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SUMMARY 

This repor t  descr ibes  a digital-computer program, w r i t t e n  i n  
~ R T R A N  I V  f o r  the  I I lM 7030 (St re tch)  computer, f o r  t rac ing the  paths  of 
high-frequency e lec t rwmagnet ic  rays through two-dimensional models of 
the  ionosphere, omitting the  e f f e c t s  of the  geomagnetic f i e l d  and e lec t ron  
c o l l i s i o n s  from the  evaluation of r e f r a c t i v e  index. The program a l s o  computes 
phase and group path da ta  and absorption along the  rays,  and s i g n a l  s t r eng th  
ca lcu la t ions  a r e  ava i l ab le  as an option. A va r ie ty  of outputs  a r e  obta inable  
i n  the form of p r in ted  t ab les ,  punched cards and ray-path p lo t s .  Each component 
of the  program is b r i e f l y  described, and ~ R T R A N  l i s t i n g s  and d e f i n i t i o n s  
of va r iab les  a r e  provided. Examples of ionospheric models a r e  given and t h e  
repor t  ind ica tes  how a l t e r n a t i v e  models may be  w r i t t e n  i n t o  the program. 

1. INTRODUCTION 

The digital-computer program described here  uses a two- 
dimensional formulation, based on  erm mat 's p r inc ip le ,  to  t r a c e  t h e  pa ths ,  
i n  geocentr ic  po la r  coordinates,  of high-frequency electromagnetic rays 
propagated from a ground-based t ransmit ter ,  through models of the  ionosphere 
i n  which the  e l e c t r o n  densi ty  va r ies  with height  and range. Signal  
frequencies a r e  assumed high enough f o r  the  e f f e c t s  of the  geomagnetic 
f i e l d  and e lec t ron  c o l l i s i o n s  t o  be omitted f r m  the  ca lcu la t ion  of 
r e f r a c t i v e  index, although a model of c o l l i s i o n  frequency i s  included t o  
determine s i g n a l  a t t enua t ion  due t o  absorption. The program, w r i t t e n  i n  
F~RTRIW I V  f o r  the  IBM 7030 (Stretch) computer, i s  f a s t  and capable of 
high accuracy under the  assumptions given. Experience with t h e  program 
so  f a r  ind ica tes  t y p i c a l  computing speeds of the  order of 1 ray-hop (or  
100 ray-path points)  per  second, a t  a cos t  of about 20.025 per  ray-hop. 

Development of the program was undertaken t o  a i d  inves t iga t ions  
of various aspects  of ionospheric radio-wave propagation, and it has proved 
t o  be an extremely e f f e c t i v e  tool.  Examples of typ ica l  app l i ca t ions  a r e  
the  ca lcu la t ion  of frequency deviat ions (Doppler s h i f t s )  due t o  ionospheric 
disturbances [ l ]  , the  study of the  e f f e c t s  of ionospheric g rad ien t s  (eg , 
twi l igh t  zones) on the  pa t t e rns  of i l luminat ion on the  e a r t h  by multi-hop 
propagation [ 2 ]  and the determination of frequency va r ia t ions  of phase 
and amplitude of hf s i g n a l s  i n  s tud ies  of pulse  d ispers ion by ionospheric 
propagation [3] .  Although w r i t t e n  to meet s p e c i f i c  requirements such as  
those mentioned above, the  program has been of use t o  workers i n  o ther  
organisa t ions  i n  the  US and the UK. 

From time t o  t i m e ,  as f resh  problems f o r  study arose ,  the  program 
underwent rnodif i c a t i o n  and extension, including contr ibut ions  from the  
author 's  colleagues,  b u t  a t  each s t a g e  of development, the  writer has 
endeavoured t o  ensure t h a t ,  while meeting new requirements, the  program 
could s t i l l  perform previous tasks  as f a r  a s  poss ib le ,  and t o  some ex ten t  
a n t i c i p a t e  others.  The version presented i n  t h i s  r epor t  i s  a recent  r ev i s ion  
of the  one t h a t  has seen longest  use, and i n  order to  make i t  ava i l ab le  t o  
o the r  workers i t  has been wr i t t en  up here  i n  a form t h a t  is a compromise 
between too b r i e f  a desc r ip t ion  on the one hand, and a meticulously d e t a i l e d  



repor t ,  which would have been too t i m e  consuming, on t h e  other.  It is f e l t  
t h a t  t h i s  compromise is adequate f o r  i n t e r e s t e d  users  t o  run the  program 
without d i f f i c u l t y  . 

The repor t  commences with a statement of the  equations on which 
t h e  ray-tracing is based, and a note on t h e i r  so lut ion,  followed by a 
descr ip t ion of the  way i n  which ionospheric models a r e  w r i t t e n  i n t o  the  

* program. After  an o u t l i n e  of the  overall program s t r u c t u r e ,  there  comes 
the  bulk of the  repor t  which cons i s t s  of descr ip t ions  of the  component 
p a r t s  of the  program, including ~ R T R A N  l i s t i n g s  of the  subprograms and 
d e f i n i t i o n s  of a l l  va r i ab les  appearing i n  the  subprograms. As the  number 
of comnent statements i n  t h e  l i s t i n g s  was g rea t ly  increased during the  
recent  revis ion of t h e  program, t h e  subprogram desc r ip t ions  are sometimes 
b r i e f ,  and flow diagrams, from which some subroutines would possibly 
b e n e f i t ,  have not  been included. To a i d  the  construction of da ta  decks, the  
input  requirements of t h e  program a r e  summarised, with examples appl icable  
to  t h e  ionospheric models included with the  program, and f i n a l l y  comments 
a r e  given on the  various outputs  obtainable. 



2 .  THE RAY EQUATIONS AND THEIR SOLUTION 

With the  assumptions t h a t  s i g n a l  frequencies a r e  high enough f o r  
the  geomagnetic f i e l d  and e l e c t r o n  c o l l i s i o n s  t o  be omitted from the  
c a l c u l a t i o n  of r e f r a c t i v e  index, and the  e l e c t r o n  dens i ty  i s  v a r i a b l e  i n  
two dimensions only, t he  pa ths  of  the  rays can be described by the  following 
two equations derived from  erm mat's p r i n c i p l e  of s t a t i o n a r y  phase t r a n s i t  
t i m e  [ l ]  :- 

and 

S,  t h e  independent va r i ab le ,  is the  d i s t ance  along t h e  ray, 
r , 8  a r e  t h e  geocen t r i c  p o l a r  coordinates  of a poin t  on the  ray-path, 
h = r - r ( re  is  the  e a r t h  radius ,  6370 km) , 
p is the  g e f r a c t i v e  index given by 

where f i s  the  s i g n a l  frequency (MHz), and Ne i s  the e l e c t r o n  dens i ty  (m'3), 
a funct ion  of he ight  h and range angle  8 only. 

By def in ing  two o the r  va r i ab les  

and 

the  ray-paths a r e  then described by the  following four d i f f e r e n t i a l  
equat ions :- 

and 



Three f u r t h e r  q u a n t i t i e s  may be obtained from the  equations:- 

and 

where P is the  phase path,  
G is the  group pa th ,  
A is t h e  absorpt ion  (db) due t o  e l e c t r o n  c o l l i s i o n s ,  
w is the  angular  frequency, 27rf (radianslsecond) , 

and v is t h e  e l e c t r o n  c o l l i s i o n  frequency (number/second) . 
Equations (6) t o  (12) are contained i n  a subrout ine  DEQS (qv) 

and a r e  so lved  numerical ly by a fourth-order Runge-Kutta method ( see  
subrout ine  RUKU) using pre-s e t  va lues  of step- leng t h  i n  the  independent 
v a r i a b l e ,  S. I n i t i a l  values of t h e  v a r i a b l e s  a r e  found by trigonometry 
( see  subrout ine  LINE2B). 

The values of s tep-length chosen depend on the  circumstances of a 
p a r t i c u l a r  case  and w i l l  vary f o r  d i f f e r e n t  ionospher ic  models. I n  gene ra l ,  
s h o r t e r  s tep-lengths g ive  g r e a t e r  accuracy b u t  n e c e s s i t a t e  longer  running 
times f o r  t h e  job. The concept of accuracy i s  decided by the  t a sk  i n  hand 
and is n o t  d iscussed  here ,  b u t  some comments a r e  given,  t oge the r  w i t h  r e s u l t s  
of accuracy tests f o r  some simple ionospher ic  models, i n  r e fe rence  [ l ] .  
Step-lengths f o r  a new s i t u a t i o n  a r e  o f t e n  b e s t  determined by a s e r i e s  
of test runs i n  which the  s t e p s  a r e  progress ive ly  reduced u n t i l  t h e  r e s u l t s  
converge t o  a s u i t a b l e  degree. 

For app l i ca t ions  i n  which the  ionospher ic  models given i n  t h i s  
r epor t  have been used, s a t i s f a c t o r y  r e s u l t s  have been obta ined  wi th  s t e p s  
ranging from 10 km i n  D and F-layer models, where the  e l e c t r o n  dens i ty  
changes r e l a t i v e l y  s lowly,  dawn t o  0.1 km i n  a spo rad ic  E-layer model 
which h a s  a high gradient .  



INSERTION OF IONOSPHERIC MODELS INTO THE PROGRAM 

The input  da ta  f o r  a p a r t i c u i a r  ionospheric model a r e  entered 
i n  two arrays  I C  and C (see  blank C~MMON list and summary of da ta  input) .  
The model derived from the  input  da ta  is contained i n  a s e r i e s  of 
subprograms w r i t t e n  t o  s u i t  the  p a r t i c u l a r  case, and must include the  
following:- 

(a) A subroutine SETC, which may be  used t o  der ive  from 
the input  da ta  any constants  of the model, eg, c o e f f i c i e n t s  
of equations defining model layers.  

(b) A subroutine TVP, which may be used to  reset any 
parameter of the  model i n  a sequent ia l  manner, eg, the  
height  of a layer ,  the  pos i t ion  of a twi l igh t  zone. 

(c)  A function HFTH, which must def ine  the  height  of a 
boundary i n  the  model, eg, base, top, d iv i s ion  between l ayers ,  
given the boundary number and the  re levant  range angle. 
Usually, ionospheric boundaries a r e  made concentric  with 
the  ea r th ,  and the  function def ines  a s e r i e s  of heights ,  
independent of range. 

(d) A subroutine NRX, i n  which the  t o t a l  e l ec t ron  densi ty ,  
the  r e f r a c t i v e  index, its rec iprocal  and de r iva t ives ,  a t  a 
given height  and range angle, must be defined. 

Any other  subroutines o r  functions required by the  model a r e  
accessed from one o r  more of the above subprograms. 

Examples of two types of model a r e  given i n  sec t ion  6.4, and 
t y p i c a l  da ta  inputs for  them i n  sec t ion  7. 



STRUCTURE OF THE RAY-TRACING PROGRAM 

The following t a b l e  lists the  var ious  subrout ines  and func t ions  
forming t h e  program and shows how t h - y  a r e  l inked ,  each subprogram being 
c a l l e d  by t h e  one immediately t o  t h e  l e f t  and above. The subprograms f a l l  
more o r  l e s s  n a t u r a l l y  i n t o  f i v e  groups, i nd ica t ed  by t h e  number a f t e r  
each name, and these  are discussed below. 

' ' 1 5 ~ ~ ~  ( i i i )  
MAIN ( i )  

INDATA ( I )  
SETC(iv) 
TVP ( i v )  
RAY 2B ( i )  

LINE2B ( i )  
RUKU ( i  ) 

Subprograms f o r  
ionospheric  model ( iv )  

HFTH ( iv )  

PRNTPT ( i i )  
PLTRAY ( i i i )  

s O ~ m ~ ( i i i )  
PLTITL ( i i i )  
PLTDAT ( i i i )  

CALFRM(iii) 
PLTFRM ( i i i )  

RYPRNT ( i i )  
RYPNCH(ii) 
EXPHGP ( i i )  
T ~ T S I G  ( i i )  
DATAX ( i f )  

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

These form t h e  backbone of t h e  program and a r e  mainly concerned 
wi th  program con t ro l ,  d a t a  inpu t  and the  t r a c i n g  of t h e  ray-paths. 

Group ( i i )  PRNTPT, RYPRNT, RYPNCH, EWHGP, T ~ T S I G  and DATAX. 

These subrout ines  enable a v a r i e t y  of p r i n t e d  andlor  punched 
output  t o  be obtained,  w i th  some subs id i a ry  computation i n  EXPHGP and 
T ~ T S I G  . 



Group ( i i i )  " I ~ D " ,  PLTRAY, S~RTDA,  PLTITL, PLTDAT, CALF'RM and PLTFRM. 

These d e a l  w i th  t h e  p l o t t i n g  of ray-paths on t h e  SC4060 un i t .  
" ~ t j ~ " ,  which is a subtype F I ~ D  deck, is included h e r e  a s  i ts s o l e  purpose 
is  t h e  s p e c i f i c a t i o n  of t h e  d i s k  requirements f o r  s t o r i n g  ray-data p r i o r  
t o  p l o t t i n g .  

Group ( i v )  SETC, TVP, NRX, HFTH and subrout ines  conta in ing  t h e  ionospher ic  
model. 

These subprograms c o n t r o l  and d e f i n e  t h e  p a r t i c u l a r  ionospher ic  
model used. Some o r  a l l  of t hese  may need r ewr i t ing  when a d i f f e r e n t  form of 
model i s  requi red .  Two examples of models a r e  given i n  t h i s  r e p o r t ,  t h e  
f i r s t  being contained i n  subrout ines  NHBP, F~FHTH and EMH, and t h e  second 
having i n  a d d i t i o n  a subrou t ine  NHES. The subprograms common t o  both models 
( i n  t h e i r  use t o  da te)  a r e  TVP, MFTH, F~FHTH and EMH. D i f f e r ing  ve r s ions  of 
t he  remaining subprograms a r e  requi red  by t h e  two models (with t h e  except ion  of 
NIIES). The re l evan t  p a r t  of t h e  program s t r u c t u r e  i s  a s  follows:- 

NRX 

NHBP 
EFHTH 

NHES (Second model only)  

Group (v) C ~ L F .  

This  funct ion ,  containing t h e  c o l l i s i o n  frequency model, does 
not  f i t  d i r e c t l y  i n t o  any of t h e  o t h e r  groups. I n  its p resen t  form, as 
a f ixed  model, i t  could be appended t o  group ( i ) ,  a s  is done i n  t h i s  
repor t .  However, i f  a d i f f s r e n t  model was used, r equ i r ing  read-in d a t a ,  
eg, through t h e  b lank  COMMON a r r a y  C (qv),  i t  would be more appropr i a t e  
wi th  group ( iv ) .  



5.  ciiMM6~ LISTS 

A t o t a l  of e igh t  C-W~N lists (seven l abe l l ed)  a r e  used i n  the  
present  program f o r  communicating data  between the  various subroutines.  
The lists are:- 

5.1 CO'MM~N ( i e ,  blank C~MMO'N) 

In the descr ip t ions  of the  C-W~N lists, the  following information 
is given:- 

(a) The subprograms using the  p a r t i c u l a r  l i s t  i n  whole o r  
par t .  

(b) A l l  items i n  the  list i n  t h e i r  co r rec t  order,  wi th  
dimensions i f  necessary, and t h e  subprograms where the  
items a r e  defined. 

(c) A note  on each item i n  the  list i n  a lphabe t i ca l  order. 

I n  the  notes f o r  each sub~rogram, mention is made of the  items 
used (or  not  used) i n  re levant  C ~ M M O N  lists, together with any l o c a l  
changes of names o r  usage, but,  i n  general ,  the  information given i n  the  
list descr ip t ions  is  not repeated i n  the  subroutine notes. 



Blank C ~ Z N  list 

Where Used 

MAIN, INDATA, SETC, TVP, RAY2B, LINE2B, DEQS, NRX, HFTH, MPHGP 
and i n  subroutines containing t h e  ionospheric model (eg, i n  the  examples 
given, NHBP, F~FHTH,  EMH and NHES) . 
L i s t  0 rde r  Where Defined 

c (1000) 
I C  (15) 
CF (10) 
HM 
THM 
ST (16) 

INDATA, SETC, TVP 
INDATA, RAY 2B 
MAIN 
INDATA 
INDATA 
INDATA 

L i s t  Descript ion 

C An ar ray  containing the  da ta  defining the  p a r t i c u l a r  ionospheric 
model used. The f i r s t  NC values a r e  input  da ta  while o the rs  a r e  
s e t  a s  required i n  the  program, eg, i n  SETC (qv) f o r  values t h a t  
remain constant during a run, and i n  TVP (qv) f o r  values t h a t  
a r e  v a r i a b l e  during a run. The majori ty of t h e  a r ray  is a t  
the user ' s  d isposal ,  bu t  the  f i r s t  th ree  elements have f ixed 
d e f i n i t i o n s ,  v i z ,  

C(1) and C(2) a r e  the  po la r  coordinates ( r  ,eo)  of the  cen t re  
of the  c i r c l e s  def in ing t h e  boundaries of t h e  ionospheric model. 
Normally, these  boundaries a r e  assrimed t o  be concentric  with the  
e a r t h ,  and C(1) and C(2) a r e  both input  as zero. I n  cases where 
an "eccentric" model is  used, C(1) is non-zero and C(2) is t h e  
angle, i n  radians,  measured from the radius  through the  trans-  
m i t t e r  t o  the  radius throunh the  point  where the  ionosphere 
base is c loses t  t o  the  ea r th  cent re ,  the  angle being p o s i t i v e  
i n  the  d i r e c t i o n  of ray propagation (see subroutine LINE2B). 

C(3) is input  a s  the  radius  of t h e  ionosphere base, i e ,  the  
lowest boundary, but  a f t e r  confirmatory p r in tou t ,  i t  is replaced 
by i t s  square, t h i s  being t h e  only form i n  which i t  is used 
(see subroutine LINE2B). 

An a r ray  of da ta  t h a t  a r e  constant  f o r  a given s i g n a l  frequency 
f ( i n  MHz). 

CF(2) contains 0.8061 X 1 0 - ~ ~ / £ ~ ,  used i n  the  ca lcu la t ion  of 
r e f r a c t i v e  index. 

CF(3) contains 0.40305 X 1 0 - ~ ~ / £ ~ ,  used i n  t h e  ca lcu la t ion  of 
the  de r iva t ives  of r e f r a c t i v e  index. 

CF(8) contains 4n2 X 1012f2, the  square of the  angular frequency, 
(radianslsecond) 2 ,  used i n  the  ca lcu la t ion  of absorption. 



CF(9) conta ins  t h e  f a c t o r  required t o  ob ta in  phase d a t a  i n  
s p e c i f i e d  u n i t s ,  i e ,  p o s s i b l e  va lues  are ( i )  u n i t y  f o r  phase 
path i n  km, ( i i )  l / c ,  where c  is t h e  v e l o c i t y  of l i g h t  i n  km/ms, 
f o r  phase time i n  m s ,  o r  ( i i i )  f f c ,  c  i n  km/us, f o r  phase i n  
cyc les .  

CF(10) conta ins  the  f a c t o r  requi red  t o  ob ta in  group d a t a  i n  
s p e c i f i e d  u n i t s ,  i e ,  poss ib l e  va lues  are ( i )  u n i t y  f o r  group 
pa th  i n  km, o r  ( i i )  l / c ,  c i n  km/ms, f o r  group time i n  m s .  
Note t h a t  CF(10) is  independent of frequency, b u t  is s to red  
here  because of i t s  s i m i l a r i t y  t o  CF(9) which may be a funct ion  
of frequency . 
CF(1) and CF(4) t o  CF(7) a r e  no t  used i n  t h e  p resen t  ve r s ion  of 
t h e  program. 

Maximum height ,  i n  km, t h a t  r a y s  a r e  allowed t o  reach. 

An a r r a y  of i n t e g e r s  f o r  i den t i fy ing  and c o n t r o l l i n g  t h e  p a r t i c u l a r  
ionospheric  model used. The f i r s t  N I C  va lues  (maximum 14) a r e  
inpu t  da t a  and the  major i ty  a r e  a t  t h e  u s e r ' s  d isposa l .  The f i r s t  
two, however, have f ixed  d e f i n i t i o n s ,  v i z ,  

IC(1) conta ins  an i d e n t i f i c a t i o n  number (up t o  t h r e e  d i g i t s )  
f o r  t he  ionospheric  model i n  use. 

IC(2) conta ins  t h e  number of boundaries (minimum two) i n  t h e  
ionospheric  model, examples of boundaries being t h e  bottom and 
top of t h e  model, p l aces  where t h e  def in ing  equat ions of t h e  
model change and p laces  where a  set change i n  i n t e g r a t i o n  
s tep-length is required ( see  ST below). 

IC(15) is  reserved,  being generated w i t h i n  the  program ( i n  
subrout ine  RAY2B), and conta ins  t h e  numerical l a b e l  (from I. t o  
IC(2)-1) of t h e  l aye r ,  i e ,  region between two boundaries,  i n  
which t h e  cu r ren t  po in t  on t h e  ray-path l i e s .  

An a r r a y  containing t h e  set va lues  of i n t e g r a t i o n  s tep- lengths ,  
i n  km, one f o r  each l aye r ,  i e ,  region between two boundaries,  
i n  t h e  ionospher ic  model. The number of va lues  is equal  t o  
IC(2)-1 wi th  a  maximum of 16, thus l i m i t i n g  IC(2) t o  a  maximum 
of 17  ( see  above). 

Maximum range angle,  i n  rad ians ,  which ray-paths a r e  allowed 
t o  reach, derived from t h e  inpu t  va lue  of maximum range. 



Where Used 

MAIN,  INDATA, TVP, PRNTPT, PLTRAY, PLTITL, RYPRNT, RYPNCH, 
EXPHGP, T ~ T S I G  and DATAX. 

L i s t  Order 

J ~ B N Z  
I I D  
LT 
F 
N A 
m1 
D A 
ALP H 1  
KP 
KG 
KX 
JP 
JX 
HEF 
NTF 
NTL 
NDT 
NF 
KA 
MPT 
MPLT 
MPRNT 
MPUN 
MXPG 
MS I G  
MXDAT 
FREQ (24) 

Where defined 

INDATA 
INDATA 
MAIN 
MAIN 
INDATA, MAIN 
INDATA 
INDATA, MAIN 
INDATA, MAIN 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 
INDATA 

L i s t  Descript ion 

ALPH1 Takeoff angle,  i n  degrees, of the  f i r s t  ray i n  a set. 

D A Increment i n  ray takeoff angles, i n  degrees. 

F Current value of s i g n a l  frequency, i n  MHz. 

FREQ Array containing t h e  input  s i g n a l  frequencies,  i n  MHz. 

HEF Height, i n  km, a t  which a mode s p l i t  takes place. 
The present  program can only accomodate one such s p l i t ,  
eg, normally between E and F layers .  

I I D  I d e n t i f i c a t i o n  number f o r  t h e  io_nos~her ic  model i n  use,  
obtained from I C  (1) (see  blank COMMON l i s t )  . 



J E B N ~  An in teger  of up t o  four d i g i t s  ident i fy ing a p a r t i c u l a r  run. 

J P  Control f o r  the ordering of the  punching of RAYSET cards i n  
subroutine RYPNCH. Poss ib le  values a te :  

1 - output i s  cycled on hops, $e, hop 1, ray 1; hop 1, ray 2; .. ..; hop 1, ray N; hop 2, ray 1; ....; hop 2, ray N;  e tc .  

, 2  - output  is cycled on rays,  ie,  ray 1, hop 1; ray 1, hop 2; . . . . ; ray 1, hop M; ray 2, hop 1; . . . . ; ray 2, hop M; etc .  

Control f o r  the  ordering of the  data  output ( p r i n t  and punch) 
i n  subroutine DATAX. Possible values a r e  a s  f o r  JP above. 

Control f o r  the  reading of ray takeoff angle da ta  (NA, ALPH1, DA). 
Poss ib le  values are: 

1 - angle d a t a  is constant f o r  a l l  time-steps and frequencies,  
and only one s e t  is read ( in  subroutine INDATA). 

2 - angle da ta  may vary with time-step but  is  constant  f o r  
a l l  frequencies within each time-step, s o  a s e t  is  read ( i n  
MAIN program) on each pass through the  time-step loop. 

3 - angle data  may be d i f f e r e n t  f o r  each time-steplfrequency 
combination, s o  a set is read ( in  MAIN program) on each pass 
through the  frequency loop. 

Control f o r  determining the  u n i t s  of the  computed group data ,  
Poss ib le  values are: 

1 - group path i n  km. 

2 - group t i m e  i n  m s ,  

Control f o r  determining the u n i t s  of t h e  computed phase data.  
Poss ib le  values are: 

1 - phase path i n  km. 

2 - phase time i n  ms.  

3 - phase i n  cycles. 

Control f o r  determining the  u n i t s  of excess phase and group 
data. Poss ib le  values a r e  from 1 t o  6, v i z ,  

1 ,2  - excess phase path i n  km. 

3,4 - excess phase t i m e  i n  u s .  

5,6 - excess phase i n  cycles. 

1,3,5 - excess group path i n  km. 

2,4,6 - excess group time i n  vs .  



LT 

MPLT 

MPRNT 

MPT 

MPUN 

MXDAT 

MXPG 

N A 

NT)T 

NF 

NH 

NTF 

NTL 

Current  time-step number. 

Cont ro l  f o r  t h e  p l o t t i n g  of t h e  computed ray-paths ( subrout ine  
PLTRAY) . P o s s i b l e  va lues  are: 

1 - enabled, o r  2 - i nh ib i t ed .  

Control  f o r  t h e  p r i n t o u t  of a da t a  summary f o r  each ray-hop 
(subrout ine  RYPRNT). P o s s i b l e  va lues  a re :  

1 - enabled, o r  2 - i nh ib i t ed .  

Cont ro l  f o r  t he  p r i n t o u t  of d a t a  f o r  each po in t  i n  a ray-hop 
(subrout ine  PRNTPT). Poss ib l e  va lues  are: 

1 - enabled,  o r  2 - i nh ib i t ed .  

Control  f o r  t he  punching of RAYSET cards  ( subrout ine  RYPNCH). 
P o s s i b l e  va lues  are : 

1 - enabled,  o r  2 - i nh ib i t ed .  

Cont ro l  fo r  t h e  c a l c u l a t i o n  and p r i n t s u t  of t o t a l  s i g n a l  s t r e n g t h  
d a t a  (subroutine T~TSIG)  . P o s s i b l e  va lues  are: 

1 - enabled, o r  2 - i nh ib i t ed .  

Control  f o r  t h e  p r i n t i n g  and punching of  excess phase and group 
d a t a  and t o t a l  s i g n a l  s t r e n g t h  (subrout ine  DATAX). P o s s i b l e  
va lues  are: 

1 - enabled ( i f  subrout ines  EXPHGP and T~TSIG have both been 
enabled) ,  o r  2 - i nh ib i t ed .  

Cont ro l  f o r  t h e  c a l c u l a t i o n  and p r i n t o u t  of excess  phase and group 
d a t a  ( subrout ine  EXPHGP) . Poss ib l e  va lues  are: 

1 - enabled, o r  2 - i nh ib i t ed .  

Number of takeoff  angles  ( i e ,  rays)  i n  a set, maximum 100. 

Increment i n  time-step number. 

Number of i n p u t  s i g n a l  f requencies ,  maximum 24. 

Maximum number of hops (up t o  5) i n  any ray. 

F i r s t  requi red  time-step number. 

Las t  requi red  time-s tep  number. 



5.3 C ~ M I ~ N / H ~ P / ~  i e t  

Where Used 

MAIN, RAY2B, LINE2B, PRNTPT and PLTRAY. 

L i s t  Order 

ALPHR 
NDR 
LA 
LH 
I 
H (1000) 
THETA(1000) 
 RH^ (1000) 
S 
PH (1000) 
GP (1000) 
AB (1000) 
ALPIN 
ALPHD 
I P  K 
HIPK 
RII~IPK 
HND 
RGND 
PIIND 
GPND 
ABND 

L i s t  Descript ion 

ABND 

ALPHA 

ALPHD 

ALPHR 

GPND 

Where Defined 

MAIN, RAYZB, LINE2B 
RAYZB, LINE2B 
MAIN 
MAIN 
RAY 2B 
RAY 2B 
RAY 2B 
RAY 23 
RAY 2B 
RAY 2B 
RAY 2B 
RAY 2B 
MAIN 
MAIN 
RAY 2B 
RAY 2B 
RAY 2B 
RAY 2B 
RAY 2B 
RAY 2B 
RAY 2B 
RAY2B 

Array containing values of absorption, i n  db, t o  each poin t  
i n  a ray-hop. 

The absorption, i n  db, t o  the  end of a ray-hop. 

The i n i t i a l  takeoff angle of a ray, i n  degree*. 

The e leva t ion  angle of a ray a t  t h e  end of a hop, i n  degrees. 

The e leva t ion  angle of a ray a t  the  beginning o r  end of a hop, 
i n  radians. 

Array containing values of group path, i n  km, o r  group time, 
i n  m s ,  t o  each point  i n  a ray-hop. 

The value of group path ,  i n  km, o r  group t i m e ,  i n  ms t o  the end 
of ray-hop. 

Array containing t h e  heights ,  i n  km, of each point  i n  a ray-hop. 



HIPK The he ight ,  i n  km, of t h e  h i g h e s t  p o i n t  reached i n  a ray-hop, 
normally the  apogee but  i t  may be t h e  end h e i g h t  i f  t h e  r ay  
escapes o r  i f  t h e  l a s t  hop is  incomplete. 

HND The he ight ,  i n  km, a t  t h e  end of a ray-hop, normally zero  u n l e s s  
t h e  hop ends i n  a pe r igee  o r  is incomplete, o r  t h e  ray escapes. 

I T o t a l  number of p o i n t s  computed i n  a ray-hop. 

IPK Subscr ip t  of t he  h ighes t  poin t  reached i n  a ray-hop, normally of 
the apogee h u t  may b e  equal  t o  I i f  t h e  l a s t  hop is incomplete o r  
the ray escapes. 

LA Current takeoff  angle  ( i e ,  ray)  number. 

LH Current  hop number. 

NDR Control  i n d i c a t i n g  how a ray-hop ended. Poss ib l e  va lues  are:- 

1 - ray  re turned  t o  e a r t h  su r face ,  

2 - ray reached a pe r igee  below the  ionosphere, 

3 - ray  reached a pe r igee  i n  t h e  ionosphere, 

4 - r ay  terminated a t  maximum height ,  

5 - r ay  terminated a t  maximum range, 

6 - ray terminated due t o  maximum number of p o i n t s  (1000) 
being approached i n  c u r r e n t  hop. 

PH Array containing values of phase pa th ,  i n  km, phase t i m e ,  i n  
m s ,  o r  phase, i n  cyc les ,  t o  each p o i n t  i n  a ray-hop. 

PHND The va lue  of phase pa th ,  i n  km, phase time, i n  m ,  o r  phase, 
i n  cyc le s ,  t o  the  end of a ray-hop. 

RIG Array containing va lues  of g r e a t  c i r c l e  range, i n  km, t o  each po in t  i n  
a ray-hop. 

R H ~ I P K  The g r e a t  c i r c l e  range, i n  km, of t h e  h ighes t  po in t  reached i n  
a ray-hop, normally of t h e  apogee b u t  i t  may b e  of t h e  end po in t  
i f  t h e  ray escapes o r  i f  t h e  hop is incomplete. 

RHEND The g r e a t  c i r c l e  range, i n  km, t o  t h e  end of a ray-hop. 

S Ray-path length ,  i n  km, t o  t h e  end of a ray-hop. 

THETA Army conta in ing  va lues  of range angle,  i n  rad ians ,  t o  each po in t  
i n  a ray-hop . 



5.4 C-OMM'~N/RAYLIN/~~S t 

Where Used 

RAYZB and LINE2B. 

L i s t  Order Where defined 

RAY 2B 
RAY 2B 
RAY 2B 
RAY 2B , LINE2B 
RAY2B, LINE2B 
LINE2B 
RAY 2B, LINE2B 
RAY2B, LINE2B 

Lis  t Des c r i p  t ion 

D S Length, i n  km, of l i n e a r  sec t ion  of ray-path. 

DTH Increment i n  range angle, i n  radians,  over l i n e a r  s e c t i o n  of 
ray-path. 

H J  Height, i n  km, a t  end of l i n e a r  sec t ion  of ray-path. 

H 1 Height, i n  km, a t  s t a r t  of l i n e a r  s e c t i o n  of ray-path. 

N Control t o  s e l e c t  required l i n e a r  sec t ion  of ray-path. Poss ib le  
values are:- 

1 - ascent  t o  base of ionospheric model, 

2 - descent from base of ionospheric model t o  e a r t h  su r face  
o r  perigee,  

3 - ascent from top of ionospheric model t o  maximum height ,  

4 - ascent ,  below ionosphere, t o  maximum range, 

5 - descent from ionosphere base t o  maximum range, 

6 - ascent  from top of ionosphere t o  maximum range. 

THETA1 Range angle, i n  radians,  t o  s t a r t  of l i n e a r  s e c t i o n  of ray-path. 

U Value of pdh/ds a t  s t a r t  o r  end of l i n e a r  s e c t i o n  of ray-path 
(v = r e f r a c t i v e  index, h P height ,  s = dis tance  along ray). 

V Value of ur2d8/ds a t  s t a r t  o r  end of l i n e a r  s e c t i o n  of ray-path 
( r  = radius,  8 5 range angle).  



I 5.5 C ~ M M ~ N / P T / ~ ~ S  t 

I Where Used 

DEQS, NRX and i n  the  subroutines containing the  ionospheric model 
(eg, i n  the  examples given, NHBP, F~FHTH, EMH and NHES). 

L i s t  Order 

H 
THETA 
EN 
EMU 
mu 
DMUDH 
DMUDTH * 
ENH 
DNDH 
FHTH 
DFDII 
DFDTH 
EM 
DMDH 
ENS 
DNSDH 

Where Defined 

DEQS 
DEQS 
NRX 
NRX 
NRX 
NRX 
NRX 

NHBP 
NHBP 
F~FHTH 
F&'HTH 
F~FHTH 
EMH 
rnH 
NH ES 
NHES 

* Note: The second p a r t  of t h e  l is t  has been w r i t t e n  t o  accomodate ionospheric 
models of t h e  forms given i n  the examples. Other forms of model, requir ing 
d i f f e r e n t  versions of subroutine NRX and the  subroutines containing the  
model, may w e l l  n e c e s s i t a t e  a l t e r a t i o n s  o r  extensions t o  t h i s  p a r t  of the  
list. Accordingly, the  list desc r ip t ion  below is divided i n t o  two par t s ,  
the  f i r s t  being f ixed ( fo r  the  present  version of subroutine DEQS, anyway), 
and the  second being t h a t  appl icable  t o  the  current  ionospheric model 
subroutines. 

L i s t  Descript ion,  P a r t  1 

DMUDH Derivative of r e f r a c t i v e  index with respect  t o  height .  

DMUDTH Derivative of r e f r a c t i v e  index with respect  t o  range angle. 

EMU Refract ive  index a t  the  current  values of height  and range 
angle. 

EN Elect ron densi ty ,  electrons/m3, a t  t h e  current  values of height  
and range angle. 

H Current value of height ,  i n  km. 

RMU Reciprocal of r e f r a c t i v e  index. 

THETA Current value of range angle, i n  radians. 



L i s t  Description, P a r t  2 

DFDH Derivative of the  twi l ight  t r a n s i t i o n  function,  F(h,0), with 
respect  t o  height.  

DFDTH Derivative of the  twi l igh t  t r a n s i t i o n  function,  ~ ( h ,  B) ,  with 
respect  t o  range angle. 

DMDH Derivative of  the  function,  m(h) , defining the  r a t i o  of n igh t  
t o  day e lec t ron  densi t ies .  

DNDH Derivative of the  bas ic  (day-time) e l e c t r o n  densi ty  p r o f i l e ,  N(h). 

DNSDH Derivative of the  sporadic  E-layer e l e c t r o n  densi ty  function,  
NES (h) 

EM Ratio of n igh t  t o  day e lec t ron  d e n s i t i e s ,  m(h), a t  the  current  
value of height.  

ENH Electron densi ty,  electrons/m3, i n  the b a s i c  (day-time) ionospheric 
p r o f i l e ,  N(h), a t  the  current  value of height.  

ENS Electron densi ty ,  electrons/m3, i n  t h e  sporadic  E-layer model, 
N (h) ,  a t  t h e  current  value of height.  ES 

FHTH Value of the twi l igh t  t r a n s i t i o n  function,  F(h,O), a t  the  
current  values of height  and range angle. 



IJhere Used 

MAIN,  RYPRNT, RYPNCH, MPHGP, ' ~ T S I G  and DATA.. 

L i s t  Order 

KEY (5,100) 
NDRL (5,100) 
~ 6 ~ ( 5 , 1 0 0 )  
ALPHAS ( 100) 
P1iL (5,100) 
GPL (5,100) 
ABL(5,lOO) 
1 P K  (5,100) 
SL(5,lOO) 
HL (5,100) 
ALPHDL (5,100) 
I L  (5,100) 
R H ~ K  (5,100) 
ALPHRS ( 100) 
ALPHRL (5,100) 
XPH (5,100) 
XGP (5,100) 
SIGL (5,100) 

Where Defined 

MA1 N 
MAIN 
MAIN 
MAIN 
MAIN 
M A I N  
MAIN 
!~AIN 
M A I N  
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
EXPHGP 
EXPHGP 
ETS IG 

L i s t  Description 

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

ALPIIhS Array containing the  i n i t i a l  takeoff angles,  i n  degrees, of each 
ray i n  a s e t .  

ALPZIDL Array containing the e leva t ion  angles, i n  degrees, a t  the  end 
of each ray-hop. 

ALPHRL Array containing the  e levat ion angles,  i n  radians,  a t  the  end 
of each ray-hop. 

ALPHRS Array containing the i n i t i a l  takeoff angles,  i n  radians,  of each 
ray i n  a set. 

GPL Array containing values of group path,  i n  lan, o r  group t i m e ,  i n  
m s ,  t o  the  end of each ray-hop. 

HL Array containing the  values of height ,  i n  km, a t  the end of 
each ray-hop. 

HPK Array containing the  values of the  g r e a t e s t  he igh t ,  i n  km, 
achieved i n  each ray-hop. 

Array containing the numbers of points  computed i n  each ray-hop. 



KEY 

NDRL 

PHL 

RH~K 

R ~ L  

SIGL 

SL 

XGP 

XPH 

Array of con t ro l s  ind ica t ing  t h a t  a given ray-hop was (value 1) 
o r  was n o t  (value 0) computed. 

Array of con t ro l s  ind ica t ing  how each ray-hop ended. Poss ib le  
va lues  and t h e i r  meanings a r e  given under NDR i n  t h e  C ~ M M ~ N / H ~ P /  
l i s t  . 
Array containing values of phase path,  i n  km, phase time, i n  
m s ,  o r  phase, i n  cycles ,  t o  the  end of each ray-hop. 

Array containing the  values of g r e a t  c i r c l e  range, i n  km, corresponding 
t o  t h e  h ighes t  poin t  i n  each ray-hop. 

Array containing the  values of g r e a t  c i r c l e  range, i n  km, t o  t h e  
end of each ray-hop. 

Array containing the  values of s i g n a l  s t r e n g t h ,  i n  db, a t  t h e  
end of each ray-hop. 

Array containing the  values of ray pa th  length ,  i n  km, t o  the 
end of each ray-hop. 

Array containing t h e  va lues  of excess group path,  i n  km, o r  
excess group time, i n  vs, a t  the  end of each ray-hop. 

Array containing t h e  va lues  of excess phase path,  i n  km, excess phase l 

time, i n  vs, o r  excess phase, i n  cycles ,  a t  t he  end of each ray-hop. I 



Where Used 

INDATA, PLTRAY, S ~ R T D A ,  PLTITL, PLTDAT, CALFRM and PLTFRM. 

L i s t  Order Where Defined 

NTYP 
NTITLE 
TITLE (400) 
MAXH 
INCDH 
IPTS 
HTS (5000) 
THS (5000) 
NUMSEC (15) 
NF'TSEC (15,100) 
NFR 

INDATA 
INDATA 
INDATA 
INDATA 
I NDATA 
PLTRAY 
PLTRAY , PLTDAT 
PLTRAY, PLTDAT 
PLTRAY, S ~ R T D A  
PLTRAY , S ~ R T D A  
PLTRAY , SGRTDA 

L i s t  Descr ip t ion  

HTS Array containing t h e  va lues  of he igh t ,  i n  km, of each p o i n t  i n  
a ray-path which may extend over s e v e r a l  hops. 

INCDII Increment i n  he igh t  s c a l e  annota t ions ,  i n  km ( in t ege r ) .  

IPTS Number of po in t s  i n  a ray-path which may extend over s e v e r a l  
hops. 

MAXH Maximum he igh t ,  i n  km ( in t ege r  and a m u l t i p l e  of INCDH above), 
of a p l o t t i n g  frame. 

NFR Number of frames requi red  f o r  p l o t t i n g  a s e t  of ray-paths. 

NPTSEC Array conta in ing  t h e  numbers of po in t s  i n  each s e c t i o n  of a 
ray-path i n  each frame. 

NTITLE Number of A 8  words i n  the  a r r a y  TITLE (below). Maximum 400, 
i e ,  up t o  40 cards. 

NTY'P Control  i n d i c a t i n g  the  p l o t t i n g  medium required.  Poss ib l e  
va lues  are: 

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

NUMSEC Array conta in ing  t h e  numbers of ray-path s e c t i o n s  t o  be p l o t t e d  
i n  each frame. 

THS Array conta in ing  t h e  va lues  of range angle,  i n  rad ians ,  t o  each 
p o i n t  i n  a ray-path which may extend over s e v e r a l  hops. 

TITLE Array of AS words containing a t i t l e  o r  d e s c r i p t i o n  t o  be  
p r i n t e d  on the page preceding each set of ray  p l o t s .  



5.8 C ~ M M ~ N / F R A M E /  l is t 

Where Used 

PLTDAT, CALFRM and PLTFRM. 

L i s t  Order 

LRS 
LRF 
RHX 
NHS 
LHS (9) 
YHL(9) 
XLR(9), YLR(9) 
XCL(9), YCL(9) 
X1IC(9), YHC(9) 
XCR (g),  YCR (9) 
XRL(9), YRL(9) 
x H R ( ~ ) ,  YHR(9) 
x ~ i j ( l 0 1 ) .  ~ ~ G ( l 0 l )  

XMA(l0), YMA(10) 
XMB ( l o ) ,  YMB (10) 
XRX, YRX 

Where Defined 

PLTDAT 
PLTDAT 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 
CALFRM 

Note: With the  exception of YHL, "Y" coordinates a r e  pa i red  below wi th  t h e  
corresponding "X" coordinates. 

L i s t  Descript ion 

LHS Array containing the  height  values,  i n  km, f o r  annotat ing the  
height  sca le .  

LRF Range value, i n  km, f o r  annotat ing the  r i g h t  hand end of the  
range sca le .  

LRS Range value, i n  km, f o r  annotat ing t h e  s t a r t  of t h e  range sca le .  

NHS Number of height  s c a l e  marks (excluding zero and maximum height  
marks , maximum 9. 

RHX Height s c a l e  f a c t o r ,  p l o t t e r  unitslkm. 

XCL, YCL Arrays containing the  p l o t t e r  coordinates of t h e  l e f t  ends of 
the  frame-centre height-scale marks. 

XCR, YCR Arrays containing the p l o t t e r  coordinates of the  r i g h t  ends of 
the  frame-centre height-scale marks. 

XHC, YHC Arrays containing t h e  p l o t t e r  coordinates of t h e  cen t res  of 
the  frame-centre height-scale marks. 



MIR, YIIR Arrays containing the p l o t t e r  coordinates of the  r i g h t  ends of 
t h e  frame-right height-scale marks. 

XLR, YLR Arrays containing the  p l o t t e r  coordinates of the  r i g h t  ends of 
the  f rame-lef t height-scale marks. 

XMA, YMA Arrays containing the  p l o t t e r  coordinates of the  s c a l e  ends of 
the upper range-scale marks. 

XMB, YMB Arrays containing the  p l o t t e r  coordinates of the  upper ends of  
the  upper range-scale marks. 

X ~ A ,  Y ~ A  Arrays containing the  p l o t t e r  coordinates of the  scale ends of 
the  su r face  range-scale marks. 

X ~ B ,  Y ~ B  Arrays containing t h e  p l o t t e r  coordinates of the  lower ends of 
the  s u r f  ace range-scale marks. 

XRL, YRL Arrays containing the  p l o t t e r  coordinates of the  l e f t  ends of 
the frame-right height-scale marks. 

XRM, YRM Arrays containing the  p l o t t e r  coordinates of the  points  forming 
the  range-scale a t  the frame upper edge ( i e ,  a t  maximum height) .  

X R ~ ,  Y R ~  Arrays contafning the  p l o t t e r  coordinates of the  points  forming 
the  su r face  range scale .  

XRX, YRX P l o t t e r  coordinates of t h e  s t a r t  of the  annotat ion of the  r i g h t  
hand mark on the  su r face  range-scale. 

YHL Array containing the  "y" p l o t t e r  coordinates of the  annotat ions 
and s c a l e  marks on the height-scale. 



6. SUBPROGRAM DESCRIPTIONS AND LISTINGS 

The subprograms a r e  divided i n t o  s e t s  corresponding wi th  the  
groupings mentioned i n  s e c t i o n  4, v i z ,  

6.1 Group ( i )  and group (v) subprograms. 

6.2 Group ( i i )  subroutines. 

6.3 Group ( i i i )  subprograms. 

6.4 Group ( i v )  subprograms. 

For each subprogram, the following a r e  provided:- 

(a)  A descr ip t ion .  

(b) A d ic t ionary  of d e f i n i t i o n s  of arguments ( i f  any) and 
l o c a l  va r i ab les ,  and a l s o  a reference t o  any c'iMM6~ var iab les  
used ( f o r  d e f i n i t i o n s ,  s e e  s e c t i o n  5) ,  with notes on any l o c a l  
changes of name o r  usage. 

(c)  A F~RTRAN l i s t i n g .  



Group ( i )  and group (v) subprograms 

MAIN program. 

Sub routine INDATA. 

Subroutine RAY 2B. 

Subroutine LINE2B. 

Subroutine RUKU 

Subroutine DEQS. 

Function C~LF. 



6.1.1 MAIN program 

Af te r  c a l l i n g  subrout ine  INDATA (qv) t o  read  the  d a t a  inpu t  f o r  
a  run, and subrout ine  SETC (qv) t o  s e t  up t h e  ionospheric  model t o  be used, 
t he  p r i n c i p l e  opera t ions  t h a t  take  p l ace  i n  the  MAIN program a r e  t h e  o rgan i sa t ion  
of the  ray  computations and the  s e l e c t i o n  of a v a r i e t y  of outputs .  

The ray computations take  p l a c e  i n  t h e  inne r  of fou r  nes ted  
6 - l o o p s ,  each of which s u p p l i e s  d a t a  necessary t o  the  computations. 

The o u t e r  o r  "time-step" loop allows, i f  requi red ,  t h e  v a r i a t i o n  
of a parameter o r  parameters of t he  p a r t i c u l a r  ionospher ic  model used, by 
a  c a l l  t o  the  subrout ine  TVP (qv) on each pass  through the loop. Examples 
of such parameters a r e  the  he igh t  of a  l aye r ,  t he  p o s i t i o n  of a  t w i l i g h t  
t r a n s i t i o n ,  the  time during the  decay of  an i o n i s a t i o n  impulse, e t c .  

The second o r  frequency loop, s e l e c t s  i n  t u r n  each of t h e  s i g n a l  
f requencies  inpu t  t o  the  program (present  maximum is 24 f requencies) ,  and 
a  number of frequency dependent c o e f f i c i e n t s  a r e  defined. 

The t h i r d  o r  angle loop, sets the  i n i t i a l  takeoff  ang le  of a  
ray-path. A t  p re sen t ,  up t o  100 takeoff  angles ,  i e ,  rays ,  a r e  permi t ted  
i n  any s e t .  

On each pass  through the  i n n e r  o r  hop loop, one hop of a ray-path 
is computed by c a l l i n g  subrout ine  RAY2B (qv). Up t o  a  maximum ( a t  p re sen t )  
of 5 hops may b e  requested,  although the  ray may be  terminated e a r l i e r  i f  
t h e  maximum he igh t  o r  range is reached, o r  i f  a hop r equ i re s  more than 
t h e  maximum permit ted number of p o i n t s  (1000). 

A t  the  end of each hop, s i g n i f i c a n t  da t a  about i t ,  eg,  apogee 
and end p o i n t  da t a ,  a r e  s t o r e d  f o r  l a t e r  use. A t a b l e  of t h e  computed d a t a  f o r  
each p o i n t  i n  the  hop may be  obtained,  i f  requi red ,  by a c a l l  t o  subrout ine  
PRNTPT (qv). Also, t h e  hop d a t a  (he ight  and range angle  f o r  each p o i n t )  may 
be  s t o r e d  f o r  p l o t t i n g ,  by a call t o  subrout ine  PLTRAY (qv). 

Af t e r  the  completion of the  l a a t  ray  path i n  a set ( i e ,  t i m e -  
s tep/frequency combination), f u r t h e r  outputs  may be  obtained by c a l l s  t o  
some o r  a l l  of t h e  subrout ines  RYPRNT, RYPNCH, EXPHGP, TOTSIG and DATAX, 
t h e  type of output  i n  each case  being given i n  t h e  no te s  about the  
p a r t i c u l a r  subroutine.  



STORAGE LIST 

Local Variab les 

DTR Factor  t o  convert degrees t o  radians,  i e ,  ~ 1 1 8 0 .  Se t  i n  DATA 
statement. 

F C S Q ~ N  Cons t a n t  appearing i n  the  r e f r a c t i v e  index equation, 
ie3 0.8061 X 10-I (when e l e c t r o n  densi ty is i n  electrons/m and s i g n a l  

frequency i n  MHz). Set  i n  DATA statement. 

FSQ Square of s i g n a l  frequency ( in  MlIz). 

LF $-loop index f o r  s i g n a l  frequencies. 

PI2klSQ Factor  t o  convert frequency ( i n  MHz) squared t o  angular  frequency 
( rad ians / s )  squared, i e ,  47r2 X 1012. Set  i n  DATA statement. 

RTD Factor  t o  convert radians t o  degrees, i e ,  180/a. S e t  i n  DATA 
statement. 

UPG Array of constants  f o r  t h e  conversion f a c t o r s  used t o  obta in  
phase and group data  i n  required un i t s  from t h e  values i n  km. 
Se t  i n  DATA statement. The constants  are:- 

UPG(1) Unity, ie,  phase andlor group paths a r e  i n  km, a s  
o r i g i n a l l y  computed. 

WG(2) l / c ,  where c is the  veloci ty  of l i g h t  i n  km/ms,  
i e ,  phase and/or group times a r e  obtained, i n  m s ,  

UPG(3) l / c ,  where c is the  veloci ty  of l i g h t  i n  km/ps; when 
mul t ip l ied  by the  s i g n a l  frequency ( i n  MHz), t h i s  
enables phase t o  be obtained i n  cycles. 

Blank C ~ M M ~ N  

The only i t e m  i n  t h e  list (qv) referenced he re  is t h e  ar ray  CF, 
elements 2,  3, 8, 9 and 10 of which are defined i n  t h i s  program. 

The f u l l  l i s t  (qv) is used with the  exception of HEF, I I D ,  
J ~ B N ~ ,  J P ,  JX and KX. 

The f u l l  list (qv) is used with the exception of AB, GP, H,  
IPK, PH, R$ and THETA. 

A l l  items i n  t h e  list (qv) up t o  and including ALPHRL a r e  
defined i n  t h i s  program. 



R A Y  PATHS IN A TW-DIYFNSIONAL IONOSPHEHE ......................................... 
ORIGINAL VERSIQN HrlVF'MFFR 67 A * R * C *  
MODIF'I BD FUR PLOTTING FFARUARY RR R.M.J. 
MflUTFI ED Tr) FXTEND I'UTPL!TS OCTOBER 68 K.R.B* 
RRVISIDN 2 ? / 1 0 / 6 9  A * R * C -  

C n M M f l N  
COMMON 

1 
2 

COMMnN 
1 
2 

CnMMflM 
1 
2 
3 

FACTr)I?S TO QRTATN PHASE AND CROUP DATA IN EEOUIRFD UNITS 
DIMENSIflN UFC(3) 
DATA U P G (  l )  ( l .  ,IJFC( 2 )  ( -3Z5:33T6404rj4FiEn6F-?) .ITIJG( 31 ( 3 . 7 3 5 F ~ f l 4 R 4 F C f 3 6 )  
CONVERSI~!I FACTVRS* 1IFGRFFS-TV-RPCIPNS AND BAI!IlrNI-'-Tn-DFGPFFS 
DATA DTH ( I . 7 ~ 5 ; 5 2 ~ 1 ? 5 1 ~ ~ . : ~ ~ ' - 2 )  , R T D (  5 r ? . 2 9 5 ? ~ 5 ~ 3 0 ~ 3 )  
CQlJSTANT IN HEFFACTI  VE I N?EX EOI1ATII)M ( FCSCnM 1 FACT(?P Tll CPNVEPT 
F (  V I 1 %  SQUhIiED 'l'!? nrdF :GA ( R!.DI AMS/SE'C) SC!IQT?ED I FT2'?SO) 
CATA F C S C ~ ~ ~ J (  . Q O ~ I E - I O )  9 ~ ~ 2 ! ~ ~ ~ ( 3 ~ . n ? ~ ~ ~ 7 ~ o ~ 3 f : . 7 ~ + ~ ~ )  
LIRRARY RQIJTINF TO DIIYF CORE CONTENTS IN EVENT 13F ARFf7.J 
CALL EIIUMP 
PREPARE SC4 0 6 0  PLOTTI PIG RDCTI NES ( L1 B R A R Y )  
CALL SCLI6R 
READ INPUT DATA FOR THIS R U N  
CALL INDATA 
SET HEMAI MING CONSTANTS C FOR IONnSPI1 FRI C MODFL 
CALL SETC 
SET CF VALUES Tfl CI-IMPUTE' PHASE AND GROUP DPTA IN ( ' 1 ) Y M  l7R ( 2 ) Y S E C  
CF(S)=UPG( K?) 
CF( lO)=UPG(KG) 
EXECUTE THE FOLLl2'illNG LOOP FOR EACH REOUIFFD TIMF-STEP 
DB 2 0  LTzNTFvNTLtNDT 
SET T l  ME UFPENDENT PAFAf.fETFRS FOR THI S TIMF-STEP 
CALL TVI' 
READ ANGLE DATA I F  CONSTANT FOR ALL FDTCS AT THIS TIVF L K A - 3 )  
I F (  KA*EO*S)READ 40fl1,MltALFHltDA 
EXIICUII'E THE FOLLn\fI.NG LOOP FOR EACH I NPII'J' S1 CNAI, FRFOIIFMCY 
Dn 19 L F = l r N F  
F=FREC ( LF I 
REVISE C F ( 9 )  I F  PHASE I S  REOllIHED IN CYCLFS (KF=3)  
I F (  K P . E @ . 3 ) C F ( S ) = C F ( 9 ) * F  
SET SOUARE !-!F A N G U L A R  FREQUENCY IN CF(E\)  FQR CnMPUTING APSrlRYTInN 
FSO=FVF 
C F ( 8 )  =FSQ9?12MSC 
C F ( 2 )  1 C F (  3 )  ARE T!SFD IN CDMPllTING REFRACTIVE INDEX A N D  DE'RIVATIVFS 
CF(2)=FCSCON/FSC 
C F ( 3 ) = C F ( 2 ) * . 5  



0 0 5 6  C READ ANGLE DATA I F  DIFFERENT FOR EACH FREQ AT EACH T I M E  (KA=31  
00  57 I F ( K A * E O * 3 ) R E A D  4 0 0 1  9NApALPHlrDA 
00% C I N I T I A L I S E  RAY-HDP INDICATDRS ( K E Y )  
0 0  59 DO 2 LA=l,NA 
0 0 6 0  no 1 L H = I , N H  
0 0 6 1  KEY(LH9LA)=f l  
0 0 6 2  1 CONTINUE 
0 0 6 3  2 CONTINUE 
0 0 6 4  C I N I T I h L I S E  TAKEOFF ANGLF AND FXECUTE THE FnLLnWING Lllr)P FOR FPCH 
0 0 6 5  C O F  THE RECIUIREI) TAKEOFF ANGLES ( P A Y S )  
0 0 6 6  ALPMA=ALPH 1-DA 
0 0 6 7  DO 8 LA=l r'EIA 

0 0 6 8  C S E T  TAKEOFF ANGLE* CDNVERT Trl RADIANS AND Sl'flRF RnTH FnHMS FOR 
0 0 6 9  C LATER USE 
0 0 7 0  ALPN A=ALPHA+DA 
0 0 7 1  ALPHH=ALPHA*DTR 
0 0  72 ALPHRS( LA =ALPHR 
00  73 ALPHAS( LA)=ALPHA 
0 0 7 4  C CDMPTJTF EACH HAY PATH FOR UP Tfl hH NCtPS 
0 0 7 5  DO 7 LM=l,NH 
00  76 CALL RAY2R 
0 0 7 7  C RFISFT AI'PROPRIATF: KEY TO I N D I C A T E  THAT RAY-HnP BAS RFEN COVPIJTFD 
0 0 7 8  K E Y ( L N t L A ) = l  
0 0 7 9  C CONVERT END OF HAY ANGLE TO DEGRFPS 
0 0 8  0 ALPHD=RTD3ALFHR 
00131 C STORE S I C K I F I C A M T  Ur3P DATA FOR LATER USE AND OUTPUT 
0 0 8 2  ALPHDL( L11 9 LA)=ALFHI) 
0 0 8 3  ALPHI?L( LH ,LA)=ALPHH 
0 0 8 4  HPK( L H s L A ) = H I F K  
0 0 8 5  HHOK ( LH t LA =RHO1 PK 
0 0 8 6  H L (  LH tLA)=HND 
0 0 8 7  RMnL( LJI ,LA =RHnND 
0 0 0 8  S L (  LN LA =S 
0 0 8 9  PHL( LH,LA)=FHND 
0 0 9 0  GPL(  LH t LA)=GPND 
0 0 9  1 ARL( LN I LA) =ARND 
0 0 9 2  NDIII;( LH rLAl=NDR 
0 0 9 3  I L ( L H , L A ) = I  
0 0 9 4  C P R I N T  THE DATA IOR EVERY POINT IN THE HOP I F  REQUIRED 
0 0 9 5  GO TO ( 3 t 4 ) e M P T  
0 0 9 6  3 CALL PHNTPT 
0 0 9 7  C CALL PLOTTI  N G  RQIITINF I F PL(SITTED OUTPUT REOUI RED 
0 0 9 8  4 GO Tfl ( 5 t 6 ) t M P L T  
0 0 9 9  5 CALL PLl'HAY 
0 1 0 0  C I F  RAY R E A C H E D  M A X  f1EIGHT (NDR=4)  MAX RANGE ( N D R = 5 )  r?R I F  P n I M T  
0 1 0 1  C CDUNT REACHED M A X  ( N D R = 6 )  9 START ANOTHER RAY* OTHFRIJ ISF  CWPUTF 
0 1 0 2  C ANOTHER HOP I F REQUIRED 
0 1  0 3  6 I F (  NDD-1) '798,8  
0 1 0 4  C E N D  DF HOP L ~ P  
01  0 5  7 CONTINUE 
0 1 0 6  C END O F  ANGLE (RAY 1 LWJP 
0 1 0 7  8 CONTINUE 



0100  C PRINT RAYSETS I F  RECII!IRED 
01 0 9  G r l  Tfl ( 9 t l O ) r M P R N T  
01 1 0  9 CALL RYPRNT 
0111  C PUNCH -RAYSETS IF REQUIRED 
01 12 1 0  GO TO I l l t l 2 1  tMPIJN 
01 13 11 CALL RYPNCH 
0114 C CALCULATF: dMU PRINT FXCESS PHASE A N D  GROIJP DATA I F  RFC?I!THFI) 
0 1 1 5  1 2 G l l T f l ( 1 3 9 1 4 ) t M X F G  
01 1 6  13 CALL EXFHGP 
0 1 1 7  C CALCIJLATF A N D  PRINT TnTAL SIGNAL STRFNGTH DATA I F  RFCUIRFII 
01 1f3 14 Gn TO ( 1 5 , 1 9 ) , ' 4 S I C  
01 3.9 1 5  CALL Tfll 'SIG 
0120 C LIST A N D  PUNCH CRnSS-CATn I F  REQUIRE'D* (ONLY V I \ L I D  IF SIJFHC7UTINFS 
0 1 2 1  C EXPtlGP A N D  TW"J'IG fiPVF HrlTH BEEN CALLIlD PRFVIOUSI,Y) 
113 22 GO TO f 1Gt 1 9 )  tMXDAT 
0 1 2 3  16 CO TO ( 1 7 r l 8 )  rMXPG 
0124 17 CALL DATAX 
0 1 2 5  GO TO 19 
01.26 C INVALID RECUFST FOR CROSS-DATA 
0 1 2 7  ' l8 PRINT 4 1 0 1  
0128 C END OF F'ilFOIIFMCY LfI7)P 
01 2 9  19 CONTINUE 
0130 C E N I )  DP S'II.IE-STEP ~ n r ) ~  
0131. 2 0  CI'DBTI NIJE 
0132  C JnP CflMPLETED* FINISH OITH SC4060 
03.33 C A L L  FINISH 
0134 R EITlTR N 
0 1 3 5  4 0 0 1  FI?HMhT( If3tZFf3.3) 
U136 4 1 0 1  FORE.IAT(BGH1."3~*"*HFCIIEST F09 CROSS-DA'I'P. I S  II~IVALID. EXCESS Pl1ASF A N  
01 37 1 D GROlJP DATA NOT CflM FUTED"*"**) 
0 1 3 8  END 



6.1,2 Sub rou t ine  INDATA 

This subroutine is  used t o  read i n  a i l  th: da ta  required f o r  a 
run, with the  exception t h a t  when M (see C ~ ' M M O N / I M O / ~ ~ ~ ~ )  has the  value  2 
o r  3, reading of ray takeoff angle data  takes place i n  the  MAIN program 
(qv) 

Some of the  input  data ,  eg, ionospheric model parameters, are 
p r in ted  out t o  form a t i t l e  for  the  output  data. 

A sunnnary of the required inpu t  da ta  is given i n  sec t ion  7 
together  with examples of da ta  decks. 



STORAGE LIST 

Local Variables 

FM1 Array of A8 words (maximum 100, i e ,  up t o  10 da t a  cards) defining 
the F~RMAT f o r  p r in t ing  the  input  ionospheric data. 

J Loop index f o r  reading and pr in t ing  data  input  t o  arrays.  

NC Number of values t o  be read i n t o  array C (see blank ~ M M ~ N  l i s t )  . 
NMI Number of A8 words t o  be read i n t o  ar ray FM1 (above). 

N I C  Number of values t o  be read i n t o  array I C  (see blank ~ M M ~ N  l i s t ) .  

NS Number of values t o  be read i n t o  array ST (see blank ~ M M ~ N  l i s t ) .  

RHGM Maximum range, i n  km, t o  which rays may be traced. 

Blank CO'MM~N 

A l l  items i n  the  list (qv), wi th  the  exception of ar ray CF, a r e  
referenced here. 

Al l  items i n  the  list (qv), with the  exception of LT and F, a r e  
referenced here. 

The f i r s t  f i v e  items i n  the  list (qv) a r e  input  here. 

SUBHnUTI NE I MDATA 
DATA INPUT FOR RUN 
VERSInN A (REVISION 28/10/69 A.R.C. QF SUB INPUT 14/2/69 K.E.B.) 

CflMMnN C( 1000) (IC( 15) ,CF( 10) rHM,TI!b!,ST( 16) 
COI-fNOM /IMU/ JOYMfl,IID,LT,F,NA,!JH,DA,ALPHlrKP,KG,K)!,JP~JX,BFF~NTF~ 
1 NTLtNDT,NFtKA,MPT,YPLTtMPRNT,t1FUN,MXPC~I.ilSIG~b!XI)AT~ 
2 FREQ124) 
CnMI.lnN /PLOT/ MTYPI~ITITLE,TITLE(~DO) vh!AXH~Il.lCD!l 
DIMENSION FWI ( 100) 

READ CONTRQLS FOR THIS RUtd 
REAL! ~ ~ ~ ~ ~ J ~ E ~ ~ I ~ ~ M T F , ~ ~ I T L ~ ~ ~ D T ~ ! ~ P ~ F ~ ~ ~ , K A , K P I K G , K X ~ J ~ ~ J X  
READ OUTPUT CIPTIQN S 
READ 4001~WPT~I.fPLT,'~!FRMT,MI'Uf:r?.!XFG,MSIG,?IXDAT 
READ A N D  PRINT II-IFIQSPIIEPE: MI-IDEL DATA 
READ 4001vl~C~!JF!-!I tNIC,(  IC(.J) ,J=lrNIC) 
HEAD 4002r(C(J)rJ=l,NC) 
READ 40113, (Fl4I(J) ,J=l,NF!?I) 



1302 o P R I N T  F M I , ( I C (  J )  V J = ~ , N I C )  r c ( . J )  , J=I ,NC)  
0 0 2 1  C SET IL3NI7SPHF;RE hinDEL NIJYBPR I I D  1  I C (  1) 1 SET NUIIIBER OF INTECI;ATI~?I 
0 0 2 2  C STEP LENGTHS NS ( T C 1 2 ) - 1 )  REPLACE C ( 3 )  PY I T S  SC'IIARE (FOI? LIMF7Rl 
0 0 2 3  III!=IC( 1) 
0024 N S = I C ( 2 ) - 1  
0 0 2 5  C ( ~ ) = C ( D ) " C ( ~ )  

0 0 2 6  C READ AN11 F i l INl  INTEGRP.TIfl!l STEP LEtJGTHS, r7NE FrlA PACS LAYER ( I .E. 
0 0 2 7  C R EC I  OI\I BETi;;EEII BilUYDAR I  PS rlF TII E I  flNOSPIl ER1 C MODF'L 
0 0 2 8  RE41) 4 0 0 4 9  ( S T (  J )  * J = l , ! l S )  
0029  PRIM'! A ~ ~ I ~ ( J ~ S T ( J )  , , J = ~ , N s )  
0030  C HEAD AND PIIIMT JIFICRT A!!D RAIICE LINITS.  ( ALSIl REED HEIG!IT DF S P L I T  
0031  C RETYEFN MnJlRSt E.G. E AlJD F ,  ES AND F ,  FOR TOTSIC) 
0 0 3 2  READ 4002tHb!,RHIJ!4 r HEF 
0 0 3 3  FRINT 410S,I1F4r;SHnl\i9tiH 
0 0 3 1  C SBT MAXItlUfd RANGE ANGLE 
0 0 3 5  THM=RNClM/63?0 
0 0 3 6  C HEAD Tf1E FHECIIFINCIFS RGOIIIRED FflR THIS R U N ,  
0 0 3 7  READ 4 0 0 4 9 1  FRE'QI J )  , J = l , M F )  
0 0 3 8  C I F  PLF7TTP:D OUTPUT I S  REO!IIRED, READ PLOTTING CONTROLS AND T I T L F  
0 0 3 9  Gfl TO ( 1 , 2 ) r M P L T  
0040 1 READ ~ ~ ~ ~ T ~ ~ T Y P ~ N ' ~ ' I T J ~ E ~ M A X H ~ I ? I C D H  
0 0 4 1  READ 4 0 0 3 ,  ( TITLE( J )  r J=1, RTI TLE) 
0042 C READ ANGLE DATA I F  COt1STAMT FOR AJJL TINE-STEPS AND FREOS ( K A = l )  
0 0 4 3  2 IF (KA*EO*l )RRAD 4005,MhrkLFH'JrDA 
0 0 4 4  C I F  KA=2 OR 3 AMGLR DATA I S  READ IN MAIN PHOCRAM 
0 0 4 5  R ETUR l1 
0 0 4 6  C INPVT DATA FI.lRMATS 
0047 4 0 0 1  FI-)II!4AT( 1615) 
0 0 4 8  4 0 0 2  FrlRMAT(RElQ*S) 
0 0 4 9  4 0 0 3  FIIRrIIAT( 1 0 4 9 )  
11050 4 0 0 4  FI~RMAT(RFlO*G) 
U051 4 0 0 5  FnRMAT( IC3,2F0*3)  
0 0 5 2  C PRINTQIIT FIIRCIATS 
0 0 5 3  4 1 0 1  FTlat,!AT( 1 H  rSX20I!STEP LFIJCTH I11 LAYERvI3i3H TStFG*:5,3I1 Y!41 
0 0 5 4  4 1 0 2  FTIRMA'I'( lII01'3X3lll?AY L1YI TS !-iAXIMU'II H F I G H T  = , 2 ; ? - l t 2 3 H  K'! !JI A 
0 0 5 5  lXIMUM RANGE = ~ F B * l r B f l  KM n R ~ I 2 , 5 f ?  HnPS) 
0 0 5 6  END 



6.1.3 Subroutine RAY2B 

This subrout ine  t r a c e s  out  one hop of  t h e  ray-path. Most f r equen t ly ,  
t h i s  w i l l  be  from ground-to-ground v i a  r e f l e c t i o n  i n  t h e  ionospher ic  model, 
bu t  may, i n  some cases,  be  from ground-to-perigee, perigee-to-perigee o r  
perigee-to-ground, t h e  l a t t e r  two ins t ances  only being poss ib l e  f o r  hops 
o t h e r  than t h e  f i r s t  of a ray s i n c e  t h e  program assumes a ground-based 
ray-source. Per igees  a r e  divided i n t o  two types,  those  occurr ing  below t h e  
ionosphere and those  i n  the  ionosphere. The pa ths  described above may be 
termed complete hops. 

Hops may be  terminated be fo re  completion i f  ( i )  t h e  ray reaches 
a maximum s p e c i f i e d  he igh t  ( i n  such cases the  ray would not  normally r e f l e c t  
anyway, a s  t h e  maximum he igh t  s p e c i f i e d  is usual ly  above t h e  maximum he igh t  
of r e f l e c t i o n ) ,  ( i i )  t h e  ray reaches a maximum s p e c i f i e d  range, o r  ( i i i )  
t h e  number of po in t s  computed nears  the  maximum s t o r a g e  allowed (1000 
po in t s ) .  When any of t hese  t h r e e  cases  a r i s e ,  a c o n t r o l  NDR (qv) i n d i c a t e s  
t o  the  c a l l i n g  program (MAIN) t h a t  no more hops can be computed f o r  t h i s  
p a r t i c u l a r  ray. 

End po in t s  of l i n e a r  s e c t i o n s  of t he  ray-path, i e ,  those  s e c t i o n s  
i n  regions below o r  above t h e  ionospheric  model where the  r e f r a c t i v e  index 
is assumed cons tant ,  a r e  obtained by a c a l l  t o  the  subrout ine  LINE2B. 

I n  t h e  region covered by t h e  ionospher ic  model, success ive  p o i n t s  
along t h e  ray-path a r e  computed by the  fourth-order Runge-Kutta method contained 
i n  subrout ine  RUKU. Af ter  each po in t  is obtained,  checks are made t o  
determine i f  some s i g n i f i c a n t  "feature" of t h e  ray-path has  been passed, 
a "feature1'  being one of t h e  following: (1) apogee, ( i i )  per igee ,  ( i i i )  
maximum he igh t ,  ( i v )  maximum range, o r  (v) boundary crossing.  If one of  
these  has been passed, i t  is  loca ted  t o  wi th in  a s p e c i f i e d  to l e rance  by 
ad jus t ing  t h e  i n t e g r a t i o n  s tep-length by an  i t e r a t i v e  inve r se  l i n e a r  
i n t e r p o l a t i o n  process.  

A f t e r  an apogee, i e ,  ionospheric  r e f l e c t i o n  po in t ,  i s  loca ted ,  
t he  ray is continued on its downward path. When a pe r igee ,  maximum he igh t  
o r  maximum range is loca ted ,  t he  hop o r  ray is ended a s  mentioned above. 
Af t e r  a boundary cross ing ,  i e ,  a l e v e l  where t h e  equat ions de f in ing  t h e  
ionospher ic  model change andlor  a change i n  i n t e g r a t i o n  s tep- length  is 
requi red ,  t h e  ray is continued, e i t h e r  wi th  t h e  new step-length o r  l i n e a r l y ,  
as appropr ia te .  



STORAGE LIST 

Local Variables 

BH Height, i n  km, of an ionospheric boundary. 

DAB Increment i n  absorption f o r  an increment i n  ray-path length. 
(Note mul t ip l i ca t ion  by 0.0461 t o  convert t o  db.) 
Equivalent t o  DQ (7) (qv). 

DGP 

DH 

DPH 

DQ 

Increment i n  group path,  i n  km, f o r  an increment i n  ray-path 
length. Equivalent t o  DQ (6) (qv). 

Increment i n  height ,  i n  km, f o r  an increment i n  ray-path length. 
Equivalent t o  DQ(3) (qv). 

Increment i n  phase path,  i n  km, f o r  an increment i n  ray-path 
length. Equivalent t o  DQ(5) (qv). 

Array containing the  increments i n  the  ray va r iab les  Q (qv) 
f o r  an increment i n  ray-path length, the  independent variable.  
The a r ray  elements a r e  referenced by equivalent  names: DU, 
DV, DH, DTHET, DPH, DGP and DAB (qv). 

DTHET Increment i n  range-angle, i n  radians,  f o r  an increment i n  
ray-path length. Equivalent t o  DQ (4) (qv). 

DU Increment i n  the  va r iab le  u (see UI) f o r  an increment i n  ray-path 
length. Equivalent t o  DQ(1) (qv). 

DV Increment i n  the  v a r i a b l e  v (see VI) f o r  an increment i n  ray-path 
length. Equivalent t o  DQ (2) (qv). 

DYA Difference between the value of a va r iab le  defining a f e a t u r e  on 
the  ray-path, eg, apogee, boundary crossing,  and t h e  last value 
canputed before the  fea ture .  Used i n  the procedure f o r  loca t ing  
a feature.  

Difference between the value of a va r iab le  defining a ray-path 
f e a t u r e  and the  l a s t  in terpola ted  approximation t o  t h i s  value. 
Used i n  the  procedure f o r  locat ing a feature.  

Maximum permitted diCference between the value of a v a r i a b l e  
defining a f e a t u r e  on the  ray-path and t h e  in te rpo la ted  
approximation to  t h i s  value. 

Height, i n  km, of the  cur ren t  po in t  on t h e  ray-path. Equivalent 
to  Q ( 3 )  (qv). 

*-loop indexing parameter. Has value 2 unless previous hop 
ended a t  a perigee i n  the  ionosphere when i t  has value 1. 

6 - l o o p  index. 

Subscr ip t  of po in t  a t  the  end of a l i n e a r  s e c t i o n  of the  ray-path. 



JD Control indica t ing  t h e  d i r e c t i o n  of t h e  ray,  i e ,  J D  = 1, ray 
ascending; J D  = -1, ray descending. 

LB Label of the  ionospheric boundary next  above the  current  point  i n  
the  ray-hop. 

Q Array containing the  current  values of the  dependent var iab  l e s  
f o r  t r a n s f e r  t o  subroutine RUKU. The f i r s t  4 elements of the  
ar ray  a r e  referenced by t h e  equivalent  names; U I ,  V I ,  H I ,  THI (qv). 
Elements 5 t o  7 correspond t o  phase, group and absorption 
respect ive ly ,  bu t  as  they do no t  e n t e r  i n t o  the  corresponding 
d i f f e r e n t i a l  equations,  they a r e  given dummy values of zero i n  
the  DATA statement. 

RE Earth radius ,  6370 km, set i n  the  DATA statement. 

STEP Current value of the  in teg ra t ion  s t e p  length,  i n  km, ie,  the  
increment i n  ray-path length S ,  the  independent var iable .  

THI Range-angle, i n  radians,  t o  the  current  point  on the  ray-path. 
Equivalent t o  Q ( 4 )  (qv). 

THND Range-angle, i n  radians ,  t o  t h e  end of a ray-hop. 

U 1  Value of the  va r i ab le  U = pdh/ds a t  the  current  point  on the  
ray-path. Equivalent t o  Q(1) (qv). 

U J  Value of the va r i ab le  U a t  the  next  point  on the  ray-path. 

V 1  Value of the  va r i ab le  v - pr2de/ds a t  the  cu r ren t  point  on the  
ray-path. Equivalent t o  Q(2) (qv). 

XA, XB Values of s tep-length used t o  compute the  po in t  immediately before  
and the  po in t  immediately a f t e r  a f e a t u r e  on the  ray-path. Used 
i n  the  procedure f o r  locat ing  a fea ture .  

Y,  YA, Values of the  va r i ab le  used t o  l o c a t e  a f e a t u r e  on t h e  ray-path. 
YB, YC They a re ,  respect ive ly ,  the  value defining the  f ea tu re ,  the  

values a t  the  point  before and the  point  a f t e r  the  f ea tu re ,  and 
the  in te rpo la ted  approximation t o  the  required value. 

Blank ~ M M ~ N  

The a r ray  C is  n o t  used. Only elements 2 and 15 from array  I C ,  
and elements 9 and 10 from array  CF a r e  required and a r e  referenced by 
the  following equivalent  names :- 

L Label of t h e  ionospheric boundary below the  current  po in t  i n  the  
ray-hop, a l s o  t h e  l a b e l  of the  ionospheric l aye r  i n  which the  
cu r ren t  po in t  is located,  Equivalent t o  IC(15). 

NB Number of boundaries i n  the  ionospheric model. Equivalent t o  
IC (2) . 



UNGP 

UNPH 

Factor  t o  convert group path  t o  required un i t s ,  ie, uni ty  
f o r  group path  i n  km, o r  i / c  (c i n  km/ms) f o r  group t i m e  i n  
m s .  Equivalent t o  CF(10). 

Factor  t o  convert phase path t o  required un i t s ,  ie,  uni ty  f o r  
phase path  i n  km, l / c  ( c  i n  kmlms) f o r  phase t i m e  i n  m s ,  o r  
f / c  (f i n  MHz, c i n  km/ps) f o r  phase i n  cycles. Equivalent t o  CF(9). 

A l l  o t h e r  items i n  the  list a r e  used. 

A l l  items i n  the  l ist  (qv) wi th  the  exception of ALPHA, ALPHD 
and LA, a r e  used. 

Note: The v a r i a b l e  NDR has one of the  d e f i n i t i o n s  given i n  the  
list desc r ip t ion  (qv) on e x i t  from the  subroutine,  b u t  has a d i f f e r e n t  
(1ocal)use during the execution of the subroutine,  where i t  a c t s  as a 
con t ro l  t o  i n d i c a t e  the  presence o r  absence of a f e a t u r e  between two 
consecutive po in t s  on the  ray-path and can assume the  following values:- 

1 No f e a t u r e  encountered. 

2 Apogee passed. 

3 Perigee passed. 

4 Maximtnn height  passed. 

5 Maximum range passed. 

6 Ionospheric boundary crossed on ascent. 

7 Ionospheric boundary crossed on descent. 

A l l  i tems i n  the  list (qv) a r e  used. 

SUBRDUTI N E RAY2E 
TRACES ONE HOP OF A RAY PATH THROUGH A T\D-DIMENSIONAL IrlNflSPHERE 
VERSJON A ( R E V I S I O N  23/10/69 ( A * R * C * )  OF RAY2A WRITTEN NOVEMEFR 67 

A * R * C * ,  MODIFIED SEPTEMBER 60 K * B - B . )  

CDPMON C (  1 0 0 0 )  ,IC( 151 , C F (  1 0 )  ,HM,11H14,ST( 16) 
COM14flN /HOP/ AJ>FHR,NDR,LA,LH,I , H (  10 t iO)  *TIlETAf 1 0 0 0 )  ,RHO( 1000) 9Sv 

1 PH( 1 0 O O )  ,GF( 1 0 0 0 )  ,AB( 1 0 0 0 )  ,ALPHArALFHD,IPKrBIPKv 
2 RHOIPKIHMD,RHOMD,PHND~ GPF1D~A.EldD 
COMMON /RAYLIM/ N I H ~ ~ T ~ I G T ~ ~ ~ , H J , D T H , I ) S ~ U ~ V  
DIMENSIOII Q(?)rD0(7) 
EQUIVALENCE (IC(2),NB)r(IC(lS),L),(CF(9~~UNPH),(CF(3O)~UNGP)~ 



1 l Q ~ 1 ) ~ U I ) ~ ( 0 ( 2 ~ ~ V I ) , ~ Q ( 3 ) ~ H I ) r ~ 0 ( 4 ) r T ~ I ) ~ ( ~ C ~ 1 ~ ~ ~ ~ ! ~ ~  
2 f D Q ( 2 ) t D V ) g ( D Q ( 3 l , D H )  ,(DQ(4) tDTHET),(DC!(5)  rDPH) 9 

3 ( D O ( 6 )  t D G F ) v ( D Q ( ? )  *DAB) 
DATA R E ( 6 3 7 0 - ) , ( Q ( K ) r K = 5 , ? )  ( / 3 / 0 . )  
SET DIRECTION INDEX J D  ( 1  FOR ASCENT). I N I T I A L I S E  POINT COUNT I 
J D = l  
I =l 
CHECK FOR F I R S T  HOP 
I F ( L H - 1 ) 5 4 , 1 , 2  
I N I T I A L  CONDITIONS FOR F I R S T  HnP 

1 S=O. 
H (  1 ) = 0 .  
THETA( 1 ) = O *  
RHO( 1) = O .  
PH( l ) = O *  
GP( l ) = O *  
AB( 1 ) = O *  
L= l 
LB=2 
GO TO 4 
I N I T I A L  CflNDITIClNS FOR A HOP OTHER THAN THE F I R S T  

2 H ( l ) = H N D  
THETA( 1 )=THND 
RHO( 1) =RHOND 
PH( l ) = P H N D  
GP( l ) = G P N D  
AB[ l )=ABND 
I F  LAST HOP ENDED AT A PERIGEE IN ICJNOSFIIERE ( N D R = 3 )  Nfl LINEAR 
SECTION I S  REQUIRED* GO TO LOOP WITH I N I T I A L  INDEX IA=1 
GO TO ( 4 r 4 9 3 ) s N D R  

3 I d = l  
GO TO 1 0  
SET CONTROLS AND DATA FOR LINEAR ASCENT TO IONOSPHERE BASE 

4 J=2 
I PK=J 
N = l  
H l = H (  1) 
THETAl=TEETA( 1) 
COMPUTE L1 IIEAR SECTION OF RAY PATH 

5 CALL LIME2B 
C H I ' C K  FOI? tlP'r:T'J?JM R A B G F  f l H  LIFIFPF SFCTInN 
? H P I A ( J ) = ? H F T A ( I ) + D T t i  
I F (  T H R T E ( J ) - T f l V ) 7 ~ F , G  
I J A X  F A h G F  PASSPD. RECrlxlT?lI'I'F LIEIFP? S r C T I n N  Tn Fb!D R A Y  AT b'liv RAVCP 

G DTH=TII14-TH ETA ( I 
THETA( J)=THM 
M=8+3 
NGF=5 
CALL L1 i iF?k 
S F 1  VFEIPSLFS A'i  EidD 173' LIKFJR SECTTnG 

7 S=C+I!S 
11 ( J =!I J 
nt i r l (  J 1 =I?Pi'P1!FI'P ( J  
F9 ( ,J =[;l1 I'll~;llS+P:l ( I 



COG7 GF( J =I!AGP"DS+GF( I )  
01168 A E ( J ) = E B ( I )  
0059 I =J 
00'70 C I F  I\!.GT.l SF?' MP!! FEIC/rl!? EHC DATA )NI: FMD FAY* '3THF'I?FrI$F CI?!TTMI'F 
00 71 Gn Tq (9,50,R,9,5f l ,R)r?:  
00'73 C END [!F PAY I S  VA!! I:I.)IM'I' FT)F THIS R17P 
flfl73 0 IIII;K=H(Jl 
110 7a FHOI FY=!'~IVI ( J 
00'75 GI-l Trl 5 0  
G076 C 'I.FABSFEI? I1 A M L l  V Ti) I\T?PEY C (FC,l.'IV [?I $ V 1  1,. SFT IMT?~?I\TIn?: SI'FP 
0077 C I,EI.iGTI! FT]R FIES?: LAYFR. I?iITIALISI: LnrlF IE:l?PY I!;? 
0 0 7f3 9 UI=I! 
00 73 V I = V  
O O ~ O  STFIF=S~;( 1) 
008  3. 1 A32 
no02 C CUHI'INIIF: TRACINC Ot' !?AY PAT!! YITR RUNCF-KUTTA PnllTINF UP Tr! A 
01183 C !JAY I ! - l ~ l f l  m 3 110~ PUI F ~ T S  
0084  lfl E0 4 6  11=1A*9r>F? 
0 0 8 5  C SFT FEATI?RE IflDICATflP (BE!?) TTI tlr)F".fli.Lc 1.F. 1. TPAASTFR CIfB!?F?lT 
OC!?F: C VALUES nF IIF:IG!IT )!ID C'AEICF AIIGI,F Tr7 A R R A Y  C: (ECI'IV !lIgT!II) 
0 0 0 7  ! IDR=l  
0089 BI=B( I 1  1 
oons 'J'II I = T H  FTA ( I I 1 
on90 C FIIID IMCT?l?~lF:MfIS ( D C )  IEI VB?IAELFS FOF ElF'XT POINT 
009 l CALL l?I!i!U( 79 O,l!O,FTFF) 
OCS2 C C N E C Y  FqR MAXIMUM ??AMCF 
DD93 TflR!tA( II+l)=TtIBTlr( I 1  )+D711FT 
0094 I F ( T I 1 E T A ( I I + 1 ) - 7 ' f l ' ~ l ) 1 $ ~ 1 1 ~ 1 1  
0 0 9 5  C M A X I M U M  RAMGB FXCPEDYD* SFT DATA TO LflCATE 
0096 3.1 !l D K = 5  
0037 Y A=SH ?TA ( I I 
0 0 9 ~  YC=TIIElri'A( I I + l  1 
00139 Y : T F] ?.l 
03 0 0  GO Tn 2 3  
01(11 C SET NEXT VALIIES f lF  IJ A N D  H Atin DFTFRI4INF FAY I~Ir'FCfl'Ir7N 
[II.O% 12 UJ=I!I+T)T! 
113 O;5 t 1 ( I I+ l )= I1 ( I I I+DH 
01  n l  13 I F ( J I ) ) ~ Q , ~ ~ , I ~  
01.05 C R A Y  ASCENDING 
0106 C CHECK FOB APOGEE* I.E. HAS 1J CHANGED FROM +VP TO -VE 
0107 1 4  I F( UJ )15,15, I6 
0108 C APOGEE PASSED* SET CDMTRr7ItS FOR LOCATION 
01 on 15 IPK=I  1+1 
01 10  NDR=2 
0111 GO TrJ 22 
0112 C Cl1 RCK FOR UPFER Bl7UMIIAI?Y CPOSSI N G  
01. 13 l 6  BH=flFT11(Lb~TIIF7..A( I I + 3 )  1 
01 14  I F ( R A - I I ( I I + l )  ) 1 7 , 1 7 , 1 8  
013.5 C IJT'PER EflUMDARY CRrISSFD* SET FEAI'URE I MI)I CATOR MDR=E 
01 l G  l? NI)R=6 
01 1.7 ~n TIT) 26 
0118 C CII ECK Ffll: f.1 AXI 11 U&! F1 G1 GIJ T 
0119 18 I F ( N ~ 4 - H ( 1 1 + 3 ) ) J S , 1 9 , 4 0  
0120 C MAXI?;lU:.l BEIGHT EXCEEDED. SET FEATURE INDICATOR NDI?=L?, DPT1!!4 Y=13111 



0121 19 MDR=4 
0122  Y =H !‘! 
0 1 2 3  GO TO 27 
0 1 2 4  C R A Y  DESCECDII~IG 
11125 C ClIECK Fr!P FEPIGEE* 1 .F .  IlAS U Cil'liltMG'Fl) FRO:;! -TIE 'JO +\'F 
0 1 2 6  2 0  I P ( C J ) 2 4 9 % 1 , 2 1  
0 1 2 7  C FEE1 GFE PliSSED. SET FFA'i'DRE I ":)I CATCIT! A D H = 3  
0 1 2 8  21  MI)l?=3 
0129  C DATA FOR LOCATING APOGEE fll? PERIGEFI (hh!D FR FrJF T.!AX ~ A ? ? c , F  AHGLF) 

, , 

0130  2 2  YI\.=UI 
0 1 3 1  Y C = U J  
0132  Y = O  . . 
0 1 3 3  23 ER=*lE-S 
0134  GQ Tfl 70 
0 1 3 5  C C!IECK FOR LO!!:!ER BOUNDARY CROSSING ' 

0 1 3 6  24 BH=HFTII( L,TFl'Yl'A( I I + l I  
0 1 3 7  IF(Dil-I1( I I + 1 )  ) 4 0 9 2 5 9 2 5  
0 13t3 C LOT:IBR BDUMDARY CRnSSED. SET FEATURE 1 NDI CATUR BllR=7 
0 1 3 9  2 5  HI)R=7 
0140 C DATUV FOR EntJNDAFY CROSSIAG Y=BU 
014 1 26 Y=EB 
0 1 4 2  C DJTA FCIR LOCATING A P!lUIlCARY O?? !IAXIP:lU:I BEIGHT 
0 1 4 3  2 7  Y A = H  ( I I )  
03.44 YC=lI( I I + l )  
0 1 4 5  ER=* I F - 5  
OldE C 1iY LINEAR INTERPnLATION ESTIMATE STEI: NFCESSARY TO LOCPTR FFIATI!RFI 
0 1 4 7  20 DYA=Y-YA 
0148  X A = O  
0149  2 9  YP=YC 
0150 Xfi-STEP 
0 1 5 1  3 0  STEP=DYA*(XB-XA)/(YE-VAIfXA 
0152  C RECOBIPUTF FOI 1:T I I + 1  !/I T I I  REV1 SED STEP LE?iGTH 
0 1  53 CALL I!UK11( 7 9  C9DC9STEP) : 

, . , 0154  UJ=TJI +DU 
I ~ ~ I I + l ~ = i ~ ~  I 1  )+DJ! 0 1 5 5  

01 56 TI iETA(I I+ l )=Tl ! I1 :TA(I I )+DTIIF .T  
0 1 5 7  C R E S ~ T  Y " D A T A  TT! C ! ~ ~ C K  L ~ C A T I ~ ~ I '  r j ~  FEATURF 
0150  GO TQ (54931~31,35~32,33,31),B4R 
01 59 31 'Y C=UJ 
03.60 C f l  Tn 36 . . 

0 1 6 1  32 YC=THPTd( I I + I  1 
0162 Gn TO 36 
0 1 6 3  33 Y=!lFTII( J,E', TTlETI\( I I + 1  
U164 GO TCI 35. 

,. 4 0 1 6 5  31 Y=I.!FTY (L9'I'!I!?TA( I I + 3 . )  
0 1 6 6  Z 5 Y C = i I ( I I + I )  
0 1 6 7  36 DYC=Y-YC 
0160  C CIIECK ACCIlRACY CIF T,r?Cd'I"InM 
l1 3 69 IF(1:1!S(CYC)-YT.')3%Z39,37 
0170 C FE47'tji?E Ilr?T LnCA'i'FD YFZL T?'Ei7IlCFI FEPEAI; FSTI'!~?A?'I(?l! ':'I TH V'II M T C 
0173. C IN PLACFI ''F POIBT A (DYA';DYC +'/E') r)Ii P!'IIB'I' E ( I?Yd3"I)Y --F) 
01.72 37 IF(DYA"ni'C)?3,39,3l3 
01 73 30 XA=STGP 



03.74 Y A=Y C 
01.75 D a A = D Y C  
01'75 Grl Tr? 311 
01'77 C CHEC!< ~ T H E P  Y E I \ ~ [ ~ ! ! ~ ~ s  I F  !.I"CF:SS~\,?'~ 
01 70 39 GCI T? ( 5 1 , 1 ~ , 3 . ~ , n n , 1 : , j q , c n ) , 1 : ~ , 1 :  
0179 c FOI!!? I I + 1  C'?HFIT.:.1EII). SF';: l'!F'!PI!!ICC DI\T/\ 
0100 4 n  S=S+S'yXP 
O I ~ I  ~i I = ~ I J  
03 82 VI=VI+n\.i 
OlE3 R H O ( I I + ~ . ) = ! { F I ~ ~ ? . ~ ~ F T , ? ( I I + ~ )  
O I . O ~  rJi1 ( I I + I  1 = = T ~ ~ ! P : ~ ~ ~ D P I ? + F ! I  ( 11 1 
01115 GP( I I + 1  )=:jI;Gr?'$Ci;I:+CF( 11) 
0186 AE( I I + l  ) = . O 4 6 l G ] : ) ~ ~ + h ~ ( I I )  
0 1 8 7  I = I I + 1  
03.~8 G ~ J  ~n ( . 1 - ~ s ~ r ' , i , ? n , d ~ , n 7 , n 7 , r , : 3 )  , I I ~ , P  
0109 C APOGFIE LOCATED* SFT !lYIC'IIT A B D  RANGE* C!lE??GF DI??FCl?IrlI: 11IDICPTnT 
0390 C J D  PO -1 F'qR CESCFFIP 
0191 4 1  H I P K = I I ( I I + I )  
0192 BHCIII'K=EMO( I I a l )  . . 
0193  J D=- l 
01.34 C !!*B* ?IFS?. PnIAT PFrYFI) AFfJGEE I S  CC1MPVTF13 ?!ITT1 r?FVISE:E STFF 
0 1 9 5  GO 'L0 A6 
0196 C UPPEI! X!IUNDAlFY CFOSSXMG LnCATRD* CBECK I F TnP nl? ICIMOSPHPRR 
0197  42 I F(  Lb-t,!E 14.4 951 9 54 
0198 C LOYER ROTJMD.41'Y CBrlSSIlIG JJICATRD* CflFCX I F  ?!ASE OF IOEr)SP9EIRF 
U109 13 I F (  L-1) 54,52944 
0200 C Lr?CATF9 EI7IJMDARY I S !!I TIIIII InHrlSPFIPPE* RFFFT LAFFLS FnR IIEXT LAY FP 
0201 44  L=L+JD 
02 02  LE=LP+J I1 
0203 C I?ESl?T Q!? Crl!:;FI T;I!,I STF:P LEM GTil 
0204 4 5  STEP=ST( L)  
0 2 0 5  C 2FCYCLY FflE DEVT PO1 NT 
0206 46 COYTI EllrE)  
0 2 0 7  C NORMAL EXIT FROM LOOP INDICATES RAY DATA S'IflRES ALMOST FULL 
0 2 0 8  C RESET NDR=6 AND END THE RAY 
02  09  NDR=6 
0 2 1 0  C MAX RANGE REACHED OR STORE NEAR FULL* CHECK RAY DIRECTION 
0 2 1 1  47 I F (  J D ) 4 9 * 5 4 r 4 0  
0 2 1 2  C HIGHEST POINT I S  AT END flF RAY WHEN MAX HEIGHT REACHED AND 
0 2 1 3  C PflSSIBLY WHEN MAX RANGE REACHED OR STORE NEAR FULL 
0 2 1 4  48 I PK=I 
0 2 1 5  HIPK=H(I  1 
02  16 RHO1 PK=RMfl(  I 1  
0 2 1 7  C FIND RAY END ANGLE (MAX HEIGHT OR RANGE* STORE FULL OR PERIGEE) 
0 2 1 8  49 ALPHH=ATAN ( ( RE+H ( I 1 1 *U1 / V 1  1 
0 2 1 9  C SET RAY END POINT DATA 
0 2 2  0 5 0  HND=H(I) 
0 2 2  1 THND=THETA( I )  
0 2 2 2  RHOND=RHO( I l 
0 2 2 3  PHND=PII ( I )  
0 2 2 4  GPND=GP( I 1 
0225 ABN D=AB ( I 1 
0 2 2 6  RETURN 
0 2 2 7  C TOP OF IONOSPHERE REACMED* CONTINUE RAY LINEARLY TO MAXIMUM HEIGHT 



0228 5 1  J = I + l  
0229 I PK=J 
0230 H(JI=HH 
0231 HJ=h(J) 
02 32 NDH-4 
0233 N=3 
0234 GO TO 53 
0235 C BASE OF IO!lOSPHERE REACBED* CONTINUE R A Y  LINEARLY TO END OF HOP 
0236 52 J = I + l  
0237 ' N=2 
0238 5 3 H l s h ( I )  
0239 U=UI 
0210 V = V I  
0241 GO TO 5 
0242 C ERROR IN A CONTROL nR INDEX 
0243 54 PRINT 4101  
0244 4101' FORMAT(5OBlA CONTR~% OR INDEX H'AS AN INVALID VALUE SO!4EXlERE/////) 
0245 S TOF 
0246 END 



6.1.4 Subroutine LINE2B 

This subrout ine  computes the  end po in t  d a t a  of a l i n e a r  s e c t i o n  
of a ray-path. Six types of s e c t i o n  are ava i l ab le ,  t h e  one required being 
s e l e c t e d  by t h e  con t ro l  N (see C O ~ N I R A Y L I N ~ ) .  These s e c t i o n s  a r e  a s  
follows :- 

/ .  I 

1. Ray ascending t o  the  ionosphere base from a point , '  he ight  h l ,  
range angle 81, with an e leva t ion  angle a. In  the  present  program, which 
only allows a ground-based t r ansmi t t e r ,  e i t h e r  hl w i l l  be  zero ( f t r s t  
hop, o r  l a t e r  hop s t a r t i n g  from ground r e f l e c t i o n )  , a w i l l  be zero,  (hop 
s t a r t i n g  from a perigee)  , o r  both w i l l  be zero ( tangent  ray) .  However, 
the  more genera l i sed  form given he re  w i l l  be s u i t a b l e  f o r  use i n  a program 
accomodating an e leva ted  t r ansmi t t e r  (below t h e  ionosphere). This s e c t i o n  
is a l s o  complicated by allowing f o r  "eccentric" ionospheric models, ie ,  models 
whose boundaries, while c i r c u l a r ,  a r e  not concentxic with t h e  ear th .  The 
re l evan t  geometry is given i n  f i g u r e  1. 

For t h i s  sec t ion ,  the  known data  a r e  h l ,  81 and a ,  together  with 
the  coordinates (ro,8 ) of the  cen t re  of the  ionospheric model houndary 
system and the  squareOof i ts  base radius  r ( located i n  C(1), C(2) and 
C(3)  respect ive ly ,  s e e  blank c~MN). The 8 a t a  required a r e  the  length of 
the  l i n e a r  s e c t i o n  623, the  increment i n  range angle over the  s e c t i o n  68, 
t h e  he ight  ilj and the  values of U = pdhlds and v - pr2d8/ds (p - 1 )  a t  t h e  
end of the  sec t ion .  These d a t a  a r e  given by:- j 

v - r COS C( where r r + h l ,  e 

re = e a r t h  r ad ius ,  6370 km. 

6s  = p2 - r s i n  a where p2 - m- r s i n  4,  
0 

p1 = V + r cos $, 
0 

6s cos a 
m tan-1 (r + 6s s i n  a 

h j  = - re 
where 

r j  
Sr2 + 6s  (p2 + r s i n  a)  

2 . Ray descending from t h e  base of the  ionospheric model towards 
the  e a r t h  surface.  Two p o s s i b i l i t i e s  a r i s e  here;  e i t h e r  t h e  ray reaches 
the  e a r t h  su r face  (see f i g u r e  2a) o r  i t  reaches a per igee  (see  f i g u r e  2b). 

Known data  a r e  he ight  h l  a t  e x i t  from t h e  ionosphere and t h e  
angle of e x i t  (contained i n  the  values of u and v). The required  d a t a  
a r e  6s,  60 and h a s  defined i n  s e c t i o n  1, and the  ray e leva t ion  angle a t  
the  end of the  hdp, aE. 



For a ray reaching the surface (V < re ) ,  the  relevant equations 
are:- 

h - 0  
j 

a E = tano1 ( 5 )  where p--  e 
h1 ( r  + re)  

p - u r  

For a ray reaching a perigee (v * r ), the equations are:- e 

3. Ray ascending from the top of the ionospheric model to  some 
maximum height , ag , s a t e l l i t e  height (see f igure  3). 

The known data  a re  the height a t  the top of the ionosphere 
h l ,  the angle of e x i t  (contained i n  the values of u and v) ,  and the maximum 
height h The required data  a r e  aE, 6s and 6 0  and a r e  given by:- 

j * 

1 E a~ m tan- v where p = -  

The next three sect ions  correspond with the f i r s t  three but with 
the ray terminated e a r l i e r  a t  some maximum range. 

4. Ray ascending towards the base of the ionospheric model but  
stopped a t  maximum range (see f igure  4). The known data  a r e  the height h1 
and elevation angle a a t  the s t a r t  of the section,  and the range angle 
increment 68 over the  section. The output data  a r e  aE,  h and 6s and a r e  
given by :- 3 

6s = p s i n  68 where p = r sec  aE 



5. Ray descending from the  base of t h e  ionospheric model t o  a po in t  
a t  maximum range (see f i g u r e  5). The da ta  aE, 68 and h a r e  derived from the  
known values of 60, h l ,  u and v as follows:- j 

6 s  = r s i n  6 8 ' s e c  a 
E 

6. Ray ascending from the  top of the  ionospheric model t o  a po in t  a t  
maximum range (see  f i g u r e  6).  The required daea a r e  obtained as  i n  s e c t i o n  5. 



STORAGE LIST 

Local Variables  

CA Cosine of ALPHR ( see  ~ M M ' ~ N / H ~ P  1).  

P An in te rmedia te  va r i ab le ,  var ious  d e f i n i t i o n s .  

PHI An in termedia te  angle,  i n  radians. 

R Radius, i n  km, t o  s t a r t  of l i n e a r  s e c t i o n  of ray-path. 

RE; Earth r ad ius ,  6370 km, s e t  i n  DATA statement.  

RESO Square of e a r t h  r ad ius ,  set i n  DATA s tatement .  

RJ Radius, i n  km, t o  end of l i n e a r  s e c t i o n  of  ray-path. 

RJsQ Square of RJ (above). 

RSA Product of R (above) and s i n e  of ALPHR (see  c ' ~ M M ~ N / ~ I ~ P / ) .  

SA Sine  of ALPtIR (see  c & M ~ N / H ~ P / ) .  

SECA Secant of ALPllR (see  c ~ M M ~ N / H ~ P / ) .  

TWO RE Earth diameter,  i e ,  twice RE (above), set i n  DATA statement .  

VSQ Square of V ( see  C-OMM~N/MYLIN/). 

Blank OO'MM~N 

C The f i r s t  t h ree  elements of t h i s  a r r ay  a r e  the  only items 
i n  the list (qv) used he re ,  and a r e  re ferenced  by t h e  l o c a l  
names C l ,  C2 and C3 respec t ive ly .  

The f i r s t  two items (ALYHR, NDR) i n  the  list (qv) are used here. 

The f u l l  l ist  (qv) is required. 

S U B R n U T I  M F  L1 NF?A 
C A L C U L P T R S  ENli Pr7[Nl '  DATA n P  L I N E ' A F  SPCTInNS r1F HPY FPTilS 
VERSInEI A (KFII 'TF'N A . H . C .  RFVISFD ?1/111/6c1) 

CnMMLIM C l t C2 r C 3  
CTlI.4MTIN /HIIP/ PLPHF t NDR 
COMYrIlI / R P Y L I N /  NtHI tTf1YTAl ~ H ~ J ~ l Y r H t l ) S t [ l t v  
DATA RE(6370*) tHFSC(40576q[lO. 1 tTh"HF( 1 2 7 4 f l e )  

SF?' H AD1 US n F  1 NI TI lr L PI11 N T  A M I )  SF'LBCT RYCIII  I?Fll SRC'J'IflR 



I 

\ 00 11 I(=\{ l + R E  
i 00 1 2 G{? ~n ( 1 r 1 . 2 0 . 3 r 1 ~ 4 n . 5 0 . s n 1  

0 0 1 3  C 1 0014 C SFCTIqN 1. ASCFHT TO XASF I?F 1f"lMflSFHFtI'E: ( N = l )  

l 0 0 3 5  C 

1 0016  1 0  SA=SIMIALFHF) 
110 3 7 T?SII=SPeH 

I 
00 10 C 4 4 = C 0 S (  E1,FIITi 
00 1'3 V=C 

I 0020 I'HI =ALFI!R+C?-~'Il FTh1. 

I 11113 1 P=CnSI PHI )*Cl+V 
1 0023  P=SCl{T( C:S-I'31.)-C1?bSl El (  PHI I 
l 
I 0023 I)S=F-PSP. 
I 
i IIfl24 D T H = E T A  !l ( C A ~ D S /  ( I!s~sA,+?{) 
l 
I 0 0 2 5  I?.J=SCPY( ( F+I?s!.) '$r!s+p"p 1 
I 
1 0OPC H J = R J - R  E'  
I 0027 U = F / ? J  

0028  h ETIJT? N 
I (11129 C 

0030 C 

l 
SFC?'I[?H 2 *  DFYCFNT FRQM Ir?hl!SI'HFT!F BASF I N Z ? )  . T!Pl jLTFRNP.'!'I VFS 

0033 C ARE PnFSIFL1;. ETTHER TIIF: R A Y  LE.Nr'S I711 I T  RFAC!iFS A PFRIGFF 
CC132 C 

I 
I [1u3;5 2n F I J = V - R E  

00 3 4  l F ( l l . I ) ? l i 2 1 ~ 2 2  
00:3S C R A Y  L A M  DS 
0 0 3 6  21 N D R = l  

l 0037 F=SCRT( - 1  RE+VI*HJ) 

i ' 
0 0 30 ALPHR=ATAM ( P/V)  
0039 DS=(H+REI"III/( Y-TJ"f i )  

i 004 0 l)TH=I\TAbI ( V;>DS/ ( CS4tP+FE'SC') 1 
0041 H J=O. 
0042 11 ETUR bl 
0 0 4 3  C STRAl C H T  PRPI GEE 
0044 22 !II)R=;! 
004 5 ALPHIt=O 
0046 DS=- IJ.*R 
004 7 I)?'H=Ai!'A)i I DS/V) 
(1048 l! FT IJR N 
0049 C 
11050 C SECTIqN 3. ASCEEIT E'l!flM 'I'r'lE: r)F' IQNflSFHFRF Tr) ! I l l Y I Y l i Y  H F ' J C H ' I '  (M.23) 
0051 C 
1.1 I) 5% 3 0  VS4'=VGV 
00 53 RJSO=( TliinllE'+!1J) "BJ+FFS(; 
110 54 P=SCIi1I'( P.JSt!-VSC.) 
0iJSS EI,I: t iR=AT/\M( P/V) 
0O 56 D S = ~ -  L~.>R 
mhr{ J)TH=A'J'AF: ( V"I)S/( ( l>S':.li+R ) G P  ) ) 

l ifl SF3 Ii PTUl?N 
0059 C 
0060 C SECTION 4 .  PnINT AT MAX RPMGP nM ASCFNT TO IOMnSPliFRF PASF ( N = 4 )  
0061 C 
0063 40 C!=COSf ALPHR) 
0 0 6 3  A LPHR=A LT'H R+Dl'i . l  
0064 P=R/COS ( E LPHR 



0065  HJ=P*CA-RF 
0066 DS=SI M ( DTH 1 *P 
0067 RETIIR N 
0068 C 
0069 C SECTIflN 5 *  Pi71 !IT P T  M A Y :  RANCF U N  DFSCENT FYnY BASF QF InNOSPHFPF 
0070 C M=5) f l R  f l N  ASCFNT FROM TOP QF IflNqSFHFRF (N=6) 
01\71 C 
0073 5 0  ALPHR=ATAN ( G"R/V)+DTH 
OU 73 SECA=l- / C f l S (  ALPHP1 
00 74 H J=SECA*V-Rl? 
0 0 7 5  DS=SI N ( DTH 1 *R*SFCA 
00 76 R ETUR M 
00 77 END 



6.1.5 Subroutine RUKU 

This is a genera l  purpose subroutine containing a s tandard  
Runge-Kutta fourth-order method f o r  the  s o l u t i o n  of a s e t  of f i r s t - o r d e r  
ordinary d i f f e r e n t i a l  equations,  of t h e  form 

dqm 
-' Fm(ql, , qn) f o r  m =  l, n, 
dqo 2 

where q is the  independent v a r i a b l e  and the  % a r e  the  dependent va r i ab les .  
Note: q0 may appear a s  one of the  qm, eg, a s  q j  , by def in ing 

0 

If a t  qo P Qo, qm = Qm f o r  m = 1, n, 

then a t  q = Q. + 6qo, 9, 0 
= Q + 6qm f o r  m = 1, n, m 

where 6 gm a (Krn1 + 2Km2 + 2K + K,,,,)/6, m3 

Kml = 6qo-Fm(Ql, Q 2 9  0 -  Qn) 

%l2 G 6q0*Fm(Q1 + $ K l l  , Q l  + . . . . . Q, + ;K,, 1, 

K = 6 q  .F (Q1 + $ K l 2 ,  Q2 + S . * * *  Q n +  $Kn2) m 3 o m  . 

and Km4 = 6qo.F (Q + K , Q + K23, ..U Q + K ). 
m 1 13 2 n "3 

The rou t ine  accepts  the  current  values of the  va r i ab les ,  Q , and 
re tu rns  t h e i r  increments, 64,. f o r  an increment, 6q , i n  the  indepengent 
var iable .  The d i f f e r e n t i a l  equations a r e  contained f n  a subrout ine  DEQS, 
which, on receiving values of t h e  va r i ab les ,  r e tu rns  corresponding values 
of t h e i r  der iva t ives .  To avoid s t o r i n g  a l l  t h e  Kmi u n t i l  t h e  end of the  
rou t ine ,  t h e  6q a r e  accumulated a s  the  rou t ine  proceeds. A s  w r i t t e n ,  t h e  
subrout ine  can Randle up t o  20 d i f f e r e n t i a l  equations,  although t h e  p resen t  
ray-tracing program only requi res  7. 



STORAGE LIST 

Argument Cells  

DQ (output) Array containing increments i n  the  dependent variables.  

D Q ~  ( input)  In tegrat ion s t e p  length, ie,  increment i n  the  independent 
variable.  

N ( input)  Nwnber of dependent variableg . 
Q (input) Array containing current  values of the  dependent variables.  

Local Variables 

DQI Intermediate increment i n  a dependent variable.  

m Array containing der ivat ives  of the  dependent variables.  

J &loop index. 

Q1 Array containing intermediate values of the  dependent 
variables.  

R6 Reciprocal of 6, set i n  DATA statement. 

0001  SURRnUTINE T?UKI!(NrO,D@rDCr3) 
0002  C STANDARD RUNGE-KUTTA FflURTH-ORDER METBnD FOR THE SOLUTION r3F A SET 
0 0 0 3  C n F  N DRDI N A R Y  D1 FFF:RENTI AL E@UP.TInNS* ( DEFI NPD IN SUERr3UTI NF DFOSI 
0004  C THE PROGRAM EVALUATES THE IMCREMFNTS DO IN THF: VAHIAPLES C! FflR A 
0 0 0 5  C STEP DQfl IN THE INDEPENDENT VARIABLE 
0 0 0 6  C VERSION A (REVISED 1 7 / 1 0 / 6 0  A.R.C.1 
0 0 0 7  C 
00 OR .DIMENSION Q ( N ) r D C ( N )  r Q I ( 2 0 ) r F Q ( 2 0 I  
OU 0 9  DATA R 6 ( * 1 6 6 6 6 6 6 6 6 6 6 6 6 7 )  
0010 C 
00 1 1. C A L L  D E O S ( N I Q ~ F O )  
0012  DO 1 J=ltN 
0 0 3 3  D Q ( J I = F O (  J)"DOn 
00 14 C1 ( J )=DQ(J ) " .F rcO(  J )  
0 0 1 5  1 CONTINUE 
001.6 C 
0 0 1 7  CALL DEOS( N r C1 r FQI 
00 l R  DO 2 J = l r N  
00 19 DO1 =F(>( J *DCO 
002 0 Q I ( J ) = D O I * . % O ( J )  
002 1 DO( J 1 =DO( J 1 +DOI+DCI 
0022 2 CCINTIMIIG 
0023 C 
0024 CALL DRCISI N r  OI tFQ1  
0 0 2 5  DO 3 J = , l r N  
0 0 2 6  DO1 =FQ( J 1 *DOfl 
0 0 2 7  O I ( J I = D O I + Q ( J I  
0 0 2 8  DC!( J 1 =D@( J )+DGI+DOI 



U029 3 CONTINIIF: 
0030 C 
0031 CALL DECS( N 9 OI 9 PC) 
0032 no 4 J=I,IJ 
0033 D @ ( , J ) = (  F(!(J)QDQr)+DC(J) )"R6 
U034 4 COllTIMUE 
U035 R ETUR M 
0036 ENII 



6.1.6 Subroutine DEQS 

This subroutine,  containing the  d i f f e r e n t i a l  equations of the  ray- 
path,  computes the  der ivat ives  of the  ray var iables  corresponding t o  t h e  
ava i l ab le  values of  the var iables  . ' 

The d i f f e r e n t i a l  equations a r e  .as follows:- 

FQ(1). - 0 r = re + h) 

d ( p h a s e )  , 
PQ(5) -  ds = P See note, 1 

PQ(6) . (group) l 
ds 1.1 See note  1 

3 

FQ (7) 
d (absorption) I - Ne.v 
ds p(w2 + v2) 

See note  2 

Inputs t o  the subroutine are U, v,  he ight  h and range angle 8. 
The appropriate e lec t ron  densi ty Ne, r e f r a c t i v e  index D and i ts  der iva t ives  
ap/ah, a p / a e  a r e  obtained from isubroutiae NW. The c o l l i s i o n  frequency v is 
obtained from the  function ~ L F .  The square of the angular frequency w is 
prese t  i n  the ar ray  CF (see  blank COMMON). 

Note 1. Solut ion 09 the  s t a t e d  phase and group equations gives r e s u l t s  
i n  km. These r e s u l t s  a r e  modified i n  subroutine RAY2B t o  g ive  
outputs  i n  the  required u n i t s ,  ie ,  km, m s  o r  (phase 
only) cycles. 

Note 2. A constant f a c t o r  of 0.0461 is omitted from the  a b s o q t i o n  
equation, bu t  is applied t o  the  r e s u l t  i n  subroutine RAY2B. 



STORAGE LIST 

Argument Ce 11s 

FQ (output) Array containing the derivatives of the variables 
corresponding t o  the valves Q (below), 

N (input) Number of d i f f e r e n t i a l  equations. 

Q (input) Array containing current va lwe  of the variables . 
Here, Q(1) = U * pdh/ds 

Q(2) = v = pr2de/ds 
Q(3) = h 
Q(4) = 0 
Q(5) ,  Q(6), Q(7) correspond to phase, group and 

absorption, but the values a r e  not required i n  the d i f f e r e n t i a l  
equations. 

Local Variables 

ECF Electron co l l i s ion  frequency , ntmrber per  second. 

R .  Reciprocal of the  r ad i a l  distance, re + h, t o  the current 
point. 

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

Blank &MM~N 

CF The eighth element of t h i s  array is the only item i n  the list 
(qv) used here, and is referenced local ly  by the equivalent 
name WSQ (square of angular frequency). 

A l l  items i n  the list (qv) up t o  and incJ.uding PimlTH are 
required here. 

SUHHnUTINP DPOS(N,CtFP)  
VE'RSInPl E (RFVISI'I) 16 /10 /ER A.R.C.1  
DIFFE'RI2NT1AL FClfATInNS nE' 2-DIMF'LST17)bIAL R A Y  PAT!! ( 1, Tr! 4 )  r 
PHPSF ( 5 )  A N J ~  C R W F  ( 6 )  PATYS bW1) AES17PPTIr?N ( 7 )  

CnMMI7M C ( ' J O I ~ 0 ~  ,rC(15) ,Cc( 1 0 )  
COMMON /P?'/ H ~ T H F T P ~ F N ~ ~ ' ~ ~ ~ ~ ~ R M U I I ) M T J D ~ ~ ~ D Y I I D T ~  
L,lVF!ISTnH C I M )  ,E'O(N) 
F!CUIVI\LYFiCF ( C F ( 9 )  r ':/SO) 
SE.'MI) H F T G l l T  PI,ID R P F I C F  IrNCLF TI! CP!,!"QN /PI'/ L I S T  
H=0(3) 
I'RRTII=C( A )  

F F" PFCIFRnCAI, ( P R )  CIF R ( I  * F *  n F  R E ' + H )  AND CUCITI ENT ( V R F J  V/? 
RH=.l . / [F370*+H) . 

VRR=HR*C ( 2  1 
FIND Cr7LLISIUPi FRFICI!ENCY (EICF) FnR ARSnRFTIc?R FC!!ATTr7N 



FCF=COLP( H ) 

FIND FLFCTRnN DFNSI'IY f F ' N )  AND RFFFACTIVF INDFX ( FVI') r I T S  
B F C I F R D C A L  t H M U )  A N D  DF!?I V A T I  VFS t D~.~I I I :H ,  CMDCTH 
CALL WRX 
F I N I ~  J )F:FIVPTIVES AT C I I R R F N T  VPLIJES nF V P H I P B L F S  
I ? A Y  F'CUATIrlEjS 
F C  ( 2 1 =DV ljl'>?'H 
F0(3)=C( 1)"PYU 
F0( 4 )  = V H I I * P H ~ F M U  
F C (  1 )=FP( 1 )"VI!R+DfAITDH 
J'flASE AND ClinUF ECllATInKS* S r ? L U T I n F S  nl? TI!F Prll??!S EFI:3!.! ,I?F IN Y Y  
UNITS E I I F  T'FVISEDv I F  RE'CUII?FDt IN Sll3Rnlll'INF PAY2F 
FC( S)=Eh'U 
FO( E)  =RMU 
PBSnEPl'JnM BCVATI!7F:. N * B *  CflNS'I'PNT FACTnP OF .04E1 I S n V 1  TTFI) F'PnY 
THE FUP'Q EFLnW bUT I S  BPPCIFO TO Sr_lLDTITjR I N  SUREcll!TJNE RPY?T!  
FCI 7) =F'N"FCFQRMU/( F.'CF*ECF+USG) 
R E'TUR N 
PWC 



Function ~ L F  

This function computes the  e lec t ron  co l l i s i on  frequency a t  a 
given height  from a s u i t a b l e  model. 

The model i n  t h i s  version of the  function consis ts  of the  sum of 
two exponential terms, v i z ,  

The f i r s t  term, which makes the major contribution a t  heights  
below about 120 km where co l l i s i ons  a r e  most e f fec t ive ,  is a f a i r  f i t  t o  
data  ava i l ab le  i n  the  l i t e r a t u r e ,  eg, 151. The second term, predominant 
above 125 km where the e f f e c t s  of co l l i s ions  a r e  much smaller ,  o f f e r s  no 
more than a poss ible  trend i n  co l l i s i on  frequency a t  such heights. 

A graph of the  model is  shown i n  f igure  7. 



STORAGE LIST 

Arg men t Ce 11s 

~ L F  (output) Electron collision frequency, v, number per second. 

H (input) Height, h ,  km* 

00 0 1 FUNCTION CDLF( H 1 
0002 C COLLI SIflN FREQUENCY FUIVCTION 
0003 C VERSION A ( R E V I S E D  21/10/69 A * R * C * )  
0004 C TWr! EXPONFNTIAL SECTIONS- F I R S T  I S  A F I T  TO DATA IN THF: LITERATURE 
0005 C TO ABOUT E-LAYFR PEAK HEIGHTS* SECrlND GIVES nRDFR OF t4PCNITDDF 
0006 C ESTI!dATES AT GREATER HEIGHTS* (FIRST I S  NEGLECTED ABOVE 300 K M * )  
0007 I P ( I I - 3 0 1 ~ * ) 1 ~ 2 ~ 2  
00 08 1 CQLF=*3F5E+12"FXP(-*158"H)+*208F+O4*FXP(-*00424"H) 
00 09 RETURN 
00 l 0 2 COLF=*208E+04*EXP(- -  004210H 1 
0011 RETURN 
00 12 END 



6.2  Group ( i i )  subroutines 

6 .2 .1  Subroutine PRNTPT, 

6 .2 .2  Subroutine RYPRNT. 

6 .2 .3  Subroutine RYPNCH. 

6.2.4 Subroutine MPHGP. 

6.2.5 Sub routine ~ T S  IG. 

6.2.6 Subroutine DAXAX. 



Subroutine PRNTPT 

This subroutine enables the printing of the height, range, phase 
and absorption data for each point i n  a ray-hop, Each page contains the 
data for 80 points and is headed with identification and summrary data for 
the particular hop, 



STORAGE LIST 

Local Variables 

M Loop index 'for p r i n t i n g  da ta  f o r  each point .  

MA Subscr ip t  of f i r s t  po in t  t o  be p r in ted  on a  page. 

MB Subscript  of l a s t  poin t  t o  be p r in ted  on a  page. 

MP ~ b l o o ~  index f o r  pages of pr in tout .  

NP Number of pages required f o r  p r i n t i n g  da ta  f o r  one ray-hop. 

The f i r s t  four  items i n  the  list (qv) a r e  required. 

A l l  i t e m s  i n  the  l ist  (qv) up t o  and including IPK are used 
with the  exception of ALPHR, LA and THETA. 

00 0 1 SUAROUTI NE PRNTPT 
0002  C PRINTS OUT DATA FOR EACH CnMPlJTED PnINT IN A RAY-HOP 
0 0 0 3  C VERSION A (REVISION AND EXTFNSIO14 4/11/69 A*R.C* OF SUB DPRINT 
0004 C 1 4 / 2 / 6 9  K - B * B * )  
0 0 0 5  C 
00 0 6  COMMON /Ih!O/ JflBNO*I I D *  LT,F 
00 0 7 COMMOW /iiOP/ ALPI?R*NDP.*LA,LH*I ,H( 1 0 0 0 )  *THETA( 100f l )  *RHO( 1 0 0 0 )  ,S, 
00 0 8  1 PH( 1 0 0 0 )  ,GP( 1 0 0 0 )  ,AB( 1 0 0 0 )  9ALPHA*ALFHD*IPK 
0009  C 
0010  C FIND NUMBER flF PACES REQUIRED AT 8 0  DATA PCIIMTS PER PAGE 
00 11 N P=I /B 0 
00 12 I F (  NP"80eLT-I MP=NP+l 
0 0 1 3  C INITIAL1  SE SUBSCRIPT OF LAST POINT ON A PACE 
0 0 1 4  MB=O 
0 0 1 5  C EXECUTE THE FOLLC\/ING LOOP FOR THF: RELEVANT NUMRER OF PAGES 
00 16 DO 1 MP=l,NP 
0 0 1 7  C SET SUBSCRIPTS OF FIRST AND LAST PnINTS ON PAGE 
00 18 MA=MB+l 
00 19 MR=MA+79 
002 0 IF(MB-GT.1 )MB=I 
0021 C TITLE A !IF1:/ PAGE 
0022  PRINT 4 1 O 1 ~ ~ J n E t l i ~ ~ I I D ~ L T ~ F ~ A L P H A ~ L f i ~ A L P H D ~ S ~ I ~ I P K r N D R  
0 0 2 3  C FRINT DATA InR THIS PAGE 
0024  PRINT 4 l O 2 v ( M t H ( Y )  ,HAIY(!4) r F H ( I 4 )  ~ G I ~ ( F 1 )  tAB(M1 rM=MA,b!B) 
0 0 2 5  C NEXT PAGE 
0 0 2 6  1 CnNTIMUE 
0 0 2 7  R ETUR N 
0 0 2 8  C PR1 NTQUT FflRblATS 
0029  4 1 0 1  FflHMAT(r"tHlJOB,I5r5H I I D , I 4 r l R / , I 2 g 4 H  F = * F 7 - 3 9  1 l H t J H Z  AI~PHk=vF6*3  
0030 1,BHDEG Hf7P912,DH ALPHD=tF7*3,10HDFG PATH=,F7*lr2HKMtIGt  l nH PTS 
0 0 3 1  2 I P K = f I 3 t G H  NDR=,I2//11711 I HFIGIIT RANGF PRASF 
0032  3 CROUP ARS I HEIGHT RANGE PHASE CROU 
0 0 3 3  4 P ARS/) 
0034  4 1 0 2  F D H M A T ( ~ ( I ~ ~ F ~ * ~ , F ~ O * ~ * ~ E ~ ~ * ~ Y F ? - ~ S ~ X ) )  
0 0 3 5  END 



6.2.2 Subroutine RYPRNT 

This subroutine p r i n t s  out  the  s a l i e n t  da ta  f o r  each ray-hop, 
one l i n e  of da ta  per  hop. The da ta  include apogee height  and range, end 
point  range, phase, group and absorption,  point  count, e t c .  

A system of l i n e  counting f o r  page con t ro l  is included and 
i d e n t i f i c a t i o n  data ,  eg , job, ionospheric model, a r e  p r in ted  a t  the  head 
of each page. 



STORAGE LIST 

Local Variables 

LA &loop index f o r  takeoff angles ( i e ,  f o r  rays). 

LH &loop index f o r  hops. 

LIN Line counter. When the  l i n e  count exceeds 35 a t  the  s t a r t  of a 
pass through the  angle loop a f resh  page of  p r in tou t  is i n i t i a t e d .  

PGU Array containing the u n i t s  of  phase and group da ta  f o r  column 
heading. The three  elements of the  ar ray  contain ( i n  A mode):- 
(KM), (MSEC) , and (CYCLES) respectively.  (The l a t t e r  app l i es  t o  
phase only.) 

The list (qv) up t o  and including KG is required,  bu t  ALPHl 
and DA a r e  no t  used. 

A l l  items i n  the list (qv) up t o  and including R H ~ K  a r e  used. 

SllljRrJUTINE RYFRN'I' 
P R I N T S  flUT SUMMARY n F  DATP FOR FACII RAY HOP 
VERSION A ( R E V I S I O N  2 4 / 1 0 / 6 9  A.R.C. f lF  SUR RPRINT 1 4 / 2 / 6 9  K * A * R * )  

CIJLUMM HEADINGS FnR PHASF AND GROUP DATA 
I)II.IENSIr]N PGTJ( 3) 
DATA PGLI(1)  (OH ( K M )  1 r P G U ( 2 ) ( R H  (MSFC) 1 r P G U ( 3 )  ( 8 H ( C Y C L E S ) )  
I N I T I A L I S E  LINE COUNT TO FORCE A NFW PAGE 
L1 N=36 
START CIF ANGLE ( R A Y  LOOP 
DO 6 L A z l r N A  
CHECK L I N E  COUNT 
I F ( L I M - 3 5 ) % r 2 t  l 
TITLI :  A NEW PACE AND RFSTART LINY COUNT 

1 PRINT 4OltJOBMflrIIDrFGU(KP)tPGU(KC) 
L1 N=4 

START n F  IlrlP LOQF 
2 Ill3 4 LH=l,N9 

CHECK THAT THI S HOP F X I S T S  
I F I K E Y ( L H r L A )  1 5 , 5 9 3  
PRINT DATA FOR T H I S  Hr)F PMD PDVAMCE LIEIF COUNT 

3 PRINT ~ ~ ~ , L T , F ~ P L P H ~ ~ s (  L P )  , A L P I ~ T ) L ( L ~ I ~ L A )  V L H , H P K ~ L I I , L P )  tT tFnK(LHrGA)  r 



0 0 2 8  1 B L ( L H t L A )  t R H n L ( L H t L A 1  t S L I L H t L A )  t P H L ( L H t L A 1  t G P l > { L H s L A )  s 

0 0 2 9  2 A R L ( L H t L A ) g I L I L H t L A )  r N D R L ( L H t L A 1  
0 0 3 0  131 N z L I  N + l  
0 0 3 1  C NEXT HRP 
0 0 3 2  4 CONTINUE 
0 0 3 3  C P R I N T  A BLANK L I N E  AFTER DATA F13R EACH R A Y  AND ADVANCE L I N E  CnvNT 
0 0 3 1  5 P R I N T  4 0 3  
0 0 3 5  LIN=LIM+l  
0 0 3 6  C NEXT ANGLE (RAY l 
0 0 3 7  6 CflNTI NUE 
0 0 3 8  RETURN 
0 0 3 9  C FORMATS FOR PRINTUUT 
0 0 4 0  4 0 1  FnRMAT(RH1 J f l n s I  5 * ? X l e H I n N f l S P H F R E  MODFLt 14//83R LT FREC) ALFHA 
0 0 4 1  1 ALPHD H MAX-HT RANGE-HMX 'END-HT END-RANGE PATH PHAS 
0 0 4 2  2EtAOs711  G R O U P r A 8 s l n H  ARS-DB P T S  N / )  
0 0 4 3  4 0 2  FORMAT(1H ~I?~F?*3tFG~2tF9*4rI2tF'1O~4tF1O~3sF1O-4sFl1*4sF~~1s 
0044 1 2 E l h * 9 s F 8 * 4 t I 4 t I 2 )  
0 0 4 5  4 0 3  FORMAT( 1H 
0 0 4 6  END 



Subroutine RYPNCH 

This subroutine enables the  punching of s i g n i f i c a n t  da ta  f o r  
each ray-hop on "RAYSET" cards. Such cards were termed RAYSETS by Crof t  
[ 4 ]  who or ig ina ted  the  idea  of s t o r i n g  computed ray da ta  on punched cards 
f o r  use i n  o the r  programs, 

Two cards a r e  punched f o r  each ray-hop, the  f i r s t  holding 
i d e n t i f i c a t i o n  d a t a  (eg , job number, ionospheric model number, frequency , 
e t c )  and ray geometry data  (eg, maximum height  reached, hop range, landing 
angle, e t c )  , while  t h e  second holds s i m i l a r  i d e n t i f i c a t i o n  da ta  together 
with phase, group and absorption data. 

Provision is made f o r  the  output f o r  a set of rays t o  b e  ordered 
i n  one of two ways. E i the r  the  punching is cycled by hops, ie ,  hop 1 - 
ray 1, ray 2, ..... ray N; hop 2 - ray 1, ray 2, ..... ray N;  e t c ,  o r  
i t  is cycled by rays,  ie,  ray 1 - hop 1, hop 2, ..... hop M; ray 2 - hop l, 
hop 2,  ..... hop M; e tc .  

Header and t r a i l e r  cards a r e  punched f o r  each set of rays t o  
f a c i l i t a t e  i d e n t i f i c a t i o n  of the  sec t ions  of the  output  deck which may 
contain add i t iona l  output  (see subroutine DATAX). 



STORAGE LIST 

Local Variables 

LA &loop index for angles ( i e ,  rays) 

LH &loop index for hops. 

X An A8 word consisting of 8 asterisks, used on header and trai ler 
cards of a batch of output as an aid to  identification, Set i n  
DATA statement, 

The following items in the list (qv) are used here: F,  IID, 
J ~ B N ~ ,  JP, LT, NA and NU. 

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

0 0 0 1  SUBROUTINE RY PN CH 
0002  C PUNCHES SUMMARY OF DATA FOR EACH RAY-HOP ON ORAYSET* CARDS 
0 0 0 3  C TWO CbRDS AHE PRODUCED FOR EACH RAY-HDP 
0 0 0 4  C VERSInN A (CORRECTION AND REVISION 3 1 / 1 0 / 6 9  A*R*C* OF SUB PUMRAY 
0 0 0 5  C LAST FIODI F1 RD 1 4 / 2 / 6 9  K*B*B* 1 
0 0 0 6  C 
0 0 0 7  C F IRST CARD IN A PAIR CONTAINS ( A )  J@B NO* (B) InNClSPHFRF MnDEL NO* 
OOOR C ( C )  TIME-STEP NCI* (D1 FREQUENCY (E) RAY TAKEOFF ANGLE I F) ANGLE AT 
0009  C END CIF HOP ( M 3 H )  ( G )  HOP MO* ( B )  MAX HEIGHT GAINED 111 HOP (1)  E O H  
0010 C HEIGHT I J) RANGE TO EOH ( K )  PATH LENGTH M EOH ( L )  NI70 UF POINTS 
0 0 1 1  C IN HOP ( M )  EQH INDICATOR 
0012  C SECOND CARD IN A PAIR REPEATS ITEl.IS ( A )  Tfl (E), ( G )  AND (J), THEM 
0 0 1 3  C ( N I  PHASE Tn EClH ( 0 )  GROUP TO EIH ( P 1  Al3SORPTIfllj. FOH (!.I) ABPVF, 
001.4 C H EADEH AND TRAILER CARDS ARE PUNCH ED FOR EACH TIME-STEP/FREG\UFNCY 
0 0 1 5  C SET 
0 0 1 6  C 
0 0 1 7  COMMON /IMI3/ J O B M O , I I D I L T , F ~ N A , N H I D A I A L P H ~ ~ K P ~ K G ~ K X ~ J P  
00 l8 COMMON /OP/ KEY(5t  1 0 0 )  *MDRL(5,100)  r B H Q L ( 5 ~ 1 0 0 )  ,ALP'f!AS( 1 0 0 )  9 

00 19 1 P N L ( 5 , 1 0 0 )  rGPL(5~100)rABT1(5~10~),HPK(5,100)~SL~5~3~O)~ 
002 0 2 H L ( 5 r 1 0 0 )  sALFHDL(5r l 0 0 1  , I L (  5 9  i 0 0 )  
D021 DATA X ( ~!I*-ZO**O*O) 

0022  C 
0 0 2 3  C PUNCH HXADER CARD FOR THIS BATCH 
0024  PUNCH ~ ~ O ~ ~ P , F , F I F I F P X I X ~ X I X , X  
0 0 2 5  C SELECT ORDER OF FUNCBING 
0026 GO TO (1951 , J P  
0 0 2 7  C PUNCH CARDS FOR ALL RAYS FOR EACH HrlP I N  TURN 
0 0 2 8  1 DO 4 L H = l t  !?H 
0039  DO 3 LA=l,WA 
OOhO C CHECK THAT RAY-HOP EXISTS 
0031 IF(KEY(LH,LA) 13,392 
OG32 C BUHCII *RAYSETS% FOR THIS HAY-HOP 



0 0 3 3  2 PUNCH 4202 ,J f lnE10,1ID~LT~F~ALPHF.S(  LA) vALPI!DL( LH,LA)  , L H , H P K ( L A , L A )  9 

0 0 3 4  1 H L I L l l r L A )  ,HIITII,(LN,Lli)  r S L ( L H , L A )  , I L ( L H , L A )  , ! IDr lL(LBtCE)  
0035 PUNCH 4203,JT)BUO,IID,L1',FrAI9PHAS(LA) ,T,AtRBUI, (LII ,LA) , F I 1 L ( L H r L A )  r 
0036 1 G P I , ( L I I r L A )  , A B L ( L B r L A )  , N D R L ( L I l , L A )  
0 0 3 7  3 CORTI MUE 
0 0 3 0  4 CnElTIMUB 
0 0 3 9  GO TO 9 
0040 C  PUNCH CARDS FCIR ALL HOPS flF EACH RAY IN TIJRN 
0 0 4 1  5 D n  8 J , A = l + M , A  
0 0 4 2  D 9  7 LH=l,MH 
0043  C  ClIECK THAT RAY-HflP E X I S T S  
0 0 4 4  I F ( K E Y ( L H 9 L A )  I F 3 9 8 9 6  

0045 C  PUNCI; :$RAY SETSSt FOR TH I S RAY -BUP 
0 0 4 6  6 I'UNCA 42O2,JnBNo,IID,LT,F,AI,PliAS(LA) ,ALPN.TIL(LII,LA) ,LII,flPY( LH,T,A) 
004 7 1 H L ( L I 1 , L A )  ~ R H I J L ( L F I I L A I  v S L ( L H , L k )  ,IT1( Itfl , L A )  *llEP?,( L H r L A I  
0 0 4 8  PUNCH ~ ~ O ~ T ~ J ~ X ~ ! ( ~ , I I D , L T ~ F , A I , F ~ ~ A S ( L A )  ,J,!!,ntl(7L(Lll,LA) , P H L ( L l l , L A )  , 
0049  1 G P L ( L H , L A )  s A B L ( L H t L A )  r M D S L ( L N , L A )  
0 0 5 0  7 CONTIIIUF: 
0 0 5 1  €3 CfJNTIKlJR 
0 0 5 2  C  PlJMC9 TRAILF'R CARD F n R  T H I S  BATCH 
00 53 9 PIJ?ICN ~ ? F ~ ~ X * X , X , X , X , F T F I F , F ~ F  
0 0 5 1  R ETIJH 11 
0 0 5 5  C PUNC!IIMC, FORMATS 
0 0 5 6  4 2 0 1  F f l R M A T ( 5 F 8 . 3 t 5 A O )  
005'7 4 2 0 2  FIlR?~~AT(2I4~I~5~2Y7~3,F8*4~I2~2Fln*4~F11~4,FR*1~I4~I2) 
OOt.>t3 4203 F'DRbIE.Tt 7 I / J t 1 3 t 2 ~ 7 * 3 , 1 2 , F 3  1~4,2E15. ! l~F 'c ) .~r I : f i )  
005'3 4 2 0 4  FiIR!dAT( 5 A 0 , 5 F 0 * 3 1  
0060  END 



6.2.4 Subroutine EXPHGP 

This subroutine is used f o r  the  ca lcu la t ion  and p r i n t o u t  of the 
values of excess phase and group da ta  at  the end of each ray-hop. These 
excess values are the  amounts by which the t o t a l  values,  obtained by 
in tegra t ion  along the  rays,  exceed equivalent  values f o r  a f r e e  space 
path equal  t o  the  g r e a t  c i r c l e  range t o . t h e  end of the  re levant  ray-hop. 
The u n i t s  of the  excess da ta  may be i n  km, PS o r  (phase only) cycles,  
as required. 

A system of l i n e  counting f o r  page con t ro l  of the  p r i n t o u t  is 
included, and . iden t i f i ca t ion  data,  eg, job, ionospheric model, e t c ,  a r e  
p r in ted  a t  the  head of each page. 



STORAGE LIST 

Local Variables 

CFG Factor  t o  convert excess group path da ta  t o  required u n i t s ,  
i e ,  value uni ty  f o r  excess group path i n  km, o r  value l / c  
(c ve loc i ty  of l i g h t ,  kmlps) f o r  excess group time i n  
)I S. 

Factor t o  convert excess phase path da ta  t o  required u n i t s ,  
i e ,  value uni ty  f o r  excess phase path i n  km, value 
(c  = veloci ty  of  l i g h t ,  lan/us) f o r  excess phase time i n  us 
o r  value f / c  (f = frequency, MHz) f o r  excess phase i n  
cycles. 

L1\ ~ 6 - l o o p  index f o r  takeoff angles ( i e ,  rays). 

LC Control t o  s e l e c t  column heading (see XPGU) f o r  excess group 
d a t a  p r in tou t ,  i e ,  1 f o r  (KM) o r  2 f o r  (MUSECS). 

LH D'5-loop index f o r  hops. 

LIN Line counter. When the count exceeds 35 a t  the  end of the 
p r in tou t  f o r  a ray,  a new page of output is i n i t i a t e d .  

LP Control t o  s e l e c t  column heading (see XPGU) f o r  excess phase d a t a  
p r i n t o u t ,  ie ,  1 f o r  @X), 2 f o r  (MUSECS) o r  3 f o r  (CYCLES). 

RCF9 Reciprocal of CF9 (see  blank c ~ M M ~ N  l i s t ) .  

RCFlO Reciprocal of CFlO (see blank c ~ M I ~ N  l i s t ) .  

XPGU Array of A-mode da ta  forming the  column headings f o r  the p r i n t o u t  
of excess phase and group data. Contents are: (KM),  (MUSECS) and 
(CYCLES), set i n  DATA statement (see LG and LP). 

Blank C ~ M M ~ N  

The only items i n  the l ist  (qv) used here  a r e  elements 9 and 
10 of the  ar ray  CF, referenced loca l ly  by the  names CF9 and CFlO respect ively .  

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

The following items from the  list (qv) a r e  used here: ALPHAS, 
GPL , KEY, NDRL , PHL, R H ~ L ,  XGP and XPH. 



SUBROUTINF FXPHGP 
CALCULATES AND PRINTS EXCESS PHASE AND GROUP DPTA IN SPFCIFIED 
UNITS FflR EACH R A Y  HOP 
VERSInN A (REVISION 2 ? / 1 0 / 6 9  A*R*C*. OF SUB FXCESS 14 /2 / .69  K * R * P *  1 

COMMnN C ( ~ O ~ O ) ~ I C ( ~ ~ ) ~ C F ( ~ ) ~ C F ~ P C F ~ ~  
COMMON /IMO/ J O B N O ~ I I D ~ L T ~ F I N A ~ N H * I ~ A ~ A L P H ~ ~ K P ~ K G I K X  
COMMnN /OP/ KEY ( 5 ~  1 0 0 1  r N D R L ( 5 r 1 0 0 ) r R H n I I (  5 9  1 0 0 )  vALPHAS( l f l n l 9  

1 P H L ( 5 r l Q O )  p C P L ( 5 9 1 0 n )  9ABLi59100)  ~ H P K ( 5 * 1 0 0 1  * S L ( 5 * 1 0 0 )  9 

2 H L ( 5 r 1 0 0 )  rALFHDC(5 t100)  v I L ( 5 9 1 0 0 )  *RHI7K[59100) 9 

3 ALPHRS( 1 0 0 )  tALPHRL15r300)  t X P H ( 3 ~ 1 0 0 1  ,XCF(5*1  0 0 )  

COLUMN HEADINGS FOR EXCESS PHASR AND GROUP DATA 
DIMEMSIOki XFCn( 3) 
DATA X P G U ( 3 ) ( 8 H  ( K M )  )*XPGIJ(?)(~H(MUSFCS))VXPCU(~~(RH(CYC~,FS)) 
FORM RECIPROCALS flF C F ( 9 )  AND CF( 1 0 )  TO CnNVFRT PHASE AND CROUP 
DATA R A C K  Tfl K M  
RCF9=1* /CF9 
RCFlO=l* /CFlO 
SELECT REQUIRED UNITS OF EXCESS PBASE DATA 
Cn TO ( l t l r 2 * ? , 3 * 3 ) 9 K X  
EXCFSS FHASE PATH IN K M  

l CFP=l*  
LP=1 
GO TO 4 
EXCESS PAASF TIMF IN MICROSFCONDS 

2 C FP=3* 3 3 5 6 4  0 4 8 4 6 6 8 6  
LP=2 
Gn TO 4 
EXCESS PHASF I!] CYCLFS 

3 CFP=F"3* 3 3 5 6 4 0 4 8 1 6 6 8 6  
LP=3 
SELECT REQUIRED UNITS OF EXCFSS GROUP DATA 

4 GO Tfl ( 5 r 6 * 5 9 6 * 5 * 6 ) r K X  
EXCFSS GROUP PATH IN K M  

5 CFG=l* 
LC= 1 
GO T'l 7 
PXCESS GROUP TIMF IN MICROSECONDS 

6 C F C = 3 * 3 3 5 6 1 0 4 8 4 6 6 8 6  
LG=2 
I N I T I A L I S E  LINE CnUNT 'PY FflRCE A NE!i PAGE 

7 L1 N=36 
START OF ANGLE ( R A Y  1 LnOP 
M3 13 LA=l,NA 
CHECK LINE COUNT 
I F (  L I N - 3 5 ) 9 , 9 * 8  
TITLE A NEW PAGE AND RESTART LINE COUNT 

S PRINT 4 ~ l t J n R N ~ t I I D ~ L T t F t X P G U ( L P ) ~ X P G U ( L G )  
L1 N = I  
START OF HOP LnOP 

9 nn 11 L H = I , N H  
CHECK THAT THIS HnP EXISTS 
IF (KRY(LHILA)  ) 1 2 9 1 2 r 1 0  



CALCULATP EXCESS FHASE AND GROTJP DATA FOR T H I S  WIP 
10 XPH( LH (LA)=(PflLtLHrLP)*RCFS-RHQI,( LHpLAI 1"CFP 

XGP(LHtLA)=(CYLILF,LA)*RCFJD-RIl?Lf C11rLAl IsCFG 
F R I N T  DATA FVR T H I S  HVP AND ADVANCF.LINE CflIlNT 
PRINT 4 0 2 v A L P H A S I L A )  , L H t N D R L ( L H r L A )  , R H f l L ( L H ( L P )  rXFH(L11:pLA) 9 

1 X C P ( L H , L A )  
L 1  N=LI M+1 
NEXT HOP 

11 CONTINUE 
P R I N T  A BLANK LIME AFTER DATA FnR EACH R A Y  AND ADVANCE L I N E  CnUNT 

12 F R I N T  4 0 3  
L1 N=I,Z N+1 
NEXT A N G L E  (RAY1 

13 CONTI EITJE 
R ETUR N 
FnRMP.TS FOR PRINTOUT 

4 0 1  FORMPT(AH1 Jr)brI5r?XlEHIr!Mr3SFHERF: MnDEL, 1 4 , 5 X O I I T I M E  S T E F r I 3 ,  
18x1 1.HFREOIJE:IiCY = r  F7*3, .?H \ fRZ/ /52H ThKERFF AMGLF HOP TYYF RAN 
2 G E  EXCESS P I I A S E ~ A O ~  1411 PXCESS G R ~ I . I P , A D / )  

402 FllRMAI'( IH  r ~ 9 * 2 r I ~ r I ~ t F 1 3 * ? ? r ~ 1 7 * 3 r F 2 2 ~ 3 )  
4 0 3  FORMAT(1H 1 

END 



6.2.5 Subroutine ~ T S I C  

This subroutine calcula tes  the  s i gna l  l o s s  due t o  s p a t i a l  dispersion 
of rays and combines i t  with the  relevant  value of absorption t o  g ive  an 
est imate of the  t o t a l  s i gna l  l o s s  along a ray, excluding losses  on ground 
ref lec t ion.  

The calcula t ion is based upon the  expression, derived i n  reference 
[2] ,  which s t a t e s  t ha t ,  due t o  s p a t i a l  dispersion,  a 1 watt, ground-bssed, 
i so t rop i c  t ransmit ter  del ivers  a power f lux of 

COS a - -__. .% w i t t s  p e r  square kilometer 
4nre s i n  (PD/re) s i n  a 6p D 

a t  a point  (on the  ground), range pD km from the transmitter .  a is the  
takeoff angle of the ray reaching p aD is the  ray landing angle, re is D ' the  e a r t h  radius (6370 km) and 6p is the  small change i n  range due t o  a 
small increment 6a (radians) i n  the  takeoff angle. 

The l o s s  due t o  s p a t i a l  dispersion is therefore  

l 0  log ( 4nre s i n  (pDlre) s in  aD 
cos a 

I%l ) db with 

respect  t o  1 watt per square kilometer. 1 

The value of 6p/6a  i s -es t imated,  using three  adjacent  rays of 
ranges P ~ - ~ ,  p, and P ~ + ~ ,  from one of the  following forms:- 

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

I f  the  takeoff angle increment is expressed i n  degrees, the  
expression f o r  the s p a t i a l  dispersion l o s s  becomes 

360 re s i n  (pD/re) s i n  aD 

COS a If (P) . 
This is the form used i n  the  subroutine, and the second expression f o r  
f (p) is used where possible. 

I n  cases where rays do not  land o r  where the re  a r e  less than th ree  
consecutive landing rays, the  s p a t i a l  dispersion and t o t a l  losses  a r e  given 
dummy values of zero ( t h i s  being an easy number t o  i den t i f y  i n  the output). 



Rays r e f l e c t i ng  i n  d i f f e r en t  ionospheric l ayers  are t rea ted  i n  
separate  batches. The present program can only handle such mode s p l i t t i n g  
a t  one height  - normally between E and F l ayers ,  and a l so  it can only i den t i f y  
the  ' s p l i t  i n  the hop under considerat ion,  eg,  i f ,  i n  one hop, two adjacent  
rays r e f l e c t ,  one i n  the  E and one i n  the  F, they a r e  t r ea ted  i n  separate  
batches,  but  i f ,  i n  the  next hop, due t o  an ionospheric tilt, they both 
r e f l e c t  i n  the same layer ,  they a r e  t r ea ted  i n  the  same batch,  giving 
r e s u l t s  of doubtful value; Nowever, cases l i k e  t h i s  a r e  normally r a r e  enough 
not t o  be a nui'sance. 

I n  the p r in tou t  sec t ion  of t he  program, a system of l i n e  counting 
f o r  page control  is included, and i d e n t i f i c a t i a n  data, eg, job, ionospheric 
model, a r e  p r in ted  a t  the  head of each page of output. 



STORAGE LIST 

Local Variables 

C ~ N D B S  A constant loss ,  i n  db, a r i s i n g  i n  the  evaluation of s p a t i a l  
d ispers ion and derived from 36Ge/6a ( re  = 6370 km, 60 = takeoff 
angle increment i n  degrees). See notes on subroutine. 

FRG A function of the  ranges of th ree  adjacent landing rays,  used 
i n  est imating the  rate of change of range with takeoff angle. 
See f (p )  i n  notes on subroutine. 

A con t ro l  determining the  ac t ion required when t h e  end of a 
batch of landing rays is encountered. Poss ib le  values are:  
1 (mode-split found), 2 (non-landing ray) o r  3 (non-existant 
ray-hop). 

LA D6-loop index f o r  takeoff angles. 

LH  loo^ index f o r  hops. 

LIN Line counter. When the  l i n e  count exceeds 43 a f resh  page of 
p r in tou t  is i n i t i a t e d .  

M I B  Number of landing rays i n  the  previous batch. 

NB A control  indica t ing t h a t  a co l l ec t ion  of landing rays is  not  
(NB = l )  o r  is (NB = 2) i n  progress. 

NIB Counter f o r  the  number of landing rays i n  the  current  batch. 

RANGE Range, i n  km, of the ray f o r  which the  s p a t i a l  d ispers ion is 
being computed. 

m 3 6 0  3hOre ( r e  - 6370 km). Se t  i n  DATA statement. 

RRE Reciprocal of e a r t h  radius re. Set i n  DATA statement. 

SPDB Array containing the  values of s p a t i a l  d ispers ion l o s s ,  i n  
db, f o r  each ray-hop. 

TRIG Product of the  s i n e  of a ray-hop range angle and the  s i n e  of its 
landing angle, divided by the  cosine of the  ray takeoff angle. 

The following items from the  list (qv) a r e  used: DA, F, HEF, I I D ,  
J ~ B N ~ ,  LT, NA and NH. 

The following items f ram-the list (qv) a r e  used: ABL, ALPHAS, 
ALPHRL, ALPHRS, HPK, KEY, NDRL, RHOL and SIGL. 



Sl1PRT]UTINF TQTSI G 
E S T I ~ P T B S  S I G N A L  cnss D ~ E  ~ r ,  S P A T I A L  D I S P F F S I ~ N  E T  FND n~ FPCN R P Y  
HOP AND CnYBINES WITH RELEVANT AHSnRPTIllN VFLIIE T n  G I V F  TOTAL LnSS 
VERSION P (F(RVISIPE1 6 / 1 1 / C 9  A*R-C* OF FRnGRAY nF FFE 6R F * Y * , l * r  

Ml7DIFIBD AS SUE SICSTF! 14/2/69 K * B * B * )  
ESTIMATION I1F SPATIAL DISFERSIflN RECUIRES THRFF ADJACFNT LANDING 
RAYS IN SPYF MnDE 

COYMOK /IMfl/ J ~ E N O t I I D r L T t F t M A t N H t D A t E I ~ P H 1 ~ Y P t K G t K X t J P ~ J X t H P F  
COMMIlN /OY/ KEY (5t1Ofl) t N I ~ I ? I , ( 5 * 1 o f l I  tRHnL(  5,lnfl) tALPHAS( I O n )  v 

1 Y H L ( 5 t 3 O U )  t S I , ( 2 t l o r \ I t  
2 H L ( f i r l O ( ! ) r A L P H I ) L ( 5 ~ 1 f l 0 ) t I L ~ 5 ~ l f l ~ )  9 R H n K ( t i r 1 0 0 1  t 
3 ALPHHS( 1 0 0 )  tALFHBL(5*1Ot l I  t X F H ( 5 t l O O )  t X G P ( 5 9 1 0 0 )  r 
4 S I C L (  5* i n n )  

DATA R E X 3 6 0 (  2293200.) *RAF(  1 5 6 9 R C W 7 1 2 7 1 5 9 F - 0 3 )  
DIMENSIflN SPDE(  5 9  1 0 0 )  

LOSS D U E  TT) SPATIAL D l S P E R S I n N  ( 1 M  DBSt I S  DFFIVFD FRllhd - 
1O"ELflClOI (36O*RE/DP)*(SIN(RHO/REI*SIN(PLFHDl/CrlS( ALPHA) l t 'F(FHllS) 
RE=63?0KMt DP='I'AYFrlFF ANGLE I NCFFvFNT( DEG) t FRn=RAEICF CIF RFLFVAM?' 
RAY-HOFt ALPHF=RAY TAKFOFE' PNCI~EI  P.LPRD=BnF LANDING AFlGLF 
F(RHr!S) I S  RANGE FIINCPInN WHflSl? FURM DFPFWUS nN \P!FTHEP L n S S  IS 
CAIJCULATED R!R FIRET9 MIlIIlLE: 13R LAST '1F THRFF ADJACENT R A Y S *  
FOR NnN-LANDING BAYS ( N D H * G T * l )  AND RAYS IN SETS CIF LT139 SIGflPL 
L n s s  I S  SET TI-I DUVYY V A L U E  CIF Z R R ~  

S F T  COMSTAfiT TERM 1 flGALflGI ll( 360*RE/OA 1 
CONDES=ELflGl[l( RFX3Gn/DAI91 0 -  
CALCULATION O F  SIGNAL LOSS 
START [?F HOP LOi3P 
DQ 25  LH=l t N H  
I N I T I A L I S E  BATCH INDICATOR NB=1 ( N I 7  DATA), NUMRPR I N  BATCH NIB=O 
NB=1 
N I B=O 
START OF ANGLE (RAY) LOOP 
DO 24 LA=lrNA 
CHECK THAT RAY-RnP E X I S T S  
I F ( K E Y ( L H 9 L A )  1 3 9 3 9 1  
CHECK FOR LANDING RAY 

1 I F ( 2 - N D R L (  L H r L A 1 ) 2 t 2 r 6  
NON-LANDING RAY. SET FLflW CnNTRflL K=2 

2 K=2 
GQ TO 4 
NON-BXI STANT RAY-HOP. SET FLOW CONTROL K=3 

3 Y = 3  
CHECK WHETHER A BATCH f lF  DATA HAD BEEN STARTFD 

4 GCI m ( 2 1 r 5 ) r N H  
BATCH WAS STARTED* STQRB NO* IN BATCH M I A *  RFSET NBt N I P  TO N I l  DATE 



LANDING PAY FrlUNn. INCREMENT MO- IN BATCH, SFT I N D I C A T n R  !JP-2 (nN) 
6 M I B = N I E + l  

M R=? 
CRECK NO* OF PAYS IN RATCM 
I F ( 2 - H I E )  7,7922 
Tkfl OR ;4fl?F FAY S IN BATCH CRECK Fn)! MODE S P L I T  FFTYPEM L J S T  T!Ti 

7 I 'E'I!IPI!(LI?,L~1-HFF)Q,F:~O 
-9 IP ( I IT-K(LI !~LE-1) -~ lEF1!0 ,1P ,16  ' ' '  

9 I F ~ ~ I E F - H P X ( L H ~ L ~ - l ~ ) l f , l ~ ~ , l R  
NO WIDE ? F L I T  F'??.'MD* CVFCK !?I7. ' lF RAYS I N  RATCM 

lrl IF ( ! i I I a -T)  1 4 , 3 3 . , 1 2  
THREE PAYS I!! BAqCM. CALCVLATE SIGNAL LnSS FnR F I R S T  

11  RBt.:CF=RHOL( CS , LE-2)  
FR!~O=AES(?~A6GT"*:3.-Pbl)I1( J,Ii ,LA- l  )*4.+FSilI ,(  Lfl, I,A 1 1 
'I 'PIG=SIl\l(PAT.!C~"l~?E)5~SIE!( ELFAFL(  LF!, LE.-?) /C?$( E L P H Q S ( L A - 2 )  ) 

SPDE( LH , L P - 2 ) = h L n G l f l (  1iI!ICi~?F:~lr))~~1fl.+C3UDBS 
S I C L (  LH, r ,P -? I=Fr . rn (L i !  , L P - ~ ) + X E L (  I,!], LP-;!) 
AT LEAST THT?FI; TEYS If: F?TCfl*  PIMI) SICN!AL LQSS FnR PFNVLTI,.IATF nKF 

12 FI)Hr7=AEF( f i lQL( !,H , LA-2) -P.tI:IL( [,!l ,!,.A) 1 
TI?IG=SI!'( r'!1pL.( LrlrLP-1 13e??.RF)trSIf i (  ) \ T , ~ H F L (  LH', tp-!'l ) /COc( kLP!!PS( I,!-! 
SPDF( L;! , L P - ]  l=E . I :~T:1P(? i i IGi f~H~] l*1f l .+CQ"I ' ?~  
SICT.( T , I ! , L F - I ) = C ~ I : ! : ( I , ' : ~ , L ! ~ - ~ ) + P ~ ~ L ~ T , ~ I , J , ~ - I  
CI IPC"  I F  CT'r:!'t:7 15 ~ 1 x 4 ~  O~!F 
Il! '(?lA-LA) 13, 1 7 , 2 ~  
FINP,L ELY I S  IN P PETCA r lF AT LEAST T!lrEF* CPLCT!LI\TF SIC?.!dTJ LnSS 

13 RAl!I:R=Il!i+-1LI L!? 9 L A  
FFR~)=A?S(EE~:~I:T~~.-?~~~L( L!! 9 LA-1 ) & A  . + P H ~ I , (  L P ,  GP-21 1 
TRIC=SI~~(?PPiC~ ' "~~"~ l "SI !1 (  PLPtlDL( L H ? L P )  ) /CD?( :tPN?$I ZP.1)  
SFDEI  L H r L I ! ) = E L Q C l P (  T ~ ' I c ~ ~ F O F I . ' ~ ) ~ ~ ~ ~ ~ . + C ~ I ; ~ T : ~  
S I G L ( L H  , L L ) = ~ ; F ~ I : ( L ~ I , L A ) + A ~ : T , ( L ~ I  ,LA) 
Gr! TV 21 
LESS TBPK THRFF RAY: T U  BATCH. CHFCK I F  CI?PFFMT RAY I S  PI1,IPL 17KF 

11 I F ( M A - L 4 1  1 5 9  1 5 9 2 4  
FINAL R A Y  I S  I?] f r f , ~ ' ~ f l  OF L P S S  T R A M  TARFF. ?FT FLnY CnNTFOIJ K=? 

15 K=2 
Gr) TO 19 
YrlnE S P L I T  FIlICfl!lNTEFFR. $FT FLrl!.! COllTEQL '<=l, STOBF YO* OF RAYS I N  
BATCH1 MII; Fpl? PRFVII3l1S ?."ODE ANC S T P R T  COTINT I:IP FOR qFW MODE 

16 Y = l  
? ! IE=NIB-1 
NI B = l  
CHECK Mq* fiF EAYS IN LdST EATCH 

3.7 I F (  V I E - 2 )  1 9 9 3 F : , ? f l  
OIJLY TI:m ' P A Y S  I ? !  LAST BJTCH* S E T  DlT114fY L q S S  FnR FIRST 

18 s~nni~,r r ,~4-?)=o.  
S I G L (  LF 9 I , l i -?)=fi* 
~ : Q T  !,tr)pl ~ : [ { ~ p j  ~ : . ; l l  R A Y S  I[! pRRVIfl(]S R A T C H .  $FT PUX'rY LnSS F-'? LAST 

19 SFCD ( LT! , L:.-3 1 =C 
S I G L ( L ~ l r L E - I ) = O *  
GrJ To 21 

A T  L E A S T  TRREF' P!.YS IPI P P P V I ~ ~ U S  EATCH.  F I N F  SICNET, L n s s  F ~ R  JAST 
20 RA'IGF=RHqL( L;{ t LA-1 

FBH%APF I I'Pb!GF"3.-R!!qL( LH ,LA-?) *4 .+Rl l f lL(  I1R 9 1,A-311 
TRIG=SIY(PE' lCF*??R)*YIF( FT,PHI!L( LII , LE-3.) ) /CnF( PLPHPSt LA-1 1 )  



01 07 SPDN LI! , L ~ - ~ ) = F L ~ c : I  0 1  TEIC*FF ,H~) )*~Q.+C~MET.S  
01 08 SIciI,( I ~ F ! ~ L ~ ~ ~ ) ~ P P F ~ ~ L H P I ~ P - ~ . ~ + A ~ L ( L ~ ~ P L ~ ! - ~ ~  
0109 C POCLDW FLOW CONTROL K 
D110 2 1  GQ TO (22923,211 ,K 
0 1 1 1  C ONE R A Y  IN CURHEMT BATCH* CHECK 1F.FEMA.L .DAY 
03 12 22 IF( NA-L1\ )23 ,23 t24  
0113 C SET DUMMY 'I,'ISS F?!? CURRENT RhY 
01.14 23 SFDB( LY I L I ) = O  
011 5 SICL(  L9rLA)=O. 
0116 C NEXT ANGLE ( R A Y  
0117 , 24 C*MTIllUE 
,011P C YFXT HilP 
0 1 1 3  25 CBIJTIFTJF 
R12fl C il 

U121 C P??I !ITCUT OF E?SULTS 
0122: C START OF MOP LWP 
C13.23 ~n 32 L):=? ,Q!:. 
0124 C TI'PP'I .F. NF'W PPr'E K ) R  EAC!! HQP A N D  I ; ' I? ' IPLISF  L!NF COUNT 
(11 5 5  P~I'~";ll[rl,JORND,II~,LTrF 
L11 ZE: L1 N=4 
6127 C STAFT OF ANGLF (!L4Y) LOOP 
0 1  CB 71 L!=1 r Y A  
11120 C CHECK L t T I F  COUNT 
1'130 1 F( I ~ I N - . 3 3 ) ~ ? ~ 2 7 r 2 6  
n1::1 C 'I-ITLr : NEW PACE ANF T~FSTAPT LI*'T. c;-~CPT 
0132 26 ?PINT 41011 JC\liK;l,II JirIt'l'rP 
$ 3  33 J,I C=/! 
fl1.34 C CHECK THAT RbY-HOP TXSSTS 
n135 27 IF(KFY(L!l?LA1)2t+r2t3,29 
033E C Fol'cF A 51,AtlY LtRP Z;ZIR NON-UISTABT RPY-HOP 
0137 20  PP.IMT 4102 
01  38 Gn Tfl 30 
0139 C PRIVT DATA FqR T!lIS R A Y - H n F  PJ1.R !DVMCE TJ1 NE (i0UNT 
O14O 29 PFINT ~ ~ I ~ ~ , A L I ? ~ I A s ( L A )  ~LFI~MDFL(LH,L~~),PHDZ~(L!!~LE) rlFL!(LYrLE) 9 

0141 3 SPDBILHrLA) 9SICL(LH,LA) 
0142 30 L1 !l=LIB+l 
0343 C E I n T  AEIGLE (RAY) 
0144 31 COIi'I;I!?VE 
0145 C NFXfI '  MOP 
OlSG 32 COBTINUE 
0147 RETTJRlJ 

C F!?I MTfl'l!? F?!T'!P TS 
0149 4 1  0 1  Fni?NATI 1 JnB,I 5,7>I16RI!7firlSF1iFF!F *fr)DELv 1 4 ,  AXSRTIF!%?-STFP* 179 
016r1 l r ? y l l l j F ~ ~ C [ ~ ~ ~ ~ ~ C y  =, F7.3,4;! NHW/GX82HRAY T/O !MGT~F HOP fl‘DR P A l l  
0151 P G E - K M  AESOCP-DES SFFT- D1 SP-CBS TTlThL M$S-DBS/) 
I1152 4103 FORMAT(lI1 1 
0153 4103 FO%).IET( 1H , ~ 1 5 . 3 r I 7 r I 5 ~ F 1 4 : * 4 ~ ~ 1 2 = 4  r V 3 5 * ~ r F 1 . 6 * 4 )  
0 1  54 FED 



6.2.6 Subroutine DATAX 

This subroutine enables the punching onto cards, fo r ,  poss ib le  
use i n  o ther  programs, of the  range, excess phase and group data atlh , 

t o t a l  s i g n a l  s t reng th  f o r  each ray-hop,, together with appropriate 
i den t i f i c a t i on  data. I n  addit ion,  p r in tou t  of the  above data id 'g iven,  
th is  being a  combination of the. tabulat ions obtained from subroutines 
EXPHGP and T ~ T S I G  (qv). , 

3 1 

The output may be ordered i n  one of two ways, e i t h e r  being 
cycled by hops, i e ,  hop 1 - ray 1, ray 2, ..... ray N;  hop 2 - 'ray 1, 
ray 2, ..... ray N ;  e t c ,  o r  by takeoff angles ( rays) ,  ie, ray 1 - hop 1, 
hop 2, ..... hop M;  ray 2  - hop 1, hop 2, ..... hop M; e tc .  

Hiader and t r a l i e r  &r&' ate pdched  f o r  each set af rays t o  
a3.d i den t i f i c a t i on  of the  sect ions  of t he  output deck which may include 
output from s;ubroutine RYPNCH (qv). 

A sys tern of l i n e  eounting f o r  page con t ro l  of t h e  p r in tou t  
is included, and each page produced is t i t l e d  with s u i t a b l e  i den t i f i c a t i on  
data. 



S T O W E  LIST 

Local Variab lets 

LA $-loop index f o r  takeoff mgles  ( i e ,  rays). 

LG Control t o  s e l e c t  column heading (see XPGU) f o r  excess group 
data pr intout ,  i e ,  1 f o r  (KM) o r  2 f o r  (MUSECS). 

LH D & ~ O O ~  index f o r  hops, 

LIN Line counter fo r  page control  of printout. 

LP Control to  s e l e c t  column heeding (see XPGU) fo r  excess phase 
data printout,  i e ,  1 f o r  (KM), 2 f o r  WSECS) o r  3 f o r  (CYCLES). 

X An A8 word consisting of 8 X ' s ,  used on header and t r a i l e r  cards 
of a batch of output as an a id  t o  ident i f icat ion.  Set i n  DATA 
statement. 

WGU Array of A-mode data forming the column headings f o r  the pr intout  
of excess phase and grsup data. Contents are: (W), (MUSECS) and 
(CYCLES) , set i n  DATA statement (see IX; and LP). 

The list (qv) up t o  and including JX is used with the exception 
of ALPH1, DA, J P ,  KG and KP. 

The following items i n  the list (qv) are used: ALPHAS, KEY, 
NDRL, RH~L, SIGL, XGP and XPH, 



SUBRnUTI NE DATAX 
P R I N T S  AND PUNCHES FnR EACH RAY-HOP* IDENTIFICATION DATA* RANGE 
EXCESS PHASE AND GROUP AND 'IOTAL SIGNAL STRENGTH 
VERSION A ( R E V I S I O N  3/11/69 A*R*C* O F  SUB XDATA 14/2/69 Y.R.B.) 

CnMMON /IMO/ J O B N I ~ ~ I I D I L T * F ~ N A * M H ~ D A ~ A L P H ~ ~ K P , K G , K X * J P * J X  
COMMON /OP/ K E Y ( 5 ~ l f l O ) ~ N D R L ( 5 ~ 1 0 O ) r R H ~ L ( 5 ~ 1 0 0 ) ~ A L P H A S ~ l f l ~ 1 ~  

1 P H L ( 5 * 1 0 0 ) ~ G P L ( 5 t 1 0 0 )  rABL~5~1flO),HPK(b,l@fl)~SL(5,1~0), 
2 H L ( 5 t 1 0 0 )  rALPHDLI 5 9 1 0 0 )  g I L (  5 9  1 O f l )  ~ R H n K ( 5 ~ 1 0 0 ! ,  
3 A L P H R S ( 1 0 0 1  r A L P H R L ( 5 v l O O I  ~ X P H ( 5 ~ 1 f l O ) * X C , P ( 5 ~ 1 0 ~ )  P 

4 S I G L ( 5 r 1 0 0 )  
DATA Xf8HXXXXXXXX) 
CULUMN HEADINGS FOR EXCESS PHASE A N D  GROUP DATA 
D1 MENSICIN XPGU( 3) 
DATA XPGU( 1) ( 8 H  ( K M )  vXPGUI2)  (RW(MUSECS))  , X P G U ( 3 )  ( 8 H ( C Y C L E S )  1 
S E T  SUBSCRIPTS FOR REQUIRED flEADINGS 
L P = ( K X + 1 ) / 2  
LG=f 1-KX /2  1 *2+KX 
PUNCH HEADER CARD FOR T H I S  SET 
PUNCH 4 2 0 1 9  F r  E1 ,FrF9F,Xr1! rXtX,X 
SELECT REOUIRED ORDER OF OUTPUT 
GO TO ( 1 9 7 ) r J X  
ORDER OF DATA - ALL RAY-HOPS FOR EACH HOP IN TURN 
START ! IF  HQP LOOP 

1 DO 6 LH=lrNH 
START A NEii PAGE FOX EACH HOP AND I N I T I A L I S E  L I N E  COUNT 
P R I N T  4101*JDBNO*IID,LT,F,XPGU(LP) rXPGIl( LG) 
L I N = 4  
START OF A N G L E  ( R A Y  LnnP 
DO 5 LA=l,NA 
CHECK THAT RAY-HOP E X I S T S  
I F ( K E Y ( L H 9 L A )  1 5 r 5 r 2  
PUNCH DATA FUR T H I S  RAY-HOF 

2 PUNCH ~ ~ ~ ~ ~ J O B N O I I I D * L T ~ F * A L P H A S ( L A )  9LH tNDRLILH9LA) vR!lOL(LH*LA) r 
1 XPH(LH9LA) rXGP(LH9LA)  , S I G L ( L H I L A !  
CHECK L I N E  COUNT 
I F ( L 1 N - 4 3 ) 4 , 4 , 3  
T I T L E  A NEW PAGE AND RESTART L I N E  COUNT 

3 PRINT 4101~J9BN~2rIIDtLTrF~XPGU( L P )  sXPGU(LG) 
L1  N=4 
PRINT DATA FOR T H I S  RAY-HQP AND INCREMENT L I N E  COUNT 

4 PRINT 4 1 0 2 t A L P H A S ( L A I  ,LHPNDRL(LI~,LA)~RH~JL(LH~LA) r X F H ( L H r L A )  r 
1 XGP(LHtLA1 , S I C L (  LHrLA) 

L1  N=LI !I+1 
NEXT ANGLE ( R A Y )  

5 CONTINUE 
NEXT HOP 

6 CONTINrJE 
GO Tf3 14 
ORDER OP DATA - ALL HOPS FDR EACH ANGLE [RAY) IN TURN 
I N I T I A L I S E  L I N E  COUNT TO FORCE A FRESH PAGE 

7 L I N = 3 6  
START O F  ANGLE (RAY 1 LOOP 



0 0 5 4  DO 13 LA=l,MA 
0 0 5 5  C CHECK LINE COUNT 
00 56 I F (  LIN-3519r9 ,R  
0 0 5 7  C TITLE A NEW FACE AND RESTART LINE COUNT 
0 0 5 8  8 PRINT 4101rJOBNOrIIDrLTsF~XPGU(LPI *XPGUf LCI 
0 0 5 9  L1 N=4 
0060  C START OF HCtP LOOP 
0 0 6 1  9 DO 11 LH=lrNH 
0062  C CHECK THAT RAY-HOP EXISTS 
0 0 6 3  IF(KRY(LH,LAI l l 2 t l 2 , 1 0  
0 0 6 4  C PUNCI1 AND PRINT DATA FOR THIS HOP ANT) INCREMENT LINF COUNT 
0 0 6 5  10PUNCB ~ ~ ~ ~ ~ J O B M O ~ I I D , L T I F I A L P H A S ( L A ~ ~ L H I N ~ P L ( L H ~ L A I , R H ~ ~ L ( L H ~ L A I ,  
0 0 6 6  1 XPH(LHtLAIrXGP(LB,LAI rSICLILHtLA1 
0 0 6 7  PRINT 4102rALPHAS(LAI rLH,NDFL(LHvLA) rRHOL(LH(LA1 ,XFII(LHrLA) r 
0 0 6 8  1 XCP(LH1LAI rSIGL(LHrLA1 . 
0 0 6 9  L1 N=LI !l+ 1 
0070  C NEXT HOP 
00 71 11 COMTIMUE 
0 0 7 2  C PRINT A BLANK LINE AFTER DATA FOR EACH R A Y  AND ADVANCE LINT COUNT 
0 0 7 3  1 2 P R I N T 4 1 0 3  
00 7 4  LIN=LIN+l  
0 0 7 5  C NEXT ANGLE ( R A Y  I 
0 0 7 6  13 CKINTI NUE 
0 0 7 7  C PUNCH TRAILER CARD FOR THIS SET 
00 79 14 PUNCH ~ ~ O ~ Y X ~ X I X , X ~ X , F , F ~ F I F , F  
0 0 7 9  RETURN 
0080  C PRINT FORMATS 
0 0 8 1  4 1 0 1  FnRMAT( 811 l Jf lB, I  5r7X16HIONOSPHERE !.tnDELrI4,5X9HTTMF-STEP,I3, 
0082  18X 11RFREClJENCY = r  F70 3 9  4H MHZ//I OX4FHTAKFUFF ANGLE HOP NDP RANG 
0 0 8 3  2E-KM EX PHASE,A8,11H EX CROUP, ARI 1SH S1 I: STRFMCTII-DBSII 
0 0 0 4  4 1 0 2  FORVAT(1H ~F18*3tI8~14~F14*4rF16*4rF19*4~F10*4) 
0 0 8 5  4 1 0 3  FORMAT( 111 I 
0 0 8 6  C PUNCH FORMATS 
0 0 8 7  4 2 0 1  FORMAT(5F8*3r5AAI 
0 0 8 8  4 2 0 2  FQRMAT(215t14r2F8*3r213~F12*4~2F11*4~F10*4~ 
0 0 8 9  4 2 0 3  FORMAT( 5AR15Ffl.3) 
0090  END 



Group ( i i i )  subprograms 

I ~ D  subprogram. 

Subroutine PLTRAY. 

Subroutine S~RTDA. 

Subroutine. PLTITL. 

Subroutine PLTDAT. 

Subroutine CALFRM 

Subroutine PLTFRM. 



6.3.1 I ~ D  subprogram ( F I ~ D  deck) 

This subprogram a l l oca t e s  the  disk-units required f o r  s t o r i ng  
ray-path da ta  (height and range angle of each computed point)  f o r  eventual  
p lo t t i ng  on the  SC4060 uni t .  

A l l  the  da ta  t o  be p lo t t ed  on one SC4060 frame (range coverage 
of 1000 km) are s tored on one disk,  and with 15 disks  a l located,  up t o  15 
p lo t t i ng  frames may be obtained (iu, a maximum range coverage of 15000 km). 

100 Arcs a r e  made ava i lab le  on each disk,  each a r c  accomodating 
512 words, giving a s to rage  capacity of 51200 words per disk. In  the 
extreme case of 100 ray-paths t o  be p lo t t ed ,  t h i s  allows an average of 
some 250 po in t s  pe r  curve per frame, a curve being the sec t ion  of a ray- 
path i n  one frame. 

IODrDISKrr 9100 
IDD,DISK** tln0 
IODrDISKt r 9100 
II~DvDISK* ,9100 
IODrDISKr**100 
IOD,DISK9r t100 
IUDvDISKt r ,100 
IQD*DISYtr ,100 
IODrDISKt*rl~O 
IClDrDISK*r 9100 
IODvDISK* * r100 
InDt DISK* 99100 
IOD,DISK9r 9100 
lnIltDISl~9 ,100 
IQDrDISKrr ,100 
EN D 



6.3.2 Sub rout ine  PLTRAY 

This subroutine, which is cal led  ( i f  p lot ted  output is required) 
a t  the  end of each ray-hop computed, a c t s  as the  control  f o r  the  s e t  of 
subroutines used t o  obtain p l o t s  of the  ray-paths on the SC4060 p lo t t i ng  
unit .  

A t  the f i r s t  c a l l  i n  a  set of ray-path computations ( f i r s t  hop 
of f i r s t  ray) the disks  used t o  s t o r e  the  ray da ta  p r i o r  t o  p lo t t i ng  a r e  
rewound and frame data,  eg, curves' per frame, points  pe r  curve, a re  set 
t o  zero. 

On each c a l l  t o  the  subroutine, the  height  and range angle of 
each point  i n  the  hop are t ransferred t o  temporary s t o r e s  s u f f i c i e n t  t o  
accomodate a f u l l  ray-path ( i e ,  a  maximum of 5 hops with a maximum of 
1000 points  per hop). On completion of a  ray, a  c a l l  i s  made t o  the  subroutine 
S ~ R T D A  (qv) which s o r t s  t he  data  and copies i t  i n t o  the  disk  s to re .  

When a  set of ray-paths is complete, c a l l s  are made t o  subroutines 
PLTITL and PLTDAT (qv), the  former giving a t i t l e  page t o  the p lo t t ed  
output ,  the  l a t t e r  p lo t t i ng  the  ray data. 



STORAGE LIST 

Local Variables 

U1 A Control taking t he  f o l l w i n g  values:- 

1 - da t a  received is f o r  t he  f i r s t  hop of t he  f i r s t  
ray i n  a se t .  

2 - da ta  received is f o r  the  f i r s t  hop of a ray o the r  
than the f i r s t  i n  a set. 

3 - da ta  received is f o r  a hop o ther  than the  f i r s t  of  
a ray. 

I n i t i a l l y  set t o  unity i n  DATA statement. 

MA ~ L l o o p  indexA used when s e t t i n g  o r  r e s e t t i ng  the  array 
NPTSEC (see C O M M O N / P L E T / ~ ~ S ~ )  t o  zero. 

MFR  loo^ index, used when rewinding disks  and s e t t i n g  o r  
r e s e t t i ng  t he  arrays  NUMSEC and NPTSEC (see ~ M M G N / P L ~ T / ~ ~ S  t) 
t o  zero. 

J $-loop index, used when s t o r i ng  the  da ta  f o r  a ray-hop. 

The only items i n  the list (qv) referenced here a r e  NA and NH. 

A l l  items i n  the list (qv) up t o  and including THETA a r e  
used with the  exception of ALPHR. 

The following items i n  the  list (qv) a r e  defined here: HTS, 
IPTS, NFR, NPTSEC, NUMSEC and THS. 

SURROUTI NE PLTRAY 
CnNTRnLL3NC Ri3UTINFI FrlR THE PLr)TTIElG nF A SFT r3F RAY PATHS 
VEXISION A (REVISIfIN 12/11/69 A.R.C. OF SUBS PLOTRA AND CICS 

FEb 68 R-M*J*) 

COMMflN /IMn/ JQBNOrIIDtLTtFtNArNH 
COMMnM /HOP/ ALPHRrNDRtLAtLHtIrH( 10ntlleTHFTA(1flOfl) 
COMMON /PLOT/ NTYPtNTITLErTITLEI400) tM!!XBrINCDAr IPTSrHTSI 5000) v 

1 THS(5000) tNUMSEC( 351 tNPTSEC( 15t1001 rNFR 
DATA LHA(3) 

'CHECK I F FIRST HOP OF FIRST RAY f LHA=1) r FIDST HnP ftF ANCITHFIR RAY 
(LBA=2) 011 HOP OTHER TIlAN THE FIRST OF A RAY ( LHA=3) 
CO TO (lr4rS)rLHA 
FIRST H f l ?  OF FIRST RAY. SET FRAYE COUNT TO ZERDt RE!JIND DISKS, SFT 



0 0 1 6  C NUMBERS OF H A Y  SECTIONS IN FRAMES AND POINTS IN SFCTIrJNS TO ZFRn 
0 0 1 7  1 NFR-0 
00 18 DO 3 MFR=lr l5  
00 19 REWIND MFR 
002 0 NUMSEC(MFR)=O 
0 0 2 1  DO 2 M A = l r M A  
0022 NPTSECI MFH,MA)=O 
0 0 2 3  2 CONTINUE 
0 0 2 4  3 CUNTINUE 
0 0 2 5  C F IRST HOP OF A R A Y *  SET FIRST POINT DATA AND START RAY POINT COUNT 
0 0 2 6  C FUR THIS  RAY 
0 0 2 7  4 H T S f l ) = O .  
0 0 2 8  THSf l)=O. 
0 0 2 9  I PTS=1 
0 0 3 0  C A N Y  HOP* STORE DATA F'IR EACH POINT, INCRFMFNT PnINT CnIlNT 
0 0 3 1  C N - E *  EXCEPT F17R FIRST HOF, POINT AT START OF HL3P I S  IGNORFDI BFING 
0 0 3 2  C IDENTICAL !JITH END POINT OF FRFVIfJlIS HOP 
0 0 3 3  5 DO 6 J = 2 9 I  
0 0 3 4  I PTS=IPTS+l  
00 35 H T S f I F T S ) = H l J )  
0 0 3 6  THSf IPTS)=THETAf J )  
0 0 3 7  G CONTINUE 
0 0 3 8  C CHPCY I F  END O F  RAY, I.E. MAXIMUM HOPS OR MDR.CT.3 
0 0 3 9  I F( LH-NH 1 7 9 9 9 9  

0040  7 I F ( N D R - 3 ) 8 r n t S  
0 0 4 1  C R A Y  INCORPLETE* RESET INDICATnR FQR NEXT HOP 
0 0 4 2  8 LHA=3 
0 0 4 3  RETURN 
0 0 4 4  C R A Y  COMPLETE* SnRT DATA AND STORE ON DISKS 
0 0 4 5  9 CALL SORTDA 
0 0 4 6  C CHECK I F  FINAL R A Y  IN SET 
0 0 4 7  I F ( L A - N A ) I O ~ l l ~ l l  
0 0 4 8  C MORE RAYS 'I0 C13!4E* RESET INDICATOR FOR NEXT R A Y  
0 0 4 9  1 0  LHA=2 
0050  RETURN 
0 0 5 1  C SET I7F RAYS CDMPLETE* WRITE A TITLE PAGE FnR PLnTTFD nUTPVT P N D  
0052  C PLOT TtlF R A Y  PATHS* RESET INDICATOR FnR NFXT SET OF RAYS 
013 53 11 CALL FLTITL 
00 54  CALL PLTDAT 
00 55 LHA=1 
00 56 RETURN 
0 0 5 7  FN I) 



6.3.3 Sub r o u t i n e  S ~ R T D A  

This  subrout ine  s o r t s  t he  coordina te  d a t a  (he ights  and range 
angles)  f o r  a complete ray-path i n t o  sets. Each set covers a range of 
1000 km and is w r i t t e n  onto a d i s k  holding the  d a t a  t o  be p l o t t e d  i n  one 
frame. Up t o  15 d i sks  a r e  made a v a i l a b l e ,  g iv ing  a maximum range coverage 
of 15000 km. 

Af te r  c a l c u l a t i n g  the  number of frames ( i e ,  s e t s )  requi red  by t h e  
ray ,  t he  range angle  d a t a  a r e  scanned s e q u e n t i a l l y  u n t i l  two p o i n t s  are 
found which s t r a d d l e  a frame edge ( i e ,  a range of some m u l t i p l e  of 1000 km). 
The he igh t  of the ray-path a t  a frame edge is found by i n t e r p o l a t i o n ,  
assuming l i n e a r i t y  between the  two p o i n t s ,  v i z ,  

(ha + re)  (hb + re)  s i n  (Bb - Ba) - r 
(ha + re) s i n  ( 6  - 6 ) + (hb + re )  s i n  (Bb - Oo) e ' 

a 

where 8 is  the  range angle  t o  the  frame edge; h , 8 and h 8 a r e  t h e  
he igh t  gnd range angle  of t h e  p o i n t  b e f o r e  and t a e  $ in t  afk:r \he frame 
edge, and r is  t h e  e a r t h  radius.  The i n t e r p o l a t e d  p o i n t  is  then the last 
i n  one framg and the  f i r s t  i n  t h e  next.  The scanning process i s  c a r r i e d  on 
through each 1000 km bracket  necessary u n t i l  t he  end of t he  ray-path is 
reached. 

The number of ray-path s e c t i o n s  i n  each r e l evan t  frame is 
incremented, and t h e  number of po in t s  i n  each s e c t i o n  counted. 



STORAGE LIST 

Local Variables 

HFST Height, i n  km, of a ray a t  s t a r t  of a frame. 

MLST Height, i n  km, of a ray a t  end of a frame. 

J Loop index f o r  wri t ing height  and range angle da ta  onto disk. 

KPT An indexing parameter f o r  s e t t i ng  f i r s t  value of index i n  point  
so r t ing  loop and last  value of index f o r  wr i t ing  da ta  onto disk. 

LP T Loop indexing parameter, ie, f i r s t  value of index i n  point  so r t i ng  
loop. 

LS EC Current number of ray-path sec t ions  i n  a frame, 

MFR a - l o o p  index f o r  frames. 

MPT ~ G - 1 0 0 ~  index f o r  point  sor t ing.  

NFRM Nmber of frames covered by current  ray. 

NPT Point  counter. 

RA Radius, i n  km, t o  ray-path point  immediately before  a frame edge. 1 
RI3 Radius, i n  km, t o  ray-path point  immediately a f t e r  a frame edge. 

TliBA Range angle d i f ference between ray-path points  s t raddl ing a 
frame edge. 

THBG Difference between the range angle t o  the  ray-path point  
immediately a f t e r  a frame edge and the  range angle t o  the frame 
edge. 

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

THFST Range angle of ray a t  start of frame. 

TlILST Range angle of ray a t  end of frame. 

T H ~  Range angle t o  the end of a frame. 

T H ~  A Difference between the  range angle t o  a frame edge and the  range 
angle t o  the ray-path point  immediately before the  frame edge. 

The following items from the  list (qv) a r e  referenced here: 
]ITS, IPTS, NFR, NPTSEC, NUMSEC and THS. 



SUBROUTI NB SqBTDA 
SORTS THE DATA FOR A CflMPLETE RAY INTO B L ~ C K S V  EACH ALnCK CflVPRINC 
A RANGE OF 1 0 0 0 K ? ? r  AND STQI?ES ON AFFEVPRIATF D I S K S *  DATA VALUES AT 
FRAME EDGES, I . E .  AT 1000K!.1 T n I N T ' S t  ARE CJPTAIEIED BY INTFIPPnLATIOH 
VERSIOtJ A IHEVISIOM 13/11/69 A.R.C. f?F SORTING SECTION O F  STIR 

PLOTDA FER 68 R.M.J. 

CDMMON /PLf lT/  N T Y P r N I ' I T L E r T I T L E l 4 0 0 )  r!4A):HrINCDH,IPTSrHTS( 500f l )  t 
1 T H S l 5 0 0 0 )  t NUMSECI 15) 9 I I P T s F C (  1 5 9 1 0 0 )  ,NFR 

RANGE ANGLE COVERED BY QNE FRAME 1 1 0 0 0 K M )  
DATA THFRMI * 1 5 6 9 R , 5 3 ? 1 2 7 1 5 9 )  
DETFRMIMF, NUMPFR f l F  FRAMES COVERED BY T H I S  RAY 
NFRM=THS( I P T S )  G6.3?+1. 
I F NFRM EXCEFDS 15 (MAXIMTIM ALLrlWFD) 9 RESET TO 15 
IFt NFRM-15)2,291 

1 NPRM=15 
UPDATE MAXIlllJM NTlMBER OF F'FAt4ES REQUIRED I F  NFCXSSAFY 

2 NFR=MAXO(NFRM*MFR) 
I N I T I A L I S E  DATA AT FRAME PDGE, END U F  FRAME FPNGX ANGLF AND F I R S T  
VALUE OF P O I h T  LODF INDEX 
HLST=O. 
THLST=D. 
THO=fl. 
KP'I=l  
EXECUTE THE FOLLO1,tING LOOP FOR EACH FRAME NECESSARY 
D n  6 MFR=lrNFRM 
UPDATF NUMBER 13F R A Y  S E C T I D H S  IN T H I S  FRAME 
NUYSEC( ! iF I I )= t lU t~ lSEC(~~!FR)+ l  
LSEC=MUMSEC (MFE 
S E T  RANGF ANGLE T n  END n F  T H I S  FRAME 
THrl=THfl+'IHFi?Y 
S E T  F I R S T  P V I N T  DATA FOR T H I S  FRAME AND START P f l I N T  COIRlT 
HFST=HLST 
THFST=THLST 
N P T = l  
S E T  F I R S T  VALUE f l F  P O I N T  LOOP INDEX 
LPT=KPT+l  
F I N D  THF ?C)I?)TS T n  BE INCLUDED IN T H I S  FRAME 
DO 5 M P T = L P T r I F T S  
CHECK I F F O I l l T  L I F S  IN CURRENT FRAME 
THBO=TBS( MPTI-Tfirl 
I F ( T H B f l ) 4 , 3 , 3  
P O I N T  I S  I N  !IEXT FRAME- INTERFQLATF TD F I N D  DATA AT FRPYE EDGE 

3 RA=NTSIMPT-1)+63?f l*  
R B = H T S ( M P T ) + 6 3 ? 0 *  
TflDA=IHO-THSI Y P T - 1  ) 

THAE=THS(MPT)-THSI M P T - l )  
i ILST=RA%RE*SIN( THBA) / I  R A " S I N (  THflA)+RB*SINl TFIRn) )-637fl= 
TH LST=THO 
S E T  P O I N T  COUNT FilH T H I S  RAY S E C T I f l t l t  HOLD INDFX UF P R E V I n U S  P n I N T  
NPTSECI M F R , L S E C ) = N P T + l  
KPTaMPT-1 
STf lRF DATA FVR T H I S  RAY SECTION flN DISK AND RFCYCLF FnR ?IFXT FPAYF 
WRITE~MFR)HFST~THFST,IBTS(J) * T B S (  J )  * J = L P T r K P T )  r H L S T r T H L S T  
CO TO 6 
P f l I N T  I S  IN T H I S  FRAVl?. INCREMENT F O I N T  AND TRY NEXT POINT 

4 N P T = N P l l + l  
5 CONTINUE 

LAST PQTNTS FOR T H I S  RAY* S E T  P O I N T  CVUNT AND STflFF DATA rlN DISK 
NPTSECI MFRt L S E C ) = N P T  
WRITE(MFR)~IFST,TNFST,(HTS( J )  ,TI IS(  J )  , J=LFTrIP?S)  
NEXT FHAI4F 

G CTINTIN(1E 
RETURN 
END 



6.3.4 Subroutine PLTITL 

This subroutine i s  used t o  pr int  i d e n t i f i c a t i o n  data, i e ,  job 
number, ionosphere model number, time-step number, s i g n a l  frequency and 
takeoff angle info9ati$n, and a description,  contained i n  array TITLE 
(see list f o r  C~MMON/PLOT/), on the SC4060 page preceding a s e t  of ray-path 
p lo t s .  



STORAGE LIST 

Local Variables  

DJZB Array of A8 words t o  be  typed wi th  i d e n t i f i c a t i o n  d a t a  of a s e t  
of ray-path p lo t s .  Defined i n  DATA statement .  

J D&loop index f o r  typing D J ~ B  (qv). 

KT1 D&loop index f o r  _typing words (A8) i n  one l i n e  of TITLE (see  
list f o r  C'~MM~N/PLOT/).  

LY Y-coordinate of a l i n e  o f  TITLE. 

IITI G- loop index f o r  typing l i n e s  of TITLE, and loop indexing 
parameter f o r  typing words i n  one l i n e ,  i e ,  s u b s c r i p t  of f i r s t  
word i n  a l i n e .  

lJTI Loop indexing parameter f o r  typing words i n  one l i n e  of TITLE, 
i e ,  s u b s c r i p t  of l a s t  word i n  a l i n e .  

The list (qv) up t o  and inc luding  ALP111 is used wi th  the  except ion  
v a r i a b l e s  NA and NH. 

The f i r s t  t h r e e  i t e m s  i n  the  list (qv) are used. 

SIJBROUTI flE PLTITL 
PRINTS JOB DESCRIPTIqN A I D  TITLE OM FIRST PASE OF SFT flF R A Y  PLnTS 
VERSIrlH A (REVISITIN 13/11/69 A.R.C. OF SUB TITl? FFR 6R R*M*J*) 

COMMON /IMO/ JOhNO,IIDtLT,FtNA,NllvDAtALPH1 
COYMOII /PLOT/ MTYPt EITI TLFt TI TLFI 400 

JOB DESCRIPTION PRINTOUT 
DIMENSInM DJOE1 14) 
DATA (DJOB(J1 t J = l , l 4 )  (8IIJVB Mn. rSH 9 8 H  IID t8H T 9 

1 8HIblE-STEPtRHFREOUF1jCtOHY = r 8 H  M H Z  9 8 M  T/O A 9 

2 BANGLES FRtRHOM r 8 H  DEG IN *RH DEGsBN STEPS 1 
START A FRESH PAGE 
CALL ADVFLM ( N T Y  P) 
PRINT JOB N f l .  t IVMOSPHERE N f l a  AND TIME-STEP Nn* flN FIRST LINE 
CALL TSP( 50t48140) 
W 1 J=1,5  
CALL HRBAM ( DJnR( J 1 9 8 )  

1 CIJNTINUE 
CALL TSPI ln6,48t40)  
CALL C40201 (JCIB1~109 5) 
CbLL TSP(218,49r40) 



0 0 2 3  CALL C40201  ( I I D g 4 )  
0024 CALL T S P ( 3 7 O r 4 8 9 4 0 )  
0 0 2 5  CALL C40201  ( L T 9 3 1  
0 0 2 6  C PRINT FREOUENCY AHD ANGLE DATA Q N  SECOND LINE 
0 0 2 7  CALL T S P ( 5 0 ? 4 8 , 6 0 )  
0 0 2 8  DO 2 J=6, 14 
0 0 2 9  CALL HORAM(DJ'JB(J1,R) 
0030  2 CONTINUF 
0 0 3 1  CALL TSP( 1 3 8 9 4 8 , E O )  
0 0 3 2  CALL C 4 0 2 0 F (  F9 7 9 3 )  
0 0 3 3  CALL T S P ( 3 8 6 t 4 8 9 6 0 )  
0034  CALL C4020F(ALPHl r  7 9 3 )  

0 0 3 5  CALL T S P ( 4 9 0 9 4 8 , 6 0 )  
0 0 3 6  CALL C4020Ft  O A , G , 3 )  
0 0 3 7  C  PRINT C0NTENT.S bF ARRAY "TITLE", TEN h8 kTlRDS PER LIME 
00 38 LY=RO 
0039  DO 4 MTI=l ,NTITLEt lO  
0040  NTI=MTI+S 
0 0 4 1  IF( NTI *GT*NTITLE)NTI=NTITLE 
0 0 4 2  LY=LY+20 
0 0 4 3  CALL TSP(  50948rLY 1  
0 0 4 4  W 3 KTI=MTI 9 MTI 
0 0 4 5  CALL HORAM ( TI TLP( KT1 1 9 8  

0 0 4 6  3 CONTINUE 
0 0 4 7  4 CONTIIIIIE 
0048  CALL STPTYP 
0 0 4 9  R ETURN 
00 5 0  END 



6.3.5 Subroutine PLTDAT 

This subroutine enables the  p l o t t i n g  of a set of ray-paths i n  
i n  a series of frames on the  SC4060 p l o t t i n g  un i t ,  each frame covering a 
range of 1000 km. 

On the  f i r s t  c a l l  t o  t h i s  subroutine i n  a run, a c a l l  is made 
t o  subrout ine  CALFRM (qv) i n  order  t o  c a l c u l a t e  the  da ta  f o r  drawing a 
p l o t t i n g  frame. I n  subsequent c a l l s  t o  PLTDAT during a run, CALFRM is 
bypassed, the  ca lcula ted  d a t a  being held  i n  c~MM~NIFRAMEI (qv). 

Af te r  the  drawing of a frame by a c a l l  t o  subroutine PLTFRM (qv), 
the  d a t a  f o r  each relevant  ray-path s e c t i o n  i n  turn  is read from t h e  
appropr ia te  d i sk ,  converted i n t o  SC4060 coordinates and p lo t t ed .  The 
process i s  repeated f o r  the  number of frames required by the  set of ray-paths. 
The end of a set of p l o t s  is indica ted  by a blank frame. 



STORAGE LIST 

Local Variables 

MFR 6 - l o o p  index f o r  frames. 

MPT Loop index f o r  reading point  da ta  o f f  d i sk  and  loo^ index f o r  
p l o t t i n g  po in t s  on ray-path. 

MS EC  loo^ index f o r  the  ray-path sec t ions  i n  a frame. 

N&RM Control f o r  the  ca lcu la t ion  of the  d a t a  required f o r  drawing 
a p l o t t i n g  frame. S e t  t o  uni ty  i n  DATA statement allowing a c a l l  
t o  subroutine CALFRM (qv),  then reset t o  2 f o r  t h e  remainder of 
the  run so  t h a t  CALFRM is bypassed. 

NPTS Number of po in t s  i n  ray-path s e c t i o n  being p lo t ted .  

NSEC Number of ray-path s e c t i o n s  t o  be p l o t t e d  i n  the  current  frame. 

RSC Scaled radius  t o  a po in t  i n  a ray-path (SC4060 un i t s ) .  

TIIET Range angle  of a ray-path point  r e l a t i v e  t o  t h e  range angle  at  
the  s t a r t  of the  frame i n  which the  po in t  i s  located. 

THFRM Range angle coverage of one frame, ie ,  1000/6370 radian. Se t  i n  
DATA statement. 

T I ~  Range angle a t  the  s t a r t  of a frame. 

XA, XB X-coordinates, i n  SC4060 u n i t s ,  o f  two successive po in t s  i n  a 
ray-path. 

YA, YB y-coordinates, i n  SC4060 u n i t s ,  of two successive po in t s  i n  a 
ray-path. 

The following items i n  the  list (qv) are used here: HTS, NFR, 
NPTSEC, NTYP, NUMSEC and THS. 

The f i r s t  th ree  items i n  the  list (qv) a r e  referenced here.  



SUBRflUTI NE PLTDAT 
PLOTS RAY PATHS flN A S E R I E S  O F  S C 4 0 6 0  FRAMES* EACH FRAME COVERING 
A RANGE O F  l O O O K M  
VERSION A (REVISION 13/11/69 A*R*C* O F  DATA PLIYTTING SECTION CIF 

SUB PLOTDA FEB 68 R*M J *  ) 

COMMON /PLOT/ NTYPtNTITLE*TITLE(40D),MAXH*IFICDRtIPTS~HTS(5OOfl)~ 
1 T H S ( 5 0 0 0 )  rNUMSEC( 15) 9NPTSECI 1 5 * 1 0 0 )  *NFR 

COMMON /FRAME/ LRS 9LRFtHHX 

FRAME CACCULATION CONTROL AND RANGE ANGLE EQUIVALENT OF l O O O K M  
DATA NOFRM( 1)  tTHFRM( 1 5 6 9 8 5 8 7 1 P 7 1 5 9 )  
I F  T H I S  I S  THE F I R S T  CALL TO PIBTDAT IN T H I S  RUN* CALCIJLATE DATA 
RFOUIRFD TO DRAW PLOTTING FRAME AND RESET CALFRM CONTRVL 
Gn TO I1 ,Z) rNf lFRM 

1 CALL CALFRM 
NOFR#=2 
I N I T I A L I S E  ANNOTATION AND ANGLE FOR RANGE AT FRAME START 

2 LRS=-1000 
THO=-TR FM! 
EXECUTE THE FOLLOWING LOflF FOR FACH FRAME REQUIRED 
W 5 MFR=l,NFR 
SET RANGE LIMITS (ANNnTATIONS) AND I N I T I A L  RANGE ANGLF FOR T H I S  
FRAME AND DRAW THE FRAME 
LRS=LRS+1000 
LRF=LRS+1000 
THO=THQ+TH FFM 
CALL PLTFRM 
REWIND DISK FLiR T H I S  FRAMB 
REWIND MFR 
SET ?IUXBER O F  RAY SECTIflMS TO BE PLOTTED IN T H I S  FRAME 
NSEC=llUMSEC( MFR 
EXECUTE THE FOLLI)!.IING Lr30P FOR EACA RAY SECTInM 
Dn 4 MSEC-ltNSEC 
SET NUMBER O F  PCIINTS IN T H I S  RAY SECTION 
NPTS=MPTSEC(MFRthlSEC) 
READ DATA FOR TI I IS  RAY SECTIflN OFF DISK 
READ( M F R )  HTSI MPT) ,TiIS(  VPT) ,MPT=l tNPTS)  
FIND X I Y  COf!RDIMATES OF F I R S T  POINT 
RSC=MTS( 1 )"RHX+5096-  
TH FT=TH S ( 1 - THO 
XB=SI N( THET)*RSC+GO* 
YB=5946*-COS( T9ET)"RSC 
F1 NE X tY COORDINATES OF SUCCESS1 VE PQINTS AND PLOT RAY SECTIflN 
IX3 3 MPT=2rNPTS 
XA=XB 
YA=YB 
RSC-HTSI MPT)*RHX+5096. 
THET=THS(MPTl-THq 
XB=SI !l ( TM E T )  .zRSC+GO. 
YB=5946*-CnS(  THBT)=RSC 
CALL VECTOR(XAtYA,XR*YB) 

3 CflNTIMUF 
NEXT RAY SECTIflN 

4 CflMTINUE 
NEXT FRAME 

5 CONTINUE 
THROW A ALANY PACE AFTPR EACH SET OF RAY PLllTS 
CALL ADVFL?.t( CTYP) 
H FTURN 
END 



6.3.6 Subroutine CALFRM 

This subroutine ca lcu la tes  a l l  the  da ta  necessary f o r  drawing 
p l o t t i n g  frames f o r  t h e  ray-paths on the  SC4060 p l o t t e r  uni t .  

One frame covers a f ixed  range of 1000 km, sca led  t o  800 p l o t t e r  
uni ts .  The height  coverage required is  input ,  and is  a l s o  sca led  t o  800 
p l o t t e r  uni ts .  Therefore, f o r  t r u e  height-range p l o t s  a maximum heights  
of 1000 km should be  speci f ied .  Usually, hcwever, an exaggerated height  
s c a l e  i s  used. 

The frame o r i g i n  (zero height ,  zero range) is set a t  X = 60, 
Y P 850 on a p l o t t i n g  page, s o  t h a t  the  e a r t h  cen t re  is located (off  frame) 
a t  X = 60, Y = 5946 (s ince  6370 km r 5096 p l o t t e r  u n i t s ) .  Thus, any po in t  
he ight  h ,  range angle 8 (from frame s t a r t ) ,  has coordinates on t h e  p l o t t i n g  
page of 

h )  s i n  0 

where hMAX is the  maximum height  of t h e  frame. 

Height-scale marks, a t  spec i f i ed  i n t e r v a l s ,  are s e t  a t  t h e  l e f t ,  
on e i t h e r  s i d e  of the  cen t re  and a t  t h e  r i g h t  of t h e  frame. The i n t e r v a l  
between s c a l e  marks must b e  such t h a t  not  more than 9 marks are required 
between h = 0 and h = i e ,  not  more than 10 d iv i s ions  i n  t h e  sca le .  
The s c a l e  marks have a su r face  length of 12.5 km, ie ,  10 p l o t t e r  u n i t s ,  and 
a r e  annotated a t  t h e  l e f t  s i d e  of the  frame. 

Range sca les ,  cons is t ing  of segments of su r face  length 10 km, a r e  
drawn a t  h = 0 ( i e ,  sur face)  and a t  h %F . Scale marks a r e  added a t  
100 km i n t e r v a l s  and a r e  of length 15 p10 er u n i t s  a t  t h e  ends, 10 u n i t s  
i n  t h e  cen t re  and 5 u n i t s  elsewhere. Annotations a r e  put a t  the  ends of t h e  
su r face  sca le .  

The da ta  ca lcula ted  i n  CALFRM are the  height  scale f a c t o r ,  t h e  
number and values of the  height-scale marks, the  coordinates of t h e  end 
points  of t h e  he ight  and range-scale marks, the  coordinates of the  po in t s  
forming the  range s c a l e s ,  and the  coordinates f o r  annotat ing t h e  r i g h t  
hand end of t h e  su r face  range sca le .  



STORAGE LIST 

Local Variables 

AlJG Range angle,  i n  radians,  from the  s t a r t  of a frame t o  a po in t  
forming p a r t  of a range sca le .  

CAN cosine of ANG (qv). 

CliCW Product of cosine of RAN (qv) and cosine of W (qv). 

CHSW Product of cosine of RAH (qv) and s i n e  of W (qv). 

CRA cosine of RA (qv), 

CRAII cosine of RAH (qv). 

CRAlIMW cosine of RAII - W. 

CRAHPW c o s i n e o f  RAH+W. 

CRAMW cosine of RA - W. 

CW cosine of W (qv). 

DAN Angular width, i n  radians,  of segments forming range s c a l e s  
(1016370 radian).  Se t  i n  DATA statement. 

IiMAX Maximum height ,  i n  km, of he ight  sca le ,  

HSC Height, i n  p l o t t e r  u n i t s ,  of .a height-scale mark. 

I A Loop indexing parameter f o r  range s c a l e  po in t s ,  i e ,  subsc r ip t  
of f i r s t  i n  a s e t  of 10 forming range s c a l e  between 2 s c a l e  
marks. 

I B  Loop indexing parameter f o r  range-scale po in t s ,  ie, subsc r ip t  
of l a s t  i n  a s e t  of 10 forming range s c a l e  between 2 s c a l e  
marks. 

MHS E- loop  index f o r  height-scale marks. 

PlRS ~ i j - loop index f o r  range-scale points .  

14s DE- loop index f o r  range-S c a l e  marks. 

RA Range angle,  i n  radians,  covered by one frame (100016370 radian) .  
S e t  i n  DATA statement. 

RAH Half-frame range angle, i n  radians  (50016370 radian).  Se t  i n  
DATA statement . 

RS C Radius, i n  p l o t t e r  u n i t s ,  from e a r t h  cen t re  t o  a height-scale 
mark. 



RSCM Array conta in ing  r a d i i ,  i n  p l o t t e r  u n i t s ,  t o  upper ends of 
upper range-scale marks. S e t  i n  DATA statement .  

SAN 

SIICW 

SHSW 

SRA 

S W  

S R A W  

SRAHPW 

Array conta in ing  r a d i i ,  i n  p l o t t e r  u n i t s ,  t o  lower ends of s u r f a c e  
range-scale marks. S e t  i n  DATA statement .  

s i n e  of ANG (qv). 

Product  of s i n e  of RAH (qv) ,  and cos ine  of W (qv). 

Product  of s i n e  of RAH (qv) ,  and s i n e  of W (qv). 

s i n e  of RA (qv). 

s i n e  of RAH (qv). 

s i n e  of RAH - W 

s i n e  of RAH + W. 

S W  s i n e  of RA - W. 

SW s i n e  of W (qv). 

W Angular width,  i n  rad ians ,  of he ight -sca le  marks (12.516370 
rad ian) .  Se t  i n  DATA statement .  

Only MAXH and INCDH a r e  used. 

The f u l l  list is used wi th  t h e  except ion of LRF and LRS. 

SUBROUTINE CALFRM 
COMPUTES S C 4 0 6 0  COORDINATES O F  ALL P O I N T S  REQUIRED FOR 1)RAI:'ING A 
PLOTTING FRAME FOR THE RAY PATHS* A FRAME CQVERS A F I X E D  RANGE O F  
lOOOKM SCALED TO 8 0 0  S C 4 0 6 0  UNITS* THE HEIGHT SCALE I S  VARIABLE* 
THE MAXI:*lUM HEIGHT REQUIRED BEING SCALED TO 8 0 0  S C 4 0 6 0  U N I T S  
( I . E .  FOR A TRUE HEIGHT VS RANGE PLOT* A MAXIMUM HEIGHT O F  lOOOKM 
SHOULD B E  S P E C I F I E D )  
VERSION A ( R E V I S I O N  13/11/69 A.R.C. O F  PARTS O F  SUB PLOTDA FER 68 

R * M * J *  1 

COMMON /PLOT/ N T Y P ~ N T I T L E I  T I T L E (  4 0 0 )  sMAXH 9INCDH 
COMMON /FRAME/ L R S , L R F I R H X , N H S I L H S ( ~ ) ~ Y H L ( ~ ) ~ X L R ( ~ ) ~ Y L R ( ~ ~ * X C L ( ~ ~ ~  

1 Y C L ( ~ ) ~ X H C ( ~ ) ~ Y H C ( Y ) P X C R ( ~ ) ~ Y C R ( ~ ~ ~ X R L ~ ~ ) * Y R L ( ~ ) *  
2 X H R ( 9 )  , Y H R ( 9 )  tXRO( 1 0 1 )  *YRCl[ 1 0 1 )  tXR>!( 1 0 1 )  tYRM[ 1 0 1 )  
3 XOA( 1 0 )  rYOA( 1 0 )  rXOB( 1 0 )  ,YOB( 1 0 )  d M A (  1 0 )  tYXA( 1 0 )  9 

4 XMB( 1 0 )  rYMB( 1 0 )  9XRXtYRX 

O R I G I N  O F  FRAME* I *E.  H=O, RANGE=O, I S  S E T  AT X = 6 0 r  Y = 8 5 0 ,  SO THAT 



EARTH CENTRE I S LOCATED AT ( 6 0 9  5946) (6370KM=5096 PLOTTER UN1 TS)  

RANGE SCALE MARKS ARE SET AT l O O K M  INTERVALS AND HAVE LENGTHS (IN 
PLOTTER UNITS) OF 5 (MINOR) t 1 0  (HALF RANGE) AND 15 (FULL RANGE) 
RADII TO EMDS OF THESE MARKS ARE IN RSCM (UPPER RANGE SCALE) AND 
IN RSCO ( SURFACE RANGE SCALE) 
DIMENSION HSCM( 1 0 )  ,RSCO( 1 0 )  
DATA (RSCl.!(J) t J = l r l O )  (/4/59Ol*r590G.s/4/5901*t5911*) r 

1 (RSCO(J)rJ=lr10)(/4/509l*r5OE36~t/4/5091*t50~1-) 
RANGE AXES ARE FORMED OF SEGMENTS WITH A SURFACE LENGTH OF 10Kl4r 
ANGULAR W 1  DTH DAN=10/6370 RADS 
DATA DAN( 1 5 6 9 8 5 8 7 1 2 7 1 5 9 E - 0 2 )  
HEIGHT SCALE MARKS HAVE LENGTH 1 0  PLOTTER T.rNITS (ANGULAR WIDTH 
W=10/5096 RADS) AND ARE DRAWN AT FRAME LEFT (FRr3M ANGLE 0 TO !V) r 

ON EITHER SIDE OF FRAME CENTRE (FROM RAH-U TO RAH TO RAH+Wr RAH I S 
HALF RANGE AIIGLE) AND AT FRAME RIGHT (FROM RA-If TO RA9 R A  I S  FULL 
RANGE ANGLE) 
DATA W( * 0 0 1 9 6 2 3 2 3 3 9 0 8 9 ) r R A H (  *07849293563519),) 

SET MAXIMUM HEIGHT ( H M A X )  t NUMBER OF HEIGHT SCALE MARKS (NHS) AND 
HEIGHT SCALE (RHX* PLOTTER UNITSIKM) 
HMAX=MAXH 
NH S=MAXH/I NCDH- 1 
RHX=800*/HMAX 
CALCULATE SINES AND CUSINES OF ANGLES REQUIRED FOR HEIGHT SCALES 
SW=SI N ( W) 
CW=COS( W) 
SRAH=SI N ( RAH 
CRAH=COS ( RAH 
SRA=SIN(RA) 
CRA=COS( RA) 
CH CW=CRAH*C W 
SHSW=SRAHBSW 
SHCW=SRAH*CW 
CHS\i=CRAH"SW 
CRAHMW=CHCtI+SHSW 
SRAHMV/=SHCW-CHSW 
CRAHPW=CHCW-SiISW 
SRAHPkI=SIlCkl+CH SW 
CRAMY=CRAGCW+SRA*SV 
SRAM1?=SRAGC I'J-CRA*SW 
CALCULATE CrJORDI NATES FOR H E1 GHT SCALE DATA 
W 1 MHS=lrMHS 
HEIGHT VALUE (LHS)  r SCALED VALUE (HSC) 9 SCALED RADIUS (RSCI AND Y 
COORDINATE ON HEIGHT AXIS (YHL) 
LBS(MHS)=MHS*INCDH 
HSC=FLOAT(LHS( MHS) )W 
RSC=HSC+5096- 
YHL( MHS)=050 0-HSC 
LEFT SIDE SCALE MARKS 
XLR( !QHS)=Sbji*RSC+60. 
YLR(MHSI=594E--C;J9RSC 
CENTRE SCALE NARKS 
XCL(!4HS)=SRAHM!T3RSC+6O* 



0 0 7 3  Y CL( MHS)=5946.-CRAIlt~Ik13tRSC 
0 0 7 4  XHC( MHSI =SHA!l*RSC+6O. 
00 75 Y H C ( M H S ) = 5 9 4 6 * - C R A H W  
0 0 7 6  XCR( MHS)=SRAHPW*RSC+60 
0 0 7 7  YCR( MHS) ~5946--CRAMPtI*RSC 
0 0 7 8  C RIGHT SIDE SCALE MARKS 
00 79 XRL( MHS) =SRAMtI0RSC+RO. 
0080  YRL( MBS) =5916.-CRAI.II:'~'RSC 
0 0 8 1  XHR(MHS)=SH: "RSC+GO. 
0082  YHR(MHS)=5946*-CRAeRSC 
0 0 8 3  1 CONTINUE 
0 0 8 4  C CALCULATE COORDS OF POINTS FORMING RANGE SCALES AND SCALE MARKS 
0085 C I N I T I A L I S E  R A N G E  SCALE LOOP INDEX A N D  R A N G E  A N G L E  
0 0 8 6  I A=-8 
0 0 8 7  A N G = O  
0 0 8 8  C SET FIRST POINTS OF SCALES 
0 0 8 9  XRO( 1 ) = 6 0  
0090 Y R 0 (  1 ) = 8 5 0 *  
009 1 XRM( 1 ) = 6 0 -  
0 0 9 2  Y R M I  1 ) = 5 0 *  
0 0 9 3  C LOOP FOR RANGE SCALE MARKS ( I O O K M  INTERVALS) 
0 0 9 4  W 3 M S = l r l O  
0 0 9 5  C SET LOOP INDICES FOR SCALE POINTS TO NEXT SCALE MARK 
0 0 9 6  IA=IA+10 
0 0 9 7  I B=I A+9 
0 0 9 8  C LOOP mR RANGE SCALE POINTS (10KM INTERVALS) 
0 0 9 9  W 2 MRS=IAtIB 
0100  C SET RANGE AMGLE FOR THIS POINT* FIND SINE AND COSINE 
0 1 0 1  AN G=AN G+DAB 
0102  SAN=SIN ( ANG 
0 1 0 3  CAN=COS( ANC) 
0 1 0 4  C LOklER ( SURFACE) SCALE PO1 MT COORDINATES 
0 1 0 5  XROIMRS)=5096."SAN+60* 
0 1  0 6  YRO( MRS1=594E=-5096**CAlI 
0 1 0 7  C UPPER ( MAXIMUM HE1 GHT) SCALE POINT COORDIMATES 
0 1  0 8  XRM(MRS)=5896*"SAN+60- 
0 1  0 9  YRM( MRS)=5946.-3396**CAN 
0110  2 CONTINUE 
0 1 1 1  C COORDINATES OF SURFACE SCALE MARKS 
0 1  12 XOA(MS)=XRO( I B )  
0 1 1 3  YOA(t4S)=YRO( I B )  
0 1  14 XOB(MS)=RSCO( MS)*SAN+60* 
0 1 1 5  YOB[MS)=5946*-RSCO( !*1S)*CAN 
0 1 1 6  C COORDINATES OF UPPER RAMGE SCALE MARKS 
0 1  l? XWA(MS)=XRM( I B )  
0 1  18 YMA(MS)=YRM( I S )  
0 1  19 XMB( MS) =RSCM( MSI*SAN+60 
0120 YMB( MS)=5946*-RSCM(MS1"CAN 
0 1 2 1  3 COMTI NUE 
0 1 2 2  C COORDINATES FOR AMNOTATION r3F RIGHT HAND EBD OF SURFACE SCALE 
0 1 2 3  XRX=XOB( 101-56.  
0 1 2 4  YRX=YOB( 1 0 )  
0 1 2 5  RETURN 
0 1 2 6  END 



6.3.7 Subroutine PLTFRM 

This subrout ine  uses t h e  d a t a  computed i n  subrout ine  CALFRT2 (qv) 
t o  draw a p l o t t i n g  frame f o r  each batch of ray-path d a t a  contained i n  a 
1000 km range bracket .  

A he igh t  s c a l e  i s  drawn a t  t he  l e f t  of t he  p l o t t i n g  page, he igh t  
marks a r e  added t o  t h i s  s c a l e  and a r e  a l s o  drawn a t  half-range and f u l l  
range, and the  he igh t  s c a l e  is annotated. A range s c a l e ,  approximating an  
a r c  of a  c i r c l e  and cons i s t ing  of s h o r t  l i n e a r  segments, is drawn t o  
r ep resen t  t h e  e a r t h  su r face ,  and a  f u r t h e r  s c a l e  is  drawn a t  t h e  frame 
maximum height .  These s c a l e s  have marks added a t  t h e  100 km po in t s  and 
t h e  extreme marks on t h e  s u r f a c e  s c a l e  are annotated wi th  range va lues  
appropr i a t e  t o  t h e  frame. 

Data s c a l i n g  and frame pos i t i on ing  on t h e  SC4060 r a s t e r  a r e  
descr ibed  i n  t h e  notes  on subrout ine  CALFRM. 



STORAGE LIST 

Local Variab l e s  

MIS D& loop index for heigh t-S cale  marks. 

MRS G-loop index for  drawing segments of range sca les .  

MS DE-loop index for range-scale marks. 

The only items i n  the l ist  (qv) which are referenced here arc 
I W U I  and NTYP. 

The f u l l  list (qv) is used with the exception of RHX. 

n 0 0 l  SUFRnIIT l tiE PLTFFM 
00112 C DRAWS A PLOTTING FHAMF CnVERINC A RPNGE OF 1 f l n l l Y M  
0 0 0 3  C VERSIflN A (REVISInN 1 3 / 1 1 / 6 9  A.R.C.  flF FRAME PLOlTIEIC SFCTIPNS OF 
0004  C SUB PLOTDA FFB 68 R .M.  J 1 
0 0 0 5  C 
00 0 6  C'YMMOM /PLOT/ MTYPtllTITLFtTITLE( 4 0 0 )  t Y P X H  
00 U 7 COMMON /FRAME/ LRStLRFtRHXtNHStLHS(D)tYtiL(9)rrLR(S),YLR(9)tXCL(9)t 
00 OR 1 YCL(S)tXHC(3)tYRC(S),XCR(9)tYCR(9)tXRL(9)tYPL(9)t 
00 0 9  2 XHF(S)rYHB(S)rXRO(IOl)tYR~(l0l) t X F ~ ( l O l ) t Y R M ( 1 0 1 ) ~  
00 1 0  3 X ~ A ( l O ) ~ Y O h ( l O ) t X ~ R ( 1 0 ~ t Y O R ( 1 O ) t X M A ( 1 0 ) r Y M P ~ l ~ ) ~  
0 0 1 1  4 XMB(lO),YMb(lO)rXRXtYRX 
0012 C 
0 0 1 3  C THRflW A FRPSH PACE AND CONFIRM PLOT MODE 
00 1 4  CALL ADVFLM( MTYPI 
0 0 1 5  CALL STFTYP 
0 0 1 6  C DRAW HF'IGHT AXIS 
0 0 1 7  CALL VECTUR(60*t35*r60*t865.) 
0018  C DRAU HF'ICH'I' SCALF MARKS AT LEFT, CENTRE ANC RICHT n F  FRAYE 
00 19 DO 1 MHS=ltNHS 
0020 C LFFT SIDE HFICHT SCALE MARKS 
0021  CALL VFCTOP(XLH(MHS)tYLR(Mf1S)tGfl*tYHL(YHS)) 
0022  C CEN'ARE HEIGHT SCALE' MARKS 
0 0 2 3  CALL VECTOR(XCL( MHS) tYCL(!rfHS) tXIIC(V1iS) t Y H C ( b ? H Z )  1 
0024  CALL VECTOP(XCR(l.lHS) rYCR('1HSl tXHC(MHS) ,YHC(MHS) 1 
0 0 2 5  C RIGHT SIDE HEIGHT SCALE YARYS 
0 0 2 6  CALL VECTnB(XRL(MHS) rYRL( MflS) tXHR(MHS1 rYHR(F1HS)) 
0 0 2 7  1 CONTINUE: 
0028 C LEEEL HEIGHT SCALE 
0029  C ZERQ M A R K  
0030  CALL TSP(  45. r O t 8 5 0 *  
0031  C I NlERYEDIATE MARKS 
0032 DO 2 MMS=ltNHS 
0 0 3 3  CALL T S F ( 5 -  t4RtYHL('!HS) 1 
0 0 3 4  CALL C40201 (LHS(?dHS) 9 5 )  



0 0 3 5  2 CONTINUE 
0 0 3 6  C MAXIMUM HEIGHT M A R K  
0 0 3 7  CALL TSP(  5. r 4 R r 5 0 -  1 
0 0 3 0  CALL C402flI ( M A X H  9 5 )  

0039  C RESTflBF PLOTTI MC MnDP 
004 0  CALL STFTYP 
0 0 4 1  C DRAW RANGE SCALES AT SURFACE AND M A X I M U M  HEIGHT 
0042  DO 3 MRS=Zr100,2 
0 0 4 3  C SURFACE SCALE 
0 0 4 4  CALL VECTOR(XRfl(YRS-l),YHn(YRS-l)tXRn(MRS)*YRn(YPS)) 
0 0 4 5  CALL VECT~P(XRO(YRS+l)*YRfl~IilRS+lI~XRfl(YRS~*YR~~MRS)) 
0 0 4 6  C SCALE AT MAXIMUM HEIGHT 
0 0 4 7  CALL VECTflR(XRM(MRS-l),YR!il(VRS-l)tXRM(MFS)*YRM(~4RS~) 
0 0 4 8  CALL VECT@H(XRM(MRS+l)rYEM(MRS+l),XRM(MRS)rYRM(MRSl) 
0049  3 CflBTINUE 
0050 C DRAW RANGE SCALE MARKS 
0 0 5 1  W 4 MS=l r lO  
0052  CALL VECTOR(XO6(MS)tY~B(MSl,XO1\(MS)*YDA~MS)) 
0 0 5 3  CALL VECTOH(XMB(YS)tYMB(YSItXMA(MS~*YYA(MS)) 
00 54 4 CONTI NC'E 
0 0 5 5  C ANNflTATE START AND FINISHING MARKS ON SURFACE RANGP SCALF 
00 56 CALL TSP(4. ,4R,F365*)  
00 57 CALL C40201 ( C F S * G )  
0 0 5 8  CALL TSP(XRXvA8rYRX) 
0059  CALL C40201 ( L R F 9 6 )  
006C C RESTORE PLnTTI NC MCDE 
0 0 6 1  CALL STPTYP 
0062 R ETURN 
0 0 6 3  END 



6.4 Group ( iv )  subprograms 

Tlzis group of subprograms contains examples of two types of 
ionospheric model:- 

(a) A three-layer model containing a twi l igh t  region. 

(b) As (a) bu t  having i n  addi t ion  a model of a sporadic 
E-layer. 

Subprograms appl icable  t o  both models:- 

6.4.1 Subroutine TW (version B). 

6.4.2 Function HFTH. 

6.4.3 Subroutine F~FHTM (version B). 

6.4.4 Subroutine EMH (version B). 

Subroutines appl icable  CO example (a) :- 

6.4.5 Subroutine SETC (version DEF) . 
6.4.6 Subroutine NRX (version NF). 

6.4.7 Subroutine NHUP (version DEF/L) . 
Subroutines appl icable  t o  example (b) :- 

6.4.8 Subroutine SETC (version DEFIES). 

6.4.9 Subroutine NRX (version NF + ES). 

6.4.10 Subroutine NHBP (versionDEF1H). 



G.4.1 Subrout ine TVP (vers ion  B) 

Subrout ine  TW provides  f o r  t h e  sys t ema t i c  v a r i a t i o n  of a number 
of parameters  of t h e  ionospher ic  model used. 

This  ve r s ion  is  f o r  use  with models conta in ing  a t w i l i g h t  t r a n s i t i o n  
reg ion ,  and al lows t h i s  reg ion  t o  b e  s h i f t e d  by equal  increments of range f o r  
equa l  increments i n  tirne-step number. 



STORAGE LIST 

Local Variables 

I(T Previous time-S tep number, i n i t i a l l y  s e t  t o  unity i n  DATA statement . 
RANG E Range, i n  km, t o  cen t re  of twi l igh t  t r a n s i t i o n  region a t  current  

time-step. 

U Earth radius ,  6370 km, set i n  DATA statement. 

SHIFT Angular change i n  pos i t ion  of twi l igh t  t r a n s i t i o n  region from 
previous pos i t ion .  

Blank ~ 6 ~ 4 5 ~  

C Elements 401 t o  404 of t h i s  a r ray  a r e  used. These a r e  named 
l o c a l l y  as  :- 

C401 Range angle t o  cen t re  of twi l igh t  t r a n s i t i o n  region. 

C402 Range angle t o  near  boundary of t r a n s i t i o n .  

C403 Range angle t o  f a r  boundary of t r ans i t ion .  

C404 Angular s h i f t  pe r  time-step of t r a n s i t i o n  region. 

The only i tems i n  the  l is t  (qv) t h a t  a r e  referenced a r e  I I D  and LT. ~ 
0 0 0 1  SUBROUTI NE TVP 
0 0 0 2  C CALCIJLATES CURRENT VALUES OF IONOSPHERIC PARAMETERS THAT V A R Y  WITH 
0 0 0 3  C TIME-STEP LT 
0 0 0 4  C VERSION R (REVISION 4 / 1 1 / 6 9  A * R * C -  OF SUB TDPS ( R )  1/12/67 A-R.C.1 
0 0 0 5  C POSITION OF TWILIGHT TRANSITION I S TIME VARIABLE 
0 0 0 6  C 
0 0 0 7  COMMON C(400)rC401gC402,C403rC404 
00 0 8  COMMON /IMO/ J O B N Q ~ I I D I L T  , 
00 0 9  DATA KT( 1) ,RE(  6 3 7 0 .  1 
0010  C 
0 0 1 1  C RANGE ANGLE TO TRANSITION CENTRE I S  IN C ( 4 0 1 ) r  LnWER AND UPPER 
0012  C LIMITS IN C ( 4 0 2 )  AND C ( 4 0 3 1  AND SHIFT PER TIME-STEP IN C ( 4 0 4 )  
00 13 SHI FT=FLOP l'( LT-KT) "C404 
00 14 C40 1=SH I FT+C40 1 
0 0 1 5  RANGE=C401*RE 
00 16 C402=C402+SHI FT 
00 17 C403=C403+SH I FT 
0 0 1 8  C RESET KT AND PRINT NEW POSITION 
00 19 KT=LT 
002 0 PRINT 4101r I IDtLTtRANGE 
0 0 2 1  R ETUR F1 
0 0 2 2  4 1 0 1  FORMAT( l H l / / / / / J O H  "****** FOR IDNDSPHERE MODEL,I4r l 3 H  AT TIME-ST 
0 0 2 3  l E P r I 3 , 3 1 H r  RANGE TO TRANSITIOM CENTRE I S t  FR. l r  l l H  KY *******/////) 
0 0 2 4  END 



6.4.2 Function HFTH 

This  funct ion  determines t h e  he igh t  of t h e  ionospher ic  boundary 
l a b e l l e d  L,  a t  a given range angle  8. 

I n  t h i s  vers ion ,  used wi th  ionospher ic  models whose boundaries 
a r e  concen t r i c  wi th  t h e  e a r t h ,  t he  he igh t  of any given boundary i s  cons tant ,  
s o  t h e  value of 8 is immaterial.  The he igh t s  of t h e  boundaries,  i n  ascending 
o rde r ,  a r e  s t o r e d  i n  consecutive c e l l s  of t h e  blank c ~ M M ~ N  a r r a y  C,  s t a r t i n g  
a t  C(101). 



STORAGE LIST 

Argument Cells 

IIFTIi (output)  Height, i n  km, of ionospher ic  boundary L a t  range 
angle  THETA. 

L ( i npu t )  Label of  ionospher ic  boundary. 

THETA ( inpu t )  Current  va lue  of range angle,  i n  rad ians .  

Blank C ~ M M ~ N  

C Consecutive elements,  from C(101) a r e  r equ i r ed  i n  t h i s  ve r s ion ,  
s o  t h e  a r r ay  is divided i n t o  two p a r t s ,  t h e  second of which 
commences wi th  t h e  requi red  elements and is given t h e  l o c a l  
name C101. 

FUNCTION if FTH I L,  TH FTA 
FINDS HFIGHT OF' I f l N n S F R F P I C  BQUNDARY *L3 AT RANGE ANGLE *THFTA3 
VE:I!SIntl P2 (XEVISED 21/1(3/69 J*F.*C*) 
BOUNDAEIES CDMCENTRIC WITH EARTH- HRIGHTS SlVRPD IEI C( 1 0 1 )  FT* SFC 
C ~ M M ~ N  c r  Inn) , c i o i r s o o )  
H F T H = C I D l ( L )  
R EI'IJR N 
END 



6.4.3 Subroutine F~FHTH (version B) 

This subroutine ca lcu la tes  t h e  value and de r iva t ives  of the  funct ion ,  
v a r i a b l e  i n  he ight  h and range angle 8, used t o  obta in  the  e l e c t r o n  dens i ty  
i n  a t w i l i g h t  t r a n s i t i o n  region from t h e  b a s i c  (day-time) ionospheric 
p r o f i l e .  

In  t h i s  version,  the  funct ion  is a cubic i n  range angle 8 between 
the  day and n ight  regions, t h e  value i n  the  day region being uni ty ,  and 
i n  the  n igh t  region,  a funct ion  of he ight  m(h), contained i n  subroutine 
m (qv),  i e ,  

i n  day region: F(h,e) - 1 

I n  n igh t  region: F(h,e) I m(h) 

i n  t r a n s i t i o n :  

aF (h, 0) dm(h) 
eh 

where 8 is the  range angle t o  the  t r a n s i t i o n  cent re ,  located i n  C(401), 
A0 is t a e  angular  ha l f  width of the  t r a n s i t i o n  reg$on and t h e  lower and 
upper limits of t h e  region, 0 - A0 and go  + A B ,  a r e  located  i n  C(402) and 
C(403) respectively.  The constants  31488 and 1/4(A0) a r e  located  i n  C(405) 
and C(406)  respect ive ly .  The upper s i g n  is used f o r  a day-to-night t r a n s i t i o n  
and the  lower s i g n  f o r  a night-to-day t r ans i t ion .  



STORAGE LIST 

Local Variables 

A l ,  A2, A3, Intermediate va r i ab les  used i n  t r a n s i t i o n  region. 
A4, A5 

TH Difference between range angle t o  cen t re  of t r a n s i t i o n  region 
and current  value of range angle. 

Blank ~ M M ~ N  

C Elements 401, 402, 403, 405 and 406 of t h i s  a r ray  a r e  used and 
a r e  referenced by the  l o c a l  names C401, C402, e t c .  Their  
d e f i n i t i o n s  a r e  given i n  the  notes f o r  the  subroutine. 

I C  Element 3 of t h i s  array is used and is referenced here  by the  
equivalent  name ND. It is a con t ro l  ind ica t ing  the  type of 
t r a n s i t i o n  required,  having the  value 1 f o r  day-to-night t r a n s i t i o n  
o r  2 f o r  night-to-day t r ans i t ion .  

The items i n  the  list (qv) t h a t  a r e  referenced here  a r e  DFDH, 
DFDTH, DMDH, EM, FHTH and THETA. 

SI IARWTI NF FnF Y TH 
FUNCTInN 111 1IEICYT ( Y  AFJD FPN('F' PhCLF (TVFTA)  TTSFT T n  Q r T P l N  74F 
ELECTHIlN DF?dSITY AND I T S  DFRIVPTIVY5 SIN TRAIISITIflN nF MICHT-T1"F 
RFCTrlMS FRnM A FASIC DAY-TIME I ~ l k r ) S P 9 F E I C  IJnPFr, 
VLRSIn!: b IBF'VISI'7N 4/13/ t -9  A . R . C .  '-IF S l j h  FHTf'FT I F )  1 / 1 ? / F ? )  
F l l l tT1 iFTA)  VPRIFS E l l l l N d  UhITY IV TtPY R F C I l ' k  u I R )  IN MIGHT P V r T f l N  

AS F ( H t T f l F T A )  = (I+Y(H))/2 + nR - ( I - i q l H )  ) * l C l A f l l ) - T l ! F ' I h ) *  
(C(405)-C(40F)*(C(40I)-THFTP)**2) 

( +  DAY-Tn-NIGHT, - NICHT-TO-DAY) FOR C ( 4 0 3 )  - L T . T H F T A * L T - C ( 4 f l ? )  

C ~ M M O N  C ~ ~ ~ ~ ~ ~ C ~ ~ ~ , C ~ ~ ~ ~ C ~ ~ ~ , C ~ ~ ~ ~ C ~ D ~ . C ~ O F : ~ C ~ I ! ~ I ~ ~ ~ ~ , I ~ I I ~ ~  
l 

CnMYON /PT/ Ht'I'HF:TAtFNtEYUtRMIItDMUCHtD~.lUCTHrENHrDNIifl rFH7A rDFPY t 
1 J)FDTH t PM t DV DH 

EOIJIVALFNCF ( I C (  3 )  tND) 

LflCATE THETA RFLATIVE T q  ' IRANSITInN 
I F ( T H F ? I " I ' - C 4 O ? I l ~ l r 2  

1 G O  Tfl ( 4 ~ 5 l r N G  
2 I F (  T H E : T A - C 1 0 3 ) 6 t 3 t 3  
3 Gn Trl ( 5 t l ) t N D  

DAY RFCIO!I. F ( H t T H F T E 1  I S  UNITY 
4 FHTH=l*  

DE'Dll= O 
DYDTfI=n 
R F'TURN 
NIGHT RFCICIN* F ( H t T H E T A ) = M ( H )  

5 CALL EMH 



0028 FHTH=FY 
0029 DFDH=DMDH 
0030 DED'I'H=O 
0031 RETURN 
0032 C I'RP!JSI!I'I~~N PECInN 
0033  6 TH=C4Ol-THFTA 
0034 CALL E Y R  
0 0 3 5  A1=1 --EM 
0036  A2=C4 06*THQTH 
0037  A 3 = - (  A2-C4fl5) 
On38 A4=A3*TH 
0039 P 5= A4*A 1 
0040 GO Tn ( 7 9 8 )  ?MD 
01141 C EAY-TV-NIGHT TFANSITIqM 
0042 7 FflTH=f l.+F'.!)".5+A5 
0 0 4 3  DFDH=( .5-A4)*DI4CH 
0044 DFDTH=( A2+A2-A3I9E1 
00 4 5 RETURN 
0046 C NIGHT-Tfl-DAY TRANSITInN 
0 0 4 7  8 FH'TH=( 1 -+EM)".5-A5 
0048 DFDH= I .5+A4 1 "DYDH 
0049 DFDTH=I A3-A2-A2)*A1 
0050 RETURN 
0051 END 



6 . 4 . 4  Subroutine IJMH (version B) 

This subroutine contains the  function m(h) def$.ning the r a t i o  
of night-to-day e lec t ron  densi t ies .  

In  t h i s  version,  the  functiqn va r i e s  l i nea r l y  wi th  height  h ,  
from a value m a t  the  ionospheric b&e height  ho, t o  a value mF a t  the  
height  hF of tfle day-time F l a y e r  peak, ie ,"  

m - m  
and * F 0  

dh h p - h  
0 

mF - m 
0 The constants hp - h and mohp - me0 a r e  located i n  C(301) and C(M2) 

respectively. o h~ - h. 



STORACE LIST 

Blank CO'MM~N 

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 functioa defining the ratio of 
night-to-day electron densities. 

The only items i n  the l ist  (qv) referenced here are DMDH, EM 
and H.  

SUBROUTINE ICMH 
CALCULATES RATIO OF NIGHT TO DAY ELECTRON DENSITIES M ( H )  AND I T S  
DERIVATIVE AT HEIGHT H 
VERSION B (REVISION 5/11/69 A*H.C. l7F SUB MH ( B )  1/12/67 A * R * C * )  
RATIO VARIES LINEARLY WITH HEIGHT FROb! MO AT IRNCISPHERE EASE TCl MF 
AT HEIGHT Ill? F-LAYER MAXIMUM AS M ( H )  = C ( 3 0 1 ) * H + C ( 3 0 2 )  

COMMON C ( 3 0 0 ) t C 3 0 1 * C 3 0 2  
CflMMON /PT/ H t THETA t EN t EM Ut RMUt DMUDH I DMUDTH t ENH, DN DH t FH TH t DFDI t 

1 DFDTH t EM t DM DH 

CALCULATE RATIO EM) AND DERIVATIVE (DMDH 1 
DMDH=C301 
EM=DMDH*H+C302 
RETURN 
EN D 



6.4.5 Subroutine SETC (version DEF) 

This subroutine ca lcu la tes  various cons tants  from the  inpu t  
ionospheric model da ta  and s t o r e s  them i n  t h e  blank c ~ M M ~ N  a r ray  C (qv) f o r  
l a t e r  use. This version is  f o r  an ionospheric model based on a +layer  day- 
time p r o f i l e  cons is t ing  of a  D-layer (quadra t ic  funct ion  of he ight ,  h ) ,  
E and F-layers (both cubic functions of he ight ) .  A night-time model is 
produced by mult iplying the  day-time p r o f i l e  by a l i n e a r  funct ion  of he igh t ,  
m(h) . I n  the twi l igh t  t r a n s i t i o n  region between day and night ,  t h e  e l e c t r o n  
dens i ty  is obtained by mult iplying the day-time value by a funct ion  f  (h,O) which, 
a t  any height  h ,  i s  a cubic function of range angle 9 varying from un i ty  
(day) to  m(h) (night) .  The ionospheric boundaries, ie, base, D t o  E and 
E t o  F d iv i s ions  and F maximum, a r e  concentr ic  with the  ea r th ,  The program 
is i n  four  sec t ions  a s  follows:- 

(a) The boundary heights ,  required f o r  funct ion  HFTH (qv), 
a r e  s to red  i n  consecutive elements of ar ray  C commencing a t  
C(101). This i s  a s t r a i g h t  t r a n s f e r  of input  da ta ,  ie,  

base he igh t  ho, input  i n  C(4), set i n  C(101). 
D t o  E boundary hD, input  i n  C(5), set i n  C(102). 
E t o  F boundary hE, input  i n  C(7), s e t  i n  C(103). 
F-layer maximum h*, input  i n  ~ ( 9 ) ,  s e t  i n  C(104). 

Note: This p a r t i c u l a r  model is not  intended f o r  ray-tracing above 
the  height  of the  F-layer maximum. 

(b) The constants  f o r  the  day-time p r o f i l e  a r e  s t o r e d  i n  cells 
C(201) t o  C(2051, v iz ,  

( i )  For the  D-layer, where ND, i npu t  i n  C(6), is the  
e l e c t r o n  dens i ty  a t  the  top of the  l aye r ,  

ND (h - hOl2 
e l e c t r o n  densi ty = 

(hD - hoIZ 

The constant  
N~ is set i n  C(201). 

(hD - h o Y  

( i i )  For the  E-layer, where NE, input  i n  C(8), is the  
e l e c t r o n  dens i ty  a t  t h e  top (maximum) of the  l aye r ,  

e l e c t r o n  dens i ty  = NE - (hE - hI2  [a(hE - h)  + b l e  

The constants  

and 

a r e  set i n  C(202) and C(203) respectively.  



( i i i )  For the F-layer, where NF, input  i n  C(10), is the 
e lect ron density a t  the maximum of the layer ,  

e lec t ron  density = Np - (hF - h)2 [b - a(hF - h) l .  

The cons tan ts 
2(NF - NE) 3(NF - NE) 

a = and b m 
(hF - hE) - h,)'' 

and set i n  C(204) and C(205) respectively. 

(c) The f a c to r  m(h) t o  obtain the night-time e lec t ron  density 
from the day-time value, va r ies  l i nea r l y  with height  from m , 
input  i n  C(11), a t  the ionosphere base t o  mp, input  i n  ~ ( 1 2 7 ,  
a t  the F-layer day-time maximum, i e ,  

m - - m  
The cons t an t s  F 0 

hp - h and - a r e  set i n  C(301) hF - h 
and C(302) respectively.  0 0 

(d) I n  the  t r a n s i t i o n  region, the  e lec t ron  density a t  height  h 
and range angle 0 is obtained by multiplying the  day-time value 
(at h) by 

(+ s ign  f o r  a day-to-night t r an s i t i on ,  - s ign  f o r  night-to-day). 8 , the  
range angle t o  the t r an s i t i on  centre,  is set i n  C(401) and is obtayned 
from the corresponding range p input  i n  C(13). A0 is the  angular half-  

0' width of the  t r an s i t i on  region and is obtained from the  corresponding range 
half-width Ap , input  i n  C (14). 

The lower (Bo - AB) and upper (B + 80) angular l i m i t s  of the  
t r an s i t i on  region a r e  s e t  i n  C(402) and ~($03) respectivkly,  and the  
constants 3/4A0 and 1 / 4 ( ~ 0 ) ~  a r e  set i n  C(405) and C(406) respectively.  
The angular s h i f t  of the  t r an s i t i on  region per  time-step is set i n  
C(404) and is obtained from the  corresponding range s h i f t  bpT, input i n  
C(15). 

The forms of the v e r t i c a l  p ro f i l e s  (day and night)  a r e  shown i n  
f igure  8, where the da ta  of example 1, sect ion 7 a r e  used. 



STORAGE LIST 

Local Var iab les  

A l ,  A2, In termedia te  v a r i a b l e s  of various d e f i n i t i o n s .  
A3, A4 

RRE Reciprocal  of e a r t h  r ad ius  (6370 km), s e t  i n  DATA statement .  

Blank C ~ M M ~ N  

C This is  t h e  only item i n  t h e  list (qv) which is used here.  The 
a r r a y  is  segmented s o  t h a t  elements may be  re ferenced  without  
subsc r ip t ing .  The elements defined i n  t h i s  program a re :  C(101) 
t o  C(104), ( f o r  funct ion  lIFTII) ; C(201) t o  C(205), ( f o r  sub rou t ine  
NBBP) ; C(301) and C(302), ( f o r  subrout ine  EMH) ; C (401) t o  C (406) , 
( f o r  subrout ine  FOFI-ITH). The above elements a r e  named l o c a l l y  a s  
~101, ~ 1 0 2 ,  e t c ,  where the  numerical p a r t  of t h e  name corresponds t o  
t h e  p o s i t i o n  i n  the  a r ray  C. ~ l & n e n t s  requi red  by t h e  program, 
i e ,  i npu t  da t a ,  a r e  referenced by l o c a l  names l i s t e d  below. 
(The equiva lent  a r r ay  elements a r e  shown i n  parentheses.) 

DRHG (14) Half width, i n  km, of t w i l i g h t  t r a n s i t i o n  region. 

D R H ~ T  (15) S h i f t ,  i n  km, o f  t r a n s i t i o n  reg ion ,  pe r  time s t ep .  

EMF (12) Rat io of night-to-day e l e c t r o n  d e n s i t i e s  at he igh t  of 
F-layer maximum. 

EM5 (11) Ratio of night-to-day e l e c t r o n  d e n s i t i e s  a t  base of 
ionospheric  model. 

ENDL (6) Elec t ron  dens i ty ,  i n  electrons/m3,  a t  top of D-layer 
model. 

ENEL (8) Elec t ron  dens i ty ,  i n  electrons/m3,  a t  maximum of 
E-layer model, 

ENFL (10) Elec t ron  dens i ty ,  i n  electrons/m3, a t  maximum of 
F- l aye r  model. 

HD (5) Height, i n  km, of top of D-layer model. 

HE (7) Height, i n  km, of top (maximum) of E-layer model. 

HF (9) Height, i n  km, of maximum of F-layer model. 

~5 (4) Base he igh t ,  i n  km, of ionospheric  model. 

R H ~ O  (13) I n i t i a l  range, i n  km, t o  cen t r e  of t r a n s i t i o n  region. 



SURROUTI NE SETC 
EVALUATES CnNSTANTS FOR THE IrlNPSPHFRIC MODEL FROM THF INPUT DATA 
VERSION DEF ( R F V I S I q N  4 / 1 1 / 6 9  A*R*C* UP VEPSIOM 3A 1/12/67 A * R * C * )  
ELECTRON DFNSITY AS A FUNCTION OF  HEIGHT H PND RANGF ANGLE THBTP 
I S  GIVEN BY N(H)#FIH,THRTA) 
N ( H )  I S  A 3-LAYER DAY-FIMF IONOSPHERIC YODFL, V170 D (QUADRATIC)* 
E (CUBIC)  AND F (CUBIC) .  F(B,THFTA) I S  A DIMFNSIlllNLFSS FPCTQR* 
VALUE UNITY IN D A Y  REGIQN, VALUE M ( H )  ( L I N P P R I  IN NIGHT FFGInflr  
A N D  VARIES AS CUBIC WITA RANGE ANGLE IN TRANSITION REGION* ALL 
LAYER BOUMDARI ES ARE CONCENTRIC W1 TH EARTH. 

CnMMON C ( 1 0 0 ) t C 1 0 1 ~ C 1 0 2 ~ C l O 3 ~ C 1 O 4 ~ C 1 O 5 ~ 9 6 l ~ C 2 O 1 t C 2 O 2 ~ C 2 ~ 3 ~ C ~ ~ 4 ~  
I ~ 2 o ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ , ~ 3 0 ~ ~ ~ ~ ~ . ~ ~ o 1 ~ ~ ~ o z ~ c 4 n ~ ~ c ~ 0 ~ ~ c ~ o ~ ~  
2 C4 0 6  

EQUIVALENCE ( C ( 4 ) r H f l ) , ( C ( 5 )  ~ H D ) , ( C ( G ) t E N D L ) ~ ~ C ~ ? ) ~ H F ~ ~ ( C ( R ) ~ F ~ l F L ~ ~  
1 ( C ( S ) * H F ) , ( C (  1 0 )  t E N F L I t ( C ( 1 1 )  *EYCl) , ( C ( I ? )  *E'dF) S 

2 (C(13)~HHO0lr(C(14)~DRBfl)r(C(35)~DRROT) 
DATA RRE( 15698!33?1271,59E-03) 

SFT MODEL BOUNDARIES IN ASCENDING ORDER IN Cl 1 0 1 )  FT* SE@. FnR 
FUNCTION HFTH 
C l Ol=HO 
C102=HD 
C103=HE 
C104=HF ' 

COYPG'IE CONSTANTS FOR BASIC F R n F I L E  AND SET IN C ( 2 0 1 )  ET* SEC* FnR 
USE IN SUBROUTINE MHBP 
D-LAYER. ELECTRON DENSITY VARIES FROM ZERO AT HO TO FNDL AT HD AS 
N ( H )  = C ( Z O l ) * ( H - H 0 ) * * 2  
A 1 = 1  / (  MD-HO) 
A2=Al*ENDL 
C201=A2*A1 
E-LAYER* ELECTRrlN DENSITY VARIES FROM ENDL AT HD TO ENEL AT HE AS 
N(H) = FNEL-(C(703)+C(202)4(HE-H) )*(HE-H)*%? 
Al=I. / (HE-WD) 
A3=ENEL-ENDL 
A4=A3*A 1 
A2=-(A4-A2)*A1*2. 
C202=AZ0A 1 
C203=AleA4-A2 
F-LAYER. ELECTRnEl DEflSITY VARIES FROM ENEL AT HE TO FNFL AT HF AS 
N ( H )  = ENFL-( C l  2 0 5 ) - C ( 2 0 4 ) * l H F - H )  )*lHF-H)Q"2 
A1=1*/1HF-ME) 
A2=ENFL- EN EL 
A 3 = A 2 * A l e A 1  
C204=A3*A1"2* 
C205=3-"A3 
COMPUTE CONSTANTS OF M ( H ) r  THE RATIO QF NIGHT TO DAY ELECTRC)N 
DENSITIES9 AND STflRF: IN C ( 3 0 1 )  ET* SEC- FnR IJSE IN StJPRnUTINR FVH 
M f H )  VARIES FRnM EMO AT H r 7  Tn  EMF AT HF AS H I R )  = C ( 3 0 2 ) + C ( 3 0 1 ) * H  
Al=l . / (HF-MO) 
C302=(  EMO*HF-EYF*Hfl) "A1 
C30  l=( EMF-EM01 * A  1 



COMPUTE CONSTANTS n~ F(HITHETA) A N D  STDRE I N  c(4nl) FT. SFC. FOR 
USE IN SUBROUTINE FnFHTH* F(H,THETA) VARIRS FRnY UNITY I N  DAY 
REGION TO M ( H )  I N  NIGHT REGION AS FlHtTHFTA) = (1+Y(H))/2 + nR - 
(l-M(H) )*(C(401 )-THETA)*(C(405)-C(40C)*(C(401)-THF?A)GG2) 
(+  DAY-TO-NIGHT, - NIGHT-TO-DAY FUR C(402) *LT.THFTA*LT-C(403) 
TRANSITION HEGIflN SHIFTS BY Cl 404) RADIANS PFR TIME-STEP 
A1=DRHOsRRE 
C401=RIdOO*RRE 
C402=C401-A1 
C403=Al+C401 
C404=DRHOTRRRE 
AI=l*/Al 
C405=A19*?5 
C406=*25"AlGA1*A1 
R ETUH N 
END 



This subrout ine  c a l c u l a t e s  t h e  e l e c t r o n  dens i ty  N , t h e  r e f r a c t i v e  
index U, i ts  r e c i p r o c a l  1 / u  and de r iva t ives  ap/ah, a p / a e ,  at  the  cu r ren t  
values of he ight  h and range angle 8. 

This vers ion  of t h e  subrout ine  is  f o r  use wi th  an ionospheric  model 
where the  e l e c t r o n  dens i ty  is given by 

N(h) is a b a s i c  (eg, day-time) p r o f i l e ,  a funct ion  of he igh t  only, and i s  
contained i n  a subroutine NHBP (qv). 

F(h.0) i s  a dimensionless funct ion  of he ight  and range angle which modif ies  
the  b a s i c  p r o f i l e ,  and is contained i n  a subrout ine  FOFHTH (qv). 

The r e f r a c t i v e  index is  given by 

where f is the  s i g n a l  frequency i n  MHz and t h e  f a c t o r  0.8061 X 10-l / f2  is 
loca ted  i n  CF(2) (see  blank ~ M M O N  list). 

The de r iva t ives  of r e f r a c t i v e  index are 

and 

The f a c t o r  0.40305 X 10-1°/f2 is loca ted  i n  CF(3). 



STORAGE LIST 

Local Variables 

CMU Value of - 0.40305 X 1 0 - ' ~ / f ~ p  where f is the  s i g n a l  frequency 
i n  MHz and P is r e f r a c t i v e  index. 

Blank C ' ~ M M ~ N  

The only items from the  list (qv) r e fe r red  t o  a r e  elements 2 and 
3 of the  arral; CF. These a r e  l o c a l 1  named CF2 and CF3 and contain Y 0.8061 X 10-l If2 and 0.40305 X 10" O/f2 respect ive ly .  

A l l  items i n  the  list (qv) up t o  and including DFDTH a r e  referenced 
with the  exception of H and THETA. 

0 0 0 1  SUBROUTIUE NRX 
0 0 0 2  C EVALUATES ELECTRDN DENSITY (EN)  AND RFFRACTIVP INDEX f E!4U1 r I T S  
0 0 0 3  C RECIPROCAL (RMU) AND DERI VAT1 VES ( D?.IUDH t DMUDTR) AT CTTRRFNT VALUES 
0 0 0 4  C HEIGHT (H1 AND RANGE ANGLE (THETA) 
0 0 0 5  C VERSION HF (REVISIOM 4/11/69 A . R * C *  OF SUII RNDX 14/7/67 A*IZ*C-1 
0 0 0 6  C ELECTRnN DENSITY I S  GIVP?! BY !J(H)"F(HrTHETA) tR1FRF N f R l  I S  A 
0 0 0 7  C BASIC DAY-TINE' 10NrllSPAER.I C PRnFI LE, b!flDI F1 ED I N  TBAN S1 TInII AND 
0 0 0 8  C NIGHT-TIME REGInMS BY TIIE DIMENSIOMLFSS FACTOR F(II  t THFTA) 
0 0 0 9  C 
00 l O COMMON C(1000)tIC115),CFlrCF2,CF3 
0 0 1 1  COMMOM /PT/ H t THETA* EN r EMU* RMUr DMUDR r DMUDTH t FIJH t DNDA r FHTH r DFD'r! 9 

OU12 1 DFDTB 
0 0 1 3  C 
0 0 1 4  C FIND ELECTRflM DENSITY (ENHI AND DFRIVATIVP (DMCII) IN BASIC PROFIIjF 
0 0 1 5  CALL NABP 
0016 C FIND VALUE ( FHTH 1 P.MD DERIVATIVES ( DFDH DFDTR 1 OF MQDIFYIF!C TFRY 
00 17 CALL FqFHTH 
0 0 1 8  C FORM TflTAL ELECTRn?! DFMSITY (PN) 
00 19 EM=ENHGFHTH 
0020 C FORM REFRACT1 VE' I?IDFX ( EfIU) AND RECIPROCAL (RMU) 
0021 C (CF2=@*OOC1 F-l 0 / (  F*F) 1 
o n 2 2  EMU=SQRT( 1.-EM*CFT) 
0 0 2 3  RMU=l./E.h!Ti 
0 0 2 4  C FOEM DERI VAT1 VES ( DHUDH I D:,IUDTH 1 OF REFRACT1 VE I MDEX 
0 0 2 5  C ( CF3=0*40305E-10 / (  F"F1) 
002'6 CMIJ=- I RMU"CF31 
0 0 2 7  DMUDM=( EMRGDFDH+Ft! TH*DMDB ) *CKU 
0 0 2 8  DMUDTH=EMfl*DFDTH~CMU 
0 0 2 9  RETURN 
0030  END 



6.4.7 Subroutine NHBP (vers ion  DEF/L) 

This  subrout ine  c a l c u l a t e s  t h e  e l e c t r o n  dens i ty  and its d e r i v a t i v e  
a t  a he ight  h ,  i n  a b a s i c  ionospheric  p r o f i l e  which is  a func t ion  of he igh t  
only. 

Here the  p r o f i l e  c o n s i s t s  of D-, E- and F-Jayer models, t he  r equ i red  
l a y e r  being s e l e c t e d  by a c o n t r o l  L which takes t h e  values 1(D), Z(E) or 
3 (F). The l a y e r  models are as follows :- 

( a )  D-layer. A quadra t i c  funct ion  of he ight  between b e i g h t s  h. 
and hD such t h a t  a t  he igh t  h t h e  e l e c t r o n  dens i ty  and its 
d e r i v a t i v e  are both zero, an8 a t  he igh t  hD t h e  e l e c t r o n  dens i ty  
is  ND. 

Thus 9 (h - h )2 
0 

and 

The va lue  of h is loca ted  i n  ~ ( 4 )  and t h e  f a c t o r  NDl(hD - ho)2 
in C(201). 0 

(b) E-layer. A cubic funct ion  of he igh t  between h e i g h t s  hD 
and hE such t h a t  a t  he ight  h the  e l e c t r o n  dens i ty  and i ts 

D d e r i v a t i v e  match the  D-layer va lues ,  and a t  he igh t  hE t h e  
e l e c t r o n  dens i ty  is a maximum of NE. 

Thus, Ne - NE - (hE - h)2[a(hE - h) + b] 

and 

where 

and 

The va lue  of h is loca ted  i n  C(7), t h a t  of NE i n  C(8) and t h e  
cons tants  a and b i n  ~ ( 2 8 2 )  and C(203) respec t ive ly .  

(c) F-layer. A cubic  funct ion  of he ight  between he igh t s  hE 
and h such t h a t  a t  he ight  hE t he  e l e c t r o n  dens i ty  and its d e r i v a t i v e  
(zero7 match t h e  E-layer va lues ,  and a t  he igh t  hp t h e  e l e c t r o n  dens i ty  
is a maximum of NF. 

T b - a ,  Ne - N F - (hp - h l 2 [ b -  a(hF - h ) ]  

and 



2(NF - NE), 
where a = 

3(NF - NE) 
and b =  

(hF - hEIf 
The value of h is located i n  C(9), that of NF i n  C(1O) and the 

constants a and b i n  ~(284) and C(205) respectively.  



STORAGE LIST 

Local Variables 

A 1 
) Intermediate va r i ab les  of various d e f i n i t i o n s  . 

B 1 

HM Difference between t h e  input  he igh t  and the  reference  height  
of the  p a r t i c u l a r  ionospheric layer .  

Blank c ~ M M ~ N  

C Here the  a r ray  is segmented s o  t h a t  re levant  elements may be 
referenced without subscript ing.  The required elements a r e  as 
follows ( the  numerical p a r t  of a name ind ica tes  the  p o s i t i o n  i n  t h e  
o r i g i n a l  a r ray ,  i e ,  C201 E C(201)) :- 

C4 Base height ,  i n  km, o f  the  ionospheric model. 

C7 Height, i n  km, of the  maximum of the  E-layer model. 

C 8 Maximum e l e c t r o n  dens i ty  , electrons/m3, i n  the  E-layer 
model. 

C9 Height, i n  h, of t h e  maximum of the  F-layer model. 

C10 Maximum e l e c t r o n  densi ty,  electrons/m3, i n  the  F-layer 
model. 

C201 A constant  of the  P l a y e r  model. 

C202, Constants of the  &layer model. 
C203 

C204, Constants of t h e  F-layer model. 
C205 

Only element 15 of the  ar ray  i s  used and is referenced by t h e  
equivalent  name:- 

L Control ind ica t ing  the requi red  ionospheric l a y e r  
model, ie,  1 f o r  D, 2 f o r  E o r  3 f o r  F. 

No o the r  items i n  t h e  list are required. 

The only items i n  the  l is t  (qv) which a r e  referenced here  a r e  
H, ENH and DNDH. 



00 0 l SUARqUTI N F NHBP 
U002 C CALCULATES FLFCTPnN DENSITY ( FNH) AND DFRIVATI VE ( DNDH) AT HFIGYT 
0003 C H I N  RPSIC IflN17SPHFHIC FPnFItE NIH) 
0004 C VERSInN DEFIL (FFVISInM 4/11/69 P.R.C. nF SUP MHP 1/12/67 P.P*C*) 
0005 C 3-LAYER PRnFILE - D (OUPDPATIC) r E (CUBIC) AND F (CURIC) 
0006 C LAYFR SELECTION PY NUYFER (L) 
0007 C 
00 OH C~MYQIJ C ~ ~ ~ ~ C ~ ~ C ~ ~ C ~ ~ C ? ~ C ~ ~ C ~ ~ C I Q ~ C ~ ~ ~ ~ ~ O ~ ~ C ~ ~ ~ I ~ C ~ ~ ? ~ C ? ~ ~ ~ C ~ ~ ~ ~  
00 09 1 C105rC206( '795) r IC( 15) 
0010 Cr)YMT)FI /FT/ H r TRFTA r ENr F'Y IJr RYUr I?YUDH r nVUDTH r FMH r DKDY 
0011 EGUIVPLENCE ( IC( 15) rL) 
0012 C 
0013 C SELECT RECUIRFD LAY FR 
0014 cn TCI ( 1 ~ 2 ~ 3 )  *L 
0035 C D-LAYFR. ELECTRI?N DFNSITY VERIFS FRnM ZFRn AT HFICHT C(4) T'3 C(6) 
0016 C AT HEIGHT C(5) AS N(H)=C(2flI )*(H-C(4) )*V 
U017 1 HY=H-C4 
DO l8 A=AY9C2 O 1 
0019 ENH=AQH M 
003 1, DNDH=P+A 
0023 R FTUR N 
OD32 C F-LAYFR* I'CFCTRnN DFNSITY VERlFS F'RIlY CIF) PT HEICMT Cl51 T'7 C(nl 
0023 C ET HFIGHT C ( 5 )  AS N I H ) = C ( I $ ) - ( C ( T f l , l I + C ( ? O ? ) e ( f ( ? ) - H )  IQ(C(?)-H)**? 
0024 2 RM=C?-11 
0035 P=lll4*C2 D? 
On26 H=( P + C ? P 3 ) * " Y  
0027 FNH=CO-R*HM 
0028 DNDH=A*Hk4+B+B 
0029 RFTURN 
0031! C F-LAYER. ELECTRON DENSITY VARIFS FRIJFL' C(R) AT HEIGHT C(?) ~n C (  l n )  
0031 C AT HEIGHT Cl91 AS M(H)=C110)-(C(205)-C(204)*(C~9)-H))*~C~9~-H)e*2 
0032 3 HM=C9-H 
0033 A=HMSC204 
0034 B=( A-C205)*HM 
Q035 ENH=BQHM+Cl t l  
0036 DMDH=- bSMM+R+B) 
0037 RETURN 
0030 END 



6.4.8 Subroutine SETC (version DEF/ES) 

This subroutine ca lcu la tes  various cons tantz  from the  input  
ionospheric model da ta  and s t o r e s  them i n  the blank COMM~N array  C f o r  
l a t e r  use. 

This version is s i m i l a r  t o  subroutine SETC (version DEF) , the  
d i f ference  being the addi t ion  of a  sporadic E-layer to  the  ionospheric 
model. The sporadic E-layer function is defined by 

A 
where N S i s  the maximum e lec t ron  densi ty i n  the  layer ,  input  i n  ~ ( 1 7 ) ~  h S 
is the i e i g h t  of the peak, input  i n  ~ ( 1 6 ) ,  and WEs is the  l ayer  half-widtg, 
input  i n  ~ ( 1 8 )  . ( i e ,  ha l f  the  height  d i f ference  between points  where the  
function is down t o  e-2 of peak value). 

The function,  which is added t o  the  ionospheric model, is obviously 
non-zero f o r  a l l  he ights ,  but  f o r  the purposes of defining a region where a 
change i n  i n t e g r a t i o n  step-length is required,  i e ,  where the  e lec t ron  densi ty 
is changing s i g n i f i c a n t l y  f a s t e r  than t h a t  i n  the remainder of the model 
a t  s i m i l a r  he ights ,  the  boundaries a r e  set a t  l e v e l s  where the  value of 
the  funct ion is approximately 1% of the  peak value, i e ,  a t  h + 1. 5WESf 
(The l i m i t s  wi th in  which the  function is assumed t o  c o n t r i b u R  t o  the  
o v e r a l l  e l e c t r o n  densi ty a r e  set wider than the above, see  subroutine 
WES. ) 

The ordering of the various boundary heights  f o r  funct ion HF'L'H 
(qv) is l e s s  simple than i n  version DEF, as  i t  is assumed t h a t  the  sporadic 
E model may be a r b i t r a r i l y  placed on the  bas ic  (D - E - F) p r o f i l e ,  with 
the  r e s t r i c t i o n  t h a t  the  sporadic  E model is  s u f f i c i e n t l y  narrow f o r  its 
boundaries (1%) t o  l ie  i n  the  same o r  adjacent  layers  of the  b a s i c  p ro f i l e .  

The constants  required by subroutine NHES are:- 

f i / w E S  s e t  i n  C ( M 1 )  

and 2fi/wEs s e t  i n  C(502). 

The remainder of the  program, concerning the b a s i c  p r o f i l e ,  
night-time and t r a n s i t i o n  regions, is  i d e n t i c a l  t o  version DEF. 

The form of the sporadic  E-layer model is  shown i n  f i g u r e  9, 
where the  data  of example 2, sec t ion  7, a r e  used. 



STORAGE LIST 

Local Variables 

A l ,  A2, Intermediate va r i ab les  of various de f in i t ions .  
A3, A4 

DHES Difference between height  of the  peak of the  funct ion  def in ing 
the  sporadic  E e l e c t r o n  dens i ty  and a height  where t h e  value of 
the  function is approximately 1% of the  peak, i e ,  1.5 times t h e  
function h a l f  width, the  l a t t e r  being defined a t  the  em2 leve l .  

IiESL Lower height ,  i n  km, where t h e  sporadic  E function i s  approximately 
1% of peak value. 

HESU Upper he ight ,  i n  km, where the  sporadic  E funct ion  is approximately 
1% of peak value. 

R ~ T Z  Square root  of 2, s e t  i n  DATA statement. 

KRE Reciprocal of e a r t h  radius  (6370 km), set i n  DATA statement. 

Blank C?~M;N Variables 

C Here the  ar ray  is segmented s o  t h a t  re levant  elements may be  
referenced without subscr ip t ing .  The elements defined i n  t h i s  
program are:  C(101) t o  C(106), ( f o r  function HFTH); C(201) t o  
C(205), ( f o r  subroutine NIIBP) ; C(301) and C(302), ( f o r  subrout ine  
EMH); C(401) t o  C(406), ( f o r  subroutine ~ F H T H ) ;  C(501) and 
C(502), ( f o r  subroutine NHES). The above elements a r e  named 
l o c a l l y  a s  C101, C102, e t c ,  where the  numerical p a r t  of the  
name corresponds t o  the  pos i t ion  i n  the  ar ray  C. Elements required 
by the program, i e ,  input  da ta ,  a r e  referenced by l o c a l  names 
l i s t e d  below ( the  equivalent  a r ray  elements a r e  shown i n  
parentheses) .  

D R H ~  (14) Half width, i n  km, of twi l igh t  t r a n s i t i o n  region. 

D&T (15) S h i f t ,  i n  km, of t r a n s i t i o n  region per  time-step. 

FMF (12) Ratio of night-to-day e l e c t r o n  d e n s i t i e s  a t  he ight  
of F-layer maximum. 

m15 (11) Ratio of night-to-day e lec t ron  d e n s i t i e s  a t  base of 
ionospheric model. 

ENDL (6) Electron densi ty,  i n  electrons/m3, a t  top of D-layer 
model. 

ENEL (8) Electron dens i ty ,  i n  electrons/m3, a t  maximum of 
E-layer model. 



ENESL 

BD 

HE 

HES 

IF 

HT) 

RHO' 0 

lJES 

(17) Electron densi ty,  i n  electrons/m3, a t  peak of sporadic 
E-layer model. 

(10) Electron densi ty,  i n  electrons/m3, a t  maximum of F-layer 
model. 

( 5 )  Height, i n  km, of top of D-layer model. 

(7) Height, i n  km, of top (maximum) of E-layer model. 

(16) Height, i n  km, of peak of sporadic E-layer model. 

( 9 )  Height, i n  km, of mcutimum of F-layer model. 

( 4 )  Base height ,  i n  km, of ionospheric model. 

(13) I n i t i a l  range, i n  km, t o  cent re  of t r a n s i t i o n  region. 

(18) Half width, i n  km, of sporadic E-layer model (defined 
a t  e-2 level ) .  

SUPRflUTI NE SFTC 
EVALUATFS CONSTENTS IflR THF IQNQSPHEFIC YQPFT, FFnhf TYF INPUT DATA 
VERSION DEF/FS (ORIC. R.V.J. REVISFD ? 0 / 1 0 / 6 9  A.F.C.) 
ELECTDON 1)PMSITY AS P, FUNCTICIN r)F HFICHT H A N D  RPNCF AhIGT,F TNFTP 
I S  CIVFN BY #(II)*F(HITHETA) + P E ' S ( R )  
N ( R 1  I S  A 3-LPYFF DAY-TIYF InMnSFIlEHIC FnClDFL, VIZ* D fC1lPDnP'I'IC) r 

E (CUBIC) A N D  F (CUBIC) F(HsTHFTAI I S  P nIMEbISInNLFSS FPCTnRv 
VALUE IfNII'Y IN DAY RFGIr)M* VELllF Y ( f l )  f LINFAF) IN NTCHT PFGInM, 
A N D  VARIES PS CUBIC WITH RANCF ANCLE IN TRPNSITIf7N FFCIQN* NFS(A1 
I S A SFflRADIC-E r.lODEL (GPUSSIAM) ALL LAYFH FOlJNDARI FS ARF 
CONCENTRIC W 1  TH EARTH- 

cnMMaN C ~ ~ ~ O ~ ~ C ~ ~ I ~ C ~ ~ ~ ~ C I ~ I ~ ~ C ~ ~ ~ ~ C ~ ~ ~ , C I ~ ~ ~ C I ~ ~ ~ ~ ~ ~ , C ~ ~ I ~ C ~ ~ ~ ~  
1 C203~C2~4rC205rC2ft6(95~~C.7O1~C302~C3@3~9~~~C4Ol~C402~C~~3~ 
2 ~ 4 0 4 ~ ~ 4 0 h ~ ~ 4 0 ~ ~ ~ 4 0 ? ( 9 4 ~ ~ c f , ~ 3 ~ ~ 5 0 2  

FQUIVALFNCE (C(4),HO),(C(S),HD),(C(6) , F N D L ) , ( C ( 7 )  t H E ) , ( C ( 8 1  vENFL1, 
1 ( C ( 9 )  , l J F ) r f C ( l O ) r G N F L ) ~ ( C I 1 1 ) t F M r ! ) ~ ( C ( 1 ? ) ~ F ~ F ) ~  
2 t C f J 3 )  , R H n n )  , ( C l 1 4 1  vDFHI'3) , ( C (  35) *DP,iIr)'i') * ( C (  16) *HE'S)* 
3 ( C (  17) rFNFSLI , ( C (  181 9WES) 

DATA RRE(~.156SRLW7127159E-3) rRr3OT2( 1 ~ 4 1 ~ 2 1 3 5 6 2 3 7 3 1 )  

THE (PSEUDO1 BO'[!NDAFI FS T1F TRE SPORADIC-l? L A Y E ' R  ARF SFT P T  HFTGHTS 
!JHERF ELFCTFON DENSITY I S  APPROX 001 l7F PEAK VALDF f FNESL) 
I .E .  AT HES + r3F - 1*5*WFS 
DH ES=1 5"WPS 
H ESU=DH Ey+H ES 
H FSL=H ES-DR ES 
SET YOGFL Br?tJNDARIES IN ASCEI'IDING ORDF'I! IN C (  101  PT* SFG* FrlR 
E'lJNCTIOM HFTH. ( I T  I S  ASSUMFD THAT THE SFIIRADIC-F Enl~NDPRIFS LTF 
IN THE SAMB n F  ADJPCENT LAYERS 17F THF BASIC P9r)FILF) 
C 101=HI3 
IFfHD-HESL14r l t l  



0033  1 C102=HFSL 
0034 IF(HD-flESU)3g2r2 
01135 2 ClU3=HESU 
0036 Cl  nrl=HD 
C10 37 Gr) TO 7 
0038 3 Cl03=HD 
0039 Gr) TQ 6 
0040 4 C1112=HD 
004 1 IF(HE-HFSL)9 ,5 ,5  
0042 5 Clfl3=HFSL 
0043  I F(HE-HFISlJ)ng6,6 
0044 6 C104=HESU 
0 0 4 5  7 Cl05=HE 
0046 G13 Tn 1 l 
0047  8 Clfl4=HE 
0048 1 0  
0049 9 ClU3=HE 
0050 C 104=H ESL 
0051 1 0  C105=HESU 
00 5 2  1 1  CIf!C=HF 
0053  C CllMPUTE CONSTANTS FOR BASIC FROFILP P N D  SET IN C ( 2 0 1 )  ET* SFC. FnF 
0054 C IISF IN St1BRr)lJ'I'INP NHFP 
0 0 5 5  C D-LAY ER* ELECTRflN DEI'ISITY VARI FS FROW ZERO AT Hn TrJ FNCL AT HD AS 
0056 C N ( M )  = C(2Fl )* tH-H0)**2  
0057 Al=l./(WD-HO) 
00 58 A2=AIBEMDL 
0059 C201=A2*Al 
DOG0 C E-LAYER- ELECTRON DENSITY VARIES FRflU E N D L  AT HD TO FNFL AT HE AS 
0061 C N ( H )  = ENEL-(C(203)+C(202)*(HF-F1) )*(HF-A)P*2 
0062 PI=l. /IHE-HD) 
0 0 6 3  A3=EN EL-FM D L  
0064 A4=A3*A 1 
0 0 6 5  A2=-IA4-A2)"A1*2. 
0066  C2 02=A$*A 1 
0 0 6 7  C203=Al*A4-A2 
OOGR C F-LAY ER. PLECTRON DFNSII'Y VARI FS FRnY FNEL AT AF Tr! FNFL AT HF PS 
0069 C N ( H )  = ENFL-(C(205)-C(204)"(HF-H) P ( H F - H I w 2  
00 70  Al= l* / (HF-HF)  
00 71 A2=BNFL-EN EL 
00 72 A3=A2*Al*Al 
0 0 7 3  C204=A3*A1"2. 
0074 C205=3*"lr3 
0 0 7 5  C COMFIITE: CrlKSTAWTS OF M ( N )  THY RATIO OF NIGHT Tn DPY FLFCTRON 

) 0076 C DFNSITIES, A N D  STOPF: IN C ( 3 0 1 )  FT* S E C -  FrlF USF IN SUBFnTlTINF EMH 
0077  C M ( H )  VARIES FROM F.IWr! AT H0 Trl FVF AT HF AS ?!(H) = C ( 3 0 2 ) + C ( 3 f l l ) * H  
0078 Al=I./(HF-HO) 
00 79 C302= ( EMVH F-RM F++HO) "A l 
0080 C301=( EMF-EMQ)*Al 
0081 C COMPUTE CnNSTPNTS O F  F(H,THETA) A N D  STORE IN C(4f l1 )  ET. SEO* Fr?R 
0082 C USE IN SUBHOUTINF' F'?E'HTH* F(H9TYT'TA) VFFIES FIi!JV VNITY 11.1 D A Y  
0083  C REGIflE TO M ( H )  IN NIGHT REGIl7M AS F(HtTRFTP1 = ( l + M l H ) ) / 2  + f l P  - 
0084 C ( 1 - M ( H )  ) * (C(1?0 I ) -THEr IP) '+ (C(405) -C(1?OF)* (  C(AOl)-THFTA)"*2) 
0 0 8 5  C ( +  DAY-TO-NIGHT, - NIGHT-TC-DAY) FOB C( l? f l2 ) .LT.TRPTE.LT.C(40 .7)  
0006 C TRANSITInN REGIOH SHIFTS A Y  C ( 4 0 4 )  RADIANS PER TIME STFP 



0087  
OORR 
0089 
009 0 
009 1 
0092 
0 0 9 3  
0094 
0 0 9 5  C 
0096 C 
0097  C 
0098 ' 

0099 
01 0 0 
0101 

Al=DRHl7;*RRE 
C401=RHnC*RRE 
C402=C401-A1 
C403=Al+C401 
C404=DRIIO'I'*HRE 
A 1 = 1 . / A l  
C405=A1"*75 
C406=*25*AI"Al"Al 
COMPUTE CONSTANTS FnR SFnPADIC-E' LAYFR NES(HI AND STVPE I N  C(501) 
ET* SEC* FUR USE IN SUER(7UTIFIE NHFS. THE MODEL I S  CIF THE FnRM 
NES(H) = ENESL*F)!Pf-2*( (H-HES)/UES)**2) 
C50 l=RCJOT2/WES 
C502=C50 1+C501 
RETURN 
END 



6.4.9 Subroutine NRX (version NF + ES) 

This subroutine ca lcu la tes  the  e lec t ron  densi ty Ne, t he  r e f r a c t i v e  
index U ,  its rec ip roca l  1 / p  and der ivat ives  av/ah, au/a8, a t  the  current  
values of height  h and range angle 8. 

This version of t h e  subroutine is  f o r  use with an ionospheric 
model where t h e  e lec t ron  densi ty is  given by 

Ne N(h).F(h,B) + NESl(h) eleetrons/m3, 

N(h) i s  a b a s i c  p r o f i l e  (eg, day-time), a function of. height  only,  and is 
contained i n  a subroutine NHBP (qv). 

F(h,B) is  a dimensionless function of height  and range angle which modifies 
the  bas ic  p r o f i l e  and i s  contained i n  a subroutine FOFHTH (qv). 

N (h) is a model of a sporadic E-layer, a function of height  only, and i s  ES 
contained i n  a subroutine NHES (qv). 

The r e f r a c t i v e  index is 'given by 

J1 0.8061 X 1 0 - l ' ~ ~  
P =  f , 

where f is the  s i ~ n a l  frequency i n  MHz and t h e  f a c t o r  0.8061 X 10-I / f 2  
is located i n  CF(2) (see blank C-OMM'~N l i s t ) .  

The der ivat ives  of r e f r a c t i v e  index a r e  

and 

The f a c t o r  0.40305 X 1 0 ' - ' ~ / f ~  is located i n  c ~ ( 3 )  (see blank C ~ Z N  l i s t ) .  



I STORAGE LIST 
l 

l Local Variables 
l 

CMU Value of -0.40305 X 10-1°/f2p, where f is the s igna l  frequency 
i n  MHz and p is refractive index. 

Blank C-OMM'~N 

1 The only items from the list (qv) referred to here are elements 

I 
2 and 3 of the array CF. These are loca l ly  named CF2 and CF3 and 
contain 0.8061 X 10-1°/f2 and 0.40305 X 10110/f2 respectively. 

l 

A l l  items i n  the 11s t (qv) are w e d  with the exception of DMDH, 
EM, H and THETA. 

l (l0 0 l SUFRnUTI NE N H X  
l 
l 0002 C EVALUATES ELECTRnN DFNSITY (FN) A N D  RFFFPCTIVE IMDFX (F'4IT)t ITS 

l 
0003 C RFCIFPr3CA1, ( R M U )  E N D  DERI VAI'IVES DYIIDH t DYIIDTR 1 PT CITRRFNT VPLIIFS 
U004 C OF HFIGHT ( H )  AND TtANCF ANCLE (THETA) 

l 0005 C 
I 0006 C VERSInN NF+FS (REVISFD 1611 0/69 P*P*C*) 

0007 C ELFCTRflN DFNSITY I S  CIVFN BY NtH)*FIH,THFTA) + HFS(S1 
I 0008 C WAFHE N ( H )  I S  A BESIC DAY-I'IYE IrlKnSFHEFIC PPr7FILFt !JOrIFIFD IN 
1 0009 C TRANSITIflN AND NIGHT-TIYF RFGIflNS FY THE T)IMFNSI(!NLFSS FIIMCI'ION 
l OOlO C F( HvTHFTA) t AND NFS( H )  I S  A SPnRADIC-F FNHANCEMENT 

0011 C 
00 12 C n M Y n N  C(100O)tIC(15)tCFlvCF2tCF3 
0013 CRMMON /PT/ Ht?flFTlrtENtFYUtHMUtD~~~~HtCMUDTHtFEiHtDM~~ltFHT~ltDFPHt 
00 14 1 DPDTH S FM t DMDH t FNS t RE1 SDfI 
0015 C F1 ND FLFCTR!'IN DENSITY ( FNH I AN1) DFRI VAT1 VE ( DNDll) IN RASI C PRnFI LF: 
on 16 C ~ L L  N H E P  
0017 C F1 ND VALUF ( FH TH 1 AND DERI VAT1 VFS DFDH 9 DFDTH 1 OF YVDI FY I NT: TFQM 
0038 CALL FOFMTH 
0019 C FIND PLECTRIIN TIXNSITY I ENS) AND DEPIVATI VP (DNSDH) IN SFI7RPDIC-F 
002 0 C A L L  NHES 
0023 C FnHY 'VITAL 1:LFCTFnN DENS1 TY 1 FN 1 
0022 EN=FNHQFHTH+FMS 
0023 C FORM RFFPECT'IVF IFlCEX ( PYU) A N D  RFCIPRnCPL ( R Y U )  
0024 C (CFT=n.AOElF-lO/F**?l 
0025 RMU=SCRT( 1.-EN'CF?) 
OU26 RMU=I */FYU 
0027 C FORM DFRIVATIVES nt?VDH t DMIJDTH) OF RFFPACTIVF INDFX 
0028 c ( CF3=0.40305E-l0/F"*2) 
0029 CMU=-( PMU*C F31 
0030 DMUDfi=( FNH*nFIlM+FHI'HQDNnH+DNSDH) *CMU 
0031 DMUDTM=FNH*DFDTH*CMU 
0032 RETURN 
0033 END 



6.4.10 Sub rou t ine  NHBP (vers ion  DEF/H) 

This subrout ine  c a l c u l a t e s  the e l e c t r o n  dens i ty  and i ts  d e r i v a t i v e  
a t  a  he igh t  h i n  a b a s i c  ionospheric  p r o f i l e  which is  a funct ion  of he ight  only. 

This  ve r s ion  is  f o r  t h e  same p r o f i l e  a s  t h a t  descr ibed  i n  ve r s ion  
DEF/L (qv) ,  bu t  i s  intended f o r  use with a  model containing a sporad ic  E-layer, 
and a s  the l a t t e r  may b e  a r b i t r a r i l y  pos i t ioned ,  t he  s e l e c t i o n  of t he  
appropr ia te  l a y e r  funct ion  i n  the  b a s i c  p r o f i l e  is  done by he ight  
comparison i n s t e a d  of d i r e c t  s e l e c t i o n  by l a y e r  number. 



STORAGE LIST 

Local Variab* 

A 1 
) Intermediate va r i ab les  of various de f in i t ions .  

B 1 

HM Difference between the  input  height  and the  reference  height  
of a p a r t i c u l a r  ionospheric layer. 

Blank c ~ M M ? ~ N  

C This ar ray  is segmented here  s o  t h a t  re levant  elements may be  
referenced without subscript ing.  The elements used a r e  a s  
follows, the  numerical p a r t  of the  l o c a l  name ind ica t ing  the  
p o s i t i o n  i n  the  o r i g i n a l  a r ray ,  ie, C201 S C(201):'- 

C4 Base height ,  i n  km, of  the  ionospheric model. 

C5  Height, i n  km, of the top of the P l a y e r  model. 

C7 Height, i n  km, of t h e  top (maximum) of the  G l a y e r  
model. 

C 8 Maximum e lec t ron  dens i ty ,  electrons/m3, i n  t h e  E l a y e r  
model. 

C9 Height, i n  km, of t h e  maximum of the F-layer model. 

C10 Maximum e lec t ron  dens i ty ,  electrons/m3, i n  the  F-layer 
model. 

C201 A constant  of the  P l a y e r  model. 

C202, Constants of the  E-layer model. 
C20 3 

C204, Constants of the  F-layer model. 
C205 

No o the r  items i n  t h e  l ist  are used. 

The only items i n  the list (qv), which a r e  referenced he re  a r e  
DNDH, ENH and H. 



0001 SUBROUTI 11E NHBP 
0002 C BASIC InNOSPBFRIC PRr7FILF M ( H )  
0003 C VF'RSION DEF/H ( I ~ R I C .  R.M.J. RFVISFD 1?/1n/69 P.P.c.) 
0004 C 3-LAYER PRl7FILF - D IOIJPDRATIC) r E (CUBIC) A N D  F (CUPIC) 
0005 C LAYER SELECTION R Y  HFICHT ( H )  
0006 C 
0007 COMMON C~3~rC4rC5tCGrC7rC~rC9rC1OrC11~1I)D~rC2O1rC2~2rC2~3rC7fl4r 
00 0 8  1 C205 
00 09  COMMON /PT/ H r TH FTA r FN r FMlJr RMIT* DMUDH r DMI!DTH r ENH r DNDH 
0010 C LOCATE RFLEVANT L A Y  EH ( C 5  I S 0-F PnIlNDARY I C 7  I S F-F RnUNDPRY 
001 1 IF(H-C512rPt  l 
0012 1 I F ( H - C ? ) 3 t 4 r 4  
0013 C D-LAYFR* ELECTRrlN DENSITY VARIES FRfiM ZFRn AT HFICHT C4 Tr7 C 6  PT 
0014 C HEICHT C 5  AS N ( H )  = C2019(H-C4I9*2 
00 15 2 HM=H-C4 
00 16 A=HM9C20 1 
0017 ENH=ASHM 
0018 DNDH=A+A 
00 19 RFTURN 
0020 C E-LlrYFH. ELFCTRnN DFNSITY VARIES FRO!! C 6  AT 9FTGHT C 5  Tn Cq j~ 
0021 C HFICHT C 7  AS M( f l )  = CR-( C?03+C202*( C?-F1 1 J 9 (  C?-H )**P 
0022 3 HM=C?-H 
0023  A=HHQC?n2 
On24 R=( /+C2031 *HY 
@C125 ENH=Cn-F*H'4 
0026 DNDH=J9H M+B+B 
no27 R ETUR Ej 

0028 C F-LPYFR. EI,FCTRrlN DlNSITY VAPIF'S PRQM C 9  F T  HF'ICHT C ?  1'7 C 1 f '  AT 
0029 C HEICHT CS AS M ( H )  = C10-( CT05-C20n9( C9-111 I Q (  C9-ti)**7 
0030 4 flM=C3-H 
0031 A=HY9C?04 
0032 B=( P-CP"F)*HM 
0033 ENH=R9HP+C10 
0031 DNDH=-( A*HM+B+B) 
0035  R FTUFN 
0036 END 



6.4.11 Subroutine NHES 

This subroutine ca lcu la tes  the  e l ec t ron  dens i ty  and i ts  de r iva t ive  
a t  he igh t  h i n  a sporadic E-layer model which is a funct ion  of he ight  only. 

l 

I n  t h i s  vers ion  of the  subroutine,  t h e  sporadic  E-layer is represented 
l 

I 

l 
so t h a t  
A 
7 .  

I NES is the  peak e l e c t r o n  dens i ty  i n  the  l aye r ,  input  i n  C(17), a t  height  
hES , input  i n  C(16), and WES is the  layer  "half-width" , input  i n  C(18), 
i e ,  t he  d i f fe rence  between the peak height  and a height  where t h e  e l e c t r o n  

l densi ty  has f a l l e n  t o  e'2 of t h e  peak value. 

The l aye r  i s  assumed t o  make neg l ig ib le  cont r ibut ion  t o  t h e  
o v e r a l l  ionospheric model when t h e  magnitude of n ( h  - hES)/wES exceeds 6. 

The constant  B/w is located i n  C(501) and 2fi/ldES is i n  
C(502). (See notes  on subro%ine SETC, vers ion  DEF/ES. ) 



SUMMARY OF INPUT DATA REQUIRED 

A list of the  da ta  t o  be input ,  i n  the  required order,  i s  given 
below. Apart from a b r i e f  statement f o r  each s e t  of data,  descr ip t ions  of 
the  various items a r e  not  proviied,  bu t  the  re levant  c ~ M ~ G N  l is t  ia 
referenced, eg, / P L ~ T /  f o r  C-WON/PLGT/ list , /l f o r  blank C ~ M M ~ N  lists. 
Data not  so  referenced a r e  l o c a l  t o  subroutine INDATA and t h e i r  descr ip t ions  
a r e  t o  b e  found i n  the s torage  list f o r  the  subroutine. I n  many cases,  
poss ib le  values, including maxima andlor minima where appropriate,  a r e  
given, but  the  absence of such information does not imply any lack of 
r e s t r i c t i o n  i n  value. 

Each set of d a t a  corresponds t o  one READ statement, and the  items 
i n  each s e t  a r e  i n  consecutive f i e l d s  according t o  the  F~RMAT indicated.  

Note: As  the program uses the AWRE SC4060 graph p l o t t e r ,  a da ta  
card t o  be  read by the  l i b r a r y  subroutine SCLIBR must precede the  cards 
containing the d a t a  l i s t e d  below (see re levant  CAN notes) .  

(1) F~RMAT 1215 Run controls .  

J ~ B N ~  
NTF 
NTL 
NDT 
NF 
NH 
KA 
KP 
KG 
KX 
JP 
JX 

Max. of 4 d i g i t s  
Min. 1 
a NTF 
Min. 1 
Min. 1, max. 24 
Min. 1, max. 5 
1, 2 o r  3 (see d a t a  set 11) 
1, 2 o r  3 
1 o r  2 
1, 2, 3, 4, 5 o r  6 
1 o r  2 
1 or  2 

F~KMAT 715 output  options 

MPT 1 or  2 
MPLT 1 o r  2 
MPRNT 1 or  2 
MPUN 1 o r  2 
MWG 1 o r  2 
MSIG 1 or 2 
MXDAT 1 ( i f  MXPG 1 - and MSIG = 1) o r  2 

(3) F&ZMAT 1615 Ionoaphere model controls  

NC Min. 3 
N F M I  Max. 100 
N I C  Min. 2, max. 14 
Ic(1) Max. of 3 d i g i t s  
I C  (2) Min. 2, max. 17 
I C  (3) 1 
0 . . . . . . ) A s  required 
IC(NIC) ) 



STORAGE LIST 

Local Variables l 
A Value of (h - h ) f i / w E  , where h i s  cur ren t  he ight ,  h is 

height  of peak #! s p o r a i i c  E-layer model and WES is  "hgff-width" 
of sporadic  E-layer. 

Blank C ~ M M ~ N  

C Elements 16, 17, 501 and 502 of the  a r ray  a r e  used here  and a r e  
referenced by the  following l o c a l  names :- 

C16 Height, i n  km, of  the  peak of the  sporadic E-layer model. 

C17 Maximum e lec t ron  dens i ty  , electrons/m3, of the  sporadic 
E-layer model. 

C501 Value of f i / w E S ,  where WES is the  "half-width" of the  
sporadic E-layer model. 

C502 value of 2A/wES, 

No o the r  items i n  the  list are used. 

The only i t e m s  i n  the  list (qv), which a r e  referenced here  a r e  
DNSDH, ENS and H. 

SURROUTI N E  NHES 
Mf7DFL P F  A SFflHPDIC-E LAYFB NFS(R) 
VLRSInK P (7 /11 /ER F * V * J *  FFVISFD 1 7 / 1 0 / 6 9  P - R - C - )  
MDDEL I S OF THF F(JRM NES( H = NFSVAX'>PXP(-2*"( (H-HPS) /FfES) **?l 

CflMMnN C(15)rC16rC17rCln(493),C5nlrC502 
CRMMflN /PT/ ? l ~ T H F T A , F M ~ F Y U ~ P ~ ~ ~ ~ ~ C Y l i D H ~ D ~ U D T H r F N H ~ D N C 9 r F H T H r D F D H r  

1 DFDTHpFY ,WDH vFNS,DNSDA 
CHFCK I F  SPQFADIC-E IS SIGNIFICANT AT HFIGHT H *  I * F *  I F  PPS(H-HFS) 
LESS THAN APPRnX A**WFS* (HFS=C17, SORT(2.1 /WFS=CSOl) 
A = (  H-ClG)*C501 
I F ( A B S ( P ) - B * ) 1 , 2 t 2  
FORM ELPC'IHON DENSITY (FNS)  A N D  I T S  DERIVATIVF ( D N S D H )  IN 
SPORADIC-F LAY ER* (MESMPX=Cl?r 2 *"SCnT( 2 -  1 /WES=C502) 

1 ENS=EXP(-A*A)*C17 
DNSDH=- ( Pl!S*A*C5@2 
R ETURN 
SFnRADIC-F LAYER HAS NEGLIGIBLE EFFECT AT THIS HEIGHT 

2 ENS=O* 
DNSDH=(I 
R ETURN 
EN l? 



Note: I f  KA = 1, only one set  of d a t a  type 11 is required.  
I f  K A p  2, l +  (NTL - NTF)/NDT sets of d a t a  type 11 a r e  requi red  

(on s e p a r a t e  ca rds ) ,  ordered:. 

1st time-step, 
2nd t i m e - s  t ep  , 
e tc .  

I f  KA - 3, ( 1  + (NTL - NTF) /NDT) *NF sets of d a t a  type 11 a r e  
requi red  (on s e p a r a t e  cards) ,  ordered:- 

1s t time-S t ep  , Is t frequency , 
2nd frequency , 
e t c ,  

2nd t i m e - S  tep , Is t frequency , 
2nd frequency, 
e t c ,  

etc. 

Examples of d a t a  decks f o r  two t y p i c a l  types of run, using t h e  
ionospher ic  models included wi th  t h e  program, are described below. 



( 4 )  F ~ ~ M A T  8 ~ 1 0 . 5  Ionosphere model d a t a  

C (1) Usually zero  
C (2) Usually zero 
C(3) 
C(4) ) 

) A s  requi red  
1 

(5) F ~ R M A T  1 0 ~ 8  Ionosphere d a t a  p r i n t o u t  F~RMAT 

FMI(1) . . . . . . . . . 
FM1 (NFMI)  

( 6 )  F~RMAT 8F10.6 Step lengths  

ST(1) 
ST(2) 

/ l  
) ...... ) A s  required.  NS = Ic (2) -1  / / 

(7)  F ~ M A T  3E10.5 Ray l i m i t s  and mode s p l i t  

HM 
R@M 
HEF 

(8) ERMAT 8F10.6 S igna l  f requencies  

FREQ (1) 
FREQ (2) 1 ....... ) A s  requi red  

FREQ (NF) 1 

(9) * F~RMAT 415 P l o t t i n g  c o n t r o l s  

NTY P 1, 2 o r  3 
NTITLE Max. 400 
MAXH Mul t ip l e  ($10) of INCDH 
I N  CDH S MAXHI2 

(l())* F ~ A T  10A8 T i t l e  f o r  p l o t t e d  output  

TITLE (1) . . . . . . . 
TITLE (NTITLE) 

*9 and 10 are p resen t  only i f  MPLT = 1 

(11) ERMAT 18,2F8.3 Takeoff angle  d a t a  

N A Min. 1, max. 100 / I M ~  / 
ALPH 1 Min. zero  / I M ~  / 
D A P o s i t i v e ,  ALPHl + DA(NA - 1 )  90' / I M ~ I  



IONOSPHERE f,!ODEL USED IN EXAMPLE 1- 
W Q ~ ~ 0 9 9 0 9 - ~ ~ 9 0 O i l . O i t O C I O # i : - O C r O C I O O . K 0 ~ 9 ~  

IONOSPHERE DATA --------------- 
MODEL 3 0 1  4 BOUNDARIES 

TRANSITION TYPE 2 f 1 DAY-TO-NIGHTS 2 NI GHT-M-DAY I 

10110 C OF C l - 0 9  . O I  RASE RADIUS 6430 OKM 

DAY PROFI L E  HEIGHT DEN S 1  TY 

6 0 - 0  OOOOE+OO 
D- LAY ER 

85- 0 * 2 5 0 0 E + 1 0  
E-LAY ER 

,110 0 1 0 0 0 E + 1 2  
F-LAY ER 

300 .0  1 0 0 0 E + 1 3  

NIGHT/DAY OENSITY R A T I n  - AT BASE * 0 *  AT F-!IAX -3 

TRAMSITI@N REGION - RANGE TO CENTRE ( L T = l )  -1000.OKM 
HALF WIDTH 10flO.OKM 

SHIFT/TIME-STEP 5 0 0  OKM 

DATA DECK FOR EXAMPLE 1. ....................... 
LINES MARKED I'IITH " FORM THE ACTUAL DATA DFCY ALL DTHFRS ARE CrlYMFNTS ONLY 
NUMBEFS ON LEFT CrlHHPSPQEJD W 1  TH SECTIrlN NI'MRERS IN S l I M Y A R Y  

" ' S C 4 0 6 0  DATA CARD ACCORDING TO Lf lCAL INSTRUCTIONS'  

1- JOBNO NTF NTL NDT NF N H  K A  KP K G  KX J P  JX 
* 3 0 7  1 8 7 1 5 2 1 l 1 1 1 

2.  MPT MPRNT MXPG MXDAT 
M PLT M PUN MS1 C 

9 2 1 1 2 2 2  2 

3 N C NI C I C 1 2 )  
NFMI I C I  1 1  I C ( 3 )  

9 15 7 0  3 3 0 1  4 2 



7.1 Example 1 Run number 307 

(a)  Ionosphere model 

Three-layer model with movable twi l igh t  region,  contained 
i n  subprograms SETC (version DEF) , TW , HFTH, NRX (version NF) , 
NHBP (version DEF/L), ~ F H T H  and EMH. The d a t a  used (IC(1) t o  
IC(NIC); N I C  m 3, and C(1) t o  C(NC), NC = 15) a r e  given below, 
p r in ted  out  according t o  the  format entered i n  a r ray  FM1 
(contained on 7 cards, NFMI 70). 

(b) Model s t a t e s  (time-S teps)  

( i )  Day-time, obtained with the  t r a n s i t i o n  (night-to-day) 
i n  its i n i t i a l  pos i t ion  behind the  t r ansmi t t e r ,  ie ,  NTF = 1. 

( i i )  Night-to-day twi l igh t  region centred 2500 km from the  
t r ansmi t t e r ,  a s h i f t  of 3500 km from the i n i t i a l  p o s i t i o n  
(-1000 km) , obtained by an increment i n  time-S tep  number 
NDT = 7 ( i e ,  3500/500) t o  NTL = 8. 

(c) S ignal  frequencies (FREQ) 

13 MHz (NF = 1). 

(d) Ray takeoff angles , 

A l l  angles from 0' (ALPH1) t o  escape, i n  increments of 1' 
(DA) , f o r  both t i m e - S  teps. From previous tests , f i r s t  escape 
angle i n  the  day-time s t a t e  is about 41' (NA = 42), and i n  t h e  
twi l igh t  (2500 km) s t a t e ,  about 15' (NA = 16). Since the  angle 
da ta  a r e  d i f f e r e n t  f o r  t h e  two time-steps, KA = 2 (o r  3 as  only 
one frequency ) . 
(e)  Ray l i m i t s  

Up t o  5 hops (NH) o r  15000 km maximum range (RHOM) . Maximum 
height  (HM) less than 300 km (eg, 299 km. I f  s e t  t o  300 km, 
ie,  top boundary of model, there  may be an unnecessary c a l l  t o  
subroutine LINE2B). 

( f )  Step-leng ths (ST) 

10 km i n  a l l  three  layers .  

(g) Outputs 

( i )  Ray-path p l o t s  (MPLT l), on both hard copy and 
microfilm (NTYP = 3),  with height  s c a l e  t o  300 km (MAXH) marked 
a t  50 km i n t e r v a l s  (INCDH). Description (TITLE) contained on 
3 cards (NTITLE 30). 

( i i )  Summary p r i n t o u t  of ray-hop da ta  (MPRNT = 1 )  wi th  
phase and group paths i n  km (KP = KG 1) .  

No o the r  outputs  (MPT, MPUN, MXPG, MSIG and MXDAT a l l  2) 
s o  K., J P ,  JX and HEF a r e  not  re levant ,  but  a r e  given reasonable 
values f o r  completeness. 

141 , 



7.2 Example 2 Run nmber  297 

(a )  Ionosphere model 

A s  i n  example 1, but including the sporadic E-layer model. 
Subroutines SETC (version DEFIES), NRX (version NF + ES) and 
NHBP (version DEF/H) replace the previous versions used, and 
subroutine NHES is required i n  addition. The data  used (IC(1) 
t o  IC(NIC), N I C  = 3, and C(1) t o  C(NC), NC P 18) a r e  given 
below, pr in ted ou t  according t o  the  format entered i n  ar ray FM1 
(contained on 8 cards, NFMI = 80). 

(b) Model s t a t e s  (time-steps) 

Day- time only, ob tained with t he  t r an s i t i on  (night- to-day ) 
i n  its i n i t i a l  posi t ion behind the  t ransmit ter ,  ie, NTF = 1, 
NDT = 1, NTL = 1. 

(c) Signal  frequencies (FREQ) 

16, 17 and 18 MHz (NF 3). 

(d) Ray takeoff angles 

A l l  angles f ran  0' (ALPHI) to  escape, i n  increments of 
0.5' (DA), f o r  a l l  frequencies. From previous tests, f i r s t  
escape angle i n  day-time s t a t e  a t  16 MHz is about 30' (NA 61), 
a t  1 7  MHz, about 27.5' (NA = 56) and a t  18 MHz, about 25' 
(NA = 51). Since the angle data  a r e  d i f f e r en t  f o r  each frequency, 

. KA = 3. 

(e) Ray l i m i t s  

Single hop only (NH = 1)  o r  6000 km maximm range (RH&). 
Maximum height (HM) l e s s  than 300 km (eg, 299 km, see  note f o r  
example 1). 

( f ) S tep- leng ths (ST) 

10 km i n  D and F regions, 5 km i n  E region and 0.1 km i n  
sporadic E region i n  height  bracket  h ?: 1. SW , i e ,  98.5 t o  
101.5 km. Note: A s  t h i s  bracket lies !Sotally w@hin the  
E region, successive "layers" a r e  D, E ,  E E and F and corresponding 
step-lengths a r e  10, 5, 0.1, 5 and 10 km. 

S 

(g) Outputs 

( i )  Summary pr in tou t  of ray-hop data  (MPRNT l ) ,  wi th  
phase i n  cycles (KP = 3) and group time i n  m s  (KG = 2). 

( i i )  "RAYSET" cards (MPUN = 1). Since the rays a re  s i n g l e  
hop, the value of J P  ( 1  o r  2) does not  a f f e c t  the  order  of the  
cards. 

( i i i )  Calculations of excess phase i n  cycles and excess group 
time i n  ps (KX = 6). 



4. ARRAY C *  ELEMENTS 1 TO NC 
IONO-CENTRE-CflOPDS BPSF-RAD H-CIF-BASE A-PTOP NE-D-TOP H-F-MAX NF-F-YPX 

* *OOOOE+OO *OOOOF+00 6 4 3 0 * E + 0 0  6 0 * 0 0 F + 0 0  8 5 . 0 0 E t 0 0  2 .500E+09  l l 0 * O F + O ?  3.00nF+33 
H-F-MAX NE-F-MAX -NIGHT/DAY-NE- --NIGHT-TO-DAY-TFIMSITI~~I--  

BA SF: F-M A X  CENTRE HALF-!JI DTH SHIFTITS  
* 300*OF+00  1 * 0 0 0 E + 1 2  * 0 0 0 0 E + 0 0  *3000E+00-1000*F+OO 1000*E+OO 500*f lF+00  

5 s  A R R A Y  FM1 - FQRMAT TO PRINT IC AND C 
* ( 2 0 H 1  IONOSPHERE DATA/5X 15H--------------- / / ~ X ~ H Y ~ D E L V I ~ ~ I R , ~ I H  BfllJNDAFTFS//5 

i * X15HTRANSI TION TYPE,I2,33H ( 1 DAY-TO-MIGHT, 2 NIGHT-TO-DAY ///5X13HIl7NO C nF C ( 

" r F 3 * 1 t l M ,  t F 3 - l t l 6 H )  RASE PAD1 l!S,F7* 1,2HKM///5Y 11HT)PY PFflFILF,7XEH?!FI GUT,FjX78D 
* ENSITY//F29* 194X9B *OO0OE+00/9X7HD-LAYER/F29*1 t F13.4/9X7HF-LAYFR/F?9.1, F33*4/QX74 
* F-LAYFRlF29.l t613*4///5X33HNICff'P/DAY DENSITY RATIO - AT EASE,F3.1,1flRr PT F-YAX, 
* F3*1///5X42RTRANSITION REGION - RANGE TO CENTRF ( L T = l )  rF8*lr2HYM/37Y10HHALF !JI DT 
* H I F ~ * ~ , ~ H K M / ~ ~ X ~ ~ H S H I F T / T I M E - S T E P , F ~ - ~ , ~ H K ! ~ / / / / ~  

6. A R R A Y  ST - STEP LENGTHS IN EACH LAYER 
I N-D I N-E IN-F 

" 1 0 . 0 0 0 0 0 0  1 0 . n 0 0 0 0 0  1 0 . 0 0 0 0 0 0  

7. H M RHOM HEF 
" 299*OE+00 1 * 5 0 0 E + 0 4  11O*OE+OO 

8- ARRAY FREO - SIGNAL FREQUENCIES 
* 1 3 ~ 0 0 0 0 0 0  

9 N TI TLE I NCDH 
NTY P M A X H  

G 3 3 0  3 0 0  5 0  

10. A R R A Y  TITLE - EXAMPLE f l F  TITLE FnR PLOTTED OUTPUT 
* I LLUMIMATION CHECK RUM 1 2 / 1 / 7 0  
9 LT=] DAY-TT YE 
9 LT=8 NICHT-TO-DAY C ~ N T P R D  AT 2500KV 

11 N A  ALPHl DA ANGLEDATA FOR F I P S T T I Y F - S T E P  ( L T = l )  
9 4 2  0 - 0 0 0  1 . 0 0 0  

11 N A  ALPRl D A ANGLE DATA FIYR SFCQND TIYF-STFP ( L T = 9 )  
it 16 0.000 1 * 0 0 0  



DATA DECK F ~ R  EXAMPLE 2 .  ...................... 
LINES MARKED t!ITH " FORM THE ACTUAL DATA DECK* ALL OTHERS ARE CnMMENTS ONLY* 
NUMBERS ON LEFT COREESPOND WITH SECTION NUMBERS IN SUYMARY. 

COL 1 2 3 4 5 6 7 8 
123456789012345678901234567890123456789012345678901234567890123466~901234567890 

* ' SC4060  DATA CARD ACCORDING TO LnCAL INsTRuC$IOMS' 

1 . J O B N O  NTF NTL NDT NF NH K A  KP KG KX J P  J X  
* 2 9 7 1 1 1 3 1 3 3 2 6 1 1  

2-  MPT MPRNT MXPG MXDAT 
MPLT MPUN MS1 G 

9 2 2 1  l l l l 

49 ARRAY C t ELEMFNTS 1 TO NC 
IDNO-CENTRE-CQIJRDS BASE-RAD H-OF-BASE H-D-TCIP ME-D-TOP H-F-MAX NF-E-MAX 

* *OOOOE+OO *OOOOE+00 643fl*E+OO 60*00F+OO 85*00F'+00 2*50(73+09 110-OE+00 1 * 0 0 0 E + l l  
H-F-MAX NE-F-MAX -NI GHTIDAY-NE- --NIGHT-TO-DAY-TRA?lSI T I W -  H-ES-MAX 

BASE F- M AX CENTRF HALF-\JIDTH SNIFT/TS 
* 3 0 0 * 0 E + 0 0  1 * 0 0 0 E + 1 2  *0000E+00 .3000E+00-1000.F+OO 1 0 0 0 * E + 0 0  500*OF!+00 1 0 0 * 0 E + 0 0  ---- ES-LAY FR------ 

NE-MAX HALF-WIDTH 
* 3 * 0 0 0 E + l l  1*0OOE+00 

2 .  , c , .  

5- A R R A Y  FM1 - FOlr)R14A'I' TO PRINT I'C' AND C 
* (20H 1 IIYNDSFHFRP DATA/S15H--------------- / /5X5H?nODELrI4,18,11A 3OUPlDAPIfS//5 
* X15HTRANSITIflbl T Y P E r I 2 t 3 3 H  ( 1  DAY-TO-MIGHT, 2 NIGHT-TO-DAY )///5X13F!I01.1D C nF C 1 
* r F 3 . 1 r l H  t rF3 .1 ,  ItH 1 RASE RADIT!SrF?. 1,2HKM///5XllflDAY P A ~ ~ F I L F I  7v6AHFIGHTr5X7F1D 
* ENSITY//F29* 1 9 4 X 9 H  -nOflOF+flO/9XViD-LAYER/F29* l,E13*4/9XflF-LAYFR/F29*1 rF13*4/91!7t! 
* F-bAYER/F29* l r  E13*4///5X33HE!I CHT/DAY DENSITY PATIO - AT RASE,F3* l rlfl!l r AT F-?!PX* 
* F3-1///SX42HTRA!:SITInH REGInN - R A N G E  TO CENTRE t LTr-I) t FO* lrZHRF.!/37~lOHHALF I.ITDT 
* HrF8~1t2AK1.l/32X1Sf~Sf~IFT/TI!~1E-STEPtFBa1r2HKM///5X32HSFORADIC E-LAYER - HFIGHT r3F 
* MAX*F?.ltZHK?I/26XllHMAX DENS1 TY ,E9.8/27XlOHHALF VIDTH t F79 lrZ!HK~!//// l  

6- ARHAY ST - STEP LENGTHS IN EACH LAYER 
I N-D I N-E IN-RS IN-E IN-F 

* 1 0 - 0 0 0 0 0 0  5 * 0 0 0 0 0 0  0 . 1 0 0 0 0 0  5 . 0 0 0 0 0 0  1 0 * 0 0 0 0 0 0  

8 .  ARRAY FREO - SIGNAL FREQUENCIES 
* 1 6 . 0 0 0 0 0 0  1 7 * 0 0 0 0 0 0  1 8 . 0 0 0 0 0 0  

11 N A  ALPHl DA ANGLE DATA FOR FIRST FREQUENCY (16MHZ) 
0 61 0 - 0 0 0  0.500 

11 N A  ALPHl DA ANGLE DATA FQR SFCOND FRECUENCY ( 17 f4HZ)  
9 56 O * O O O  0.500 

11 N A  ALPHl DA ANGLE DATA FOR THIRD FRBOUENCY 118MH7) 
9 51 o.ono  0.500 



( iv)  Calculat ion of s i g n a l  s t r eng th  (MSIG = 1). Mode s p l i t  
height  (between ES and F) is 100 km (HEF), Note: The change from 
E t o  E i s  smooth, so  rays re f l ec ted  i n  these  l a y e r s  a r e  assumed 
t o  be ?n one mode i n  t h i s  context. 

(v) Punched cards containing excess phase and group d a t a  and 
s i g n a l  s t r eng th  (MXDAT = 1). Again, s i n c e  t h e  rays a r e  s i n g l e  
hop, the  value of JX ( 1  o r  2) does not  a f f e c t  the  punching order. 

No o the r  outputs  (MPT, MPLT both 2). Note, l theref  ore ,  t h a t  
the re  a r e  no input  data  cards corresponding t o  p a r t s  9 and 10 
of the  input  da ta  summary, 

IONOSPHERE MODEL USED I W EXAMPLE 20 
U00***0*-~*9***09~~*0O***3tQ*O0****O* 

IONOSPHERE DATA 

MODEL 401 6 BOUNDARIES 

TRAl~ISITION TYPE 2 ( 1 DAY-TO-NI GHTt 2 NI CHT-TO-DAY I 

I n N O  C O F  C ( .0,  0 0 )  BA S E  RADIUS 6430. O K M  

DAY P R O F I L E  

D-LAY ER 

E-LAY ER 

F-LAY ER 

HEIGHT PEN S 1  TY 

NIG!IT/DAY DEMSITY RATIO - AT BASE -01 AT F-!fAX -3 

TRANSITION REGInN - RANGE 'M CENTRE ( L T = 1 )  -1000.OK!4 
HALF. WIDTH 1000-OKt4 

S H I F T / T I I ~ l E - S T F P  500. OKM 

SPORADIC X-LAYER - HEIGHT OF Y A X  100.OKW 
MAX DEMSITY -30QE+12 

HALF V1 DTH 1 OKE! 
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SUMMARY OF PROGRAM OUTPUTS 

As can be seen  i n  the  l i s t i n g s ,  a  v a r i e t y  of outputs  a r e  a v a i l a b l e  
from the program i n  the  form of pr in ted  t a b l e s ,  punched cards and p l o t t e d  
ray-paths, and those  requi red  f o r  a  p a r t i c u l a r  job are s e l e c t e d  by a  s e r i e s  of 
opt ions  en tered  a s  inpu t  data.  A b r i e f  summary of the  subrout ines  causing 
output  and some caut ionary notes  on t h e i r  use  a r e  given below. The d e s c r i p t i o n s  
and l i s t i n g s  of each subrout ine  should be consul ted f o r  more d e t a i l e d  
information. 

(a )  Subroutine PRNTPT gives  a t abu la t ion  of f i v e  items of d a t a  
f o r  every ray-path p o i n t  computed during a run. I t  is mainly 
intended f o r  t e s t i n g  purposes and its use is no t  recommended f o r  
product ion work, a s  a very l a r g e  quan t i ty  of  p r i n t o u t  is  generated. 
ER, dur ing  a  t y p i c a l  s h o r t  run ( l e s s  than 5 min), about 
20000 ray-path po in t s  may be computed. With the  d a t a  ' f o r  a  
maximum of 80 po in t s  being p r i n t e d  on one page, use of t h i s  
p r i n t  opt ion  would r e s u l t  i n  more than 250 pages of output .  

(b) Subroutine RYPRNT produces a  t a b l e  summarising the  key d a t a  
f o r  each ray-hop computed, and is  a more p r a c t i c a l  form of 
p r i n t o u t  than (a).  

( c )  Subroutine RYPNCH outputs  punched cards containing t h e  d a t a  
of (b ) ,  2 cards pe r  ray-hop. This is a u s e f u l  t o m  of output  
when ray-data a r e  requi red  f o r  o t h e r  programs, eg,  i n t e r p o l a t i o n  
programs, but  its ind i sc r imina te  use i s  n o t  recommended due t o  
the  bulk  of cards produced, eg, i n  the  example of  (a) above, 
about 200 t y p i c a l  ray-hops could b e  computed, r e s u l t i n g  i n  an 
output  of some 400 cards i f  t h i s  punch opt ion  is exerc ised .  

(d) Subroutines EXPHGP and T ~ T S I G  produce p r i n t e d  t ab le s  
summarising the  r e s u l t s  of  some a d d i t i o n a l  ca l cu la t ions .  

( e )  Subroutine DATAX causes t h e  punching of cards containing 
the  d a t a  produced by (d). The comment i n  (c )  a p p l i e s  b u t  t h e r e  
a r e  only h a l f  a s  many cards. The d a t a  a r e  a l s o  p r i n t e d  o u t ,  
combining the  t a b l e s  of (d). 

( f )  Subroutine PLTRAY and its assoc ia t ed  subrout ines  produce 
p l o t s  of t h e  ray-paths on the  SC4060 p l o t t e r  uni t .  These can 
g i v e  a  u s e f u l  p i c t o r i a l  r ep resen ta t ion  of t he  rays ,  b u t  
approximately double t h e  length  of time requi red  f o r  a run. 
A drawback t h a t  has become apparent  s i n c e  the  subrout ines  were 
w r i t t e n  is t h a t  i n  p l aces  where ray-path po in t s  a r e  very c lose ,  
eg, i n  a  spo rad ic  E-layer wi th  s t e p l e n g t h s  of t h e  order  of 
0.1 km, t h e  p l o t s  become fogged and unsu i t ab le  f o r  reproduct ion,  
due t o  every po in t  being p lo t t ed .  
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FIGURE 7. A MODEL OF COLLISION FREQUENCY 
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