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Abstract

A model and a computer simulation program have bheen developed for statisti-
cally cstimating the multipath, polarization, and pointing losses associated with the
communication link from a planetary lander, The model allows these losses to
be estimated for a lander of any configuration, with any antenna array, with any
antenna characteristics and impacting at any position on any planet. It accounts
for the random distribution of surface slopes likely to be encountered by a plan-
etary lander, It assumes specular reflection of circular polarized waves as the
multipath interference mechanism,

Equations for computing multipath, polarization, and pointing losses are
derived, as are the coordinate transformations required for converting the random
impact conditions of a planetary lander into quantities required for the clectro-
magnetic equations, One hundred computer-simulated landings of a Jet Propulsion
Laboratory (JPL) Mars rough Jander are carried out for one landing in which the
earth is 45 deg above the western horizon and for another landing in which the
earth is overhead. Statistical distributions of combined multipath, polarization,
and pointing losses are computed for each of these landing conditions,

Appendixes justify the use of the planet surface model assumed, provide esti-
mates of the surface slope distribution of the planet and of the antenna character-
istics of the lander, compute combined losses as a function of planet rotation, and
include a copy of the computer listing for the particular example given.




Multipath, Polarization, and Pointing Losses
From a Mars Lander

I. Introduction

A performance estimate of a planetary lander communi-
cation link to earth requires knowledge of multipath,
polarization, and pointing losses, A statistical method of
estimating these losses from planetary landers has been
developed. The technique is generally applicable to a
wide variety of planetary lander antenna configurations
and communication link geometries. The technique re-
quires only a knowledge of (1) the lander antenna geome-
try and gain patterns, (2) the lander impact position, (3)
the location of the sub-earth point, (4) the probability
density of the planetary surface slopes, and (5) the
physical characteristics of the planet’s surtace. This infor-
mation is then used to derive the expected losses and to
place tolerances on these expected losses. The losses
derived from this technique are from 5-10 dB less than
those that would be obtained if the worst multipath,
polarization, and pointing losses were assumed.

To estimate these losses, a series of computer-simulated
landings® have been carried out using the Jet Propulsion
Laboratory (JPL) Capsule System Advanced Develop-
ment (CSAD) project Mars lander. This disc-shaped
lande: provides omnidirectional antenna coverage by

'Mars ‘71 Technical Study, JPL internal document, Ed&it.d by
£, K. Casani, JPL, Aug, 15, 1966,
*A Possible 1971 Mariner Mars Landed Experiment, JPL Flight
Projects document, July 24, 1967,
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having six right-hand circularly polarized antennas posi-
tioned with their boresights perpendicular to the faces
of a cube, Two antennas point horizontally in the plane
of the lander, and four antennas point at 45 deg to the
plane of the lander disc, A geometrical schematic of this
lander is shown in Fig, 1, The lander contains an S-band
transmitter,

At each simulated impact, the lander hits the Martian
surface at about noon with the earth about 45 deg above
the western horizon, It lands on a randomly generated
slope that is determined by using an estimated slope

ANTEWNA 5

ANTENNA |

ANTENNA 2
AN

ANTENNA 6

ANTENNA 4
ANTENNA 3

Fig. 1. JE. CSAD lande- antenna configuration
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probability density function, The orientation of this slope
iv also randomly gonerated. The plane of the lander disc
is assumed to be parallel to the slope, but the lander
assumes a random azimuth angle with respect to the
maximum gradient of the slope.

Multipath, polarization, and pointing losses are then
calculated for all six antznnas at each landing, The fol-
lowing morning, about 21.3 h after landing, the losses are
calculated again when the earth is almost directly above
the lander.

Section II derives the electromagnetic equations for
computing multipath, polarization, and pointing losses of
a right-hand circularly polarized wave, Section III derives
the coordinate transformitions required for obtaining
angular quantities in lander-centered coordinates as func-
tions of angles in Mars-centered and landing-site-centered
coordinates.

Appendix A justifies the use of the planet surface model
by showing that the physical parameters assumed are
likely to hold over the first Fresnel zone, Appendix B
gives the random variable distributions and the antenna
characteristics assumed, The combined losses are com-
puted as a function of planet rotation in Appendix C. A
sample computer program listing for computing the losses
of 100 random landings is given in Appendix D.

I. Loss Equations

A. Pointing Loss

The pointing loss of 5 particular antenna is defined
as the ratio of the radiated power in the direction of the
receiver to the power at the peak of the antenna pattern.
Symbolically,

L — G* (Cl)

point "'_—G._. (0)
where L is a dimensionless ratio, G ({4) is the antenna
field strength gain with respect to an isotropic antenna in
the direction of the receiver, and G(0) is the antenna
field strength gain at the peak of the pattern with respect
to an isotropic antenna, G ({4) and G (0) are dimensionless
quantities—not expressed in dB. The angle {4 is the cone
angle in the direction of the receiver measured from the
peak of the pattern, Pointing loss, expressed in dB is:

2
Lyoint (dB) = 10logo Lypsine = 10log,, 22((‘(‘;))

B. Multipath Loss

Multipath loss for the circularly polarized wave con-
sidered here is defined as the ratio of the power in the
combined direct and reflected wave to the power in the
direct wave. If the reflected wave constructively inter-
feres with the direct wave, there is no multipath loss;
there is multipath gain instead, Conversely, if the reflected
wave destructively interferes with the direct wave, the
radiated field strength is effectively reduced. The power
ratio is then converted to dB. The geometry for defining
multipath loss is shown in Fig, 2.

Before it is reflected from the planet’s suiface, a right-
hand-circularly-polarized wave can be represented by an
clectric field vector given by

E, = G(¢,) [enexpf(ut ~ kz) -+ ey exp f (wt — kz ~ w/2)]
where

¢, = reflected wave cone angle measured from pat-
tern maximum

G(¢,) = antenna field strength gain in direction of re-
flected wave before reflection (with respect to
isotropic antenna field strength)

e, = unit vector in horizontal polarization direction

e, = unit vector in vertical polarization direction

and where expf(ut — kz) and expf(wt — kz ~ n/2) are
the complex representations of ficld strength piase as a
function of time and distance along the propagation path,

ANTENNA
BORESIGHT

A4 VECTOR
DIRECT TRANSMITTED
WAVE TO EARTH

RECEIVER REFLECTED
& WAVE

0 LocaL
SLOPE
VECTOR

LOCAL
HORIZON /AL
VECTOR

LOCAL SLOPE

PLANETARY LANDER
LOCAL HORIZIONTAL

NOTE: VECTORS ARE NOT ALWAYS COPLANAR
AS SHOWN

Fig. 2. Lander transmitter geometry

JPL TECHNICAL REPORT 32-1333




o ERLTEY et e

For a non-dissipative planetary atmosphere with the
dielectrir. constant of free space, the propagation con-
stant k is: k = w (uy €)%

After reflection from the planet’s surface toward an
carth receiver, the wave can be represented by the electric
field vector:

E} = G (/) paD [e}Ryexpf(ut — kz + 2n8/A + ¢)
+ elRyexpf(ut — kz — n/2 + 2n8/A + )]
where

e, = unit vector in horizontal polarization direction
after reflection

e}, = unit vector in vertical polarization direction after
reflection

The factor exp (f2x8/A) that occurs in both the vertica!
and horizontal reflected components represents the phase
difference between the direct and reflected waves caused
by the jsath length difference. In this expression,

§ = path difference between direct and reflected waves

= transmitted wave length

The path difference between the two waves is defined
as:

h
= -SIT/-(I — cos 2y)

where

h = antenna height above ground

y = elevation angle of receiver above local slope iea-
sured in plane perpendicular to local slope

The factors D and p, account for the wave reflection
from a rough, curved, planet surface and are defined as:

ps = coefficient accounting for the planet’s roughness

D = coeflicient accounting for dispersion due to curva-
ture

For our case, D will be taken as unity since the tran -
mitter is so close to th: planet that the effect of its curva-
ture is negligible. The roughness coefficient, p,, will be
assumed to be the rms value of p,, although the surface
roughness and therefore the surface roughness coeflicient

JPL TECHNICAL REPORT 32-1333

are actually variables with statistical distributions; there-

fore

1 /4rAlsin y\*
meep| —g\ Ty

where Ah is the rms surface roughness height.

The factors Ry exp f¢» and R, expf¢, are the reflection
coefficients from smooth, plane surfaces for horizontal
and vertical polarization, respectively, In terms of the
electrical parameters of the reflecting surface, these
coeficients are

siny — (Y* — cos® y)¥
siny -+ (Y* — cos® y)%

Ry exp b =

and

Y2siny -~ (Y* — cos® y)%
Y?siny + (Y* — cos® y)%

Ry expijg, =

where Y is the planet’s normalized admittance. The ad-
mittance is defined as

y: = &€ — 1600
1/ o
where

€/€, = ratio of permittivity of planet surface to per-
mittivity of free space

/o = ratio of permeability of planet surface to per-
meability of free space

o = conductivity of planet surface

These expressions for electromagnetic wave reflection
from a rough planet surface are developed for other cases
in Ref. 1.° More basic derivations of electromagnetic and
probability equations can be found in the citations given
in Ref. 1.

The wave going directly from the antenna tn the earth
receiver can be represented by:

E} = G (L4) [ehexpf(at — kz) + el expf(ut — kz — =/2)]

‘Also in Estimation of Multipath Degradation for a Planetary
Lander, by D. Boyd, JPL Section Memorandum, September 13,
1967.



If the impedance of the planetary atmosphere is
given by
= (&9.)"" S T /)
’ € E, H,

where E, and E, are any vertically and horizontally po-
larized electric-field vectors and H, and H, are appro-
priate vertically and horizontally polarized magnetic-field

H = G (&)

vectors, the magnetic field of the wave traveling directly
to earth is given hy

, . G(&a)

d =
Ui

[—~ehexpf(ut —kz— n/2) 4 elexpf(ut — kz)]

The complex conjugate of the direct wave’s magnetic field
is then:

= [— e exp — j (ot ~ kz ~ 7/2) + e} exp — f (ot — kz)]

The total wave traveling toward the earth receiver is the sum of the direct and reflected waves. This wave can be

represented by:

E! = Ei + E| = ¢/ [G({) expf (ot — kz) + ps DRy G ({r) exp f (ot = kz -+ 2x8/A + ¢n)]

+ ¢, [G (&) exp (ot — kz — 7/2) + ps DR, G (L) exp f (vt — kz — n/2 + 228/A + $y)]

= ¢} exp f (ot — kz) [G (a) - ps DRy G (&) expf (2n8/A + ¢n))

+ el expj (ot — kz — 7/2) [G (£) +ps DRy G (/) exp (2m8/A + )]

The total magnetic field in the direction of the earth receiver is

H; = — %expf(wt = kz — n/2) [G (£a) + ps DR, G (¢,) exp (2m8/M - )]

+Srexpj (o — ke [G (8a) + pu DRy G (1) expi 2md/\ + )]

The complex conjugate of this magnetic field vector is

H' = — -%"-exp ~ (ot — kz — 7/2) [G (¢2) + p« DR, G (¢,) exp — § 278/ + é0))

+ %‘- exp — f (ot — k2) [G (£a) + ps DRy G (&) exp - § (2r8 /A + ¢)]

The average power in an electromagnetic wave is the average value of the Poynting vector which is given by

S =%Re [E X H*] =%Re[~Ev H; + Ey Hy)

where E and H are the electric and magnetic-field components of any electromagnetic wave, and E,, H,, E; and H,
are the vertically and horizontally polarized components of an electromagnetic wave that can be represented by ver-

tically and horizontally polarized components.

JPL TECHNICAL REPORT 32-1333




In the case of the wave traveling directly to earth, the average power is:

Sh = %Re{ (=) G (&a) expf (ot — kz — 7/2) —= (Cd) -exp ~ f (ut — kz — 7/2)
+ G (&) exp] (ot — ke) G182 “") exp — j (ut — kz)}
1 (Ca) G* (L))
2 g e { 7 n
= G (&)
U)

For the total wave directed toward the recciver, the average power is:

\J
St =

3 Re {16 (t) + 5. DR.G () G () exp] (208 4 + 40
'+' Ps DRv G (Cd) G (Cl‘) exp - 7(271’8/* + ¢1}) + Pg D2 Rlz' Gg(C))]

+ - [G2(8) + p, DRy G () G (&) exp 208/ + )
+ DBy G () G (¢ exp — (2n8/n + ) + pi D* RRC ()]}

= 5-{1G (0 + 20, DR, G (6 G (1) cos 2r8/A + ) + 52 D7 R G ()]
+ [G?(2) + 20, DRy G (£ G (1) cos (208/A + ) + i D R G2 (1)1}

Multipath loss (or gain) is defined as the ratio of the average power in the total wave to the average power in the
direct wave. This quotient yields circular polarization multipath loss as:

S7 1 G(¢ Cv”
Lmul” = -S—:!I- = E' {[1 + 2PN DRU ng ; cOos (277'8/A + ¢1)) + PN D2 Rf) <C ]

+ [1 + 2p, DR, cgg ; cos 278/ + ¢u) + pi D* ‘g; Eg ]}

But it can be shown that for a vertically polarized wave, multipath loss is:

=1+ 2Pa DRv (Cr) cos (2778/'\’ + d,v) T P” D R G? Egr;

L G ()

multi

and that multipath loss for a horizontally polarized wave is:

vl\./

Li o = 1+ 2p, DR, - & é ; cos(2x8/\ + ¢n) + pi D? R;E—E

JPL TECHNICAL REPORT 32-1333




Multipath loss for a circularly polarized wave is thus  C. Polarization Loss
seen to be the average of vertically and horizontally polar-

: Polarization loss will be defined as the ratio of right-
ized wave multipath losses, or:

hand circularly polarized power to total power trans-
mitted to earth. The total power includes the sum of
Liures = 1/2(Lyuies + L) power transmitted directly to earth plus the power re-
flected from the planet’s surface due to multipath effects,
Multipath loss can be converted to dB by
The electric vector of the total transmitted wave has
Lyuiei (dB) = 101og,o Lyt been given as

E/ =e,G({s)expi(ut — kz)[l + ps DRy, gég ; expf(2»8/A -+ tfu.)]

- en G (La) expf (ot — kz — 7 /2) [1 + ps DR, G Eg’; expf(2n8/A -+ ([)u)_'

It is now desired to break up this total vector into right-hand and left-hand circularly polarized components. In gen-
eral, the total wave is some sort of elliptically polarized wave, but the receiver will accept only the right-hand circularly
polarized component, It is desired to put the total wave into the form

E; =¢,E,expj(ut — kz) + ey E expf (ot — kz — 7/2)
+ e, E;expj(ot — kz) + e, E; exp f (ot — kz + 7/2)

where E, and E, must be related to the parar:eters of the total wave. To simplify the analysis, the total wave will be
written in the form

E;=¢€,G({s)expf(wt — k2) [1 + A expj0.] + e, G (La) expf (ot — kz — =/2) [1 + A.exp §6.)

where
G(¢&r)
A — Pa DRh G (Z )
G,
42 = p, DR, Gg ;

0, =2x8/\ + ¢y
n = Ws/A + ¢v
This form of the total wave vector can be further simplified to

E, = e, A;G(La)expf(ut — kz + 0,) + e, A, G (¢a) expj(ut — kz — =/2 + 6,)

where

A, = [(1 + A, cos6,)* + A?sin®6,]%
A, = [(1+ A;cos0.)* + Agsin® 6.)%

6 = arctan | —Arsind:
4 = arctan 1+ A, cos¥,
0. = arctan | —Azsinds
4 = arctan 1+ A.cosé.

6 JPL TECHNICAL REPORT 32-1333
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The total wave expressed as the sum of right- and left-hand circularly polarized waves can be written as
E: = e)(E, + E;) exp{f(ut — kz) + e, expj (vt — kz) (E, exp ~ jr/2 + E, exp jr/2)

Equating the horizontal and vertical components to their respective expressions derived ahove requires that E, + E; =
A G (L) expfd; and

=fEy 4 fE; = A G (La) expf (04 — 7/2)

Solving these two simultaneous equations for E, yields

E,= g-gﬁ [A;cos 0y — A,sin (0, ~ 7/2) + jA;sin 0, + {A, cos (0, — 7/2)]

= Anexpf0s
where
As == é@ {[Ascos 6, ~ A,sin (0, ~ 1r/2))* + [Aysin 0y + A, cos (0, ~ n/2)]*}%
and where

05 == arctan [A“ sin s + A, cos (0, — 7/2)]

Aycos 0, — A, sin (0, — w/2)
The electric field vector of the right-hand circular polaiized component of the total wave then becomes
E, = e, Asexpf (ot — kz + 0;) + e, Asexpf (ot - kz — n/2 + 05)

The magnetic field vector can be written
Aﬁ Ab .
H, = ——e;,—-?-’-expf(wt ~kz—7/2 4+ 6;) + e,.—;exp;(«»t — kz + 6;)
and the complex conjugate of the magnetic field vector can be written
Aﬂ Aﬂ .
H! = —e;,-;)——exp = (ot — kz — n/2 + 0;) + e,|7exp — f (ot — kz + 6;)

The total power transmitted in the right-hand circular polarized component is then

o 1 L 1 2 2 2

Sr —~— é‘Re (Er X Hi'} - '2—'Re {Ags/’q + A:j/’l’} = A5/7)
= g;—ffg')‘ [A§ + Ag -+ 2A3 A4 COS'(O,'; - 04)]
= G—.‘i(fd—) [4 + 4A, cos 0, + A} + 4A,cos 0, + Af + 2A, A; cos (6, — 6.)]

_ G, , 4.DRG(L)

=y {‘” G (%)

4p, DR, G (¢,)
G (L)

D?R; G* (¢))
G* (La)

] pi D*REG*(¢,) | 203D RyR,G* (L)) .\
COs (2178/A 4 ¢v) + G? (Cd) + QG2 (Cd) Cos (¢’l ¢”)!

cos (2#8/A + ¢p) + ¥

+
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The power in the total transmitted wave is given above as:

- G? (Cd) { 9 2Pa DRu G (Cr) ‘A s P:‘f D: R?; G? (:r)
S[~ G """“‘""""‘27’ 4 + G (Cd) CoOs (27!'8/A + ¢u) + G.-, (c!‘)
L 204 DR, G (Cr) 9 L ﬂngg Ri G* ((r)}
} G (278/M + ¢y) <+ )
- "

where Ly is the multipath loss defined as the ratio of total transmitted power to direct wave power, Polarization
loss, which is the ratio of right-hand circular polarized power to total power is then given by

 MDREGE(E,) 208 D* Ry R, G2 (¢))

S, 1 [EREGC),

Ly = 5 =1
pot == oy =L - .
e S? 4Lmulll G* (Cd)

and this can be converted into dB by

| (dB) =10 I.Ogm (Lnol)

All losses can be casily visualized by the vector dia-
gram in Fig. 3. All vectors are normalized to E, = 1.0
where E, is the magnitude of the horizontal and vertical
components of the circularly polarized direct wave, E, is
the magnitude of the wave at the peak of the antenna
pattern. E, is the magnitude of the reflected wave prior
to reflection, Before any reflection from the planet’s sur-
face, E,, E,, and E, are all in phase. After the reflected
wave strikes the planet’s surface, the horizontal and ver-
tical components have magnitude and phase shift given

/2

. Ps Dﬁ,G‘(;,)

i 6(8q)
Ern =&y N/ . Een=Ery=Ep=E,,
;,ufrv
A . o
_6(¢,) £g=1.0 £ .5l
———————————— ’ =
h” 6(;,) G(Cd) 4 G’(Cd)

3n/2

Fig. 3. CSAD lander radio electric field vector
phase diagram

G* (La)

G (Z4) cos (¢ — ‘f'r')]

by E, and E,,, respectively, These reflected fields are

‘then vectorially added to E; to get the horizontal and

vertical components of the total wave given by E,, and
E,,, respectively, The angles ¢, and ¢, are also shown in
the diagram,

The significance of the various losses is now readily
apparent. Pointing loss is merely

L7
Lioin = 'Eplf.. - 'E,,I"’

Multipath loss is given by

1 1 (1Eu|* | |Ew|®
Ly = E(L;;mlu + L) = 5('1‘:;]'2 + |Edul""
1 .
=5 (|En|* +|Ew|?)
Since
-~ 1 _ mmDRG (L)
lErhI G(Cd)
and
IE I — Ps DRvG(Cf)
" G (¢a)

and since the angle between E,, and E,, is ¢, — ¢y, the
polarization loss is seen to be

1 2 1 2
|5 (Ea— E,)| 5 (&~ Ew)|
=1 ,

Lpol = 1—

L; 1
%‘(lEthlz'*-lE“)'z) multi
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where the vectors are subtracted vectorially, The polar-
ization loss is therefore seen to be unity minus the ratio
of half the vectorial difference between the horizontal
and vertical components squared to the multipath loss,

i, Coordinate Transformations

The lander communication link geometry is specified
by giving the vector to earth receiver E and the vec-
tor to landing site L in Martian latitude and longitude,
the direction and magnitude of slope O on which the
lander rests, antenna boresight vectors A, and reflected
wave vector R; therefore three coordinate systems are
required to conveniently describe the direct link geom-
etry: (1) a Mars-centered system in which to specify the
earth and landing site vectors, (2) a landing-site-centered
system in which to specify, (a) the direction and magni-
tude of the slope on which the lander rests, and (b) the
transformed vector to earth, (3) a lander-centered system
in which to specify the antenna boresight vectors and the
transformed vector to earth,

For the sake of analytical convenience, the three coordi-
nate systems will be assumed to have a common aerocen-
tric origin, since the maximum parallax error would be
on the order of the ratio of the Martian radius to the
Mars-Earth distance.

k
ANORTH POLE

O deg LONGITUDE

Fig. 4. Mars-centered coordinate system
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In all coordinate systems, i vectors are the x-direction
unit vectors, j vectors are the y-direction unit vectors,
and k vectors are the z-direction unit vectors. Angles
between a vector and the x-direction are designated by
an « with an appropriate number of primes and a lower
case subscript that is the same letter as the capitalized
vector, Similarly, angles with respect to the y direction
are designated f, and angles with respect to the z direc-
tion are designated vy, all with appropriate primes and
subscripts, Quantities in the Mars-centered coordinate
system are unprimed; quantities in the landing site-
centered system are primed, and quantities in the lander-
centered system are ouble-primed.

In the Mars-centered system, ¢ signifies latitude, and
A stands for longitude (both with appropriate subscripts);
in the other two systems, ¢ (with appropriate primes and
subscripts) is a cone angle measured from the z axis
and ¢, including its primes and subscripts, represents a
clock angle, measured positively around the z axis from
the x axis,

A. Mars-Centered Coordinate System

In the first (unprimed) coordinate system, shown in
Fig. 4, i (the unit x-direction vector) is in the plane of
the Martian equator through the 0 deg Martian longi-
tude. The unit y-direction vector j is in the plane of the
Martian equator through the 90 deg east longitude. The
unit z-direction vector k is through the north Martian pole.
The unprimed coordinate system is, therefore, based on
Mars’ latitude and longitude coordinates.

The vector E to the earth receiver can be written in
terms of the latitude and longitude of the sub-earth
point as

E = sin ¢, cos A, i + sin ¢, sin A, j + cos ¢ k

The direction cosines of E in terms of the sub-earth point
latitude and longitude are then:

COS e = $iN ¢he COS A
cos B, = sin ¢, sin A,
COS Ye = COS ¢

Similarly, the vector to the lander impact site can be
given in terms of the landing site latitude and longitude:

L =sin¢g;cos A\ i+ sing;sinA;j + cosdp k
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The direction cosines of the impact site vector are then:
€oS ap == Sin ¢; cos A
cos 31 = sin ¢y sin Ay

COS y; = COS ¢

B. Landing-Site-Centered Coordinate System

In the second (primed) coordinate system, shown in
Fig. 5, k’, the z’ unit vector, points through the lander’s
position on the Martian surface and is, therefore, normal
to the local horizontal and parallel to the impact site
vector, L; the &’ unit vector i’ is in the plane defined by
k and k’, at right angles to k’, and pointing out through
the northern hemisphere; j’, the y’ unit vector, is in the

plane of the equator and 90 deg west of the longitude
of i’ and K, The primed coordinate system is, therefore,
based on the local horizontal coordinate system at the
lander impact site,

The sub-earth vector can be transformed from the
unprimed to the primed coordinate system by using the
following transformation matrix:

i j k
iV ~~COS b1 COS A} ~COS ¢b; SN A} sin ¢y
y sin \, —COS A} 0
k’ sin ¢; cos A, sin¢; sin A} COS ¢y

The direction cosines of E in the primed system are then:

COS ag = = COS ¢} COS A} COS ¢ — COS ¢b; SiN A; cos B, -+ sin ¢; cos y,

cos B¢ = sin A; cos ae — cOS A; cOS S,

COS y¢ = $in ¢ cos A; co8 a, + sin ¢, sin A; cos B, + cos ¢; cos y,

The vector specifying the lander’s orientation on the
planet surface O can be written in terms of the lander’s
slope 6% and the direction of slope (¢%). The direction
cosines of O are:

cos ap = sin 05 cos ¢h
cos B4 = sin 05 sin ¢}

cos y6 = cos 0}

Lz K

[
{LOCAL ’; 5
VERTICAL)

R

(POINTING TOWARD
NORTH POLE)

b g P
P s

T
/ i

(POINTING WEST PARALLEL TO
LINES OF CONSTANT LATITUDE) -

———

———_ =

Fig. 5. Landing-site-centered coordinate system
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C. Lander-Centered Coordinate System

In the third (double-primed) coordinate system, shown
in Fig. 6, k”, the 2" unit vector, is parallel to the lander

Fig. 6. Lander-centered coordinate system
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roll axis and parallel to O, the lander orientation vector.
If we assume that the lander is resting on one of its flat
sides and that the lander is parallel to the local slope, k”
is then also normal to the local slope. The x” unit vector,
i”, is in the plane formed by k” and k', at right angles
to k”, and at less than 90 deg angle from k', The unit y”
vector, §”, is in the a’-y’ plane and is the k” X i” vector
product, The double-primed coordinate system is, there-
fore, based on the lander’s principal axes,

The sub-earth vector can be transformed from the
primed to the double-primed system by using the follow-

ing transformation matrix:

i’ J k'
i’ == C0$ 0§ COS ) = 0$ 0 $in ¢} sin 0}
i’ sin ¢ = COS Ph 0
k” sin 0} cos ¢} sin 0§ sin ¢} cos 0

The direction cosines of the sub-earth vector then be-
come:

cos aff = ==0s 0}, cos ¢l cos af; — os 0f sin ) cos B - sin 6f cos yh

cos B = sin ¢} cOS ay — €OS.¢bf cOS B

cos v/ = sin 0f cos ¢ cos a; -+ sin 0} sin ¢ cos B -+ cos 0}, cos y.

The antenna boresight vector A must also be specified
by its direction cosines in the double-primed system in
terms of its cone 67 and clock ¢! angles. These rela-
tionships are

cos ! = sin 0/ cog ¢f)
cos B == sin 0/ sin /)
cosy) = cos 0’

The direction of the reflected wave R may similarly be
specified in terms of its cone §” and clock ¢” angles.
These relationships are

cos o)) = sin 0"/ cos ¢!/
cos B% = sin 0"/ sin ¢’
cos y = cos @’

The cone and clock angles of R can be determined by
noting that the reflected wave must be in a plane con-
taining both E and O and that its angle with the x”-y”
plane must be just the negative <f the E vector’s angle
with the x”-y” plane; therefore

” ; — o,
6" =7~ vy,
1 o g M
¢r ™ ¥

The angular quantities required for computing losses
can now be defined in terms of the lander-centered coor-
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dinate system. The grazing angle of the reflected wave
(also the elevation of the earth above the local slope) is:

y=m/2~yY

The angle between the antenna pattern maximum and
the direction to earth is the scalar product of A and E;
therefore

’

cos &q = cos !/ cos al -+ cos B} cos B, v

+ cos y) cos y

Similarly, the angle between the peak of the antenna
pattern and the reflected wave direction is the scalar
product of A and R; thus:

cos {, = cos a!) cosa’l + cos B cos B + cosyl cosy!

IV. Loss Results

For this specific case, it will be assumed that a lander
of the CSAD class impacts Mars at 20 deg south latitude
and 48 deg east longitude. It broadcasts immediately
when the sub-earth point is at 17.6 deg south latitude
and 0 deg longitude; it broadcasts again 21.3 h later
when the sub-earth point is at 17.6 deg south latitude
and 48 deg east longitude, These numbers are typical
of a 1971 mission. Lander orientation will be computed
probabilistically based on an assumed model of the
Martian surface (see Appendix B). Antenna geometry
will be that of a CSAD lander wherein six antennas are
arrayed on the faces of an imaginary cube to assure omni-
directional coverage after impact. (See Table 1.) The

e
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Table 1. Antenna configuration

Antenna Ne, | 1 2 3 4 L) 6
hi, em 114 16.) 6.6 1.4 16,1 6.6
0l deg 90 43 135 9 43 195
a1 deg P thas -+ 90 purt 90 b+ 100 B+ 270 bt 270
Note: 2% Is o randem varlobie with o uniferm prebebliiity demity functien frem 0 te 340 des,

clectrical quantities of the surface will be assumed simi-
lar to those of a dry earth soil and the wavelength will
be that of the CSAD 2205 MHz S-band transmitter. The
surface will be assumed to be flat in its large scale fea-
tures and will have a 0.5 cm rms surface roughness. (See
Appendix A for a justification of this assumption,) An-
tenna gain characteristics will be assumed to be those of
the impactable CSAD cup radiator (see Appendix B).

The algebraic quantities associated with this case are
then;

immediately

Earth direction angles: ( ¢, = 107,60 deg
safter landing

Ae = Odeg

;«/,.. = 107.60 deg

21,3 h later
Ae = 48 deg

Site direction angles: ¢; = 110 deg
A =48 deg

Lander orientation angles: 6; and ¢} derived from
simulated landings on statistically modeled Martian
surfaces.

Electrical quantities:
€/€y =2
m/po =1
o = 10-*mho/cm
A=13cm
Surface characteristics:
Ah = 0.5 ecm

D=1

Antenna characteristics: From empirical gain plots of
CSAD impactable antennas,

These quantities can then be used to compute the
angles derived in Part III and the losses derived in
Part 11

The distributions of losses of 100 cnmpnter-simulated
landings immediately after landing and 100 landings
21.3 h after landing are given in Figs. 7 and 8, At each
landing, pointing, multipath, polarization and combined
losses are computed for each of the six antennas, The
best (lowest) pointing, multipath, polarization, and com-
bined loss is selected for each landing. These four best
losses can conceivably occur on four different antennas,
but the best combined loss usually occurs on the antenna
with the best pointing loss, It will be noted that the best
multipath loss is usually a gain rather than a loss, but
this usually occurs on one of the antennas pointing uway
from the receiver so that the huge pointing loss over-
whelms any multipath gain. It will also be noted that
the best combined loss distribution closely follows the
best pointing loss distribution since multipath and polar-
ization losses are generally small for the antennas point-
ing toward the receiver, The mean ccmbined loss with its
3o tolerances can be expressed as —2.2 dB 124 dB for the
transmission immediately after landing and —3.2 dB
124 dB for the transmission 21.3 h later when the earth
is overhead.

V. Conclusions

Multipath, polarization, and pointing losse- associated
with a Mars lander communication link are shown to be
much less severe than prior estimates which were based
on the sum of worst case multipath, worst case polariza-
tion, and worst case pointing losses.

These losses were computed for the Jet Propulsion
Laboratory (JPL) Capsule System Advanced Develop-
ment (CSAD) Mars lander which is a disc-shaped rough
lander. The lander obtained omnidirectional antenna cov-
erage by having six antennas with their boresights per-
pendicular to the faces of an imaginary cube. The lander
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Fig. 7. Pointing, multipath, polarization, and combined
loss distributions for circular polarization at landing

transmitted immediately upon landing when the earth
was 45 deg above the western horizon and again the next
day when the carth was overhead, The lander contained
an S-band transmitter and six right-hand circularly polar-
ized antennas,

The multipath, polarization, and pointing losses asso-
ciated with the transmission immediately upon landing
can be specified as —2.2 dB +24 dB. The losses associ-
ated with the transmission when the earth was overhead
can be given as ~3.2 dB 24 dB. These estimates are
somewhat more realistic and more optimistic than prior
worst-case predictions that might require excessively
powerful and heavy radio and power subsystems and
might reduce the scientific instrumentation payload,

‘ s 1 T e T T ‘.'r* R T — I E s *'r' puflimaiitonn _— ,.!\ S
COMBINED=L0SS SUM= =32 a8 54 4p
L1 f
3 |- BEST MULTIPATH 4085
0 __ BEST POLARIZATION LOSS

BEST COMBINED LOSS
gl .
=3¢ » +30 - \
-ola. 1
.61 | (0 Ia BIO 90 D" [ZX

PERCENTAGE OF LANDINGS HAVING
LOSSES GREATER THAN INDICATED

Fig. 8. Pointing, multipath, polarization, and combined
loss distributions for circular polarization
21.3 h after landing

Scveral of the assumptions used in this analysis should
he emphasized:

(1) The reflected wave was assumed to be specularly
reflected; diffus  flection was neglected.

(2) The planet’s surface was assumed to be locally flat
with a surface roughness reflection coefficient ap-
propriate to a mean surface roughness of 0.5 e¢m,

(3) The planet’r electrical characteristics were assumed
similar to 1 dry carth: relative permeability = 1;
relative di¢ .ctric constant =: 2; and conductivity =
10-% mho/em.,

(4) The Martian surface was assumed to have an expo-
nential distribution of surface slopes which closely
approximates current surface slope estimates,

Reference

1, Beckmann, P., and Spizzichino, A., The Scattering of Electromagnetic Waves
from Rough Surfaces, MacMillan Co., New York, 1963,
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Appendix A
Computation of Fresnel Zones

In order for the assumptior of specular reflection to be
valid, the Rayleigh reflection criterion must be satisfied
over the first Fresnel Zone. This criterion need be satis-
fied only over the first Fresnel Zone because the majority
of the reflected energy comes from the first Fresnel Zone,
This zone is an ellipse on the reflecting surface defined
as the locus of points at which the reflected ray path
lengths differ by A2 from the ray reflected at the optical
reflection point, The path Jengths of waves reflected from
the second Fresnel Zone differ by A from the optically
reflected wave; the path lengths of waves from the third
Fresnel Zone differ by 31/2, ete. Since the waves from
higher order Fresnel Zones differ in path lengths by A/2,
and since less energy is incident on and reflected from
higher order Fresnel Zones, these waves tend to cancel

? A
%—am“y ~%cosv(1 +

2h
A

The roots of this quadratic are:

h) 1 4_“ 1 + Yy 1 7%
tany 4 sinty A/ sin'y

For the CSAD lander transmission at a noon landing

—
—

1Y
A 2sinty

N _ _COSy

7 ¥ | S v ' Y 1
FOR Ag = (47 AA/M) SIN y 2 /2
6} Ah<)/8 SINy IMPLIES SPECULAR
E REFLECTION
@ sf AAh>)0/8SINy IMPLIES DIFFUSE
i REFLECTION
& 4.
E . DIFFUSE REFLECTION
Q -
g
4
=2
(72} 2}
2‘ SPECULAR REFLECTION
I JPL CSAD AT JPL CSAD 22 h |
LAND(I)NG LATER
0 } ! i 1 i ; §

0 10 20 30 40 50 60 70 éO 90
¥, GRAZING ANGLE, deg

Fig. A-1. Rayleigh criterion for specular reflection
at S-band (13 ecm)
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each other, leaving the waves reflected from the first
Fresnel Zone as the dominant source of reflected energy.
If the Rayleigh criterion is satisfied over this zone, specu-
lar reflection is n good assumption,

The Rayleigh criterion requires that Ah < A/8siny
where Ah is the surface roughness, A is the wavelength,
and y is the grazing angle, A curve defining the Rayleigh
criterion for the 13 cm, S-band transmitter of the JPL
CSAD program is shown in Fig. A-1,

Simple geometrical considerations show that the points
on the first Fresnel ellipse closest to and farthest from a
JPL CSAD lander antenna are given by the equation:

I~ h 1

smy>'} 33 cos’ym--snwm-a-"()

A

using one of the antennas in the plane of the lander,
h =114 cm, A = 13 cm, and y = 45 deg. The first Fresnel
ellipse extends from 3.5 cm behind the antenna to 44.7 1
in front of it, For a CSAD lander transmission with the
earth overhead, the first Fresnel ellipse degenerates to a
13.6 cm radius circle. The Rayleigh criterion is very
likely satisfied over these relatively small areas so that
specular reflection is a good assumption, The Fresnel
Zone calculation geometry is shown in Fig. A-2,

-

y

NNA /

OPTICALLY REFLECTED WAVE TO
RECEIVER AT o IN X=2Z PLANE

i
h
: REFLECTED WAVE WITH A/2
LONGER PATH THAN
¥ OPTICALLY REFLECTED WAVE
X

7 4

OPTICAL ¥ ™.
REFLECTION POINT>

4

------

-FIRST FRESNEL
ELLIPSE

Fig. A-2. Fresnel zone calculation geometry
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Appendix B
Random Variable Distributions and Antenna Characteristics

This computer simulation of Mars lander losses requires
three random variables: (1) the slope on which the lander
impacts (05); (2) the direction of the slope on which the
lander impacts (45); and (3) the clock angle of the lander
antenna boresight (¢!).

The slope probability density function is shown in
Fig. B-1. Estimated probability density functions of
Martian slopes in both mountainous and level areas are
compared with the approximate exponential distribution
used in the computer simulation,

The computer generates the slope by first picking one
of the 10* random numbers between 0000 and 9999, This
random number is then divided by 10* to obtain one of
10* random fractions between 0.0000 and 0.9999. If the
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Fig. B~1. Probability density functions of Maurtian slopes
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probability density function, g (x), of these random num-
bers, «x, is then represented by a uniform, continuous
q(x) =1 for 0=x=<1, and if the exponential approxi-
mation of the Martian slope probability density function
is given by p (05) = A exp — A0%, we can determine a func-
tional relationship between x and 6; such that the
uniformly distributed random variable x generates 65
according to the assumed probability density function
of 95, We are looking for a function, ) = f(x) that has
a probability density function p (67) if &’s probability den-
sity function is q(x) = 1. Equating differential proba-
bilities of the two variables;

- p (06) doh = q (x) dx

Dividing by q (x) do}:

dx — p( {)) —— ’
Integrating;
x = exp — Afg
Inverting:
) = ::Tl— In (x)

which is the relationship used to gene:ate 65 from the uni-
formly distributed random fraction x, The approximation
shown in Fig. B-1 used A = 0.125.

The random direction of the slope on which the lander
hits and the random -lock angle of the antenna bore-
sight vector are just uniformly distributed angles between
0 and 360 deg; therefore if x is again the uniformly dis-
tributed random fraction between 0 and 1, the function
used to generate ¢4 and ¢! is simply: ¢f = ¢7 = 360x.

A rectangular cup antenna, similar to one of the JPL
CSAD lander antennas, was used as the antenna model.
Gain curves in two orthogonal directions are shown in
Fig. B-2 for this antenna. Also plotted in that figure is
the eighth degree polysiomial approximation used in the
computer to generate the antenna gain curve.
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Appendix C

Losses as a Function

Multipath, pointing, and combined multipath and
pointing loss2s were computed for a fixed lander orienta-
tion as a fuuiction of planet rotation in order to determine
whether sudden nulls would occur in the signal received
on earth, 1t was determined that the combined losses
varied only slightly as a function of Mars rotation, The
comparatively small polarization losses were neglected
for the purposes of this check for sudden nulls,

In this analysis, the lander was assumed to land on a
flat surface with antenna number one pointing north. The
landing was assumed to take place at approximately noon

of Mars Rotation

when the earth was 45 deg above the western horizon.
Multipath, pointing, and combined losses were computed
from about 40 min before a nominal landing until 40 min
after a nominal landing, Losses were computed every 24 s
during this 80-min period. Combined losses as a function
of planet rotation are plotted for each antenna in Fig, C-1,
In the particular orientation chosen, antenna 5 points
almost directly at earth; antennas 1, 2, 4, and 6 point
about 90 deg from the earth direction, and antenna 3
points directly away from the earth. In no case do the
combined losses vary rapidly over the 80-min period
considered,

2 T T T J T ] T

oL ANTENNA 5 -
-2} -
-4} o
~6___ANTENNA 6 7
-8 :\\ -
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-|2
el ANTENNA 4 ANTENNA |
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<18 ANTENNA 3

COMBINED MULTIPATH AN POINTING LOSS, dB

-22 -

-24}

-26 1 1 L

~-20 \ |

| ! |
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l
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TIME RELATIVE TO NOMINAL LANDING, min

Fig. C-1. Multipath and pointing iosses vs planet rotation
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Appendix D
Computer Program for Loss Computation

C AD6 Lo Ae HOWARD
MULTIPATH DEGRADATION AND POINTING LOSS FOR ANTENNA
ALSO POLARIZATION LOSS - AD6 UNLY
ADY FOR VERTICAL POLARIZATIONM
AD2 FUR HORIZONTAL POLARIZATION
AD3=ADl FOR BEST ANTENMA PER LANDING
AD4=nD2 FOR BEST ANTENNA PER LANDIMG
ADS5 FOR RIGHT HAND CIRCULAR POLARIZATIOM (FUOGRMAT AS PER AD3)
ADG STMILAR TO ADS BUT INCLUDES PULARIZATION LOUSS I ADDITICN
TOT MUST MOT EXCEED 100
DIMENSION ARMELO) g ARP(IL6) yARMS(16) 9 ARPS(16)yGA(9),
LAMELOOY 9 AP CLOO) 9y ASELO0 ) yASHMS(LO) 9 ASUNMILO) yAPDLALLOO) 9y APPS(16)
AAPP(16)
COMMUN ABD
NMN=1
DO L7 I=1,100
AM(T)==50,
AP(I)=-500
APOLA(T)==50,
17 AS(I)==50,
AS M=0,
AVM=U,
AVP =0,
RO % Jd=l, 16
ARM(JJ ) =0,
APP(JJ) =0,
ASUM(JL) =0,
5 ARP(JJ) =0,
DR=1e74532925E=~02
RN=574,3
Pi=3.1416927
READ 509TOToWLeW2eW3gWayW59WO
READ L0y THL 9 PHL
READ 20 3FEPSyEPSOyAMUy AMUO s ALMDAy S169GZERO
READ 30y (GA(T)yI=1,9)
1 CONTINUE
READ 409y ARD g THE 9 PHEy THAPER 9 DD 9 Hy DH 9 PPADL 9 ANUMB
10 FORMAT (2F8.3)
20 FORMAT (TF1045)
30 FORMAT (3E1648)
40 FORMAT (BFHe3ybFHe0)
50 FCRMAT (FRe396A4)
NTOT=TOT
THER=THE::NK
PHE R=PHESDR
THLR=THL*NR
PHLR=PHL*®DR
TAPPR=THAPP DR
MUMB=ANUMEB
DO 350 J=)NTOT
2001 CALL RANDOM (I14)
AR=1B
AB=AB/10000.
THOP==8 31,06 (AB)
IE (THOP=60e6)2002,200242001
2002 CUNTINUE
CALL RANDOM (IB)
Ab=1t
PHAPP=3604%AB/100004+PPADD

OO oo oCo
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150
160

1002

131

134
138

CALL RANDOM (IB)

AB=18

PHOP=360.%AB/10000,

TOPR=THOP*DR

POPR=PHOPHDR

PAPPR=PHAPP#*DR

CAE=SIN(THER)*COS(PHER)

CBE=SIN(THER)®*SIN(PHER)

CGE=COS(THER)

GEP=SIN(THLR) #*COS(PHLR )*CAE+SIN(THLR ) SIN(PHLR)*CEBE+COS(THLR ) *CGE
BEP=SIN(PHLR)*CAE=CUS(PHLR)*CBE
AEP==COS{THLR)*COS(PHLR)*CAE=CUS(THLR)*SIN(PHLK)*CBE+SIN(THLR )*CGE
GEPP=SIN(TOPR)*COS(POPR)*AEP+STN(TOPR)I*SIN(POPR)*BEP+COS(TOPR)*GEP
BEPP=SIN(POPR)*AEP=-COS(POPR)*BEP
A2P==COS(TOPR)*COSIPOPR)*AEP=CUS{TOPR)#SIN(POPR)*BEP+SIN(TOPR)*GEP
AEPP=AZP

CAPP=CUS(TAPPR)

BAPP=SIN(TAPPR)*STIN(PAPPR)
AAPP=SIN(TAPPR)*COS(PAPPR)

ABC=GEPP*#2

BCD=1.-ABC

BCD=SQRT(BCD)

RGEPP=ATAN(BCD/GEPP)

IF(RGEPP)150,1604160

RGEPP=RGEPP+P1

CONT INUE

GAM=P1/2+.=RGEPP

IF (GAM)1001,1002,1002

CONTINUE

CZED=AAPPAEPP+BAPP*BEPP+GAPP*GEPP
CZER=AAPP*AEPP+BAPPBEPP=GAPP*GEPP
DEL=(H/SIN(GAM) )% (1e=COS(2e*GAM))
ANU==604¢%ALMDAS TGHAMUO/ AU
THL=ATANCANU/ ( (EPS*AMUO/ (EPSU=AMU) ) =CUS (GAM) %2 ) )
THI=TH1/2.

Al=( (EPSHAMUD/ (EPSOHAMU) =COS (GAfI ) %2 ) sk 24 ANUN K2 )k g 25
Y2= ANURSIN(GAM) +ALSTN(THL)
Y1=ANU%SIN(GAM)~ALxSIN(THL)
X2=EPS*AMUO*SIN(GAM) /(EPSO*AMU) +AL%COS(THL)

X1=EP S AMUD%RSIN(GAM) / (EPSU*AMU) =AL*COS(THL)
Y3=(X2%Y L=X1%Y2) /( X2%524Y2%%2)
XB3=(XLRX2+YLkY2) / (X2%%24Y2%%2 )
RHOS=EXP(=0Qe5% (4o %P IRDHASIMN(GANM) /ALMDA Y #:2)

IF (X3)1344131,131
TH2=ATAN(Y3/X3)+2+ %P I*DEL/ALMDA

GO TO 138 '
TH2=ATAN(Y3/X3)+PI+24%PI%DEL/ALMDA

CONTINUE

ABC=CZED:%x2

BCD=1.-ABC

BCD=SORT(RCD)

LED=ATAN(BCD/CZED)

IF (ZED) 16541704170

LED=LED+P1

CONTINUE

ABC=C ZER% %2

BCD=1.=-ABC

BCD=SQRT(BCD)

LER=ATAN(BCD/CZER)

JPL TECHNICAL REPORT 32-1333

19



A e b oSt b vt

IF (ZER) 1759180, 180
175 ZER=LER+PI
180 CUNTINUE
PD=ZED%RRD
R=ZERM*RE
GD=GA(L)ADR(GA(2) +])%
LDH(GA(B)+DH(GA(Q)))
GR=GA(L)+R&(GA(Z) +R%
ITREH(GA(B)HRBE{(GA(D)))))
GN=EXP(2.3025851%GD/20.)
GR=EXP(2.3025851%GR/20.)
GEsEXP(2e2025881MGLER0/200,)
R2=GIok (X A4y 302 )iseQq HEPDDINRIMUS
AB=SOKT ( (GD+AZRCOSITHZ ) ) 5en @b Az 2 S IN(THZ ) %2 )
Y4==pLSIN(THL)
XE=SIMIGAM)+ALCLUS(THL)
X4=SIN(GAM)=AL#COS(THIL)
You(XanYa+XBuY4) / (A5ungeY 4um)
Xb= (X2 nXb=Y 42 ) /(Kb +Y4uen2)
IF (X6)113441131,1131
1131 TH4=ATAN(YSLE/ X6 ) +2e %P IulIRL/AL DA
GO TU 1138
1134 THa4=ATAM(YG/X6)+2 e WP INDEL/ALMASPI
11386 CONTTwUE
BAsGRBTDDERIOSH{ XG5k 2+Y 60k 2 ) k(i o b
AS=SORT ({GD+AGRCUSITHA ) YRk 24 ngis g STIMOTHG ) k2 )
AMULTI=L0a%0e43429448%L0G( (AZ%R2+FAD%%L) /(2o GLIHRZ))
APOINT=20 %06 434294485%LOGIGN/GH)
POLA=(ARZ/GD) w2+ A4/ GO ) w2
POLE=2 ¢ #A2%ALRCOSITH2=TH4 ) /G2
POLC=¢go{ A25m24+ABRN2 ) /{2 %GR 2)
APOL=10 0424294485 UG(Le={ PULLA=PULD)/PULC)
GO Tu 1999
1001 AMULTI==50,
APOINT==~50,
APOL ==5(),
1999 CONTINUE
ASEHP=AULTI+ARPUOINT+ARPOL
PRINT 1000 ¢MNMyJgAMULTI 9 APOINT 9 APOL yASMP
1000 FORMAT (IXA4HANT ¢ 9 LXTIL1 9 2XSHLAND e 9 IXIG 9 SXEHMULT LI 9F 8 eB392X6HPUOINT 9y FHe3
Ly 2X3FPULyF8e39 2X3HSUMyFB43)
IF (AMULTI=-AM(J))31043204300
300 AMUJ)=AMULTI
310 TF(APUINT=AP(J)) 32043214315
315 AP(J)=APOINT
320 IF (ASMP~AS(J)) 32243224321
321 AS(J)=ASHP
322 IF (APOL=-APUOLA(J)) 35043504349
349 APOLA(J)=APOL
350 CONTINUE
NNN=NNN+1
PRINT 3000
IF(NNN=7)143764376
376 DO 380 J=14yNTOT
AVM=AVM+ANM(J)
380 ASM=ASK+AS(J)
DO 1050 JJd=1NTUT
1050 PRINT 20009JJJeAm{JIII) s AP(JIII) o APULA(III) 9AS(JLI)
2000 FORMAT (1X4HBEST ¢y 2X4HMLAND e T4 9 X5HMULTI 9F8e342X011PUINT yFliede2X3HPUL

(G?(3)+D*(GA(4)*U*(GA(b)*U*(bA(6)+U*(HA(7)+
)y ))
(GA(3)HRM(GAG)FRE(MCACD)PRI(OATEO)+R2(GA(T ) +
))))
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LyFBe392X3HSUMyFB43)
PRINT 3000
ASM=ASM/TOT
AVM=AVM/TOT
DO 375 JJ=1y16
Ad=JJ
ARMS(JJ)=AYM=T e 5+(AJ=14)
ARPS(JJ )=‘7-5‘*‘(AJ-10)’:‘005
APPS(JJ)==0e03+(AJ=14)%0.,002
ASMS(JJ ) =ASM=T o5+ (AJ=10)
375 CONTINUE
DO 500 J=14NTOT
400 DO 500 JJ=1y16
IF (AM(J)=ARMS(JJ)) 40544104410
405 ARM(JJ)I=ARM(JJ)+1,
410 IF (AP(J)=ARPS(JJ)) 41594204420
415 ARP(JJ)I=ARP(JJ)+1,
420 IF (AS(J)=ASMS(JJ) 42594989498
425 ASUNMIJJ)=ASUMIJIJI)+1,.
498 IF (APOLA(J)=APPS(JJ)) 49945004500
499 APP(JJ)=APP(JJ)+1.
500 CONTINUE
PRINT 721
721 FORMAT (1H y36XSHRHCP 4//////)
PRINT 600
600 FORMAT (1H 929X15HANTENNA (BEST) 9//2X9HMULTIPATH )23X8HPOINTING,23
1X12HPOLARIZATION/1XL1IHDEGRADAT IUNy 4XBHOUANTITY 9 12X4HLOSS y 6XBHOUAN
2TITY »15X4HLOSS y6XBHOUANTITY o /5X4H(DB) 9 6XLOHLESS  THANy L1X4H(DRB)
35X10TLE?51 {HAN914X4H(DB)95X10HLESS THAN9 15X1LIHSUM KESULTS,/)
DO 610 I=1y16
610 PRINT 6259 ARMS({T )y ARMIT) 9y ARPS(I)9ARP(I) yAPPS(I)9APP(I)yASMS(I),
1ASUM(T)
625 ?DRMAT (BXFB8e3yTXF6e0911XFBe393XF6e0y13XFEe395XF6e0y13XFBe395XF640
)
PRINT 650,NTOT
650 FORMAT (//927X1THNUMBER OF SAMPLES,2X14)
PRINT T509W1oW2yW3yWayW5,UWE
750 FORMAT (////7426X6A4)
3000 FORMAT (1H1)
900 CALL EXIT
END
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