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SUMMARY

This report describes a digital-computer program, written in
FORTRAN IV for the IBM 7030 (Stretch) computer, for tracing the paths of
high-frequency electro-magnetic rays through two-dimensional models of
the ionosphere, omitting the effects of the geomagnetic field and electron
collisions from the evaluation of refractive index, The program also computes "
phase and group path data and absorption along the rays, and signal strength
calculations are available as an option. A variety of outputs are obtainable
in the form of printed tables, punched cards and ray-path plots. Each component -
of the program is briefly described, and FORTRAN listings and definitions
of variables are provided. Examples of ionospheric models are given and the
report indicates how alternative models may be written into the program.

1. INTRODUCTION

The digital-computer program described here uses a two-
dimensional formulation, based on Fermat's principle, to trace the paths,
in geocentric polar coordinates, of high-frequency electromagnetic rays
propagated from a ground-based transmitter, through models of the ionosphere
in which the electron density varies with height and range. Signal
frequencies are assumed high enough for the effects of the geomagnetic
field and electron collisions to be omitted from the calculation of
refractive index, although a model of collision frequency is included to
determine signal attenuation due to absorption., The program, written in
FORTRAN IV for the IBM 7030 (Stretch) computer, is fast and capable of
high accuracy under the assumptions given. Experience with the program
so far indicates typical computing speeds of the order of 1 ray-hop (or
100 ray-path points) per second, at a cost of about £0.025 per ray-hop.

Development of the program was undertaken to aid investigations
of various aspects of ionospheric radio-wave propagation, and it has proved
to be an extremely effective tool., Examples of typical applications are
the calculation of frequency deviations (Doppler shifts) due to ionospheric -
disturbances [1], the study of the effects of ionospheric gradients (eg,
twilight zones) on the patterns of illumination on the earth by multi-hop
propagation [2] and the determination of frequency variations of phase
and amplitude of hf signals in studies of pulse dispersion by ionospheric
propagation [3]. Although written to meet specific requirements such as
those mentioned above, the program has been of use to workers in other
organisations in the US and the UK.

From time to time, as fresh problems for study arose, the program
underwent modification and extension, including contributions from the
author's colleagues, but at each stage of development, the writer has
endeavoured to ensure that, while meeting new requirements, the program
could still perform previous tasks as far as possible, and to some extent
anticipate others. The version presented in this report is a recent revision
of the one that has seen longest use, and in order to make it available to
other workers it has been written up here in a form that is a compromise
between too brief a description on the one hand, and a meticulously detailed .




report, which would have been too time consuming, on the other. It is felt

that this compromise is adequate for interested users to run the program
without difficulty.

The report commences with a statement of the equations on which
the ray-tracing is based, and a note on their solution, followed by a
description of the way in which ifonospheric models are written into the
" program., After an outline of the overall program structure, there comes
the bulk of the report which consists of descriptions of the component
parts of the program, including FORTRAN listings of the subprograms and
definitions of all variables appearing in the subprograms, As the number
of comment statements in the listings was greatly increased during the
recent revision of the program, the subprogram descriptions are sometimes
brief, and flow diagrams, from which some subroutines would possibly
benefit, have not been included. To aid the construction of data decks, the
input requirements of the program are summarised, with examples applicable
to the ionospheric models included with the program, and finally comments
are given on the various outputs obtainable,



2. THE RAY EQUATIONS AND THEIR SOLUTION

With the assumptions that signal frequencies are high enough for
the geomagnetic field and electron collisions to be omitted from the
calculation of refractive index, and the electron density is variable in
two dimensions only, the paths of the rays can be described by the following

two equations derived from Fermat's principle of stationary phase transit
time [1]:-

d dh) _ (gg 2 o .
( ds ur ds ] + oh ) . 00.0.(1)
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s, the independent variable, is the distance along the ray,

r,8 are the geocentric polar coordinates of a point on the ray=-path,
h=r-r (r is the earth radius, 6370 km),

u is the %eerctive index given by

0.8061 x 10”7 Ne

u2= 1_ f2 » ‘0000(3)

where f is the signal frequency (MHz), and Ne is the electron density (m~3),
a function of height h and range angle 6 only.

By defining two other variables
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the ray-paths are then described by the following four differential
equations:~-
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Three further quantities may be obtained from the equations:-

dp
'a; u 00.00(10)
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and s ;?;7—:f;5y ceees(12)

where P is the phase path,
G is the group path,
A is the absorption (db) due to electron collisions,
w is the angular frequency, 2rnf (radians/second),

and v is the electron collision frequency (number/second).

Equations (6) to (12) are contained in a subroutine DEQS (qv)
and are solved numerically by a fourth-order Runge~Kutta method (see
subroutine RUKU) using pre-set values of step-length in the independent

variable, s. Initial values of the variables are found by trigonometry
(see subroutine LINE2B),

The values of step-length chosen depend on the circumstances of a
particular case and will vary for different ionospheric models. In general,
shorter step—~lengths give greater accuracy but necessitate longer running
times for the job. The concept of accuracy is decided by the task in hand
and is not discussed here, but some comments are given, together with results
of accuracy tests for some simple ionospheric models, in reference [1].
Step—-lengths for a new situation are often best determined by a series

of test runs in which the steps are progressively reduced until the results
converge to a suitable degree.

For applications in which the ionospheric models given in this
report have been used, satisfactory results have been obtained with steps
ranging from 10 km in D and F-layer models, where the electron density
changes relatively slowly, down to 0.1 km in a sporadic E-layer model
which has a high gradient.



3. INSERTION OF IONOSPHERIC MODELS INTO THE PROGRAM

The input data for a particular ionospheric model are entered
in two arrays IC and C (see blank COMMON list and summary of data input).
The model derived from the input data is contained in a series of
subprograms written to suit the particular case, and must include the
following:-

(a) A subroutine SETC, which may be used to derive from
the input data any constants of the model, eg, coefficients
of equations defining model layers.

(b) A subroutine TVP, which may be used to reset any
parameter of the model in a sequential manner, eg, the
height of a layer, the position of a twilight zone,

(c) A function HFTH, which must define the height of a
boundary in the model, eg, base, top, division between layers,
given the boundary number and the relevant range angle,
Usually, ionospheric boundaries are made concentric with

the earth, and the function defines a series of heights,
independent of range.

(d) A subroutine NRX, in which the total electron density,
the refractive index, its reciprocal and derivatives, at a
given height and range angle, must be defined.

Any other subroutines or functions required by the model are
accessed from one or more of the above subprograms.

Examples of two types of model are given in section 6.4, and
typical data inputs for them in section 7.



4, STRUCTURE OF THE RAY~TRACING PROGRAM

The following table lists the various subroutines and functions
forming the program and shows how th.y are linked, each subprogram being
called by the one immediately to the left and above. The subprograms fall

more or less naturally into five groups, indicated by the number after
each name, and these are discussed below,

"IOD" (iii)
MAIN (i)

INDATA (1)
SETC(4iv)
TVP (iv)
RAY2B(1)

LINE2B(1)
RUKU (1)

DEQS (1)
NRX (iv)

Subprograms for
ionospheric model (iv)

COLF (v)
HFTH (iv)

PRNTPT (11)
PLTRAY (iii)

SORTDA (111)
PLTITL(ii1)
PLTDAT (111)

CALFRM(111)
PLTFRM (1i1)

RYPRNT (i1)
RYPNCH (11)
EXPHGP (11)
TOTSIG (11)
DATAX (11)

Group (i) MAIN, INDATA, RAY2B, LINE2B, RUKU and DEQS.

These form the backbone of the program and are mainly concerned
with program control, data input and the tracing of the ray-paths.

Group (iiz PRNTPT, RYPRNT, RYPNCH, EXPHGP, TOTSIG and DATAX.
These subroutines enable a variety of printed and/or punched

output to be obtained, with some subsidiary computation in EXPHGP and
TOTSIG.




Group (iii) "I0D", PLTRAY, SORTDA, PLIITL, PLTDAT, CALFRM and PLTFRM.

These deal with the plotting of ray-paths on the SC4060 unit.
"I10D", which is a subtype FIOD deck, is included here as its sole purpose

is the specification of the disk requirements for storing ray~data prior
to plotting.

Group (iv) SETC, TVP, NRX, HFTH and subroutines containing the ionospheric
model.,

These subprograms control and define the particular ionespheric
model used. Some or all of these may need rewriting when a different form of
model is required. Two examples of models are given in this report, the
first being contained in subroutines NHBP, FOFHTH and EMH, and the second
having in addition a subroutine NHES. The subprograms common to both models
(in their use to date) are TVP, HFTH, FOFHTH and EMH. Differing versions of
the remaining subprograms are required by the two models (with the exception of
NHES)., The relevant part of the program structure is as follows:-

NRX

NHBP
FOFHTH

NHES (Second model only)

Group (v) COLF,

This function, containing the collision frequency model, does
not fit directly into any of the other groups. In its present form, as
a fixed model, it could be appended to group (i), as is done in this
report, However, if a different model was used, requiring read-in data,

eg, through the blank COMMON array C (qv), it would be more appropriate
with group (iv).

10




5, COMMON LISTS

A total of eight COMMON lists (seven labelled) are used in the

present program for communicating data between the various subroutines.
The lists are:-

5.1 COMMON (ie, blank COMMON)
5.2 COMMON/ IMO/

5.3 COMMON/ HOP /

5.4 COMMON/RAYLIN/

5.5 COMMON /PT/

5.6 COMMON/GP /

5.7 COMMON /PLOT /

5.8 COMMON/ FRAME/

In the descriptions of the COMMON lists, the following information
is given:~-

(a) The subprograms using the particular list in whole or

(b) All items in the list in their correct order, with

dimensions if necessary, and the subprograms where the
items are defined.

(c) A note on each item in the list in alphabetical order.
In the notes for each subprogram, mention is made of the items
used (or not used) in relevant COMMON lists, together with any local

changes of names or usage, but, in general, the information given in the
list descriptions is not repeated in the subroutine notes,

11



5.1

Blank COMMON list

Where Used

MAIN, INDATA, SETC, TVP, RAY2B, LINE2B, DEQS, NRX, HFTH, EXPHGP

and in subroutines containing the ionospheric model (eg, in the examples
given, NHBP, FOFHTH EMH and NHES).

List Order Where Defined
c(1000) INDATA, SETC, TVP
Ic(15) INDATA, RAY2B
CFr(10) MAIN

HM INDATA

THM INDATA

ST(16) INDATA

List Description

c

CF

An array containing the data defining the particular ionospheric
model used. The first NC values are input data while others are
set as required in the program, eg, in SETC (qv) for values that
remain constant during a run, and in TVP (qv) for values that
are variable during a run. The majority of the array is at

the user's disposal, but the first three elements have fixed
definitions, viz,

C(1) and C(2) are the polar coordinates (r ,6 ) of the centre
of the circles defining the boundaries of ghe ionospheric model.
Normally, these boundaries are assumed to be concentric with the
earth, and C(1) and C(2) are both input as zero. In cases where
an "eccentric" model is used, C(l) is mon-zero and C(2) is the
angle, in radians, measured from the radius through the trans-
mitter to the radius through the noint where the ionosphere

hase is closest to the earth centre, the angle being positive

in the direction of ray propagation (see subroutine LINE2B),

C(3) 1is input as the radius of the ionosphere base, ie, the
lowest boundary, but after confirmatory printout, it is replaced
by its square, this being the only form in which it is used

(see subroutine LINE2B),

An array of data that are constant for a given signal frequency
f (in MHZ).

CF(2) contains 0,8061 x 10'1°/f2, used in the calculation of
refractive index.

CF(3) contains 0.40305 x 10710/f2 used in the calculation of
the derivatives of refractive index.

CF(8) contains 412 x 10}2f2, the square of the angular frequency,
(radians/second)?, used in the calculation of absorption.

12



IC

ST

CF(9) contains the factor required to obtain phase data in
specified units, ie, possible values are (i) unity for phase
path in km, (i1) 1/c, where c is the velocity of light in km/ms,

_ for phase time in ms, or (iii) £/c, c¢ in km/us, for phase in

cycles.

CF(10) contains the factor required to obtain group data in
specified units, ie, possible values are (i) unity for group
path in km, or (i) 1/c, ¢ in km/ms, for group time in ms.
Note that CF(10) is independent of frequency, but is stored
here because of its similarity to CF(9) which may be a function
of frequency.

CF(1) and CF(4) to CF(7) are not used in the present version of
the program,

Maximum height, in km, that rays are allowed to reach.

An array of integers for identifying and controlling the particular

ionospheric model used. The first NIC values (maximum 14) are
input data and the majority are at the user's disposal. The first
two, however, have fixed definitions, viz,

IC(1) contains an identification number (up to three digits)
for the ionospheric model in use,

I1C(2) contains the number of boundaries (minimum two) in the
ionospheric model, examples of boundaries being the bottom and
top of the model, places where the defining equations of the
model change and places Where a set change in integration
step~length is required (see ST below).

1C(15) is reserved, being generated within the program (in
subroutine RAY2B), and contains the numerical label (from 1 to
IC(2)-1) of the layer, ie, region between two boundaries, in
which the current point on the ray-path lies.

An array containing the set values of integration step-lengths,
in km, one for each layer, ie, region between two boundaries,
in the ionospheric model. The number of values is equal to
1C(2)=1 with a maximum of 16, thus limiting IC(2) to a maximum
of 17 (see above).

Maximum range angle, in radians, which ray-paths are allowed
to reach, derived from the input value of maximum range.

13



5.2 COMMON/IMO/11ist
Where Used

_MAIN, INDATA, TVP, PRNTPT, PLTRAY, PLTITL, RYPRNT, RYPNCH,
EXPHGP, TOTSIG and DATAX.

List Order Where defined
JOBNO INDATA

IID INDATA

LT MAIN

F MAIN

NA INDATA, MAIN
NH INDATA

DA INDATA, MAIN
ALPH1 INDATA, MAIN
KP INDATA

KG INDATA

KX INDATA

JP , INDATA

JX INDATA

HEF INDATA

NTF INDATA

NTIL, INDATA

NDT INDATA

NF . : INDATA

KA INDATA

MPT ‘ INDATA

MPLT : INDATA
MPRNT INDATA

MPUN INDATA

MXPG INDATA

MSIG INDATA
MXDAT INDATA

FREQ (24) INDATA

List Description

ALPH1 Takeoff angle, in degrees, of the first ray in a set.
DA Increment in ray takeoff angles, in degrees,

F Current value of signal frequency, in MHz,

FREQ Array containing the input signal frequencies, in MHz;
HEF lHeight, in km, at which a mode split takes place.

The present program can only accomodate one such split,
eg, normally between E and F layers,

IID Identification number for the ionospheric model in use,
obtained from IC(l) (see blank COMMON list).

14



JOBNO

Jp

JX

An integer of up to four digits identifying a particular run.

Control for the ordering of the punching of RAYSET cards in
subroutine RYPNCH. Possible values are:

1 - output is cycled on hops, ie, hop 1, ray 1; hop 1, ray 2
ssee} hop 1, ray N; hop 2, ray 1; ....; hop 2, ray N; etc.

we

.2 = output is cycled on rays, ie, ray 1, hop 1l; ray 1, hop 2;

vees} ray 1, hop M; ray 2, hop 1; ....; ray 2, hop M; etc.

Control for the ordering of the data output (print and punch)
in subroutine DATAX. Possible values are as for JP above,

Control for the reading of ray takeoff angle data (NA, ALPH1, DA).

Possible values are:

1 - angle data {s constant for all time-steps and frequencies,
and only one set is read (in subroutine INDATA).

2 - angle data may vary with time-step but is constant for
all frequencies within each time~step, so a set is read (in
MAIN program) on each pass through the time-step loop.

3 - angle data may be different for each time-step/frequency
combination, so a set is read (in MAIN program) on each pass
through the frequency loop.

Control for determining the units of the computed group data,
Possible values are:

1l - group path in km,
2 - group time in ms.

Control for determining the units of the computed phase data.
Possible values are:

1 - phase path in km,
2 - phase time in ms.
3 - phase in cycles.,

Control for determining the units of excess phase and group
data. Possible values are from 1 to 6, viz,

1,2 -~ excess phase path in km,
3,4 -~ excess phase time in us,
5,6 = excess phase in cycles.
1,3,5 = excess group path in km.

2,4,6 - excess group time in us,

15



LT

MPLT

MPRNT

MPT

MPUN

MSIG

MXDAT

MXPG

NA

NF

NH

NTF

NTL

Current time-step number,

Control for the plotting of the computed ray-paths (subroutine
PLTRAY), Possible values are:

1 - enabled, or 2 - inhibited.

Control for the printout of a data summary for each ray-hop
(subroutine RYPRNT). Possible values are:

1 - enabled, or 2 - inhibited.

Control for the printout of data for each point in a ray-hop
(subroutine PRNTPT). Possible values are:

1 - enabled, or 2 - inhibited.

Control for the punching of RAYSET cards (subroutine RYPNCH). -
Possible values are:

l ~ enabled, or 2 - inhibited. . -

Control for the calculation and printout of total signal strength
data (subroutine TOTSIG). Possible values are:

1 - enabled, or 2 - inhibited.
Control for the printing and punching of excess phase and group
data and total signal strength (subroutine DATAX). Possible

values are:

1 - enabled (if subroutines EXPHGP and TOTSIG have both been
enabled), or 2 - inhibited.

Control for the calculation and printout of excess phase and group -
data (subroutine EXPHGP)., Possible values are:

1 - enabled, or 2 - inhibited.

Number of takeoff angles (ie, rays) in a set, maximum 100,
Increment in time-step number,

Number of input signal frequencies, maximum 24,

Maximum number of hops (up to 5) in any ray.

First required time-step number,

Last required time-step number.

16



5.3 COMMON/HOP/1ist
Where Used
MAIN, RAY2B, LINE2B, PRNTPT and PLTRAY.
List Order Where Defined
ALPHR MAIN, RAY2B, LINE2B
NDR RAY2B, LINE2B
LA MAIN
LH MAIN
1 RAY2B
H(1000) RAY2B
THETA (1000) RAY 2B
RHO (1000) RAY 2B
S RAY 2B
PH{1000) RAY 2B
GP(1000) RAY2B
AB(1000) RAY 2B
ALPHA MAIN
ALPHD MAIN
IPK RAY 2B
HIPK RAY 2B
RHOIPK RAY2B
HND RAY 2B
RHOND RAY2B
PHND RAY 2B
GPND RAY 2B
ABND RAY 2B

List Description

AB

ABND

ALPHA

ALPHD

ALPHR

GP

GPND

Array containing values of absorption, in db, to each point
in a ray-hop.

The absorption, in db, to the end of a ray-hop.
The initial takeoff angle of a ray, in degrees.
The elevation angle of a ray at the end of a hop, in degrees.

The elevation angle of a ray at the beginning or end of a hop,
in radians.

Array containing values of group path, in km, or group time,
in ms, to each point in a ray-hop.

The value of group path, in km, or group time, in ms to the end
of ray-hop,

Array containing the heights, in km, of each point in a ray-hop.

17



HIPK

HND

IPK

LA

LH

NDR

PH

PHND

RHOIPK

RHOND

THETA

The height, in km, of the highest point reached iﬁ a. fay-hop,
normally the apogee but it may be the end height if the ray
escapes or if the last hop is incomplete,

The height, in km, at the end of a ray-hop, normally zero unless
the hop ends in a perigee or is incomplete, or the ray escapes.

Total number of points cqmputed in a ray-hop.

Subscript of.the highest point reached in a ray-hop, normally of
the apogee but may be equal to I if the last hop is incomplete or
the ray escapes.

Current takeoff angle (ie, ray) number,

Current hop number. |

Control indicating how a ray-hop ended. Possible values are:-

1 - ray returned to earth surface,

2 - ray reached a perigee below the ionosphere,

3 -~ ray reached a perigee‘in the ionosphere,

4 - ray terminated at maximum height,

5 - ray terminated at maximum range,

6 - ray terminated due to maximum number of points (1000)

_being approached in current hop.

Array containing values of phase path, in km, phase time, in
ms, or phase, in cycles, to each point in a ray-hop.

The value of phase path, in km, phase time, in ms, or phase,
in cycles, to the end of a ray-hop.

Array containing values of great circle range, in km, to each point in
a ray-hop.

The great circle range, in km, of the highest point reached in
a ray-hop, normally of the apogee but it may be of the end point
if the ray escapes or if the hop is incomplete.

The great circle range, in km, to the end of a ray-hop.

Ray-path length, in km, to the end of a ray-hop.

Army containing values of range angle, in radians, to each point
in a ray-hop.

18




5.4

COMMON/RAYLIN/1list

Where Used

RAY2B and LINE2B,

List Order Where defined
N RAY 2B

H1l RAY 2B

THETAL RAY 2B

HJ RAY2B, LINE2B
DTH RAY2B, LINE2B
DS LINE2B

U RAY2B, LINE2B
\YJ

RAY2B, LINE2B

List Description

DS

DTH

HJ

H1l

THETAl

U

Length, in km, of linear section of ray-path.

Increment in range angle, in radians, over linear section of
ray-path.

Height, in km, at end of linear section of ray-path,
Height, in km, at start of linear section of ray-path.

Control to select required linear section of ray~path. Possible
values are:-

1 - ascent to base of ionospheric model,

2 - descent from base of ionospheric model to earth surface
or perigee,

3 - ascent from top of ionospheric model to maximum height,

4 - ascent, below ionosphere, to maximum range,

5 - descent from ionosphere base to maximum range,

6 - ascent from top of ionosphere to maximum range.

Range angle, in radians, to start of linear section of ray-path.

Value of udh/ds at start or end of linear section of ray-path
(4 = refractive index, h = height, s = distance along ray).

Value of urzde/ds at start or end of linear section of ray-path
(r = radius, 6 = range angle).

19



5.5 COMMON /PT/list

Where Used

DEQS, NRX and in the subroutines containing the ionospheric model
(eg, in the examples given, NHBP, FOFHTH, EMH and NHES).

List Order Where Defined
H DEQS
THETA DEQS
EN NRX
EMU NRX
RMU NRX
DMUDH NRX
DMUDTH NRX

*

ENH NHBP
DNDH NHBP
FHTH FOFHTH
DFDH FOFHTH
DFDTH FOFHTH
EM EMH
DMDH EMH
ENS NHES
DNSDH NHES

* Note: The second part of the list has been written to accomodate ionospheric
models of the forms given in the examples. Other forms of model, requiring
different versions of subroutine NRX and the subroutines containing the

model, may well necessitate alterations or extensions to this part of the
list, Accordingly, the list description below is divided into two parts,

the first being fixed (for the present version of subroutine DEQS, anyway),
and the second being that applicable to the current ionospheric model
subroutines,

List Description, Part 1

DMUDH Derivative of refractive index with respect to height,

DMUDTH Derivative of refractive index with respect to range angle.

EMU Refractive index at the current values of height and range
angle,
EN Electron density, electrons/ma, at the current values of height

and range angle.

H Current value of height, in km.
RMU Reciprocal of refractive index.
THETA Current value of range angle, in radians.
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List Description, Part 2

DFDH
DFDTH
DMDH

DNDH

DNSDH
EM
ENH
ENS

FHTH

Derivative of the twilight transition function, F(h,8), with
respect to helght.

Derivative of the twilight transition function, F(h,8), with
respect to range angle,

Derivative of the function, m(h), defining the ratio of night
to day electron densities,

Derivative of the basic (day-time) electron density profile, N(h).

Derivative of the sporadic E~layer electron density functiom,
N_.(h).
ES

Ratio of night to day electron densities, m(h), at the current
value of height.

Electron density, electrons/m3, in the basic (day-time) iomospheric
profile, N(h), at the current value of height,

Electron density, electrons/m3, in the sporadic E-layer model,
NES(h), at the current value of height.

Value of the twilight transition function, F(h,8), at the
current values of height and range angle.
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5.6 COMMON /0P /1ist

Nhere Used

MAIN, RYPRNT, RYPNCH, EXPHGP, TOTSIG and DATAX.

List Order Where Defined
KEY (5,100) MAIN
NDRL(5, 100) MAIN
RHOL (5, 100) MAIN
ALPHAS (100) MAIN
PHL (5,100) MAIN
GPL(5,100) : MAIN
ABL(5,100) MAIN
HPK(5,100) MAIN
SL(5,100) MAIN
HL(5,100) MAIN
ALPHDL (5,100) MAIN
IL(5,100) MAIN
RHOK (5,100) MAIN
ALPHRS (100) MAIN
ALPHRL(5,100) MAIN
XPH(5,100) EXPHGP
XGP(5,100) EXPHGP
SIGL(5,100) TOTSIG

List Description

ABL Array containing values of absorption, in db, to the end of
each ray-hop.

ALPHAS Array containing the initial takeoff angles, in degrees, of each
ray in a set.

ALPHDL Array containing the elevation angles, in degrees, at the end
of each ray-hop.

ALPHRL Array containing the elevation angles, in radians, at the end
of each ray-hop.

ALPHRS Array containing the initial takeoff angles, in radians, of each
ray in a set.

GPL Array containing values of group path, in km, or group time, in
ms, to the end of each ray-hop.

HL Array containing the values of height, in km, at the end of
each ray-hop.

HPK Array containing the values of the greatest height, in km,
achieved in each ray-hop.

IL Array containing the numbers of points computed in each ray-hop.
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KEY

NDRL

PHL

RHOK

RHOL

SIGL

SL

XGP

XPH

Array of controls indicating that a given ray-hop was (value 1)

or was not (value 0)

computed,

Array of controls indicating how each ray-hop ended. Possible
values and their meanings are given under NDR in the COMMON /HOP/

list.

Array containing values of phase path, in km, phase time, in
ms, or phase, in cycles, to the end of each ray-hop.

Array containing the
to the highest point

Array containing the
end of each ray-hop.

Array containing the
end of each ray~hop.

Array containing the
end of each ray-hop.

Array containing the

values of great circle range, in km, corresponding
in each ray-hop.

values of great circle range, in km, to the

values of signal strength, in db, at the

values of ray path length, in km, to the

values of excess group path, in km, or

excess group time, in ps, at the end of each ray-hop.

Array containing the values of excess phase path, in km, excess phase
time, in ps, or excess phase, in cycles, at the end of each ray-hop.
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5.7 COMMON/PLOT/1ist

Where Used

INDATA, PLTRAY, SBRTDA, PLTITL, PLTDAT, CALFRM and PLTFRM.

List Order Where Defined
NTYP INDATA
NTLTLE INDATA
TITLE(400) INDATA
MAXH INDATA
INCDH INDATA
IPTS PLTRAY
HTS (5000) PLTRAY, PLTDAT
THS (5000) PLTRAY, PLTDAT
NUMSEC (15) PLTRAY, SORTDA
NPTSEC(15,100) PLTRAY, SORTDA
NFR PLTRAY, SORTDA

List Description

HTS Array containing the values of height, in km, of’each point in

a ray-path which may extend over several hops,
INCDH Increment in height scale annotations, in km (integer).
IPTS Number of points in a ray-path which may extend over several

hops.
MAXH Maximum height, in km (integer and a multiple of INCDH above),

of a plotting frame.

|

NFR Number of frames required for plotting a set of ray-paths. |
NPTSEC Array containing the numbers of points in each section of a

|
ray-path in each frame, }
|

NTITLE Number of A8 words in the array TITLE (below). Maximum 400, ‘
ie, up to 40 cards.

NTYP Control indicating the plotting medium required. Possible
values are:

1 - hard copy, 2 - microfilm, 3 - both.

NUMSEC Array containing the numbers of ray-path sections to be plotted
in each frame,

THS Array containing the values of range angle, in radiams, to each
point in a ray-path which may extend over several hops.

TITLE Array of AB words containing a title or description to be
printed on the page preceding each set of ray plots.
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5.8 COMMON/FRAME/1ist

Where Used

PLTDAT, CALFRM and PLTFRM,

List Order ' Where Defined
LRS PLTDAT
LRF PLTDAT
RHX CALFRM
NHS CALFRM
LHS (9) CALFRM
YHIL (9) CALFRM
XLR(9), YLR(9) CALFRM
XCL(9), YCL(9) CALFRM
XHC(9), YHC(9) CALFRM
XCR(9), YCR(9) CALFRM
XRL(9), YRL(9) CALFRM
XH§(9), YHR(g) CALFRM
XRO(101), YRO(101l) CALFRM
XRM(101), XRM(lOl) CALFRM
XgA(lO), YgA(lO) CALFRM
XO0B(10), YOB(10) CALFRM
XMA(10), YMA(10) CALFRM
XMB(10), YMB(10) CALFRM
XRX, YRX CALFRM

Note: With the exception of YHL, "Y" coordinates are paired below with the
corresponding "X" coordinates.

List Description

LHS Array containing the height values, in km, for annotating the
height scale,

LRF Range value, in km, for annotating the right hand end of the
range scale,

LRS Range value, in km, for annotating the start of the range scale.

NHS Number of height scale marks (excluding zero and maximum height

marks), maximum 9,
RHX Height scale factor, plotter units/km,

XCL, YCL Arrays containing the plotter coordinates of the left ends of
the frame-centre height-scale marks.

XCR, YCR Arrays containing the plotter coordinates of the right ends of
the frame-centre height-scale marks,

XHC, YHC Arrays containing the plotter coordinates of the centres of
the frame-centre height-scale marks,
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XHR,

XLR,

X0A,
XOB,
XRL,
XRM,
XRO,
XRX,

YHL

YHR

YLR

YMA

YMB

YOA

YOB

YRL

YRM

YRO

Arrays containing the plotter coordinates
the frame-right height-scale marks.

Arrays containing the plotter coordinates
the frame-~left height-scale marks,

Arrays containing the plotter coordinates
the upper range-scale marks.

Arrays containing the plotter coordinates
the upper range-scale marks.

Arrays containing the plotter coordinates
the surface range~scale marks.

Arrays containing the plotter coordinates
the surface range~-scale marks,

Arrays containing the plotter coordinates
the frame-right height~scale marks.

Arrays containing the plotter coordinates

of

of

of

of

of

of

of

of

the range~scale at the frame upper edge (ie,

Arrays containing the plotter coordinates
the surface range scale.

of

the right ends of

the right ends of

the scale ends of

the upper ends of

the scale ends of

the lower ends of

the left ends of

the points forming

at maximum height).

the points forming

Plotter coordinates of the start of the annotation of the right

hand mark on the surface range-scale.

Array containing the "y plotter coordinates of the annotations

and scale marks on the height-scale,
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6.

groupings
6.1
6.2
6.3

6.4

SUBPROGRAM DESCRIPTIONS AND LISTINGS

The subprograms are divided into sets corresponding with the
mentioned in section 4, viz,

Group (i) and group (v) subprograms.

Group (ii) subroutines.

Group (iii) subprograms.

Group (iv) subprograms.

For each subprogram, the following are provided:-

(a) A description.

(b) A dictionary of definitions of arguments (if any) and
local variables, and also a reference to any COMMON variables
used (for definitions, see section 5), with notes on any local

changes of name or usage.

(c) A FORTRAN listing.
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6.1

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5
6.1.6

6.1.7

Group (1) and group (v) subprograms

MAIN program,
Subroutine INDATA.
Subroutine RAY2B,.
Subroutine LINE2B,
Subroutine RUKU
Subroutine DEQS.

Function COLF.
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6.1.1 MAIN program

After calling subroutine INDATA (qv) to read the data input for
a run, and subroutine SETC (qv) to set up the ionospheric model to be used,
the principle operations that take place in the MAIN program are the organisation
of the ray computations and the selection of a variety of outputs.

- The ray computations take place in the inner of four nested
DO~loops, each of which supplies data necessary to the computations.

The outer or "time-step" loop allows, if required, the variation
of a parameter or parameters of the particular ionospheric model used, by
a call to the subroutine TVP (qv) on each pass through the loop. Examples
of such parameters are the height of a layer, the position of a twilight
transition, the time during the decay of an ionisation impulse, etc.

The second or frequency loop, selects in turn each of the signal
frequencies input to the program (present maximum is 24 frequencies), and
a number of frequency dependent coefficients are defined.

The third or angle loop, sets the initial takeoff angle of a
ray-path, At present, up to 100 takeoff angles, ie, rays, are permitted
in any set,

On each pass through the inner or hop loop, one hop of a ray-path
is computed by calling subroutine RAY2B (qv). Up to a maximum (at present)
of 5 hops may be requested, although the ray may be terminated earlier if
the maximum height or range is reached, or if a hop requires more than
the maximum permitted number of points (1000).

At the end of each hop, significant data about it, eg, apogee
and end point data, are stored for later use. A table of the computed data for
each point in the hop may be obtained, if required, by a call to subroutine
PRNTPT (qv). Also, the hop data (height and range angle for each point) may
be stored for plotting, by a call to subroutine PLTRAY (qv).

After the completion of the last ray path in a set (ie, time-
step/frequency combination), further outputs may be obtained by calls to
some or all of the subroutines RYPRNT, RYPNCH, EXPHGP, TOTSIG and DATAX,
the type of output in each case being given in the notes about the
particular subroutine,
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STORAGE LIST

Local Variables

DTR Factor to convert degrees to radians, ie, n/180. Set in DATA
statenment,

FCSQON Constant appearing in the refractive index equation, ie
0.8061 x 1010 (when electron density is in electrons/m5 and signal
frequency in MHz). Set in DATA statement.,

FSQ Square of signal frequency (in MHz).
LF Da-loop index for signal frequenciles.
PI2i18Q Factor to convert frequency (in MHz) squared to angular frequency

(radians/s) squared, ie, 472 x 1012, Set in DATA statement,

RTD Factor to convert radians to degrees, ie, 180/m. Set in DATA
statement.
UPG Array of constants for the conversion factors used to obtain

phase and group data in required units from the values in km,
Set in DATA statement, The constants are:-

UPG(1) Unity, ie, phase and/or group paths are in km, as
originally computed.

UPG (2) 1/c, where c is the velocity of light in km/ms,
ie, phase and/or group times are obtained, in ms,

UPG (3) 1/6, where ¢ is the velocity of light in km/pus; when
multiplied by the signal frequency (in MHz), this
enables phase to be obtained in cycles.

Blank COMMON

The only item in the list (qv) referenced here is the array CF,
elements 2, 3, 8, 9 and 10 of which are defined in this program. '

COMMON /IMO/

o The full list (qv) is used with the exception of HEF, IID,
JOBNO, JP, JX and KX,

COMMON /HOP /

The full list (qv) is used with the exception of AB, GP, H,
IPK, PH, RHO and THETA.

COMMON /OP /

All items in the list (qv) up to and including ALPHRL are
defined in this program,
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0001
0002
0003
n0o4
0005
0006
000w
0008
0009
0010
0011
0012
0013
0014
00315
6016
0017
n018
0019
0020
0621
0022
0023
0024
1025
0026
H1ard
0028
0029
00350
0031
0032
0033
0034
0035
6036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0859
0081
0052
0053
0054
0055

[»NeoNeNeNellelel

1
2

1
2

1
2
3

RAY PATHS IN A TWI-DIMENSIONAL I0INOSPHERE
DORIGINAL VERSINN NNVEMRFR 67 A+R.Ce.

MODIFIED FOR PLOTTING FEBRUARY 68 R.M.J.
MODIFIED TO EXTEND DUTPUTSE ICTOBER 68 Ke.B.B.
REVISION 27/10/69 A+R.C.

COMMON CC100M),IC(15),CF(10)

COMMON ZIM0/ JOBNOSTIDs LTy FaNAsNH» DAY ALPHI9KPaKG+XKX s JPyJXsHEFINTF,
NTLyNDTsNFsKAyMPTsMPLTs»MPRNT sy MPUNsMXPGsMSIGsMYDAT,
FREC(24)

COMMDN /HOP/ ALPAORSNDR2LASLHeI»H(1000) s THETA(I000)sRHNU1000) +Sy
PH{1000) sGPLI0N0) s ABCIANN) s ALPHASALPHD»TPKsHIPK,
RROIPXsHNDyRHONDs PHNDy GPND+ ARND

COMMON /0P/ KEY(E,100) sNDRLIS»100) s RHNL( S5y I0N) s ALFHASI100)

PHL{5+s100) sGPLI5s100) s ABL(S+100) sHEX(5H,100),SLI5,100)»
HL(S» 100} 9 ALPHDLES100) s TLIS59100) »RINK(55100)
ALFHRS(100)» ALFHRL(55100)

FACTMRS TO fIRTAIN PHASE AND GROUP DATA IN REQUIRFD UNITS
DIMENSINN UPG(3)

DATA UPGI1) (14}, UPGI2Y(3335640484R686F~2) »TPGI3) (3. 23EFAN4R4EE86)
CONVERSINYH FACTORSs DFGREES=TN-RADIANS AND RADIANS~TN-DFGRFFS
DATA DTR(1.7453292619343F~2) sRTD(57.298770H13682)

CNNSTANT IN REFRACTIVE INDEX ECUATION (FCSCON). FACTOR TO CONVERT
F(MHZ)Y SQUARED 10 DMEGA(READIANS/SEC) SCUARED (PI2MSQC)

DATA FCSOONH{.A063E-10)sPI2MSCI30.478417604357F+12)

LIBRARY ROUTINE TO DUMP CORE CONTENTS IN EVENT f3IF ABENJ

CALL EDUMP

PREPARE SC4060 PLOTTING ROUTINES (LIERRARY)

CALL SCLIER

READ INPUT DATA FMNR THIS RUN

CALL INDATA

SET REMAINING CONSTANTS € FOR IONOSPHFRIC MMNDEL

CALL SETC i

SET CF VALUES T03 COMPUTF PHASE AND GROUP DATA IN (1)KM MR (2)MSEC
CF(9)=UPC(KP) :

CF(10)=UPG(KG)

EXECUTE THE FOLLOWING LONP FOR EACH REQUIRFD TIME~STEP

DY 20 LT=KTFsNTLsNDT

SET TIME DFPENDENT PARAMETFRS FNR THIS TIMF-STEP

CALL TVP

READ ANGLE DATA IF CONSTANT FNR ALL FRECS AT THIS TIMF (KA=2)
IF(KA+EOQO«Z)READ 4001,NAsALPH1,DA

EXECUTE THE FOLLOWIRG LOOP FOR EACH INPUT SIGNAL FREQUENCY

DO 19 LF=1,NF

F=FREC(LF)

REVISE CF(9) IF PHASE IS RFCUIRED IN CYCLFS (KP=3)
IF(KP.EQ«3)CFIO=CF(Q)*F

SET SOUARE NF ANGULAR ¥REQUENCY IN CF(8) FNR COMPUTING ARSTRPTINN
FSO=F*F

- CF(8)=FSC*PI2MSC

CF(2)»CF(3) ARF USED IN COMPUTING REFRACTIVE INDEX AND DERIVATIVFS
CK(2)=FCSCNON/FSC
CF(3)=CF(2)1%.5
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0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
06067
0068
0069
0070
0071
0072
0073
0074
0075
0076
11 hrarg
0078
0079
6080
6081
0082
0083
0084
0085
0086
008w
0088
0089
8020
0091
0092
0093
0094
00956
0096
0697
0098
0099
0100
0101
6102
0103
0104
0105
0106
01gv

(o]

o] [S 0

oo}

READ ANGLE DATA IF DIFFERENT FOR EACH FREQ AT EACH TIME (KA=3)
IF(KA+EQ-3)READ 4001sNA» ALPH1,DA

INITIALISE RAY-HDP INDICATORS (KEY)

DO 2 LA=19NA

DN 1 LH=1,NH

KEY(LH»LA) =0

CONTINUE , -
CONTINUE

INITIALISE TAKEDFF ANGLE AND EXECUTE THE FOLLOWING LONP FNR FACH
OF THE RECUIRED TAKEOFF ANGLES (RAYS) -
ALPHA=ALPH1-DA

DO 8 LA=1,BA

SET TAKEDFF ANGLEs, CONVERT TN RADIANS AND STNRF BOTH FNRMS FNR
LATER USE

ALPHA=ALPHA+DA

ALPHR=ALPHA*DTR

ALPHRS({LA)=ALPHR

ALPHAS(LA)Y=ALPHA

COMPUTF EACH RAY PATH FOR UP TN NH HOPS

DD 7 LH=1,NH

CALL RAY2B

RESET APPROPRIATE KEY TO INDICATE THAT RAY-HDP HAS BFEN CMMPUTFD
KEY(LH,LA) =1

CONVERT END OF RAY ANGLE 70 DEGREFS

ALPHD=RTD*ALPHR

STORE SIGNIFICANT HMP DATA FOR LATER USE AND NUTPUT .
ALPHDL(LHsLA)=ALFHD

ALPHRL(LHsLA)=ALPHR

HPK(LH,LA)=HIPK

RHOK( LH» LAY =RHOI PK

HL(LH,LA)=HND

RHOL(LH»LA)=RHOND

SL(LH,LA) =S

PHL{LH»LA)=FHND

GPL{LHyLA)=GPND :
ABL(LHsLAY=ABND

NDRL(LH,LA)=NDR

IL(LH»LA)=I ~ -
PRINT THE DATA ¥OR EVERY POINT IN THE HOP IF RFEQUIRED

GO TO (394) sMPT :

CALL PRNTPT

CALL PLDTTING ROUTINE IF PLOTTED NUTPUT REQUIRED

GO TO (596) yMPLT

CALL PLTRAY

IF RAY REACHED MAX HEIGHT (NDR=4), MAX RANGF (NDR=5) 0B IF POINT
COUNT REACHED MAX (NDR=6), START ANOTHER RAY. OTHFRWISE CPMPUTE
ANOTHER HOP IF REQUIRED

IF(NDR=4)7:8,8

END DF HOP LONP

CONTINUE

END NF ANGLE (RAY) LONP

CONTINUE
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(108
0109
01190
0111
0112
0113
0114
0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0133

o

10
11

12
13

14
15

16
17
18
19

20

PRINT RAYSETS IF REQUIRED
GN T (9+10) sMPRNT

CALL RYPRNT

PUNCH .RAYSETS IF REQUIRED
GO Tf) {11,12)MPUN

CALL RYPNCH

CALCULATY AND PRINT EXCESS PHASE AND GROUP DATA IF RFQUIRED
G T €13514) 9MXFG

CALL EXFHGP

CALCULATFE AND PRINT TAT

GO TO (15,19) 44816

CALL TATSIGC

AL SICNAL STRFNGTH DATA IF RFCUIRFD

LIST AND PUNCH CROSS~-DATA IF REQUIR¥D. (ONLY VALID TF SURRDUTINFS

EXPHGP AND TNTSIG HAVE BITH BEEN CALLED PREVINUSLY)

GO TD (16,19)MXDAT
GO TO (17+18) s MXPG

CALL DATAX
GO T 19

INVALID RECUFST FOR CROSS-DATA

PRINT 4101

END JF FRFOUFNCY LNDP

CONTINUE

END NF TIME-STEP LANP

CONTINUE

JNE CIMPLETED.
CALL FINISH
RETURN

FINISH WITH SC4060

4001 FORMAT(IB,2F8.3)

4101 FORMAT(BEH1#####RFCUEST FOR CROSS-DATA

1D GROUP DATA NOT COMPUTED®®#iti)

END
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6.1.2 Subroutine INDATA

This subroutine is used to read in all the data required for a
run, with the exception that when KA (see COMMON/IMO/list) has the value 2
or 3, reading of ray takeoff angle data takes place in the MAIN program
(qv).

Some of the input data, eg, ionospheric model parameters, are
printed out to form a title for the output data.

A summary of the required input data is given in section 7
together with examples of data decks,
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STORAGE LIST

Local Variables

™I Array_of A8 words (maximum 100, ie, up to 10 data cards) defining
the FORMAT for printing the input ionospheric data.

J Loop index for reading and printing data input to arrays.

NC Number of values to be read into array C (see blank COMMON list),

NFMI Number of A8 words to be read into array FMI (above).

NIC Number of values to be read into arrg&rlc (see blank COMMON list).

NS Number of values to be réad into array ST (see blank COMMON list),

RHOM Maximum range, in km, to which rays may be traced.

Blank COMMON

All items in the list (qv), with the exception of array CF, are

referenced here,

COMMON/ IMO/

All items in the list (qv), with the exception of LT and F, are

referenced here,

COMMON/PLOT/

0001
0002
0003
0004
0005
0006
0007
0008
(009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019

Q

(9]

The first five items in the list (qv) are input here.

SUBROUTINE INDATA
DATA INPUT FOR RUN.
VERSION A (REVISION 28/10/69 A+R+C. OF SUB INPUT 1472769 KeBoBo)

COMMON C(1000)2IC(15),CF(10)+HMsTHM,ST(16)

COMMON /IMO/ JOBNDsIIDsLTsFsNAsNHeDAs ALPH1sKPsKGsKY s JPsJXsHEFsNTF
1 NTLsNDTsNFoKAsMPTsMPLTs MPRNTs MPUN s MXPCoMSIGIMXDAT,
2 FREQ(24)

COMMON /PLOT/ NTYPLNTITLE,TITLE(400) MAXH,INCDH

DIMENSINN FMI(100)

READ CONTROLS FOR THIS RUN

READ 4001+JOBUNsNTFsHTL>NDTsNF s NHsKAsKP+KGyKXsJP»JIX
READ QWUTPUT (OPTIONS

READ 4001sMPTsMPLTsMERNTsMPUNsMYXPGIMSIGIMXDAT

READ AND PRINT INNDSPHERE MNDEL DATA

READ 4001+NCoNFMISNICH»(IC(J)sJ=1sNIC)

READ 4002,(C(J)sJ=1+NC)

READ 4003y (FMI(J) sJ=1,NFHI)
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8020
0021
0022
(023

0024

0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
1048
0049
0050
0051
0052
0063
0054
60655
(056

«

C

4001
4002
4003
4004
4005

4101
4102

PRINT FMIS{IC(J)»J=1sNIC)s{C(.J)sJI=1,NC) )
SET IONMSPHERE MODEL NUMBER IID (IC(1)). SET NUMBER NF INTECRATIDN
STEP LENGTHS NS (IC(2)=1)« REPLACE C(3) RY ITS SCUARE (¥R LINF2B)
IID=IC(1)
IC(?)‘I
C(%)~C(5) C13)
READ AND PRINT INTEGRATINN SlFP LENGTHS’ QNF an FACQ LAYER (I.E.
RLGIDN4BE3HEEN BOUNDARIFS) NMF THE IONOSPHERIC MNDEL
READ 4004, (ST(J)sJ=1,13)
PRINT 410G1s(JsST(JI) s I=14NS
READ AND PRIHT HFIGHT AND RANGF LIMITQ- (ALSO) READ HEIGHT OF SPLIT
BETWEEN MODESs E.G. E AND Fy ES AND ¥, FOR TOTSIG)
READ 4002+HMsRHIIMHHEF
FRINT 4102.HM»RHEDMNH
SET MAXIMUM RANGE ANCLE
THM=RROM/6370 .
READ THE FRECUENCIES REQUIRED FOR THIS RUN
READ 4004+ ( FREQ(J) s J=14NF}
IF PLOTTED QUTPUT IS RECUIREDs READ PLOTTING CONTROLS AND TITLF
GO TO (1,2)sMPLT '
READ 4001+KTYPoNTITLE»MAYHINCDH
READ 4003, (TITLE(J) »J=1,KTITLE) '
READ ANGLE DATA IF CONSTANT ¥OR ALL TIME~-STEPS AND FREOS (KA=1) -
IFIKA<EQe1)RFAD 4005sNAs ALFHI9DA
IF KA=2 DR 3 ANGLFE DATA IS READ IN MAIN PRIICRAM
RETURN
INPUT DATA FORMATS
FORMAT(1615)
FORMAT(8E10.5)
FOARMAT(10A8)
FNRMAT(8F10.6)
FNRMAT(I82F843)
PRINTDUT FORMATS
FORMAT(IR HOX20HSTEP LENGTH IN LAYERSI3»3H IS9FR.3,30 KM)
FORMATUIHO»OXB3IHRAY LIMITS MAXIMUM HEIGHT =yF7.1923H KH MA

“1XIMUM RANGE =»F8+1+6H KM NRsI2,50 HOES)

END
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6.1.3 Subroutine RAY2B

This subroutine traces out one hop of the ray-path, Most frequently,
this will be from ground-to-ground via reflection in the ionospheric model,
but may, in some cases, be from ground~to-perigee, perigee-to-perigee or
perigee~to-ground, the latter two instances only being possible for hops
other than the first of a ray since the program assumes a ground-based
ray-source. Perigees are divided into two types, those occurring below the
ionosphere and those in the ionosphere, The paths described above may be
termed complete hops.

Hops may be terminated before completion if (1) the ray reaches
a maximum specified height (in such cases the ray would not normally reflect
anyway, as the maximum height specified is usually above the maximum height
of reflection), (ii) the ray reaches a maximum specified range, or (iii)
the number of points computed nears the maximum storage allowed (1000
points). When any of these three cases arise, a control NDR (qv) indicates
to the calling program (MAIN) that no more hops can be computed for this
particular ray.

- End- points of linear sections of the ray-path, ie, those sections
in regions below or above the ionospheric model where the refractive index
is assumed constant, are obtained by a call to the subroutine LINE2B,

In the region covered by the ionospheric model, successive points
along the ray-path are computed by the fourth-order Runge-Kutta method contained
in subroutine RUKU. After each point is obtained, checks are made to
determine if some significant "feature" of the ray-path has been passed,

a "feature" being one of the following: (i) apogee, (ii) perigee, (iii)
maximum height, (iv) maximum range, or (v) boundary crossing. If one of
these has been passed, it is located to within a specified tolerance by
adjusting the integration step-length by an iterative inverse linear
interpolation process,

After an apogee, ie, ionOSpheric reflection point, is located,
the ray is continued on its downward path. When a perigee, maximum height
or maximum range is located, the hop or ray is ended as mentioned above.
After a boundary crossing, ie, a level where the equations defining the
ionospheric model change and/or a change in integration step~length is
required, the ray is continued either with the new step-length or linearly,
as appropriate,
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STORAGE LIST

Local Variables

BH Height, in km, of an ionospheric boundary.

DAB Increment in absorption for an increment in ray-path length.
(Note multiplication by 0.0461 to convert to db,)
Equivalent to DQ(7) (qv).

DGP Increment in group path, in km, for an increment in ray-path
length, Equivalent to DQ(6) (qv).

DH Increment in height, in km, for an increment in ray-path length.
Equivalent to DQ(3) (qv).

DPH Increment in phase path, in km, for an increment in ray-path
length, Equivalent to DQ(5) (qv). .

DQ Array containing the increments in the ray variables Q (qv)
for an increment in ray-path length, the independent variable. -
The array elements are referenced by equivalent names: DU,
DV, DH, DTHET, DPH, DGP and DAB (gyv).

DTHET Increment in range-angle, in radians, for an increment in
ray-path length. Equivalent to DQ(4) (qv).

DU Increment in the variable u (see UI) for an increment in ray-path
length., Equivalent to DQ(1) (qv).

DV Increment in the variable v (see VI) for an increment in ray-path
length, Equivalent to DQ(2) (qv).

DYA Difference between the value of a variable defining a feature on
the ray-path, eg, apogee, boundary crossing, and the last value
computed before the feature., Used in the procedure for locating
a feature,

DYC Difference between the value of a variable defining a ray-path R
feature and the last interpolated approximation to this value,
Used in the procedure for locating a feature.

ER Maximum permitted difference between the value of a variable
defining a feature on the ray-path and the interpolated
approximation to this value,

HI Height, in km, of the current point on the ray-path. Equivalent
to Q(3) (qv).
IA D5—loop indexing parameter., Has value 2 unless previous hop
ended at a perigee in the ionosphere when it has value 1,
I1 DO-loop index.
J Subscript of point at the end of a linear section of the ray-path.
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JD

LB

STEP

THI

THND

Ul

uJ

Vi

XA, XB

Y, YA,
YB, YC

Control indicating the direction of the ray, ie, JD = 1, ray
ascending; JD = -1, ray descending.

Label of the ionospheric boundary next above the current point in
the ray-hop.

Array containing the current values of the dependent variables

for transfer to subroutine RUKU, The first 4 elements of the

array are referenced by the equivalent names; UL, VI, HI, THI (qv).
Elements 5 to 7 correspond to phase, group and absorption
respectively, but as they do not enter into the corresponding
differential equations, they are given dummy values of zero in

the DATA statement,

Earth radius, 6370 km, set in the DATA statement.

Current value of the integration step length, in km, ie, the
increment in ray-path length S, the independent variable.

Range~angle, in radians, to the current point on the ray-path.
Equivalent to Q(4) (qv).

Range-angle, in radians, to the end of a ray-hop.

Value of the variable u = pdh/ds at the current point on the
ray-path. Equivalent to Q(1l) (qv).

Value of the variable u at the next point on the ray-path.

Value of the variable v = ur2d6/ds at the current point on the
ray-path. Equivalent to Q(2) (qv).

Values of step-length used to compute the point immediately before
and the point immediately after a feature on the ray-path. Used
in the procedure for locating a feature,

Values of the variable used to locate a feature on the ray-path.
They are, respectively, the value defining the feature, the
values at the point before and the point after the feature, and
the interpolated approximation to the required value,

Blank COMMON

The array C is not used. Only elements 2 and 15 from array IC,

and elements 9 and 10 from array CF are required and are referenced by
the following equivalent names:-

L

Label of the ionospheric boundary below the current point in the
ray-hop, also the label of the ionospheric layer in which the
current point is located. Equivalent to IC(15).

Number of boundaries in the ionospheric model., Equivalent to
IC(2).
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UNGP Factor to convert group path to required units, ie, unity
for group path in km, or 1/c (¢ in km/ms) for group time in
ms. Equivalent to CF(10).
UNPH Factor to convert phase path to required units, ie, unity for
phase path in km, 1/c (c in km/ms) for phase time in ms, or
f/c (f in MHz, ¢ in km/us) for phase in cycles. Equivalent to CF(9).
All other items in the list are used.
COMMON /HOP /

All items in the list (qv) with the exception of ALPHA, ALPHD
and LA, are used.

Note: The variable NDR has one of the definitions given in the
list description (qv) on exit from the subroutine, but has a different
(local)use during the execution of the subroutine, where it acts as a
control to indicate the presence or absence of a feature between two
consecutive points on the ray-path and can assume the following values:~

1 No feature encountered,

2  Apogee passed.

3 Perigee passed.

4  Maximum height passed.

5 Maximum range passed.

6 Ionospheric boundary crossed on ascent,

7 Ionospheric boundary crossed on descent,

COMMON /RAYLIN/

All items in the list (qv) are used.

0001 SUBROUTINE RAYZ2R

0002 C TRACES ONE HOP OF A RAY PATH THROUGH A TWO-DIMENSIONAL IDKISPHERE
0003 € VERSION A (REVISION 23710/69 (A«R.Ce) OOF RAY2A VWRITTEN NOVEMBER 67
0004 C A+R+.Css MODIFIED SEPTEMBER 68 K+B+B.)

0005 € ,

0006 COMMON C{1000)+IC(15),CF{10)HMs THM»ST(16)

0007 COMMON /HOP/ ALPHRsNDRsLA>LHsIsH(1000)»THETA(1000)»RHO(1000) 4S5,
goos 1 PH{1000)sGFP(1000)»AB(1000) » ALPHAS ALPHD» IPK»HIPK,
0009 2 RHOTPK»HNDy» RHOND» PHNDy GPND» ABRD

0010 COMMON /RAYLIN/ NsH1sTHETA1sHJI9sDTHsDSs»UsV

6011 DIMENSIDN Q(7)sDQ(7?)

0012 EQUIVALENCE (IC(2)sRB)2(IC(15)sL)+s(CF(9)UNPH)(CF(10)»UNGP)
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0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
- 0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0083
(054
0055
00856
gos?
0H0e8
0059
0060
0061
o0c?
nnes
004
0es
tlga

1 FQEL) 2 UL (QE2) s VIV {QI{3)sHI) 9 (0(4) »THI) s (DCL1) 4DV
2 (DO{2) »DV)»(DQ(3)9yDH) » (DQ(4) » DTHET) » (DQ( 5} s DPH) »
3 {DC(6) o« DGF) » { DO(7) »DAB)

DATA RE(6370+) s (QUK) sK=5:7)(/3/04)

SET DIRECTION INDEX JD (1 FOR ASCENT). INITIALISE POINT COUNT I

JD=1

I=1

CHECK FOR FIRST HOP

IF(LH=1)54+1,2

INRITIAL CONDITINONS FOR FIRST HOP

S=0.

H(1)=0.

THETA(1)=0.

RHO(1)=0.

PH(1)=0.

GP(1)=0.

AB{1)=0.

L=1

LB=2

60 T0 4

IRITIAL CONDITIONS FOR A HOP (OTHER THAN THE FIRST

H{1)=HND

THETA(1)=THND

RUHO( 1) =RHOND

PH{1)=PHND

GP(1)=GPND

AB(1)=ABND

IF LAST HOP ENDED AT A PERIGEE IN IONOSFHERE (NDR=3)s NO LINEAR

SECTION IS REQUIRED. GO TO LOOP WITH INITIAL INDEX IA=i1

GO TO (4+4+3)sNDR

IA=1

GO TO 10

SET CONTROLS AND DATA FOR LINEAR ASCENT TO IONOSPHERE BASE

J=2

IPK=J

N=1

Hi=H{1)

THETA1=THETA(1)

COMPUTE LINEAR SECTION OF RAY PATH

CALL LINE2B

CHECK FOR MAXTMUM RANGF MY LINFAR gF(‘TIW'\I
THETA{J)=THETA1)+DTH

IF(THETA(I)=-THH) 79E96

MAY, BANGF PASSED. RECOMPUTE LINEAR SFCTINAN 1N FND RAY AT MAXY RANGF

DTB=THM-THETA(I) '

THETA(J)=THM

N=N+3

BDR=

CALL LI[F?E

SFT VARIABLES AT END OF LIKFAR SECTIM

c_c+pc

H{J)=

RHOCT ) =H FRTUFTA(T)

PHLIY=URPH*DS+PHLT)
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Gne.? GEUJI)=UNGP*DS+GP()

0068 - AE(J)=AB(T)

0059 I=J

g070 € IF NeGT«1 SFT MAY ANL/OR ENE DATA AND FND PAY. NTHFRVISE COHRTINUF
(1073 GIT T (9:50+8s3y50,8) 41

poez € END IIF RAY IS MAY PNINT FNP THIS ANP

o3 5 HIEK=H(J)

0ee4 RHOI PX=PHA(.])

007s G T 50

G076 ¢ TRAUSFER U AND V TD ARPAY C (ECUIV UIsVI)le SFT INTFARATINN STFP
g C LENGTH FMAR FIBST LAYFR. INITIALISE LONF IRTFY 1A=?

eo7e 9 UI=U

06073 VI=Yy

ooao STEP=87(1)

noas [A=2

003z ¢ CONTINUE TRACING OF RAY PATH WITH RUNGF-KUTTA POUTIHNF UP T A
0083 C MAXYTHUM OOF 1000 PNINTS

(084 10 D} 46 II=IA,958

oose C SET FEATURE INDICATOP (EDR) T NAPMALs I.F. 1. TPARSFF¥R CURRFNT
oese ¢ VALUES 0F HEIGHT AND RANGE ANGLF 17 ARRAY C (ECUIV HI»THI)
goaw NDR=1

0088 HI=H{II)

0089 THI=THFTA(II) :

poan ¢ FIND INCREMENTS (DC) IN VARIARLFS FOR NEXT POINT

0031 CALL RUKU(7sCs10sSTEP)

069z C CHECX FOR MAXIMUM RANGE

0093 THETACII+1}=THETAMII)+DTHFT

0094 IFITHETA(II+1)=THMY 12911411

0095 C MAXTMUM RANGE FXCFEDFDe SFT DATA T LOCATE

0096 11 HDE=&

goaw YA=THETA(LII)

0098 YC=TUETA(TI+1)

0099 Y=THY

0100 GN 1M 23

0101 C SET NEXT VALUES O0F U AND H AND DFTERMINF FAY LIPECTION
102 12 UJ=UL+D1

0103 HOIT+1)=H(II)+DH

0104 13 TFLIDIZ0s84914

0105 C RAY ASCENDING

0106 C CHECK FOR APOGEE. I.E. HAS U CHANGED FROM +VE T0 =-VE

0107 14 IF(UJ) 1515516

0108 C APOGEE PASSED. SET CODMTRNLS FOR LOCATION

0109 15 ITPK=II+1

0110 NDR=2

0111 ¢ TO 22

0112 C CHECK FOR UPPER BNUNDAPY CPRNSSING

0113 16 BH=HFTH{LBs THFTA(II+1))

0114 IF(BH-H{II+1))17517,18

0115 C UPPER BJUNDARY CRAOSSEDe. SET FEATURE INDICATOR NDR=6

0116 17 NDR=6

0117 GO 10 26

0118 C CHECK FOR MAXIMNUM HEIGHT

0119 18 TF(HM=-H(ITI+1))19519+40

0120 C MAXIMUM HEIGHT EXCEEDED. SET FEATURE INDICATOR NDP=4, DATUM Y=HM
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0121
0122
0123
0124
01256
012€
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0148
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0188
0189
0160
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171
0172
0173

19

20

21

22

23

24

25

26

27

28

30

NDR=4

Y=HM

en M 27

RAY DESCENDING ,

CHECK ¥R PEPIGEE. I.E. HAS U CHANGED FROM -VE 70 +VE
IF(UJ)24921,21

PERIGFEE PASSED. SET FRATURE INDICATOR RDR=3

BNDR=3

DATAH FOR LOCATING APNCEE OR PERIGEE (AND ER FNR MAX RANGF ANGLF)
Y A=UT

YC=UJ

Y=0.

Ei=¢15-9

60 TD 28 -

CHECK TFNR LOYER BOUNDARY CROSSING

BH=HFTH(L,» THFTA(II+1))

IF(BH=-B(II+1))40,25,25

LOYER BOUNDARY CRNSSED. SET FEATURE INDICATIR NDR=7
NDR=7 ‘

DATUM FDR BNUNDARY CROSSING Y=BH

Y=RH

DATA ¥OR LOCATING A BOUNDARY MR MAXIMUY HEIGHT
YA=H(II)

YC=H(II+1)

ER=.+1F-5

BY LINEAR INTERPOLATINN ESTIMATE STEP NECESSARY 10 LOCATE FEATURE
DY A=Y-YA ‘ ' ‘

XA=0.

YR=YC

XB=STEP

STEP=DY A (XB=XA) /{YB=YA)+XA

RECNMPUTE POINT II+1 WITH REVISED STFP LENGTH

CALL WUKU(V,O,DO’STFP)

UJ=UI+DU

HOII+1)=H(I1)+DH

: THETA(II+1)~1‘}TA(II)+DTIFT
RESET Y DATA 70 CHECK LOCATIOY ﬂF 171"‘1%‘]‘URF

34
25
L.‘G

&7
38

_GD ™ (54:?1;51’0593<733!04)QVDR

YC=UJ
6N TN 36
YC= THETA(II+1)
60 TO 26
Y-HFTH(LD,THETA(II+1))
cn T 35
Y=HFTH(L,y THETA(ITI+1))
YC=H(II+1)
DYC=Y-YC
CIHECK ACCURACY DOF LANCATINN
IF(ABS(DYC)-FP)302430,37
FEATURE ROT LOCATFD WELL EENUCH. REPEAT FSTIMATION WITH BOINT C
I PLACE MF POINT A (DYA®DYC +VE) NR POINT B (DYA®DYC =~VF)
IF(DYA¥DYC) 29539, 38 o
XA=STEP
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0174 YA=YC

0175 DTA=DYC

0176 G T 3N

017 C CHECK FOP NTHEP FEATURES IF N“(TSSAPY

01783 30 G T (54, 16904540, 159139400 90

gi1v73 C POIET TI+1 COUFIRMED. STO IE?ﬁ NIHG TATA

0180 40 S=S+STEP

01831 UI=0Jd

0182 VI=VI+by

0183 RAO(MIT+1)=RE*TIFTA(ITI+1)

0184 PRUOII+1) =UNPH*DPH+TFN(TIT)

0185 GP(II+1)=ULGP*DCP+CP(IT)

0186 AZ(IT+1)=e 04B1*DABHAT(IT)

0187 I=11+1

0188 G TN [455,41440948947442443) »UDPE :
0189 C APOGEE LOCATED. SFT HFRICHT AND RANGE. CHANGE DIRFCTINN INDICATNP
0190 C JD T -1 ¥R TESCENT

0191 41 HIPY=H(TII+1)

0192 RHOIPK=FHO(II+1)

0193 JD=-1

0124 C NeBe FIRST PnINT AFTER AFMNGEE IS CWHPUTFD WITH PRVISEL STFP
0195 G T 46

0196 C UPPER BOUNDARY CRNSSING LOCATED. CHECK IF TONP NF INHASPHFRE
01977 42 IF(LE-UR)I44,51,54

0198 C LOWER ROUNDARY CPNSSING LOCATEDs CHECK IF RASE OF IDVNSPHERE
0199 43 1F(L=1)54,52,44

0200 C LACATED ENUNDARY IS WITHIN INUNSPHERE. RESET LAERFLS FOR NEXT LAYFR
0201 44 L=I+JD

0202 LE=LE+JID

0208 C RESET N COUFIRY STEF LENGTH

0204 45 STEP=STI(L)

0205 C RECYCLE ¥R NEXT POINT

6206 46 CONTINUE

0207 C NORMAL EXIT FROM LOOP INDICATES RAY DATA STORES ALMOST FULL
0208 C RESET NDR=6 AND END THE RAY

0209 NDR=6

0210 C MAX RANGE REACHED OR STORE NEAR FULL- CHECK RAY DIRECTION
0211 47 IF(ID)49,54,48 ‘

0212 C AIGHEST POINT IS AT END OF RAY WHEN MAX HEIGHT REACHED AND
0213 ¢ POSSIBLY WHEN MAX RANGE REACHED OR STORE NEAR FULL

0214 48 IPK=I

0215 HIPK=H(I)

0216 RHOI PK=RHO( 1)

0217 C FIND RAY END ANGLE (MAX HEICHT OR RANGE,» STORE FULL OR PERIGEE)
0218 49 ALPHR=ATAN((RE+H(I))®#UI/VI)

0219 C SET RAY END POINT DATA

0220 50 HND=H(I)

0221 THND=THETA(I)

0222 RHOND=RHO(I)

0223 PHND=PH(I)

0224 GPND=CP(I)

0225 ABND=AB(I)

0226 RETURN

0227 C T0P OF IONOSPHERE REACHED. CONTINUE RAY LINEARLY TO MAXIMUM HEIGHT
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0228 51 J=I+1

0229 1PK=J

0230 H(J)=HM

0231 - HJI=H{J)

0232 " NDR=4 °

0233 C N=3

0234 © 60 T0 53 '
0235 C BASE OF IO"USPHERE REACHED- CDNTINUE RAY LINEARLY 70 END OF HOP
0236 52 J=I+1 ' ‘
0237 °  N=2

0238 53 H1=H(I)

0239 C U=UT

0240 © =YL

0241 - 6D T35 ’ ’

0242 ¢ ERROR IN A CUNTRDL ORr INDLX

0243 54 PRINT 4101

0244 4101 FORMAT(S0H1A CONTROL OR INDEX HAS AN INVALID VALUE SOMEWHERE/////)
0245 STOP
0246 'END
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6.1.4 Subroutine LINE2B

This subroutine computes the end point data of a linear section .
of a ray-path. Six types of section_are available, the one required being
selected by the control N (see COMMON/RAYLIN/). ‘These sections are as
follows:-

1. Ray ascending to the ionosphere base from a point, height h,,

range angle 6;, with an elevation angle a. In the present program, which

only allows a ground~based transmitter, either h; will be zero (first

hop, or later hop starting from ground reflection), a will be zero (hop
starting from a perigee), or both will be zero (tangent ray). However,

the more generalised form given here will be suitable for use in a program
accomodating an elevated transmitter (below the ionosphere). This section

is also complicated by allowing for "eccentric" ionospheric models, ie, models
whose boundaries, while circular, are not concentric with the earth, The
relevant geometry is given in figure 1.

For this section, the known data are h;, 8; and o, together with
the coordinates (ro,e ) of the centre of the ionospheric model bhoundary
system and the squareoof its base radius r, (located in C(1), C(2) and
C(3) respectively, see blank COMMON). The Eata required are the length of
the linear section §s, the increment in range angle over the section 46,
the height h, and the values of u = udh/ds and v = ur2dé/ds (u = 1) at the
end of the section. These data are given by:=- J

vV = r cos o where r=r, + h,,
r, = earth radius, 6370 km,
§s = pp - r sin a where py = Jrg - qz -r sin ¢,

pp=v+ ro cos ¢,

¢"a+9°-91.

- -1 §s cos a
68 tan (r + és sin‘a>

h, =r, - r where r, = /ré + §s + r sin
57 T 3 ®2 2
P2
u“?—o
h
2, Ray descending from the base of the ionospheric model towards

the earth surface, Two possibilities arise here; either the ray reaches
the earth surface (see figure 2a) or it reaches a perigee (see figure 2b),

Known data are height h; at exit from the ionosphere and the
angle of exit (contained in the values of u and v). The required data
are §s, 66 and h, as defined in section 1, and the ray elevation angle at
the end of the hop, Ope
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For a ray reaching the surface (v < re), the relevant equations
are:~ ’ '

hj-O

ap = tan™! <2> where p = /rZ = vZ
v e
és - e+ rp)

[}
B
[}
-
N

5 vis )
® :ze + pés/’

For a ray reaching a perigee (v > re), the equations are:-

h, s ver
e

6 = = =
r
= -1 -6-2
66 = tan ( v _).
3. Ray ascending from the top of the ionospheric model to some
maximum height, eg, satellite height (see figure 3).

The known data are the height at the top of the ionosphere
h;, the angle of exit (contained in the values of u and v), and the maximum

height h j° The required data are ) ds and 60 and are given by:-
ag = tan™! % where p= v/rjz - v2

88 = p - ur

- tan~1 vés AW
86 = tan r(r + u&s))

The next three sections correspond with the first three but with
the ray terminated earlier at some maximum range.

4, Ray ascending towards the base of the ionospheric model but
stopped at maximum range (see figure 4). The known data are the height h
and elevation angle a at the start of the section, and the range angle
increment §6 over the section. The output data are Gps h j and 8s and are
given by:-

aE-a-l-Ge

6s = p sin 66 where P = r sec a;

h = pcosa- T.

3
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3. ~ . Ray descending from the base of the ionospheric model to a point
at maximum range (see figure 5), The data gy 8s and h, are derived from thg

known values of 66, h;, u and v as follows:- 3
a, = 66 + tan™} (-l-x-{)
E vi .
8s = r sin 66 sec dE )
hj = Vv sec o, - T, o ) .
6. Ray ascending from the top of the iondépheric model to a point at

maximum range (see figure 6). The required data are obtained as in section 5,

48




STORAGE LIST

Local Variables

CA Cosine of ALPHR (see COMMON/HOP/).

P An intermediate variable, various definitions.

PHI An intermediate angle, in radians.

R Radius, in km, to start of linear section of ray-path,

RE Earth radius, 6370 km, set in DATA statement.

RESQ Square of earth radius, set in DATA statement.

RJ Radius, in km, to end of linear section of ray-path.

RJISQ Square of RI (above).

RSA Product of R (above) and sine of ALPHR (see COMMON/HOP/).

SA Sine of ALPHR (see COMMON/HOP/).

SECA Secant of ALPHR (see COMMON/HOP/).

TWORE Earth diameter, ie, twice RE (above), set in DATA statement.

vSQ Square of V (see COMMON/RAYLIN/).

Blank COMMON

c The first three elements of this array are the only items
in the list (qv) used here, and are referenced by the local
names Cl, C2 and C3 respectively.

COMMON /HOP /
The first two items (ALPHR, NDR) in the list (qv) are used here,

COMMON/RAYLIN/
The full list (qv) is required.

nooi1 SURROUTINF LINF2B

0002 C CALCULATES END POINT DATA NF LINFAP SFCTINNS IF RAY FPATHS

0003 C VERSINN A (WRITTEN A«R.C. REVISFD 21/10/€9)

0004 C

0005 COMMUIN C1+C2+C3

0006 COMMON /HNP/ ALPHRLNDR

o007 COMMON /RAYLIN/Z NoyH1sTHETATsHI»DTHsDSoUs ¥

0008 DATA BE(6370«)sRESCLA406765004)y TWIRF(12740.1)

6ooe C

po1o € SET RADIUS OF INITIAL POINT AND SKLECT RFCUIRFD SECTINN
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G011 R=H1+R}E

0012 G TN (10920930+40+50+50), X

nnNis C

onta € SFCTINN 1. ASCENT TN BASE OF INNISFHFRE (N=1)
0015 € .
0016 10 SA=SIN{ALEHP)

0017 RSA=SA*R

0018 CA=COS{ALFHER)

0019 V=CA*R

0020 PHI=ALFHR+C2-THETAL

0021 P=CNSIPHI}*C1+V

0022 P=SCHT{CE~P*F)~C1*STHLPHI)

QU223 DS=F~RSA

Nnpz24 DTH=ATANCCA*DS/(NS*SA+R))

0025 RI=SCRT({FP+RGL) #* DS+ #R}

0026 HI=RJ~RF

0027 U=F/RJ

0028 RETURN

G029 ¢

0030 C SECTION 2+ DFSCFNT FROM INKNSFHFRF RASE (N=2)e TW1 ALTFRNATIVES
0031 ¢ ARE PDSSIKLE, FITHER THE RAY LANDS MR IT RFACHES A PFRIGFF
0n32 ¢

0033 20 HJ=Vy~RE

fD34 1K) 2142122

0035 C RAY LANDS

0036 21 NDR=1

0037 P=SCRT(=~(RE+V) ¥HI)

0038 ALPBR=ATAN(R/ V)

00392 DS=(R+RE)*H1/(F-T1J*K)

0040 DTH=ATAN(V*DS/(DS*P+RFSCH )

0041 HJ=0.

0042 RETURN

0043 C STRAIGHT PFRIGEE

0044 22 NDR=2

0045 ALPHE=0.

0046 DS=-U*R

0047 DTH=ADPANIDS/ V)

ap48 ‘ RETURN

0049 C :

0050 C SFCTINN 3e¢ ASCENT FROM 9P NF INNASFHERE T MAYTMUM HFIGAT (N=3)
0051 C

sz 30 VSC=y*Yy

0053 RISO=( TWRF+HJI) *HI+RESC

0054 P=SCRT{HISC=-VSC)

00 hbd ALPHR=ATAN(P/ V)

0056 DS=Pp=-U*R

00h7 DTH=ATANL V¥DS/{(DS*U+R) *R))

nnes K¥TURN

0059 ¢

0060 ¢ SECTINN 4. POINT AT MAX RANGF NN ASCENT TD INNNSPHFRF BASF (N=4)
0061 €

nn62 40 CA=CMNS{ALPHR)

0063 ALPHR=ALPHR+DTH

0064 P=R/C0S(ALPHR)
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0065 HI=P#*CA-RE

goee DS=SIN(DTH) *P

poe? RETURN.

0068 C e ’ : ' ' ‘
0063 C SECTINN 5. PNINT AT MAX RANGE NN DESCENT FROM BASF NF INNASPHERE
0670 C {N=5) OB ON ASCENT FROM T0OP NF IONDSPHFRE (N=6)

071 C

0072 50 ALPHR=ATAN(U*R/V)+DTH

0073 SECA=1./CNSCALPHR)

0074 HJ=SECA*V~RE

0075 DS=SIN{DTH) *R*SFCA

0076 RETURMN

oo7e END
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6.1.5 Subroutine RUKU

This is a general purpose subroutine containing a standard
Runge-Kutta fourth-order method for the solution of a set of first-order
ordinary differential equations, of the form

dqm
:i‘a;"’ Fm(q]_’ qz, svace qn) for m = 1, n’

where 95 is the independent variable and the are the dependent variables,
Note: q, may appear as ome of the 9, €8, as qj, by defining
dq
T‘i= 1.
9

If atq =Q, q =Q form=1,n,
then at q, = Qo + qu, q, = Qm + 6qm form= 1, n,
where éqm = (K.ml + 2K'.m2 + 2Km3 + Km“)/6,

K
ml

8q .F (Q), Qs eoeee Q),

I{A 'Y + 1 oo e 1 "
m2 qu Fm(Q1 %Kll’ Q1 + 2K21’ °* Qn + 2Knl)’

. + 3K + 3K, veese Q + 3K
my = 8950 F(Q + 3K, 0 + K, Q, + 2K )

and Km“

§q .F (Q + K + K eesse Q + K ).
Y% n Ql 13’ Qz 23’ n n3

The routine accepts the current values of the variables, Q_, and
returns their increments, 6q_, for an increment, §q , in the indepen?ént
variable. The differential eguations are contained £n a subroutine DEQS,
which, on receiving values of the variables, returns corresponding values
of their derivatives. To avoid storing all the Km until the end of the
routine, the 8q are accumulated as the routine proceeds., As written, the
subroutine can handle up to 20 differential equations, although the present
ray~-tracing program only requires 7.
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STORAGE LIST

Argument Cells

DQ (output) Array containing increments in the dependent variables.

DQO0 (input) Integration step length, ie, increment in the independent

N (input)

Q (input)

variable.
Number of dependent variables,

Array containing current.values of the dependent variables.

Local Variables

DQI
FQ
J

QI

R6

poo1
0002
0003
0004
0005
0006
ooow
poos
0009
010
0011
0012
0013
0614
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0oz
0028

> NoNeNeNeo N

Intermediate increment in a dependent variable,
Array containing derivatives of the dependent variables,
Dﬁ-loop index.

Array containing intermediate values of the dependent
variables.

Reciprocal of 6, set in DATA statement.

SUBRDUTINE RUKU(N,»C,»DQ,DCN

STANDARD RUNGE-KUTTA FOURTH-ORDER METBOD ¥OR THE SOLUTINK NF A SET
0F N ORDINARY DIFFERENTIAL EQUATINNS. (DEFINED IN SUBRNUTINF DFCS)
THE PROGRAM EVALUATES THE INCREMENTS DO IN THE VARIARLES C FOR A
STEP DCO IN THE INDEPENDENT VARIABRLE

VERSION A (REVISED 17/10/69 AeR«C.)

.DIMENSION CUN)+DQ(N)»QI(20),FQL20)

DATA R6(.16666666666667)

CALL DEOS(N»CQyFQ)
DO 1 J=1sN
DQ(J)=FQ{J)*DCMN
CI(J)=DQ(I)I=.5+0(JT)
CONTINUE

CALL DEQSIN,CI»FQ)
DN 2 J=1+N
DOI=FQtJ)*DLN
QL(J)=DOI*.5+Q{J}
DOJ)=DC(J)+DOI+DCI
CONTINUE

CALL DEQS(NsCIs¥C)
DO 3 J=1.N0
DOI=FCHJ)*DON
CI(J)=DQI+Q{J)

DI I=DQ{J}+DCI+DOI
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(029 3 CONTINUE

0030 C

0031 CALL DECS(N,O0I,F¥Q)

0032 DO 4 J=1,N

0033 DO(J)=(FOLJI)*DON+DCII) V#RE
0034 4 CONTINUE

0035 RETURN

0036 END
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6.1.6

Subroutine DEQS

This subroutine, containing the differential equatioﬂs of the ray-

path, computes the derivatives of the ray variables correaponding to the
available values of the - variables. '

FQ(1).

FQ(2).

FQ(3).
FQ(4).
FQ(5).
FQ(6).

FQ(7).

d (group) _ 1

The differential equations are .as follows'-

du I 4 sy -

ds ur3J+ oh . o (rﬁs,?e f h),
dv 2

ds L]

dh u
- ds : _,p <

-i-(phase)'i'ﬁ 77 "7 See note. 1

See note 1

Y

ds u

d (absorption) _ _ Ne.v

N ———————————See—
s NOREEY)) See note 2

' ‘Inputs to the subroutine are u, v, height h and range angle 6.

The apptopriate electron density Ne, ‘refractive index u and its derivatives
du/3h, 9u/36 are obtained from subroutine NRX. The collision frequency v is
obtained from the function COLF. The square of the angular frequency wis
preset in the array CF (see blank COMMON).

Note 10

Note 2.

Solution of the stated phdase and group equations gives results
in km. These results are modified in subroutine RAY2B to give
outputs in the required units, 1le, km, ms or (phase

only) cycles., ‘ '

A constant factor of 0,0461 is omitted from the absorption

equation, but is applied to the result in subroutine RAY2B,
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STORAGE LIST

Argument Cells

FQ (output)‘ Array éontaining the derivatives of the variables
corresponding to the values Q (below),

N (input) Number of differential equations.

Q (input) Array containing current values of the variables.
Here, Q(1) = u = pdh/ds
Q(2) = v = ur2de/ds
Q(3) =h
Q(4) = o
Q(S) Q(6), Q(7) correspond to phase, group and

absorption, but the values are not required in the differential

equations,

Local Variables

ECF Electron collision frequency, number per second.

RR Reciprocal of the radial distance, r, + h, to the current
point,

VRR Product of v (see Q(2) above) and RR (above).

Blank COMMON

CF The eighth element of this array is the only item in the list

. (qv) used here, and is referenced locally by the equivalent
name WSQ (square of angular frequency).

COMMON/PT/

All items in the list (qv) up to and including IMUDTH.are
required here,

0001 SUBRDUTINFE DECS(N,Cy» FC)

0ng2 C VFRSINN A (REVISFD 16/10/€9 A.R.C.)

6003 C DIFFFRFNTIAL FCUATINNS NF¥F 2-DIMFESTAINAL RAY PATH (1 T 4),
0004 C PHASF (8) AND GRMUF (A) PATHS AND ARSOPPTINN (%)

anng CIMMIN CL100D),TCL15)4CFI10)

06006 COMMIN /PT/ Hs THFTA» FNo FMUs RMU DMUDH » DMUDTH

poow DIMENSINN CIN),FQIN)

ipna FCUIVALENCF (CF(53),49S0)

0eng C SEND HFTCHT ALD RANGF ANGLF T) CPMMON /PT/ LIST

1o10 H=Q(3)

0011 THETA=((4)

iz ¢ F F* RFCIFRNCAL (RR) OF R (I.F. NF RE+H) AND CUOTIENT (VRR) V/R
0013 RR=1./16A370.+H)

0014 VRR=RR*C(2)

0015 € FIND COLLISINN FRECUENCY (ECF) FOR ABSORETION FOUATION
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no1e
0017
0018
0019
oy
no21

0022
0n23
0024
0025
0026
npz27
nnza
0029
0030
0031
o032
0033
3034

FCF=COLF(H)

FIND FLFCTRON DFNSITY (FMN) AND RFFRACTIVE INDFX (FEMU), ITS
RFCIPRNCAL (RMU) AND DFRIVATIVES (DMUTH, DMUDTH)

CALL NRX

FIND DFRIVATIVES AT CURRFNT VALUES NF VARIARLFS

RAY FCUATIMNS

FC(2)=DMUDTH

FO(3) =0 1)U

FOL4)=VRR¥*FR*EMU

FCO11=FC(4)*VPR+DMUDH

PHASE AND GROUP ECUATIONS. SALUTINKS NF THE FOPMS BFLOY ARF IN XM.
UNITS ARFE REVISEDs IF RECUIRFDy IN SUBRDUTINE RAYZE

FC(5)=FEMU

FO(8)=RMU

ABSOEFTINY ECUATION. NeBe CONSTANT FACTOR OF «N461 1S OMITTFD FROY
THE FNRY RFLOY BUT IS APPLIFD TN SOLUTINN IN SURROUTINE RAY2R
FCO7)=FN#*FCF*RMU/ ( ECF#*ECF+USC)

RETURN

END
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6.1.7 Function COLF

This function computes the electron collision frequency at a
given height from a suitable model.

The model in this version of the function consists of the sum of
two exponential terms, viz,

v = 3,65 x 1011e70.158h 4 2,08 x 103e~0.0042bh

The first term, which makes the major contribution at heights
below about 120 km where collisions are most effective, is a fair fit to
data available in the literature, eg, [5]. The second term, predominant
above 125 km where the effects of collisions are much smaller, offers no
more than a possible trend in collision frequency at such heights.

A graph of the model is shown in figure 7.
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STORAGE LIST

Argument Cells

COLF (output) Electron collision frequency, v, number per second,

H (input) Height, h, km.

06001 FUNCTION CDLF{(H)

6002 C COLLISION FREQUENCY FUnCTINN

0003 C VERSINON A (REVISED 21/10/69 AsReCe)

0004 C TWD EXPONENTIAL SECTIONS. FIRST IS A FIT T0 DATA IN THE LITFRATURE
0005 C TO ABOUT E-LAYFR PEAK HEIGHTS. SECOND GIVES ORDER NF MAGNITUDE
0006 C ESTIMATES AT GREATER HEIGHTS. (FIRST IS NEGLECTED ABOVE 300 KM.)
0007 IF(H-300)1+2+2

6008 1 COLF=+365E+12¥EXP(=«158%H) +.208F+04#EXP{ -+ (00424%H)

0009 RETURN .

0010 2 COLF=.208E+04*EXP(-.00424%H)

0011 RETURN

0012 ERD
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6.2

6.2.1
6.2,2
6.2.3
6.2.4
6.2.5

6.2,6

Group (ii)

subroutines

Subroutine
Subroutine
Subroutine
Subroutine
Subroutine

Subroutine

PRNTPT.
RYPRNT,
RYPNCH,
EXPHGP.
TOTSIG.

DATAX.
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6.2.1 Subroutine PRNTPT

This subroutine enables the printing of the height, range, phase
and absorption data for each point in a ray~-hop. Each page contains the
data for 80 points and is headed with identification and summary data for
the particular hop.
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STORAGE LIST

Local Variables

M Loop indexffqg printing data for each point.
MA Subscript of first point to be printed on a page. .
MB Subscript of last point to be printed on a page.
MP D5-loop index for pages of printout. )
NP Number of pages required for printing data for one ray~hop.
COMMON/ IMO /
The first four items in the list (qv) are required.
COMMON /HOP / .

with the exception of ALPHR, LA and THETA.

0001
0002
0003
0004
0005
0006
0607
ocos
0009
0010
0011
0012
0013
0014
0015
0016
0017
0g18
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035

c

All items in the list (qv) up to and including IPK are used

SUBROUTINE PRNTPT

PRINTS (QOUT DATA FOR EACH COMPUTED POINT IN A RAY-HOP

VERSION A (REVISION AND EXTENSION 4/11/69 A.R.C. OF SUB DPRINT
14/2/69 K+B«B.)

COMMON /IMD/ JOBNOSIIDsLTsF
COMMON /HDP/ ALPHRsNDRsLAsLHsI+H(1000)s THETAC1000)+REO(1000) Sy
1 PH{1000)sGP(1000)+AB(1000) s ALPHASALPHDIPK

FIND NUMBER OF PAGES REQUIRED AT 80 DATA POINTS PER PAGE

NP=1/80

IFINP#*80+LT«1)NP=NP+1

INITIALISE SUBSCRIPT (OF LAST POINT NN A PAGE .
MB=0

EXECUTE THE FOLLOWING LOOP FOR THE RELEVANT NUMBER OF PAGES
DD 1 MP=1,NP

SET SUBSCRIPTS OF FIRST AND LAST POINTS ON PAGE

MA=MB+1

MB=MA+79

IF(MB.GT+1)MB=]

TITLE A NEYW PAGE

PRINT 4101,JOBRIIDsLTsF+ALPHASLHsALPHDsSs1sIPKsNDR

PRINT DATA ¥R THIS PAGE

PRINT 4102+ (M,H(M)sRHD(M}»PHIM) 9 GPIM)} s AB(M) yM=MA,MB)

NEXT PAGE

CONTINUE

RETURN

PRINTOUT FORMATS

4101 FORMAT(4H1JOB,I598H I1ID»14»1H/+12+4H =9F 7«39 11HMHZ  ALPHA=9F6.3

1,8HDEG HMPsI2:88 ALPHD=9F7¢3510HDEG PATH=+F7+1,2HKMsI6+10H PTS

2 IPK=9I3s6H NDR=,I2//117H 1 HFEIGHT RANGE PHASE
3 GROUP ABS I HEIGHT RANGE PHASE GRAU
4P ABS/)

4102 FIRMAT(2(149F9¢35F103+12E14+85F7+392X))

END
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6.2,2 Subroutine RYPRNT

This subroutine prints out the salient data for each ray~hop,
one line of data per hop. The data include apogee height and range, end
- point range, phase, group and absorption, point count, etc,

A system of line counting for page control is included and

identification data, eg, job, ionospheric model, are printed at the head
of each page.
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STORAGE LIST

Local Variables

DO-1loop index for takeoff‘angles,(ie,‘f¢r rays).

LA

LH DO-loop index for hops.

LIN Line counter. When the line count exceeds 35 at the start of a
pass through the angle loop a fresh page of printout is initiated.

PGU Array containing the units of phase and group data for column
heading. The three elements of the array contain (in A mode):-
(KM), (MSEC).and (CYCLES) respectively. (The latter applies to
phase only.)

COMMON / IMO/

The 1list (qv) up to and including KG is required, but ALPH1

and DA are not used.

COMMON/OP /

0601
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0620
0021
0022
0023
0024
0025
0026
a027

e

All items in the list (qv) up to and including RHOK are used.

SUBROUTINE RYPRNT
PRINTS AQUT SUMMARY OF DATA FDR FACH RAY HOP
VERSION A (REVISIMNN 24/10/69 A-R.C. NF SUB RPRINT 14/2/63 K.B.B.)

COMMON /IM0)/ JOBROSIIDsLTsFsNAsNHsDASALPH1,KP»KG

COMMON /0F/ KEY(5,100)»NDRL(5»100) sRHOL(55100) s ALPHAS(100),
PHL(55100)sGPLI5+100) »ABL(55100)BPK(55100),SL(5,1001),

2 HL(5s100) s ALPHDL(5»100) yIL( 5,100} sRHOK (5,100}

—

COLUMN HEADINGS FOR PHASE AND GROUP DATA

DIMENSINN PGU(3)

DATA PGU(1)(8H (KM) ),PGU(2)¢8BH (MSEC) },PGUI3}(BH(CYCLES))
IRITIALISE LINE COUNT TO FORCE A NEW PAGE

LIN=36
START NIF ANGLE (RAY) LOOP
DO 6 LA=1sNA

CHECK LINE COUNT

IF(LIN-35)2+241

TITLE A NEW PAGE AND RESTART LIN¥ COUNT

PRINT 401,JOBNOsIIDsPGUIKP) s PGULKN)

LIN=4

START OF HAP LONP

DD 4 LH=1,NY4

CHECK THAT THIS HOP FXISTS

IF(KEY(LH,LA)15:5:3

PRINT DATA FOR THIS HNF AND ADVANCE LINE COURT

3 PRINT 402,LTsFs ALPHAS(LA) s ALPHDLCLH LA} »LH»HPK{LH, LAV, KBOK(LH, LAD
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0028
0029
D030
0031
0032
0033
0034
0635
0036
0837
0038
0039
0040
0041
0042
0043
0044
0045
0046

HLULHsLA) s RHNL(LRsLA) o SLULH»LA) s PALULH»LA) yGPLILH, LA »
ABL(LHsLA) sIL(LHsLA) +NDRL{LHsLA)

N =

LIN=LIN+1
NEXT HOP
4 CONTINUE .
PRINT A BLANK LINE AFTER DATA FOR EACH RAY AND ADVANCE LINE CNUNT
5 PRINT 403
LIN=LIN+1
NEXT ANGLE (RAY)
6 CONTINUE
RETURN
FORMATS FOR PRINTOUT
401 FORMAT(8H1 JOBs15, 7X1€HINNASPHERE MODEL,14//83H LT FREQC ALFHA
1 ALPHD H  MAX-HT RANGE-HMX - END-HT END-RANGE PATH  PHAS
2EsA8»7H GRDUPyA8»14H - ABS-DB PTS N/)
402 FORMAT(1H »I29F7.3sF6+2+F9+44,12,F10+4+F10.35F10+45F11.4,F8.1,
1 2E15.9,F8.4,14,12)
403 FORMAT(1H )
END
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6.2.3 Subroutine RYPNCH

This subroutine enables the punching of significant data for
each ray-hop on "RAYSET" cards. Such cards were termed RAYSETS by Croft

[4] who originated the idea of storing computed ray data on punched cards
for use in other programs, :

Two cards are punched for each ray-hop, the first holding
identification data (eg, job number, ionospheric model number, frequency,
etc) and ray geometry data (eg, maximum height reached, hop range, landing
angle, etc), while the second holds similar identification data together
with phase, group and absorption data.

Provision is made for the output for a set of rays to be ordered
in one of two ways., Either the punching is cycled by hops, ie, hop 1 -
ray 1, ray 2, ...e. ray N; hop 2 -~ ray 1, ray 2, «s..s ray N; etc, or

it is cycled by rays, ie, ray 1 ~ hop 1, hop 2, ..... hop M; ray 2 ~ hop 1,

hop 2. ssses hop M; etc.

Header and trailer cards are punched for each set of rays to
facilitate identification of the sections of the output deck which may
contain additional output (see subroutine DATAX).
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STORAGE LIST

Local Variables

LA DO-1loop index for angles (ie, rays).

LH DO-loop index for hops.

X An A8 word consisting of 8 asterisks, used on header and trailer
cards of a batch of output as an aid to identification., Set in
DATA statement,

COMMON/IMO/

The following items in the list (qv) are used here: F, IID,

JOBNO, JP, LT, NA and NH.

COMMON/OP/

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
6012
0013
0014
0015
0016
0017
0018
6019
0020
0021
0022
0023
0024
0025
0026
g0z
0028
0629
0050
G031
0032

s e EsErsErEvEvErEoRerNeNe el eo N

All items in the list (qv) up to and including IL are used here.

SUBROUTINE RYPNCH

PUNCHES SUMMARY OF DATA FOR EACH RAY~HOP ON #RAYSET®* CARDS

TWwO CARDS ARE PRODUCED FOR EACH RAY-HDP

VERSION A (CORRECTION AND REVISION 31/10/69 A.R.C. OF SUB PUNRAY
LAST MODIFIED 14/2/69 KeBeBs)

FIRST CARD IN A PAIR CONTAINS (A) JOB NO. (B) IDONOSPHERE MDODEL RO,
(C) TIME-STEP RO. (D} FREQUENCY (E) RAY TAKEOFF ANGLE (F) ANGLE AT
END OF HOP (EQH) {(G) HOP NO. (H) MAX HEICHT GAINED IN HOP (I) EOH
HEIGHT (J) RANGE 70 EDH (K) PATH LENGTH TO FEOH (L) HD. OF POIRTS
IN HOP (M) EOH INDICATOR

SECOND CARD IN A PAIR REPEATS ITEMS (A) TO (E)s (G) ARD (J)» THEN
(N) PHASE TO EOH () GROUP TO ECOH (P) ABSORPTIOR T ECH (M) ARQVE
HEADER AND TRAILER CARDS ARE PUNCHED FOR EACH TIME-STEP/FREQUENCY
SET . : A

COMMON /7IMO/ JDBND:IID;LTvF,NAsNH,DAsALPHIvKP’KG’KX’JP
COMMOR /0P/ KEY(5»100) o NDRL(5»1001) » RHOL(S5»100) s ALPEAS(10G) »
1 PHL(55100) s GPLI59100) s ABL(59100) sHPK{5+100)»SL{55100),

2 HL(55100) s ALPHDL(5y100) s IL{5+100)

DATA X(QH#ssiis)

PUNCH HFADER CARD FOR THIS BATCH

PUNCH 4201sFsFsFeFsFsXsXsX9XsX

SELECT DRDER 0(JF FUNCHING

GO TO (1+5),JP

PUNCH CARDS FOR ALL RAYS FOR EACH HOP IN TURN
D0 4 LE=1,80H

DO 3 LA=1sNA

CHECK THAT RAY-HOP EXISTS

IF(KEY(LHy LAY ) 39342

PUNCH #RAYSETS® FOR THIS RAY-HOP
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0033
0034
0035
1036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
004"
0048
0049
0050

0051

0052
0053
0054
8055
0056
o0&
0058
0059
8060

2 PUNCH 4202sJOBNDsIIDsLTsFs ALPHAS(TLA) s ALPEDLITH, LA} s LHyHPK(LHs LAY,

1

6
1

1
3
4

. PUNCH CARDS FOR ALL HOPS (OF EACH RAY IN TURN

1

HLULHsLA) s RHAL(LH» LAY s SLALHs LAY s ILULHs LA} s NDRL(LHs LA)
PUNCH 4203,JOBHO»IIDsLTsFyALPHAS(LAY TS RENLILHSLA) » BHL(LHSLA) »

CONTINUE
CONTINUE
GO 10 9

DN 8 LA=1.NA
DO 7 LH=1,NH

GPL{LH»LA) » ABL(LHsLA)»NDRL{LHs LA}

CHECK THAT RAY-HOP EXISTS

IF(KEY(LHsLA))B»8+6

PUNCE *RAYSETS* FOR THIS RAY-BOP
PUNCH 4202+J0BNTs1IDs LTsFe ALPUAS(LA) s ALPHDL(LHsLA) 9 LU,

HPK{LH»LA)

HLULUSLA) »RHNLALHsLA) s SLALHs LAY »ILULH» LAY sHDRLILHSLA)
PUNCH 4203,JDBEND»IIDsLTsFy ALPHAS(LA) 9 LB, RHOL(LHS LAY s PHL(LHYLA) »

GPL(LHsLAYs ABL(LHsLAY s NDRL(LH,LA)

7 CONTINUE
8 CONTINUE

4201
4202
4203
4204

PUNCR TRAILER CARD FOR THIS BATCH
O PUNCH 42043XsXsXsXsXsFsFsFsFyF

RETURN
PUNCHING FRMATS
FORMAT(5F8+ 34 5A8)

FDRMAT(214»13,2F7-3aF8-4’12a2F]0-49F]104:?8-1:14’12)
FORMATIZ2T 4913427 7439129 F114492E15405F90d513)

FORMAT(SA85F8.3)

END
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6.2.,4 Subroutine EXPHGP

This subroutine is used for the calculation and printout of the
values of excess phase and group data at the end of each ray-hop. These
excess values are the amounts by which the total values, obtained by
integration along the rays, exceed equivalent values for a free space
path equal to the great circle range to the end of the relevant ray-hop.
The units of the excess data may be in km, us or (phase only) cycles, -
as required.

A system of line counting forvpage control 6f the printout 1is

included, and-identification data, eg, job, ilonospheric model, etc, are
printed at the head of each page. : :
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STORAGE LIST

Local Variables

CFG Factor to convert excess group path data to required units,
ie, value unity for excess group path in km, or value 1l/c
(c = velocity of light, km/us) for excess group time in
Us.

CFP Factor to convert excess phase path data to required units,
ie, value unity for excess phase path in km, value 1/¢
(c = velocity of light, km/us) for excess phase time in us
or value f/c (f = frequency, MHz) for excess phase in

cycles,

LA DO-loop index for takeoff angles (ie, rays).

LG Control to select column heading (see XPGU) for excess group
data printout, ie, 1 for (KM) or 2 for (MUSECS).

LH D5-loop index for hops.

LIN Line counter, When the count exceeds 35 at the end of the

printout for a ray, a new page of output is initiated.

LP Control to select column heading (see XPGU) for excess phase data
printout, ie, 1 for (KM), 2 for (MUSECS) or 3 for (CYCLES).

RCF9 Reciprocal of CF9 (see blank COMMON list).

RCF10 Reciprocal of CF10 (see blank COMMON list).

XPGU Array of A-mode data forming the column headings for the printout
of excess phase and group data. Contents are: (KM), (MUSECS) and
(CYCLES), set in DATA statement (see LG and LP),

Blank COMMON

The only items in the list (qv) used here are elements 9 and
10 of the array CF, referenced locally by the names CF9 and CF1l0 respectively.

COMMON /TMO/

The list (qv) up to and including KX is used with the exception
of ALPH1, DA, KG and KP.

COMMON/OP/

The following items from the list (qv) are used here: ALPHAS,
GPL, KEY, NDRL, PHL, RHOL, XGP and XPH.
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0001
tooz
0003
0004
noos
gooe
o007
. ooo8
0609
o010
6011
0012
0013
0014
0015
0016
0017
o018
0619
0020
0021
0022
. 0023
0024
0025
0026
(027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0638
0039
0040

0041

6042
0043
0044
0045
0046
0047
co48
0049
0050
0051
06052
0053
0054

QOO0

[

N

SUBRDUTINE FXPHGP .

CALCULATES AND PRINTS EXCESS PHASE AND GRNUP DATA IN SPECIFIED
UNITS FDOR EACH RAY HOP ' .
VERSION A (REVISINN 27/10/69 A+R+.Ce. OF SUB FXCESS 14/2/69 K.B.R.)

COMMON C(1000),IC(15),CF{8)sCF3+CF10°

COMMON /IM3/ JOBNOsIIDsLTeFeNAsNHs DAY ALPH1sKPsKGoKX

COMMON /0P/ KEY(5»100)sNDRL(5,100) »RHOL(S,100)s ALPHAS({100),
PHL(S55100) sGPL(5+100)+ABL(55100) »HPK(55100)+»SL(5,100)»
HL{5,100) + ALPHDL(S91006) »ILIS5»100) yRHOK( B9 100)
ALPHRS{100) »ALFHRL(5+300) o+ XPH(5»100)»XCGF({55100)

COLUMN HFADINGS FNR EXCESS PHASE AND GROUP DATA
DIMERSINN XEGUH(3)

DATA XEGU(1)(8H (XKM) ) ,XPGU(2) (8HIMUSECS)) »XEGU{ 3} (8HICYCLFS))
FORM RECIPROCALS NF CR(9) AND CF(10) TO CONVERT PHASE AND GROUP
DATA BACK T KM

RCF9=1./CFQ

RCF10=1./CF10

SELECT RECUIRED UNITS OF EXCESS PHASE DATA
GN TO (151+42+129393)9KX

EXCESS FHASE PATH IN KM

C¥P=1.

LP=1

GN T 4

FXCESS PBASE TIME IN MICROSFECONDS
CFP=3.3356404846686

LP=2

e 10 4

EXCESS PHASE IN CYCLFS
CFP=F*3.3356404846686

LP=3

SELECT REQUIRED UNITS 0OF EXCFSS GROUP DATA
GN TN (546+:516+516) sKX

EXCESS CGRAUP PATH IN KM

CFG=1.

LG=1

G0 m™M 7

EXCESS GRDUP TIMF IN MICROSECIONDS
CFG=3.335640484€686

LG=2

INITIALISE LINE COUNT T} FNORCE A NEW PAGE
LIN=36

START OOF ANGLE (RAY) LOOP

DD 13 LA=1,NA

CHECK LINE COUNT

IF(LIN=-3519,9+8

TITLE A NEW PAGFE AWD RESTART LINE COUNT
PRINT 401,J0BNDsIIDsLT9FsXPGUILP) o« XPGUILG)
LIN=4

START OF HOP LOOP

DD 11 LH=14NH

CHECK THAT THIS HNP EXISTS
IF(KEY(LHsLA))Y12+12510

1




0058
0056
00s7
0058
0059
0060
0061
0062
0063
0064
0065
0066
onew
0068
00639
0070
0071
0072
0073
0074
0075
0076

c

CALCULATE EXCESS PHASE AND GRDOUP DATA FOR THIS HNP
10 XPH(LHsLA)=(PHLILH» LAY *RCFO-RHNL(LH,LA) ) #CFP
XGP{LHs LAY ={GPL{LF s LAY *RCF10-RHNL{ LHs LA) ) *CFG
PRINT DATA FOR THIS HNP AND ADVANCF LINE COUNT
PRINT 402y ALPHAS(LA) sLHsNDRLILHsLA) sREAL(LHI LAY »¥FH(LHsLA)»
1 XCP(LH,LA) ‘
LIN=LIN+1
NEXT HNP
11 CONTINUE ,
PRINT A BLANK LINE AFTER DATA FDR EACH RAY AND ADVANCE LINE CNUNT
12 PRINT 403 :
LIN=LIN+1
NEXT ANGLE (RAY)
13 CONTINUE
" RETURN
FORMATS FNR PRINTAUT
401 FORMAT(8H1 JNEs 15, 7X1EHINNNSPHERE MODEL»I14s SXOHTIME STEPs I3,
18X11HFRECUENCY =,F7.3,4H MHZ//52H TAKE¥OFF ANGLE HDP TYPE RAN
26F EXCESS PUASE,ARy14H EXCESS GROUP,AB/)
402 FORMAT(IH 3 F3¢2+185169F13+45F17.3,F22.3)
403 FORMAT(1H )
END
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6.2.5  Subroutine TOTSIG

This subroutine calculates the signal loss due to spatial dispersion
of rays and combines it with the relevant wvalue of absorption to give an
estimate of the total signal: loss along a ray, excluding losses. on ground
reflection, o , : ‘ : , :

The calculation is based upon the expression, derived in reference
[2], which states that, due to spatial dispersion, a 1 watt, ground-based,
isotropic transmitter delivers a power flux of
gos _o — 32 watts per square kilometer”
bnr_sin (pp/r,) sin o, 8p =P 1

at a point (on the ground), range p,. km from the transmitter. o is the
takeoff angle of the ray reaching p_, a. is the ray landing angle, r is
the earth radius (6370 km) and 6p is thé small change in range due t6 a
small increment Soa (radians) in the takeoff angle.

The loss due to spatial dispersion is therefore

10 log(‘mre sin (pD/re) sin °p I-g%| ) b with

cos a
respect to 1 watt per square kilometer.

The value of 8p/8ua is estimated, using three adjacent rays of
ranges p p_ and p , from one of the following forms:-
8€S Pperr Py n+l

S
At Ph-1 |6a

R

1
VB (3pn—1 hpn“+ pn+1)'

ép & c—}- -

At o, IE; T 28a (°n~1 °n+1)°
-G.E- =——]-'-» -

At P11 Ida 26a (pn-l 4pn + 3pn*1)’
-G-E- ~ -u-l‘u—

ie, Ida F5a L)

where f(p) is one of the three parenthesised expressions in the above
approximations.

If the takeoff angle increment is expressed in degrees, the
expression for the spatial dispersion loss becomes

2 Je(p).

This is the form used in the subroutine, and the second expression for
f(p) is used where possible.

360 r sin (p_/r ) sin a
10103[ — D_e

co8 a

In cases where rays do not land or where there are less than three
consecutive landing rays, the spatial dispersion and total losses are given
dummy values of zero (this being an easy number to identify in the output).
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Rays reflecting in different ionospheric layers are treated in
separate batches. The present program can only handle such mode splitting
at one height - normally between E and F layers, and also it can only identify
the 'split in the hop under consideration, eg, if, in one hop, two adjacent
rays reflect, one in the E and one in the F, they are treated in separate
batches, but if, in the next hop, due to an ionospheric tilt, they both
reflect in the same layer, they are treated in the same batch, giving
results of doubtful value. However, cases like this are normally rare enough
not to be a nuisance, v :

In the printout section of the program, a system of line counting

for page control is included, and identification data, eg, job, ionospheric
model, are printed at the head of each page of output.
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STORAGE LIST

Local Variables

A constant loss, in db, arising in the evaluation of spatial

CONDBS
dispersion and derived fram»360re/60 (r = 6370 km, Sa = takeoff
angle increment in degrees). See notes on subroutine.

FRHO A function of the ranges of three adjacent landing rays, used
in estimating the rate of change of range with takeoff angle.
See f(p) in notes on subroutine,

K A control determining the action required when the end of a
batch of landing rays is encountered. Possible values are:
1 (mode-split found), 2 (non-~landing ray) or 3 (non-existant
ray-hop).

LA DO-loop index for takeoff angles.

LH Da-loop index for hops.

LIN Line counter. When the line count exceeds 43 a fresh page of
printout is initiated.

MIB Number of landing rays in the previous batch.

NB A control indicating that a collection of landing rays is not
(NB = 1) or i8 (NB = 2) in progress.

NIB Counter for the number of 1anding rays in the current batch,

RANGE .Range, in km, of the ray for which the spatial dispersion is
being computed

REX 360 360re (re = 6370 km). Set in DATA statement.

RRE Reciprocal of earth radius r,. Set in DATA statement,

SPDB Array containing the values of spatial dispersion loss, in
db, for each ray-hop.

TRIG Product of the sine of a fay-hop range angle and the sine of its
landing angle, divided by the cosine of the ray takeoff angle.

COMMON /IMO/

The following items from the list (qv) are used. DA, F, HEF, IID,

JOBNO LT, NA and NH.

COMMON /OP/

The following items from_the list (qv) are used: ABL, ALPHAS,

ALPHRL, ALPHRS, HPK, KEY, NDRL, RHOL and SIGL.
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0001
(602
0003
0604
0005
0006
goow
noos
0009
0010
0011
0012
0013
0014
0015
0016
6017
0018
0019
0020
0021
0022
0023
024
6025
0026
6027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
06045
0046
0047
0048
0049
0050
0051
0052

e NeNelNeolN el el

eRrEsRzsEzEzEs RN e N o]

(]

SURRNUTINE TOTSIG

ESTIMATES SIGNAL LOSS DUE TO SPATIAL DISPFRSINN AT END AF FACH RAY

HOP AND COMBINES WITH RELEVANT ABSNRPTION VALUE T GIVE TOTAL LASS

VERSION A (REVISINN 6/11/€9 A«R«C. OF PRAGRAM NF FFB 68 ReMeTey
MODIFIED AS SUB SIGSTR 14/2/69 K«B«Be)

ESTIMATINN NF SPATIAL DISPERSINN RECUIRES THREF ADJACFNT LANDING
RAYS IN SAMF MODE "

COMMON /IMN/ JIBNOSIIDsLTsFsNAsNHs DA ALPH1+sKPsKGsKXsJPsIJXsHEFF

COMMON /0P/ KEY(5+100) 4 NDRL(B4100) ,RHOL(5,100) 5 ALPHAS(100)
PHL(8y100) sGPL(5+100) s ARL(Ss 100) s HPK( 551001 +SL(E,100)
HL{5+100) s ALPHDL(S»100) s IL{5s100) s BHAK(5,100)
ALPHRS(100) s ALFHRL(5,100) sXFH(5+100) s XGCP( 5,100,
SIGL(5,100)

DATA REX360(2293200+)+RRE(.15698587127159E~03)

DIMENSINN SPDE(55100)

BN

LASS DUE TO SPATIAL DISPERSIMN (TN DBS) IS DFRIVED FROM -
10#ALOG10((360*RE/DAV*(SIN(RAOD/REIV*SINCALEED) /CNSTALPHA) Y #F(RANS) )
RE=6370KMs DA=TAKEIFF ANGLE INCRFMFNT(DEG), BHN=RANCF NF RFLFVANT
RAY-HOFs» ALPHA=RAY TAKFOFF ANGLE, ALPHD=HOF LANDING ANGLF i
F(RHMNS) IS RANGE FURCTINN WHNSE FORM DFPENDS NN WMFTHER LOSS IS

CALCULATED FR FIRST, MIDDLE OB LAST OF THRFF ADJACENT RAYS.

FOR RON-LANDING RAYS (NDR«GT«1) AND RAYS IN SETS 0F LT«3, SIGNAL

LISS IS SET T DUMMY VALUE OF ZERD

SET CONSTANT TERM 10%ALNG10(360%RE/DA)
CONDES=ALOG10(REX3EO/DAI*10.

CALCULATION OF SIGNAL LOSS

START OOF HOP LOOP

DO 25 LH=1sNH ‘

INITIALISE BATCH INDICATOR NB=1 (ND DATA)s NUMBER IN BATCH NIB=0
NB=1

NIB=0

START OF ANGLE (RAY) LOOP

DO 24 LA=1+NA

CHECK THAT RAY-HOP EXISTS

IF(KEY(LHsLA) 139391 )
CHECK FOR LANDING RAY

IF(2-NDRL(LHsLA))I2+2+8

NON-LANDING RAY. SET FLOW CONTROL K=2

K=2

GN T0 4 ‘

NON=-EXISTANT RAY~HOP. SET FLOW CONTROL K=3

K=3

CHECK WHETHER A BATCH OF DATA HAD BEEN STARTED

cO T (21,5}, N8B

BATCH WAS STARTED. STORE Nre IN BATCH MIB. RESET NBsNIR T N DATA

5 MIB=NIR

NB=1
NIB=0
G0 TO 17
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0053
0054
0055
Hi1tal]
06057
058
0059
060
(061
npez
063
npe4
0065
066
gnew
0068
00€9
0070
6071
072
6p73
M4
Qs
fre
tn7e
res
0079
08080
0081
0082
L1t 3)
R4
goge
onae
0087
0088
0089
gngaq
o9l
0092
0093
0094
6005

0096
0097

0098
0099
£100
o101
102
0103
0104
0105
010¢

[BROLIEN |

1

11

14

16

16

17

LANDING PAY FOUND. INCREMENT NO. IN BATCH» SET INDICATNR NP=2 (ON)
NIB=NIB+1

NB=2

CHECK NN. NF RAYS Il BATCH

IF(2-NIB)7,7,22 .

T OR HORF PAYS IN BATCH. CHECK FNP MODE SPLIT FFTWEEN LAST TWM
IFLHPK(LH, L) =HEF)IR,8,9

TF(HTKCLE s LA=1)~HEFI 10,10, 16

IF(HEF-HPX(LH»LA=1)) 10116416

NO MODE SELIT FNUND. CHECK Nfe AF RAYS IN RATCH
TF(NIR=3)14,11,12 ‘

THRFE RAYS IN EATCH. CALCULATE SIGRAL LOSS FNR FIRST
RAMGF=RHNL(LH, LA=2)
FRUD=ABS(VAUG V3. =PHILILEs LA=1) %44 +PUNLI LU, LA) )
PPIC=SIH(PANGF#FREI*SIN(ALPRARLITLH» LA-2) ) Z/CTISCALPHRSELA-2))
SEDR{LH s LA~2)1=ALNG10(TRIC*FRHN) #10.+CONDES
SIGLULH s LA=2)=SFDBILH s LA=2) 4+ ABLILH s LA=2)
AT LEAST THEFE TAYS IE RATCH. FIND SIGNAL LASS FOR PENULTIMATE NKF
FRHN=ARS(FHOLI LUy LA=2) =PHLILH, LAY )
TRIC=SIF(THILILI  LA=1) #PRF)#SIN( ALFAPLILHLA=1)) /COS(ALPHRSILA-1))
SPDPILH»LA=1)=ALNCI0(TRT G¥FRAN) #10.+CHPPE

SIGLITHy LA-1)=CTIR(LYy LA=1 ) +ARLI LA s LA=1)
CHECY IF CUPTINT PAY IS FINAL OMF
IF(NA-LA) 13,137,024

FINAL BRAY IS IM A RATCH OF AT LEAST THPEFe CALCULATF SIGNAL LSS
RANCE=PHALILH, LA)
FPHN=ARS(RANCF#Z=RANLILH , LA=1) ¥4 o+ PROLILY y LA=2) )
TRIG=SIN(RAECF*R BRI * ST ALPARLILA LAY ) /COS L ALPHTSILA)

SPDRILH, LA)=ALCIN (PTG FREM) #104+CNLTTRS

SIGL(LHsLA)=CSEDF(LH, LAV+ARL(LHS LAY
¢h TN 24

LESS THAL THREF RAYS TN BATCH. CHFCX IF CUPRFNT RAY IS FINAL NEF
IF(NA-LA) 15,515,024

FINAL RAY IS IN BATCH OF LFSS THAN THREE. SET FLOY CANTENL X=2

K=2

¢N TH 19 .
MIDE SPLIT FHCAUNTERFD. SET FENW CONTPOL ¥X=1, STORF ¥O0. OF RAYS IW
BATCH MIE FMR PREVINIS MODE AND START CODNT “IP FOR NEW MODE

K=1

MIB=NIB~-1

BlB=1

CHECK NDe. MF BAYS IN LAST RATCH

IF(MIB-2)19918,20)

_QHLY TWP PAYS I LAST BATCH- SET DIMMY LNSS FnR FIRST

18

19

20

SPDB(LH»LA-2)=0,

SICLILRs LA=21=00

EAT MOPE THAN TUM RAYS IN PREVIOUS BATCH. SET TUMMY LOSS FAR LAST
SPDB(LHs L -1)=00

SIGLILEsLA~1)=0.

G Th 21

AT LEAST THREF PAYS IN PREVINUS BATCH. FIND SIGNAL LNSS ¥R LAST
RANCF=RHOL(LHyLA~1)

FRHN=ARS(PANGF*Re=RUNLILH 4 LA=2) #4 . +RNIL(TLH s LA=3))
TRIG=SIE(PANGE*RREI*CIN(ALPHRLILH LA=1) ) /COS(ALPHTSILA-1))
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0107 SPDR(LH s LA-1)=ALNCI0( TRIC*FREN) #10.+CONLERS
0108 ~ SIGL(LEsLA=1)=SPDPR(LH,LA- 1)+AIL(LHoLﬁ 1)
0109 C FOLLOW FLOW CONTROL X

0110 21 CQ TO (22+23+24) 5K

0111 C ONE RAY IN CURRENT BATCH. CHECK IF FIBAL PﬁY )
0112 22 TF(NA-LN)23+2%+24

0113 C SET DUMMY 'LNSS FOR CURRENT RAY

(114 23 SPDB(LY,LA)=

0118 SIGL(LH,LA)=0. ¢
0116 C NEXT ANGLE (RAY)

0117 24 CONTINDE

0118 ¢ NFYXT HIP

0113 25 CONTINUF

n12n ¢ *

0121 ¢ PRINTOUT QF RTSULTS

0122 ¢ START OF BOP LOOP 4
0123 DN 32 Lu=1,NE

0124 ¢ STAPT * N¥w PACE FOR EACH HOP AND ITVITIFLISE LINE COUNT

0125 PRINT 4161,JORNDSIIDsLT»F .
D126 LIN=4

(127 € START OV ANGLF (RAY) LOOP

0120 1D 21 LA=1,NA

n1z9 ¢ CHECK LIMT® COUNT

(1130 IF(LIN~43127+27+26

0121 C TITLY ¢ NEW PAGE AND RESTART LI®% COUNT

0132 26 PPINT 4101+ JOBRDIITH 1T E

0133 LIN=2

N34 ¢ CHECK THAT RAY~HODP FXISTS

0135 27 IFIKFY(LIsLA)) 28528429

0136 C FOPCT A BLANK LINT FOR NDQN-EXISTANT RAY-HOP

0137 28 PPINT 4102

0138 ¢o TO 30

0139 € PRINT DATA FOR THIS RAY-HNP AND ADVANCE LINE CDUNT )
0140 29 PRINT 4103, ALEHASILA) s LHsUDRLILHSLA) s PHOLILH S LA) 4 ARLULHS LA »

0141 1 SPDB(LH,LA) »SICL(LH,LA)

0142 30 LIU=LIN+1 .
0143 C NFYT ANGLE (RAY)

0144 31 CAORTIVQE

0145 C NFYT ROP

0146 32 CONTINUE

0147 RETURN

n148 ¢ ERINTODY FAFMATS

0149 4101 FNRNATI8HI JNByI 5+ 7Y 1EHINNNSPHFEE "WPFL:IAsEXOWTIYF-°W?PoI’

01506 18Y1IHFRPECUENCY =2F7.3:4d MHZ//6Y82HRAY T/0 ANCLE ROP MDR PAN

0151 2CF-KM  ADSOIP-DES  SPAT.DISP-LRS  TNTAL LOSS-DBS/)

01652 4102 FORMATC(IR )
0153 4103 FORMATIIH »F15.3,17,152F14.4,F12.45F15.4,F16.4)
0154 END
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6.2.6 Subroutine DATAX

This subroutine enables the punching onto cards, for possible o
use in other programs, of the range, excess phase and group data and -
total signal strength for each ray-hop, together with appropriate
identification data. In addition, printout of the above data is given,
this being a_combination of the tabulations obtained from Subroutines
EXPHGP and TOTSIG (qv)._,‘

The output may be ordered in one of two ways,\either being
cycled by hops, ie, hop 1 = ray 1, ray 2, s.... ray N; hop 2 = ray 1,
ray 2, ..... ray N; etc, or by takeoff angles (rays), ile, ray 1 - hop 1,
hop 2, «eses hop M; ray 2= hop 1, hop 2, ..... hop M; etc. s

, " Header and trailer ‘cards are pufiched’ for each set of rays to
aid identification of the sections of the output deck which may include
output from subroutine RYPNCH (qv)

A system of line counting for' page control of the printout

is included, and each page produced is titled with suitable 1dentif1cation
data.
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STORAGE LIST

Local Variables

XPGU

pO-loop index for takedff angles'(ie} rays).

Control to select column heading‘(see XPGU) for excess group
data printout, ie, 1 for (KM) or 2 for (MUSECS).

DO-loop index for hops.
Line counter for page control of printout.

Control to select column heading (see XPGU) for excess phase
data printout, ie, 1 for (KM), 2 for (MUSECS) or 3 for (CYCLES).

An A8 word consisting of 8 X's used on header and trailer cards
of a batch of output as an aid to identification. Set in DATA
statement..

Array of A-mode data forming the column headings for the printout
of excess phase and group data. Contents are: (KM), (MUSECS) and
(CYCLES), set in DATA statement (see 1G and LP).

COMMON/IMO/

The list (qv) up to and including JX is used with the exception

of ALPH1, DA, JP, KG and KP.

COMMON /OP/

The following items in the list (qv) are used: ALPHAS, KEY,

NDRL, RHOL, SIGL, XGP and XPH,




G001
poo2
0003
0004
0005
0006
6007
0008
6009
0010
0011
0012
0013
0014
0015
0016
o017
0018
0019
0020
0021
0022
0023
0024
0025
0026
- 0027
0028

- 0029

[o N+ Xe Nl

0030 ¢

0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053

SUBROUTINE DATAX )

PRINTS AND PUNCHES ¥R EACH RAY-HOP, IDENTIFICATION DATA, RANGE
EXCESS PHASE AND GROUP AND TOTAL SIGNAL STRENGTH

VERSINN A (REVISION 3/11/63 A«R.C. OF SUB XDATA 14/2/69 K.B.B.)

COMMON /1MO/ JDBNU.IID.LT.F.NA.NH,DA,ALPH1,KP,Kc.xx.Jp.Jx
COMMON /00P/ KEY(55100) yNDRL(55100) »RHNL(55100) s ALPHAS(100)
PHL(5+100)sGPL{55100) »ABL(5,100),HPK(&,100),SLI5,100),
HL(5+100) s ALPHDL(5»100) s I Lt 5y 100) s RHDK( 5, 100) »
ALPHRS(100:,ALPHRL(5,100».xpﬂcs.an),xcpts.ann).
SIGL(55100)
DATA X(BHXXXXXXXX) o '
'COLUMN HEADINGS FOR EXCESS PHASE AND GROUP DATA
DIMENSION XPGU(3)
DATA XPGUC1)(8H (KM)  ),XPGU(2) (BHIMUSECS) ) »XPGU(3) (8BH(CYCLES) )
SET SUBSCRIPTS FOR REQUIRED HEADINGS '
LP=(KX+1)/2
LG=( (1-KX)/2) #2+KX
PUNCH HEADER CARD FOR THIS SET
PUNCH 42019FsFsFsFsFsXsXsXsXHX
SELECT RECUIRED DRDER OF OUTPUT
GO T (1,7)5JX '
ORDER OF DATA - ALL RAY-HOPS FOR EACH HOP IN TURN
START ¥ HOP LOOP
1 DD 6 LH=1sNH B -
START A NEYW PAGE F¥IR EACH HDP AND INITIALISE LINE COUNT
PRINT 4101,JDBND»IID,LT,F’XPGU(LP),XPGU(LG)
LIN=4 '
START OF ANGLE (RAY) LODP
D) 5 LA=1sNA
CHECK THAT RAY-HOP EXISTS
IF(KEY(LHsLA))5+5,2
PUNCH DATA FOR THIS RAY-HOP
2 PUNCH 4202sJ0OBNOs»IIDsLTsFsALPHAS(LA) s LH, NDRL(LH,LA),RHDL(LH.LA),
1 XPH(LH sLA) s XGP(LHsLA) s SIGL(LH9LA)
CHECK LINE COQUNT
IFILIN=43)4+4+3
TITLE A NEW PAGE AND RESTART LINE COUNT
3 PRINT 4101+J0BND+IIDsLT»FsXPGUILP) s XPGU(LG)
LIN=4
PRINT DATA FOR THIS RAY-HNP AND INCREMENT LINE COUNT :
4 PRINT 4102+ALPHAS(LA} »LHs NDRL{LHs LAY s RHOL(LH2LA) o XPHULHS LAY »
1 XGP(LHsLA) »SIGLILHSLA)
LIN=LIN+1
NEXT ANGLE (RAY)
5 CONTINUE
NEXT HODP
6 CONTINUE
co0 10 14
ORDER 0OF DATA - ALL HOPS FDR EACH ANGLE (RAY) IN TURN
INITIALISE LINE COUNT 70 FORCE A FRESH PAGE
? LIN=36
START OF ANGLE (RAY) LOOP

o GLN) =



0054
0055
0056
0057
0058
0053
(060
0061
0062
0063
0064
0065
0066
006w
0068
0069
0070
0071
0072
06073
0074
0075
0076
0077
0078
0079
0080
0081
gosz2
0083
0084
p08s
0086
(087
0088
0089
0090

c

Y

DO 13 LA=1,NA
-CHECK LINE COUNT
IFILIN-351999+48
TITLE A NEW PAGFE AND RESTART LINE COUNT
8 PRINT 4101+JOBNOsIIDsLTsFsXPGU(LP) 9 XPCUILG)
LIN=4
-START 0OF HOP LOOP
9 DO 11 LH=1,NH
. CHECX THAT RAY-HDP EXISTS
IF(KEY(LHsLA))12,12510 )
PUNCH AND PRINT DATA FOR THIS HOP AND INCREMENT LINE COUNT
10 PUNCH 4202, J0OBND»ITIDsLTyFe ALPHASILA) s LHsNDRL(LHsLA) RHAILITLHs LA},
1 XPHULHs LAY 3 XCP{LESLA) »SIGLILH»LA)
PRINT 4102y ALPHAS(LA) »LHsNDRL(LHsLA) s RHOL(LHsLA) 9 XPH(LH,LA) »
1 . XGPULHsLA)»SIGL(LH,LA) .
LIN=LIN+1
NEXT HOP
11 CONTINUE
PRINT A BLANK LINE AFTER DATA FOR EACH RAY AND ADVANCE LINE COUNT
12 PRINT 4103 '
LIN=LIN+1
NEXT ANGLE (RAY)
13 CONTINUE
PUNCH TRAILER CARD FOR TRHIS GFT
14 PUNCH 4203+X9XsX9XoXsFsFsFsFsF
RETURN
PRINT FIRMATS
4101 FORMAT(8H1 JOBsI1 597X 16HIONDOSPHERE MODEL+ 14 5XOQHTIME-STEPSI 3y
18X11HFRECUENCY =9F7.3s4H MH7//10X46HTAKFIFF ANGLE HOP NDR RANG
2E-KM EX PHASE»AB,11H EX GROUPsA8,19H SIG STRENGTH-DBS/)
4102 FORMAT(1H sF18+39189149F14¢44F16:45F19+4,F1844)
4103 FORMAT(1H )
PUNCH FORMATS
4201 FORMAT(5F8.315A8)
4202 FORMAT(215+14+2F3.3+2139F12¢452F11.45F10.4)
4203 FORMAT(5A8+5F8.3)
END
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6.3
6.3.1
6.3.2

6.3.3

6.3.4 ' .

6.3.5
6.3.6

6.3.7

Group (iii) subprograms

I0D subprogram,
Subroutine PLTRAY,

Subroutine SORTDA.

Subroutine PLTITL. -

Subroutine PLTDAT,

Subroutine CALFRM -

Subroutine PLTFRM,
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6.3.1 10D subprogram (FIOD deck)

This subprogram allocates the disk-units required for storing
ray~-path data (height and range angle of each computed point) for eventual
plotting on the SC4060 unit.

All the data to be plotted on one SC4060 frame (range coverage
of 1000 km) are stored on one disk, and with 15 disks allocated, up to 15
plotting frames may be obtained (ie, a maximum range coverage of 15000 km).

100 Arcs are made available on each disk, each arc accomodating
512 words, giving a storage capacity of 51200 words per disk. In the
extreme case of 100 ray-paths to be plotted, this allows an average of
some 250 points per curve per frame, a curve being the section of a ray-
path in one frame.

0001 B1 I0DsDISKs» 100
0002 B2 INDyDISKss 100
0003 B3 INDsDISKys»100
0004 B4 IODsDISKy»» 100
6005 B5 I0D» DISKs 9100
0006 BB INDYDISKys»100
0007 B7 IODyDISKye»100
0008 B8 INDs DISK94+100
6009 E9 ‘ I0ODsDISKs»»100
0010 B1O I0DyDISKss»100
0011 B11 INDyDISKs» 100
0012 B12 INDsDISKss»100
0013 B13 I0DsyDISKss»100
0014 B14 ITDyDISKse 9100
0015 B15 10Dy DISKss+100
0016 END
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6.3.2 Subroutine PLTRAY

This subroutine, which is called (if plotted output is required)
at the end of each ray-hop computed, acts as the control for the set of

subroutines used to obtain plots of the ray-paths on the SC4060 plotting
unit,

At the first call in a set of ray-path computations (first hop
of first ray) the disks used to store the ray data prior to plotting are

rewound and frame data, eg, curves per frame points per curve, are set
to zero. o

On each call to the subroutine, the height and range angle of
each point in the hop are transferred to temporary stores sufficient to
accomodate a full ray-path (ie, a maximum of 5 hops with a maximum of
1000 points per hop). On completion of a ray, a ‘call is made to the subroutine
SORTDA (qv) which sorts the data and copies it into the disk store.

When a set of ray-paths is complete, calls are made to subroutines
PLTITL and PLIDAT (qv), the former glving a title page to the plotted
output, the latter plotting the ray data. ;’
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STORAGE LIST

Local Variables

LHA Control taking the follawing‘values:-

1 - data received is for the first hop of the first
ray in a set.

2 - data received is for the first hop of a ray other
than the first in a set.

3 - data received is for a hop other than the first of
a ray.

Initially set to unity in DATA statement.

MA DO-loop index, used when setting or resetting the array
NPTSEC (see COMMON/PLOT/list) to zero.

MFR DO-loop index, used when rewinding disks and setting or
resetting the arrays NUMSEC and NPTSEC (see COMMON/PLOT/list)
to zero.

J DO-loop index, used when storing the data for a ray-hop.

COMMON/IMO/

The only items in the list (qv) referenced here are NA and NH.

COMMON /HOP /

All items in the list (qv) up to and including THETA are
used with the exception of ALPHR.

COMMON /P1OT/

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010

06011 C

0012
0013
0014
0015

eNes NNl

The following items in the list (qv) are defined here: HTS,
IPTS, NFR, NPTSEC, NUMSEC and THS,

1

SUBRDUTINE PLTRAY

CONTRNLLING ROUTINE FOR THE PLATTING NF A SET OF RAY PATHS

VERSION A (REVISION 12/11/69 A.R.C. NF SUBS PLATRA AND CICS
FEB €8 ReMoJe)

COMMON /IMN/ JOBRDSIIDsLTsFsNASNH

COMMNN /HOP/ ALPHRsNDRsLASLHsI»H(1000)s THETAC1000)

CAMMNYN /PLOT/ NTYPsNTITLE»TITLE(400) ¢+MAXHs INCDHoIPTS,HTS(5R00)
THS({5000) s NUMSEC(15) s NPTSEC( 15,100} »NFR

DATA LHA(3)

‘CHECK IF FIRST HOP OF FIRST RAY (LHA=1), FIRST HOP OF ANOTHER RAY

(LHA=2) OR HOP OTHER THAN THE FIRST NF A RAY (LHA=3)
CN TO (1+4+5)9sLHA

FIRST HOP OF FIRST RAY. SET FRAME COUNT T0 ZERD, REWIND DISKS, SFT
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0016
po1v
0018
8019
o020
0021
0022
0023
0024
0025
6026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0038
6o37
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
00860
00351
0052
0053
0054
0085
1056
0057

(]

10

11

NUMBERS OF RAY SECTIfINS IN FRAMES AND POINTS IN SECTINNS TO ZFRD

NFR=0

DO 3 MFR=1,15
REWIND MFR
NUMSEC{(MFR) =0

DO 2 MA=1,N8A
NPTSECIMFR,MA) =0
CNRTINUE
CONTINUE

FIRST HOP OF A RAY. SFT FIRST PNINT DATA AND STAFT RAY POINT COUNT

FOR THIS RAY
RTS(1)=0,
THS(1)=0.
IPTS=1

ANY HOP« STNRE DATA ¥R EACH POINTs INCREMENT PAINT COUNT
NeBe EXCEPT FR FIRST HOPs POINT AT START 0OF HOP IS ICGNDRED,

IDENTICAL WITH END PDINT OF PREVIOUS HOP

DO 6 J=2»1

TPTS=IPTE+1

HTS{IFTS)=H{J)

THS(IPTS)=THETA(J)

CONTINUE

CHECX IF END DF RAYs 1+.E. MAXIMUM HOPS OR NDR.GT.3
IF(LH-NH)7,9,9

IF(NDR-3)8,83,9

RAY INCOMPLETE. RESET INDICATOR FOR NEXT HOP
LHA=3

RETURN

RAY COMPLETE. SORT DATA AND STORE AN DISKS

CALL SORTDA

CHECK IF FINAL RAY IN SET

IF(LA-NA)10»11»11

MORE RAYS TO COME. RESET INDICATOR FOR REXT RAY
LHA=2 .

RETURR

BFING

SET 1F RAYS COMPLETE. WRITE A TITLE PAGE FNR PLOATTFD DUTPUT AND

PLOT THE RAY PATHS. RESET INDICATOR FNR NEXT SET 0F RAYS

CALL PLTITL
CALL PLTDAT
LHA=1
RETURN

END
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6.3.3 Subroutine SORTDA

This subroutine sorts the coordinate data (heights and range
angles) for a complete ray-path into sets. Each set covers a range of
1000 km and is written onto a disk holding the data to be plotted in one
frame, Up to 15 disks are made available, giving a maximum range coverage
of 15000 km.

After calculating the number of frames (ie, sets) required by the
ray, the range angle data are scanned sequentially until two points are

found which straddle a frame edge (ie, a range of some multiple of 1000 km).

The height of the ray-path at a frame edge is found by interpolation,
assuming linearity between the two points, viz,

(ha + re) (hb + re) sin (eb - ea)

e - Y ’
(ha + re) sin (eo - ea) + (hb + re);sin (eb - 60) e
where 8 1s the range angle to the frame edge; h e and h, , 8, are the

height 8nd range angle of the point before and tﬁe point afte Ehe frame
edge, and r_ is the earth radius. The interpolated point is then the last
in one framé and the first in the next. The scanning process is carried on
through each 1000 km bracket necessary until the end of the ray-path is
reached,

The number of ray-path sections in each relevant frame is
incremented, and the number of points in each section counted.
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STORAGE LIST

Local Variables

HFST Height, in km, of a ray at start of a frame.

HLST Height, in km, of a ray at end of a frame.

J Loop index for writing height and range angle data onto disk.

KPT An indexing parameter for setting first value of index in point
sorting loop and last value of index for writing data onto disk.

LPT Loop indexing parameter, ie, first value of index in point sorting
loop.

LSEC Current number of ray-path sections in a frame,

MFR DO-loop index for frames.

MPT D5-1oop index for point sorting.

NFRM Number of frames covered by current ray.

NPT Point counter.

RA Radius, in km, to ray-path point immediately before a frame edge.

RB Radius, in km, to ray-path point immediately after a frame edge.

THBA Range angle difference between ray-path points straddling a
frame edge.

THBO Difference between the range angle to the ray-path point
immediately after a frame edge and the range angle to the frame
edge. ‘

THFRM Range angle coverage of one frame, ie, 1000/6370 radian., Set in
DATA statement,

THFST Range angle of ray at start of frame.

THLST Range angle of ray at end of frame.

THO Range angle to the end of a frame.

THOA Difference between the range angle to a frame edge and the range
angle to the ray-path point immediately before the frame edge.

COMMON/PLOT/

The following items from the list (qv) are referenceq here:

HTS, IPTS, NFR, NPTSEC, NUMSEC and THS.
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0001
0002
0003
0004
0005
n0noeG
foo7
0008
0009
0010
0011

0012
0013
0014
0015
0616
0017
0018
06019
0020

0021

0022
0023
0024

0025
0026
0027
0028

0029

0030

0031

0032

0033
0034

0035
0036
0037
gos8

0039

0040

0041

0042

0043
0044

0045
0046
0047
0048
0049
6050
0051
D052
0053
0054
0055
0056
06057
0058
0059
0060
0061
no62
0063
0064
0065
0066

[ B o BN o 3 o B o)

(9]

(@}

1

SUBROUTINE SORTDA

SORTS THE DATA FOR A CNMPLETE RAY INTD FLﬂCKSy FACH BLOACK COVERING

A RANGE OF 1000KM,s AND STORES ON APPRNPRIATE DISKS. DATA VALUES AT

FRAME EDGES» I+Es AT 1000KM PNINTSs, ARE OBTAINED BY INTERPPOLATINN

VERSION A (REVISION 13/11/69 A.R.C. NF SORTING SECTION DF SUB
PLOTDA FEB 68 ReMeJ.)

COMMON /PLOT/ NTYPsNTITLEsTITLE(400) s MAYHSINCDH,IPTSHTSIS00N), :
THS(5000)» NUMSEC(15) s NPTSEC115+100)NFR

RANGE ANGLE COVERED BY NNE FRAME- (1000KM)

DATA THFRM(.15638587127159)

DETFRMINE NUMBER (OF FRAMES COVERED BY THIS RAY
NFRM=THS{IPTS) #6.37+1.

IF NFRM EXCEEDS 15 (MAXIMUM ALLOWED), RESET T0 16
IF(NFRM=15)2+2y1

NFRM=15

UPDATE MAXIMUM NUMBER OF FRAMES REOUIRED IF NECESSARY
NFR=MAXO(NFRM, NFR)

INITIALISE DATA AT FRAME EDCE, END OF FRAME RANGE ANGLE AND FIRST
VALUE OF POINT LODF INDEX

HLST=0.

THLST=0. =
THD=0+

KPT=1

FXECUTE THE FOLLOWING LONP FOR EACH FRAME NECESSARY

DJ 6 MFR=1sNFRY

UPDATE NUMBER NF¥ RAY SECTIONS IN THIS FRAME

NUMSEC(MFR) =NUMSEC(MFR)+1

LSEC=NUMSECIMFR)

SET RANCF ANGLE TN END DF THIS FRAME

THO=THO+THFRM o ,

SET FIRST POINT DATA FOR THIS FRAME AND START POINT COUNT

HFST=HLST

THFST=THLST

NPT=1

SET FIRST VALUE N¥ POINT LONP INDEX

LPT=KPT+1 - - - | -
FIND THE POINTS 10 BE INCLUDED IN THIS FRAME

D0 5 MPT=LPT,IPTS

CHECK IF POINT LIES IN CURRENT FRAME i}
THBO=THS(MPT)~THO . : ’
IF(THBN) 44343

POINT IS IN NEXT FRAME. INTERPOLATE TO FIND DATA AT FRAME EDGE

RA=HTS(MPT~1)+6370.

RB=HTS(MPT)+6370+

THOA=THO-THS(MPT=1)

THEA=THS(MPT)-THSIMPT-1)

HLST=RA¥RB#*SINITHBA)/(RA*SIN( THOA) +RB*SIN(THEN) ) ~6370.

THLST=THO

SET PNINT COUNT FNR THIS RAY SECTION, KOLD INDEX NF PREVINUS PNINT
NPTSECINFR,LSEC)=NPT+1

KPT=MPT-1

STORE DATA FOR THIS RAY SECTINN NN DISK AND RECYCLE ¥R NEXT FRAME
WRITE(MFRIHFSTs THFST» {HTS(J)» THS(J) » J=LPTsKPT) yHLSTs THLST

cO 10 6

PNINT IS IN THIS FRAME. INCREMENT FOINT COUNT AND TRY NEXT POINT

NPT=NPT+1 ~

CANTINUE

LAST POINTS FOR THIS RAY. SET POINT COUNT AND STORE DATA ON DISK

NPTSEC(MFRyLSEC) =HPT

WRITE(MFRIHFSTy THFSTy (HTS(JV s THS(J) 9 J=LPT [ PTS)

NEXT FRAME , .
CONTINUE

RETURN

END
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6.3, 4 Subroutine PLTITL

This subroutine is used to print identification data, ie, job
number, ionosphere model number, time-step number, signal frequency and
takeoff angle information, and a description, contained in array TITLE
(see list for COMMON/PLOT/), on the SC4060 page preceding a set of ray-path
plots.
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STORAGE LIST

Local Variables

DJOB Array of A8 words to be typed with identification data of a set
of ray-path plots. Defined in DATA statement.

J DO-loop index for typing DJOB (qv).

KTI DO-loop index_for typing words (A8) in one line of TITLE (see
list for COMMON/PLOT/).

LY Y~coordinate of a line of TITLE.

MTI DO-loop index for typing lines of TITLE, and loop indexing
parameter for typing words in one line, ie, subscript of first
word in a line,

NTI Loop indexing parameter for typing words in one line of TITLE,
ie, subscript of last word in a line.

COMMON/ IMO /

The list (qv) up to and including ALPH1 is used with the exception

variables NA and NH.

COMMON/PLOT/

0001

0002
0003
6004
0805
0006
o007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
on18
0019
0020
0021
0022

o

(o]

The first three items in the list (qv) are used.

SUBROUTINE PLTITL
PRINTS JOB DESCRIPTINN AND TITLE ON FIRST PAGE OF SET OF RAY PLATS
VERSINN A (REVISINON 13/11/69 A+R.Ce NF SUB TITE FEB 68 ReM.J.)

COMMON /IMO/ JDENOSIIDsLT+FaNAsNHsDA»ALPHI
COMMOY /PLOT/ NTYPSNTITLEsTITLE(40M)

JOOB DESCRIPTION PRINTOUT
DIMENSINN DJIB(14)

DATA (DJOBUJ)»J=1,14) (8HINB N« ,8H »8% IID »8H Ts
1 B8HIME-STEP»8HFRECUENC,BHY = »8H MHZ »8H1 T/13 A,
2 BHNGLES FR+8HOM +»8H DEG IN +8H DEGs8H STEPS )

START A FRESH PAGE

CALL ADVFLM(NTYP)

PRINT JOR NO., INNOSPHERE NO. AND TIME-STEP NQ. ON FIRST LINE
CALL TSP(50,48,40)

DO 1 J=1+5

CALL HORAMUDJIDB(J) +8)

CONTINUE

CALL TSP(106+48,s40)

CALL C4020I(JOBNMN5)

CALL TSP(218,43+40)
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0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0650

CALL C4020I(IIDs4)}
CALL TSP(370:48,40)
CALL C4020I(LT,3)

 PRINT FRFCUEhCY AND ANGLE DATA 0N SECDND LINE

CALL TSP(50,48,60)

DD 2 J=6+14

CALL HORAM(DJIOR(J),8)
CONTINUE
CALL_TSP(138,48-60)
CALL C4020F(Fs7+3)
CALL TSP(386,48,60)

- CALL C4020F(ALPH1+7+3)

CALL TSP(490,48,60)

CALL C4020F(DAs653)

PRINT CONTENTS DF ARRAY *TITLF*; TEN A8 WDRDS PER LINE
LY=80

DO 4 MTI=1,NTITLE»10
NTI=MTI+9
IFINTI-GT«NTITLE)NTI=NTITLE
LY=LY+20

CALL TSP{50+48,LY)

DO 3 KTI=MTI.NTI

CALL HORAM(TITLE(KTI),»8)
CONTINUE

CONTINUE

CALL STPTYP

RETURN

END
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6.3.5 Subroutine PQ?DAT

This subroutine enables the plotting of a set of ray-paths in
in a series of frames on the SC4060 plotting unit, each frame covering a
range of 1000 km,

On the first call to this subroutine in a run, a call is made
to subroutine CALFRM (qv) in order to calculate the data for drawing a
plotting frame. In subsequent calls to PLTDAT during a run, CALFRM is
bypassed, the calculated data being held in COMMON/FRAME/ ‘qv).

After the drawing of a frame by a call to subroutine PLTFRM (qv),
the data for each relevant ray-path section in turn is read from the
appropriate disk, converted into SC4060 coordinates and plotted. The
process 1s repeated for the number of frames required by the set of ray-paths,
The end of a set of plots is indicated by a blank frame. '
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STORAGE LIST

Local Variables

MFR Da-loop index for frames.

MPT Loop index for reading point data off disk and Da-loop index for
plotting points on ray-path.

MSEC DO-loop index for the ray-path sections in a frame.

NOFRM Control for the calculation of the data required for drawing
a plotting frame. Set to unity in DATA statement allowing a call
to subroutine CALFRM (qv), then reset to 2 for the remainder of
the run so that CALFRM is bypassed.

NPTS Number of points in ray-path section being plotted.

NSEC Number of ray-path sections to be plotted in the current frame.

RSC Scaled radius to a point in a ray-path (SC4060 units).

THET Range angle of a ray-path point relative to the range angle at
the start of the frame in which the point is located.

THFRM Range angle coverage of one frame, ie, 1000/6370 radian. Set in
DATA statement.

THO Range angle at the start of a frame,

XA, XB x-coordinates, in SC4060 units, of two successive points in a .
ray-path.,

YA, YB y-coordinates, in SC4060 units, of two successive points in a
ray-path.

COMMON/PLOT/

The following items in the list (qv) are used here. HTS, NFR,

NPTSEC, NTYP, NUMSEC and THS,

COMMON/FRAME/

The first three items in the list (qv) are referenced here.
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0001 SUBROUTINE PLTDAT

00062 C PLOTS RAY PATHS ON A SERIES OF SC4060 FRAMES, EACH FRAME COVERING
0003 C A RANGE DF 1000KM

0004 C VERSION A (REVISIAN 13/11/69 A.R.C. OF DATA PLOTTING SECTION OF
8005 C SUB PLOTDA FEB 68 ReMaJo)

0006 C

0007 COMMON /PLOT/ NTYPsNTITLE,TITLE(400) »MAXHsINCDHSIPTS,HTS(5000)
0008 1 THS(5000) s NUMSEC(15) o NPTSEC115,100) sNFR

0009 COMMON /FRAME/ LRS»LRFsRHX

0010 €

g011 C FRAME CALCULATION CONTROL AND RANGE ANGLE EQUIVALENT OF IUOUKM
0012 DATA NOFRM(1), THFRM( . 15698587127159)

(013 C I¥ THIS IS THE FIRST CALL T0O PLTDAT IN THIS RUNs CALCULATE DATA
0014 C REQUIRFED TO DRAW PLOTTING FRAME AND RESET CALFRM CONTROL

0015 GN TO (1,2)sNOFRM

6016 1 CALL CALF¥RM

0017 NOFRM=2

o018 ¢C INITIALISE ANROTATION AND ANGLE FOR RANGE AT FRAME START

0019 2 LRS=-1000

0020 THO=~THFRM

0021 C EXECUTE THE FOLLOWING LODP FOR FACH FRAME REQUIRED

0022 DO 5 MFR=1,NFR

0023 C SET RANGE LIMITS (ANNOTATIONS) AND INITIAL RANGE ANGLE FOR THIS
0024 C FRAME AND DRAW THE FRAME

0025 LRS=LRS+1000

0026 LRF=LRS+1000

G027 THO=THO+TH FRM

0028 CALL PLTFRM

0029 € REWIND DPISK FOR THIS FRAME

0030 REWIND MFR

0031 C SET NUMBER OF RAY SECTINNS TO BE PLOTTED IN THIS FRAME

0032 NSEC=NUMSEC(MFR)

0033 € EXECUTE THE FOLLOWING LNOP FOR EACH RAY SECTION

(0034 D) 4 MSEC=1,NSEC

0035 C SET NUMBER OF POINTS IN THIS RAY SECTION

6036 NPTS=RPTSEC(MFR,MSEC)

0037 C READ DATA FOR THIS RAY SECTION OFF DISK

0038 READ(MFR) (HTSUMPT)» THSIMPT) sMPT=1,NPTS)

0039 ¢ FIND X,Y COIRDINATES MNF FIRST POINT

0040 RSC=HTS(1)*RHX+5096.

0041 THET=THS(1)-THO

0042 XB=SIN(THET)¥RSC+60.

0043 YB=5946.~CS(THET) #RSC

0044 C FIND X»Y CNORDINATES N¥F SUCCESSIVE POINTS AND PLDT RAY SECTIMNN
0045 D) 3 MPT=2sNPTS

0046 XA=XB

0047 YA=YB

0048 RSC=HTS{MPT)*RHX+5096.

0049 THET=THS(MPT) -THN

0050 XB=SIN{THET) *KSC+60.

0051 YB=5346+.~CNS{ THET) *RSC

0052 CALL VECTOR(XAsYA+XBsYB)

0053 3 CONTINUE

00564 C NEXT RAY SECTION

0055 4 CONTINUE

0056 € NEXT FRAME

0as7 5 COANTINUE

0058 C THRNIW A BLANK PAGE AFTER FACH SET OF RAY PLNTS

0059 CALL ADVFLM(NTYP)

0060 RETURY

0061 END
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6.3.6 Subroutine CALFRM

This subroutine calculates all the data necessary for drawing
plotting frames for the ray-paths on the SC4060 plotter unit.

One frame covers a fixed range of 1000 km, scaled to 800 plotter
units. The height coverage required is input, and is also scaled to 800
plotter units., Therefore, for true height-range plots a maximum heights
of 1000 km should be specified. Usually, however, an exaggerated height
scale is used,

The frame origin (zero height, zero range) is set at X = 60,
Y = 850 on a plotting page, so that the earth centre is located (off frame)
at X = 60, Y = 5946 (since 6370 km = 5096 plotter units). Thus, any point
height h, range angle 6 (from frame start), has coordinates on the plotting
page of

X = 60 + (5096 +—]8’°°. h) sin 6

Y = 5946 - (5096+@. h) cos 8,

Pheax

where hMAX is the maximum height of the frame,

Height-scale marks, at specified intervals, are set at the left,
on either side of the centre and at the right of the frame, The interval
between scale marks must be such that not more than 9 marks are required
between h = 0 and h = , le, not more than 10 divisions in the scale.
The scale marks have a surface length of 12.5 km, ie, 10 plotter units, and
are annotated at the left side of the frame,

Range scales, consisting of segments of surface length 10 km, are
drawn at h = 0 (ie, surface) and at h = hréi « Scale marks are added at
100 km intervals and are of length 15 plo éér units at the ends, 10 units
in the centre and 5 units elsewhere. Annotations are put at the ends of the
surface scale,

The data calculated in CALFRM are the height scale factor, the
number and values of the height-scale marks, the coordinates of the end
points of the height and range-scale marks, the coordinates of the points
forming the range scales, and the coordinates for annotating the right
hand end of the surface range scale,
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STORAGE LIST

Local Variables

ANG Range angle, in radians, from the start of a frame to a point
forming part of a range scale.

CAN cosine of ANG (qv).

CHCW Product of cosine of RAH (qv) and cosine of W (qv).
CHSW Product of cosine of RAH (qv) and sine of W (qv).
CRA cosine of RA (qv).

CRAH cosine of RAH (qv).

CRAHMW cosine of RAH - W.

CRAHPW cosine of RAH + W,

CRAMW cosine of RA - W,

cwW cosine of W (qv).

DAN Angular width, in radians, of segments forming range scales
(10/6370 radian). Set in DATA statement.

HMAX Maximum height, in km, of height scale.

HSC Height, in plotter units, of .a height-scale mark.

IA Loop indexing parameter for range scale points, ie, subscript
of first in a set of 10 forming range scale between 2 scale
marks.

1B Loop indexing parameter for range-scale points, ie, subscript
of last in a set of 10 forming range scale between 2 scale
marks.,

MHS D5-1oop index for height-scale marks.

MRS DO-loop index for range-scale points.

MS DO-loop index for range-scale marks.

RA Range angle, in radians, covered by one frame (1000/6370 radian).
Set in DATA statement,

RAH Half-frame range angle, in radians (500/6370 radian). Set in
DATA statement.

RSC Radius, in plotter units, from earth centre to a height-scale
mark,
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RSCM

Array containing radii, in plotter units, to upper ends of
upper range~scale marks. Set in DATA statement.

RSCO Array containing radii, in plotter umnits, to lower ends of surface
range~scale marks. Set in DATA statement.
SAN sine of ANG (qv).
SHCW Product of sine of RAH (qv), and cosine of W (qv).
SHSW Product of sine of RAH (qv), and sine of W (qv).
SRA sine of RA (qv).
SRAH sine of RAH (qv).
SRAHMW sine of RAH - W
SRAHPW sine of RAH + W,
SRAMW sine of RA - W.
Sw sine of W (qv).
1 Angular width, in radians, of height~scale marks (12.5/6370
radian). Set in DATA statement.
COMMON/PLOT/
Only MAXH and INCDH are used.
COMMON/FRAME/
"The full list is used with the exception of LRF and LRS.
0001 SUBROUTINE CALFRM
0002 C COMPUTES SC4060 COORDINATES OF ALL POINTS REQUIRED FOR DRAWING A
0003 C PLOTTING FRAME FOR THE RAY PATHS. A FRAME COVERS A FIXED RANGE OF
0004 C 1000KM SCALED TO 800 SC4060 UNITS. THE HEIGHT SCALE IS VARIABLE,
0005 C THE MAXIMUM HEIGHT REQUIRED BEING SCALED TO 800 SC4060 UNITS
0006 C (I.E« FOR A TRUE HEIGHT VS RANGE PLOT» A MAXIMUM HEIGHT OF 1000KM
0007 C SHOULD BE SPECIFIED)
6008 C VERSION A (RBVISION 13/11/69 A.R.Ce. OF PARTS OF SUB PLOTDA FEB 68
0009 C ReM<Jo)
0010 C ‘
6011 COMMON /PLOT/ NTYPsRTITLE,TITLE(400)+sMAXH,INCDH
0012 COMMON /FRAME/ LRSsLRFsRHXsNHS»LHS(9) »YHL(9) yXLR(9)sYLR(9) »XCL(9)»
0013 1 YCL(O)sXHC(9) s YHCIO) s XCR(9) »YCR(S) »XRL{9) s YRL(G) »
0014 2 XHR(9)} s YHR(9)»XRO(101) »YRO(101) »XRM(101) »YRM{101)»
0015 3 XOA(10)sYOA(10)sXOB(10)»YOB(10) s XMAC10)»YMALLD),
0016 4 XMB(10)»YMB(10) s XRX»YRX
0017 C
0018 C ORIGIN OF FRAME» I+.E. H=0» RANGE=0s IS SET AT X=60, Y=850s SO THAT
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0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
6029
86030
0031
0032
0033
0034
0035
0036
0037
0038
0639
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
06050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
6065
0066
0067
0068
6069
0070
0071
0072

e NeNeoNeNeNel

eNeNeNeNel o

Qo

1

EARTH CENTRE IS LOCATED AT (60,5946) (6370KM=5096 PLOTTER UNITS)

RANGE SCALE MARKS ARE SET AT 100KM INTERVALS AND HAVE LENGTHS (IN
PLOTTER UNITS) OF 5 (MINOR)s 10 (HALF RANGE) AND 15 (FULL RANGE)
RADII TO ENDS OF THESE MARKS ARE IN RSCM (UPPER RANGE SCALE) AND
IN RSCO (SURFACE RANGE SCALE)
DIMENSION RSCM(10),RSCOt10)
DATA (RSCHM(J) 9J=1+101{/4/5301++5906G+9/4/5901+45311¢),

(RSCOUJ) »J=1+10)(/4/5091+35086++/4/5091.+5081.)
RANGE AXES ARE FORMED OF SEGMENTS WITH A SURFACE LENGTH OF 10KM»
ANGULAR WIDTH DAN=10/6370 RADS
DATA DAN{.15698587127159E-02)
HEIGHT SCALE MARKS HAVE LENGTH 16 PLOTTER UNITS (ANGULAR WIDTH
W=10/5096 RADS) AND ARE DRAWN AT FRAME LEFT (FROM ANGLE 0 TQ W),
ON EITHER SIDE OF FRAME CENTRE (FROM RAH-W TO RAH TO RAH+Ys RAH IS
HALF RANGE ANGLE) AND AT FRAME RIGHT (FROM RA-W TO RAs RA IS FULL
RANGE ANGLE) :
DATA VW(.00196232339089)sRAH(.(07849293563573) »RA( «15698587127159)

SET MAXIMUM HEIGHT (HMAX), NUMBER OF HEIGHT SCALE MARKS (NHS) ARD
HEIGHT SCALE (RHXs PLOTTER UNITS/KM)
HMAX=MAXH

NHS=MAXH/INCDH-1

RHX=800./HMAX

CALCULATE SINES AND CUSINES OF ANGLES REQUIRED FOR HEIGHT SCALES
SW=SIN(W)

CwW=CcOstm)

SRAH=SIN(RAH)

CRAH=COS(RAH)

SRA=SIN(RA)

CRA=COS(RA)}

CHCW=CRAH¥®CW

SHSW=SRAH*SYW

SHCW=SRAH®*CW

CHSYW=CRAH¥SYW

CRAHMW=CHCV+SHSW

SRAHMUY=SHCW-CHSV

CRAHPW=CHCV-SHSH

SRAHPW=SHCW+CHSW

CRAMUY=CRA®CU+SRA*SW

SRAMV=SRA*CW-CRA*SW

CALCULATE CODRDINATES FOR HEIGHT SCALE DATA
DO 1 MHS=1,NHS

HEIGHT VALUE (LHS), SCALED VALUE (HSC), SCALED RADIUS (RSC) AND Y
COORDINATE ON HEIGHT AXIS {(YHL)
LHS(MHS)=MHS*INCDH

HSC=FLOAT(LHS(MHS) ) *RHX

RSC=HSC+5096.

YHL{MHS)=850.-HSC

LEFT SIDE SCALE MARKS

XLRUMHS)=SW*RSC+60.

YLR{MHS)=5946.~CW*RSC

CENTRE SCALE MARKS

XCL{MHS)=SRAHMW*RSC+6E0.
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0073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
6088
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
0111
0112
0113
0114
01156
0116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126

o

YCL{MHS)=5946.~CRAHM*RSC
XHC{MHS)=SRAH*RSC+60.
YHC(MHS)=5346.-CRAH*RSC
XCRIMHS)=SRAHPY*RSC+60.
YCR(MHS)=5946.~CRAHPWH*RSC
RIGHT SIDE SCALE MARKS
XRLIMHS)=SRAMW#RSC+60.

YRLIMHS)=5946.-CRAMU*RSC

XHR(MHS) =SR *RSC+ED.

YHR(MHS)=5946+~CRA¥*RSC

CONTINUE

CALCULATE COORDS DF POINTS FDRMING RANGE SCALES AND SCALE MARKS
INITIALISE RANGE SCALE LDOP INDEX AND RANGE ANGLE

I A=~

ANG=0.

SET FIRST POINTS OF SCALES:

XRO(1)=60.

YRO(1)=850.

XRM(1)=60.

YRM(1}=50.

LOOP FOR RANGE SCALE MARKS (100KM INTERVALS)

DO 3 MS=1,10

SET LODP INDICES FOR SCALE POINTS TD NEXT SCALE MARK
IA=I1A+10

1B=1 A+Q

LOOP FOR RANGE SCALE POINTS (10KM INTERVALS)

DO 2 MRS=IA,1B

SET RANGE ANGLE FOR THIS POINTs FIND SINE AND COSINE

~ ANG=ANG+DAN

SAN=SIN(ANG)

CAN=COS(ANG)

LOWER (SURFACE) SCALE POINT COORDINATES
XRO(MRS)=5096+*SAN+60

YRO(MRS) =5946.~5096.*CAN

UPPER (MAXIMUM HEIGHT) SCALE POINT COORDINATES
XRM(MRS)=5896+*SAN+60.

YRM({MRS) =5946.~5896+*CAN

CONTINUE

CODORDINATES OF SURFACE SCALE MARKS
XOA(MS)=XRUIB)

YOA(MS)=YRO(IB)

XOB(MS)=RSCO{MS) *SAN+60.

YOB(MS) =5946.-RSCOIMS) *CAN

COORDINATES OF UPPER RANGE SCALE MARKS
XMA(MS)=XRM(IB)

YMAIMS)=YRM(IB)

XMB({MS)=RSCM(HMS) *SAN+60.
YMB(MS)=5946.~RSCMIMS) #CAN

CONTINUE

CODRDINATES FOR ANNOTATION OF RIGHT HARD END OF SURFACE SCALE
XRX=X0OB(10)~56.

YRX=YDB(10)

RETURN

END
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6.3.7 Subroutine PLTFRM

This subroutine uses the data compiuted in subroutine CALFRM (qv)

to draw a plotting frame for each batch of ray-path data contained in a
1000 km range bracket.

A height scale is drawn at the left of the plotting page, height
marks are added to this scale and are also drawn at half-range and full
range, and the height scale is annotated. A range scale, approximating an
arc of a circle and consisting of short linear segments, is drawn to
represent the earth surface, and a further scale is drawn at the frame
maximum height. These scales have marks added at the 100 km points and

the extreme marks on the surface scale are annotated with range values
appropriate to the frame.

Data scaling and frame positioning on the SC4060 raster are
described in the notes on subroutine CALFRM.
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STORAGE LIST

Local Variables

MHS Da-loop index for height-scale marks.

MRS D5—loop index for drawing segments of range scales.
MS D5-loop index for range-scale marks.,

COMMON/PLOT/

The only items in the list (qv) which are referenced here are
MAXH and NTYP, S

COMMON /FRAME /

The full list (qv) is used with the exception of RHX.

ngo1 SUFRNUTIKE PLTFFPM

0og2 C DRAWS A PLOTTING FRAME COVERING A RANGE DOF 1000KM

0003 € VERSION A (REVISIMN 13/11/69 A«R+C. [IF FRAME PLATTING SFCTINNS NF
0004 C SUB PLATDA FEB €8 ReMeJde)

poos ¢

0006 COMMON /PLOT/ NTYPsNTITLE, TITLE(400)»MAXH

0067 COMMON /FRAME/ LRS+LRFsRHXsNHS LHSI(D)»YHL(S) o XLR{G)»YLR(D) »XCL(D),
0008 1 ‘ YCLUOQ) »XHC(D) s YHC(9) »XCR(G) s YCRIQ) »XRLID) »YRLISD)
0009 2 XHR{9) »YHR(9) 4 XRIH101) »YROD(101} s XBMU101) »YRML101)
0010 3 XOA(10)sYODACL0) 9 XNBC10}»YOBO10) »AMALIN) »YMAL D),
0011 4 XMB(10)sYME(10) s XRXsYRX

0012 C

0013 C THROW A FRESH PAGE AND CONFIRM PLIIT MODE

0014 CALL ADVFLM{NTYP)

0015 CALL STPTYP

0016 C DRAW HEIGHT AXIS

0017 CALL VECTOR(60¢935¢960+5865.)

0018 C DRAW HFIGHT SCALE MARKS AT LEFTs CENTRE AND RIGHT NF FRAME

0019 DO 1 MHS=1,NHS

0020 C LEFT SIDE HEIGHT SCALE MARKS

0021 CALL VFCTOR(XLR(MHS) sYLR{MHS) +60++YHLIMHS))

0022 C CENYRE HFIGHT SCALF MARKS

0023 CALL VECTDR(XCL(MHS) sYCL(MHS) »XHC(MHS)»YHC(MHE))

0024 CALL VECTOR({XCR(MHS)»YCR(MHS) »XHC(MHS) »YHC(MHS))

0025 C RIGHT SIDE HEIGHT SCALE MARKS

0026 CALL VECTOR(XRL(MHS)sYRL(MHS) +»XHR(MHS)»YHR(MHS))

0027 1 CONTINUE

0028 C LABEL HEIGHT SCALE

0029 C ZERM MARK

0030 CALL TSP{485.+0,850.)

0031 C INTERMEDIATE MARKS

0032 D) 2 MHS=1,8HS

0033 CALL TSP(5.+48,YHL(MHS))

0034 CALL C4020I(LHS{MHS)+5)
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0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0656
0057
0058
poE9
0060
0061
0062
0063

2 CONTINUE
MAXIMUM HEIGHT MARKX
CALL TSP(5.,48,50.)
CALL C40201(MAXH,5)
RESTNRE PLOTTING MODE
CALL STETYP
DRAW RANGE SCALES AT SURFACE AND MAXIMUM HFIGHT
D0 3 MRS=2,100,2
SURFACE SCALE | . ,
CALL VECTOR(XROIMRS-1)»YRO(MRS=1)»XRO{MRS) s YRI(MRS))
CALL VECTOR(XRO(MRS+1) »YRN(MRS+1) »XRO(MRS) s YRO(MRS))
SCALE AT MAXIMUM HEIGHT
CALL VECTOR(XRM(MRS=1),YRMAMRS=1) s XRMIMRS) » YRM(MRS))
CALL VECTOR(XRM(MRS+1)»YRM(MRS+1) sXRM(MRS) s YRM(MRS))
3 CONTINUE
DRAW RANGE SCALE MARKS
DO 4 MS=1,10
CALL VECTOR(XDB(MS) s YOB(MS) s XOA(MS) YOA(MS))
CALL VECTOR(XMBIMS) »YMBIMS) s XMA(MS) , YMA(MS) )
4 CONTINUE
ANNOTATE START AND FINISHING MARKS ON SURFACE RANGE SCALF
CALL TSP(4++48,865.) ‘ .
CALL C40201(LES»6)
CALL TSP{XRX»48,YRX)
CALL C402011LRF,6)
RESTORE PLNTTING MODE
CALL STPTYP
_RETURN
END
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6.4

Group (iv) subprograms

This group of subprograms contains examples of two types

ionospheric model:-

6.4.1
6.4.2
6.4.3

6.4.4

6.4.5
6. 4.6

6.4.7

6.4.8
6.4.9
6.4.10

6.4.11

(a) A three-layer model containing a twilight region.

(b) As (a) but having in addition a model of a sﬁofadic
E~layer.

Subprograms applicable to both models:-
Subroutine TVP (version B).

Function HFTH,

Subroutine FOFHTH (version B).
Subroutine EMH (version B).

Subroutines applicable to example (a):=-
Subroutine SETC (version DEF).
Subroutine NRX (version NF).

Subroutine NHBP (version DEF/L).
Subroutines applicable to example (b):-
Subroutine SETC (version DEF/ES).
Subroutine NRX (versiomn NF + ES).
Subroutine NHBP (version DEF/H).

Subroutine NHES,
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6.4.1 Subroutine TVP (version B)

Subroutine TVP provides for the systematic variation of a number
of parameters of the ionospheric model used.

This version is for use with models containing a twilight transition

region, and allows this region to be shifted by equal increments of range for
equal increments in time-step humber.
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STORAGE LIST

Local Variables

KT
RANGE

RE

SHIFT

Previous time-step number, initially set to unity in DATA statement.

" Range, in km, to centre of twilight transition region at current

time—step.
Earth radius, 6370 km, set in DATA statement.

Angular change in position of twilight transition region from
previous position.

Blank COMMON

C Elements 401 to 404 of this array are used. These are named
locally as:-
C401 Range angle to centre of twilight transition region.
C402 Range angle to near boundary of transition,
C403 Range angle to far boundary of transition,
C404 Angular shift per time-step of transition region.
COMMON/ IMO/
The only items in the list (qv) that are referenced are IID and LT.
0001 SUBROUTINE TVP
0002 C CALCULATES CURRENT VALUES 0OF IONOSPHERIC PARAMETERS THAT VARY WITH
0003 C TIME-STEP LT
0004 C VERSION B (REVISION 4/11/69 A<R.C. 0OF SUB TDPS (B) 1/12/67 A-R+C.)
0005 C POSITION OF TWILIGHT TRANSITION IS TIME VARIABLE
6006 C
o007 COMMON C{400)+C401,C402+C4035C404
0008 COMMON /IMQ/ JOBRODSIIDSLT -
0009 DATA KT(1}sRE(6370)
0010 C
0011 C RANGE ANGLE TD TRANSITION CENTRE IS IN C(401), LOWER AND UPFPER
0012 € LIMITS IN C(402) AND C(403) AND SHIFT PER TIME-STEP IN C(404)
0013 SBIFT=FLOAT(LT-XT)*C404
0014 C401=SHIFT+C401
0015 RANGFE=C401*%RE
0016 C402=C402+SHIFT
001w C403=C403+SHIFT
0018 C RESET KT AND PRINT NEW POSITION
0019 KT=LT
0020 PRINT 4101,IIDsLT+RANGE
0021 RETURN
0022 4101 FDRMAT(lHl/////SOH ##usws® FOR IONOSPHERE MODEL.I4,13H AT TIME-ST
0023 1EPy13+s31Hs RANGE TO TRANSITION CENTRE ISs+F8.1s11H KM #ussnii/////)
0024 END
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6.4.2 Function HFTH

This function determines the height of the ionospheric boundary
labelled L, at a given range angle 6.

In this version, used with ionospheric models whose boundaries
are concentric with the earth, the height of any given boundary is constant,
so the value of 9 is immaterial. The heights of the boundaries, in ascending
order, are stored in consecutive cells of the blank COMMON array C, starting
at C(101). .
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STORAGE LIST

Argument Cells

LUFTH (output)

L (input)
THETA (input)

Blank COMMON

Height, in km, of ionospheric boundary L at range
angle THETA,

Label of ionospheric boundary.

Current value of range angle, in radians.

C Consecutive elements, from C(1l0l) are required in this version,
so the array is divided into two parts, the second of which
commences with the required elements and is given the local

name Cl1l01.
0op1 FUNCTION HFTH{L,THETA)
0002 ¢ FINDS HEIGHT 0OF INNASPHERIC BOUNDARY #L%* AT RANGE ANGLE *THFTA®
0003 C VERSINN A2 (REVISED 21/10/63 A«R«Cs)
0004 C BOUNDARIES CONCENTRIC WITH EARTH. HEIGHTS STORED IN C(181) FT. SEC
. 0005 COMMIMIN Ct100),C1011900) ‘
0006 HFTH=C101( L)
0007 RETURN
0008 END
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6.4.3 Subroutine FOFHTH (version B)

This subroutine calculates the value and derivatives of the function,
variable in height h and range angle 6, used to obtain the electron density

in a twilight transition region from the basic (day-time) ionospheric
profile.

In this version, the function is a cubic in range angle 6 between
the day and night regions, the value in the day region being unity, and
in the night region, a function of height m(h), contained in subroutine

EMH (qv), ie,
in day region: F(h,8) = 1

aF(h,8) _
ah

3F(h,8) _ o

Y] '
in night region: F(h,e)‘- m(h)

3F(h,0) _ dm(h)
3h dh

9F(h,8) _ o

96 ’

in transition:

1 + m(h)

Fh,0) = =

3 (en e 6)2
+ [1 - m(h)](eo - 9)‘:4A9 T 4(A6)§*]

R

3F (h,6) ' 3 3(6, - 0)2
56 = F [1-mb)] [4A9 T T 4(88)3 ]’

where 6 1is the range angle to the transition centre, located in C(401),

A9 1is tﬂe angular half width of the transition region and the lower and

upper limits of the region, 6 =~ A6 and 8 + A6, are located in C(402) and
C(403) respectively. The cons®ants 3/4A6 Snd 1/4(A6)3 are located in C(405)
and C(406) respectively. The upper sign is used for a day-to-night transition
and the lower sign for a night-to=day transition.

110



STORAGE LIST

Local Variables

Al, A2, A3, Intermediate variables used in transition region.

A4, AS

TH Difference between range angle to centre of transition region
and current value of range angle.

Blank COMMON

C Elements 401, 402, 403, 405 and 406 of this array are used and
are referenced by the local names C401, C402, etc. Their
definitions are given in the notes for the subroutine.

IC Element 3 of this array is used and is referenced here by the
equivalent name ND. It is a control indicating the type of
transition required, having the value 1 for day—to-night transition
or 2 for night-~to-day transition.

COMMON/PT/

The items in the list (qv) that are referenced here are DFDH,

DFDTH, DMDH, EM, FHTH and THETA.

0ol
0oo2
onnad
0004
0005
0006
0607
06008
6009
0010
0011
0012
0013
0014
0015
0016
oo
6018
00619
0020
0021
0022
0023
0024
0025
0026
0027

OO O 0

(VAN B

SUBRMOUTINE FOFHTH

FUNCTION % HEIGHT (H) AND RANCF ANGLF (THFTA) TSFT T NETAIN THF

ELECTRON DENSITY AND ITS DERIVATIVFS IN TRANSITINN AR NICHT-TIMF

REGTNNS FRMM A BASIC DAY-TIME INNASPHFRIC MADFL

VERSINMN b (REVISIN 4/11/€9 A+ReC. MF SUB FHTHFT (F) 1/12/€67)

F(H,THFTA) VARIFS FRi™M UNITY IN DAY RFCION T M(H) IN NIGHT BR®CTMNN

AS F(H,THETA) = (1+M(H}}/2 + DR = (1=-M{))*(CLA01)=-THFTM) *
(ClL405)-Cl40€6)*(C(401)-THETA) #%2)

(+ DAY-TN-KIGHT, = NIGHT-T0-DAY) FOR C(402) «LT«THFTALT.C(402)

CMMON C(4D0)+C4N19Ca02+,CANZ9C404,5C405+C4069C407(534),IC(15)

COMMON /PT/ HsTHETA»EN» FMUSRMUs DMULCH s DMULTH » ENHo DNDH» FHTH » DFDH
DFDTH» ¥M» DMDH

EQUIVALENCE (IC(3),ND)

LOCATE THETA RELATIVE T1 TRANSITION
IF(THETA-C402) 14142

GN TN (4,5)4NI
IFUTHETA-C403) 69353

GN T (5:4) WD

DAY RFGION. F(H,THETA) IS UNITY
FHTH=1.

DEDH=0+

DFDTH=0+

RFTURN

NIGHT RFGION. F(H,THETA)=M(H)
CALL EMH
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0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0n4r
0048
0049
0050
0051

FHTH=FM
DFDH=DMDH
DFDTH=0.
RETURN
TRANSITINN REGIMN
TH=C401-THETA
CALL FMH
Al=1.-EM
Az=C406%TH*TH
A3==1A2~C4N5)
A4=A3*TH
AB=R4% A1

G T (7,81 0D

DAY-TN=NIGHT TRANSITIAN

FHTH=(1.+EM)#.5+A5
DFDH=(.5-A4)%DMTH
DFDTH=( A2+A2=-A3) ¥ A1
RETURN ‘
NIGHT-TN-DAY TRANSITINN
FHTH=(1.+FM) % .55
DFDH=(.5+A4) *DMDH
DFDTH={ A3=~A2-A2)%* A1
RETURN

END
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Balodi Subroutine EMH (version B)

This subroutine contains the function m(h) defining the ratio
of night~-to-day electron densities.

In this version, the function varies 1inearly with height h,
from a value m_ at the lonospheric base height h o? to a value M at the
height h of tfle day~time F-layer peak e,

mF - mo mh_ - tho
m(h) = .h +
b I g = B,
dm(h) - - mo
and —g =" "f -mn °
F o
m, -mnm mh_ =~ m.h :
The constants ———2 and —> 2 are located in C(301) and C(302)
hF - ho ‘hF = ho

respectively,
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STORAGE LIST

Blank COMMON

c Elements 301 and 302 of this array are used and are locally
- named C301 and C302, being, respectively, the slope and
constant term of the linear function defining the ratio of
night-to~-day electron densities.

COMMON/PT/
The only items in the list (qv) referenced here are DMDH, EM
and H,
0001 SUBROUTINE EMH
0002 C CALCULATES RATID OF NIGHT TO DAY ELECTRON DENSITIES M{(H) AND ITS
0003 C DERIVATIVE AT HEIGHT H
0004 C VERSION B (REVISION 5/11/69 AsR.C. ﬂF SUB MH (B) 1/12/67 A+R+Cs)
0005 C RATIO VARIES LINEARLY WITH HEIGHT FROM MO AT IONOSPHERE BASE TO MF
0006 C AT HEIGHT OF F~LAYER MAXIMUM AS M(H) = C(301)#*H+C(302)
0007 C
0008 COMMON C(300),C301,C302
0009 COMMON /P7/ HyTHETASEN, EMU»RMUs» DMUDH » DMUDTH » ENH» DNDH» FHTH» DFDH »
0010 1 DFDTH» EMs DMDH
0011 ¢
0012 C CALCULATE RATID (EM) AND DERIVATIVE (DMDH)
0013 DMDH=C301
0014 FM=DMDH*H+C302
0015 RETURN
0016 END
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6.4,5 ‘Subroutine SETC (version DEF)

This subroutine calculates various constants from the input
ionospheric model data and stores them in the blank COMMON array C (qv) for
later use. This version is for an ionospheric model based on a 3-layer day-
time profile consisting of a D-layer (quadratic function of height, h),

E and F-layers (both cubic functions of height). A night-time model is
produced by multiplying the day-time profile by a linear function of height,
m(h), In the twilight transition region between day and night, the electron
density is obtained by multiplying the day~time value by a function f(h,8) which,
at any height h, is a cubic function of range angle 6 varying from unity
(day) to m(h) (night) The ionospheric boundaries, ie, base, D to E and

E to F divisions and F maximum, are concentric with the earth. The program
is in four sections as follows:~

(a) The boundary heights, required for function HFTH (qv),
are stored in consecutive elements of array C commencing at
C(101). This is a straight transfer of input data, ie,

base height ho, input in C(4), set in C(101).

D to E boundary h_, input in C(5), set in C(102).
E to F boundary h_, input in C(7), set in C(103).
F-layer maximum hF input in C(9), set in C(104).

Note: This particular model is not intended for ray~tracing above
the height of the F-layer maximum.

(b) The constants for the day-time profile are stored in cells
C(201) to €(205), viz,

(1) For the D-layer, where N_, input in C(6), is the
electron density at the top of the layer,
: ‘ ) )
ND (h ho)
—h )2 °*
(hy = h)

electron density =

N

The constant Yg—f:gﬁ—yz is set in C(201).
D o]

(i1) For the E-layer, where N_, input in C(8), is the
electron density at the top (maximum) of the layer,

electron density = Ny - (h; - h)? [a(hg - h) + b,

The comstants

a 2 [ Ny Np - ND]
= - 2 - = -
(hy, hD) by - h T hy - hy

3(N_, - N) 2N
hi.h[ED_ D-’

E D by = by hy = h,-

are set in C(202) and C(203) respectively.

and b=
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(111) For the F-layer, where N_, input in C(10), is the
electron density at the maximum of the layer, '

electron density = NF - (hF - h)z‘[b - a(hF -h)],

The constants
2(NF - NE) 3(NF - NE)
am h. = h and b = T - T
F E ¥ E -

and set in C(204) and C(205) respectively.
(c) The factor m(h) to obtain the night~time electron density

from the day~time value, varies linearly with height from m_,
input in C(11), at the lonosphere base to m., input in (129,

»
at the F-layer day-time maximum, ie, F \
m_ -m h.m - hm
F 0 Fo o F
mCh) = h + .
<hF h ) hF h° ,
mF - tho --homF

The constants are set in C(301)

b -n P TR TR
and C(302) respectively. °

(d) In the transition region, the electron density at height h
and range angle 9 is obtained by multiplying the day-time value
(at h) by

. (8, - 8)?

£(h,0) = 3;159151 (1 -mh)](e, - 0) Laze T Ta@e)s .

(+ sign for a day-to-night transition, - sign for night~to-day). 6 , the

range angle to the transition centre, is set in C(401) and is obtalned ‘
from the corresponding range p , input in C(13). A6 is the angular half-

width of the transition region and is obtained from the corresponding range

half~width Ap, input in C(14). .

The lower (6 -~ A9) and upper (6 + A8) angular limits of the
transition region are Set in C(402) and C(ZOB) respectively, and the
constants 3/4A6 and 1/4(A6)3 are set in C(405) and C(406) respectively.
The angular shift of the transition region per time-step is set in
C(404) and is obtained from the corresponding range shift ApT. input in
c(15).

The forms of the vertical profiles (day and night) are shown in
figure 8, where the data of example 1, section 7 are used.
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STORAGE LIST

Local Variables

Al, A2,
A3, A4

RRE

Blank COMM

Intermediate variables of various definitions,.

Reciprocal of earth radius (6370 km), set in DATA statement,

ON

C

DRHO
DRHOT

EMF

ENDL

ENEL

ENFL

HD
HE

Hr

RHOO

This is the only item in the list (qv) which is used here. The
array 1s segmented so that elements may be referenced without
subscripting. The elements defined in this program are: C(101)

to C(104), (for function HFTH); C(201) to C(205), (for subroutine
NHBP); C(301) and C(302), (for subroutine EMH); C(401) to C(406),
(for subroutine FOFHTH)., The above elements are named locally as
Cc101, €102, etc, where the numerical part of the name corresponds to

the position in the array C. Elements required by the program,
ie, input data, are referenced by local names listed below.
(The equivalent array elements are shown in parentheses.)
(14) Half width, in km, of twilight transition region.
(15) Shift, in km, of transition region, per time step.

(12) Ratio of night-to-day electron densities at height of
F-layer maximum,

(11) Ratio of night-to-day electron densities at base of
ionospheric model,

(6) Electron density, in electrons/m3, at top of D-layer
model,

(8) Electron density, in electrons/ma, at maximum of
E-layer model,

(10) Electron density, in electrons/m3, at maximum of
F-layer model.

(5) Height, in km, of top of D-layer model.

(7) Height, in km, of top (maximum) of E~layer model.
(9) Height, in km, of maximum of F-layer model.

(4) Base height, in km, of ionospheric model.

(13) Inditial range, in km, to centre of transition region.
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0001
gogz
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
po27
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0650
0051
0052
0053

caOcCOoOOOcaO a0

(o]

QOO

[}

SUBROUTINE SETC

EVALUATES CONSTANTS ¥IR THE INNNSPHFRIC MODEL FRNM THE INPUT DATA
VERSION DEF (REVISION 4/11/69 A«R.C. 1}F VERSION 3A 1/12/67 A«R.C.)
ELECTRON DF¥NSITY AS A FUNCTION OF HEIGHT H AND RANGF ANGLE THETA
IS GIVEN BY N(H)*F(H,THETA)

N(H) IS A 3~LAYER DAY-TIME IONOSPHERIC MODEL, VIZ. D (QUADRATIC),
E (CUBIC) AND F (CUBIC)« F(H,THETA) IS A DIMFNSINNLESS FACTOR,
VALUE UNITY IN DAY REGINN, VALUE M(H) (LINFAR) IN NIGHT REGIMN,
AND VARIES AS CUBIC WITH RANGE ANGLE IN TRANSITION REGION. ALL
LAYER BfJUNDARIES ARE CONCENTRIC WITH EARTH.

CrIMMON C(100)+C101,C102,C1035C1045C105(96),C201+L202+C2035C204)

1 C205+C206(98) »C301,C302,C303(98),C401+C4025C4N39C404+C405,»
2 C406

EQUIVALENCE (CUl4) 9HM) 9 (C{5) sHDY 9 {CI{6) yENDL) s (CU7)2HE) 1 {C(8B)}+ENEL)
1 (C(S)sHE) s {CU10) 4 ENFL) 5 {C(11) yEMD) s (C(12) yEMTF)
2 (C(13,'RHUOl’(C(]4)9DRHD)y(C(]5{vDRHDT,

DATA RRE(.15608587127153F-03)

SFT MODEL BUNDARIES IN ASCENDING DRDER IN C(101) ET. SFQ. FOR
FUNCTIMIN HFTH

C101=HM)

C102=HD

C103=HE

C104=HF -

COMPUTE CONSTANTS ¥R BASIC FROFILE AND SET IN C(201) ET. SEC. FOR
USE IN SUBROUTINE NHBP

D-LAYER. ELECTRON DENSITY VARIES FROM ZERO AT HN TO ENDL AT HD AS
N(H) = C1201)*(H-HO}##2

Al=1./(HD-HD)

A2=A1%ENDL

C201=A2%A1

E-LAYER. ELECTRON DENSITY VARIFS FROM ENDL AT HD T0 ENFL AT HE AS
N(H) = ENEL-{C(203)}+C(202) % (HE-H))#(HE=H) #%2

Al=1./(HE~HD)

A3=ENEL-ENDL

A4=A3%A1

A2==(A4=A2)%A1%2,

C202=A2%4A1

C203=A1%A4-A2

F~LAYER. ELECTRNN DENSITY VARIES FROM ENEL AT HE TD FNFL AT HF AS
N(H) = ENFL~(C(205)=-C{204)*(HF-H)Y*(HF-H)#=2

Al1=1+/(BF-HE)

A2=ENFL-ENFL

AB3=A2%A1%A1

C204=A3%A1%2.

C205=3.%4A3

COMPUTE CONSTANTS AF M(H), THE RATIO DF NIGHT T DAY ELECTRON

DENSITIESs AND STORE IN C(301) ETe. SEC. ¥R USE IN SURRNUTINE FMH

M{H) VARIES FROM EMN AT HN TO EMF AT HF AS M{H) = C(302)+C(301)%*H
Al=1./(HF-HD)

C302={ EMO*HF-EMF#H] # A1
C301=(EMF~-EMO) #A1
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0054 C COMPUTE COKSTANTS NF F(H, THETA) AND STORE IN C(401) FET. SFC. FDOR

0055 C USE IN SUBRAUTINE FNFHTH. F(H,THETA) VARIES FROM UNITY IN DAY
0056 C REGION TO M(H) IN NIGHT REGINN AS F(H,THETA) = (1+M(H))/2 + NR =
0057 C (1=-MU{H) ) *(C(401)~THETAY*(C(408)~Cl40E)*(C(401)~THETA) ##2)

0058 C {+ DAY-TO-NIGHT» -~ NIGHT~TD-DAY) FOR C(402)«LT«THETALT.C(403)
0059 C TRANSITINN REGION SHIFTS BY C(404) RADIANS PFR TIME-STEP

0060 A1=DRHO*RRE

0061 C401=RHNO*RRE

0062 C402=C401~A1

0063 C403=A1+C401

0064 C404=DRHOT#*RRE

0065 Al=1./A1

0066 "C405=A1%.75

0067 C406=.25%A1%A1%A]

0068 RETURN

0069 END
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6.4.6 Subroutine NRX (version NF)

This subroutine calculates the electron density N , the refractive
index u, its reciprocal 1/u and derivatives 5u/5h, du/d0, af the current
values of height h and range angle 6.

This version of the subroutine is for use with an ionospheric model
where the electron density is given by

N, = N(h).F(h,0) electrons/m3,

N(h) is a basic (eg, day-time) profile, a function of height only, and is
contained in a subroutine NHBP (qv).

F(h,0) is a dimensionless function of height and range angle which modifies
the basic profile, and is contained in a subroutine FOFHTH (qv).

The refractive index is given by

I 0.8061 x 10-10 N,
n = - f2 ’

where f is the signal frequency in MHz and the factor 0.8061 x 10~10/£2 1s
located in CF(2) (see blank COMMON list).

The derivatives of refractive index are

du _ _ 0.40305 x 10710 3 [N(h) DE(h,0) | e o), INGR) dN(h) ]
.u L ah _

ah £
10 1 d
and . 00305 X AT L vwy A0

The factor 0.40305 x 10™!0/f£2 is located in CF(3),
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STORAGE LIST

Local Variables

cMU Value of - 0,40305 x 10~1%/£2) where f is the signal frequency
in MHz and u is refractive index.

Blank COMMON
The only items from the list (qv) referred to are elements 2 and
.3 of the arrag CF. These are locally named CF2 and CF3 and contain

£ 0.8061 x 107!Y/f2 and 0,40305 x 10™19/£2 respectively.

COMMON/PT/

All items in the 1list (qv) up to and including DFDTH are referenced
with the exception of H and THETA.

0001 SUBRDUTINE NRX ,

0002 ¢ EVALUATES ELECTRON DENSITY (EN) AMD REFRACTIVE INDEX (EMU), ITS
0003 ¢ RECIPROCAL (RMU) AND DERIVATIVES (DMUDHs DMUDTH) AT CURRFNT VALUES
0004 C HEIGHT (H) AND RANGE ANGLE (THETA)

0005 C VERSION NF (REVISION 4/11/69 A«R.C. OF SUB RNDX 14/7/67 A«R.C.)
0006 € ELECTRON DENSITY IS GIVEN BY MN(H)®#F(H,THETA) VHERE N(H) IS A
0007 C BASIC DAY=TIME IONOSPHERIC PROFILE, MODIFIED IN TRANSITION AND
0008 C NIGHT=-TIME REGIFNS BY THE DIMENSIONLESS FACTOR F(H, THETA)

0009 ¢ - R . :

0010 COMMDN C(1000)5IC(15),CF1,CF2+CF3 |

0011 COMMON /PT/ HsTHETA»EN»EMU, RMUs DMUDH» DAUDTH » ENH » DNDH» FHTH » DFDH
0012 1 ' DFDTY

0013 ¢

0014 C FIND ELECTRON DENSITY (ENH) AND DFRIVATIVE (DNDH) IN RASIC PROFILE
0015 CALL NHBP , N ; ,

0016 C FIND VALUE (FHTH) AND DERIVATIVES (DFDH, DFDTH) OF MODIFYING TEFRY
0017 CALL FOFHTH

0018 € FORM TNTAL ELECTRNYN .DENSITY (EN)

0019 EN=FENH#FHTH

0020 € FORM REFRACTIVE INDFX (EMU) AND RECIPROCAL (RMU)

0021 ¢ (CF2=0.80C1F~10/(F*F))

0n22 EMU=SORT(1.~EN*CF2)

0023 RMU=1+/FNT

0024 C FORM DERIVATIVES (DMUDH, DMUDTH) DF REFRACTIVE INDEX

0025 C  {(CF3=0.40305E-10/(F*F)) -

0026 CMU=={ RMU*CF3)

0027 ~ DMUDH=( ENH*DFDH+FHTH*DNDH) *CNU

0028 DMUDTH=ENH*DFDTH*CMU

0029 ~  RETURN ‘ o

0030 END
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6.4.7 Subroutine NHBP (version DEF/L)

This subroutine calculates the electron density and its derivative

at a height h, in a basic ionospheric profile which 1is a function of height
only. ‘ '

Here the profile consists of D-, E~ and F-layer models, the required
layer being selected by a control L which takes the values 1(D), 2(E) or
3(F). The layer models are as follows:- ‘

(a) D-layer. A quadratic function of height between beights h
and h such that at height h the electron density and its

derivative are both zero, and at height hD the electron density

is ND. :

Thus, N

Np

o e - 2
e (hD - ho)z (h ho)
N

dNe D

and = 2
dh (hD ho)

5 (h - ho)-

The value of h_ 18 located in C(4) and the factor Ny/(hy - ho)2

in €(201),
(b) E~layer. A cubic function of height between heights h
and h_ such that at height h_ the electron density and its
derivative match the D-layer values, and at height hE the
electron density is a maximum of Ni.
Thus, Ne NE (hE h) [a(hE h) + b]
dNe
and - (hE - h)[3a(hE h) + 2b],
N N_. - N
2 D E D
where as= —TZ - - =
(hE hD) <hD ho bE hD>
and - 1 3(NE - ND) ) ZND ].
(hE - hD) hE - hD hD - ho

The value of h, is located in C(7), that of N, in C(8) and the
constants a and b in C(ZEZ) and C(203) respectively,

(c) F-layer. A cubic function of height between heights h
and h_, such that at height h_ the electron density and its derivative
(zero§ match the E-layer values, and at height hF the electron density
is a maximum of N_. ’

F
- - - W)2[b - -
Thus, Ne NF (hF h)<[b a(hF h)]
dNe ,
and rra (hF - h)[2b - 3a(hF - nl,
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2(NF - NE)
where a® M- ho3
(hy - hy)
3(N, - N_)
and b = 0 F_ T L
F E

The value of h_ is located:in'C(9), that of N_ in C(10) and the

constants a and b in C(ZEA) and C(205) respectively. F
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STORAGE LIST

Local Variables

A

B

HM

) Intermediate variables of various definitions.

Difference between the input height and the reference height
of the particular ionospheric layer.

Blank COMMON

C Here the array is segmented so that relevant elements may be
referenced without subscripting., The required elements are as
follows (the numerical part of a name indicates the position in the
original array, ie, C201 = C(201)):-

Ch Base height, in km, of the ionospheric model.

c7 Height, in km, of the maximum of the E-layer model,

Cc8 Maximum electron density, electrons/m3, in the E-layer
model.

c9 Height, in km, of the maximum of the F-layer model,

clo - Maximum electron density, electrons/m3, in the F-layer
mode 1 .

201 A constant of the D-layer model.

c202, Constants of the E—layer model,

c203

C204, Constants of the F-layer model.

C205

Ic Only element 15 of the array is used and is referenced by the
equivalent name:-

L Control indicating the required ionospheric layer
model, ie, 1 for D, 2 for E or 3 for F.
No other items in the list are required.
COMMON/PT/

The only items in the list (qv) which are referenced here are
H, ENH and DNDH.
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0001
002
0003
0004
0008
6006
0007
6008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
oozp
0021
22
00723
0024
- 0025
0026
0027
0028
0029
po3n
0031
0032
0033
0034

OO0

o

(o

o

0035

0036
0037
0038

SUBRMNUTINE KHBP : ,
CALCULATES FLECTRON DENSITY (FNH) AND DFRIVATIVE (DNDH) AT HEIGHT
H IN BASIC TINNNSPHFRIC FROFILE N(H)

" VERSION DEF/L (REVISINN 4/11/69 A«ReCe NF SUR NHP 1/12/67 A.ReC.)

3-LAYER PROFILE - D (QUADPATIC)s E (CUBIC) AND F (CUBIC)
LAYER SELECTION BY NUMRER (L)

COMMIN C(3)5C4+CHsCE1C?9CB+CI9C105C111190),C201,C202,C2N35C204,

C205,C206(796)IC(185) '
COMMON /PT/ HsTHETA» ENs FMUs RMUsMUDH» DMUDTH + ENH » DN DY
ECUIVALENCE (IC(18)sL)

SELECT RECUIRED LAYFR

GO TN (1,243)»L

D-LAYFR. ELECTRON DFHSITY VARIFES FROM ZE¥RN AT HEIGHT C(4) T C(€)
AT HEIGHT C(5) AS N(HI=C(201)#(H=-Clq))8*2

HM=H-C4 '

A=RM#*(201

ENH=A%HM

DRDH=A+A

RETURN - :

F-LAYFR. FLECTRMN DFESITY VARIFS FROM C(€) AT HEICGHT C(H) T? C(A)
AT HFIGHT C{8) AS NIH)=CI=(CIZ02)C(202)%{C{7)=H) I*(C(?)~H) #=D
HM=C7-H ,

o p=HMECZ2D2

B=( A4+C2N3) ity

ENH=Ca-B#HM

DNDH=A*HM+B+B

RETURN e
F~-LAYFR. ELECTRON DENSITY VARIFS FROM C(8) AT HEIGHT Ct(7?) TN C(1N)
AT HEIGHT C(9) AS N(H)I=Cl10)=(C(208)=C(204)*(CIQ)=H))#(C(Q)=H)##2

3 HM=C9-H

A=HM#C2(i4
B=(A-C208) *HM
ENH=B*HM+C10
DNDH=~( A*HM+R+B)
RETURN

END
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6.4.8 Subroutine SETC (version DEF/ES)

This subroutine calculates various constantg from the input

ionospheric model data and stores them in the blank COMMON array C for
later use.

This version is similar to subroutine SETC (version DEF), the
difference being the addition of a sporadic E-layer to the ionospheric
model. The sporadic E-layer function is defined by

o () = NESe[ z(w ES) 1

where N.. is the maximum electron density in the layer, input in C(17),

is the Eeight of the peak, input in C(16), and W_.. is the layer half-widtgs
input in C(18) (ie, half the height difference between points where the
function is down to e=2 of peak value),

The function, which is added to the ionospheric model, is obviously
non-zero for all heights, but for the purposes of defining a region where a
change in integration step-length is required, ie, where the electron density
is changing significantly faster than that in the remainder of the model
at similar heights, the boundaries are set at levels where the value of
the function is approximately 1% of the peak value, ie, at h_, + 1. SWES
(The limits within which the function is assumed to contribugg to the ~
overall electron density are set wider than the above, see subroutine
NHES.)

The ordering of the various boundary heights for function HFTH
(qv) is less simple than in version DEF, as it is assumed that the sporadic
E model may be arbitrarily placed on the basic (D - E = F) profile, with
the restriction that the sporadic E model is sufficiently narrow for its
boundaries (1%) to lie in the same or adjacent layers of the basic profile.

The constants required by subroutine NHES are:-

JiwaS set in C(501)
and 2/5/WES set in (¢(502).

The remainder of the program, concerning the basic profile,
night-time and transition regions, is identical to version DEF.

The form of the sporadic E-layer model is shown in figure 9,
where the data of example 2, section 7, are used.
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STORAGE LIST

Local Variables

Al, A2, Intermediate variables of varidﬁs definitions,

A3, A4
DHES Difference between height of the peak of the function defining
the sporadic E electron density and a height where the value of
the function is approximately 1% of the peak, ie, 1.5 times the
- function half width, the-latter being defined at the e~2 level,
HESL Lower height, in km, where the sporadic E function is approximately
17 of peak value,
HESU Upper height, in km, where the spofadic E function is approximately
17 of peak value,
ROOT2 Square root of 2, set in DATA statement,
RRE Reciprocal of earth radius (6370 km), set in DATA statement.

Blank COMMON Variables

c Here the array is segmented so that relevant elements may be
referenced without subscripting. The elements defined in this
program are: C(101) to C(106), (for function HFTH); C(201) to
€(205), (for subroutine NHBP); C(301) and_C(302), (for subroutine
EMH); C(401) to C(406), (for subroutine FOFHTH); C(501) and
C(502), (for subroutine NHES). The above elements are named
locally as €101, C102, etc, where the numerical part of the
name corresponds to the position in the array C., Elements required
by the program, ie, input data, are referenced by local names
‘listed below (the equivalent array elements are shown in
parentheses),

DRHO (14) Half width, in km, of twilight transition region.

'DRHOT (15) Shift, in km, of transition region per time-step.

EMF (12) Ratio of night-to-day electron densities at height
of F=-layer maximum.

EMO (11) Ratio of night-to-day electron densities at base of
ionospheric model.

ENDL (6) Electron density, in electrons/m3, at top of D-layer
mOdelo

ENEL (8) Electron density, in electrons/m3, at maximum of

E-layer model.
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ENESL (17) Electron density, in electrons/m3, at peak of sporadic
E-layer model,

ENFL (10) Electron density, in electrons/m3, at maximum of F-layer

model, ‘ ' :
HD (5) Height, in km, of top of D-layer model.
HE (7) Height, in km, of top (maximum) of E~layer model.
HES (16) Height, in km, of peak of sporadic E-layer model.
HF (9 Height, in km, of maximum of F-layer model.
HO (4) Base height, in km, of ionospheric model,
RHOO (13) Initial range, in km, to centre of transition region.
WES (18) Half width, in km, of sporadic E-layer model (defined

at e? level).
0001 SUBRAUTINE SFTC
0002 C EVALUATFS CONSTANTS ¥R THF IDNOSPHERIC MADEL FROM THE INPUT DATA
0003 C VERSINN DEF/ES ({JRIG. ReMeJe« REVISED 20/10/69 A-R.C.)
0004 C ELECTRNN DENSITY AS # FUNCTIDN NF HETGHT B AND RANGF ANGLFE TH¥TA
0005 C IS GIVEN BY NIB)®*FIH,THETA) + NFS(H) »
go0e C N(H) IS A B3-LAYFR DAY-TIME INNNSFHERIC MODRL, VIZ. D {(QUADPATIC),
0007 C ¥ (CUBIC) AND F (CUBIC). F(HsTHETA) IS A DIMENSINNLFSS FACTOR,
6008 C VALUE UNITY IR DAY RFGINN, VALUE M(H) (LINFAR) IN NIGHT REGINN,
gons ¢ AND VARIES AS CUBIC WITH RANGF ANGLE IN TRANSITINN REGINN. NFS{H)
6010 C IS A SEORADIC-F MNDEL (GAUSSIAN). ALL LAYFR FNUNDARIFS ARF
0011 € CONCENTRIC WITH EARTH.
np1z2 €
(1013 COMMON C(100)+C101+C102sC103+C104+C105,C106,C107(34),C201+C202,
0014 1 C2039C2044C205+C206(98) 9C3N19CINZ+CA0R(TR) 4 (401+C402+C4N3,
0015 2 C404+C4059C406:C407(94)+CH01,C502
0016 . FOQUIVALFENCE (C(4)sHM s {CIB)sHD)» (CI6) s FNDL) 2 {C(?) sHE) s (C(B)+ENFL)»
no17 1 (C(O)HHF)s{Cl10) s ENFL) o (CU11) s FMD » (C(12) s EMF) »
018 2 . {CE13)HRHND) »(CT14) 9y DRAND) » (CL 15} » DRENT) 9 (CIL1E) H»HES) »
G019 3 (CO3171sENESLY»(C(181,WES)
0020 DATA RRE(+15698587127153E-3)RN0OT2(1.4142135623731)
(0021 €
0022 C THE (PSEUDN) BAUNDARIES (IF THE SPORADIC-F LAYFR ARE SFT AT HY¥IGHTS
0023 C WHERF ELECTRON DENSITY IS APPROX <01 NF PFAK VALUE (FNESL)
0024 C I.E. AT HES + NR - 1.5%WES
0025 DHES=1.5%WES
0026 HESU=DHES+HES
0027 HESL=HES-DHES
0028 € SET MODFL BOUNDARIES IN ASCENDING DRDFR IN C(101) ET. SFQ. FAR
0029 C FUNCTION HFTH. (IT IS ASSUMFD THAT THE SPIRADIC-F FNUNDARIFS LIF
0030 C IN THE SAME DR ADJACENT LAYERS NF THE BASIC PROFILE)
0031 - C101=HN
0032 IF(HD-HESL)I4s1s1
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0033
0034
an3s
0036
0037
0038
0039
no4o0
0041
42
0043
0044
0045
0046
0pa
0048
(1049
0geq
o1
8652
0083
0054
0085
0056
0057
0058
0059
oase
6061
noez2
0063
0064
0065
0066
0067
0068
0069
0070
00?1
0072
6073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086

(o N eNelNe

(o]

s NeoNeoNeNe N

10
11

C102=HFSL

IF{HD-HESU) 34242

C103=HESU

C1n4a=HD

G T 7

C103=HD

¢H 1M 6

C102=HD

[FIHE~HFSL)95 5,5

C103=HFSL

IF(HE-HESUIR+6+6

C104=HESU

C105=HF

G ™M 11

Cin4a=HE

GN T 10

C103=HE

C104=HESL

C105=HESU

Ci10e=HF

CMMPUTE CONSTANTS FOR BASIC FROFILF AND SET IN C(201) ET. SEC. FOP
USF IN SURRNUTINE NHEP

D-LAYER. ELECTRNN DENSITY VARIFS FRMOM ZERMN AT HN T1) FNDL AT HD AS
N{H) = C(201)®{H-HN) ##2

Al=1./{HD-H)

A2=A1%ENDL

C201=p2%A1

F-LAYFR. ELECTRON DENSITY VARIES FROM ENDL AT HD 1) FNFL AT HE AS
N{H) = ENEL=(C(203)+C(202)¥(HE-H} ) ®#{HF-H)#*%2

Al=1./{HE-HD)

A3=ENEL-ENDL

A4=A3%A1

A2==(A4-A2)%A1¥2.

C202=AZ%A1

C203=A1%A4-A2

F-~LAYER. ELECTRON DFNSITY VARIFS FROM ENEL AT HF T} ENFL AT HF AS
N(H) = ENFL-(C(208)~C(204)*(HF=~H) ) #(HF=-H)*%2

A1=1./{HF-HF)

A2=FNFL-ENEL

A3=A2%A1%AY

C204=A3%A1%2,

C205=3.%43

COMPUTE CNNSTANTS NF M(H)s THF RATIN) OF NIGHT T0 DAY ELFCTRON
DFNSITIESs AND STINRE IN C(301) FT. SEC. FOF USF IN SUBRNUTINF EMH
M(H) VARIES FROM EMN AT HO T} FMF AT HF AS M{H) = C(302)+C(301)%H
Al=1+/{H¥=H0])

C302=( EMO*HF-EMF¥HO) *A1

C301=(EMF-EM1 *A1

COMPUTE CANSTANTS NF ¥(H,THETA) AND STORE IN C{401) ET. SFOQ. FNR
USE IN SUBROUTINF FO¥HTH. F(HsTHFTA) VARIES FROM URITY IN DAY
REGION T0 M{H) IN NIGHT REGINN AS F(H,THETA) = (1+MIH))/2 + DB =~
(1=M{H))*(C(401)~THETA)®{C(405)=C(408)*(C1401)~THETA)Y *%2)

(+ DAY-TO-NIGHTs - NIGHT-TO=-DAY) F(IR C(402)«LT-THETA.LT.C1403)
TRANSITION REGION SHIFTS BY C(404) RADIANS PFR TIME STFP
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o087
0088
0089
0090
0091
0092
0093
0094
0095
0096
0097
p0s8
0099
0100
0101

[¢]

A1=DRHM*RRE
C401=RHNC*RRE
C402=C401~A1
€403=21+C401
C404=DRHNT*RRE
Al=1./A1
C405=A1%.75
C406=+25%N1%A1%A1

COMPUTE CONSTANTS FR SPIORADIC-E LAYFR NES(H)

AND STMRE IN C(501)

ET. SEQ. FOR USE IN SUBROUTINE NHES. THE MADEL IS 1IF THE FNRM

NES(H) = ENESL¥EXP(-2%((H-HES)/VWES)##2)

C501=R0O0OT2/WES
C502=C501+C501
RETURN

END
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6.4.9 Subroutine NRX (version NF + ES)

This subroutine calculates the electron density Ng, the refractive
index u, its reciprocal 1/p and derivatives au/ah au/ae at the current
values of height h and range angle e.., - R

This version of the subroutine is for use with an ionosphetic
model where the electron density is given by

. Ne = N(h) F(h, e) + NES(h) electrons/m

N(h) is a basic profile (eg, day—time), a function of. height only, and is
contained in a subroutine NHBP (qv).

F(h,6) is a dimensionless function of height and range angle which modifies
the basic profile and .is contained in a subroutine FOFHTH (qv).

NEs(h) is a model of a sporadic E-layer, a function of height only, and is
contained in a subroutine NHES (qv).

" The refractive index is given by

/ 0, 8061 x 10"‘“Ne
- £< A

where f is the signal frequency in MHz and the factor 0.8061 x 10‘1°/f2
is located in CF(2) (see blank COMMON list),

The deri?étives of fefractive indei are

. o h)
. _ 0.40305 x 10710 1 BF(h 8) anm) , Nesh)y
3h " T £ ’[N(h) A P PO ST
nd 0. 40302;« 10-10 L. th,e

The - factor 0.40305 x 10~10/£2 is located in CF(3) (see blank»cﬁm'q'u list).
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STORAGE LIST

Local Variables

cMU Value of =0,40305 x 10719/£2;, where £ is the signal frequency
in MHz and u is refractive index. ’
“Blank COMMON
The only items from the list (qv) referred to here are elements
2 and 3 of the array CF, These are locally named CF2 and CF3 and
contain 0,8061 x 10~10/¢2 and 0.40305 x 10-10/¢2 respectively.
COMMON /PT/
All items in the list (qv) are used with the exception of DMDH, .
EM, H and THETA.
0001 SUBRDUTINE NRX 2
0002 C EVALUATES ELECTRPON DENSITY (EN) AND REFRACTIVE INDEX (FMI), ITS
0003 C RECIFRICAL (RMU) AND DERIVATIVES (DMUDH, DMUDTH} AT CURRENT VALUFS
G004 C f1F HFIGHT (H) AND RANGF ANGLE (THETA)
0005 C
6006 C VERSI(IN NF+FES (REVISED 16/10/63 A.R.C.)
0007 C ELFCTRNN DENSITY IS GIVEN RY NUHI®#F(HsTHFTA) + NES(H)
0008 C WHFRE N(H) IS A BASIC DAY-TIME IOKNSFHERIC PROFILFs MNRIFIFD IN
0009 C TRANSITINN AND NIGHT-TIMF REGINNS BY THE DIMENSINNLFSS FUNCTINN
0010 C F(HsTHFTAYy AND NES(H) IS A SPORADIC-F FNHANCEMENT
0011 C
0012 CIMMAON C1000)+ICI15)sCFI1+CF2,CF3
0013 COMMNN /PT/ HeTHFTA»ENsFMUs RMUs DMUDH»MUDTH» FNH 9 DNDH FHTH» DFDH»
0014 DFDTH» FMyDMDH » FNS» DN SDH
0016 C FIND FLFCTROON DENSITY (ENH) AND DERIVATIVE (DNDH) IN BASIC PROFILE .
0018 CALL NHEP
0017 C FIND VALUE (F¥HTH) AND DERIVATIVES (DFDH,DFDTH) 0OF MODIFYING TFRM
0018 CALL FOFHTH a
0019 C FIND FLECTRIN DENSITY (ENS) AND DFPIVATIVE { DNSPH) IN SEORADIC-F
0020 CALL NHES
0021 C FARM TOTAL ELFCTRNN DENSITY (EN)
0022 EN=FNH#*FHTH+ENS
0023 C FORM REFRACTIVF INDEX (EMU) AND RFCIPRNCAL (RMU)
0024 C (CFZ2=0.80F1F=10/F##2)
0025 FMU=SCRT(1.-EN*CF2)
0026 RMU=1+/EMU
0027 C FNORM DERIVATIVES (DMUDH, DMUDTH) NF RFFRACTIVF INDEX
0028 C (CF3=0.40305E~-10/F%#2)
0029 CMU=={RMU#*CF3)
0030 DMUDH=( ENH*DFDH+FHTH*DNDH+DNSDH )} #CMU
0031 DMUDTH=FNH*DFDTH*CMU
0032 RETURRN
- 0033 END
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6.4.10 Subroutine NHBP (version DEF/H)

This subroutine calculates the electron density and its derivative
at a height h in a basic ionospheric profile which is a function of height only.

This version ig for the same profile as .that described in version
DEF/L (qv), but is intended for use with a model containing a sporadic E~layer,
and as the latter may be arbitrarily positioned, the selection of the
appropriate layer function in the basic profile is done by height
comparison instead of direct selection by layer number.
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STORAGE LIST

Local Variables

A )
) Intermediate variables of various definitions, -
B _ ) ‘ T
HM Différence between the input height and the reference heighc

of a particular ionospheric layer.

Blank COMMON

c This array is segmented here so that relevant elements may be
referenced without subscripting. The elements used are as
follows, the numerical part of the local name indicating the
position in the original array, ie, C201 = C(201):~

C4
c5

c7

c8

c9

C10

Cc201

202,
€203

€204,
205

Base height, in km, of the ionospheric model,
Height, in km, of the top of the D-layer model,

Height, in km, of the top (maximum) of the E-layer
model,

Maximum electron density, electrons/m3, in the E~layer
model.

Height, in km, of the maximum of the F-layer model.

Maximum electron density, electrons/m3, in the F-layer
model,

A constant of the D-layer model.

Constants of the E-layer model.

Constants of the F-layer model.

No other items in the list are used.

COMMON /PT/

The only items in the list (qv), which are referenced here are
DNDH, ENH and H.

134



0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023

s NeoNsNe N

0024

0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036

«

SUBROUTINE NHBP

BASIC INNOSPHERIC PROFILE WN(H)

VERSINN DEF/H (NRIGe ReMeJs REVISFD 17/10/69 AePsCe)
3-LAYER PROFILE - D (QUADRATIC)» E €CUBIC) AND F (CURIC)
LAYER SELECTINN RY HEIGHT (H)

COMMON C(3)sC4+C5sCHE9C79C39CsC10+sC110190),C201+C202+C2035C2N4 5
c205 -
COMMON /PT/ HyTHETA»ENs FMUsRMIUTs DMUDH» DMUDTH » ENH » DNDH

~ LNCATE RELEVANT LAYER (C5 IS D=F BOUNDARYs C7 IS E-F BOUNDARY)

IF(H=C512+2»1

IF(H=C?) 39494

D-LAYFRe ELECTRON DENSITY VARIES FROM ZFRM AT HFIGHT Ca T7) CE AT
HEIGHT C5 AS N(H) = C201#(H-C4)##?

HM=H-C4

A=HM#C201

ENH=A%HM

‘DNDH=A+A

RFTURN ‘ ' ‘
E-LAYFR« ELFCTRNON DENSITY VARIES FRMM C6 AT HFTIGHT €5 TN C8 AT

"HFIGHT C7 AS N(H) = C8~(C203+C202%(C7=-H) ) #(C7-H)##2

HM=C7-H

A=HM*C2n2

B=( A+C203) #HM

ENH=CR-R#HM

DNDH=A*HM+E+B

RETURY

F-LAYFR. ELECTRNN DFNSITY VARIFS FRM €8 AT HRIGHT €7 TO C1n AT
HEICHT C9 AS N(H) = C10-(C205-C204#(CO-H))*{CO-H)##2
HM=CO-H

A=HM#C204

B=(A=C21F) #HM

ENH=B#HM+C10

DNDH=-( A#HM+B+B)

RETURN

END
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6.4.11 Subroutine NHES

This subroutine calculates the electron density and its derivative
at height h in a sporadic E~layer model which is a function of height only.

In this version of the subroutine, the sporadic E-layer. is represented

by
' he-h
A ES .2
N(h)-N,exp[-Z( IR
ES ES Vg )
dN__(h) 4th - h,..)
" ES ES
so that = - N (h)
dh WESZ ES ’

A ,
NES is the peak electron demnsity in the layer, input in C(17), at height
hoos input in C(16), and W_. is the layer "half-width", input in C(18),

ie, the difference between the peak height and a height where the electron

density has fallen to e~2 of the peak value,

The layer is assumed to make negligible contribution to the
overall ionospheric model when the magnitude of v2(h - hES)/WES exceeds 6.

The constant JEIWE is located in C(501) and 2/7/WES is in
C(502). (See notes on subrou%ine SETC, version DEF/ES.)
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7. SUMMARY OF INPUT DATA REQUIRED

A list of the data to be input, in the required order, is given
below. Apart from a brief statement for each set of data,_descriptions of
the various items are not provided, but the relevant COMMON list is
referenced, eg, /PLOT/ for COMMON/PLOT/ list, // for blank COMMON lists.
Data not so referenced are local to subroutine INDATA and their descriptions
are to be found in the storage list for the subroutine. In many cases,
possible values, including maxima and/or minima where appropriate, are

given, but the absence of such information does not imply any lack of
restriction in value. :

Each set of data corresponds to one READ statement, and the items
in each set are in consecutive fields according to the FORMAT indicated.

Note: As the program uses the AWRE SC4060 graph plotter, a data
card to be read by the library subroutine SCLIBR must precede the cards
containing the data listed below (see relevant CAN notes).

(1) FORMAT 1215 Run controls.,
JOBNO Max, of 4 digits /IMO/
NTF Min., 1 /IMO/
NTL 2 NTF /IMO/
NDT Min, 1 /1MO/
NF Min. 1, max. 24 /1M0/
NH Min, 1, max. 5 /IMO/
KA 1, 2 or 3 (see data set 1l) /1MO/
KP 1, 2 or 3 /™M0/
KG 1or 2 /1MD/
KX 1, 2, 3, 4, 50r 6 /IMO/
JP lor2 /IMO/
JX 1 or2 JIMO/
(2) FORMAT 715 Output options
MPT 1or 2 /IMO/
MPLT 1or2 /Mo/
MPRNT 1 or 2 /IMO/
MPUN 1or2 /IMO/
MXPG lor 2 /IMQ/
MSIG 1 or 2 /MO /
MXDAT 1 (Lf MKPG = 1 and MSIG = 1) or 2 /MO /
(3) FORMAT 1615 Ionosphere model controls
NC Min. 3
NFMI Max, 100
NIC Min. 2, max. 14
1C(1) Max. of 3 digits //
1C(2) Min. 2, max. 17 /!
)
I(i(.3.). ) As required //
1C(NIC) )
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STORAGE LIST

Local Variables

A

Value of (h - h__)vVZ/W__, wﬁere h is current heigh

_ ] ght, h is
height of peak 33 sporgﬁic E~layer model and W is’"hgif-width"
of sporadic E-layer. ES :

Blank COMMON

C Elements 16, 17, 501 and 502 of the array are used here and are
referenced by the following local names:-
clé Height, in km, of the peak of the sporadic E~layer model.
C17 Maximum electron density, electtons/ma, of the sporadic
. E-layer model. ‘ :
€501 Value of v2/W__., where wES is the "half-width" of the

sporadic E-layer model.

-C502 Value of ZVQ/WES;
No other items in the list are used,

COMMON/PT/
The only items in the list (qv), which are referenced here are
DNSDH, ENS and H.

0001 SUBROUTINE NHES

0002 C MODFL OF A SPORADIC-E LAYER KES(RH)

0003 C VERSINN A (7/11/68 ReMede REVISFD 17/10/69 A+«R«Cs)

0004 C MODEL IS OF THE FORM NES(H) = NFSMAX#FXP(-2.%((H-HES)/VWES)*#2)

0005 C B ‘

0006 COMMIN C(15)4+C16,C17,C18(483),C501,C502 ,

0oQ7 COMMON /PT/ HsTHETA» ENs FMUSRMT, DMUDH DMUDTH + ENH o+ DNDH » FHTH s DFDH

goo8 1 DFDTH» FMs DMDH » ENS» DNSDH

00609 C CHECK IF SPORADIC-E IS SIGNIFICANT AT HFIGHT Hs I+Fe IF ARS(H-HES)

0610 C LESS THAN APPRNX 4.%*WES. (HES=C17s SORT(2.)/WES=CE01)

0011 A=(H-C16)*C501

0012 IFLABS(A)=Ee119292

0013 C FORM ELFCTRON DENSITY (ENS) AND ITS DERIVATIVE (DNSDH) IN

0014 C SPORADIC-F LAYER. (NESMAX=C17s 2.¥SCRT(2.)/WES=CH02)

6015 ENS=EYP(-A#*A)*C17?

0016 DNSDH=-( ENS®A*CH02)

0017 RETURN

0018 C SENRADIC~F LAYER HAS NFGLIGIBLE EFFECT AT THIS HFIGHT

0019 ENS=0.

6020 DNSDH=(.

0021 RETURRN

0022 END
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Note: If KA = 1, only one set of data type 1l is required.
If KA= 2, 1 + (NTL - NTF)/NDT sets of data type 1l are required
(on separate cards), ordered:-

1st time-step,
2nd time-step,
etc.

If KA = 3, (1 + (NTL - NTF)/NDT)*NF sets of data type 11 are
required (on separate cards), ordered:-

1st time~step, 1lst frequency,
2nd frequency,
etc,

2nd time-step, 1lst frequency,
2nd frequency,
etc,

etc,

Examples of data decks for two typical types of run, using the
ionospheric models included with the program, are described below.
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(4) FORMAT 8E10.5 Ionosphere model data

c(1) Usually zero B //
c(2) Usually zero //
c(3) /]
o, ) e coetees Z
8 requlre
C(NC) ) ¢
(5 FORMAT 10A8 _Ionosphere data printout FORMAT
FMI(1)
FMI (NFMI)
(6) FORMAT 8F10.6 Step lengths
ST(1) //
ST(2) )
evse0e s ) As required. NS = IC(Z)_]. //
ST(NS) )
(7) FORMAT 3E10.5 Ray limits and mode split
HM_ /1
RHOM _
HEF /IMO/
(8) FORMAT 8F10.6 Signal frequencies
FREQ(1) /IMO/
FREQ(2) ) -
csseane ) As required /IMO0/
FREQ(NF)
(9)* FORMAT 415 Plotting controls
NTYP 1, 2 or 3 /PLOT/
NTITLE Max, 400 /PLOT/
MAXH Multiple (#10) of INCDH /PLOT/
INCDH < MAXH/2 /PLOT/
(10) * FORMAT 10A8 Title for plotted output
TITLE(1) /PLOT/
TITLE (NTITLE)

*9 and 10 are present only if MPLT = 1

(11) FORMAT 18,2F8.3 Takeoff angle data
NA Min. 1, max. 100 /IM0/
ALPH1 Min. zero /IMg/
DA Positive, ALPH1 + DA(NA - 1) < 90° JIMO/
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IONDSPHERE MODEL USED IN EXAMPLE 1.

500 3535 35 4 3 35 35 30 35 3F 3 3 55 3 3530 S 3 S0 3 20 E 0B S 36 Wb 3

IONOSPHERE DATA

- s - - - - -

MODEL 301 4 BOUNDARIES

TRANSITION TYPE 2 (1 DAY-TO-NIGHTs 2 NIGHT-TO-DAY)

IONO COF C [ «0s «0) BASE RADIUS 6430.0KM
DAY PROFILE HEIGHT DENSITY
€60.0 +0000E+0D
D-LAYER
85.0 +2500E+10
F-LAYFER
110.0 +1000E+12
F-LAYER

300.0 «1000E+13
'NIGHT/DAY DENSITY RATIO ~ AT BASE .0» AT F-MAX 3

TRANSITION REGIQIN - RANGE TO CENTRE (LT=1) -1000.0KM
- HALF VIDTH 1000.0KM
SHIFT/TIME-STEP 500+ 0KM

DATA DECK FR EXAMPLE 1.

- — . i - —— -

LINES MARKED WITH *# FORM THF ACTUAL DATA DECK. ALL NTHFRS ARE CMMMFNTS DNLY.
NUMBERS NN LEFT CNRRESPOND WITH SECTINN NUMBERS IN SUMMARY.

QL 1 2 3 4 & 6 7 2]
1234567890123456739012345673901234567890123456789012345673901234567R9012345687R31

"~ # 'SC4060 DATA CARD ACCORDING TO LNCAL INSTRUCTIONS®

1. JOBNOQ NTF NTL NDT NF RH KA XKp K6 KX Jp JX
® 307 1 8 7 1 5 2 1 1 1 1 1

2 MPT MPRNT MXPG MXDAT
MPLT MPUN MSIG
® 2 1 1 2 2 2 2
3Se NC NIC IC(2)
NFMI ICt1) IC(3)

# 15 70 3 301 4 2
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7.1

Example 1 Run number 307

(a) Ionosphere model

Three-~layer model with movable twilight region, contained
in subprograms SETC (version DEF), TVP, HFTH, NRX (version NF),
NHBP (version DEF/L), FOFHTH and EMH; The data used (IC(1l) to -
IC(NIC), NIC = 3, and C(1l) to C(NC), NC = 15) are given below,
printed out according to the format entered in array FMI
(contained on 7 cards, NMMI = 70),

(b) Model states .= (time-steps)

(1) Day-time, obtained with the transition (night-to-day)
in its initial position behind the transmitter, ie, NTF = 1.

(41) Night-to-day twilight region. centred 2500 km from the
transmitter, a shift of 3500 km from the initial position
(-1000 km), obtained by an increment in time-step number
NDT = 7 (ie, 3500/500) to NTL = 8,

(¢) Signal frequencies (FREQ)

13 MHz (NF = 1),

(d) Ray takeoff angles

All angles from 0° (ALPHl) to escape, in increments of 1°
(DA), for both time-steps. From previous tests, first escape
angle in the day-time state is about 41° (NA = 42), and in the
twilight (2500 km) state, about 15° (NA = 16). Since the angle
data are different for the two time-steps, KA = 2 (or 3 as only
one frequency).

(e) Ray limits

Up to 5 hops. (NH) or 15060 km maximum range (RHOM). Maximum
height (M) less than 300 km (eg, 299 km. If set to 300 km,
ie, top boundary of model, there may be an unnecessary call to

_subroutine LINE2B).

(f) Step-lengths (ST)

10 km in all three layers.

(8) Outputs

(1) Ray-path plots (MPLT = 1), on both hard copy and
microfilm (NTYP = 3), with height scale to 300 km (MAXH) marked
at 50 km intervals (INCDH). Description (TITLE) contained on
3 cards (NTITLE = 30).

(ii) Summary printout of ray-hop data (MPRNT = 1) with
phase and group paths in km (KP = KG = 1),

No other outputs (MPT, MPUN, MXPG, MSIG and MXDAT all 2)
so KX, JP, JX and HEF are not relevant, but are given reasonable
values for completeness.
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7.2

Example 2 Run number 297

(a) Ionosphere model

As in example 1, but including the sporadic E~layer model,
Subroutines SETC (version DEF/ES), NRX (version NF + ES) and
NHBP (version DEF/H) replace the previous versions used, and
subroutine NHES is required in addition. The data used (IC(1)
to IC(NIC), NIC = 3, and C(1) to C(NC), NC = 18) are given
below, printed out according to the format entered in array FMI
(contained on 8 cards, NPMI = 80),

(b) Model states (time-steps)

Day~time only, obtained with the trangition (night-to-day)
in its initial position behind the transmitter, ie, NTF = 1,
NDT = 1, NIL = 1,

(c) Signal frequencies (FREQ)

16, 17 and 18 MHz (NF = 3),

(d) Ray takeoff angles

All angles from 0° (ALPH1) to escape, in increments of
0.5° (DA), for all frequencies. From previous tests, first
escape angle in day-time state at 16 MHz is about 30° (NA = 61),
at 17 MHz, about 27.5° (NA = 56) and at 18 MHz, about 25°

(NA = 51), Since the angle data are different for each frequency,
KA = 3,

(e) Ray limits

Single hop only (NH = 1) or 6000 km maximum range (RHOM).
Maximum height (HM) less than 300 km (eg, 299 km, see note for
example 1).

(f) Step-lengths (sT)

10 km in D and F regions, 5 km in E region and 0.1 km in
sporadic E region in height bracket h S +1,5W_ ., ie, 98.5 to
101.5 km. Note: As this bracket lies Fotally within the
E region, successive "layers" are D, E, Eg, E and F and corresponding
step-lengths are 10, 5, 0.1, 5 and 10 km,

(g) Outputs

(1) Summary printout of ray-hop data (MPRNT = 1), with
phase in cycles (KP = 3) and group time in ms (KG = 2),

(11) "RAYSET" cards (MPUN = 1), Since the rays are single
hop, the value of JP (1 or 2) does not affect the order of the
cards.

(1ii) Calculations of excess phase in cycles and excess group
time in us (KX = 6).
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R EEEE

6.

11.

L

ARRAY C» ELEMENTS 1 T} NC _
IONO-CENTRE-CNIRDS BASE-RAD H~-NF-BASE H~D~TNP NE-D-TNP  H-F-MAX NE-F-MAX
+0000F+00 .0000F+00 6430+.E+00 60.00E+00 85.00E+00 2.500F+09 110.0F+00 1.000F+11
H=F-MAX NE-F-MAX <NIGHT/DAY-NE- ~~NIGHT-TO-DAY=TRANSTTINN~-
‘ o . BASE F-MAX CENTRE HALF-WIDTH SHIFT/TS
300.0F+00 1.000E+12 -0000E+00. +3000E+00-1000.F+00 1000« E+00 500+ 0F+D0

ARRAY FMI - FORMAT TO PRINT IC AND C - -

(20H1  IONOSPHERE DATA/SX1B5H======m=m-==e-n //5XSHMODELs 145185110 BOUNDARIFS//5
X15HTRANSITION TYPE,12,33H (1 DAY-TO-NIGHT, 2 NIGHT-TN-DAY)///5X13HINNN € NF C
9F3.151HssF3.1916H)  BASE RADIUSsF7.1,2HKM///5X11HDAY PROFILF, 7XEHHFTGHT, 5X7HD
ENSITY//F29+154X9H.0000F+00/9X 7HD-LAYER/F29.15 F13+4/9X 7HF~LAYFR/F29.1,F13.4/9X7H
F-LAYFR/¥29.1+F13.4///5X33HNTGHT/DAY DENSITY RATIO) - AT RASEsF3.1,10Hs AT F-MAY,
F3.1///5%42HTRANSITION REGION - RANGE T CFNTRF (LT=1)»F8.1,2HKM/37X10HHALF WIDT
HoF8+1s2HKM/32X15HSHI FT/TIME~STEP»F8+ 15 2HKM/// /)

ARRAY ST - STEP LENGTHS IN EACH LAYER
IN-D IN-F IN-F
10.000000 10.000000 10.000000

HM REOM HEF
299.0E+00 1.500E+04 110+0E+00

ARRAY FREC - SIGNAL FREQUENCIES
13.000000 .

NTITLE  INCDH
NTYP MAXH
3 .30 300 50

ARRAY TITLE - EXAMPLE NF TITLE FOR PLOTTED OUTPUT
ILLUMINATION CHECK RUN 12/1/70
LT=1 DAY-TIME o
LT=8 NIGHT-TO-DAY CENTRED AT 2500KM

NA  ALPHI DA ANGLE DATA FOR FIRST TIMF-STEP (LT=1)

NA ALPH1 DA ANGLE DATA FDR SFCTND TIME—STFP'(LT=8)
16 0.000 - 1.000 : ;

12345678901234567890123456 78901234 567890123456 78011234 56 0 01234 5678901734 567890
1 2 3 4 . . 5 6 7 - A
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DATA DECK FOR EXAMPLE 2.

- - - Y .

LINES MARKED WITH * FORM THE ACTUAL DATA DECKe ALL OTHERS ARE COMMENTS ONLY.
NUMBERS ON LEFT CORRESPOND WITH SECTION NUMBERS IN SUMMARY.

oL 1 2 3 4 6 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890

# '5C4060 DATA CARD ACCORDING TO LOCAL INSTRUCTIONS®

1. JOBRO NTF NTL NDT NF NH KA KP K& KX Jp JX
® 297 1 1 1 3 1 3 3 2 6 1 1

2. MPT MPRNT MXPG MXDAT
MPLT MPUN MSIG
» 2 2 1 1 1 1 1
3 NC  NIC 1¢(2)
NFMI 1001) 1C3)

# 18 80 3 401 6 2

4. ARRAY C, ELEMENTS 1 TO NC

IONO-CENTRE~COORDS BASE-RAD H-F-BASE H-D~TOP NF-D-TP  H-FE-MAX NF-E-MAX

«D000E+00 «0000E+00 6430+E+00 60.00F+00 85-00F+00 2.500E+03 110.0F+00 1.000F+11

H=F=-MAX NE~F-MAX -NIGHT/DAY-NE- -=NIGHT-TO=DAY=TRANSITINN~-- H-ES-MAX
BASE F-MAX CENTRE HALF-WIDTH SHIFT/TS

300.0F+00 1.000E+12 «0000E+00 +~3000E+00-1000+F+00 1000+ E+00 500 0F+00 100.0E+00
~=~-ES=LAYFR=~===~

NE-MAX HALF-VWIDTH
¥ 3.000E+11 1.000E+00

&)
.

ARRAY FMI - FORMAT TQ PRINT IC" AND C . o
(20K1 INNOSPHFRE DATA/5X1BH~=~o-mr—mme———— //75XSHMNDELs14+18,11H RBAUNDARIES//5
X1SHTRANSITION TYPE.IZ,33H (1 DAY-TOA-NIGHT» 2 NIGHT-TO-DAY)///5X13RINN C NF C
9F3¢191Hs s F3.1,516H) BASE RADIUS+F7e 192HKM///75X110DAY PRAOFILE, 7YGRHFIGHT, 5X7HD
ENSITY//F23+1,4X98+00N0F+00/9X 7 D-LAYER/F29¢19F1344/9X ME~LAYFR/F23.1,F13.4/9%7H
F-LAYER/F29+1+E13+4///5X33HNICHT/DAY DENSITY RATIf] = AT BASE,¥3.1,10Hs AT F-MAX,
F3.1//7/5X42HTRANSITION BREGIDN -~ RANGE TO CENTRE (LT=1},FQ+1,2H{M/37Y¥10HHALF WIDT
HoFBe1»2HKM/ 32X 15HSHIFT/TIME-STEP) F84 15 2HKM///BXB2HSEORADIC ¥-LAYFR - HEIGHT OF
MAXsF71sZHKM/26X11HMAY DENSITY»EQ«3/27X10HHALF WIDTHF7«192HKM///7)

s % ok % %k % & %

6« ARRAY ST - STEP LENGTHS IN EACH LAYER
IN-D IN-E IN-ES IN-E IN~-F
* 10.000000 5.000000 . 0.100000 5.000000 10.000000

7 HM RADM HEF
¥ 299.0F+00 6000+.E+00 100.0E+00

8. ARRAY FREQ - SIGNAL FREQUENCIES
16-000000 17.000008 18.000000

%

11. NA  ALPH1 DA ANGLE DATA FOR FIRST FREQUENCY (16MHZ)
® 61 0.000 0.500

11- NA  ALPH1 DA ANGLE DATA FOR SFCOND FREQUENCY (17MHZ)
= 56 0.000 0500

11. NA  ALPHI DA ANGLE DATA FOR THIRD FREQUENCY (18MAZ)
* 51 0.000 B.500

L 123456789012345679901234567890;23456?8901234567890]23456789012345678901234567890
1 2 3 4 S 6 7 8
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(iv) Calculation of signal strength (MSIG = 1). Mode split
height (between ES and F) is 100 km (HEF). Note: The change from
E to E. is smooth, so rays reflected in these layers are assumed
to be In one mode in this context.

(v) Punched cards éohiaininé excess phase and group data and
signal strength (MXDAT = 1). Again, since the rays are single
hop, the value of JX (1 or 2) does not affect the punching order.

No other outputs (MPT, MPLT both 2). Note,. therefore, that

there are no input data cards corresponding to parts 9 and 10
of the input data summary.

IONOSPHERE MODEL USED IN EXAMPLE 2.

3t 35 30 2 3 3k 35 3 36 30 3530 4T WA R LR BRI NN

IONOSPHERE DATA

MODEL 401 6 BOUNDARIES

TRANSITION TYPE 2 (1 DAY-TO-NIGHT» 2 NIGHT-TO-DAY)

IOND C OF C ( «0s 0} BASE RADIUS 6430+ 0KM
DAY PROFILE HEIGHT . DENSITY
- . 60.0  -0000E+00
D-LAYER L
. 8540 «2500E+10
E-LAYER
: 110.0  +1000E+12
F-LAYER -

300.0 «1000E+13
NIGHT/DAY DENSITY RATIO - AT BASE <05 AT F-MAX .3

TRANSITION REGION - RANGE TO CENTRE (LT=1) -1000. 0K
HALF WIDTH . 1000.0KM
SHIFT/TIUE-STEP  £500.0KM

SPORADIC E-LAYER - HEIGHT OF MAX 100.0KM
MAX DENSITY .300E+12
HALF WIDTH ° 1.0KM
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8. SUMMARY OF PROGRAM OUTPUTS

As can be seen in the listings, a variety of outputs are available
from the program in the form of printed tables, punched cards and plotted
ray-paths, and those required for a particular job are selected by a series of
options entered as input data, A brief summary of the subroutines causing
output and some cautionary notes on their use are given below. The descriptions
and listings of each subroutine should be consulted for more detailed
information., ‘

(a) Subroutine PRNTPT gives a tabulation of five items of data
for every ray-path point computed during a run, It is mainly
intended for testing purposes and its use is not recommended for
production work, as a very large quantity of printout is generated.
Eg, during a typical short run (less than 5 min), about

20000 ray-path points may be computed. With the data for a

maximum of 80 points being printed on one page, use of this

print option would result in more than 250 pages of output.

(b) Subroutine RYPRNT produces a table summarising the key data
for each ray-hop computed, and is a more practical form of
printout than (a).

(c) Subroutine RYPNCH outputs punched cards containing the data
of (b), 2 cards per ray-hop. This is a useful torm of output
when ray-data are required for other programs, eg, interpolation
programs, but its indiscriminate use is not recommended due to
the bulk of cards produced, eg, in the example of (a) above,
about 200 typical ray-hops could be computed, resulting in an
output of some 400 cards if this punch option is exercised.

(d) Subroutines EXPHGP and TOTSIG produce printed tables
sumnmarising the results of some additional calculationms.

(e) Subroutine DATAX causes the punching of cards containing
the data produced by (d). The comment in (c) applies but there
are only half as many cards. The data are also printed out,
combining the tables of (d).

(f) Subroutine PLTRAY and its associated subroutines produce
plots of the ray-paths on the SC4060 plotter unit. These can
give a useful pictorial representation of the rays, but
approximately double the length of time required for a run.

A drawback that has become apparent since the subroutines were
written is that in places where ray-path points are very close,
eg, in a sporadic E-layer with step~lengths of the order of

0.1 km, the plots become fogged and unsuitable for reproduction,
due to every point being plotted.
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