecs, corresponding to

2 maximum variation in n from 0 to about 0,3, More common values cor-
respond to 0,05 = v £0, 1. The following data indicate the relationship
between n and o used to produce Figures 3-5a and b,

0,

M meters
0.05 0.05
0.1 1.0
0.2 1.5
0.3 2.0

3.1.2 Fading

It is of intercest to consider the fading of a single transmitted CW
frequency. Modulation on this signal will change the [ading characteristics,
but the analysis of this situation is beyond the scope of this study, A
coherently reflected signal will cause fading with a beat frequency cequal to
the difference in doppler shift between the direct and specular reflection
paths. This difference depends on both the separation anple and satellite
velocities with respect to the transmission plane. Doppler shilt is dis-
cussed in Subsection 3,2, If the reflected and direct signal powers are
nearly equal (Rp = 0), then the fade will be deep.  The ratio of total power
and direct power will have the maximum and minimum values piven by

3=-7
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This relationship is shown in Figure 3-6, The coherent case is doterminis -
tic and casily calenlated tor a particular peometry and a value lfor RP" How .
ever, the incoherent case requires considerable analysis,

In Subscction &, the relative power tor incohorent refleetion from
arough carth surface is defined as the ratio of the averapge roflected power 1]
and divect power. Variation from this average results in fading, Undur the i
assumptions aboul the statistical nature of the surface piven in Sub-
saction 2,4, it ¢can be shown that the envelope of the reflectoed clectric field
has what is known as the Rayleigh distribution (Reference 2).  The voltage in

the receiver is directly proportional to the-clectric field, and so the prob- i
ability of thie envelope of the voltage, v, lying between the values a and b is Is
piven by s
]
it
b ,
) o -
. N -\ /r i
Paswvseb) - =5 @ / dx ;
T
r o
Ja 4
where ris the rms value of the voltage,  Sincd the reccived power is
proportional to the squarc of the voltape, a change of variable yiclds the o
distribution for the received reflected power Pr" ‘:
L1%) 2, A |
4 TP > TP S
] - - ———n e ) J A = ) \
1 (Pr > A) P v 1 dz . :
1 i
‘A
where < Py~ denotes the averape reflected powet (see Equation 29). Thus, "
the probability that the instantancous reflected power is K timues greator ’
than the average is simply given by.
-k ',
PP 2k SE ) ¢ P
”3
and is plotted in Figure 327, Note that the probability of Py being preatoer ‘
than ~P > is only 0,37, not 0,5, ;
3-9 .;
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If the total ~ reflected plus direct signal — is considered, the
instantancous power, P, can be shown fo have the Rician-distrihution
given by

-P,\ 2NP P NP P

(P) = D d \ t ox _.,-..—=Lm. I _s..__l;_—d
PiFy) = CXPITEH >/ <ps YSPITES] Yo <P >
r r I r

Defining the power ratio, P by

R’

Pt
P, = ==
R By

where, again, P, is the instantancous total power, The probability distri-
bution of PR canbe determined as was donc in Reference 24, The results
arc repeated here as Figurc 3-8,

This figure may be uscd to ¢stimate the amount of time in which a
given.amount of fade will occur. For instance, if Rp = -4 dB, then from
Figurc 3-8, the amount of time that Py < Py, i.e., P(PR < 0 dB), is about
40 percent. And the probability that Py < Pq/10 is about 2 percent, The
inverse probability distribution-is shown in Figurc 3-9. A special proba-
bility scale is used to show the probability that Pp will be greater than a
given value. From this figure for R, = -4.dB, it can be seen that
95 percent of the time P > -7 dB. Either one of these figures in combina-
tion with the relative power curves will allow a determination of the relative
frequency of fading for the rough earth case.

3.1.3 Surface Reflectivity Distribution

For rcflection of a planc wave by a4 smooth surface, most of the
reflected signal comes from the first few Fresncl zones., In fact, the
total reflected signal is approximately half the signal reflected by the first
Fresncl zone., For small transmitter and/or receiver heights above the
reflecting surface, other important contribntions in the reflected field come
from the ar~a just in front of the transmitter and receiver. For the LLAS/DRS
geometry, the major reflecting arca is the first few Fresncl zonces,

As an illustration of the sizc of the active scattering region,
Table 3~1 shows the size of the first Fresnel zone for various conditions.

3~11
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“ . TABLE 3-1., SIZE OF FIRST FRESNEL ZONE
: ; (LAS altitude = 300 n, mi, )

Frequency, MHz 135 400 8000

Satcllite separation angle, 0 90 0 90 0 90
@ in degrees

FirstFresnel zone arca, 0.4 2,01 0,131, 0.661 0, 0066 0.033
squarc miles

Table 3-1 emphasizes how extremely small the active scattering
region really is for the perfectly smooth carth, Thesc regions corrcespond
to a subtending central angle less than 0. 01 degree,

For a rough surfacc, most of the reflected cnergy comes from near
the specular point, but the active scattering region is much larger than the
Fresnel zoncs of the smooth earth model. The surface roughness deter-
mines the size of these regions, whereas, in the smooth carth casc,
optical considerations determine the Fresuel zones, In addition, the
antenna gains in the direction of a scattering point and the correspornding
reflection coefficient also affect the power reflected from the surface near
- that point. Thus, both the gains and polarizations for cach afnitenna and for
| every scattering point must be known in order to calculate the relative
- power reflected from cach point.

| However, to provide some insight into the reflectivity distributien,
' both the antenna characteristics and the reflection cocfficient will be dis-
regarded by defining a geometrical reflection factor, FR, given by

-
; |
2 \ |
v S(e 2 ;
P D ©) _ xp [-fan Y|4 {
i R 47V 2V 2 Zcos4Y 2
L D n n

This factor is a function of the scparation angle, LAS altitude, and surface
location. If the altitude is kept constant, variation with ¢ and distance
from the spccular point can be shown graphically. Figurce 3-10 shows F
as a function of the distance from the specular point along a line paralle
to and very near the transmission plane, the distance from it being about
15 miles. Figure 3-11 shows FR as a function of the distance from the
specular point in a direction no»mal to the transmission plane.

R

Note in Figure 3-10 that the surface distribution is significantly
diffcrent for ¢ = 90 degrecs than for the smaller scparation angles shown.
This result is consistent with the analytical results of Spizzichino

S IR UE R Lad
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(Reference 2, pp. 257-264) showing that, for small grazing angles, a
significant portion of the reflected energy comes from points nearer to the
receiver and tranamitter than the specular point, Small grazing angles
resulting in this phenomenon correspond to large separation angles,

3.2 TIME RESPONSE

Since, as scen in Subsection 3.1, 3, the scattering region is a signi-
ficant geometric arca on the earth's surface, encrgy reflected toward the
receiver from diffcrent parts of this region arrives at different times,
Further, from the geometric considerations of Subsection 2.1, the length of
the direct path and specular point reflection path are differcent for various
values of separation angle,

A simple calculation involving path length shows that, for low-altitude
orbits, i.e., altitudes between 100 and 1000 miles, the direct path time delay
lies in the range of 115 to 155 milliseconds, Both the direct path-time delay
and time delay for specular point reflection as a function of separation angle
can be computed and plotted. But a more meaningful quantity for this study
is the difference of these two time delays. This difference, defined as the
specular differential time delay, is shown in Figure 3-12 as a function of
separation angle, . The reflection path is always longer than the direct path,
and so the specular differential time delay is the amount of time the energy
reflected from the specular point lags the corresponding direct path energy.

It can be shown that the specular reflection path, i.e., Vis .1 Vps
in Figure 2-4, is the shortest of all possible earth reflection paths. Thus,
energy re¢flected to the receiver from other points in the scattering region
will be delayed even longer than energy from the specular point. The
numerical computation program of Appendix A calculates the power scattered
from each surface patch and the associated time delay and then adds all the
power delayed within specified time intervals. These summations are
normalized so that the total reflected power is unity. The resulting time
spreading distribution represents the impulse response of the reflection
process.

The results are shown in Figurc 3-13 for horizontal polarization, and
the time response for vertical polarization is nearly identical. In Fig-
ures 3-14a and b, the curves have been normalized to the specular point
power density, which emphasizes the relative shapes of the curves, In Fig-
ure 3-13, the roughness factor, n, is 0.1, whereas in Figures 3-14a and b,
n = 0,05, Note that the roughness factor makes a considerable difference in
the time spreading., Figure 3-14a shows one curve corresponding to¢= 0
and n= 0,02, resulting in very small time spreading. For n= 0.05, time
spreading is on the order of 30 microscconds, and for n = 0.1, the sprcecad-
ing is 80 to 100 microscconds,
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One of the more intercsting obscrvations cancerning these figures is
that time spreading is slightly larger for a scparation angle of 30 degroes
than for cither 0 to 60 degrees, This occurs because there arce two opposing
meoechanisms at work in the time spreading process:

1) As ¢ increases from zero, the scattering region increases (scc
Subsection 3, 1,33), tending to causc a greater time spreading,

2) As ¢ increascs from zero, the difference between individual
path lengths decreases, tending to decrease the time spreading,

Near¢ = 0 mechanism | dominates, while for large ¢, mechanism 2 is
dominant,

3.3 FREQUENCY EFFECTS

The frequency effects are due to the motion of the two satellites,
which causer a doppler shift of both the direct and reflected signals. The
frequency shifting effects may be separated into two components as was
donc for the time response: 1) doppler shifts of the direct and specular
point paths, and 2) frequency spreading of the reflected signal.

The relative orientation of the two velocity vectors is the most
significant variable. To illustrate the frequency effects and to provide
bounds for these effects, three geometrical cases were chosen:

Case 1: The velocity vectors of both the LAS and DRS lie in the
transmission plane and are pointed toward each other. This
is the most extreme case and, assuming that the DRS is in
an equatorial orbit, would require that the LLAS also have
an equatorial orbit with opposite orbital motion.

Case 2: The velocity vector of the LAS is in the transmission plane,
while the DRS velocity is normal to it. This case corres-
ponds to an LAS polar orbit and the DRS lying in the LAS
orbit plane.

Case 3: The velocity vectors of both satellites are normal to the
transmission plane and lie in opposite directions,

These three cases are illustrated in Figure 3-15,

The change in frequency of a received single frequency signal when
there is relative motion between the transmitter and recciver is given by
the simple formula

£ dVo

af = - o3
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where f is the transmitted frequency,. ¢ is the aspeed of light, and Vg, is the
distance between the two satellites, Thus, if V, is increasing, the received
frequency ia less than the transmitted frequency,  For the refleetion path,
the rate of change of the path to the ecarth and from the earth musat be added,
The relative doppler shift is defined as the fractional change in frequency,
Af/f,

Figure 3-16 shows the relative doppler shift of both the direct and
specular reflection paths for Casce | and an LAS altitude of 500 miles, Of
particelar interest in analyzing the communication problem due to multipath
interference is the difference betweuen these two doppler shifts,. This differ-
ence is shown in Figure 3-16 and again with an expanded scale in Figure 3-17,
Figure 3-17 also shows the relative differential doppler for Case 2 and a
modificd Casc 2 corresponding to the LAS velocity vector making a 45-degree
angle with the transmission plane, Figurce 3-18 shows the relationship
between the relative specular differential doppler shift and altitude for
Casce 2. Figure 3-19 shows the actual doppler shift in Hertz for Case 2 at
140 MHz and also illustrates the cffect of LAS altitude, .

Since the scattering region can be visualized as many small contig-
uous scattering patches, the reflection path to a given patch will differ from
other paths, Consequently, the doppler shift will be different for cach
patch, with a received reflected frequency spectrum being the ¢omposite
cffect upon a single transmitted frequency. Since for LAS/DRS geometry,
the scattering region is nearly symmetrical about the specular point, it is |
expected that the received reflected spectrum will be nearly symmetric
about the powcr density from the specular point,

Figure 3-20 presents the reflected spectra normalized so that the
value of the specular point is unity, This figure illustrates the relative
doppler shift of both the direct and reflected signals, as well as the spectrum
spreading of the refle¢ted signal., Increasing the altitude and/or increasing
the roughness parameter, n, would result in greater spreading of the
spectra.

Two points concerning Figure 3-20 are worth noting: 1) frequency
spreading decreases as the separation angle, ¢, increases, and 2) for the
paramecters indicated in the figure, the frequency of the direct signal does
not fall within the spectrum of the reflected signal for separation angles
greater than 30 degrees. ‘

Figure 3-21 illustrates the reccived spectra for velocity orientations
corresponding to Case 3. For this case, the specular differcential doppler
shift is zero, i.e., there is no doppler shift between the direet signal and
the signal reflected from the specular point, Thus, the only cffect is the )
frequency spreading shown in Figure 3-21, So the direct signal frequency
lies at the center of these spectra,
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Figure 3-22 shows the 3-dB relative bandwidth of the received
reflected spectra as a function of the separation angle. The bandwidths
for two roughness factors are shown, and, as expected, the bandwidth from
the smoother surface is less than that from the rougher surface. This fig-
ure may be combined with a plot of the relative specular differential doppler
to estimate the range of separation angle for which the relative specular-
differential doppler shift is greater than one-half the reflected spectrum
bandwidth, i.e., where the direct signal [requency lies outside the major
portion of the spectrum of the reflected signal. Figure 3-23 is sucha
combination of these two curves for CaseZ and an LAS altitude of 300 n. mi.
It can be seen that, for a roughness factor of n = 0.05, the direct signal lies
outside the bandwidth of the reflected spectrum for 20 < p =< 103 degrees,
If n = 0,02, this occurs for ¢ 210 degrees.
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4. COMMUNICATION IMPROVEMENT TECITNIQUIS

In Scetion 3, the various aspects of the multipath phenomenon have
been quantitatively displayed and discussced. The next logical consideration
is the manner in which communication in the multipath ¢nvironment can be
improved.  The link between the LAS and DRS consists ol the transmitter
and receiver and the environment between them called the "channel. " For
the sake of this discussion, the channcel includes the antennas and [eeds,
while receiver and transmitter refer, respoectively, to the initial and final
clectronic stapes.,

From a general viewpoint, assuming that the best possible receiver is
used, there are three basic approaches to communication improvement:

1) Increascd transmitter power
2) Improved channel characteristics
3)  Signal processing

The first approach has limitations which are somewhat intuitive; if
morce power is transmitted, then the interferring, reflected power will
increase with the direct power. Increasing power does provide some
improvement, but because the retflected power is also increascd, this
mothod is inefficient,

The second approach refers to antenna and feed desipns. The physical
medium between two antennas is determined by the orbits of the two
catellites, but the antennas themselves, as part of the channel, may be
designed to discriminate against the reflected sipnal Both the directivity
and polarization of the antenna may be uscd to improve communication,
These techniques are discussed below, but since the emphasis in this
study is on a low data rate omnidircctional (LAS) link, the¢ emiphasis is on
polarization discrimination.

The third approach concerns the manipulation of the sipnal itself o
that the dircct signal may be discriminated frem the reflected signal at
the receiver. Almost all methods in this catepory result in an increasced
(ransmission bandwidth, Feasible techniques include pscudo-noise coding,
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diversity techniques, frequency hopping, burst transmission, and data ratc
Hmiting, Thesc topics arce discussed very bricfly later in this section,

4.1 DIRECTIVE ANTENNAS

The interference due to the reflected signal can be esscentially
climinated by using dircctive antennas. The purposc of this discussion is
merely to indicate the effectivencss of this approach., Figurcs 4-la and b
show the anpular scparation between the direct transmission path and the
reflection path to the specular point as a function of the separation angle, ¢,
for the LAS and DRS, respectively., From Figurce 4-1b, it can be scen that
the DRS antenna must be highly dircctional in order to discriminate between
the dircect and reflection paths. Combining Figures 4-1b and 2-9, it can bec
scen that, for a 500-mile polar orbit (i = 90 degrees), the dircct reflection
path separation is greater than 1.0 degree about 70 percent of the time, but

is less than 1,0 degrec 30 percent of the time and is always less than
1.8 degrees,

A DRS antenna with a 2, 0-degree beamwidth wouid result in a 3-dB
reduction of multipath interference 70 percent of the timre, Although
this is helpful, it does not yield the significant advantage that a less
directive antenna on the LAS will give.

Consider a planar array with a gain of 20 dB which corresponds to
a becamwidth of about 17 degrees. Then for a 500-mile polar orbit, a 3-dB
improvement is possible 90 percent of the time. The gain of the antcnna
drops below -15 dB for angular deviations from the boresight greater than
14,5 degrees, From Figures 4-1la and 2-9, such an antenna will result in
¢ 15-dB improvement 80 percent of the time. If the LAS antcnna has a gain
of 30 dB with a 5, 0-degree beamwidth, a 15-dB improvement over the
omnidircctional case is possible 93 percent of the time for a 500-mile
orbit,

The above discussion indicates the cifectiveness of directive antcennacg,
particularly on the LAS, in rcducing the interfering multipath signal, For
any given antenna whose radiation characteristics arce known, Figure 4-1a,
and 2-9 can be used to cvaluate the improvement in multipath reduction.

4. 1.1 PBroad Coverapge Antenna

The use of a broad coverapge, but not omnidircctional, antcenna may
meel mission requirements while reducing multipath intcerfercence, An
idealized broad coverage antenna pattern is shown in Figure 4-2 along with
the resultant received relative power, Rp, for horizontal polarization and
sca reflection at 135 MHz.,  The antenna is mounted on the LAS so that the
maximum gain axis, X, coincides with [.] in Figurce 2-3 (the local vertical),
The pain pattern is a figure of revolution about the X-axis, Note that
because of the null in the pattern in the =X - -L| dircection, the pattern
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reduces the multipath sipgnal the most where it would otherwisce be the
worst —at ¢ = 0.

4,2 POLARIZATION DISCRIMINATION

In general, the LAS spacccraflt transmits an clliptically polarized
wave which is received by the DRS with an clliptically polarizced antenna.
As special casces, cither or both spacccralt may have lincarly polarized
antennas. Should both spacccraft have lincar antennas, thesce antennas must
be aligned for maximum signal reception. Should they become crosscod or
perpendicular to cach other, no dircct signal would be received, and, hence,
no communication would be possible. For this rcason, lincarly polarized
antennas arc not usually employed on both satcllites. Should once spacccraft
have a lincar antenna and the other a circularly polarizced antenna, communi-
cation would be possible whatever the oricntations of the antennas, and the
relative power.would be ¢s scntially that shown in Figures 3-2a and b. How-
cver, clliptically polarized antennas may be employed on both spacccraft so
as to favor the dircct signal over the reflected signal.

Polarization discrimination is bascd on the fact that, during reflection,
the sensc of rotation of a circularly polarized wave is reversed if the angle
of incidence is smaller than the pscudo-Brewster angle. Referring to
Figurcs 2-16 and 2-18, it can be scen that the horizontally polarized radia-
tion is reflected with a phasc shift of approximatcely 180 degreces with
respect to the vertically polarized radiation. Thus, a circularly polarized
wave, onc with equal horizontal and vertical components has its scnsc of
rotation reversed upon reflection. Most circularly polarized antennas have
at least a 20-dB rcjection of circularly polarized waves of the opposite
scense; thercfore, an antenna adjusted to receive the dircct signal will
rcject the reflected signal.

To more clearly illustrate the effect of antvenna polarization, con-
sider the polarization cocfficient, PC, given by Equation 58 in
Subscction 2. 6.

PC ll PPy ’ (1 | \pdl?‘)([ | p"d‘z> ()
‘1 'Pdp-dl& (1! lPF)(l Prr &>

where the polarization factors arc defined at the beginning of Subsection 2. 6.
If the DRS antenna is circularly polarized, then from Fquation 47 in
Subscction 2.5,




Similarly, if the LAS transmits circular polarization in both tho direct
path and scattering region divections, then

Bio Pq -

For angles less than the pscudo-Brewster angle, the phasc of the vertical
polarization is reversed, resulting in FP. =~ jo Then, clearly,

and so PC - 0.

Of ccurse, a real LLAS antenna will not transmil cxact circular
polarization in two diffcrent directions, and the polarization is not completely
reversed during reflection.  This can be accounted for by antenna cllipticity.

The relative power cxpressions given by Equations 63 and 64 in
Subscction 2.6 contain the polarization coctficient as a factor and may bg
uscd to cvaluate the effects of clliptical polarization. It was shown in
Subsection 3.1 that the smooth carth model gives results very close to
thosc of the rough carth model, Thus, most of the numerical computation
associated with this scction usced this model because of the reduced machine
computation ¢xpense.  Scveral rough carth computations were made to
justify this approach. Fipurces 4-3 through 4-6 present the computation
results,

Figurc 4-3 shows the offect of polarization discrimination on the
relative power as a function of scparation anpgle for a 140-MHz transmission
[requency and sea water reflection. Since the dircection of the scattering
region and the direct path is ncarly the samie for the DRS because of its
relatively larpe distance from the carth, the polarization can be considered
constant for both the direct and reflection paths. Thus, Figurce 4-3a
corresponds to a circularly polarized DRS antenna with respect to both the
reflection and direct paths (polarization ellipticity = 0), Figure 4-3b corres-
ponds to a DRS polarization ellipticity of -4 dI3, which represents a greater
amount of vertical polarization. The nine curves in each of these figures
correspond to polarization ellipticities of the LAS antenna, Positive ellip-
ticities represont more horizontal polarization than vertical and negative
ellipticities iniply the converse.

Note that in Figure 4.3 the = pyve corresponding to a circularly
polarized LAS antenna results in exeellent reduction of Rye In Figure J-3h,
the most significant reduction occurs when (he LLAS has the opposite type of
polarvization. That is, in Figure 4-3b, th. DRS is mostly vertically polarized;
thus, if the LAS antenna is imostly horizontally polarized, the relative power
will be greatly veduced,
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Figurc 4-4 corrcsponds to sca water reflection for a 2-GHz trans-
mission frequency, and Figure 4-5 corresponds to land reflection for fro-
quencics in the range of 140 MH2 to 2 Gllz, Comments similar to those
above pertaining to Figure 4-3 apply to these also,

Figurc 4-6 is the result of rough carth computations for both LAS and
DRS antennas circularly polarized with respect to the two transmission paths,
For separation angles greater than 10 degrecs, there is very close agrece-
ment between these results and the circular polarization curves of
Figures 4-3a, 4-4a, and 4-5a. For smaller scparation angles, the
rough carth calculations are deemed to be the more corrvect,

4.2.1 Conclusion

From examination of Figure 4-3 and 4-5, it appears that, at a trans-
mission frequency of 140 MHz, circularly/clliptically polarized antennas on
the LLAS and DRS will reduce the relative power to -9 dB or less.

4.3 SIGNAL PROCESSING

Signal processing here refers to all methods whereby the data or
information signal is manipulated, modulated, or modified prior to the trans-
mitter output stage and to any such signal manipulation following the receiver
input stage, A'variety of feasible techniques are presented below with a
brief qualitative discussion. These techniques arc discussed in greater
detail in other literature and are presented here mainly for completeness of
this study.

4.3.1 Pscudo-Noise Coding

Pscudo-noise (PN) coding is part of the general class of spread
spectrum techniques and is one of the most attractive for combating the
effects of LAS/DRSS multipath propagation. Basically, the data signal is
modulated prior to transmission by a signal corresponding to a PN sequence,
This combined signal is demodulated at the receiver in a correlation procéss
which improves the signal-to-noise ratio and discriminates against the
reflected signal,

The three defining properties of an important class of PN sequences
called maximuam length linear sequences arc as follows:

) In each period of the sequence, the number of ONE's differs
from the nimber of ZERO's by, at most, one,

2)  Among the runs of ONE's ana of ZERO's in each period, one-
half of cach kind are of length one, one-fourth of cach
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kind arc of length two, one-cighth arve af length three, and so
on as 'ong as these fractions pive meaningful numbers of runs,

3)  Ia period of the sequence s added modulo 2 with any cyclic
shift itsclf, the number of agreements differs from the number
of disagrcecemonts by one at most,

This lust property can be restated as follows: For integral phaso
digplacements, the autocorrelation furction of a PN sequence is twe valued,
Specifically, it looks as is shown in Figure 4-7, where, if s(t) represonts
a norrmalized PN code signal

T

R (7m) - sa() s(t ot T dt

T

Yo

It is the nature of the autocorrelation function which makes a PN sequence
uscful for signal dotection,

By performing the correlation process on the received sinnal and
detecting the peak of the autocorrelation function, interfering noise and
signals such as the multipath signal can be rejected,  One requirement for
a PN system to operate properly in the LAS/DRS multipath environment is
that a code pulse length be shorter than the delay between the direct and
reflected signals, Referring to Figure 3-12, if the code pulsc width is
0. 1 millisccond, then this system will operate correctly in a 300-mile
altitude satellite for separation angles less than 93 degrcees. When the sepa-
ration angle is larger, the time delay between the direct and reflected
signals is less than the pulse width which corresponds to an RF bandwidth
of approximately 20 kHz, Decreasing the pulse width, which requires an
increase in bandwidth, will allow preater communication time. Thus,
mission requirements and frequency allocations will have a major influence
in determining the code pulse width,

4.3.2 Diversity Techniques

Diversity techniques involve the establishment of N distinguishable,
dissimilarly fading signal transmission channels. The diversily receiving
system chooses at cach instant a desirable combination of these signals,

The techniques include space diversity, angle of arrival diversity, polar-
ization diversity, frequency diversity, time diversity, and multipath
diversity. The iirst three are not purely signal processing techniques ay
defined above.  Space diversity and angle of arrival diversgity require two or
nore antennas and receivers, which is somewhai impractical on a spacocraflt,
Polarization diversity requires crossed linearly polarized teeds with
scparate receivers,  Frequency diversity requires transmission ol the sipnal

d-1l
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an two or maroe different carrior or subearrier frequencies, Time diveraity
and multipath diveraity are closely related and have been applied only to
digital transmission, In time diversity, the same information bit ia
repeated at time intervals greater than the reciprocal of the fading rate,
This technique requires storage at hoth the transmitter and roceiver, If

the multipath consists of many channels with various delay times, with a
multipath diversity system the received signal can be proecssed to separate
the signals corresponding to different paths and then be recombined, These
techniques, along with combination analysis are treated at length in
Reference 24,

Diversity techniques are usually employed in a multipath environ-
ment similar to the reflection path alone, and they are uscd to combat the
Rayleigh fading that occurs in this phenomenon, But, for the geometry and
physics of this problem, there are only two basic paths rather than many,
cven though the reflection path consists of a collection of many subpaths,
Thus, & diversity technique would ecstablish a number of channels to provide
a signal combination which would ameliorate the fading caused by interfor-
ence of the two basic transmission paths

4,3.3 Frequency Hopping

In the frequency hopping scheme, the carrier frequency of the trans-
mitter is switched in a cyclic progression through several values. The
receiver must be synchronized to the transmitter and thus rejects the delayed
multipath signal whose¢ frequency differs from that being instantaneously
accepted by the receiver, To clarify this technique, consider an example
where cach frequency is to be transmitted for a period equal to one-fifth
the maximum specular differential time delay, Tdm (see Subsection 3. 2).
After completion of transmission at one frequency, the corresponding multi-
path signal may arrive at the receiver until Tdm seconds after completion
of the transmission. Thus, 1.2 Ty seconds are required between the
beginnings of transmissions at cach frequency, and, since cach transmission
lasts 0.2 Tg,, seconds, six frequencies will be required. Figurce 4-8
illustrates these concepts.

Power requirements are the same as for continuous transmission at
a single frequency, but the bandwidth must be increased to something larger
than six times the original bandwidth. The relationship between the original
bandwidth and the frequency hopping bandwidth depends on the size of the
original bandwidth and the doppler shift cffects (sce Subscction 3. 3).

It should be noted that, in the above example, multipath inter-
ference can be climinated when the multipath delay is greater than 0,2 T
but, when it is less, interference will occur, if the LAS altitude is 500
miles, then according to Figure 3-12, the system in the above example
would not climinate interference for separation angles larger than about
80 degrees. Thus, from Figure 2-9, this system would eliminate inter-
ference about 54 percent of the mission lifetime for an LAS polar orbit, and
about 74 percent of the time for an equatorial orbit.

dm?

I
|
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4.3, 4 Bp.r_gt Transmiassion

Ralated to the frequency hopping method is the technique of burst
transmisnion, Only one transmission frequency is used, but data is trans-
mitted in periodic bursts where a burst tranamission period is a fraction @
of the maximum specular differential time delay, T gm. The time between
bursts is (1 + @)Tqm, and so the data compression factor is given by
Cq = (1 +a)/a. 1f o is again chosen to be 0.2, then Cg = 0, and the RF
bandwidth must be increcascd by this factor, For this system, the peak
power increascs dalso By the factor Cq, but the average power is the same
as for continuous transmission,

4,.3,5 Data Rate Limiting

With data rate¢ limiting, a simple technique, data bits are transmitted
with pulse lengths which.are large compared to the maximum specular dif-
ferential time delay, Tqm. Thus, if the pulses have lengths of T qm, where
B is a factor bascd on system considerations (f > 2), then the bit rate, Ry is
given by

1

R * FTam

If B = 4 and the LAS altitude is 500 miles, then from Figure 3-12,

Ry, = 46.5 bits/sec, This rate may be adequate for housekeeping telemetry
and command data. For a given value of 8, the data rate will decrease
with increasing LAS altitude.

4-14
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5, EXPERIMENTS

Experimental data is needed to validate the statistical and
mathematical assumptions employed.in developing the mathematical model
of Subse¢ction 2.4, Sections 3 and 4 present the results of computation
based on this model, but this quantitative data is no more valid than the
assumptions used to produce it. If expeérimental data differs significantly
from the results based on the model, then this data may be used to modify
the model, i.e., to correct and calibrate it. Whether or not the experi-
mental data agrees with mathematical results, it is required for.confidetice
in the characteristies of the multipath phenomenon.

5.1 EXPERIMENT-REFINITION

The characteristics to be measured experimentally are those dis-
cussed in Section 3, namely the relative power, time response, and fre-
quency effects. Of these three, the relative power, i.e., the ratio of
average reflected power to direct path power, is most important. The time
spreading of the reflected signal is much smaller than the differential delay,
which can be computed from putely geometric considerations, and, bence,
is of least importance. Measurement of frequency spreading will allow
evaluativ of the statistical sassumptions uscd in developing the rough earth
mathematical model (sec Subsection 2.4).

A number of propagation aspects influence the multipath phenomenon;
they are quantitatively included in the matheématical model.in the parameters
of the basic formulas (sce Section 2).  Thesc aspects include:

Surface state: Determines the roughness factor, n, of Equations 63,
77, and 78

Surface type:  The clectrical properties of the surface influence the
reflection cocefficient, R, in Equations 20 and 37

Polarization:  The polarization of the clectromagnetic wave with
respect to the surface and the teceiving antenna
influences the reflection cocefficient and the polariza-
tion ecfficiency, respectively (sce Subsections 2.4
and 2, 5)

5-1
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Fransmission  Influences both the reflection coefficient and the
frequency: amoothneas factor

Geometr Thia is probably the most mportant aspect sinee
- the separation angle is the single most important
parameter, The altitudes of the satellites also
influence the reflection and divect path character-
istics. In particular, the distances Vi, Vi, and
Vi the reflection cocefficient; and the incidence
angle, 0, are a function of the geometry, For known
antenna characteristics, both the gain and polariza-
tion for the two paths will Le detormined by the
geometry.

A complete experimental program will provide a sufficient variation
of cach parameter associated with these aspecets to evaluate the validity of
the mathematical model over the range of interest. For the roughness
factor, n, a rangc of variation should be established.

5.1.1 Signal Reception

The cvaluation of data is facilitated if signals from the reflection
path and direct path can be received scparately. This can be accomplished
by cither two antenna and receiving systems or a single receiving system
which separates reception from the two paths by time. That is, first the
reflected signal is passcd through the receiver and then processed, and then
the direct signal is passed through the same receiver and processor. The
scheme employing two receivers eliminates any possibility of error duc to
the time separation of the two measurements, while the latter method,
cmploying only one receiver, eliminates the need for calibration.

This separation of signals requires directive antennas. From Fig -
ure 4-1, itcanbe seen that, for a satcllite -to-satellite link, beamwidths as
large as 20 degrees will allow signal separation over a wide range of separ-
ation angles. However, at aircraft altitudes, the angular scparation of the
two paths is much smaller, and, consequently, a highly directive antenna
will be required to separate the two signals. Directive antennas imply the
use of higher frequencies, yet some of the multipath characteristics are
particularly of interest at VHF where dircctive antennas are not feasible.
Thus, while many aspects of the mathematical model may be checked with
the usc of high-frequency transmission (I GHz and above), a complete evalu-
ation of the model will require measurements at VHEF with broad coverage
antennas.,

By proper shiclding, VHFEF antennas can be made somewhat directive,
thus effccting a separation of the reflected and direct signals over a range of
gpeometric variation.  But when separation of the two signals with directive
antennas is not feasible or practical, modulation and signal processing may
be employed to aid in evaluating the multipath characteristics, Further, cven
with separated signals, the modulation technique affects the case of process -
ing and evaluating the data,




5.1.4  Modulation

An atteinpt was made to evaluate the-officiency of various types of
modulation in determining various chavactervistios of the reflected sipnal
whoen the sipgnals can be separated, These qualitative results are shown in
Table A-1. Thus, when reflected and diveet signals can be separated, tranas-
mission ol a single frequency carvicer will allow determination of the major
characteristica, oo, the frequency spreading, polavization effects, reflecs
tion coclficients, and hence, the relative power, The time delay and time
spreading may be mcasured by short pulses,

When the two signals cannot be separated, short pulses apain will
allow evaluation of all characteristics, but the processing complexity is
muach greater than for the separate signal casce,

5.2 LABORATORY MEASUREMENTS

A relatively simple and inexpensive series of experiments could be
performoed using simulated sea surfaces ina laboratory environment. Based
upon existing knowledge of seca stave and sca statistics, a computer-penerated
sea surface may be constructed of clay or plaster of paris and then given the
appropriate clectrical properties by spray-coating this surface. This type of
surface model would allow variation of the geometry, polarization, and trans-
mission frequency, and frequency spreading and relative power could be
cvaluated.  These two reflection characteristics may be used to evaluate the
validity of many oi the assumptions and approximations uscd in the develop-
ment of the mathematical model.s Further, several surfaces could be simu-
lated in orvder to allow variation of the roughness and clectrical propertics.

TABLE 5-1. TYPE OFF MODULATION:®

Data That Can Be Extracted From Multipath Signal

Lype ol Differential | Fregueney Reflection
Modulation Time Delay Spread Polarization | Characteristics

cw No Yes [ Yos | Yoeu 1

Narrow pulses You & Yes 2 Yos 2 Yos S

M You B Yos 3 Yos 3 You 3

Frequency
sWeep You 1 Yo 3 Yo 3 You 5
| PCM-I'M Yes 3 | Yes 3 Yes 3 Yes 3

“The numbers 1 through 4 indicate the range of implementation difficulty,
ioes. 1 casy,

4

difficult.
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5.3 REAL ENVIRONMENT EXPERIMENTS

Although laboratory measurements can provide an intermediate and
useful atep in evaluating the characteristics of the multipath phenomenon and
in evaluating the mathematical model developed in this study, confidence
will be lacking in the conclusions drawn from these results beceause the mea-
surcements arce based upon a simulation of the natural phenomenon rather
than the actual phenomenon itself, It is, therefore, most natural to turn to
the real carth reflection process in order to gain confidence in the data and
the mathematical model it may validate, Feasible experiments, in order of
sophistication and usefulness, are described below,

5.3.1 Aircraft/Aivcraft Propagation

Transmission between two aircraft with highly direcctive antennas
will allow reflection coefficients and polarization cffects to be evaluated.
Relative power and [requency spreading will provide data points for verify-
ing the mathematical model, The geometry, frequency, and polarization may
be varied, and it is relatively casy to make measurements of wave helght in
the scattering region.

5.3.2 ATS-V/Aircraft

A dircctional antenna on an aircraft, which may bo pointed upward to
receive the pulsc-like transmission direct from the ATS-V spinning space-
craft and then toward the earth for receiving the reflected signal, would
allow determination of relavive power for verifying the mathematical model.
Because of the short pulse nature of the received trangmission, frequency
spreading data will require more processing than the aircraft/aircraft
experiment. The advantages of this experiment over that described in Sub-
section 5,3.1 arc: 1) only one aircraft need be equipped and flown, and
2) the geometry is closer to that of the LAS/DRSS geometry, resulting in
scattering from a 11 »er region than the aircraft/aireraft experiment. The
disadvantages arc: , .he frequency is fixed in the L-band, and 2) polariza-
tion measurcments are limited. This experiment is particularly attractive
because of the relative case of implementation and the near LAS/DRS geometry.

5.3.3 ATS-F/Nimbus E

At present, an experiment is planned for data transmission beiween
the Nimbus E, low-altitude spacecraft, and the ATS-F synchronous satellite,
Thus, the geometry is exact'y that of interest in this study., An S-band divec-
tive antenna is used for this link. The feasibility of using thesce two satellites
for multipath measurements depends on the ability of the Nimbus E to point
the directive antenna toward the carth. At the time of this writing, the
antenna's location and pointing capabilities allow the dantenna to point at the
carth only for large separation angles when Nimbus E is operating in its
normal earth pointing mode, If the attitude could be changed and monitored,
the antenna could point toward the specular point for varth reflection to
ATS-F. This experiment would provide excellent data and allow an evalua -
tion of the actual effects expoerienced in the LAS/DRSS environment.
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8,3,4 ATS-G/LAS

An experiment specifically for measuring multipath charaeteristics
coulé be designed to—employ a low-altitude satellite transmitting to the
ATS-G spacceraft, This exporiment sheuld be designed to supplement
data acquiiod by any previous experiments and, [further, should
allow variation of as many parameters as possible while providing data for
evaluating the three effects mentioned in Subscction 5,1,
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APPENDIX A. COMPUTER PROGRAM FOR
MULTIPATH COMPUTATIONS

A computer program was written in the FORTRAN IV language for
computing the quantitics of interest in Section 3, i,e., total relative power,
time spreading, and frequency spreading. The basis for computations is
given in Scction 2, and the final equations which are employed in the pro-
gram arc given by Equations 63, 64, 77, 78, 80, and 81 of S8ubscction 2. 6,
There are many quantities in the expressions of these equations which must
be determined in intermediate steps.

The only geometric input quantity is the LAS altitude., Irom this,
the maximum value of the separation angle, ¢, is determined, and then the
program progresscs in increments of ¢ from an initial value, both of which
are input quantities, to a final valucof ¢, which differs fromé ,ax by less
than the increment, For cach value of ¢, a complete computation of all the
characteristics is performed,

The specular point is determined first by an iterative proccedure, and
then many quantities related to the specular point are calculated. These
include:

1) Reflection coefficients ~— horizontal.and verts al

2) Geometric angles shown in Figure A-1l

3) The magnitudes of \o,, Vi, and Vjj shown in Figure A-1

4) Speeular time delay

5) Differential time delay

6) Spcecular relative doppler

7) Differential relative doppler

8) The differential doppler for the input frequency of intercest

9) Coherency factor
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10)  Divergence factar
11)  Shadowing cocefficient
The input quantitics which.are uaed in the above computations are:

1) Surface relative diclectric constant

2)  Surface conductivity

3)  Transmission {requency

4) Roughness factor, n

5) RMS surface variation, o

Characteristics for antennas different from the two lincar orientations
defined in Subscetion 2,6 can be specified via subroutines, The output

of the subroutines are gains and polarization factors in the direct and scat-
tering point directions for both the DRS and LAS antennas, -Using these, the
program also computes a value for the polarization coefficient at the-specular
point.

With the above computed quantitics, the relative power is computed
for a perfectly smooth carth for the two linear polarizations and for the sub-
routine antenna characteristics. Using the cohercncy factor corresponding
to the input frequency and rms surface variation, the smooth earth relative
power multiplied by the coherency factor yields dn estimate of the coherent
velative power. The program then begins its rough earth calculations..

The rough carth relative power estimates are a result of numerical
integration over the carth's sarface. However, since the significant reflected
power is scattered from a limited region surrounding the specular point, At
is nccessary to determine some bounds on.this region. Referring to Fig-
ure 2-7, the integration is pu‘fmm(,d for surface increments dS by varying
the two geocentric angles @ and 8 in small increments. The size of a patch.
is RE2 cos p dadB. The size of the scattering region varies with the separa-
tion angle 4s shown in Subsection 3. 1.3, But, limits on the angles a and p
can be established for a given value of ¢. It can be shown that for ¢ = 0

y = R do
2h
where h represents the LAS attitude.

Using the above cquation, define ay, by

i} 2 hn
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which it the value of a where ¥y av, Shnce the acattering cross acetion is
i functian of exp(-tané¥/Mé) s expi=y4 /#), the Wit on hoth ¢ and p for

# -0 wan chofen to be 4 a0 But, for 40s ¢ < 80 degrees, the mit ona
wid jnervadcd to Ba g and for 80se¢ < 120 degrees, aljny = 12 ag0 The
it on g remained the same far all values of @,

To determine the integration increments de and df, several values
were tried, and reliable results with reasonable computation time wore
achicved with

de dp 0.4 @,

The propgram then performed the summation of incremental relative powaor
for

-q,, £ @ Q,,
lim lim

"ﬁlim s ps= ‘Slim i )

with @ and p varied in increments of 0.4 a,. For ¢ = 0, this amounts to
dividing the scattering region into 400 scattering patches, and for
¢ 2 80 degrees, 1200 patches comprise the scattering regione.——.

The formulas used are given by Equations 63, 77, and 78 of Subsec-
tion 2.6 where the following comnion factor is first computed.

-
Cs“” B) = 3 5(0) exp ) tanz‘v

2 2 4
VL VD o cosn n

Then the factors accounting for the antenna characteristics are employed.
For instance, from Equation 77 of Subsection 2.6 for horizontal polarization

’ 2
AR |Emm f, pII" C (e B)

and so
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where Efypy i glven by Fquation 73 of that same subrection, Similarly, for
vertical polarization, as defined in Subscction 2,06

é
¥
v’ p

@R Jyy ===
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oy v

For a peneral.act of antenna characteristics, from BEguation 63 of Subsce-
tion 2,6

2

G,y G
! o) ¢,

(“mp v (11 G,

By + 1 Ky

where the quantitics in the above expression are defined in Section 2,

For cach valuc of @ and B, the diffcrential time delo < ' tween tie
reflection paths corresponding to specular point an' the ecaitering paten
center is calculated, The incremental relative power iy thea accumulated in
time slots, resulting in an impulsce response for the reflection process,

Similarly, for relative velocitics of the two satellites, corresponding
to Case 2 of Subsection 3.3, the rclative differential doppler shift between
the specular point “nd scattering patch center is calculated. Then thedncre-
mental relative power is accumulated in relative frequency slots, resulting
in a relative power spect-um corresponding to a single, constant, transmitted
frequency, However, since relative frequency is merely the fractional change
in frequency, the results can be used to estimate the effect of reflection on a
transmitted frecucency spectrum,

The results of total relative power, timwe response, and freguency
response, asg calculated by this program, are discussed in Scction 3.
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