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ABSTRACT

A satellite-to-aircraft communication link over the ocean may
include a specularly reflected signal and a diffusely scattered signal,
as well as the direct path transmission. This report provides a computer
program for estimating two statistical properties of the diffuse signal,
namely the Doppler spectrum and the delay spectrum. A convenient
representation of the total signal is also provided. Examples of the.
Doppler and delay spectra for a number of representative link geometries
are given to illustrate the features of the diffuse signal.
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I. INTRODUCTION

One of the design limitations[1] in the development of communication
links between satellites and aircraft is the presence of a secondary
signal reflected from the surface of the earth. It is the purpose of this
report to provide a convenient wethod for estimating the statistical
properties of this multipath signal[2,3], particularly the power spectrum
and delay spectrum, for ocean surfaces. Because the scattering properties
of the sea are rather complex, it is not possible to obtain closed form
expressions for these statistics. Instead a computer program, and its
output for a number of representative link geometries, have been provided.
These results should provide an insight into the characteristics of the
multipath signal. 1In addition, they may be used to construct a represen-
tation of the total signal which should be adequate for most detector
design studies.

The heart of the report is the computer program in Appendix 1.
Although conventional designations for range, angle, frequency etc. are
used in the body of the report, a number of the more important identifi-
cations between report variables and the corresponding program names are
provided. The Tlatter are given in capital letters enclosed in parentheses;
for example the distance Rdir from aircraft to satellite is called (REF)
in the program.

II. THE MULTIPATH MODEL

Before giving the details for estimating the statistical properties
of the multipath signal, it will be useful to describe the overall geometry
of the 1ink. This will permit an understanding of the mechanisms which
produce the total receiver signal, without having to consider such
extraneous factors as antenna patterns and polarizations. The basic
problem in modelling the link is to estimate the relative amplitudes,



statistics, and signal distortions in the three components of the total
signal transmitted from the satellite to a moving receiver.

The first component {see Fig. 1) is the direct transmission from
transmitter to receiver. If a voltage reference level Vo is chosen such
that the far field radiated by the transmitter has an electric field
strength VO/R at distance R from the transmitter (i.e., the transmitter
power, gain etc. are subsumed in Vo) then the receiver voltage due to the
direct component will be, at time t

(1) V.. {t) = Vo(t'Rdir/c) hy/Rys . (t)

dir dir
where c = velocity of electromagnetic waves
- dir = TP = distance from transmitter to receiver

and where hd (the effective height of the receiving antenna) accounts for
the receiver properties, including pattern and polarization, in the
direction of the transmitter. The distortion of the signal (the Doppler
shift for a cw signal) is accounted for by the change of Rdir with time

-+ >
(2) Rd'l?"(t) = Rdir((}) + (V'nd)t
where 3 is the constant aircraft velocity and Fd is a unit vector along
TP. .

The second component is that reflected from the surface {(as if the
sea were a smooth sphere) at the specular point 0. This component is
given by

—(khcosei)z
(£) = Vg (tRy o /e)o e g/ Repec(t)

(3)

Vspec

where
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Fig. 1. Mu]tipath links over the ocean.



Rspec = TO + OP

= Rys * Ry

= distance aiong specular path
P = yvoltage reflection coefficient at surface
k = Z2n/X where X is electromagnetic wavelength
h = root mean square height of ocean surface
Bi = angle of incidence at the specular point
hsp = antenna effective height.

The exponential factor (the "Rayleigh roughness factor") accounts
for the fact that since the sea surface is not smooth, some of the energy
is scattered out of the specular signal. The distortion of the specular
signal is also produced by the change in R with time. If the satellite

spec
is much further from the surface than the aircraft,

> >

(4) Rspec(t) x Rspec(o) + (v-nsp)t
Fsp = uynit vector from 0 to P.

Clearly the direct and specular terms are coherent, albeit with
differing delays or doppler shifts, so their sum Vdir(t) + Vspec(t) will
fluctuate (exhibit "interference", or "height gain effect") with time[3].

Finally, the diffuse or "multipath" component is a superposition
of refilected fields from suitably oriented "glint points" on facets on
the surface. If the location {which determines the delay) and the
curvature (which determines the amplitude) of each properly oriented facet
were known, one could construct the diffuse signal by superposition of the
reflections from each facet. The actual sea surface is random, however,
so that one must in practice be content with a representation of the
diffuse signal based on certain statistical properties of the ocean surface.
The simplest such surface is found by dividing up the mean surface into
convenient areas Aj (see Fig. 1) and associating with each area a reflected
signal whose time delay is determined by the center point, and whose
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amplitude is determined by the average scattering cross-section of the
area. Thus the diffuse component can be represented by

¥ -{(R, .*R., . AL
(5) V.. {t) =7 _QQE_EJJM_EJJfEJ.JEQi;L h
diff ; R.. R,. J J
N 13 72)
where R}j = 7S distance from T to scatterer
sz = SP distance from P to scatterer
hj = receiver effective height for j-th direction
001 = average cross-section per unit areal4] of j-th

sub-area.

For any given choice of sub-areas, each individual term in Eq. {5) will
be in a coherent relationship with the direct and snecular contributions.
Because the range terms R]j and sz are continuously changing, the total
diffuse signal will have a random character with well defined statistical
properties {(power density vs frequency, correlation coefficient, power

density vs delay etc.).

The sum of the three terms given by Egs. (1), (3) and (5) now
provide a direct representation of the total receiver signal. Insofar
as the cross-sections %03 are known, and the areas Aj are appropriately
chosen, the representation will possess the same statistical properties
as the actual multipath signal. It is difficult to estimate the minimum
number of terms in Eg. (5) needed for a statistically valid representation,
and this problem is not considered here. In practice, the sizes for Aj
are probably most conveniently determined empirically, by reducing their
size and increasing their number until the statistics of interest show
no significant change. In this report, we will not make use of this
direct representation of the total signal, since we calculate only two
simple statistics of the multipath signal,



IITI. THE SYSTEM GEOMETRY

In order to introduce the program for estimating mulitipath signals,
it is necessary first to establish a precise system geometry. This
geometry is fixed by the positions of the transmitter T, the moving
aircraft P, and the spherical earth, but is a good deal easier to
visualize than to specify algebraically. The basic coordinate systems
are most conveniently defined (see Fig. 2} by the specular point 0, the
center of the earth C, and the positions P and T. The specular point is
that point on the mean surface of the earth in the plane TPC for which
the angle ﬁi(THI) between the local vertical CO and the line of sight OP
is equal to the angle between CO and OT. An xyz coordinate system with
origin 0, with z-axis along the local vertical, and with x-axis in the
POT plane may now be constructed. The tangent plane at the specular
point is then the xy plane. The aircraft is at altitude H above the
tangent plane with coordinates

xp = Htanei
=0
yp ¥
z_ = H.
p

The satellite has range Ris (RSAT) from 0, with coordinates

xs = - R]Ssme_i
yo =0
zS = R1Scosai.

The scatter point S on the surface of the earth has coordinates x,y,z, or
may be defined by the polar coordinates Re,8,6 (where Re (RE) is the
radius of the earth) in the coordinate system x'y'z' with origin at C.

In the computer program, variables X, Y define the scatter area center
peint at S, and the polar coordinates (STHR) = sing = (x2+y2)1/2/Re and
(SPH) = ¢ = tan'1y/x are computed. The distance {ZP) = (~z) = Re(1-cosé)

of the J-th scattering point below the tangent plane, and the ranges
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Multipath geometry,

Fig. 2.



Ry; = (RS(3)) = ST
Ry = (RU)) = sP
6) Rgi, = (REF) = TP
R = (RELSP) = TO+OP
spec

are now easily found. Unit vectors ﬁp (along S to P), ;T (along S to T)
and n (the local vertical at S) have components (CNI(I,J)), (CNS{I,J))
and (CN(I,J)) along the x{I=1), y(I=2) and z(I=3) axes respectively.

The aircraft, with position P is at the origin of a second coordinate
system x", y", z" parallel to xyz, and is assumed to be moving with
velocity V in the x" y" plane, with the velocity vector making an angle ¢V
(PHV) with the x" axis.

The antenna patterns are specified as functions of polar angles ea,
¢y (see Fig. 3) in a polar coordinate system attached to the metal of the
aircraft, with polar angle ea measured from the z" axis and azimuth angle

¢a measured from the velocity vector.

IV.  ANTENNA PATTERNS AND POLARIZATIONS

One must next specify the antenna patterns and polarization states
of the transmitter and receiver. For this purpose, it will be assumed
that T is sufficiently far from 0 and P so that the satellite antenna
gain and polarization state is uniform over the entire scattering area,
including the specular point and the direct path. (Otherwise it would
be necessary to introduce still another set of coordinates centered on
thi transmitter.) Two unit vectors ?f1 = - ?Xcose] - Tzsine1 and ?pl =
- 1y transverse to the line of sight may be used to specify the transmitter
polarization via the two complex numbers A = (ATH) and B = (BPH). More
precisely, the transmitted electric field in the vicinity of the earth

- may be written, at-range R,,
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V_(t-R,/c)

1 +
(7) E(Xsyszst) = —gjir———' [A1T1+B1P]]

where the complex unit vector 3%

(8) o= (AT, + BT,

is the transmitter polarization. Since ET'ﬁT* = 1, one must have AA* +
BB* = 1. For example

A= (0,0) B = (1,0) "horizontal" polarization
A= (1,0} B = (0,0) "vertical" polarization
A= (1//2,0) B = (0,+3/¥2) "right circular".

If the transmitter is radiating a cw signal, of angular frequency w5 OF
frequency f0 (F}, then the reference level voltage is

1/2
Z /4w R
.| . TTo '- 1
(9) Vo(t) = (———ﬁa——————) exp Jmo( - EP):}

where p

T transmitted power

T transmitter antenna gain
120r ohms.

M~
1

The receiver antenna is specified by its maximum receiving aperture
Am’ its pattern function f(ea,¢a) and its polarization state

- _ + +
(10) pR(Ba9¢a) - C(Ba’¢a)1TA + D(ea’¢a)1PA

where again CC* + DD* = 7, and the unit vectors 1TA (unit e vector) and
lpA (unit ¢, vector) are shown in Fig. 3. In the x"y"z" system the polar
coord1nates defining the line of sight, P to S, are 8 ,¢p with unit vectors
-r
T1ps 1PP These two sets are related by
% 7 %
¢a = dp-dy

TA
PA

i
47
PP°
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The receiver complex polarization states C = (CTH) and D = (DPH) are
specified in terms of the po]arizatfon that the antenna would produce if
it were operated as a transmitter. That is, the receiver antenna, if
excited by a cw signal, would produce an electric field Eref[FR]exp[jmo(t4R/c)]
in the vicinity of S where Eref is a reference level.

Thus, for example, in direct transmission from satellite to receiver,
the receiver voltage would be proportional to

vV (t-R . /c)
_ 0 dir
c(t) - R

-+ [l
Vo o (3T-PR) /F 60) K

where eé,¢é = n-¢v are the values of ea’ ¢a in the direction P to T of the

transmitter, and K is a proportionality constant related to the receiver
gain.

The factor ﬁT'ﬁR = AC + BD is the polarization mismatch factor.
For example, for the receiver,

¢ = (0,0) D= (1,0) T"horizontal"
¢c={1,0) D=1(0,0) ‘'vertical"
c = (0,j/v2) D= {1/Y2,0}"right circular”

Thus the polarization mismatch factor between a right circular
transmitter (A = 1/¥2, B = j/#@) and a right circular receiver
(C=3/¥Z, D =1//2) is AC + BD = j; that is, the "right circular" receiver
completely absorbs "right circular" incident radiation.

V. THE SCATTERING PROBLEM
Since the intensity of the multipath signal depends on O the

scattering cross-section per unit area, we next consider scattering model
which will provide this parameter. The predominant contribution to the

11



diffuse energy comes from a series of specular (forward) scatter points;
the cross-section for scattering of this type at microwave frequencies

is derived from the "optical” or “physical optics" mode1[4]. In this
model, the total cross-section is the product of two factors, the first

a polarization transforming reflection coefficient, and the second a
probability density function for surface slope. If we consider an element
of the mean surface of area dS = dxdy sec8, at a point where the local
vertical is ﬁ, then the geometry for specular reflection will be as
T1lustrated in Fig. 4. Those facets in dS which are suitably oriented

for specular reflection will have a local normal Eo which is the coplanar
bisector of KT and ﬁb. The angle 6, = (TH) = cos‘1(ﬁ-ﬁb) between the

lTocal vertical and the normal to the tilted specular facet then determines,
from the known slope distribution of the surface, the probability that

the facet normals are properly oriented. The angle between the incident
polarization vector $T and the vector perpendicular to the plane of
incidence E = ﬁﬁ X ﬁ}/|ﬁb X ﬁTl determines the reflection coefficients

and polarization transformation.

Thus the computational problem is to determine for each point dsS,
the voltage response of a polarized receiver due to a plane wave of known
polarization and direction which has been reflected by a plane surface
of complex dielectric constant . The subroutine {COEF) determines this
in the following manner. Consider (see Fig. 4) a coordinate system
E.n,z with ¢ the local vertical and &, n, the plane of the mean surface
dS. A plane wave is incident from a direction einc in the &,z plane.

A scattering direction is defined by poiar angles escat and ¢scat‘ The
problem is to find the polar angles 0, ¢ which define ﬁo the tilted
surface normal required to produce specular reflection from the given
incident wave into the chosen scattering direction. The normal clearly
lies in the plane of, and bisects the angle TSP. The scattering angle
(the angle of incidence in the "plane of incidence” system) is a with
2e¢ = [TSP. The subroutine finds Bn’ ¢n and a, given Binc’ escat’ ¢scat
by standard trigonometric manipulation. If the incident plane wave has
polarization ET = A?T1 + B?b] and the receiver has polarization state

12
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(11) B o=¢t..+07

where the unit vectors are as indicated in Fig. 4, then it is simple to
show, by resolving 3R into components parallel and perpendicular to the
plane of incidence, that the effective reflection coefficient and

polarization mismatch factor Rc RCOEF) is

.
(12) Rcf = R (a) [Ac0561+Bsin61][C1cosds-D1sinas]

- RL[Bcosai—Asinai][D1c0565+C]sin65]

where
13) Ry (e} = {ecosa-E)/(ecoso+E) (RPAR)
R, (¢} = {cosa-E)/(cosa+E) (RPER)
E = (e-sin’a)!/?

where 6, (see Fig. 4) is the angle betweez ipy and the incident "parallel”
unit vector, and Gs is the angle between iTS and the reflected "parallel"
unit vector. (A complete discussion of this simple but tedious problem

is given in Ref. 4). Thus the complete subroutine

COEF(ei 0 » A, B, C], D1)

£
nc® “scat’® ¢scat’

~accepts calculated values of the calling parameters, and returns
g en, ¢n and Rcf' The only problem remaining in the use of the
subroutine is the connection between the scatter geometry of Fig. 4, and

By 6., &
1

the system geometry of Fig. 3. By comparing these figures it is clear

+ + + + -
that g = ip and Tpg = = Tpp- In the program, this.is accounted for
by changing the sign of D, i.e., C; = Cand Dy = -D (DPHI = - DPH). Notice
also that a slight error (entirely negligible for satellites in stationary
orbits) is incurred in the program by assuming that the incoming wave

polarization vectors do not depend on the scatter point position,

14



VI. THE RECEIVED POWERS
With the coordinates and scattering parameters defined, we are
now in a position to compute the relative power level, the doppier shift,

and the time delay in each of the three transmission paths.

A. The Direct Power

The direct power received by the aircraft from a distant satellite
is simply

PG A

. I Tm 2
(14) Pyip = —5— Tl 76, ) {AC + BD|
4n Rd'
ir
C = C(Bi’ w-¢v)
D= D(ei, n-¢v)

except for a small error in the mismatch factor due to the finite range of
the satellite. The direct signal is received at a fréquency fo e

where f is the doppler shift,

dir
> >
v-nd
(15) faip = = o 1o (DDD)

and fO is the carrier frequency. The direct path doppler is printed

out in HZ, a positive doppler indicating the received frequency 1s

higher than the transmitter carrier frequency. In the program, the direct
power is computed relative to a reference power level, namely that
received by a polarization matched receiver at the specular point. That
is, the direct power is calculated and printed as

- 2 2
(16) PDIR = (R]S/Rdir) |[AC + BDI® £
so that the actual direct power in watts is

(17) p. = (PTGTAm/4nR$S)-(PDIR) .

dir

15



The time delay on the direct path is taken to be zero, so that all other
delays are relative to the direct path delay.

B. The Coherent (Specular) Reflected Power

The magnitude of the specular path power is less than the direct
path mainly because of the surface roughness (Rayleigh Factor) but also
because of the reflection coefficient and the slightly Tonger path length.
In the program the specular power is computed as

. 2 2 2
(18) PSPEC = (R]S/Rspec) f(w~ei,w-¢v)|Rcf| exp(-Z(khcosei) )
where Reg = RCOEF(ei, 8: s 0, e, A, B, C, D1)
C =

C('rr—B_i, 'n'-¢>v)
D.I —D(-rr—B_] s 1T-¢v)

so that again the actual specular power in watts is

- (p’ 2y,
(19) Pspec = (PTGTAm/4ﬁR1S) (PSPEC).

However, the value of PSPEC printed out is the ratio 10 log (pspec/Pdir)
i.e., it is the ratio of specular to direct (not reference) power in
decibels. This is a more significant ratio than the actual specular
power for system studies. At L-band, PSpec is negligible except for very
smooth seas, or near grazing incidence.

The specular doppler shift is given by

veon
= - 5P
(20) fSpec = Ty (DDO)

and is printed out in Hz. It is almost identical to the direct doppler.
The time delay of the specular path power is calculated from.

= DELSP = (R. - R. Y/
(21) tSp DELSP ‘RIS + RZS ”dir”c

and is printed out in microseconds.

16



C. The Diffuse Power

The program computes the diffuse power by dividing the xy plane
into squares of side dx(DX) and dy(DY)} centered at x = (J + 1/2)dx,
y = (K+ 1/2}dx (J,K integers). Each square is then projected onto
the spherical earth surface, for which the actual area becomes dxdy/cose.
The width of the square is taken as

where JJJ 1is an integer of order 20 to 35. This choice of square size
ensures a smaller integration area for surfaces of small root mean square
slope n. The incremental power scattered by this area and abserbed by the
receiver is then given by

2
. PLGA IR .|° dxdy
(22) aP(,K) = T - (e 6.) 0, —ST—
4 R1j 4n sz cos8

where %50 is the scattering cross-section per unit area of a perfectly
conducting rough surface, and RCf accounts for the reflection coefficient
of the actual surface, and receiver polarization mismatch. The scattering
cross-section for the sea surface, based on the physical optics model, is
given by[4] ‘

(23) S0 - wsecBn P(en¢n)

where Bn, ¢n are polar angles of the normal ﬁo required for reflection
(see Fig. 4). Here pn(en¢n) is the probability density function for the
n,¢n)d9n is the probability that the normal
lies in the cone of solid angle dﬂn = sinan den d¢n. For the sea surface

surface normal ;o’ i.e., pls
the actual slope distribution is a rather compiicated function of the

wind velocity and its history[5]. For the purposes of this report it is
sufficient to assume the rather simple isotropic form

17



_ _tan"e
cosg 2 2
(24) plo 0 ) = — D e 1 (1¥2n7) (PDEN)
n’n 2
mm
where n2 = mean square surface slope

<tan26n> (average value of tanzen over surface).

This form is quite similar to a cross-wind section of the standard
(Cox-Munk) distribution[5] and, for surfaces of moderate slope, very
nearly satisfies the normalization conditions

J P(6 6 )da = 1
(25)

2 _ 2
J P(en¢n)tan endﬂn =7

Consistent with the power normalization used for the direct power,
the normalized power increment (DP) is computed as

2 2 2
( )' |2 e—tan ann (1+2n°) M.y__ (l)
P = f(6_,9_}IR — 2
a’’a cf 1Tnz szcose

iy
M™a
[=)]

e

so that the actual incremental power in watts is

_ 2
(27) dP = DP[PthAm/4v R]s]'

(It will be noted that a small error is incurred in Eq. (26) because the
transmitter to surface distance is assumed to be R15 at all times, instead
of the variable R]j‘ For satellites in stationary orbit the difference
between Eq. (26) and the correct power level is insignificant.) The doppler
and delay for this element, as before, are given by

(28) fd'i ff - C 0
L’di ff -

18



In the actual program, the incremental powers are calculated for
four cells {at * x, £ y) at a time, beginning with the four cells nearest
the specular point. These four cells determine a reference power level
(DPI}. The subsequent sets are obtained by increasing |x| with |y| con-
stant until the power from a set is less than some predetermined fraction
of the power found in the first set. {1/1000 in the program of Appendix
I.) At this point y is incremented, x returned to zero and the process
repeated until further increase in y fails to produce sufficient power
to satisfy the above condition. At this point the iteration stops, and
the maximum values of x{XMAX) and y{(YMAX) are printed. The values XMAX
and YMAX then define an ellipse within which all significant scattering
occurs,

As the power from each set is computed, the doppler shift and the
time delay for the path is also found, and the incremental power assigned
to a doppler or delay bin. In this program 128 doppler bins cover the
range of 2v/c fo, the maximum possible range of doppler frequencies. The
delay bins are 2 nanoseconds wide. Thus one can determine the doppler
spectrum, {the power per Hz vs frequency) and the delay spectrum. In
addition, the total diffuse power (PT), the sum of the power in all bins,
is calculated in dB below the direct power.

(29) PT = 10 Tog(Total Diffuse Power/P,. }.

VII. THE PROGRAM PARAMETERS

To utilize the program, 1isted in Appendix I; a number of parameters
must be specified. These are:

A. Ocean Temperature and Salinity

TEM  The temperature of the ocean in °C.

SAL  The salinity of the ocean in parts per thousand,
(Typically SAL = 35 ppt.)

F The carrier frequency in GHz.
19



These three parameters determine the complex dielectric constant of the
ocean via the complex function (EPS). This subroutine calculates e
according to the formula given by Stogryn in Reference [6]. The frequency
F should probably be limited to the range 0.4 GHz <f<5 GHz in order for
the ocean scatter mechanism to be valid.

B. Ocean Slope and Roughness

ANG s the root mean square slope of the ocean in degrees.
RUF is the root mean square height of the ocean in meters.

In terms of the report variables, ANG = (180/w)tan“]n and RUF = h. These
two oceanographic parameters may be chosen in a number of obvious ways.
For many types of calculation however, it is convenient to relate them to
a sing]e'variab1e, the wind speed W over the ocean. Thus, for example
one may modify a standard[5] expression for the mean square slope of the
ocean surface to obtain

(30) n? = 0.006 &n(K /K ).
5 m’ oc
Koc = g/
g = Acceleration of Gravity = 9.81 rn/sec2
Km = vk = y2n/x
A = electromagnetic wavelength

empirical constant = 4

<
"

where KOC is the wave number for the largest ocean waves developed at a
wind velocity W and Km is the wave number for the smallest ocean waves

that are effective in the electromagnetic scattering process. That is,
expressions for the mean square slope in the oceanographic literature are
based on the actual ocean surface, including many small waves (ripples)
superimposed on the large scale wave structure. These small scale waves

¢ not participate in the forward scattering process and thus the effective
mean square slope is smaller than the oceanographic value. The estimate
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Km = 4 k is an empirical result which should be valid for frequencies up

to 5 GHz and moderate to large wind velocities. Similarly, the roughness
may be estimated from

2

2 4,2
h® = .003/K = .003 W'/g

h = .055 W/g meters

for wind velocities greater than a few meters/second.

C. Aircraft Velocity

VEE = ajrcraft speed in meters/sec
PHY = angle of velocity vector from x-axis in degrees,

Thus when PHV = 0 the aircraft is flying directly away from the satellite.

D. Geometry of Path

THI = angle of incidence at the specular point in degrees
H = aircraft altitude above x,y plane in meters.

E. Antenna Polarization and Patterns

ATH, BPH Two complex numbers defining the polarization
state of the transmitting antenna.
(A, Bin report)

CTH(ea,¢ ) Two complex functions defining the polarization
DPH{® ,¢:) state of the receiving antenna
a (C, D in report)

ANTP(ea,¢a) Antenna power pattern function f(sa,¢a) in report.
In the program in Appendix [, the antenna power pattern f(ea,¢a) is
taken as isotropic, i.e., f = 1. The two functions C and D are also taken
as constants, i.e., the polarization of the receiver is independent of
look direction.
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F. Integration Parameter

JJJ = an integer defining increment in x.

If JJJ is taken too small, (say less than 10), the density and delay

spectra appear erratic because the elementary areas are too large. If

JJJ is too large, (say greater than 40) the running time becomes prohibitive.
Reasonable values appear to lie in the range 20 < JJJ < 30.

G. Program Output

The output of the program, an example of which is given in Appendix
IT, are the direct power, the specular power in dB and the total diffuse
power in dB; the specular and direct doppler shifts; the specular delay;
and the bin widths of the doppler and delay spectra. Note that the
unshifted carrier frequency is always in bin 65, and that the bin which
would contain the direct and specular returns is also indicated. The
complex dielectric constant is printed out as EPS.

The graphical output consists of two graphs, one of power per
doppler bin vs doppler bin number, and the other of power per delay bin
vs delay bin number. The widths of the doppler and the delay bins are
indicated. The total power in the doppler spectrum should sum to the
output diffuse power level when converted to dB.

Note that the diffuse and specular power are stated in dB "below"
the direct power. However a negative number indicates that the specular
or diffuse power is smaller than the direct power. Note also that when
the receiver is blind to the direct power (right circular transmitter to
feft circular receiver, for example) the direct power is zero, so that the
program must be modified if the specular or diffuse power is desired for
this case,
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VIII. RESULTS AND CONCLUSIONS

Although the purpose of this report is to document the program of
Appendix I, and to provide, through Egs. (1), (3) and (5) convenient
realizations of the multipath signal, a number of cases have been run to
illustrate the principal features of the diffuse multipath spectra.

In Fig. 5, the doppler spectrum is plotted vs doppler bin for
several values of ¢V, the aircraft flight direction. In each graph the
location of the specular power is shown. Evidently. the spectra tend
to be centered on the specular signal, indicating that the major part of
the diffuse power is emanating from a scattering region near the specular
point. Figure 6 indicates the effect of increasing the surface roughness
(mean square slope) on the shape and intensity of the scattered signal.
Notice that for aircraft velocities nearly along the line of sight, the
spectra are skewed towards the extreme dopplier bins, especially for the
rough surfaces. Note also a tendency for the diffuse power to saturate as
the mean square slope increases. Figure 7 illustrates the variation of
doppler spectrum as the angle of incidence is varied, and Fig. 8 shows
the effect of polarization on the spectrum, and on the direct and diffuse
total power. Clearly an appropriate choice of transmitter and receiver
polarization can significantly influence the character of the total signal.
Figure 9 shows several typical delay spectra and illustrates the fairly
rapid initial decay and the extended tail echo for certain geometries.
Note that in the program, the power in delay bins beyond the hundredth
has been accumulated in the last bin.

It may be concluded that the program of Appendix I provides a
convenient means for estimating a number of features of the multipath
signals which occur when a satellite to aircraft link is maintained over
the ocean. It should be possible to undertake the study of a variety of
detectors using either the statistical signal properties given by the
program, or the signal realization given in Section II. In situations
where standard detection schemes must be used, the program may be easily
modified to investigate the feasibility of multipath rejection by
antenna pattern or polarization control.
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APPENDIX I

THIS PROGREAM GIVES THE POWER SPECTHAL CENSITY anNm TOTaL
#»POVER TN THE RYFFUSE MULTIPATH S16NAL FROM SATELLITE
*Tu AIRCRAFY OVFR TuE OQCEAKN. ANQ H1STRIPUTION OF ECWER
»VERSUS TIME DELAY
MIMENSTOM SPH(%) s BS (M) aCM (34 eCPHT IR eSS Zed) STHT{4)
NIMENSTON CTHT (4l arTHS{ ) s CTHR{4) +STHS{Y) ¢CPHS(4) s SPHS L)
MIMENSIOR PRELEZ250) «DEL Lu)
MIMENSTON FI{2803aR{4) o PRSI v )P (4 ) FLE(aY YY1 2)
COMPLEY EpeF PS+RCNEF s LTHaBPHCTHOPH PR
S0 FURMATIAUY « tTEMIC) = s FBa B SN tOAL(RPT )= o F G, 3 OX  tF{GHZ )= FE4 3y
*65K+"SEA SLOPEINFGI=? «FH. 245Xy t9EA HEIGHTZ 4 FR. 2074 %)
51 FURMATIIOY s *THETA JTHOZ ' s FEL4aBX  tPHI(PLANE VFLI=*9F8,4,
*RXe TPLANE HETEHTIMIS N g P12 o 6a SXy ' WELOCITY R " aFAB 40 M/SY)
5% FURPATLIUXYEPSS Y9 2F10.24" J%)
53 FURMATU/Z/ 20X+ YGRAPH OF POWER SPFCTRUM BIn WIGTH ISteFE,HsHE?)
55 FURMAT (22X T3¢t leclp 561}
45 FORMATE//¢10Xe*NIFFUSE POWFR I3*FB.Ue"DR;COHFRENT POMER ISY
MoFt0ane?  CH DFLOW OIRFCT POWER OF *4F9.54)
56 FORMAT(Z920X e vMAX YALUES OF ¥ aAmnD Y IN THTEGRATION' 45X . "XMAX=ty
AFI2 60 X e P Y AX =t 4E12 60" DELTX =  *2FlD.4%)
57 FORMATILIUY « *ATHS Y 1 2F B o 41 0K e "APH= "4 CF B 44 BXa ' CTHE Y W ZF B . 495X
Rk PPUPHZ "4 PF L, U
58 FORMATI//+10XasFINITE RANGE CASEv¢SXavJJd IS +413)
61 FORMAT(//7+30Xs "POWER VS DELAYISPFCULAR PELAY IS8T ,.FB, 4, *MICROSEC")
62 FURMATL/Z220X ' SPEC POINT I BIN 2368IN WINDTiH Y8 Y4134 NANOSECY)
B4 FOFMAT({/v10X *NTIRECT OGPPLER IS '4F10a3,% HZ1
*SPECULAR DUPPLFR IS *4Fl0e39r HZ IN BIN ty13)

TWRPUT oala; TEM IS SEA TEFMPERATURE IN DEG CEMTIGRADE
sal IS SALINITY IN P.P.THOU, A5 IS TYeiCaL

ANG IS RIS SLOPF OF SURFACE TN DEGRFES 1% 18 TyrlICal
RUF IS RMS HQUEHNESS HFIGHT OF GGCEAN IN METRFES

£ IS CrREIEF FPEGUENCY IM GIGARERZ

H 1S HFI6nT OF AIRCAAFT AROVF SURFACE In METRES

VEE IS ALRCHAFT VELOCITY 1IN ME[HES/SEC

PHY IS ANGLE OF VELQCITY FROM X AXISiPLANE RECEDING IF PHV=0Q

ThHT IS ANGLF CF TNCIUEMCE IM NegReES ¢ op DEG IS GRAZING

JJud GIVES FINFMESS OF INTEGRATLON JUd=30 TS TYPICAL

PE IS FADIUE oF FARTH IN METRFS

RSAT IS UISTANCE FHOM SATELLTTE TO SPECULAR POINYT IN METRES
BTHsBFHLiHePH ARE COMPLEX POLARIZATION STATESSSEE LATER COMMENT

READ(Ba=}TEM¢SALIF 4 ANGVEE «RUF
R AD(Be=}THI«PHVIH ¢ JJJ
REAULBy=) ATHePPHYCTHWDPH

P1=3,1615269

RL = [20/F1)#1,EB

RSAT = A,5E7

WRITE(A«20) TEMWSALF+ANGRUF
WRITE(A«BLY THI«PHV eHVEF
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56 WRITE(Rs2T7) ATH+BPH+CTHeDPH

57 WRITELSSR)Y) JUd

58 ¢

539 ¢

&0 ETAZ=TANCANGSPT /160, ) %%

&1 c THNITIALIZE STORAGE BINS

&2 Ny 42 IK=1le230

(23] PUIKY=0,0

64 PLELIIK)Y = 0LU

65 4z CUNTINUE

&6 PT=0.0

87 H“H*ThNITHltPrflen )

&6 Z5 = COS{THI*PT/L00,)*RSAT

69 X8 = =BEYn{THI%0I/1680.)¥RSAT

76 REF = SWURTLIXP=XS)*%2 + (Z8aH)¥xp)

Tl L = 2

92 RELSP = KSAT + SORT(XP**2 + p¥p)

73 PELSP = {(RELSP = REF}/300,

T4 HeziivH

75 ¢

Je ITnCIDENT FOLARIZATION DATA

77T C ATH I8 THETA COMPONENT OF SATELLTTE POLARIZATION THE THETA UNIT
78 ¢ VECTOR IS =I1X#cO08(THI) =T2xgThiTHl)g grPH Is PHI COMPONENT WITH
79 ¢ PHI UNTT yECTOP ALOMG «Iv:; ATHxATHCONJ +BPH*BPHCONJ = 1.0
al ¢ VERT POL ATH=(1+0} HBPH=(N040}1HURIZ POL ATH=(0+0) BPH =(1,0)
el ¢ FIGHT CINHC POL HAS ATH = (J70740) RPH = (04 .707) &
a2 ¢

8% ¢ CALCULPTE COMPLEX DIELECTHIC CONSTANT OF SEa WATER
8y FPEPS(FTENM+SAL)D

a5 WRITE(RyBe) EP

86

87 ¢ CALCULATE. IMCRFMENTAL AREA

84 NTY=SEFTIETAZ) £ddy

&89 NX=2+*ntDTH/COSITHI*PI/180,)1%%2

90 nY=0x%

91 XAMAX=0,0

a2 FYMAXZO,{

93 ¢ INTEGRATION STARTS

g4 Y==DY/2.

93 1821

96 30 cuMTINUE

97 Y=Y+0Y

L TF{Y+GTLYYMEX) YYMAX=Y

39 Ye=Y%xY
100 X=DBX/72.

il 31 cUNTINUE

152 TF{NGT XXMAXY XXMAXzX

103 ¢ TRUE POLAR CONPOTHNATES OF SCATT POINT ON SPHERICAL EARTH
104 STHR = SWHTIX®X+Y¥Y)/RE

10% CTHR = SLRI(1l. = STHR¥*2)

106 THR = ATAN(STHR/CTHR)

i07 ¢ ZPp IS DISTAMCE OF SCATTER PQINT BELOW TANGENY PLANE
los 2P = RE#Z,*SIN(THR/Z,)%%p

109 Ny 99 J = 1.4

110 Xd = X
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111
112
113
114
1135
116
117
114

120
i21
122
123
124
125
126
127

129
136
131
132
133
134
135
126
137
138
139
140
141
142
143
1t
145
146
147
148
149
150
151
152
153
154
153
156
157
158
159
ikG
161
162
163
164
165

T7

78
S99

IzNsNals e Rele e Ny Baie]

By

™

TRl J GE. 3) XJ = =X

YJ = Y

IFL J «Flie 1 «NRe U s£Ge 3) Y = =Y

SPH{J) = ATAND YD eXJ)

R{J) = SEHTUIH+ZPI*¥2 + Y %2 + (X J=-XP)*=%2)
RSId) = SGRTIIXJ=XSI*%2 + YJx%2 + (ZS+ZP)*x2)

Chilad} = STHRACOSISPHIJY)

crlZ2ad) = STHR*SIMISPREUY)

Cliided) = CTHR

CnwItled) = (XP=XJI/R1S)

cnT(2ed) 2 =YJdsRLO)

ChI(3e.1) = (+i+72P)/R(J}

CRSE1el) = (XS~XJ)/RS{J)

CNS(24J) = =YJ/RS(L)

CnuSE3y0) = (28+2P) /RS

CTHI(D) = €.

CTHSLJ) = 0.

CTHE(J) = 0,

SiHStJ) = 0.

Py 77 K = 1e3

CTHIGUY = CRAK«JYRCN1IK»J) + CIHI DY
CTHS(J) = CH(KJI¥CNS(Ked) + CTHS(D)
CTHBIJ) = CNI(KeJIKCNRIKJ) + CTHRID)
CUNTINUE

STHS(JY = SHRTILs =« CTHS(U)I#*+2)
STRIEJ) = SAKRT(1e « CTHICUl##2)

TF {ABSISTHELUYY JLEa. o001 PR, ABSISTRITJIY JLE. +D0L) 6O TO 78
CEHS(JY = (CTHTHJIRCTHS () =CTABLJIIZLSTHS T ) #*STHIGUY)

SPHS(JY = =(YJI/APS(YUII%RSLERTIL1, =~ CPHS(J)2%2)

EHS(J) = ATANZ(SPHS(J)«CPHELYY)

~0 TH 929

BHSLJ) = 0.

CUMTILVE

CALCULATION OF IMCREMENTAL POWLRS STARTS

Ny 40 TIzi.u

PHSCAT =2PRS(IIV*180,/P]

THINC = ATAM{SERTL1.«CTHS(TT Ix%2)/CTHSITI})*180,/PI
THSCAT = ATANTISGRY(1.=CTHI(TI)**2) /CTHItIT))#180,./P)

THE ANTENNA PAYTERN ANTR(THALPHAYIS A FuMCTion OF THFE POLAR COOROINATES

THA ART PHA FI¥ED TN THE AIRCRAFT. THE PoblaAR axls IS Z(VERTICAL)
ARD THE Xt AXTS I8 ALONG THF VELOCITY VECTOR.FROM WitlgH

TE ANGLE FHA TS SEASUPED. THE aAMTENNA pPaLARIZATION IS GIVEN AS TWO
CUMPLEX FUNCTIONS UF THALPHA, FUNCTION CcTH{ITHA.PHA) IS THE THETA
COMPONENT AMD NPH IS THE PHY COMPONEMT, £TH¥CTHCONJ¥DPH¥DPHCONJ=L
VERT Pl RECVR HAS C=(1.,0) Dz(U.0}i HORI? POL RECVR KAS € =(0.,0)
r={1¢0}§ RIGHT CIRC FOL RECVYR HAS Cz=(0¢,70T7) O=(+707,0)

THA = 18U, = THIiC

PHA = PHSCAT = 18C. =PHV

ANTP = 1.0

THE #MEXT LIMNE rOWRVERTS UMIT VECTORS FROM AIRCRAFT TO SCATTER COORDS
ARH1Z=NPH

ALl COEFITHINC s THECATvPHSCAT+EPCATH BPHCTHDPHL .
HAL s THaPHWCEL T oNFLS+RCOEF }
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166 APLIIIANTPACARSIRCOEF ) exy #PREN{ THePHeETAZ ) %IX&UY/ {4 K (I )*CTHR=®

167 *R{ITYRCOS(TH*PT/LEN,))

166 DOPPLESR SHIFT IM H? FROM CARRIER IS FOX{F+1.E9)*(Vv/C}
159 FULTL) ==SIM{THSCATHPL/1IBN I *¥COS( (PHSCAT-PHYIXPI/180,}
170 ¢ nelaY IN MICRO SEC REFERRED TO DIRECT PaTH

171 pel (I} = (RETITI+RSIINI«RELSPI/LB00.¥nNELSP)

172 Yo CUNTINGE

173 TE(IAFR.1Y DP1sLPA 1)

174 IF{IR.£Q.1)IA=TA+]

175

176 ¢ CALCULSTE BIN STORAGE OF PUWFR} 2%%7 BINS NUMRERED 1 TO 129
177 PAVGEO. 0

178 no 41 ITJd=1¢4

179 TuSEIFIX{(l+FN{FJ) )1 ¥B4 ) +1

1a0 PUCIRSYSFL(IBRSI+DP (TIJ)

181 PISPT+0P 1)

ig2 PEVGSFAVL+ARS{NP{IJ)) /4,

183 ¢ rALCULATE B1MS FOR DELAY

la4 TuY = TFiXtle + 1000.+0ELCIJYZEDXY + 1

185 IF (IBT <LE. 1) IBT = 1

186 IF (IBT Wt. 100) 18T = 109

1a? PROELLINTY = POFLUIBT) + NP{I4y}

166 49 COMTInUE

189 ¢

190 X=X+0X

191 TFIPAVG el T o126 ~3*DPLeaAliDaXeLTed #0X) GO TO 32

192 ¢ AHOVE TERMIMNATFES INTEGRATION

193 TFIPAVE LT, E=-3%0P1L) GO TO 340

194 AgOVE TERMINATFS X IMNTEGRATION AND STEPS Tp NEXT Y
19% RO TO 31

190 32 COMTINE

157 FUD==STN{THI*PT/L1E80 )% 0S{PRY*PT/180,)

198 FUN = CLOS{PHVHPI/1F0 ) %{XS=XPY/REF

199 ¢ DUPPLER SHIFT IN HZ

2010 NUO = FhHuxk ¢ypr*10, /5,

201 rPUD = FOLsF*yEFwl10,/3,

202 IES=IFIX(I{1.4FD0)*ak.)+2

203 ¢

204 ¢ AIRCRAFT ANTEMMA PrTTERN IN SATELLITE OQOIRECTION IS
205 ¢ ARTP = ALTPUTHT PP

206 ¢ PP = 1A0s = PHY -

207 =~ PECEIVFER POLARTZATION IN SATFLLITE DIRE-TION IS

206 ¢ CTH = CThH(THI«PP}

2ng r NP = GPHLITHI PP

2106 ¢

211 ANTPz=1,0

212 MIRECT POWER FROM SATELLITE

213 FUIRSAITPYCARS (ATHACTHHRPh*DPH) x» 2% (RSAT/REF ) w %2

21% ¢ THE RECEIVED PAWLR IN WATTS IS PRIRYPOWFR*GAIN*APERTURF/DIST
215 r WHERE PDIR HAS REEM CALCULATFD, DIST=Y*RTARSAT*%2 AND THE
216 OTHER VARIASLFS ARE TRANSMITTERR POWERTRANSMITTER ANTENNA GAIN,
217 ¢ PECEIVER COLLERTINMG APERTURE AND RANGE FROM SATELLITE TO SPECULAR POINT
218 ¢

219 ¢ CALCULATE THE FOHEARENT POWER

220 CALL COEF(THI«THI+0.sEPyATHIRPHCTHWDPHY
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221
222
223
224

P
2359
236
237
238
239
2410
241
242
243
244
2645
26
2u?
2Uh
24<
250
2451
ehz
253
254
2595
258
257
enh
299
2el
261
262
263
264
26D
26k
267
268
269
270
e7l
272
273
274
275

ub

REaEs]

M T e Nala e R

PO

s

kP e THaPila bl TorFLS4RCOEF )

FRL = Pt ((Za#PIVERRUF*¥10,/23, ) %COS(THI*PT/1E0,) ) vl
1F (EXY otbE+ ENe) EX1 = &0,

FXP = FXF(=FX1)

NSPEC = EXZz+ANTP* (REAT*CASS{RCUEF)/RELSP ) «x2
PSS = 10,#8L0B1RIFSPEC/PDLIRY
PIS10.*ALCRIO(PT/FDERY

LUOP = VEE*F/19,2

FHITE(ReD%) PT,,PEPDIR

PRITE (e 6y JODDLDR0LINS
VRITE(habes) XXMAXZYYMAX DX

URITE (a4Da)0D00

k=1

YouhiX=ath

YrIN=0 .0

Ny 45 TLE1.128

YX2FLUATUIL)

YYy(1y=rofiL)

Tnn=IL-1

cabl FLOTIXX e XYY s NNaINDeYMAXsYMINY
COMTINIE

WHRITE(S a1} DELSP

WRITE (S g2 ) 10X

b= 1
TR = LUb
YHIN = D

NPy 46 IM = 1,100

XX = FLOAYOIM)

¥y(1) = PRELLIM)

THRD = IM=1

ALl PLOT(XX oYY aNMAYNDIYMAX e YMINY
CONTLMGE

call EXIT

Fiub

dkwad SUNRGUTINES AND FUNCTION SUBeROGRfME wx%y ¥

SUBRDUTINE COEFITHT s THS sPHS e PP S+ ATIARPLacTSsnPSe AL« TH PH(DELIZOELS
x+KMOEF)

COMPLEY ATIWRPTICTS+DPSWRLUEF+iPARRPERLEPS

GIVEN THE INCIPENCE AMND SCATTERING NIRECTIONS«THF POLARIZATION
S1ATE OF THE TRAMSMITTIER AMD RECFIVER«AMN THE COMPLEY NRIELECTRIC
COMSTAMTITHIS SUFRNUTIKE (FTFRMINFES THE nIRECTION OF THE NORMAL
TO THE SURFACE RFIUIREDL FOR sUCH REFLECTYTION,THE aNGLE ALPHA
RETWEEN THY NORMAL AMG EITHER THF INCIDFNT OR REFLECYED
NIRECTTIONS,, pidN THE COMPLEX RFFLECTION COEFFICIENT.

ALL ANGLES PEMIIRED IN DEGRFFS.

PI=3,14%109265

THI-THETA ANGLF GF INCIDENCE

THS«THFETA AlGLE OF SCATTFR

FHS~  PHI ANGLE OF SCATTER

ATI=THOTA COMPOMENT OF THE TMCIOENT FIELD

aplePHI COMPANENT OF THE INCLIDENT FIELO

rTS=THETA COMPONENMT OF THE SCATTERED FIELD

PPS= PHI  (OMPONENT OF THE SCATTERED FIELD
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276
277
276
279
26U
281
262
203
284
205
266
287
28E
289
290
291
292
293
294
29%
296
297
295t
294
300

305
Ine
307
3ne
L]}
314
311
312
313
314
318
316
7
31e
312
aeu
izl
322
125
dak

s2¢
327
32b
329
336G

e }

1tn

CHS=COYPLEXY OIVLECTRILC CNMSTANY

THI=THI*l 2180,

THS=TH x1 /180,

PHS=PhS:FTIA160,

AL~-fitibhE ALPRHA ReTWEEN IMCIDENT RIRECTIONM AND NURMAL
PH=FHI ANGLE 0OF THE NORMAL

TH-THLTA alrLF OF THE MCRMAL
Cotlz=(SIHTHIIISENCTHEI¥COSIPASI=~COS{THIY*CcOSITHS )
rolsSusTil+0nf 1/ 2a)
AL=ATALZLSURTEL = (CALY* %2 ) 4 CALY}

TEIAL W1 EadaE=23% &0 TO 100

PHEATAMZ LS IMITHEIFSIN(PHS ) o STHITHS ) #COS(PHS 1 -SIN{THI) }
CTH=A{LOS{ThS}+r0S(THIN Y A (2% AL)
THEATAFZ2{5QRT (Y o =CTH*%2] (CTH)

N LI~AaMche DFLTA TNCIDFNGE

MelLS=A 1GLE EL TR SCATTEREL

RAAL=STNL o ¥ A )
FUELIZ{SIA{TASI*COSIPHS ) 2COSITHII+SINITHII*CnS{TRS )} ) /S2AL
SOFLI=SSTNETHRIRSIM{PHS) /ScAL

e LI=ATANZ(SOFLT«ONELT)
FUOELSSESTINC(THIN*COSITHS)#COSIPHS)I+COSITHII *SIMITHS Y /S0AL
SUFLS=STNIYHIY#SINIPHS) 782AL

e L S=ATANZ{ SOELS+CNELS)

ry To 290

CUNTLLVE

AL=0aY

TH=THI

PH=H]

FELI=0.0

PELS=0.0

Curli=.

SUELI=9,u

CUELS:I.U

SLELS=il U

G CUNT YR

PFRAR=FHESKEL REFLECTION COEFFICIENT FCR pARALLEL POLARIZATION
PRER=FSESREL REFLECTION ¢GEFFICIFRT FOR pPERPENDICULAF PULARIZATION
FCREF-mOmbLEX PEFLECTION CUFFFICIENT
RPARS LS4 LOSIALI=CSURTUEPS=ST{ALY»¥2 ) ) /LEPS*COS (ALY +CSRRTIEPS=SI

AR ALY xFD))

FPER=(rOS{AL ) =CSURTI{EPS=SINCAL)=x2) } /{COSIAL 3+ CSORTIEPS=SINIAL) *%2

x)) )

FCOEF==HPEh ¥ L{RPI+CDEL I ~ATI*SDEL D) * (DPS¥COELS+LTSXEDELS) ) +RPARR( LA

AT (4COE T+ IHSNEL IV * (CTS#CDELS=DPS*SDELS) )

AL=AL®1AU . AP ]
THETHY 168L . /F]
PHEPH&YGU . /1]
THISTHTI*12 0. /PY
ThS=THS*LEL . /PT
PHS=PHS®1&0./PT
DELI=CELI*1R0, /P]
MNELS=RFLS*1RD, /PI
Re TURN

Eih

FUNCTION FDEN{THaPH52)
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331
332
33
3ak
330

as7
3se
359
3¢0
361
2ad
363
a4
g5
366
387
A6E
369
370
371
372
373
374
375
376
317
378
373
360
382
352
383
3a4
385

[aBaNeNal

1
3

>

2
11
99

135
a9

THIS FUNCTINN CALCULATES THE VaLUE OF THE PROBABILITY DENSITY
FUNCTINN (PREMY FOR 4 SUPFACE WORMAL WHERE TH IS THE THETA-ANGLE
1N UDEGPEES ANe PH 1S THE PHI-ANGILE IN DESREES OF THE SURFACE NORMAL
AND 5¢ IS THE MEAN SQUARE SULNPE, THE PDF IS GAUSSIAN,
P1=3,1%199265
TH=TH®PI 1L,
==TAN(THIRTANITHI /(S2%{1,+2,%52))
1 ABSIA) GT,60,) A==60,
PLEN=COS{THI*EYPIA)/(PI%S2)
TH=TH=1R0U, . /P1
RETURK
F
CUMPLEY FUNCTION EPS{FT+S}
COMPLFY CISLECTRIC OF SFa WATER EPS (STOGRYM MTT)
T IN CFMTIGHAREY F 1w GIGAHFRTZ, S I8 SALTMITY 16 P,P,.THOU.
KEMAL
WORMAL SERA WATER RANGFS FROM 20, TO 3%, PPT
W = S*{+01707 + ,00UD1205%5 + S*3%4,058F=%)
C = €he = 1
AR = 1,.,b4CE=% = C®lls = L1¥C)x2,551F-7
D = EXPALN] 02032+, 000120854+ %0 4BLUFB=RxAA))
SIG = 8% J1E625P1=,001461548S4+.00N02093%8%S ~5¥S5+5x1,202E=7)/D
ON =,11106 = ,00%p24%T + ,00006S4*T*T
W Z (Ye + «OCIURBNART = UUO*y o (O256TNEM)I*DD
EQ = {1e=e2BR1#N4 GF15%MHeN)* (BT, TH=o80NAXT+,.00094%T+T)
EPS = Ued 2{E0O=U4,T)/CMPLX{1, + Li®F) = FMPLX{Ger1749%%5IG/F)
RE TUHRH
[ A
CURHOUTINEPLOTE XevalaINDaYMAX ¢ YMIN)
ALNENSTIONM{LIIG o YLARELLIA) 4 Y {18 ) ¢ MARK(1()
AATA BARR{1) s MARKE(2) eMARK(3) o Mark L&) aMARK (51 JMARK{T) 4MARK(S) ¢

2HARK{ ) ¢MARK(1N) s MARK (43 /2He ¢ 1b, s IHT v 1HO 1HN o 1HH s 1H1  LHZ ¢ JH= 5 IHX/

NATA 19 ANKSNOPTSIPLUS/IH «IHS 1M/

TELINIILA1e1d

WRITE(6H45)

FURMAL (/725X ¢ #ORDER IN WHICH PLOT SYMBOLS ARE USED %, IXONH1Z=-"+

*//730X 'THE SYMROL (5} INDICATES OFF=-SCALE DATAYs//)

BoTU=94119

MEJITMARKLIO0])

MUOUNT=1UL
SCALE=100, 0/ (YMAX=YMIN)
LLL=(=YMIn*SCAIE)+11.5

MUBJd=1leh

R=J=l
YLABEL(J) =2h*20 ,0/SCALE+YMIN
WHITELReS) (YLABEL(I)sI=1e6)
FORMAT(6X4 1PED,2+5(LPERD.2) / )
GOTOLS?

MCOUNT=NCOLNT+Y

NQY9J=1411%

M= IR LANK

PFILLL eGE v Ile ANIwLLLeLE«110IMILLLY=MARKI10)
TF (NCUINT=10)133+1524133
utB9d=li,4111.20

MlJI=IPLUS
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38
aer
LETS
309
390
391

R4
LEX)
394
3159
3%k
397
29c
529
400
4ol
4z
403
4ok
405
4ne
407
4o
409
410

13x
1y
18
16

17
1p

19
20

71
24

25
26

27

P20J= a0

L={Y{ D) =Tr I *SCALF+U,.5
TriLI 417427

TEWL+1i 151410
g L)=le]

rUTCEY

LL=L+«11

MOLLY sMaRK(J)
roToezu
TE(L=108110¢19,1%9
LL=L+31

ALY =diank ()

raTU20

I B LU th ¢
AT Lhie
TEINCGHIMT=10121+25,.21
VHITE ety (Mid Ty 2214119)
FURMAT 14,3191}

cuToe?

WRTTELRse ) (X (MU ag=Fe119})
FURMAT(1XyFB3.3 1111Aa1)
MNCOUNT=D

CONTINUL
Re TURN

FinD)$
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APPENDIX II
SAMPLE OUTPUT (Curve B Fig. 8)

TLMeCI=10,000 SHRLLPPTYI=z45,000 FIGHZI= 3,400 SER SLOPE(GEG)=1S.08 SEA HE1IGHT= L,30M

THETA INGCE w&5.000N PRI(PLANE yEL )= 90,0000 eLAME HELIGHY(M)= ,3UGDUIE & VELLCITY=2006,3000M/S

RIHZ LMD @.nNud APHz  0,0000 LTRTO CTH= 1,0000 U,0000 bPH= 00,0000 U,0000

FIMITE RAMGE CASF dJJ 1S 3y

Frez T1,87 =Shy M3 3

DIFFUSE COWER 1§ =l.89%3081C0OHRFRENT POWER 15 =262.3041 OB BELOW UIRECT POWER OF 24995

DIFLCT ONPPLER Ie =000 RZ73 SPECULAR DOPPLER IS ~,000 HZ IN BIN &4

MAY VALWJES UF X AMD Y 1M INTEGRATICH ¥MAXS L3I6GREBE 5 YMAXS D1FHZ1E 4 PELTX = #+1072E 3
GREPH OF POWoi SPECTRUM eIN WIDTH IS 14,8833KZ

pALER Ih WHILCH PLOT SYMBOLS ARE USED *.1XONk1Z=

THE SYMBOL (%) IMDICATES OFF-BCALE DATA

0,500 O 1.00g -2 2.005 =2 5.00F =2 4.00E =2 5.00E =2

1.0 mwm s e -——— i e g e - s g e o e

% % om A oE X KRB oRE R KE KRR

1l.000 + - * + +
21,000 + + + + -
+
-
-
-
-
-
1,000 + x * + + + +
- %
-
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bl.060

Sl.np00

6l.rod

7l.040

81,000

Sl.npn
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- %
-
101,000 44 - + + + +
-k
-
-
-
a2
Ll
*
L
»
111.n00 & + + + + +
L
-
®
*
E 3
*
*
®
=
121,000 & + - * + +
*
*
*
L3
-
*
*
POWER VS OFLAY;SeECULAR DELAY IS 14.1%13MICROSEC
SPEC POINT InN BIN 2i6In WIDTH IS 2 NANDSEC
OPDER IN WHICH PLUT SYMBOLS ARE USED *.IXONH1Z~
THE SYMBEOL (%) INDICATES OFF=SCALE DATA
0.00 O 1.00E =2 2400F ~2 3.U0E =2 G4 DDE ~2 $4.00E =2
L O D m i g o o e o R g e S o e g S e e g 0 g ORI L LAl Tl
- o
- *
- *
- x
- *
- *
- [ ]
- L3
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11,000

21.000

31,000

41.ng0

51,ra0

61.n00

71,000

+

LI R I I | L] +

[0 N N TN BNE N DN A AN I ]

t 2 + 0

LI I B I }

L}

* o
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91,060¢

»
]
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