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A Program to Calculate Inverse Feurier Transforms

Frank J. Sulkswski
The Dikewsssd Corperation

ABSTRACT

This paper describes a computer program that cal-
culates the Inverse Fourier Transform
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where the input, G(w), is complex and p=2#f. An
. - input parameter determines the accuracy to which the
- computation is carried.

The system of subroutines was programmed for the
CDC Chippewa Fortran System for use on the CDC~
6600 at the Air Force Weapons Laboratory at Kirtland
Air Force Base, The work was performed under Air
Force Contract Number AF 29(601)-7263.
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FORPLEX :
A PROGRAM TO CALCULATE INVERSE FOURIER TRANSFORMS

INTRODUCTION

The calculation of F(t) by FORPLEX is iterative in that two passes
are made through the subroutines making up the program. Numerical inte-
grating techniques devised by Stanford Research Institute (Appendix A) and
initial programs were furnished by Mr. G. Carpenter of SRI. These tech-
niques were modified so that a complex function, or data, could be used for
input. Also, so that angular frequency (27f) could be used in the calling
program.

The program input consists of the complex function G(w), as either
data points or an analytic function to be transformed; a criterion, sigma to
establish the accuracy of the transform; arrays containing time steps and
the time interval end points over which the steps are used in the integra-
tion; and the number of these pairs. Other communication to the subrou-
tines is through the use of labeled common areas. All printed output, com-
parisons, parameter generation, etc., are the responsibility of the calling
program.

The use of these subroutines is general purpose in nature. Effec-
tive use of the delta time (time step) and ending time point arrays enables
one to examine in detail the behavior of a complex function in a specific
region and to minimize oscillatory behavior of the integration at both end

points for the times of interest.




The input parameter, sigma, determines the upper and lower bounds
in the frequency domain; and also a frequency step, delta omega, for each
decade range, in subranges of a 1-2-5 nature to maintain a logarithmic re-
lationship. Finally, an error or difference calculatilon is returned to the
calling program which is of the form (EAVi2 Aty / )::Vi2 Ati)% where V. is
th;.a calculated value of F(t) over the ith tiﬁe interval, and AVi is the dif-
ference of this value and the value of F(t) calculated previously over that
interval.. In the second iteration, or pass, the range in the frequency domain

is extended in each direction (upper, and lower decades) and the input cri-

terion, sigma, is replaced by ¢/2, to obtain a finer integrating grid in each

decade.

OPERATION

General

The sbample calling program listed in Appendix B calculates F(t)
for G(w), where G(w) = -1—_%55 , and F(t) is the known function (e-t). The
input criterion, sigma, is 0.1, therefore the subroutines return an approx-
imation of F(t) for ¢/2. Delta time (At) is from 0.02 to 2.5 time units
and there is one pair of At and ending time. Note that these are commu-
nicated to the subroutines through the arrays T and DT in labeled common,
CBFOR.

The function or data are calculated for G(w) in the complex array

(RCVC). The array OM(I) contains the omega values; T(I) contains the




appropriate time value that is generated by both At 's and ending time
values; VN(I) holds the first pass results of F(t); and V(I) holds the final
pass results of F(t) after extending the range of omega.

For each run, the size of the communicating arrays must be deter-

mined. The T, VN and V arrays are determined by the approximation

t. .
1+5. i ending value

iz ti in that range The OM, RCVC arrays are determined by

the approximation, JFREQ = (3.5/0¢) times the number of decades used.
The lowest decade is 10L, where L is the integral part of loglo(o/time
range) -1 . That is, the lowest decade is approximately (1/full time range)
minus one decade. The highest decade is IOH, where H is similarly the
integral part‘of log10 (1/(c X smallest At))+1 or simply, the highest decade
is (1 / smallest At) + one decade.

The arrays DT(I), TIM(I) are for the At 's and the ending times

for which they are used. NT is the number of pairs of these values used.

Methods

The first call to the subroutines is through the subroutine FIPI
(Fourier Integral Parameter Input) at which time the parameters sigma, NT,
and the arrays for delta time and ending time are transmitted to the using
subroutines. The parameter JFREQ ié a return parameter which is the
number of values to be calculated for the function G(w), as indicated by the
array RCVC.

The complex function RCVC or G(w) must be calculated twice by

the calling program, therefore the switch (JGO) is set to one initially. As
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an example for Glw) = -1:%5 ,  RCVC(I) = (1.,0.)/CMPLX(1., OM(I)). This
is done for each omega OM(I), which are supplied by the subroutine FIPI
with the input parameter sigma.

With the calculation of RCVC, the subroutine FIOFI (Fourier Inte-
gral Omega Function Input) is called and the first calculation of F(t) is
made; also the decade range is extended and the criterion divided by two.
Setting the switch (JGO) to two, the complex function G(w) is again calcu-
lated as shown in the sample listing.

FICO (Fourier Integral Calculated Output) is then called for a final
calculation of F(t). FICO also returns the RMS or difference comparison
of both F(t 's) and the index for the number of quantities calculated.

The sample calling program then makes use of all calculations to
print differences and a comparison with a know'n function, in this case
F(t) = e-t. The sample calling program for calculating the inverse trans-
form of 1/(l1+jw) is an illustration only. The program can easily be modi-
fied so that the calling subroutines are in a major iteration loop. Also, the
size of the communicating arrays in the labeled common statements can be

easily changed. If the labeled common statements are modified, they must

also be modified in the subroutines dependent on them.

SUBROUTINES

Six subroutines make up this program. As noted, communication
is made with these subroutines through labeled common areas and through
input parameters from the calling program.

-4-




The subroutine FIPI determines delta omega and the range of omega
with the input parametérs delta time, its ending time value, and sigma.

FIPI uses two minor subroutines WRSET (Omega Range Set) and WSET
(Omega Set) to set up the elements in the arrays used by the main subroutine
CALCLT.

FIOFI calls the main subroutine CALCLT (Calculate) which calcu-
lates F(t). FIOFI also redefines delta omega and omega through WRSET
and WSET and their number JFREQ, and also halves the input criterion.

FICO again calls CALCLT and then computes the comparison of F(t)
with the previously calculated F(t). The number of values for F(t) is also
returned to the calling program by the parameter (JTIM). The program
running time is approximately 80 points per second where the nuxﬁber of

' points processed is given by JTIM+JFREQ(1)+JFREQ(2). JFREQ(l) is used

when the switch JGO is one and JFREQ(2) is used when JGO is two.
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APPENDIX A
SPECTRUM CALCULATIONS

For numerical integration of the Fourier integi-al

o0 » .
F(f) = g F(t) e 127t 4 ,

one simply divides the time base into a number of intervals, measures a
representative amplitude at the center of the intervai, multiplies by the
width of the interval and by a phase factor, and then sums over all intervals,
In the limit, as the intervals ére made smaller, the summation provides a
reasonably accurate spectrum of the time function. This was the calcula-
tion program on hand at SRI when the EMP project began, and at that time
it seemed adequate. The program was used for two sample waveforms to
determine the limité.tions. It was found that accurate calculations of the
high-frequency content required small interval widths on the time base over
the entire waveform.

The reason that small sample spaces are required for numerical
integration, even in the low-frequency part of the waveform, is that a rep-
resentative amplitude and phase factor are chosen for each interval, and
these no longer remain representative for calculations at high frequencies.

Calculations at high frequencies effectively cause a large change in phase




factor from one side of the interval to another, and the value at the center
is thus no longer representative. This problem can be overcome if one
approximates the amplitude function over each interval by some simple
mathematical function, performs the Fourier integral calculation for each
interval, and then sums the results. The preceding amounts to assuming

that

F(t) = £,(0+ 5,0+ &0+ +£ 1)

where F(t) is the expression for the entire waveform and fl(t) , fz(t) , etc.
are approximate functions valid in intervals 1, 2, etc.

The simplest approximation that can be used is to assume that each
fi(t) is a constant equal to the amplitude of the waveform measured at the
center of the interval. This gives rise to the "stepped' approximation shown

in the following sketch:

¥
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STEPPED MODEL




The next degree of improvement is to use a constant slope between ampli-
tude values measured at the edges of each interval. This gives rise to the

"straight-line'" approximation shown in the following sketch:

AN

N\
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-
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STRAIGHT-LINE MODEL

A marked improvement in the fidelity of the model waveform is obtained by
going from the stepped to the straight-line approximation. Further improve-
ment can be obtained by using second and higher-order approximations, but
the problem of generating and integrating these functions becomes increas-
ingly more difficult.

Uniform intervals were shown in the two previous sketches, but in
fact each interval could have been made a different size, The derivations
that follow show that there are some advantages in using a compromise be-
tween all uniform intervals and all unequal intervals. The compromise
demonstirated here is the use of several sets of uniform intervals, where
the interval of one set is a different length from that of another set. The

two fundamental features incorporated in the spectrum calculations that




follow are that a straight-line model of the original waveform is used, and

-

that several sets of uniform intervals of different size are used.

The nomenclature appropriate to the waveform model is as follows:
A number of amplitude-time pairs received from the scaling operation are
denoted Ai’ ti. The fundamental unit of time considered in the discussion
is th;e smallest sampling interval, Atl » Which will almost always be used
for the earliest part of the waveform. (The smallest interval will determine
the maximum frequency at which the waveform model will follow the spec-

trum of the actual waveform.) We now define ti = iAt true for all times

1 3

in the model. From this definition it is evident that when we come to a
change in the scaling interval, the subscripts of t are no longer consecutive
integers. Consider, for example, that at th , the scaling interval changes

from At., to At, were, say, At, = 2At, ; then the amplitude-time pairs

2 1

would have the following notation: A8 , t8; Ag . tg; AlO s th; A12 s t12;

1 2

A t etc.

147 “14°
A fact that will be used often in the following discussions is that the
straight-line model of a waveform can be shown to be made up of a number
of isoceles triangles when uniform intervals are used. If the individual

triangles in the following sketches are added, their sum yields the straight-

line model of a waveform in the interval of time shown.
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TRIANGLE SUMMATION

The Fourier integral pair to be used here is defined as follows:

o0 .

F(f) = g F(t) e 32T g
®© j2nft

F(t) = S F() 27t g O
-

Using this definition, the spectrum of an isoceles triangle of height Ai’

centered at ti = iAtl , and of width 2At. is

1
t, t.+at
i t-t.+At . i 1 t.+At, ~t i
F(f) = S A, [-—-Z:T-l-] b CLELRF TN S A, [—l—a—l——} P L LN
t-At, * 1 t. 1
i 1 i
t
F(f) = S Ai -——-2-12&-—— e—JZTrft d(27ft)
t.-At (27f) At
i 1
t
i t.-At .
- g A, ELEZ%' 31278 G(2ntt)
t;-At ek

1 O
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t+At .
N ieY -j2nft
j. A At © d(2nft)
t, 1
1
+
A 2 ft i27ft
- S‘ A, ——-—%——- e 1M q(2rft)
1:i (27f) Atl
A, -j2nft, -j2nf(t,-at))
F(f) = —— {e [j2nft+1] - e [j27f(t.-At, ) +1]
(22f)°At, 171
ti-Atl '. --3'21rf1:i -j27rf(ti~Atl)
o=l AR
t.-At, [ -j2rf(t.+At.) -j2nft,
i (27rf)At1
Ai -j27rf(ti+At1) _ ~-j27ft,
- ———{e [i2nf(t +At)+1] - e ' [j2nft+1]
(27f) Zktl 1 i 1 : i
A, -j2nft,  -j2xf(t.+At.)  -j2xf(t,-At,)  -j2nft
_ 1 i 17 i
F(f) = X [e . e 1 - e + e ]
T (271) Z&tl
-j2ntt, “i2riat) o j2niAt
= A At e i 2 -e —ze
i 24
! (2mfAt))
. . 2
-32 wfti sin antl
F({) = Ai Atl e —-—-—-—-——'mel
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If one were to calculate the spectrum of an isoceles triangel of height

Ai+l , centered at ti+1 , and of width 2At1 , it is fairly obvious from the pre-

ceding derivation that

sin TI‘fAtl 2

watl

-j2nft,
F(f) = A . AL, e i+l

i+1 1

. Using the summation theorem of Fourier transforms, it is a simple exten-
tion of the preceding discussion to show that the spectrum of a straight-line

model waveform with n uniform intervals of At is

n
. 2 ~j2nft,
F() = (Siaziat z A, Ate . '.
nfAt =0 i

This spectrum is exact for a waveform defined by straight-line segments
between uniformly spaced amplitude points, the first and last of which are
zero. The spectrum just calculated has application in situations where one
might have used a numerical integration, but it gives imprvoved accuracy
and removes the high-frequency limitation:

The method applied in the derivation for uniformly spaced intervals
can easily be extended to several sets of uniformly spaced intervals. Con-
sider, for example, that we have a waveform approximated by straight lines

joining amplitude points spaced At, apart from to to tk’ and by straight

1

lines joining amplitude points spaced At, apart from tk to tn' Assume

2

also that Ao’ A and An are zero; then it is reasonable to suppose that

k}
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Sinwa‘lZ1 -j2nft
F(f) = —7r_fz-t__ z Ai Atl e
1 £
i=0
sinantz 2 n -j2nft,
riAt, Z Aj Aty e
i=k

The spectrum is exact for the model waveform as it is defined and can be
calculated over all frequencies.

The limitation that the first and last amplitude points of a waveform
be zero is no problem, since the waveform must be of finite length, and
must therefore be preceded and followed by zero-amplitude level. One is

not, however, justified in assuming that the amplitude at an interval-
transition point within the waveform will always be zero. When, in fact,
the transition amplitude level is not zero, a transition term must be added
to the spectrum. At the transition point the triangle is no longer isoceles,

as shown in the following sketch, and the spectrum correction is as follows:

D-5585-24

TRANSITION TRIANGLE
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’ . t :
k t-t +At .
= k —1 | -j2nft
F(f)transitiqn S Ak [ At ] © dt
1

tk-At 1
+ . .
trat, t +at -t ] .
+ S Kk 2 it g,
L AR
k
tk 2xft -j2rft
= 5 Ak____7£2____e37' d(27ft)
tk"Atl (27f) Atl
ty t -At
kK 2'1 -j2nft
- ——— O d(2#ft)
t -At Ak (Zﬂf)Atl
k 1
+
e YAty jonft
+ ——————————
S Ak DAL e d(2#ft)
t 2
k
t. +At
k 2 .
_ f; A, 2n§t o~ i2mft d(2rtt)
tk (27f) Atz
F(f) = ——ils——- e.szftk [j2nft, +1]
transition (27rf)2At1 k
-ijf(tk"At )
- e [Jwa(tk-At1)+l]
. t At 'e-jznftk _ .e—JZWf(tk’-Atl)
k (27rf)At1 J J
toHAt, [ o-jemflt tAt)  -j2aft,
+ A je - je

k (27rf)At2
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Ay -j2mt(t, *At,)
- 5) e [jzﬂf(tk"'AtZ) +1]
(271) at,
-j2wftk
- e [quftk+ 1]

2

-jentt [ Aty j2ntat,
F(f) = A'k e —_— (1 - e )
v (27rfAt1)

-+

At -j2nfAt
L e

(27rfAt2)

It is evident that if Atl = At2 , the transition term reduces to the spectrum
derived earlier for the isoceles triangle, as it should.

We are now in a position to write the spectrum of any model waveform
constructed of straight-line segments joining points. in several sets of uni-

form intervals. Assume, for example, that there are three uniform sample

, With transitions at i = k and m. Then

intervals Atl , Atz , and At3
L2
2 Aty
sin ”fAtl - j27rf’ti
F(f) = AL Z Ai Atl e
1 P
i=0
-j2nft, Aty j2ntat At, -j2nfat,
+Ake 5 l1-e +——-—-—21-e
(ZTrfAtl) (27rfAt2)

O

-15-

B




)
sinnfAt, -j2ntt
+ ———————
ﬂfAtz z A1 at, e
At
i=k+—
Atl‘
. A -j2mft At, j2niat, At, -j2nfat,
m © — |1-e s |1-e
(21rfAt2) (27rfAt3)
sin7fAt, 2 -j2nft,
——— A, At e '
wat3 i3
At
i=m+-—-§-
Atl

The method can easily be extended to additional sets of uniform scaling inter-
vals and gives an exact answer for the model waveform as it is defined. The
preceding equations have been programmed for the CDC 3200 computer at
SRI and have provided very satisfactory results.

‘Many of the concepts developed for the first Fourier integral equa-
tion can be applied to the inverse equation. First, however, the equation

must be rearranged to avoid the question of negative frequencies.

) .
F(t) S P 2™ gt

§

® s © :
5 F(-f) e 2™ g5 o+ S F(g) 32T g
0 0

0

. [+ o] .
FE) 2™ 4 + S Fe) 2t 4

-0 0

it
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We know that the time functions we are dealing with are real for all values

of time; therefore, the spectrum of such a function has the following prop-

erties:
[F(-1)]

|F(e) |

and
- arg F(-f)

| arg F(f)

Furthermore, these properties also tell us that
Re F(f) = ReF(-f)

and .
Im F(f) = -Im F(-f)

It is now possible to separate the second Fourier integral into cartesian

coordinate
0 .
j2nft d4f

o0 .
F(t) = S‘ F(-f) e 327t 4¢ 4 g F(f) e
0 0

Q0
g [Re F(-f) + j Im F(-f)] [cos27ft - j sin 27ft] df
0 |

© )
+ y [Re F(f) + j Im F(f)] [cos 27ft + j sin 27ft] df
0

0
BF(t) = 2 S [Re F(f) cos 27ft - Im F(f) sin2xft] df
0
It is possible to make a further simplification, since we know that F(t)

should be zero for t< 0. That is,
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2

E 0
F(-t) = 0 = 2 S Re F(f) cos2#xf(-t) - Im F(f) sin2xf(-t)
0

or

0 0
S Re F(f) cos2xft df = - S Im F(f) sin 2#ft df
0 0

The final form of the second Fourier integral for time functions that are

. real and are zero for t< 0 is
o0

F(t) = 4 5 Re F(f) cos (2#ft) df
0

The two fundamental ideas, straight-line approximation of the input
waveform and several sets of uniform intervals, can now be applied to the
second Fourier integral in the simplified version just derived. The time
function corresponding to the isoceles tr'iangle spectrum shown in the sketch

below is as follows:

ReF(f,)
IN; f I.FAf
i1 S D-5585-28
i £-1+Af
F(t) = 4 S Re F(f,) | ——== | cos2nft df
i Af
£,-Af, 1

firaf) £ Al -t ’
+ 4 S Re F(f,) | =——=—— | cos2rft df
£ 1 Afy

i

-18-

O




f.

i
F() = 4 S Re F(fi) —-2—7-’-2&—- cos 2xft d(2xft)
: fi‘Af1 (27t) Afl
fi fi-Afl
- 4 ‘S- Re F(fi) m— cos 2xft d(27ft)
f.-Af 1
i 1
+
firaf) £HAL
+ 4 v i S
Sf Re F(fi) (27rt')Af1 cos 27ft d(27ft)
i v
+
fi Afl ' 27ft
- 4 S Re F(fi) "2 cos 27ft d(2xrft)
fi (27t) Afl
sinntAf
F(t) = 4 ﬂtAfl Re F(fi) Afl cos 21rtfi

From this it is evident that the time function corresponding to a straight-
line model of the real part of a spectrum scale at n uniform intervals of
Afl would be

sin thfl 2

ﬂtAfl

n
F(t) = 4 z Re F(f,) Af

i=0

1 cos 27rfi
For this to be strictly true requires that Re F(fo) and Re F(fn) be zero.

It is now a simple matter to extend the derivation to several sets of
uniform intervals. As was the case in the time domain, the transition tri-
angle in the frequency domain is no longer isoceles, as shown in the follow-

ing sketch:
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Re F(fn)

f -
n Af1 fn fn-"AfZ
‘ D-5585-29
TRANSITION TRIANGLE
" The transition term is
fn f—fn+Af1
F(t)transition = 4 S Re F(fn) T cos 2rft df
f ~Af 1
n 1
et | £ +at,-1]
+ 4 g Re F(f ) | =—~———— | cos 2xft df
n Af
f 2
n
f
n 2xft ( )
F(t) ‘s = 4 S Re F(f ) ———— cos2zft d(27ft
transition 2
fl,1 Afl (27t) Afl
fn fn-Af1
- 4 Sf At Re F(f ) ———(27rt)Af1 cos 27ft d(2nft)
n 1
fraf, £ +Af,
+ 4 S‘f Re F(fn) ——_(21rt)Af2 cos 27xft d(2xft)
n
A% 27ft
- 4 5 Re F(f ) -——-1’5—-—- cos 27ft d(2rft)
fn (27t) Afz
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Af

F(t)transition = 4 Re F(f ) 5 [cos 27rtfn - cos 27rt(fn-Af1)]
(ZﬂtAfl)
Af
+ [cos2xtf - cos27t(f +Af.)]
(27rtAf2)2 n n 2
l-cos 27rtAf1 1-cos 21rtAf2
= 4 Re F(fn) cos 21rtfn Afl 5 + Af2 5
(Zthfl) (21rtAf2)
sin 21r‘l:Af1 sin 21rtAf2
- 4 Re F(fn) sm27rtfn Afl 5 - Af2 - >
: (21rtAf1) (27rtAf2)
. 2 o, 2
Afl sin thfl Af2 sin ntAfz
F(t)transition = 4 Re F(fn) cos 27'rtn 2 thfl 2 thfz
sin 27rtAf1 sin 27rtAf2
- 4 Re F(fn) sin27rtfn Afl 5 - Af —
(21rtAf1) (27rtAf2)

A special version of the transition term is necessary for the zero frequency

term, which generally will be zero.

Af 2

2

sin rtAf
TtAf

1 1

F(t)fo transition = 4Re I”fo) 1

It is now possible to write an expression for the second Fourier trans-
form, using a straight-line model of the real part of the frequency spectrum
scaled with several sets of uniform intervals. For example, for the real
part of a spectrum scaled at intervals of Afl from i=0 to k, Af, from

2

i=ktom, and Af, from i=m to n, the transform is

3
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2

Afl, simrtAf1
F(t) = 4 Re F(fo) 5 . 7r’£Af1
CAh
2 afy
sinvrmf1
+ 4 | —
thfl Re F(fi) Afl cos 27rfi
i=1
"Afl sin TtAf) af, [sinrtaf,
+
4 Re F(fk) cos 21rtfk 5 thfl 5 thfz
B sin27tAf, sin 27tAf,
- 4 Re F(fk) sin21rtfk Afl ——-——-——5- - Afz 3
N (ZﬂtAfl) (271tAf2)
Af
2, AL
sirurtAf2
+ 4 *-1;-{2\-::-2-— Z Re F(fi) Af2 cos Zwti
Af
i=k+—=
Afl ,
'Af2 sinTtAf, Af, [sinntaf
+ ;
4 Re F(fm) cos Zwtfm 3 thf'z + 5 1rtAf3
B sin 27tAf, sin 2rtAf,
- 4 Re F(fm) sin21rtfm Afz ————é- - f3 —"-"—""'2—
N (27rtAf2) (ZntAfS)
sirurtAf3 2 a
+ 4 W Z Re F(fi) At3 cos 27rtfi
3
Af
i=m+——§-
Af

|

1
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The above expression for the Fourier transfor#n has been generalized to
several sets of ﬁniform scaling intervals and programmed for the CDC 3200
computer at SRI. To date, the results of sample waveforms have been very
satisfactory. Some question still remains whether a time function can be
represented satisfactorily for a spectfum which is predominately imaginary.
If this situation does inhibit accuracy when dnly the real part of the spectrum

is used, then it is planned to revert to the expression

o0
F(t) = 2 S [Re F(f) cos2zft - Im F(f) sin2xft] df
0

The‘ changes required in the equations already programmed for the simpli-
fied transform are replaceinent of the coefficient 4 by the coefficient 2, and

replacement of Re F(f) cos2#ft by
Re F(f) cos2#ft - Im F(f) sin2n#ft

Many of the ideas used in the transform derivations were based on

*
the work of Draper et al.

* Draper, C. S., W. McKay, and S. Lee, Instrument Engineering, Vol. II
(McGraw-Hill Book Co., Inc., New York, 1953).
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APPENDIX B

PROGRAM FORPLEX( INPUT,QUTPUT) (:)
COMPLEX RCVC
COMMON/CBFOR/OM(1500)4RCVC (15000, T{500),V(500) ,YN{500)

DIMENSION DT(10),TIM(10)
SIG=.1

NT=1

DT(1)=,02

TIM(1)22,5

JEREQ=0

CALL FIPI(SIGyNT,DT,TIM,JFREQ)
JGO=1

PRINT 500

500 FORMAT(* DELTA T,ENDING TIME PT#)
PRINT SOS5,(DT{I)oTIM(T),I=1,NT)

505 FORMAT(2E15.4)

300 DO 2004 I=1,JFREQ
RCVC(T)=(ley0e) /CMPLX(1e,0M(T))

2004 CONTINUE

GO TO (200,201)JG0

200 CALL FIOFI(JFREQ,SIG)
JGO=2

_ 60 TO 300

201  CALL FICO(SUM,JTIM) |
PRINT SO1,SUM,SIG

501  FORMAT(LHl,#* RMS DIFFERENCE=%E12.4,5X,%CRIT=%EL2.4)

PRINT 503 -

503  FORMAT(//10X®TIME*6X#PREY CALC®11XSCALC*L1X®DIFF#6X*COMP. FN.*) (:)
DO 202 I=1,JTIM , \
VOIF=VYN(I)=V(I)

CMPEN=EXP(-T(1))
PRINT 502,T(I)4VN{I),V(I)oVDIF,CHMPEN

502 FORMAT(SE15.5)

202 CONTINUE ,
sTOP
END
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6075

2002

6003

SUBROUTINE FIPI(SIG,NT,NDT,TIM,JFREQ)
COMPLEX RCVC
CCMMON/CBFUR/OM(1500);RCVC(1500’9T(500,0V(500)vVN(500)
CﬂMMﬂN/RNGE/HRANGE(31),DELTAH(31)vDH(3l)9EW(31)rJZ
COMMON/RMT/MT
COMMON/TIME/TDO(10) ¢ XKK{10),TD(20) 4XK{20)
DIMENSION DT(NT),TIM(NT)

D3 4 I=1,4NT

TDD(IY=DT(1)

XKK(I)=TIM(])

MN=NT+]

OC 2002 L=2,NN

TOLL)=TDD(L-1)

XKIL)=XKK(L-1)

XK{11=0,

T{1)=0.

K2=1

AT 6003 I=2,NN

Kl=K2+1

IK={XK(I)=XK{I=-1))/TD(1)+K2

K2=71K+.1

DO 6003 K=K1l,K2

TIK)=T{(K=-1)+TD(])

J2=K2

TMIN=1,E30

DO 1 I=14NT
IF(TMIN.GT.TDD(I))TMIN=TDD(])
IWU=ALOGL10(1./SIG/TMIN)+1,
WU=10.%*%TWU
IWL=ALOG1O{SIG/XKK(NT)})~-1.
DWL=10s%%[WL

WL=DWL/SIG

IWL=ALOGLO{ WL)

MT=(TWU-TWL+1)%*3

CALL WRSETIWL,SIG)

CALL WSET({J)

JFREQ=J

RETURN

END
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SUBROUTINE WRSET(WL,SIG)

COMPLEX RCVC
COMMON/CBFOR/OM{1500),RCVC{1500),T(500),V(500),VN{500)
COMMON/RNGE/WRANGE(31) ,DELTAW(31) ,0W(31),EN(31),42
COMMON/RMT/MT

OW(1)=0.

EW(1)=0, .

WRANGE(1)=WL/S.

WRANGE(2)=WL/2.

MRANGE(3)=WL

DELTAW(1)=SIG*WL/10.
DELTAW(2)=2.,%DELTAW(1)
DELTAW(3)=5.%DELTAN{]1)

DO 1 134’MT’3
WRANGE(1+2)=10.*WRANGE(I~-1)

DELTAW( I1)=SIG*NRANGE(I-1)
WRANGE( I )=2 ., #WRANGE( I-1)
DELTAW(I+1)=2.%DELTAN(IT)

WRANGE( I+1)=5.*WRANGE(I~-1)
DELTAW(I+2)=5.%DELTAN(])

DO 2 I=1,MT

DW(I+1)=DELTAWI(I)

EW{I+1)=WRANGE(T)

PRINT 4

FORMAT (=1 DELTA Wy W RANGE*)

PRINT 3, (DELTAW(I)yWRANGE(I),I=1,MT)
FORMAT (2E20.6)

RETURN

END

-26-




1051
1052

11

SUBROUTINE WSET(J)

CAOMPLEX RCVC
COMMON/CBFOR/DM(ISOO)yRCVC(lSOO)oT(SOO).V(SOO’vVN(SOO)
CGMMON/RNGE/HRANGE(31’,DELTAH(31"DH(31’vEH(31).JZ
COMMON/RMT/MT 4
COMMON/CX/TSRC(31),TRC(31)'KX(31).TSR(31)9TSI(31)p
lTR(3l),TI(31),JX(31);TSX(31)'TSX2(31)vXX(31),FD(31)
M=MT+] ,

K2=1

OM{1)=0.

DO 1052 1=2,M

Kl=K2+1

K2=K2+(EH(I)-EW(I-I))/DR(I)*.l

J0 1051 J=K1l,K2

OM(J)=0M(J=~1) +DW(T)

IX(I-1)=K1-1

MM=K 2

JXIMT+1)=K2

J=MM

PRINT 11,J,MT

FORMAT (* NO. OMEGA PTS.=*16,5X*N0. OMEGA PRS. =%x[5)
RETURN

END
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SUBROUTINE FIOFI(JFREQ,SIG)

COMPLEX RCVC

COMMON/CBFOR/OM(1500) ,RCVC(1500),T(500),V{500),VN(500)
COMMON/RNGE/WRANGE(31),DELTAW(31),0OW(31),EW(31),J2
COMMON/RMT/MT

CALL CALCLT

DO 1 I=1,42

VNUI)=V(])

WL=WRANGE(3)/10.

MT=MT+6

SIG=S1G/2.

CALL WRSET(WL,SIG)

CALL WSET(J)

JFREQ=J

RETURN

END
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SUBROUTINE FICO(SUM,JTIM)
COMPLEX RCVC :
COMMON/CBFUR/OH(1500’vRCVC(lSOO)rT(500)1V(5OO)yVN(SOO)
COMMON/RNGE/HRANGE(31)QDELTAH(31),DW(31)9EH(31)1J2
COMMON/RMT/MT
CALL CALCLTY
SumMv=0,
SUMVNV=0,
DO 1 I=2,J2
RSUM=VN(I)=-VI(T)
VSUM=V(T)
OT=T(I)-T(I~-1)
SUMV=SUMV +VSUM*VSUM%DT
SUMVYNV=SUMVNV+R SUM¥RSUM*DT
SUM=SQRT{ SUMVNV/SUMY)
JTIM=)2
RETURN
END
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SUBROUTINE CALCLT ‘ (:)
COMPLEX RCVC ‘
COMMON/CBFOR/0OM(1500) 4RCVC (15001, T{500),V(500) ,VN{500)
COMMON/RNGE /WRANGE(31) ¢ DELTAW(31) 4DW(31),EW(31),J2
COMMON/RMT/MT
COMMON/TIME/TOD(10) ¢ XKK(10),TD(20) , XK(20)
COMMON/CX/TSRC(31) 93 TRC{31)4KX(31),TSR(31),TSI(31),

ITRE31),TI(31)4dX(31),TSX(31),TSX2(31),XX{31),FD{31)
$1=.9999999999
$2=-.16666666609
$3=8.333330731€-3
S4=-1.9840833822F-4
$5=2.752401177E-6
S6=-2.386893€E-8
PI=3.14159265358979
TPI=2.%P]
RADDG=180./PI
DEGRD=P1/180.

DO 2003 I[=1,MT
OW(I)=DELTAW(I)

2003 EW(I+1)=WRANGE(I)

10352 DO 500 K=1,J2
RVP=0.

TRC(MT)=0.
DO 1045 L=1,MT
FD(L)I=0WIL)/TPI
X=TPI*FD(L)*T(K)/2.
XX{L)=X O
IF(ABS(X)=P1/2.)1042,1043,1044
1042 TSX{L)=(SL+XkXE(S2+XXX%(SI+XEXR(S4+XEXX( S5+ XkX%S6)))))
GO TO 1045 ‘
1043 TSX(L)=2./P1
GO TO 1045
1044 TSX(L)=SIN(X)/X
1045 TSX2{L)=TSX(L)*TSX{L)
TS1C=RCVC(1)*FD(1)*TSX2(1)
EH( 1,300
JX(1)=1
DO 1039 L=1,MT
TS4C=0.
JX(L+1)=IX(L)+(EWIL+1)=EWI(L))/DW(L) +.1
Kl=JX(L)+1
K2=JX(L+1)
DO 600 J=K1,K2
IF(J.EQ.K2) GO TO 1046

600 TS4C=TS4C+FD(L)*(REAL{RCVC(J))*COS(OM(J)*T(K))
1-ATMAG(RCVC(J) ) ®SIN(OM{J)*T(K)))

10646 TSRC(L)=2.%TSX2(L)*TS4C
IF(L.FQ.MT) GO TO 1039

1057 IF(K.NE.l) GO TO 1056

1058 TRCI(L)={(REAL(RCVCI(J))I*COS(OM{J)*T(K))-=AIMAG(RCVC{J))*SINIOM(J)*T
LK) )= (FDLL)®XTSX2(L)+FD(L+1)%*TSX2(L+1))

O
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GO TO 1039

1056 TRC(L)=2.*((REAL(RCVC(J))*CUS(UM(J)*T(K))—AIMAG(RCVC(J))*S!N
l(OM(J)*T(K)))*(.S*FD(L)*TSXZ(L)+.S*FD(L+1)*TSXZ(L+1))
2=REALAIRCVC(J))I=SIN(OM{J)*T(K) JE(FD(L)®TSX(L) /XX(L)=FD(L+1)
3%TSX(L+1)/XX{L+1)))

1039 RVP=RVP+TSRCIL)+TRCI(L)
VIK)}=RVP+TSIC

500 CONTINUE

RETURN
END
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DELTA W, W RANGE

SN = NN NI = O -

. 000000E-03
. 000000E-03
. 000000E-03
. 000000E-02
. 000000E-02
. 000000E-02
. 000000E-01
. 000000E-01
. 000000E-01
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+01
. 000000E+01
. 000000E+01

NO. OMEGA PTS.

DELTA T, ENDING TIME PT

2. 0000E-02 2. 5000E+00

= 186
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OO NN TN I O

. 000000E-02
. 000000E-02
. 000000E-01
. 000000E-01
. 000000E-01
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+01
. 000000E+01
. 000000E+01
. 000000E+02
. 000000E+02
. 000000E+02
. 000000E+03

NO. OMEGA PRS.

15




DELTA W, W RANGE

NHU]NHQIMHUINP‘UINH@NHMNH@

NO. OMEGA PTS. = 511

. 000000E-05
. 000000E-04
. 500000E-04
. 000000E-04 -
. 000000E-03
. 500000E-03
. 000000E~03
. 000000E-02
. 500000E-02
. 000000E-02
. 000000E-01
. 500000E-01
. 000000E-01
. 000000E+00
. 500000E+00
. 000000E+00
. 000000E+01
. 500000E+01
. 000000E+01
. 000000E+02
. 500000E+02
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HmNH(ﬂNHmMHCﬂNHmNHmNHmN

. 000000E-03
. 000000E-03
. 000000E-02
. 000000E-02
. 000000E-02
. 000000E-01
. 000000E-01
. 000000E-01
. 000000E+00
. 000000E+00
. 000000E+00
. 000000E+01
. 000000E+01
. 000000E+01
. 000000E+02
. 000000E+02
. 000000E+02
. 000000E+03
. 000000E+03
. 000000E+03
. 000000E+04

NO. OMEGA PRS.

21




RMS DIFFERENCE = 1. 0489E-02

TIME

q-q-q-qqmmmmmwmmcﬂm.&pmppwwwwwmwmmmwo—awur—tmmpw.c

. 00000E-02
. 0000E-02
. 00000E-02
. 00000E-02
. 00000E-01
. 20000E-01
. 40000E-01
. 60000E-01
. 80000E-01.
. 00000E-01
. 20000E-01
. 40000E-01
. 0000E-01
. 80000E-01
. 00000E-01
. 20000E-01
. 40000E-01
. 60000E-01
. 80000E-01
. 00000E-01
. 20000E-01
. 40000E-01
. 60000E-01
. 80000E-01
. 00000E-01
. 20000E-01
. 40000E-01
. 60000E-01
. 80000E-01
. 00000E-01
. 20000E-01
. 40000E-01
. 60000E-01
. 80000E-01
. 00000E-01
. 20000E-01
. 40000E-01
. 60000E-01
. 80000E-01

CRIT = 5. 0000E-02
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- PREV CALC CALC DIFF COMP, FN.
5. 00096E-01 5.00074E-01 2.23040E-05 1. 00000E+00
9. T2465E-01 9. 81389E-01 -8.92335E-03 9. 80199E-01
9. 58092E-01 9. 63008E-01 -4.91588E-03 9. 60789E-01
9. 37527E-01 9. 43080E-01 -5.55237E-03 9. 41765E-01
9. 36038E-01 9.27096E-01 8.94138E-03 9.23116E-01
9. 02164E-01 9. 00069E-01 2.09458E-03 9. 04837E-01
8. 80579E~01 8. 88089E-01 -7.50967E-03 8. 86920E-01
8. 73926 E-01 8. 68947E-01 4,97963E-03 8. 69358E-01
8. 54081E-01 8. 51475E-01 2.60540E-03 8. 52144E-01
8. 37244E-01 8. 36741E-01 5.02500E-04 8. 35270E-01
8.25208E-01 8.19581E-01 -5.62657E-03 8.18731E-01
8. 05453E-01 8. 03136E-01 . 2.31705E-03 8. 02519E-01
7. 82676E-01 7.86126E-01 -3.45025E-03 7. 86628E-01
7.62224E-01 7.68987E-01 -6. 76320E-03 7.71052E-01
7. 59814E-01 7. 54982E-01 4.83234E-03 7. 55784E-01
7. 44019E-01 7. 44674E-01 -6. 55598E-04 7.40818E-01
7.25737E-01 7.23621E-01 2.11601E-03 7.26149E-01
7.18009E-01 7.13274E-01 4. 73501E-03 7.11770E-01
6. 93002E-01 6. 99390E-01 -6.38775E-03 6. 97676E-01
6. 73588E-01 6. 76939E-01 -3. 35095E-03 6.83861E-01
6. 72610E-01 6. 72364E-01 2. 45656E-04 6. 70320E-01
6. 65077E-01 6.61725E-01 3.35253E-03 6. 57047E-01
6. 51748E-01 6. 42197E-01 9. 55068E-03 6. 44036E-01
6. 40395E-01 6. 36005E-01 4, 39006E-03 8. 31284E-01
6.21387E-01 6.21190E-01 1.96887E-04 6. 18783E-01
5. 99928E-01 6. 00541 E-01 -6.12963E-04 6.06531E-01
5. 91465E-01 5. 94789E-01 -3. 32335E-03 5. 94521E-01
5. 86963E-01 5.86242E-01 7.20434E-04 5. 82748E-01
5. 75895E-01 5.70121E-01 5. T7340E-03 5. 71209E-01
5.62076E-01 5. 61258E-01 8.18056E-04 5. 59898E-01
5. 43260E-01 5. 50021E-01 -6.76112E-03 9. 48812E-01
5. 25368E-01 5. 31548E-01 -6.17998E-03 5. 37944E-01
5.15335E-01 5.21915E-01 -6. 58039E-03 5.27292E-01
5.11742E-01 5.19110E-01 -7.36742E-03 5.16851E-01
5. 09952E-01 5.06824E-01 3.12831E-03 5.06617E-01
5. 02443E-01 4.97195E-01 5.24805E-03 4. 96585E-01
4. 87649E-01 4. 90774E-01 -3.12557TE-03 4. 86752E-01
4, 75388E-01 4. 74320E-01 1.06823E-03 4, 77114E-01
4.67147E-01 4.63848E-01 3.29867E-03 4. 67666 E~01
4.61682E-01 4.61760E-01 -7.74881E-05 4. 58406E-01




B

O

TIME PREV CALC
8. 00000E-01 4. 60433E-01
8. 20000E-01 4, 53654E-01
8. 40000E-01 4, 38278E-01
8. 60000E-01 4. 22966E-01
8. 80000E-01 4.11322E-01
9. 00000E-01 4. 02815E-01
9. 20000E-01 3.98390E-01
9. 40000E-01 3. 93679E-01
9. 60000E-01 3.83377E-01
9. 80000E-01 - 3.T2234E-01
1. 00000E+00 3.64486E-01
1. 02000E+00 3. 59313E-01
1. 04000E+00 3.57351E-01
1. 06000E+00 3. 54398E-01
1. 08000E+00 3. 47372E-01
1.10000E+00 3.37729E-01
1.12000E+00 3.27410E-01
1.14000E+00 3.18560E-01
1. 16000E+00 3.11014E-01
1, 18000E+00 3.03307E-01
1. 20000E+00 2. 94347E-01
1. 22000E+00 2, 84745E-01
1.24000E+00 2. 76031E-01
1. 26000E+00 2.69473E-01
1. 28000E+00 2.65338E-01
1. 30000E+00 2.62722E-01
1. 32000E+00 2.60482E-01
1. 34000E+00 2. 58327E-01
1. 36000E+00 2. 56075E-01
1. 38000E+00 2.53711E-01
1. 40000E+00 2, 51224E-01
1. 42000E+00 2.47695E-01
1. 44000E+00 2. 43080E-01
1. 46000E+00 2, 38150E-01
1, 48000E+00 2, 32495E-01
1. 50000E+00 2.26398E-01
1. 52000E+00 2, 20492E-01
1. 54000E+00 2.14832E-01
1. 56000E+00 2.08527E-01
1. 58000E+00 2.05775E-01

1. 60000E+00
1. 62000E+00
1. 64000E+00

2.03793E-01
2.01555E-01
1,9896818E-01

CALC DIFF COMP. FN.
4. 53242E-01 7.19078E-03 4. 49329E-01
4. 43802E-01 9. 85286E-03 4, 40432E-01
4. 35994E-01 2.28385E-03 4. 31711E-01
4, 22447E-01 5.19514E-04 4,23162E-01
4. 09729E-01 - 1.59283E-03 4.14733E-~01
4. 05030E-01 -2.21494E-03 4. 06570E-01
4. 00545E-01 -2.15581E-03 3. 98519E-01
3.92123E-01 1.55603E-03 3. 90628E-01
3.84478E-01 -1.09582E-03. 3.82893E-01
3. 74930E-01 -2.69543E-03 3.75311E-01
3.63014E-01 1.47209E-03 3. 67879E-01
3. 57950E-01 1.36353E-03 3. 60595E-01
3. 56333E-01 1.01774E-03 3. 53455E-01
3. 50786E-01 3.61212E-~03 3. 46456E-01
3.44136E-01 3.23639E-03 3. 39596E-01
3. 35119E-01 2.60958E-03 3. 32871E-01
3.23903E-01 3. 50720E~-03 3. 26280E-01
3.16453E-01 2.10689E-03 3.19819E-01
3.13038E-01 -2.02373E-03 3.13486E-01
3. 08805E-01 -5.49811E-03 3.07279E-01
3. 02204E-01 ~-7.85659E-03 3.01194E-01
2. 93043E-01 -8.29860E-03 2. 95230E-01
2.83023E-01 -6. 99185E-03 2. 89384E-01
2. 75920E-01 -6. 44686E-03 2. 83654E-01
2. 72783E-01 -7.44543E-03 2. 78037E-01
2.71611E-01 -8, 88839E-03 2. 72532E-01
2.69018E-01 -8.53526E-03 2.67135E-01
2.62656E-01 -4, 32927E-03 2.61846E-01
2. 55025E-01 1.04968E-03 2. 56661E-01
2. 49477E-01 4,23357E-03 2, 51579E-01
2. 46174E-01 5.05014E-03 2. 46597E-01
2. 44775E-01 2.91962E-03 2.41714E-01
2. 43236E-01 -1,55732E-04 2. 36928E-01
2, 36926E-01 1,22389E-03 2, 32236E-01
2.27879E-01 4,61569E~-03 2.27638E-01
2.21075E-01 5.32273E-03 2.23130E-01
2.16116E-01 4. 37650E-03 2.18712E-01
2.13180E-01 1.65205E-03 2.14381E-01
2,12529E-01 -3.00240E-03 2.10136E-01
2.08535E-01 -2.76012E-03 2.05975E-01
2,01165E-01 2,62713E-03 2, 01897E-01
1,98117E-01 5.43769E-03 1. 97899E-01
1.92728E-01 6.89042E-03 1.93980E-01
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TIME PREV CALC
1. 66000E+00 1. 97799E-01
1. 68000E+00 1, 94743E-01
1. 70000E+00 1. 91739E-01
1. 72000E+00 1, 88967E-01
1. 74000E+00 1. 84815E-01
1. 76000E+00 1.79327E-01
1. 78000E+00 1, 73134E-01
1. 80000E+00 1.66233E-01
1. 82000E+00 1. 59621E-01
1, 84000E+00 1. 54362E-01
1. 86000E+00 1. 50041E-01
1. 88000E+00 1,46442E-01
1. 90000E+00 1. 43525E-01
1. 92000E+00 1. 41350E-01
1. 94000E+00 1. 40413E-01
1. 96000E+00 1.40331E-01
1. 98000E+00 1. 40563E-01
2. 00006E+00 1. 40913E-01
2. 02000E+00 1.40225E-01
2. 04000E+00 1, 38222E-01
2. 06000E+00 1. 36153E-01
2, 08000E+00 1. 33457E-01
2.10000E+00 1..30114E-01
2.12000E+00 1. 26967E-01
2. 14000E+00 1,23319E-01
2.16000E+00 1.19153E-01
2. 18000E+00 1.15564E-01
2. 20000E+00 1.12758E-01
2.22000E+00 1.10360E-01
2. 24000E+00 1.08637E-01
2. 26000E+00 1.07097E-01
2. 28000E+00 1. 04891E-01
2. 30000E+00 1. 02460E-01
2. 32000E+00 9. 98930E-02
2. 34000E+00 9. 70114E-02
2. 36000E+00 9. 39910E-02
2. 38000E+00 9. 04027E-02
2. 40000E+00 8.61149E-02
2. 42000E+00 8.14341E-02
2. 44000E+00 7.69447E-02
2. 46000E+00 7.31982E-02
2. 48000E+00 7.03922E-02
2. 50000E+00 6. 83020E-02
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CALC DIFF COMP. FN,
1.91015E-01 6. 78344E-03 1.90139E-01
1.91635E-01 3.10888E-03 1.86374E-01
1. 89655E-01 2.08327E-+03 1. 82684E-01
1.83570E-01 5. 39637E-03 1. 79066E-01
1, 77288E-01 7.52741E-03 1. 75520E-01
1. 72381E-01 6. 9456 7E-03 1. 72045E-01
1.68612E-01 4, 52213E-03 1. 68638E-01
1.66536E-01 -3.03858E-04 1.65299E-01
1.63957E-01 -4, 33666E+03 1. 62026E-01
1. 58097E-01 -3. 73532E-03 1. 58817E-01
1. 51507E-01 -1.46594E-03  1.55673E-01
1.47077E-01 -6. 34732E-04 1.52590E-01
1. 44456E-01 -9.31112E-04 - 1. 49569E-01
1. 44025E-01 -2.67537E-03 1. 46607E-01
1. 44374E-01 -3.96086E-03 1,43704E-01
1.42399E-01 -2,06851E-03 1.40858E-01
1, 39010E-01 1,55253E~-03 1, 38069E-01
1. 36100E-01 4.81337E-03 1. 35335E-01
1. 34396E-01 5. 82899E-03 1. 32655E-01
1, 33740E-01 4. 48207E-03 1. 30029E-01
1. 32954E-01 3.19895E-03 1.27454E-01
1. 30497E-01 2. 95992E-03 1.24930E-01
1.25779E-01 4. 33526E-03 1. 22456E-01
1.20728E-01 6.23931E-03 1. 20032E-01
1.17004E-01 6.31445E-03 1.17655E-01
1.14456E-01 4,.69762E-03 1.15325E-01
1.12929E-01 2.63525E-03 1.13042E-01
1.11166E-01 1. 59112E-03 1.10803E-01
1.08215E-01 2.14563E-03 1. 08609E-01
1. 05302E-01 3. 33465E-03 1. 06459E-01
1.03373E-01 3. 72418E-03 1. 04350E-01
1.02517E-01 2.37387E-03 1,02284E-01
1. 02446E-01 1.43794E-05 1. 00259E-01
1.01713E-01 -1.82043E-03 9. 82736E-02
9. 96046E-02 -2.59319E-03 9, 63276E-02
9. 64330E-02 -2.44201E-03 9. 44202E-02
9.29622E-02 -2.55955E-03 9. 25506E-02
8. 99145E-02 -3. 79963E-03 9. 07180E-02
8. 72313E-02 -5.79726E+03 8. 89216E-02
8. 44447E-02 -7.49996E-03 8. T1609E-02
8.12072E-02 -8.00899E-03 8. 54350E-02
7. 77855E-02 -7.39331E-03 8.37432E-02
7. 48621 E-02 -6. 56006E-03 8. 20850E-02






