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Abstract

The theory of wave reflection and refraction in a planar inhomogeneous plasma
medium is presented in this report. The first method for determining the reflection
and refraction coefficients for various inhomogeneous distributions is to stratify
the medium into thin plasma layers, each containing a homogeneous plasma, and
satisfy the boundary conditions on the field vectors across each layer. The second
method is to examine the change in the reflection and refraction coeflicients as
the medium is constructed from one edge to the other by the addition of planar
layers of infinitesimal thickness. The reflection and refraction coeflicients satisfy
Riccati equations, which are solved numerically to yield the desired coefficients.
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Propagation in a Planar Inhomogeneous

Plasma Medium

l. Introduction

The theory of wave reflection and refraction in a
planar inhomogeneous plasma medium is presented in
this report. The properties of the plasma are assumed to
vary continuously along one axis of a rectangular co-
ordinate system but do not change in the planes perpen-
dicular to this axis. The plasma is also assumed to be
linear, isotropic, and cold. Of interest are the reflection
and refraction coefficients of a lossless or lossy plasma
for normal or oblique incidence.

Two methods are used to determine the reflection and
refraction coeflicients for various inhomogeneous distri-
butions, and the results for both methods are compared.
The first method is to stratify the medium into thin
planar layers. The properties of the plasma are assumed
to change discontinuously across the boundary of each
layer, while the plasma within each layer is assumed to
be homogeneous. This technique is useful when the in-
homogeneity is specified in a point-by-point fashion.

The second method is to examine the change in the

reflection and refraction coefficients as the medium is
constructed from one edge to the other by the addition
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of planar layers of infinitesimal thickness. This applica-
tion of the method of invariant imbedding as derived
from Ambarzumian’s principle of invariance (Refs. 1 and 2;
and C. H. Papas, “Plane Inhomogeneous Dielectric Slab,”
California Institute of Technology, Antenna Laboratory
Note, March 1954) shows that the reflection and refraction
coeflicients satisfy Riccati equations, which are solved
numerically to yield the desired coefficients. This tech-
nique is useful when the inhomogeneity is described
analytically,

l. Preliminaries

For completeness of presentation, the sections immed-
iately following are devoted to the relatively simple task
of finding the constitutive parameters and the propaga-
tion constant of the plasma. Also, the concepts of intrinsic
and transverse impedance of the plasma are introduced.

A. Constitutive Parameters of the Plasma

A suitable model of the plasma that is consistent with
the limitations of this study is that of a certain number
n of electrons per unit volume free to move in an applied
electromagnetic field but subject to a damping force



owing to collisions characterized by the damping con-
stant w.. The damping constant o, represents the average
number of collisions the electrons undergo per unit time.
The macroscopic equation of motion of such electrons is

nmfl—zznq(éaﬂLv/\gB)—nmwcv (1)

where the applied electromagnetic field is characterized
by the field vectors & {r,¢) and ZB(r,¢). In the present
case, the nonlinear v A 9B term is dropped since

v ANB|<<|E].

In the steady state, with e-'®! time-dependence, the
equation of motion becomes

—tonmv = ngE — nmoe.v (2)

where the applied electromagnetic field in the steady
state is characterized by the single field vector E (r).

A rigorous derivation of the equation of motion using
a statistical distribution function to describe the state of
the plasma can be found in Ref. 3.

If the complex electric current density j(r) and the
radian plasma frequency o, are defined by

i=ngv (3)
2 nqz
= (4)

then solving Eq. (2) for v and substituting the result into
Eq. (3) shows the following relationship between j(x)
and E (r):

€va§ i -Eowcm;‘; . éom}“’,
T o e ) (m2+wg e m2+mz>E(r)
(5)

The form of Eq. (5) suggests that the plasma has a
complex conductivity o, given by

i) =

€ow}‘),

et o (6)

Oc¢

For the avoidance of complex conductivities, the plas-
ma is considered to be a lossy dielectric. In this case,
the constitutive parameters are real and are found by
substituting Eq. (5) for j(r) into Maxwell’s equations.

By a casting of the resulting equations into the standard
form for a lossy dielectric, it follows that the conductivity
of the plasma is given by

GOmcwﬁ
E g

o=

its permittivity is given by

and its permeability is given by
b= o &)

B. Propagation Constant of the Plasma

Let a plasma be characterized by its electron concen-
tration n (v, t), its collision frequency f.(r,t), and its per-
meability p = p,.

If n(r,f) and f,(r,t) are slowly varying functions of
position in the interior of the plasma, then the field
quantities are continuous and have continucus derivatives
and, therefore, satisfy Maxwell’s equations.

Let E (r) and H (r) be the complex electric and mag-
netic field vectors in the plasma defined respectively by

E (r) = Re {&(r, ) et (10)

H (r)= Re {H(r,t) e} (11)

where &(r,t) and H(r,t) are the real electric and mag-
netic field vectors in the plasma, respectively. Consider
a point r, in the interior of the plasma, and a neighbor-
hood N (x,, 8) of that point, ‘which is sufficiently small
to be assumed homogeneous with constants n (r,,t) and
fe (vo,1). If the plasma is also linear, isotropic, and cold,
then for r < 8

D(r) = €E (1) (12)
B (r) = pH(r) (13)
i) = oE(r) (14)

where the complex vector D (r) represents the electric
flux density, B (r) represents the magnetic flux density,
and j(r) represents the electric current density of the
plasma; and €, x, and ¢ are the constitutive parameters of
the plasma as found in the previous section.
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With e**t time-dependence, Maxwell’s two indepen-
dent equations take the following steady state form in the
plasma:

V AE(x) = dop, H(x) (15)
V ANH(r) = (¢ — iwe) E (1) (16)

The wave equation for E (r) is found by substituting
Eq. (16) into the curl of Eq. (15) and expanding the
resulting curl-cur]l operation. The wave equation can be
written in the form

(V249 E(r) =0 17

where the propagation constant y is given by

Y = oo (e + z—%) (18)

The constant y is complex and, accordingly, is written
in the form
y=fB+ia (@, B = positive—definite) (19)
which displays the phase factor 8 and the attenuation
factor a. Explicit expressions for 8 and « in terms of the

constitutive parameters are found by substituting Eq. (19)
into Eq. (18). It follows that

Y O T
g feer) w

The simplest solution of Eq. (17) for E(r) is a plane
wave

E =E,eiv'r (22)

where E, is a constant vector defining the direction of
polarization and 'y is a constant vector defining the
direction of propagation. The magnitude of E, is equal
to the modulus of the electric field and the magnitude
of v is equal to the value of the propagation constant as
defined in the previous section.

The corresponding expression for H (r) is found from
Eq. (15)

1

1:(1) 4o

H=-—V AE (23)
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which, after substitution of Eq. (22), gives

_YNE
wo

H (24)

C. Intrinsic and Transverse Impedance of the Plasma

In the investigation of the propagation of plane waves,
it is useful to introduce the concept of the intrinsic im-
pedance 7 of the plasma defined by

= Ok (25)

where E and H are the moduli of the complex electric
and magnetic field vectors in the plasma, respectively.

In the case of wave reflection and refraction at plane
boundaries, it is also useful to introduce the concept of
the transverse impedance of the plasma defined by

= (26)

where H, and E, are the moduli of the transverse com-
ponents of the complex electric and magnetic field vectors
in the plasma, respectively.

Consider a plane wave obliquely incident at an
angle ¢ on a plane boundary. For the case of polar-
ization perpendicular to the plane of incidence, E; = E,

¢+ = Hcos® and, consequently,

__E 9
T Hcos®  cosd

¢ (27)

For the case of polarization parallel to the plane of
incidence, E; = Ecos®#, H; = H and, consequently,

E cos®
&= H

= 5 cos & (28)

With the use of the appropriate £, the theory developed
in the following section will be equally applicable for
either parallel or perpendicular polarization.

lil. Stratified Media

The reflection and refraction coefficients of an inhomo-
geneous plasma medium are derived in this section. In
the theoretical treatment of the problem, the medium is
assumed to be stratified into a series of homogeneous
layers.



A. Geometry of the Problem

Figure 1 is a schematic diagram of the geometry of the
problem showing all pertinent parameters and the coordi-
nate system used in the derivation of all equations.

Suppose that between two semi-infinite, homogeneous,
dielectric media, characterized by their constant permit-
tivities and conductivities, there is an inhomogeneous
plasma medium characterized by its electron concentra-
tion and collision frequency. The electron concentration
and collision frequency of the plasma are not necessarily
constants and are allowed to vary with the coordinate z
only. The boundaries formed by the plasma-dielectric
interface are assumed to be planar and to lie in the x—y
plane.

If the inhomogeneous plasma is replaced with a strati-
fied medium consisting of N layers, each layer containing
a homogeneous plasma, a step-by-step approximation to
the actual inhomogeneity can be formed. The parameters
of each layer are chosen so that the approximation is
everywhere within a prescribed error of the actual inho-
mogeneity.

The N layers, denoted by 1, - - - | N, are assumed to
be planar, extending to infinity in the x-y plane and
extending a finite distance in the z-direction. The pth
layer, where p is an integer in the set {1, - - - ,N}, ex-
tends between 2,-, and z,.

If the coordinate system is oriented in such a way that
the y-component of the propagation constant in each
layer is equal to zero, then the original three-dimensional
problem is reduced to an equivalent two-dimensional
problem in x and z.

B. Boundary Conditions

By hypothesis, the moduli of the field vectors in each
layer are independent of the coordinates and, therefore,
the existence of boundary conditions at z = z, implies
that the spatial variation of all field vectors must be the
same at z = z,. Consequently,

Yo ' T ! =2y, = Yp-* 1'! =2 ="Ypu,+* rl z=2p (29>
where the incident, reflected, and refracted propagation
constants are denoted by vy, yp-, and y,.1, ., respectively.
By introduction of 9., %, and 9y.s,,, the angles of inci-
dence, reflection, and refraction, respectively, Eq. (29)
can be written as

Ypi SIN Oy, = 5o SINFp- = ypir, + SIN Fpia, (30)
Since yp,=yp-=17, and yp.1,+ =7p.1, Where y, and yp
are the propagation constants in the respective layers, it
follows that

Fpe = Gy = Dy (31)

¥p Sill ’&p = Vo1 Sin 79’1“.1 (32)

x A
i n
L NI P "N %R
#o fc] fc2 f<:3 fc(.:' cN Ho
i #o | #o | #o #o “0 %R
F4 Ll
(3 z0 zl 22 13 o-1 Zp ZN -1 ZN
1 2 3 . o P e & o N
-o

Fig. 1.

Plasma model showing parameters and coordinate system
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where 9, and #,,, are the angles the propagation constant
makes with the normal to the boundaries in the respective
layers. Equations (31) and (32) are Snell's laws of reflec-
tion and refraction.

The following theory is valid for both types of polariza-
tion; however, for definitiveness, consider the reflection
and refraction of a plane wave polarized perpendicular
to the plane of incidence.

With the aid of Snell’s laws, the transverse €electric and
magnetic fields in the pth layer are given respectively by

Etp (Z) o emeiyp(z—z,,)cosﬂp + ey e—iyp(z~zp)cos&p

(33)

1 . .
Htp (Z) —_— {ep+ezyp(z-zp)cosﬂp —ep e~ 1Yp(2-2p)cos &p]

&
(34)
p=01,---,N

where e,. is the modulus of the electric field traveling in
the +z direction and e,. is the modulus of the electric
field traveling in the —z direction.

The x dependence of all field vectors is given by
eé'ﬁz‘sinﬂ,, (35)

and is omitted for brevity.

The expressions for p =0, correspond to the fields in the
dielectric medium to the left of the plasma. The wave
number v, is given by Eq. (19) with the appropriate
permittivity and conductivity of the dielectric inserted
into the equation. These parameters are assumed to be
given.

For p = N + 1, i.e, in the dielectric to the right of the
plasma, the fields must correspond to waves traveling in
the -z direction only, since the radiation condition on the
field behavior as z-> oo requires that the waves originate
on the boundary at z = zy. Therefore

E; yu (z) = ey, eiYN(Z-2x) cos P (36)

He s () = S 2% gbtmate-mmos e (37)
41

The wave number vy, is also given by Eq. (19) with the
appropriate permittivity and conductivity of the dielec-
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tric inserted into the equation. These parameters are also
assumed to be given.

The boundary conditions on the transverse components
of the field vectors at z = z,, are

Eip(z5) = E¢, pua (2) (38)

H;, (z,,) = Hj, pir (2) (39)

In terms of positively and negatively traveling waves,
the boundary conditions become

€y T €y = €y, P g, gt (40)
1 1 ) .
Flep = €] = o [epa s — ey t] (4D
P P+l
P—:O,l, N 7‘N
eN+1,— = 0
N1 T 0

where .y = vpu1 (Zp — Zp) COS Fpyq is the phase shift in
the layer (p + 1).

In terms of reflection and refraction coefficients,
Egs. (40) and (41) become

L+ p () = 7(3p) + 7225 i )

eps

1= p) =3 ()~ Liseimm | ()

Eps

where p(z,) and 7 (z,) are the reflection and refraction
coefficients defined respectively by

()= 2= (44)
P+
~(25) E%—teww (45)

With the elimination of

€ps1, - e-iPpn

epi



from Egs. (44) and (45), the following relationship be-
tween the reflection coefficient and the refraction coeffi-
clent at z'= z, can be found:

P =g Lt el) + S} o

Note that for the case of polarization parallel to the
plane of incidence, +(z,) as just given is actually the
transverse refraction coefficient at z = z,. The true re-
fraction coefficient can be found by multiplying - (z,) by
cos &,/cos Pp,1.

C. Generalized Impedance of the Plasma

At any point z in the interior of the pth layer, let the
generalized impedance be defined by

. E (z)
ép (Z) == Htp (Z) (47)
At z =z, let
., eptoep
fp (Zp) "‘ ép €ps — €p- (48)
Atz =z, 4, let
€, €% + g, gir
& (2pn) = L= . (49)

eps eiPp — ey e~iPp

where r="7Yp (zp—l -
pth layer.

z,) cos ¥, is the phase shift in the

A substitution of Eq. (48) into Eq. (49) gives

—¢ & () + i, tan g,
7 g, + ik (z,) tan g,

& (2p1) (50)

An examination of Egs. (38) and (39) reveals without
further calculation that the generalized impedance varies
continuously across the boundary of each layer since it is
just the ratio of two continuously varying functions.
Therefore

=¢ & (zp) iy tan g,
&yt i&y (z,) tan g,

&p1 (2p-1) = &5 (2p-1) (51)

where the second equality is Eq. (50).
The generalized impedance in the layer N + 1 is by

definition ¢y, and from the continuity of the generalized
impedance across the boundary z = zy it follows that

&y (2w) = war (Rw) = Lwn (52)

Therefore, by successive use of Eq. (51)forp =N, - - - |1,
the generalized impedance at each boundary interface
can be found.

D. Reflection and Refraction Coefficients of the Plasma

By the inversion of Eq. (48) for p(z,)=e, /e, the
following expression for the reflection coeflicient at z = z,
is found in terms of the generalized impedance at z = z,:

£ () — &

Zp) = T 53
P( P) ép (Zp) + Cp ( )
By the substitution of Eq. (53) into Eq. (46), the follow-
ing expression for the refraction coefficient at z = z, is
found in terms of the generalized impedance at z = z,:

& (z0) + Lo
7 (2p) = 7 54)
(&) & (2p) + & (
Therefore, the reflection and refraction coefficients at
z =z, can be found in terms of the generalized imped-
ance at z = 2, as found in the previous section.

Of interest in this present study is the reflection coefli-
cient 7 evaluated at z = z, and the refraction coeflicient ¢

evaluated between z = z, and z = zy.

From this theory, it follows that

=2 = p(z0) (55)
0+
N
=20t = ] 1 (z,) €% (56)
€0+ p=0

Note that for the case of polarization parallel to the
plane of incidence, t is actually the transverse refraction
coefficient between z = z, and z = zy. The true refrac-
tion coefficient can be found by multiplying ¢ by
€oS %, /C0S Tys1.

IV. Invariant Imbedding

The concept of invariant imbedding as derived from
Ambarzumian’s principle of invariance is now used to
derive the differential equations which the reflection and
refraction coefficients satisfy (Refs. 1-3).

A. Geometry of the Problem

Although the geometry of the problem is essentially the
same as that in the previous section, only one typical
layer need now be considered, This typical layer, as shown

JPL TECHNICAL REPORT 32-1394



schematically in Fig. 2, lies in the region 5 < z < 5 -+ 87 where 5 satisfies the inequality «a <7 < 8 and 8y << 1.
The layer is assumed to be homogeneous with constants €(7), uo, and o(y).

In the notation of the previous section and in the region z = q, it follows that

— iy1(2—0) cos 9 —iy1{z-a) cos $1 — iy1(7-a) cos $y —iY1{z-a)cos &1
41 (% e e +e.e e le + re

Hu (Z) = Zl [61.,. eiri(z-acos By — e e—i“/l(z-a)cosﬂl] - _Z_O_ [ei'ﬁ(z—a)cosﬂ; — pe-ini(z-a)cos 1‘%1] (58)
1

and in the region z=> g, it follows that

1

Et2 (Z) = e,, eiy;(z’—ﬁ)cos&; =g, teiyz(z—ﬁ)cos-&z (59)

[P .
Ho (2) = 25 eimi-fronts =

2

where r is the reflection coeflicient at z == «, ¢ is the re-
fraction coefficient between z = « and z = g, and ¢, is the
modulus of the incident electric field vector.

In the region « < z < B, the medium is described by
€(z), mo, and o (z). The constitutive parameters €(z) and
o () are not necessarily constants and are allowed to vary
with the z coordinate only.

The propagation constant at any point z = 5 is

y(n)=pg(n) +ia(n) (61)

where

B(n)=o \/%\/{e (n) + \/[ € (n) + 0:(;7) ]}
(62)
RESSRYIIN SL

(63)
If y: () ==7v (y) cos & (y), then, by Snell’s law,
vi(n) =7 (9) — vh (64)
where
Yt1=7Y1 sin &, (65)

For the case of polarization perpendicular to the plane
of incidence,

JPL TECHNICAL REPORT 32-1394

eyt

eiyg(z—ﬁ) cos 92 (60)

2

For the case of polarization parallel to the plane of
incidence, ‘
cos & i

= wpo 5"

v

{=mncosd = ope

B. Reflection Coefficient

The theoretical treatment of the problem of finding the
reflection coefficient begins at the interface z = 8. The
region z > 8 is homogeneous with constants €, g, and o,.
If the region z =g is also assumed to be homogeneous
with-constants €(8), po, and o (B), the reflection coefficient
atz=fis

_éz_c(ﬁ)

€ €(z) €2
# () #2
i o(z) 72
r ‘92
t
& .
& /
i
z=a z=n z=7+8n z=§

Fig. 2. Plasma model showing typical layer



The change in the reflection coefficient is examined as
the medium is constructed from z = 8 to z = « by suc-
cessively adding layers of infinitesimal thickness. The
change in the reflection coefficient because of each addi-
tional layer can be determined by examining a typical
layer as shown schematically in Fig. 2.

If the reflection coefficient at z = 7 is determined by
the method of multiple reflections, it is found that

p(n) = puln) +p2(n) +ps(n) + - - (67)
where the multiple reflections are defined by
pr(n) = p.
pz (1) = 7.€™ @ p(y + §n) €M 7

pa(n) = 7.€'% M p(y + 8n) e'7
p-€'® M p(y + 8n) 2P M 1 (68)

and where
_ L Fdy)—L(q)
A O O (69)
=14 p. (70)
¢ (n)=1v:(n) 8 (71)

A series representation of p(y) can be obtained from
Eqs. (687) and (68)

T § [p-p (5 + 8n)ei2pm]” (72)

- v=1

p(n) =ps+

This series can be summed explicitly to give

pe +p(y + 8y) g2 @

P(’?) = 1+ P+P(’7 + 87)) eize () (73)
If 89 is allowed to approach zero, then
d¢(n)
&= "
P ) )
d
plr+ o) pln) + L2y, (75)
e2P M ~ 1 + 2y, (77) 8y (76)

If Egs. (74), (75), and (76) are introduced into Eq. (73)
then, by keeping terms to the first order in 87,

dp ()

d d
& T[] dln/dz

% (o) + 2y: (n) p(n) =0

7

From the boundary conditions on the field vectors at
Z = a, it can be shown that

. é(a) — &
IS (78
where
f=t ()t (79)

If the differential Eq. (77) is solved numerically, the
reflection coefficient can be found as given by Eq. (78).
The numerical solution of this equation is described fully
in the appendix.

C. Refraction Coefficient

The theoretical treatment of the problem of finding the
refraction coefficient begins at the interface z = 8 and
proceeds to the interface 2 = « in a manner completely
analogous to the procedure of finding the reflection coefhi-
cient in the previous section. Therefore, only a summary
of the results pertinent to the determination of the refrac-
tion coeflicient is given.

The refraction coefficient at z = 8 is

o al,
BT 0

The refraction coefficient at z = 5 is

T(’?):Tl(’?)“f"'z(’?)‘f“"s(ﬂ)""‘ T (81)

where
71 (n) =7, €' 7 (9 + &)
72 () =7.€'% p(y + 8n) €' p_* 1 (y + 37)

73 (n) = 7. €' p (3 + 8y) €D p_eiPD p (n + §n) *PM
p-€'?M 1 (n + 8n)
(82)
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A series representation of r(y) can be obtained from
Eqgs. (81) and (82)

m(n) =7.7(yp+8y) X p’p"(n + 8n)ef 190D (83)
v=0

This series can be summed explicitly to give

el I
T T T pp(n + 8 ee

(84)

If 87 is allowed to approach zero, the above equation
becomes to first order in 8§y

dr (n)

d d
O e

2C(’7) 7(77) + iW(’])"(’?) =0

(85)
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From the boundary conditions on the field vectors at
z = a, it can be shown that

2% (a)
TR (86)
where
)= (@) 7= (s7)

Again note that for the case of polarization parallel to
the plane of incidence, ¢ as given here is actually the
transverse refraction coefficient between z = « and z = f.
The true refraction coefficient can be found by multiply-
ing t by cos®;/cos F..

If the differential Eq. (85) is solved numerically, the
refraction coefficient can be found as given by Eq. (86).
The numerical solution of this equation is described fully
in the appendix.



Appendix

The Calculation of Reflection and Refraction Coefficients:

A Computer Program

l. Introduction

This program has been specifically developed for use
with the study on wave propagation in a planar inhomo-
geneous plasma medium as described in this report. The
source language is FORTRAN II for use on an SDS 930
computer.

A. Program Description

The purpose of this program is to determine the reflec-
tion and refraction coeflicients of a wave propagating in
a planar inhomogeneous plasma medium, The calcula-
tions to be performed in determining the reflection and
refraction coefficients are derived in the main body of this
report.

The Main Program 1 performs the necessary calcula-
tions by assuming that the plasma is stratified into a series
of homogeneous layers. The Main Program 2 performs
the necessary calculations by solving numerically the
Riccati equations which the reflection and refraction
coefficients satisfy.

In either of the main programs, the plasma is assumed
to be linear, isotropic, and cold. The plasma may be lossy
or lossless. The properties of the plasma are not neces-
sarily constants and are allowed to vary with the
z-coordinate only.

The wave may be incident on the plasma from any
angle. If, however, incidence is other than normal, the
wave must be separated into its parallel and perpendicu-
lar components of polarization relative to the plasma, and
each component treated separately.

B. Input Requirements

The required input data to the program are
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(1) Signal frequency.
(2) Angle of incidence.
(3) Number of layers.
(4) Separation of layers.

(5) Electron density and collision frequency of each
layer.

(6) Endpoints of the plasma.

(7) Step-size and number for electron density and
collision frequency profiles.

(8) Step-size and number for numerical solution of
Riccati equations.

(9) Degree of polynomial used when interpolating and
differentiating numerically.

(10) Permittivities and conductivities of the external
dielectrics.
C. Program Limitations

The program has certain limitations, but they are en-
tirely in keeping with the study. The limitations are as
follows:

(1) The plasma is assumed to be linear, isotropic, and
cold.

(2) The properties of the plasma are allowed to vary
with the z-coordinate only.

(3) The two external regions are assumed to be lossy
dielectrics.

(4) The permeabilities of all regions are assumed to be
that of a vacuum.

(5) Harmonic time-dependence is assumed with e-#®?
variation.

(6) For the case of a lossless plasma only, the permit-
tivity € is not allowed to change sign.
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i1. Use Table A-3. Analytical input, Main Program |

A. Definitions Card
number Program name Format
Use of the program is given in the form of tables (A-1
to A-5) that follow 1 F, AOID, ALPHA, BETA, N, SN E10.0, 3F10.0, 13, F7.0
. 2 EL, ER, OL, OR 4E10.0

Table A-1. Input definitions

- Table A-4. Analytical input, Main Program 2
Program name SZ:} Property Unit y Pl 9
F f Signal frequency Hz Card Program name Format
number
AOID b Angle of incidence deg
1 F, AOID, ALPHA, BETA, E10.0, 3F10.0,
N N Number of layers N == 100 — M, SM, N, SN, NP 13,7.3, 14, F6.3, 12
Z(n, z; z-coordinate of the left edge of { m 2 EL, ER, OL, OR 4E10.0
F=1,N+1 each layer, including the right
external dielectric
ED(),1 = 1,N ni Electron density of the ith layer e /em® e e
Table A-5. Output definitions
FC({l),1 = 1,N fei Collision frequency of the jth [ Hz
layer
Program Symbol Property Unit
ALPHA « Left endpoint of the plasma m name
BETA Right endpoint of the plasma m ED (1) n; Electron density of the ith layer | e /cm’
i ilisi f H
M Number of steps in the electron | — FC (1) fe Collision frequency of the ith | Hz
. - layer
density and collision frequency
profiles M = 101 FP (1) foi Plasma frequency of the ith layer | Hz
F Fooi Cutoff f ith
SM Sm Step-size in the electron density | m com ot uteft frequency of the ith layer | Hz
and collision frequency pro- E {1} € Permittivity of the ith layer farads/m
files U i Permeability of the ith layer henrys/m
N n Number of steps in the numerical | — [e X {}] o Conductivity of the ith layer mhos/m
solution of the Riccati equa- AOTD P Angle of refraction deg
tions N == 9999 RR Re {P} Real part of the reflection co- | —
SN Su Step size in the numerical solu- | m efficient
tion of the Riccati equations RI Im {p} Imaginary part of the reflection | —
fici
NP np Degree of the polynomial used | — coefficient
when interpolating and differ- RM Mag {p} Magnitude of the reflection co- | —
entiating numerically np== 10 efficient
Al t of i -
EL € Permittivity of left external di-| farads/m RAD Arg (p} rgurjuf,n of the reflection co deg
' efficient
electric
TR Re {T} Real part of the refraction co- | —
ER € Permittivity of right external di- | farads/m efficient
electric . .
TI Im {'r} Imaginary part of the refraction | —
oL 4] Conductivity of left external di- | mhos/m coefficient
electric ™ -Mag {'r} Magnitude of the refraction co- | —
OR or Conductivity of right external di- | ‘mhos/m efficient
electric TAD Arg {7} Argument of the refraction co- | deg
efficient
Table A-2. N ical i 0 p I AN An Attenuation nepers
anie A-2. Numerical input, Main Program ADB Ao Aftenuation a8
Card Program name Format
number

1
2

F, AOID,N
Z{) I =T,N+1
ED ()1 =1,N
FCM,1=1,N
EL, ER, OL, OR

E10.0, F10.0, 110
8F10.0
8E10.0
8E10.0
4E10.0

JPL TECHNICAL REPORT 32-1394

B. Sample Output Data

The following examples show reflection and refraction
coefficients for various electron concentration and colli-
sion frequency distributions.
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0.075

-0.100
0.100

~0.075
0.1

REFLECTION COEFFICIENTS
11
n =10

N
R = REAL
1= IMAGINARY
M = MAGNITUDE

0.25

0.50

0.75

z, m

=1

T
REFRACTION COEFFICIENTS

n= 10”
fc = IO‘O
~_/ \/\
T
A d/\
0.25 0.50 0.75 1.00
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n = IO"

f = lo'°
<

SIGNAL FReEQUENCY = 2.29800000 .09 47
&3 o Bl 2 OF &

2=CBMpANENT BF SEpARATIEN
1000 onilo 2020 2030 LY. 558 2065 890 +O85 can
+100 o110 «12p «130 o140 +150 160 *170 185 v100
+200 210 «220 230 o240 +250 267 *270 + 280 290
£300 310 +32p 2330 340 +38p 23247 «270 280 290
400 o410 420 430 2] 2 450 ) «470 487 -
»500 +510 «520 2530 eSho «550 1561 s570 ~580 +590
200 510 Y-Y-1.) + 630 2Bl « 650 Py e o670 £80 YN-Ta)
2700 0740 s720 ¢730 2740 + 750 ¢760 *770 «789 «790
+200 eR10 220 '230 2840 «850 8645 *»R70 «880 «390
2900 +910 2925 2934 +S4n PE-1-7: PL-F ALY + 970 age 290
1000
PERMITTIVITY BF LEFT ExTERNAL REGIBN » 8,854n000F =12 pARADS M
PERMEABILITY 8F LEFT EXTERNAL REGISN =z 102564370Ewps HENRYS M
CONDUCTIVITY 8F LeFT gXTERNAL REGISN «  ,0000000F 0p MHBSM
PERMITTIVITY 8F RIGHT EXTERNAL REGION = R.3540000E=12 FARADS/V
PERMEABILITY BF RIGHT EXTERNAL REGION = 1+2545370E=06 HENRYS/™
CCONDUCTIVITY AF RIGHT £XTERNAL REGIBN = +0000000E 0o Mulag /M
NBRMAL INCIDENCE
- (9]
IM (REFLECTIBN COEFFICIENT) 2.eR6903500E=01
ARG (REFLECTION COEFFICIENTI22086962528E 02 tDEGREES)
IM [REFRACTION CBEFFICIENTI= 447607977E=04
ARG (REFRACTIBN CBEFFICIENT) s +16987208E 032 IDEGREES]
—ATTg ERS = 1+.6428732E 01
ATTENUATIBN IN DB = 7+1349078E 01!
SIGNAL FREGQUENCY ‘& P.20RAr~Ar 29 Ky
ALPHA = 2 00C
RETA = 1,000
PREFILE NUMBER BF STCR3 = 101 STEP S17FE =« 10
RUNGE /KUTTA NUMBOR OF ST0PS = 1001 SYEP SI17F & 2001 DEGREE = 4
PERMITTIVITY ©F LEFT ¥TERVAL REGISN = R,8540000E«1p FARADS/M
pFRMEABXLITV BF LEFT cXTorRNAL REGIAN =2 1.2564370F 08 HENRYS/M
CONDUCTIVITY BF LEFT CXTERNAL REGIGSN =z .0000000E On MHBg/M

RIGHT CYTERNAL REGIEN

ReR54CO00FE=1p FARADS/M

PERMITTYIVITY 8
PERMEABILITY 8
CENDUCTIVITY #»

RICGHT EXTERMAL REGION
RIGHT EXTERNa| REGTEN

v %0

1.2564370E=08 HENRYS/M
«0000000E 00 MHRAS/M

| NPRMAL INCIUENC

RE [REFLECTIEN

E

CEEFFICIENTY. o46114149E=07

IM (REFLECTIEN

MAGIREFLECTIABN

CREFFICIENT) 2= e 2690349GE=01

FFICIENT]s +R70P5763E=01

1%
SEFFICIENT) =~ 49%6942528E 02

[
[ed
-~

ARG (REFLECTISN

RE [REFRACTIAN

CREFFICIENTI=we26158034F =03

[DEGREES)

IM [REFRACTIBN

HAG[REFRACTIEN

COEFFICIENTY=z 470672616E=D4
COEFFICIENT]a +27095321E-03

ARG [REFRACT 1N

CREFFICTENTI= +1648R8105E 03
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n =IJ°

£ =10

€

S HENALFREQUENCY—=—2+2350000E 09 M — e

Z<CBMPENENT 6F SEPARATIBN
506 oo 020 SEL vO4p 650 067 575 v583 voon
«1pg ellp «120 o130 ol4g «15C 162 *170 182 2127
+200 »210 220 2230 e 240 + 250 260 270 SR8 WP
305 +316 320 336 24s 359 260 +270 280 y200
e 400 410 2420 430 shbg -Te) b 470 R X slo}
+500 +510 2520 #5330 2540 eS80 al-Ye) =70 S8 aan
«600 610 625 +630 Shg 650 «6bn 2.} 62 o0
+700 710 +720 *730 o740 + 780 o760 *7790 +78% 2720
*800 +810 +820 +830 + 340 <880 2860 270 =287 RS2
2900 .910 ‘93C 225 .gac (1Y) .c57 azn Sp o

14000

PERMITTIVITY BF LEFT FyTERNAL REGION 2 R,254n000Fw1p FARADS M

PERMEABILITY 8F LEFT EXTERNAL REGIBN 2 1.2564370E«p6 WENRYS M

CBNDUCTIVITY AF LEFT EXTERNAL REGISN = ,0000000E 00 MHES/M

PERMITTIVITY 8F RIGHT EXTERNAL REGION = 2.85400C0E=12 FARADS,~

PERMEABILITY 8F RIGHT EXTERNAL REGIBN & 1,2546370E=06 HENRYS M

CONDUCTIVITY BF RIGHY EXTERNAL REGIBN =2 ,An~ano0nE an MHBS M

NBRMAL INCIDENCE

RE—{REFLECTION COEFFIEIENT s 23627880 =01

tM [REFLECTION COEFFICIENTIxa 18113105501

ARG [REFLECTION COEFFICIENT] 202283083975 02 [DEGREES)

IM [REFRACTION COEFFICIENT)s ,13072454F 00

ARG (REFRACTION CBEFFICIENTI: +53929532E 02 tDEGREES]

ATTENUATION IN NePERS «. 2,8224897E np

ATTENUATIBN IN DB x 1.2543249F 01

SIGNAL FREQUENCY e 2,208nnanp 13 w7

ALPHA = 2500

SETA = 12000

PREFILE NUMBEE 8F STEPRS = 143 STEP SI2E = LO10

RUNGE /KUTTA NUMBER PE STESS = 1009 STFP SI17F & ,001 DEGRFE & 4

PERMITTIVITY 8F LEFT EXTERNAL REGIABN = R,8540000E=12 FARADS/M

PERMEABIL ITY OF | FFT EXYTERNAL REGIBN & 1.7564370F=0s HENRYS/M

CONDUCTIVITY AF LEFT EYTERNAL REGISN = ,00nnn00F Qg VWHES /M

PERMITTIVITY BF RIGHT FXTORNAL REGIBN & 2,8540000F=12 FARADS /™

PERMEABILITY BF RIGHT EXTERNAL REGIBN & 1,2546370E=ng HENRYS/M

CENDUCTIVITY 8F RIGKT SXTERNAL RESBIEN = ,A000000E 00 MHES/M

NARMAL INCIVENCE

RE [REFLECTI®N

CREFFICIENTYI 2 o33627778Fe01

IM (REFLECTIBN
MAGIREFLECTION

COEFFICIENTI=2»»18113101E=01
CBEFFICIENTI» 0381895704Fen

ARG [REFLECTION

RE_(REFRACTION

CBEFFICIENT) 2 2830R464F N2

CAEFFICIENT) o

«14672215E QO

IM (REFRACTIBN

MAG[REFRACTIEN

CREFFICIENT)=
COEFFICIENTI =

¢19283635E OC
«24230814F 0O

ARG {REFRACTISN

COEFFICIENT) =
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527328178 C2

(DEGREES]
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0.25

REFLECTION COEFFICIENTS

n=eZx .‘0”

f =10°
[
0
J

R = REAL
I= IMAGINARY
M = MAGNITUDE

|

N
V

~0.75

0.50

\ |

il
I

0
-0.25
0.75
L)
\\/\/W
0 L
0 0.25

0.50

0.75

1.00

REFRACTION (EOEFF ICIENTS

n=e-x IOH

£ =10° /
C

7

0 0.25 0.50
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o =T xio"

r =1

—S1BNAL-FREQUENCY w2+29800008 69 HZ— ————

7eCOMPBNENT BOF

100
200

SEPARATIBN
W10 129 W13 .14 «150
210 2220 230 240 +250

189
2261

V400 o410 2420 o430 Jhbn 450 ‘460 en79 Jhgn chon
500 510 +520 530 V540 «550 +56n +=70 582 WTO0
& 630 +640 655 660 el 632 402
2700 710 «720 «730 740 »750 0760 #7750 «787 792
+800 +810 *820 °830 e840 *250 *260 370 285 2229
L1-Tols! +91p 2920 2930 204 L QEA ri-V ] PE-1 L 20gn PE<l~Tal
1000
PERMITTIVITY B8F LEFY ExTERNA| REGION , 8,854n000Eel2 FARADS /M
PERMEABILITY 6F LEFT EXTERNAL REGIGN 2 1,2566370E=0s HENRYS/M
CONDUCTIVITY 8F LEFT gEXTERNAL REGIBN = .0000000E 00 MHOS/™
PERMITTIVITY OF RIGHT EXTERNAL REGIOGN = 8,8540000E=1p FARADS/™
PERMEABILITY 8F RIGHT EXTERNAL REGIBN 2 1,2546370FE=ps HENRYS/™
CONDUCTIVITY AF RIGHT EXTFRNAL REGIBN =  ,n0ACC00E nn MHAG/M
NBRMAL INCIDENCE
RE {REFLECTIBN CREFFICIENTIe 433341327 ac
1M tREFLECTIBN COEFFICIENT)=ae¢94204088E 00
MAGIREFL FCTIAN rOEFFICIENTY» ,99936925E 00
ARG REFLECTION CBEFFICIENTY zwe70498964E 02 [DEGREES)
RE ¢REFRACTIBN CBEFFICTIENTI= o74962584E=ny
IM [REFRACTION CBEFFICIENTY= 468424900FE=04
MAGPREFRACTIAN cAEFETCTENTI 2 4 10149695E =02
ARGrREFRACTIBN CBEFFICIENTI= +42390268E 02 [DEGREES)
. ERS. ». 1+8390964E. 04
ATTENUATION IN D3 s 7e9870941FE 01
_CSIGNAL - FREQUENEY. o B anBEAnAnr mQ WYy
Cal AR ™ TRVETYST (=B “S i A AV AV AV L e § [
ALPHA = 000
BETA—= 14086
PREFILE NUMBER BF STEPS = 101 STEP SIZE =  +010
—RyNGE/KYTTA NYMBER BF ETERS » 1001 STER-SIZE =001 DESREE 4
PERMITTIVITY 8F [EFT £XTERNAL REGIEN = 8,854n000E=12 FARADS/M™
M 18N x4+ P63 70 wfh—HENRY.S,N
CANDUCTIVITY 8F LEFT EXTERNAL REGIGN =  .0000000E 0p MHAg/M

CPERMITTIVITY BF RIGMT ExTERNAL REGISN -

R e B A LO0Ar el FARADS s
e RN 35 * 7

PERMEABILITY 8F RIGHT EXTERNAL REGIBN = 1,9846370E=06 HENRYS v

CANDUCTIVITY BF RIGHT EXTERNAL REGISN =

«D0N0000E no MHES/M

NBRMAL INCIDENCE

RFE (REFLECTIBN

COEFFICTIENTY, o32605677E on

IM [REFLECTIBN

MAGIREFLECTIBN

COEFFICIENT) 2= e24468835E 20

CREFFICIENTY = o99937438E 00

ARGCREFLECTION COEFFICIENT} 2w e70958018E 02 IPEGREES)
RE (REFRACTION COEFFICIENTYIa ,74345228F=n4
IM PREFRACTION CBEFFICIENTImee245446118E=04
MAG¢REFRACTION ~BEFFICTENTY . (7545461 85E=04
ARGPREFRACTIBN COEFFICIENT) x=¢18999990F 02 [PESREES)

JPL TECHNICAL REPORT 32-1394
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0.25 I 1 ]
REFLECTION COEFFICIENTS REFRACTION COEFFICIENTS
n = (z+1) x10" n o= (z+1) x 10"
- 8 - (e 8
fc—(-z+1)X|0 fc-(zH)X]O /‘\
0 AVA! NN
R = REAL
I= IMAGINARY
M = MAGNITUDE 0 \\/
-0.10 -1
.10 1
0
(4] J /\/\/W
-0.25 iy
0.25 1
0 \/\/ . /
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
z, m
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w = (+1) x 10"
;‘-(-;n)xn'

—SIGNAL-FREQUENEY « P2, 2DS0000CL 09-W2 - - . e ——
7=-CBMPANENT B8F SEPARATION

0 s

«100 eli0 120 0130 2140 +150 2160 +170 «180 «190
2200 0210 220 2230 w24 +250 269 270 280 «290
w400 0410 l‘GEO o430 .u’ba .QSO .“65 2470 .“85 3’190
*500 s510 +520 530 «Shn 2550 «56p +570 +58p 595
-]
+700 o710 ¢720 2730 v 740 » 750 760 $770 +78p *+7%0
*800 *8i0 +320 *830 e840 2250 e360 *370 «280 «890
2900 2910 292n *930 2940 (Y-1¥.) 0964 2970 29gn 2990
1000
pERMITTIVITY 8F | EFT ExTERNAL REGION . R,.8544000F=i2 ARADS ™
PERMEABILITY BF LEFT EXTERNAL REGION s 1,2566370E=0g HENRYS/M
CONDUCTIVITY O8F [eFT EXTERNAL REGIBN = ,0000000C 00 MHES/M
PERMITTIVITY 8F RIGHT EXTERNAL REGISBN = R.8540000E=12 FARADS/M
PERMEABILITY 8F RIGHT EXTERNAL REGIBN 2 1.2846370E=~pg HENRYS/M
CONDUCTIVITY §F RIGHT EXTERNAL REGIBN =  ,0000000F oo MHAS/M
NBRMAL INCIDENCE
1M (REFLECTIBN COEFFICIENTI ==4+88621484E 00
ARGEREFLECTION CBEFFICIENTI aws 70514554E 02 {DEGRFESY
RE :REFPAFTTRM COEEFICIENT) . 2956021 6E-03
1M [REFRACTION CBEFFICIENTImee77156879E=04
ERACTION COEFEICIENTY, 30550584552
ARG IREFRACTION COEFFICIENTI=es16537127E 03 [DEGREES)
—ATTENUATION IN NERPERS w—1+6127083E01
ATTENUATIEN IN D x 7¢0229610F 01
SIGNAL FREQUENCY = 242950000 09 HZ
ALPHA = « 000
BETA = 1000
PREFILE NUMBER 8F STEPS = 101 STEP SIZE =  +010
RUNGE/KUTTA NUMBER BF STEPS = 1001 STEP SIZE = 2001 DEGREE = &4

PERMITTIVITY BF LEFT EXTERNAL REGIBN =z R,8547000E~1p FARADS/M

PERMEABILITY BF LEFT EXTERNAL REGISN s 14P564370E=06 HENRYS/M
CANDUCTIVITY BF | EFT EXTERNA] REGIAN 2 L0000000F 00 MHBG/M

PERMITTIVITY BF RIGHT EXTERNAL REGIBN = 8,8540000Ew12 FARADS/™
PERMEABILITY BF RIGHT FEXTERNAL REGIBN = 1,2844370Fwng HENRYS/M
CONDUCTIVITY 8F RIGHT EXTERNAL REGISBN = ,000CC0QCE Q0 MHES/M

NBRMAL INCIDENCE
—INCHET AT — NG e

RE (REFLECTIGN CBEFFICIENT)= «30632859E 00
IM rREFLECTION COEFFICIENT) ¢ 88888293F Ap

MAG(REFLECTION CREFFICIENT)= .94020800E 0C
—ARGEREFLECTION CREFFICIENTI one70980891E 02 — (DEGRFFS}——— — — —

RE [REFRACTIGN COEFFICIENT)zme14226480E=03
IM rREFRACTION COEFFICIENTY e o 174781053

MAG[REFRACTION CAEFFICIENT)=2 .22536170E-023
_ARGIREERACTIEON COEFFICIENT S 1293 4412E 03 IDESREES)

=+

JPL TECHNICAL REPORT 32-1394 19



0.25 T ¥ 1 T T
REFLECTION COEFFICIENTS REFRACTION COEFFICIENTS
n =(-z+])XlO” n=(-z+|)X]O”
/\ i= 10° £ - 108 /\
0 " JF
- R = REAL
1= IMAGINARY
M = MAGNITUDE
0
-0.75 -1
0.50 1
~ /\
0

-0.25 ~1
0.75 1

zZ, m
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= (z+1) x 10"

=10

c
—SIGNAL FREGUENCY-»—29 2950000609 H2
WA =TT LSy

Z=COMPENENT BF SEPARATIBN

+100 .10 V125 130 ‘lde «150 160 170 “120 ‘190
2200 o210 0220 230 240 «250 0260 2270 « 280 2290
k00 odlo W20 2430 .;#c 450 -465 470 v 480 s 490
500 2510 520 »530 + 540 +550 8560 +570 «58n «590
2700 «710 2720 2730 2 740 ¢ 750 2760 *770 +78n 2790
«800 «8i0 * 820 *830 *8ko ©850 2860 €870 23880 +890
£304 +91g 2920 0935 «2hp . e9Fp 965 870 «9g5 #0290
1000
RMITTI

PERMEABILITY BF LEFT EXTERNAL REGIBN s 1.2566370FE=0g HENRYS/M
CONDUCTIVITY 8F LEFT EXTERNAL REGIBN s (DOCQOOQE 0p MHBS/M

"PERMITTIVITY BF RIGHT EXTERNAL REGIEN = R,8540000E=12 FARADS/M
PERMEABILITY BF RIGHT EXTERNAL REGION s 1,2566370Ew0¢ HENRYS ™
CBNDUCTIVITY OF RIGHYT EXTERNAL REGIBN = ,n000000F 00 MHES/M

NB@RMAL INCIDENCE

RE erEerT!nM COFFEYCIENTY SALADLACE.

L - £ =A=4=Fo Re t=

IM EREFLECTIBN CBEFF!CIENTJ-oo9“187EOSE BE

QAL

ARG ¢REFLECTIBN COBEFFICIENTYI=wa70470174E 02 {DEGREES]

_RE rREFRACTION COEEFICIENTY gaohnd
1M [REFRACTIBN COEFFICIENTI= +284

MAGEREERALTIGN nnrerr‘lrMY\
e e CieN e

A
ARG[QEFRACTIBN ceEFFIcIENT;- 14

b
46563F 03 [DEGREES)

AATTENHATYAN IN NEPERS o 1-+52R6 844504
ATTENUATIABN IN Dg = 6+6129215E .01

SIGNAL FREQUENCY = 2.29B0C00E 09 HZ

ALPHA = «000C
RETA = 1000

PROFILE NUMBER BF STEPRS = 104 STEP SIZE = 2010
RUNGE /KUTTA NUMBER B8F STEPS = 1001 STEP SI2F = +001 DEGREE = &4

PERMITTIVITY OF LEFT EXTERNAL REGIEBN = 8,8540000E-12 FARADS/M
PERMEABILITY 8F | £FT EXTERNAL REGIBN = 1.25646370E~0& HENRYS/M
CONDUCTIVITY 8F LEFT EXTERNAL REGIBN z .000Q000E DO MMBS/M

PERMITTIVITY BF RIGHT EXTERNAL REGIBN =z 8.8540000E=45 FARADS/M
PERMEABILITY @F RIGHT EXTERNAL REGIBN = 1,2546370E=04 HENRYS/M
cBNDUCTIVITY BF RIGHT EXTERNAL REGIBN = 40C00000E 00 MHES/M

NBRMAL INCIDENCE

RE [REFLECTIBN CBEFFICIENTI=s +32638651E 00
IM [REFLECTIGN CBEFFICIENTI=~294487354E 00

MAGIREFLECTIBN CBEFFICIENTI= «89937347E 00
ARG {REFLECTIBN CBEFFICIENT]I=~+70938000E 02 (DEGREES]

RE [REFRACTION CBEFFICIENTI= +86000469Em04
IM [REFRACTION COEFFICIENTI= +34373794E»03

MAG [REFRACTIBN CBEFFICIENTI= +35433297E=03
ARGTREFRACTION CBEFFICIENTI2 »759534%07E 02 [DEGREES)
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C. Program Listing

1. Main Program 1

¢ PRBPAGATION IN A PLANAR INHEMBGENIOUS PLASMA MEDUM
c MAIN PRBGRAM 1 SDS 930
ODIMENSIBN Z7(102),ED(100),FC(100),A(102),B(102)1,C8R(102),CS1(102),
1 X8(102),Y8(102),XM(102),YM(102)
FORMAT (F10,0sF100,140)
FBRMAT (8F1040)
FORMAT (8E10.0)
FORMAT (4E1040)
FORMAT (F10+0,3F10:0,13,F7:0)
10 FBRMAT (1H1)
14 FORMAT (19HOSIGNAL FREQUENCY w%s1PE14e¢722H HZ)
12 FBRMAT (26HMQ0Z~COMPBNENT 8F SEPARATIBN)
13 FORMAT (10F1043)
140FBRMAT (39HOPERMITTIVITY 8F LEFT EXTERNAL REGIBN =,
1 1PE14+759H FARADS/M)
150FORMAT (39H PERMEABILITY 8F LEFT EXTERNAL REGIGN =,
1 1PE1497294 HENRYS/M)
160FBRMAT (39K CBNDUCTIVITY BF LEFT EXTERNAL REGISN
1 1PE1427,7H MHOES/M)
170FBRMAT (4OoHQPERMITTIVITY 8F RIGHT EXTERNAL REGIAN &,
1 1PE14e7,9H FARADS/M)
180FBRMAT (40M PERMEABILITY B8F RIGHT EXTERNAL REGIAN =,
1 APEL{4#¢7,9H HENRYS/M)
190FBRMAT (40H CBNDUCTIVITY BF RIGHT EXTERNAL REGISN =,
1 e 1PE14e7,7H MHBS/M)
22 FORMAY (13H{INTERFACE ZssF7¢3,5Xs 16HNBRMAL INCIDENCE)
23 FORMAY (13H{INTERFACE Z=sF7¢3,5X,26HPERPENDICULAR PALARIZATIAN)
24 FORMAT (13H1INTERFACE Za,F7+3,5%,21HPARALLEL PBLARIZATION)
25 FBRMAT (17HiNBRMAL INCIDENCE)
26 FBRMAT (49H1PBLARIZATIBN PERPENDICULAR T8 PLANE 8F INCIDFNCE)
27 FORMAT (44H1PBLARIZATION PARALLEL T® PLANE 8F INCIDENCE)
28 FORMAT (29HORE (REFLECTIBN CBEFFICIENT)=sE14e8)
29 FERMAT (29H 1M (REFLECTIBN CEEFFICIFNT)=sE14+8)
30 FBRMAT (29HOMAG(REFLECTIGN COEFFICIENT ) asF1448)
34 FBRMAT (294 ARG(REFLECTISN CBEFFICIENT)=sE14e8,5%,9H(DEGREES))
372 FORMAT (29HQRE (REFRACTIGN CBEFFICIENT)x,E14483)
33 FORMAT (294 IM (REFRACTION CBEFFICIENT)=,E14.8)
34 FORMAT (29HQMAG(REFRACTION CREFFICIENT)=sE144+8)
35 FORMAT (29H ARG(REFRACTION CBEFFICIENT)2sE14¢8,5%,9H({LEGREES) )
340FBRMAT ({34HOREFRACTIEN CBEFFICIENT BETWEEN 22,F7,3,
1 194 AND LEFT INTERFACE)
37 FBRMAT (24HOATTENUATION IN NEPERS =,1PF1447)
38 FORMAT (24HW ATTENUATIEN IN DB £11PE 47
41QFBRMAT (36H SET SENSE SWITCH 1 T8 =8N T8 PRINT,
1 37H ELECTRBN DENSITY/CBLLISIEN FREQUENCYY
4POFBRMAT (36H SET SENSE SWITCH 2 TA =BNw T2 PRINT,
1 344 PLASMA FREQUENCY/CUTBFF FREQUENCY)
430FBRMAT (34H SET SENSE SWITCH 3 T8 =RfNe T2 PRINT,
1 294 PERMITTIVITY/PERMEABILITY/CBNDUCTIVITY)
44 QF BRMAT (38M SET SENSE SWITCH | T8 «AN. TA PRINT,
1 35K REFLECTIBN/REFRACTIBN CREFFICIENTS)
45 FBRMAT (&M START)
46 FORMAT (36H SENSE SWITCH 1 BN NUMERICA[ INPUT)
47 FORMAT (36M SENSE SWITeH 1 BFF ANALYTICAL INPUT)
540FORMAT (36H SET SENSE SWITCH 2 T8 =0N- TB WRITE,
1 14H BUTPYUT TAPE 3)
52 FORMAT (S(1X2E13.7))
300 CBNTINYE
TYPE 46
TYPE &7
TYPE 45
PAUSE
1F (SENSE SWITCH 1) 201,202
201 READ 15F,ABIDsN
NPiaN+1
NP2sN+2
READ 22 Z(1)21=1,NP1)
READ 3s(ED(I)sl=1sN)
READ 35(FCL1Ys1=1,N)
READ 4sELsERsBLSBR
" GB T8 203
202 READ S5sF,;ABID,ALPHA,BETAINISN
READ 4,ELsER,BLIOR
NP{eN+1

[ AT IS

L
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NP2xN+2
Z(1)=ALPHA

08 211 J=1)N
KeJay
Z{KY=Z(J)+SN

211

CALL EDFCP(Z(K),ED(D),FC(J))
CONTINUE

203

Z(NP2)sZ(NP1)
Pl=3.1415926
WexFupesP]

UB=PI#4eE=07
UL=UB
UR=U8

PRINT 10
PRINT 11,F
PRINT 12

PRINT 13,(Z(1)s1=12NP1)
PRINT 14,E(
PRINT 15,UL

PRINT 16,8L
PRINT 17,ER
PRINT 18,UR

PRINT 19,6R
AX=(Qe
BX=2Qe

CALL PC(EL,ULJBL,FIAXSBX2A(L1)2B(1)sAY,BY,AD)

CALL TI(F,UL,A(L1)2B(1),A(1)2B{1),XB(1),YD(1))
TYPE 431

TYPE 42
TYPE 43
TYPE 45

PAUSE
DB 101 Jai,N
K= J#1

CALL PPC(ED(JISFCIDYSF,E5U080d)
CALL PCUEsUaBsFsAXBX)A(K)ABIK)SAYSBY,AD)
CALL TI(F U A(K)S»BIK),A(K)2B(K)2aXB(K),YB(K))

101

CBNTINUE
CALL PCLER,URIBR,FAX,BX2A(NP2)sB(NP2),AY2BYAD)
CALL TI(FsURsA(NP2),B(NPR)sA(NPR),BINPR)IXBINP2),YB(NPR))

111

TF (A8ID) 110,111,110
Mg

D8 121 lei,NP2

J121

XM(1)=X8(1)
YM(1)sYB(1)
CONTINUE

. 140
112

G8 TA {14

CALL ARR{ADID,A,B,CSR,CS1,ABTDNN)
Mz2

D8 122 l=i,NP2
CM2=CSR(I)#CSR(II+CST(1)*CSI()

j22

XM(1)=(XR(1)#CSR(1}+YB(1)#CSI(I))/CM2
YMO1)Ys(YB(1)#CSR(I)=XB(1)»CSI(I))/CM2
CeNTINUE

113

GO T 114
Mx3

DB 123 1=1,NP2

123

XM1)sXB(1)#CSR(1)=YB(1)»CSI(
YM{1)eXO(I)2CSI(1)+YB(1)#CSR{(
CENTINUE

18]
|8

114

PTRat.
PTIx=0s
PXS=1ls

XNsXM(NP2)
YN=YM(NP2)
TYPE 44

TYPE 5%
TYPE 45
PAUSE

301

IF (SENSE SWITCH 2) 301,303
6B 78 (302,302,303),M
REWIND 3

303

CONTINUE
D8 131 Jsi,NPL
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24

KaNPRwJ+1

KMiakKnl
DeZ (KM1)=Z(K)
IF (ABID) 141,140s141

140

FReB(K)#*D
FI=A(K)*D
GO T8 142

141

142

FRe (B(K)#CSR(K}=A(K)aCSI(K))»D
Fle(B(K)#CSI(K)+A(K)#CSR(K))#D
SN=SINF(FR)

CS=COSF (FR)
CALL SCH(FI,SNH,CSH)
SR=+SN#CSH

STa+CS#SNH
CR=+CS#CSH

Cl=wSN#SNH
INCReXN®CRw YN#CT
INCIaXN#Cl4YN2CR

IMSRaXM( K} #SR=YM(K) %51
IMST2XM(K)#ST+YM(K)I 2SR
ZMCRaXM{K) #CReYM(K)#C]

ZMCIaXM(K)wCI+YM(K) *CR
INSR2XN#SR«YN#S]
INSIaXN#SI+YN#SR

SNR=ZNCR=ZMS]
SNI1=ZNCI+ZMSR
SDR27MCReZNS]

SO1=2ZMC1+ZNSR
SNDRsSNR#SDR+SN1#SD1
SNDI»SNT#SDReSNR#SDY

SNDM22SDR#SDR+SD1#SD1
XN= {XM(K)#SNDR=YM(K)%SND])/SNDM2
YN= (XM{K)%SNDI+YM(K)#SNDR)/SNDM2

RSNR=XN=XM(KM1)
RSNIsYNeYM({KM1)
TSNR=XN+XM(K)

TSNIzYN+YM(K)
SDReXN+XM(KM1)
SDIsYN+YM{KMY)

SDM2sSDR#«SDR4+SD145SD1
RR=z (RSNR#SDR+RSN14SDI)/SDM2
RI=(RSNI«SDR«RSNR#SD!) /SDM2

CALL RTP(RR,RTI,RM,RAD)
TR= (TSNR#SDR4TSN]#SD1) /SDM2
TIs{TSNI+SDReTSNR#SD!)/SDM2

CALL RTP(TR,TI,TM, TAD)
XSReCR+S1
X51eL12SR

XTReTR#XSReTI#XS1
XTIsTR#XS1+T#XSR
XPTRaPTR#XTR=PTI#XT!

XPTI-PTR&XTX*PTI&XTR
PTR=XPTR
PTl=XPT!

CALL RTP(PTR,PTI,PTM,PTAD)
XYNM2eXB (K)uXB(K)+YB(K)#YB(K)

XYDM2x X8 (KM1 ) #XB (KML 1 +¥Y8 (KML ) #YB (KM )
TM2aTMOTH
AF sSQRTF { XYNM2/XYDM2) /TM2

151
161

XAFsEXPF (w2 ¢ #F 1) #AF
PXSsPXSH#XAF

IF (SENSE SWITCH 1) 151,352
G0 TO (161,162,163),M

PRINT 22,2{KM})

GB TR 164

162
163

PRINT 23,Z(KM1}
GO TO 164
PRINT 2422 (KM1)

164

PRINT 28,RR
PRINT 29,R]
PRINT 30,RM

PRINT 31,RAD
PRINT 32,TR
PRINT 33,T!
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PRINT 34,TM
PRINT 35,TAD
PRINT 36,Z(1KM1)y
PRINT 32,PTR
PRINT 33,PTI
PRINT 34,PTM
PRINT 35,PTAD
352 IF (SENSE SWITCH 2) 311,131
_ 311 WRITE BUTPUT TAPE 3,52s2(XM1),RR,R1,RMsRADIPTR,PTI,PTM,PTAD
131 CONTINUE
CRR=RR
CR1aR]
CALL RTP(CRR,CRI,CRM,CRAD)
CTR=PTR
CT1«PY]
GO T8 (171,171,172),M
172 CTRaCTR#CSR{41)/CSR(NP2)
CT1=CTI*CSR(1)/CSRINP2)Y
171 CALL RYP(CTR,CTI,CTM,CTAD)
ANsE| BGF (PXS)
ADB=AN#10¢/ELBGF(10.)
G8 TB (181,182,183),M
181 PRINT 25
GB 18 184
182 PRINT 26
GB T8 184
183 PRINT 27
184 PRINT 28,CRR
PRINT 29,CRI
PRINT 30,CRM
PRINT 31,CRAD
PRINT 32,CTR
PRINT 33,CT!
PRINT 34,CT™
PRINT 35,CTAD
PRINT 37,AN
PRINT 38,ADB
IF (SENSE SWITCH 2) 321,322
321 ENDFILE 3
322 GB T8 (191,113,1913,M
191 GB T8 300

S=ABSF(0e)
SeATANF (0e)
END
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2. Main Program 2

C PRBPAGATION IN A PLANAR INHOMAGENIBUS PLASMA MEDTUM
c MAIN PRBGRAM 2 SDS 930

1 FORMAT (E10¢0s3F1000413,F70514sF640,12)
2 FBRMAT (4E10.0)
— 10 EGRMAT (41,
11 FBRMAT (19HOSIGNAL FREQUENCY =2,1PE14.7,3H HZ)
12 FBRMAT (BHDALPHA %,F10.3)
13 FORMAT (8H QETA 2 F10e3)
140FBRMAT (12MQPREFILE 25X L7HNUMBER 8F STEPS =z, 15,5%»
1 11HSTEP SIZE =,F7+3)

1 11HSTEP SIZE =,F7+3,5Xs8HDEGREE =213}
160FBRMAT (39HOPERMITTIVITY BF LEFT EXTERNAL REGIBN =,
1PC1 407 594 FAPM\QIM\
17QF8RMAT (394 PERMEABILITY BF LEFT EXTERNAL REGIBN =,
1 1PE14¢759H HENRYS/M)

£ c
1PE1#07:7H MHBS/M)

190F8RMAT (4OHOPERMITTIVITY 8F RIGHT EXTERNAL REGIBN =,
1PE14e7,0H FARADS /MY

ZOOFBRMAT {40H PERMEABILITY BF RIGHT EXTERNAL REGIBN =,

1 1PEL4 97,94 HENRYS/M)

1 1PE{ 475 7H MHBS/M)
22 FORMAT (BH1INDEX (214,1H)s5Xs2HZasF743,5Xs L6HNBRMAL INCIDFNCE)

26HPERPENDICULAR PBLARIZATISM
EaOFBRMAT (8H1 INDEX (J!b:iH)JSX;ZHZ:;F7-3lSXl
21HPARALLEL PBLARIZATION,
25 FORMAT (17HINBRMAL INCIDENCE)
26 FORMAT (49H{PBLARIZATIAN PERPENDICULAR T8 PLANE aF INCIDENCE)
4 {

28 FOBRMAT (29HQRE (REFLECTIBN COEFFICIENT)=,E1448)
29 FORMAT (29H IM (REFLECTIBN COEFFICIENT)=2E1448)
30 FARMAT (99.HQMAG(QF£| ECTISN FHFFFYFVENT\r-:F1h.R)
31 FORMAT (29H ARG(REFLECTIBN CBEFFICIENT)asE14e8,5%»9H(DEGREES))
32 FORMAT (29HQRE (REFRACTION CHBEFFICIENT)=»E1448)

34 FBRMAT (ZQRQMAG(REFRACTIBN CBEFFICIENT)=sEL48)

3g FBRMAT (33H1ANGLE OF INCIDENCE 1IN DEGREES 2,F(0,3)
37 FORMAT (33HOANGLE GF REFRACTIBN IN DEGREES s3,F10.3)
N Q'\!T
1 37H ELECTRBM DENSITY/CBLLISIBN FREQUENCY)
42OFORMAT (36H SET SENSE SWITCH 2 T8 -8N. T& PRINT,
PLASMA FREQUENCY/CUTAEE

e TR Y]

43OFBRMAT (364 SET SENSE SWITCH 3 T8 «8N. T8 PRINT,

1 394 PERMITYIVITY/PERMEABILITY/CONDUCTIVEITY)
t 8 PQ!MY’
1 35H REFLECYION/REFRACTIGN CREFFICIENTS)

45 FBRMAT (&H START)
1 14H BUTPUT TAPE 3) '
52 FORMAT (9(1XsE1347))

READ 1,F,AB1ID,ALPHA,BETASMaSMsN2SNaNP
READ 2,EL,ER,8L,ER
Pln3,.1415926
WaFuReanPl
ABIR=ABID¥P1/180,
LBxPYahoEnn?
UL sus
URsU8
PRINT 10
PRINT {1,F
PRINT 12,AL PHA

TA
PRINT 14,M,SM
PRINT 15,N,SNaNP
PRINT 16,EL
PRINT 17,UL
PRINT 18,81
PRINT 19,ER
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PRINT 20,UR
PRINT 21,8R
BX{ 2De

AXL=0Q,
CALL PCIEL ULSBL,FsAXL,BXL2AL,BL,AYL,BY] ,AD)
LaXBL Y8y

BXL#BL#SINF (ASIR)

. INFLASIRY
BYLuBL#CBSF (ABIR)

AYL=AL#CBSF (ABIR)
TYPE Q4

TYPE 42

TYPE 43
TYPE 45

PAUSE
AMsAL PHA

—  AM=eAM4SM

101

444
FE g

D8 161 lei,¥
CALL EDFCP(AM,EDP,FCP)
CALL PPC(EDP,FCP,F E,U,8,1)

CALL II(FsU,A(T)B(I),A(T)2B(1)2aXB(1Y,YB(1))
ARG (1) =AM

CBNTINVE
CALL PC(ER,UR,BR,FsAXL,BXLIAR,BR,AYR,BYR,ABTD)

N

IF (ABID) 111,110,111
.x2

PRINT 36,A81D
PRINT 37,A87TD
_ABTR=ABTD#PY /180,

124

CALL TI(Fs UL AYL,BYLJAYL,BYL,XBL,YBL)
D6 121 I=1,M

CENTINUE

CALL II(FaUR,IAYR,BYR,AYR,BYR,XBR, YBR)
G8 T8 110

L=3
CALL TI(F,ULSALLBLAAYL,BYLIXBL,YBL)
DA {22 Ixi,M

CALL T1(FaU, ACTI,BLDsAY(T)2BY(1), XB (1), YBIIY)
CONTINUE
CALL 11(F,UR,AR,BRpAYR,BYR,XOR,YSRY

SNRaXBR=X8 (M)
SNIsYBRaYS (M)
SDRxXOR4 YO M)

SDIaYBR+YB (M)

1 DR+S01w801
RR= (SNR*+SDR+SN1+SD1)/SDM2

RI=2(SNI#SDR«SNR*SD1)/SDM2
JR1,BM,RADY

TR=2,#(XBR¥SOR+YBR2SD [} ,SDM2
T1a2,%(YBR*SDR=XOR*SD] ) /SOM2
_CALL RTPLTR,TI,TM,TADY

TYPE 44
TYPE 51
IYPE 48

202
203

PAUSE
1F (SENSE SWITCH 2) 204,203

REWIND 3
CONTINUE
ANBETA

131

IF (SENSE SWITCH {) 131,232

G T8 (141,142,143),L
PRINT 22,N, AN

142

G8 T8 144
PRINT 23,N, AN
GB. T8 Y4k

143
144

PRINT 24,N,AN
PRINT 28,RR

PRINT 29,R1
PRINT 30,RM
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28

PRINT 31,RAD
PRINT 32,7TR

PRINT 33,7}
PRINT 34,TM™
PRINT 35,TAD

232

211
242

IF {SENSE SWITCH 2) 211,212
WRITE BUTPUT TAPE 3,52,ANsRRARIRM,RAD, TR, TITH,TAD
CONTINUE

132

DB 151 Ja2,N
NP2sN+2
KeNP2= ]

KMisKe1
CALL RK(ARG,XBsYB,AY,BY,MaNP,,»SN,AN,RR,RT2TR,TTY
CALL RYP(RR,RI,RM,RAD)

CALL RTP(TR,TI,TM,TAD)

AN 2 A NS
ANE-APR-BD

1F (SENSE SWITCH 1) 161,251

G8 T8 (171,172,173).L
PRINT 22,KM1, AN

172

G8 T8 174
PRINT 23,KM1,AN

ne 18 174
o

173
174

PRINT 24,KM1,AN
PRINT 28,RR

DRINT 29 DY
? TN LI

PRINT 30,RM
PRINT 31,RAD

PRINT 32,7
PRINT 33,TI
PRINT 34,TM

PRINT 25, TAD
R-ANT—35,TA

251
221

IF (SENSE SWITCH 2) 221,151
WRITE QUTPUT TAPE 3,52,AN,RRIRIIRM)RAD, TR, TI,TM, TAD

RM2sRR#RR+R1#R1
SR=14=RM2
S1np,2R]

SM221 e 72 ¢ #*RR+RM2
CR=(XB(1)#SR=YB(1)#S1)/5M2

Cla(XBll)ivgleYB(1)#GRY /GMD

SNRsCR=XBL
SNIsCl=YeL
SDR=CR+XHL

SDI1=Cl+YBL
SDM2sSDR#SDR+SD1#SD!
CRR» { SNR£SDR4SNI#SD1) /SDM2

CR1=(SNI#SDR»SNR#SDI)/SDM2
CALL RTP(CRRsCRI,CRM,CRAD)
TMA=TRETR+T T

SRe2#TRaTM2
SI=2eeT1

SMPalhsn{lemTRIGTM2
+ \E 2 5F <

CR= (X8 (1)#SR=YD(1)#S1)/SM2
Cl=(XB(1)#SI+YB(1)*SR)/SM2
SNR2:.2#CR

SNI=2e%(C1

LR e CRXBL
DETCETICe AT

181
191

193

SDIsCl+YBL
SDM22SDR¥SDR4SDT#SD1

2
CT1s(SNIxSDR=SNR#SDT)/SDM2
G8 76 (181,181,182),L

CT‘!CTI{CBSF(ABIR)/CSSF(ABTR)
CALL RTP(CTR,CTI,CTM,CTAD)
1+192:193 )51
PRINT 25
GB T8 194
INY 26
G2 T8 194
PRINT 27

f R
PRINT 29,CR!
PRINT 30,CRM
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PRINT 32,CTR
PRINT 33,CT]
PQLMT ‘JA:CTM
PRINT 35,CTAD
IF (SENSE SWITCH 2) 241,242
-1 %] ENDFILE 3
242 6B T8 (199,112,199),L
199 @8 78 200
SxABSF(0e)
S=ATANF(0+)
SSEXPF (0 )
7.
S=SQRTF (O )
END

3. Subroutines

SUBRBUTINE EDFCP(ARG,EDP,FCP)

c ELECTRON DENSITY/CBLLISION FREGUENCY PREFILE
c INSERT THE £LECTRBA DENSITY PREFILE EAP
¢ AS A FUNCTISN BF THE ARGUEMENT ARG
EDPs 2o oEDP(ARG) 000
¢ AS A FUNCTIEN 8F THE ARGUEMENT ARG
FCP=» eeoFCP(ARG) »se
o RETURN
END

SUBRBUTINE PPRC(EDSFC,F,E,Us8,1)
C INPUT ELECTRON DENSITY/CBLLISION FREQUENCY/SIGNAL FREGUENCY

1 FORMAT (22WIELECTRON DENSITY (s 13,2H)s21PE14e7s6H EL/CC)
5 FORMAT (22H COLLISION FREQUENCY (,13,2H)=s1PE1us7s3H HZ)

4 FBRMAT (22HON® CUTBFF FREQUENCY (,13,8H) EXISTS)
5 FORMAT (22H CUTBFF FREQUENCY (113,2H) %2 1PELL 475 3H HZ)
7 FORMAT (224 PERMEABILITY (+12,2H) 22 1PE144729H HENRYS/M)
& FBRMAT (22H CANDUCTIVITY (513,2H) 22 IPE14 .72 7H MHOS/M)
—  P1=3.141592%
E£Q=214+602E=19
EM=29,108E=31
:Hlﬁ.ﬂﬁhgcie
UBePI#4E~07
WeFu2uP}
1F _(SENSE SWITCH 1) 101,102
101 PRINT 1,160
PRINT 251sFC
J‘_QP FDX;EDGQ ‘E.n.f\é
© WP2sEDX#EQ/EM#EQ/ES
FPsSORTF{WP2)/{2+#P])
Y_FJ__SF'NQE sh”Tf‘H 7j\ 411;11?
111 PRINY 3,1,FP
112 WCsFC#2:4P]
WEF2mWel e Wl ail
WCB2=WP2=WCaWC
IF (WCB2) 121,122,122
—4p24 1F (SENSE. gWITCH 2y 4340423 - . . ————,———
131 PRINT 4,1
GB T8 123

3

IF (SENSE SWITCH 2) 141,123

141 PRINT 5,1,FCE
' _1‘2‘3' —E—‘E@-‘“-‘%ﬂw 21’“\:—.:3’

Usyg

BeERBaWC+WPD/WEF 2

1F {SENSE SQWITCMW 3). 151,182
151 PRINT 6:51,E

PRRINT 7,3 514
LBAR

152 RETURN
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30

c

SUBRBUTINE PLIEsU»BsF2AXIBX2ApBrAYSBY,AD)

INPUT PERMITTIVITY/PERMEABILITY/CBNDUCTIVITY/SlﬁNAL FREQUENCY

MQTANT

PIx3+1415926
WaFe2enP]

YiFal ol /LB LUy 70 0000
Tokwt & AR A L ol TICT I AV =T="F

ABSPe+E+ABSF (E)#SQRTF (XLF)
ABSMxwEHABSF (E)%SQRTF(XLF)

e BaWASORTE (11 /2 5 Y £ SQRTFE (ARSRY)

A=WaSQRTF (U/2+ ) #SQRTF (ABSM)
GM2xB#B+AxA

o XPRxB#BnAAsBXABYX+AXRAX

XPIuRoen(BrA=BXRAX)
XAN=XPl#XP1
XQDuXPRaXPR

XLFu1o+XON/XQD
ABSP=+XPR+ABSF (XPR)#SQRTF (XLF)
ABSMu=XPR+ABSE(XPR)#SARTE (XL E)

BY=SQRTF (ABSP/24)
AY=SQRTF {ABSM/29)

GYMR2=BYSRRY LAY RAY

CS2=GYM2/GM2
SN2#ie»CS2
TN2aSNP LeSD

TN=SQRTF (TN2)
AREATANF (TN)

ADWARSI80. 2P
RETURN
END

c

SUBRBUTINE TI(F,U,A2B,AY,BY,XBsY0)

INPUT S1GNAL FREQUENCY/PERMEABILITY/PRAPAGATION CONSTANT

FDANCE

P!'3|1415926
WeFx2s#P]
DReBaBmAxnd

DIs2enBxp
DM2sDR#DR+DI#D1
GYDReBY&DR4AY D]

GYDIsAY#DR«BY#D!
XBsWxU»GYDR/DM2
YO xWaleGYDY /DMD

RETURN
END

SUBRBUTINE RTP(XREsXIM,XMAG, ARGD)

RECTANGULAR T8 PBLAR
Plx3,441590¢

XMAG23XRE#XRE+XIMrXIM
XMAGSGQRYF (XMAGZ2)

XTANeXIMXRE
XARGR=ATANF ( XTAN)
XARGD=XARGR#180,/P1

1E {XRE)} 104,102,102
3 AR 0T

101

104

Rk K 2o

ARGDA:ABSF(XARGD)
IF (XIM) 103,104,104
A

GB8 T8 105
ARGD=2+180+=ARGDA

GB TA 4105

102
105

224

ARGDa2XARGD
RETURN

END
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SUBRBUTINE ARR(ASID,A,B)CSR,CSILABTDAN}
c INPUT ANGLE OF INCIDENCE/PROBPAGATION CONSTANY
[4 SUTPUT ANGLE 8F REFLECTIBN/REFRACTION
DIMENSIOBN A({51),B(51),C8R(51),CS1(51)
1 FORMAT (33W1ANGLE 9F INCIDENCE IN DEGREES =2,F10,3)
2 FBRMAT (33HQANGLE OF REFRACTISN IN DEGRFES 2,F1043)
PRINT 1,A81D
NP1sN+i
NP2sN+2
P1s3.1415926
ABIR=ABID*P] /180,
SNRaSINF(ABIR)
SNIa0s
CSR{41)=CHSF(ABIRY
CS1(1)=0,
DB 101 I=i,NP1
1Pl=1+l
GM2=B(1P1)#B(IP1)+A{IPT)#A(IPT)
SLRe(B(I1)#*B(IP1)+A{1)=A(IP1))/GM2
SLIs(A(I)#B(IP1)=B(I)*A(IP1))/GM2
XSNR=SLR#SNR=SL 1 #SN]
XSN1=SLR#SN]I4+SLI#SNR
SNR=XSNR
SNI=XSNI
XPR=4 o »SNR#SNR+SNI#SN]
XP1sw2s #SNR#SN]
XONsXP1#eXP]
XQD=XPR#XPR
XLF =1 e+XAN/XAD
ABSPz+XPR+ABSF (XPR)#SORTF (XLF)
ABSM=aXPR+ABSF (XPR)#SQRTF (XLF)
CSR{IP1)aSQRTYF(ABSP/2+}
CSI(IP1)=SQRTF(ABSM/2.)
101 CONTINUE
XTAN=SNR/CSR(NP2)
ABTR=ATANF (XTAN)
ABTDeABTR*180/P1
PRINT 2,A8TD
RETURN
END

SUBRBUTINE SCH({ARG,SNH, CSH)

o] HYPERBBLIC SINE/CBSINE
LS I X I
FCTRL=1,

SS=0e

£Sap

1F {ARG) 100,102,100
100 ARGAs=ABSF(ARG)

—103 ST=(ARGAs%XIY/FCYRL .
X1eX1+1s
FCTRL=FCYR| »X1
FTL(ADGAAIX!)AFPIP
XIuXI41o0
FCTRL=FCTRL #X]
$S2SS4ST.

CS=CS+CT
STSSuST/SSaieQE=DR
CTCS=CTACSa1-+0E=D8
1F (STSS) 101,101,103
101 IF (CTCS) 102,102,103
a2  SNHA=SS
CSHA=1++CS
IF (ARG) 111,112,112
141 SNHxwSNHA
CSHz+4CSHA
G8 T8 113
442 SNHaSNHA
CSHaCSHA
113 RETURN
END
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SUBRBUTINE TLULTXsTYINT,NP2X,»Ys YD)
TABLE LB8K UP (AITKENS METHED)

DIMENSION TX(101)sTY(101),P(10)sG(10),07(109
NLBW=1

— NHIGHaNT

NPHaNP/2

112 N=(NLOW+NHIGH) /2

103

NTDaNHIGH=N| BW
IF (NTD=1) 111,111,112
=N

G0 T8 103
NLBW=N
G8 TR 103

Ha
Ha
Ivs

YaTY(N)
N, BWaN
N{ =N B aNPH 1

IF (NL=1) 121,122,122
NL =1
o8 TA 191}

122

123

NU=sNL+NP=1

IF (NT=NU) 123,124,124
N eNT=NP&Y

124

DB 131 Jsi,NP
KeNL+J=1

Pr ysTXLK)
-7 7

o
4]
o

OtJy=sTY(K)
AD(J)=0e
CONTINUE

!8NP-1
D8 141 J=i,!

Lz Jed
E e

DB 141 KsL,NP
PKMJaP(K)=P{ J)
DKM =D ) el L )}

He

XMP Jx X =P { J}
XMPK & X «P {K)
’ KDy} /DKM
AD LK) = ( QKM+ XMP J#QD (K )= XMPK#ED () ) /PKMY

CRNT INUE
R A

o
3

IF (X<TX(N)) 151,152,151
YzQ (NP}

WA
g1
R

YD=OD (NP
RETURN
END

£

1

SUBROBUTINE XDRR{ARGaXB,YO0,AYsBY MNP,
ANSRRHIRI»TR,TI,DRR)DRI,DTRIDTY)
Y

DIMENSISN ARG(101),X8(101)2YB(101)2AY(101)8Y(1n])
CALL TLU(ARG)X82MsNP,AN, X2 XD)
M

CALL TLU(ARGSAY,MyNP,AN, AsAD)
CALL TLU(ARG,BY,M,NP,AN,B,BD)
XYM u XEX 4 Yy

SNR= (XDaX+YD*Y) /(2 e¥XYM2)
SNI=(YD#X=XDaY)/(29%XYMD)
SRERR4RReRIaR 1wty

S1s2,#RR#RY
DPRsSR#SNR«SI%SNT
NP1 xSR#SNI4SI2SNR

DAR=2+# (B*RR~A%RI)
DQI=22+#(B%R] +A%RR)
DRR3DPR+DQY

DR1xDPI1.DQR
SRsRRwis
SIxRY

DPR=SR#SNRSI#SN]
DPI=SR#SNI+ST#SNR
DORaDPR4&A

DQI=DPI=B
DTR2DQR#TR=DRI*T]

RETURN
END
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SUBRBUTINE RK(ARG,X8,Y0, AYsBY, M)NPaH, AN, RRYRI, TR, T])
c RUNGE/KUTTA 4 TH BRDER CLASSICAL

OCALL XDRR(ARG,X5,YB,AY,BYsM)NP,
ANZRR,RI4 TR, T1,0RR,sDRI,DTR,DT1)

leDxH;DEQ

F1R]#H#¥DRI

F1TReH*DTR

F1T1wHxDT]

ANt AN+H/2,

RRI=RR+F{RR/24

RItxRI+FIRT LD,

TR1=TR+F1TR/2

TI41=TI+F1T] /2

1 AN{sRR1,R11,TR1,TI1,0RR,0RT,DTRsDT]}
F2RR=H#DRR

FORT«H¥DR]

F2TRsH#DTR

F2T1sHeDT]

AN?-AN¢U/21

RR2zRR+F2RR /2,

RI2aRI+F2RI/2s

TR?:TQ&F?TE#Q.

TI2aTI+F2TI /2,
OCALL XDRR(ARG,X8,YB,AY,BY,MsNP,

F3RR=H&#DRR "
F3RI=zH#DR]
E3YReH2DTR
F3T1=HsDT]
AN3 = AN&H
RR3I2RR+EIRN
RI3aRI1+F3R!
TR3=TR+F3TR
TI13=T1+E3T]
OCALL XDRR({ARG,XB,YB,AY,BY, MNP,
1

AN3,RR3,RI3,TR3, TI3,DRR,DR1,DTR, DT
FLRReWHeDRR

F4R]xH#DRI
F4TRH#DIR
F4TIaH*DT]
RR=RR+(F{RR42+#(F2RR+FIRR)+F4RR) /64

TRETR+(F1TR+2# (FRTR+F3TRI+F4TR) /6
TIeT 4 (FiTI 42w (FRTIHFIT]I)+F4TL) /60
RE TLRN

END
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