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SUMMARY

OBJECTIVE

Develop a computer program for calculating the pulse distortion and delay of vif/elf
signals in the earth-ionosphere waveguide.

RESULTS
Sample applications of the program developed to meet the objective include calcula-

tion of a slow wave elf tail generated by a median lightning discharge and a system study
appropriate to the vif communications band.
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L. INTRODUCTION

Fhis report describes and hists a computer program designed to handle pulse propaga-
tion problems when the propazating chatinel s the carth-ionosphere wavegude and s
mtended for use m the el bands Inputs are mode data (ee, cigenangles and excitation
factors) as a tunction of trequency as determuned, tor example, by the wavepuide program
of Reto 10 The mode data are mterpolated using cubie splines. That s, the real and imagimary
parts ot the cigenangles as well as the magnitude and phase of the excitation tactor are
approxumated by a thied-degree poly nonmial between cach paw of data pomts. The polyno-
muils are determuned such that they fit the input data and are twice continuously ditteren-
tiable m the domam ot wterest. The pulse shape mtegrals (which are Founer transtorms) are
caleulated using a tast Founer transtor a techmque. Advantages and disadvantages of the
tast Fourter transtorm i pulse-shape studies have been discussed by Sevler, Bloch and Flyan
(Ret. )0 Tts magor advantage is a savings i computational time, whereas a disadvantage may
be that, strictly, only perntodic pulse trams may be analvzed. Thus, when a non-periodic
pulse s considered it must be treated as a pentodie pulse tram with penod much greater than
the pulse width i order to obtam adequate resolution

AL the present the program s destened to cateutate only the verticat electnie tield (k)
at the ground tor a ground-based vertical electrie dipole source. Other source and receivet
onentations and altitudes can be treated by extensions of the "CHANEL ™ subroutine
SCHANE LT could also be extended to altow for tateral inhomogeneity of the guide via WKB
or mode conversion methods. The program was developed primarily as a tool tor calculating
slow-tath atmospheric wavetorms (e wave shapes in the elt band generated by hghtning dis-
charges). Because ansotropy of the wonosphere s icluded in caleulating the mput mode
parameters, the program s particularly sutted to studies relating o geomagnetic mtluences
on such wavetorms. Tt can also be used to examine atmospherie signatures in the vit band
and to conduct pertformance studies on proposed or existing spread spectrum systems which
operate i the elt vit bands.

T'he mathematical problem at hand simply reduces to the caleulation of a Fouriet
wtegral tor whueh the mtegral s made up of o tansmitter spectrum, recevet spectrum, and
channel spectrum, cach of which will be discussed more tully in the tollow ing section. Sec-
tions HEand IV describe the program, Sections V oand VI contain output deseription and
some sample results. The appendiy contains a program histing.

I CHANNEL, RECEIVER AND SOURCE MODELS

In this section equations used tor caleulating a receiver output wavetorm, Go.,
related to the vertical electnie tield at the ground, will be given. In terms of the areat cieele
range, o, the wavetorm s given by (- =h
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ILE) = Wdlw) = dl2nk), source tunction (ampere-m/Hz) ()
R(F) = r(w) = r(2al), receiver function (R
H(E . p) = hw.p) = h(2rk p), channel tfunction 4

I'he second and third equalities in Eq. (1) follow trom the requirement that G(p,t) be a real
quantity so that

IdL(F) = [IdL(-F)] *, R(F) = R*=F) and H(F,p) = H¥*(-F,p) ()
where the asterisk denotes the complex conjugate. The receiver, source and channel functions
are described below:

RECEIVER

RECVR(F) is a subroutine which can be easily moditied or replaced to accommodate
the individual users needs. The particular RECVR(F) subroutine contained in the program
listing in the appendix can be used with any receiver tunction of the form

r(w) = (6)

4 P ; )
(I +’—“-’) (I + L‘i)
Ls)l u):

where the gain, GA, angular frequencies w and w) and integers P and Q are read into the
program via namelist. This receiver function description allows for a broad, but by no means
exhaustive, class of realistic receivers. Observe that it satisties the condition specified in

Eq. (5).

TRANSMITTER

TRXMTR(F) is a subroutine which too can be readily altered to meet the specific
needs of the user. Since the principal motivation for the present program was to study the
shape of slow wave tails associated with atmospheric discharges, the particular source tunc-
tion contained in the subroutine TRXMTR(F) in the program listing in the appendix is the
Williams (Ref. 3) mean source description for a lightning discharge, which is given by




where

The A{'soyys Tpe Ty and v are read into the program via namehist. The units of amperes for
the A's and mosec tor v, coupled with the channel defined in the tollow g subsection yields
awavetorm in units of volts m, which, as stated ., is related to the vertical electric tield at the
ground. Fora flat recenver the wavetorm would be proportional to the tield. the proportion-
ality constant bemng the recewver gam, GA.

CHANNEL

cal electric dipole source s

where

where

4
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n
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|+ Ty, tiw)

Al =-16.8 X 10 amperes Y] = S.88 X 10 see™!
As = IS ASN 10T amperes ¥ = 3.03 X 107 sec!
Ay = 10Y amperes v3 = 2.0 X 103 sec™!
- . g X R | b (8)
Ay = 045 X 107 amperes Yg = LAT X107 sec”
T = 43 psec g ry = 180 psec
Vo = 3.5 X 10" myset J
\

I'he channel function tor the carth-ionosphere waveguide with a sround-based verti-
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F = freqin He !
i
< speed of hght w vacuum (ki seq) {
0 transmiutter-recever distance (km) :
i
a = carth's rads (0370 km)
SI,, = sine of the egenangle for the nth mode i3
i 2 ) J h]
SE = (1 + b= o : X ; '
% Sty "W+ R p= (RRP Excttation tactor tor ground-based L) :
v gy 1Ry vertical dipole {
AL (|
Al by
«
n i
. , oy ﬂ
HR = Fresnel TM ground reflection coetticient |
|3
(R = Fresnel TF ground reflection coefticient '
i RL = TE plane wave wonospherie retlection coetticient
IR = M plane wave ionospheric reflection coetticient {
S




[P,

Ry = TM to TE plane wave wonospheric conversion coetticient

(R = TE to I'™M plane wave 1onospheric conversion coetficient

AW ;

7'— = dernvative of modal equation at cigenangle U”

ot n

W =t = RpRp - (R Rp = RyyR R | (R = modal function

All retlection and conversion coetficients are referenced to the ground. The channel func-
tion, Hut o), is defined such that the wavetorm associated with the vertical electric tield at
the ground

. SN : : : 12kt gy
Gep.t) = 2R, IdL(F)YR(EYH(F ,p) ¢ db ()
C
0

is i volts m when IdIE) = idce) = il 2nF) is in ampere-m Hz. In the lower elt band,
except within a few degrees of broadside, Eq. (9) can be used for a ground-based
horizontal dipole radiator, such as the Wisconsin Test Facility, if the excitation factor
for the single mode (termed the N=1 mode) that propagates at that frequency is replaced
by

. ! ! % 3
:\\lul\pl\g.\lll C12)
where
Ayp isgiven by Eqo(10)
‘ o € . : 3
N, =\ /—— +— = complex ground refractive index (13)
& e, e,
where

o = ground conductivity (sicmens m)
€ = ground permuttivity (tarads m)
>
€, = permittivity of free space = 8.85 X 10 12 farads m

and where yoas the angle between the direction of the horizontal dipole and the direction of
propagation,

11, DESCRIPTION OF INPUT

Allinput to the pulse shape program is read in via the card reader. A listing of a
sample input showing the data deck set-up s given on pages 9 and 10. This sample
mput applies to a single-mode case.

I'here are three parts to the input. The first part is plot wdentitication. The second
part is general input read in by means of a pamelist tormat. The third part is mode data.
EFach part will be discussed in further detail below.
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I'he tirst part of the mput consists of three cards contammng plot label intormation
All cards are read m using a TOA4 tormat. The first card contains trom 1 to 40 alphanumeric

characters contaiming whatever mtormation the user wishes to be printed on the transmitter

spectrum plot. The second and thud cards are wdentical in tormat and contam mtormation
for the recever spectrum plot and the channel spectrum plot, respectively.

I'he second part of the mput is read i by means ot an ASCH FORTRAN namelist
mput tormat. Fhe tollowing varables and arrays may be specitied i the namehst input.

NM

INEME

NEVE(])
NEVE(2)
NEVE(3)
NEVE(4)
NEVE(S)
NEVE(0)
N-2N

kU
k1
NE
A

GAM

IAUP
AUV
VO

GA
OMEGATL
OMEGA?
')

Q

RHO

maximum number of modes to be read m (note that the program
allows the number of modes read in to vary with frequency)

indicates which quantities are to be fitted by a cubic sphine
(NTRMAG, XTRANG, RETHP IMTHP, ATT and PHVOC are

mode mputs to be deseribed subsequently)
then a cubie sphine fitas apphed to NTRMAG
then a cubie sphine nitas apphied to NTRANG
then a cubie spline it s apphied to RE THP
then a cubie sphine it s apphed to IMTHP
then a cubie sphine it s apphed to PHVOC
then a cubie sphine it s apphed to AT

18 the number of integration mtervals in the frequency range
(FU-F1).

upper trequency of integration in kitlohertz,
lower trequency of integration in kilohertz
number of tfrequencies.

an array of tour elements used to describe the source function
given m bEq. (7). The unmits of A are amperes.

an array of tour elements used to describe the source tunction
given in bEq. (7). The units of GAM (y in the equation) are mverse

seconds.,

characteristic time i seconds assoctated with the source function
given in Eq. (7).

characteristic time in seconds assoctated with the source tunction
given in bq. (7).

characteristic veloctty inm sec assoctated with the source function
given in Bq. (7).

gain tor the receiver tunction given in Bq. (o).

angular frequency for the recever function given in bBq. (o).
angular frequency tor the receiver tunction given in Eq. (o).
mteger variable used i the recever function given in Eq. (0).

imteger vartable used in the receiver tunction given in Eq. (0).

transmitter-receiver distance m Kilometres used i mode sum.
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S S = 1 tor positive Fourier transform
S = =1 for negative Fourier transtorm.

INTPRT flag to control the print interval. The first 20 values are printed
and then every INTPRTth one. For example it INTPRT = 10 then
the 1st 20 values are printed followed by the 30th, 40th, 50th . ..
every 10th value out to the end.

IPLOT flag to determine whether or not plots are drawn.
1 IPLOT = 0 no plots are generated.
It IPLOT = 1 six plots are generated: source spectrum. receiver
spectrum, channel spectrum, product spectrum (source*receiver®
channel), output wavetorm, and the input current pulse.

TMIN an array of three elements used to describe the starting time in
seconds for the input current pulse plot.

TINC an array of three elements used to describe the time increment in
seconds tor the input current pulse plot,

NUMTS an array of three elements used to describe the number of times
that are plotted on the input current pulse plot.

TAUMAX controls the latest time in seconds plotted on the output wavetorm
curve.

The mode data or third part of the input follows the nameust input. The eight coi-
umns of mode data on pages 9 and 10 are:

NMF number of modes at FREQ(I), I =1.2. ... Nf (column 1).
RETHP(M.I) the real part of the complex ground eigenangle for mode M and

frequency I in degrees (column 2).

IMTHP(M. ) the imaginary part of the complex ground eigenangle for mode M
and trequency [ in degrees (column 3).

XTRMAG(M.I)  magnitude of excitation factor for mode M and frequency I (col-
umn 4).

XTRANG(M,I) -~ phase (in radians) of excitation factor for mode M and frequency |
(column 5).

FREQ(I) frequencies in kilohertz for which mode data is input (column 6).
ATTM.I) attenuation rate in dB/1000 km for mode M and frequency I (column 7).
3
PHVOC(M,I) phase velocity over free-space velocity for mode M and frequency |
* (column &).

The mode data input shown on pages 9 and 10 is for a single mode case. A sample input of
mode data for a multimode case is shown on pages 11 and 12. The eight columns have the
same meaning as above. The ordering is such that all modes for the first frequency are fol-
lowed by all modes for the second frequency. etc. It should be mentioned that the attenua-
tion and phase velocity inputs are not used directly in the calculations. They are included in
the input so that they may, at the users option, be spline fit for the purpose of explicitly
exhibiting their frequency dependence.
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IV. PROGRAM LAYOUT

I'his section describes the basic features of the pulse shape program listed in the
appendix.

Reading and printing of input quantities occurs in MAIN. MAIN calls in order the
following subroutines.

SUBROUTINE FUNSPL (MD.LF XX,YY ,B.C.D)

Inputs to FUNSPL are a mode index MD, which takes on values 1 through NM, and
the index, LF, tor the quantity which is to be approximated as a function of frequency by a
cubic spline. LE can take on integer values 1 through 6. FUNSPL calls the two following
subroutines.
a.  SUBROUTINE FUNCVE (MD.XX.YY) places
XX(i) =FREQ(), I=1,2. ... NF.
YY(K)=XTRMAGMD K) it LF = 1 and data read in for [=K.
YY(K)= XTRANG(MD K) it LF = 2 and data read in for [=K.
YY(K)=RETHP(MD.K) if LF = 3 and data read in for =K.
YY(K)=IMTHP(MD K) it LF = 4 and data read in tor I=K.
YY(K) = PHVOCMD Ky if LE = 5 and data read in for 1=K.
YY(K)=ATT(MD K) it LF = 6 and data read in tor =K.
b, SUBROUTINE SPLINE (XX.YY B.C.D.N) determines the coetticients B, C, D,
of a cubic spline interpolating the given curve (XX, YY(D. 1=1,2 N). It XX(]).LE.

X.LE XX+ 1) and H=X-XX(D), then the interpolated value at X is F(X) = YY) + B() *

H+ C( # H #x 2+ D) * H *+ 3. The interpolated value is evaluated using the function

SPEVAL(XVAL.X.Y B.C.D.N.INIT). In particular SPEVAL evaluates the interpolating cubic

spline for the data (X(D. YD, =1 ... Nat XVAL. INIT is an estimate of the interval
where XVAL lies, X(INIT).LE.XVAL.LE.X(INIT+ 1), but need not be used. Set INIT=0 if
there is no estimate. On return, INIT will contain the interval number.

The replacements
YC(LEMD.D =YY()
BC(LEMD.I) = B(I)
CC(LEMD . = C(h
DC(LEMD.I) = D)
are then made in FUNSPL and control returned to MAIN. MAIN then calls the TRXMTR,

RECVR and CHANEL subroutines at the frequency points F = (K=1) FU-FL/2N + FL,
K=1,2...,2N+1,

SUBROUTINE TRXMTR(F) calculates the spectrum tor the Williams description of
the mean lightning stroke as discussed in Section 1. The subroutine can be easily altered to
satisfy the users needs. For example, alternative descriptions of the lightning discharge are




|

|

readily accommodated. In the example in Section VI of this report illustrating results for a ‘
spread-spectrum system, the transmitter function given by Eq. (20) of that section was used. |
|
SUBROUTINE RECVR(F) calculates the spectrum for the receiver function discussed i
in Section [I. This subroutine is also casily altered to satisfy the user’s needs. For example,
3 the spread-spectrum system calculation presented as an example in Section VI of this report |
utilized the receiver function given by Eq. (21) of that section. :

SUBROUTINE CHANEL(F) calculates the spectrum for the elf/vlf channel described . [
by Eq. (9) of Section II. Specifically it is for the vertical electric field at the ground produced
by a ground-based vertical electric dipole. Ground-based horizontal dipole sources can be ¥
accommodated using the replacement indicated by Eq. (12) of Section II. 5 "

The real part of the product spectrum, [dI(F)R(F)H(F,p), which occurs in Eq. (1) of
Section Il is stored in X(K) and the imaginary part is stored in Y(K).

i
SUBROUTINE NLOGN(N.X,Y .SIGNT.A B) calculates (apart from end point effects)
integrals of the form (S=SIGNT)
B
exp [-12nSAT]| (X(F) +jY(F) exp(j2nSkr)dF
A
; B-A
= (X(F+A) +jY(F+A)) exp(2nSET)IdF (14)
4 0
by the fast Fourier transtorm technique of Cooley and Tukey (Ref. 4). This makes use of
digital evaluations at the tfrequencies
-1
F(L) =2t (B-A¥L=1,2..., 2N (15)
2N 1
and the method yields evaluations for the times
1
py g K-1 R ) 7N ir
j ‘r(l\)—B_A.l\—l ...... 21 (16) ,#
i' Real and imaginary parts of the integral are then stored in X(K) and Y(K) respectively. . ]
§ NLOGN also has built into it the Filon weight factors 4
| e I A.
| ua Ll ) Yo ’"‘l:‘H” K=1,2,3...2N (17 ‘ i
(K-1-2m- 2
| which for K = 1 is simply the integral size (B - A)/ZN. If the integrand of Eq. (14) at the L’
{ points (A.B) is not negligible, it is necessary to add to X(K) and Y(K) the following end L
; point corrections .
' B-A | oN B N [ N.: o ] &
’ ¥ I —exp(=jS2m(K~1)/2 Ul KYy+UQR"™+1,K)
Zn(K—I)[j(SI(;NT) el el S | i e Sl |
(18) f
3 |




where the U's are the complete integrand of Eq. (14) evaluated at the frequencies {see Lq.
(IS L= Tand I N4 I0K = 1 in the factors multiplying the U's in Eq. (18) the multi-
plying tactors become one-halt the interval size, (B-A)/2N*1If the Filon weight factors
were omitted . the weght tactors given by Eq. (17) would simply be replaced by (B -A)/2N

and Eq. (18) by

——H [-l'll.K!'l't_‘N*".K)] (19)
WN+H1

The quantity S=SIGNT takes on the values +1 or =1 and simply allows for plus or minus
transto.ns as desired. 1t should be observed that although the region of significance of the
integrand of Eq. (14) may be quite small, the integration limits A,B may of necessity be
quite large in order to achieve a desired time resolution [see Eq. ( 16)]. N must be chosen to
give small enough step sizes in the region where the integrand is significant. Specifically, step
sizes must be small compared with distances (in frequency units) over which the integrand
(exclusive of the exponential factor when Filon weight factors are used) changes appreciably.
Also, it should be mentioned that the program can be easily altered to accommodate other

ey p——

integration routines should the need arise in a particular application.,

V. DESCRIPTION OF OUTPUT

The sample output shown on pages 17 through 24 begins with a listing of the three
plot identification lines followed by the namelist output. The mode data come next. For
each frequency (given in increasing order) the number of modes, the real and imaginary parts
of the eigenangle, the magnitude and phase of the excitation factor, the attenuation rate and the H
phase velocity normalized to free-space velocity are listed. Though the sample output is tor i
a single-mode case, the program, as mentioned, is equally suited tor multimode studies. ;

!

The principal output of the pulse shape program begins on page 19. The transmitter,
receiver, channel, and product (XMTR*RCVR*CHNL) spectra are given as a function of fre-
quency. Not all 2049 (i.e., ON 4+ [ with N = [1) lines are listed. The printout is controlled
by the namelist variable INTPRT. The first 20 values of the spectra are always printed. These ‘
are followed by every 20th value of the spectra because in this instance INTPRT = 20.

Following the spectra output comes output (page 22) pertaining to the time signature [
of the output waveform, G(p,t) given by Eq. (1).

The first column is the time in seconds, the second and third columns are the real and

imaginary parts, respectively, of the integral

oo

f | ' .

I — idl(w)r(w)h(w.p) expwtidw f
—Jo

The last column is the waveform, G(p,t), given by Eq. (1) in volts/m. G(p.t) at time equal to "

zero should be zero. The departure from zero at time equal to zero is believed to be assoctated l

hw e orcrncns - E



with truncation eftects and/or discontinuities in the third and higher derivatives of the inter-
polated mode data. The program also generates six plots. These are:
1) transmitter spectrum vs freq
2)  receiver spectrum vs freq
3)  channel spectrum vs freq
4)  product (transmitter*receiver*channel) spectrum vs treq
S) output waveform G vs freq
6) input current pulse vs freq
The tour spectra plots are only plotted between the first and last frequency inputs . v

(FREQ(1) - FREQ(NE)). |

The output wavetorm is plotted out to TAUMAX (a namelist input variable).

The plots are shown in Figs. | through 6.
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.23967+000 .53774-006 =-.10475-005 .10755-00%
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T

.24633+000 .62846-006 -.83307-006 .12569-005
.25300+000 .67621-006 -.635499-006 .13524-005
.258967+000 .69220-006 =-.458649-000 .135844-005
.2U633+000 .68404-C06 -.29839-00C .13681-005
.27300+000 .65539- 006 -.15616-00G .13108-005
.27967+000 .60849-006 -.31000-007 .12170-005
.28633+000 .54841-006 +13916-007 .10928-00¢
.29300+000 .47486-026 .15766-006 .93471-006
.29967+000 .39841-006 .22117-006 .79G8B1-006
.30633+000 .32073-006 .20628-006 .63146-006
.31300+000 .24338-006 .29525-006 .48H4Y7-006
.31967+000 .17137-00G .31000-006 !
.32633+000 .102443-006 .31217-006
.33300+000 + 39VB5~007F .30296-006
.33967+000 -.17301-207 .28373-006 -.

.34633+000 -.65488-007 .2557G-006 ~-.
.35300+000 -.10382-006 .22144-006 -.
.35967+000 -.13182-006 .18339-006 -.2
-36633+000 -.15010~006 .14418-006 =-.
«37300+000 =.15947-006 .10550~006 =3
.37967+000 -.16090-006 .68795-007 =—.

38633+000 -.15543-006 .35080-007 =-.:
.39300+000 -.14378-006 .54640-008 -.28
+39967 4000 —1272't—006 —.19079-007 =
«40633+000 —.10708-006 ~.3776B~-007 -.21417-006
.41300+000 -.8B4885-007 -.50113-007 -.16:77-006
+41967+000 =.62452-007 -.55782-007 =-.12490-0C6
.42633+000 =.42114-007 ~-.55536-00G7 -.84228~-007
.43300+000 -.25053-C07 -.51060-007 —-.50105-007
.43967+000 -.11636-007 =.44101-007 -.23273-007
.44633+000 -.14352-008 -.35812-007 -.28704-008
.45300+000 .58680-008 -.26478-007 . U11936-007
.45957+00 « 10251 -G07 =,16422-007 .20502-007
.46633+000 .10667-007 -.66543-008 .21333-007
.47300+000 .79109-008 .90841-009 .15822-007
.47957+000 .34178-008 .548435-008 .68356-008
.48633+000 -.13507-008 .68868-008 -.27014-008
+49300+000 -.49895-00 .57393-008 =.99790-008

n

.49967+000 -.68399-008 .28674-008 ~.13650-007
-50633+000 —~.62835~008 =.72570-009 <.12567-067
.513004+000 =.30735-008 -.37954-008 -.61570-008
.51967+000 .20571-008 -.42835-008 .41143-008
.52633+000 .65274-C08 -.19283-008 .13055-007
.53300+000 .91805-008 .17737-008 .18361-007
.53967+000 .10147-007 .53283-00

008 .20293-007
.54633+00C .10803-007 .81544-008 .21606-007
.553004000 .11864-C07 .11699-007 .23728-007
«559674+000 .119B3-007 .17123-007 23966-007
.56633+000 .B2090-008 .23445-007 .16418-007
.57300+000 .98145-009 .255745-007 .19629-008
+57967+000 =.71908-008 .25:121-007 -.14382-007
+58633+000 =-.13800-007 .20651-007 =.
.59300+000 -.16868-007 .13197-007 -.
.59967+000 -.16652-007 .50581-008 =.33303-007
.60633+000 -.12655-007 -.29556-008 =.2531C-007
.61300+000 -.37648-008 -.97316-008 -.75296-008
.61967+000 .10200-007 =.92448-008 .20401-007

e ¥R




626334000
633004000
6390674000
.64633+000
.65300+000
L6596 7+000
.66633+000
.67300+000
.67967+000

.20890-007
.22334-097
<11749-007
=.46412-008
=.13730-007
-.65535-008
.92403-009
.20998-009
.13608-011

L9955%83-009
L10346-007
.29031-007
L28345-007
«15975-007
.27811-008
.59037-008
.53380-008
.18206-008

LA1791-007
. A449888-007
23497007
.92823-008
.27460-007
L13107-007
L18481-008
.53996-009
.27216-011
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INPUT CURRENT PULSE (AMPS)

3000 6000 9000

15000

12000

X110
8.0 4
MW
s
> 00 —~ v — —
© 0.0 | 80 16.0 24.0 32.0
s
T TAU (MILLISECONDS)
8 -4.0 1
w
>
<
b4
5 80 4
& TRANSMITTER: WILLIAMS SOURCE
= RECEIVER: P=2,Q=2, F1=10 HZ, F2=2500 HZ
-12.0 4 CHANNEL: SATELLITE NIGHT A=254, C=47, RHO=3700 KM
-16.0 4
20,0 4
Figure 5. Output waveform.
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TIME (MICROSECONDS)

TIME (MICROSECONDS)

Figure 6. Input current pulse.

TIME (MILLISECONDS)




VL. AN ADDITIONAL APPLICATION

As an additional example of the problem type to which the present program may be
applied we consider a case study similar to that examined by Rothmuller (Ref. §) in his
report on the effect of the propagation channel on spread-spectrum communication systems.
Rothmuller investigated the effect that propagation at very low frequencies (vID) through the
carth-ionosphere waveguide has on one type of communication system. The system studied
was characterized by a differential phase-encoded signal waveform composed by frequency
shift keying (FSK) a carrier with a binary pseudo-random or pseudo-noise (PN) sequence of
pulses or chips. The FSK modulation index is 0.5. which is designated as minimum shift key-
ing (MSK). For more detail concerning the basic waveform and terminology the interested
reader is reterred to Rothmuller's report. Here we note only that the PN sequence has a
power spectrum given by

3 I _l‘n
COs™ =21
¢ 16
i1y =PpP P = )
PFy =P, e L e 20)
F~F.\ r“F,
| -16 -
) 8
L
where
F, is the carrier frequency
F. is the chip frequency. N

The communication system to be evaluated is assumed to consist in part of a receiver
followed by a demodulator matched to the undistorted transmitter signal. The receiver
response modeled by

!
R(F) = I + E ik .
F-F 3 F+F_ |3 . Fy = 1kHz (- :
1+j—2 I f vmmisinia .
FI Fl

will be assumed in the subsequent calculations.

Figure 7 shows a vif waveguide signal plot as a function ot frequency for a daytime
Hawaii to southern Calitornia propagation direction and tor a path length of 2282 km.
Observe the deep null at 23.5 kHz. One possible measure of relative performance (RP) of a
spread spectrum system operating at a carrier frequency Fo = 23.5 kHz, over the same system
operating at the single frequency F is

[ [ [ 2
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HAWAII-SOUTHERN CALIFORNIA DAYTIME PROPAGATION PATH

H(f,p) dB/uv/M/kW

27

FREQUENCY, kHz

Figure 7. Daytime mode sum as a function of tfrequency.

where the subscript “max™ signifies the maximum value of the squared denominator. The
Fourier integrals in Eq. (22) can be evaluated using the present program and results are
shown in Fig. 8 for chip frequencies of 100 sec=! and 1000 sec=!. 1t will be seen that two
correlation peaks occur. This phenomenon has been discussed by Rothmuller. A relative
performance of 20 dB could be expected for the case of F¢ = 1000 sec=! and about 4.5 dB
for the system operating at F¢ =100 sec=l. Of course. if the system were operating at a
central frequency, Fo. corresponding to a maximum in the mode sum, the relative perform-
ance would be degraded. Generally, though, the gain in performance in the neighborhood
of nulls would outweigh the loss of performance in the neighborhood of maxima.
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25

91

IMPLICIT REAL*B(A-H,0-2)

COMPLEX*16 TEMPF,TEMPL,GB

COMPLEX*16 XMTR,RCVR,CHNL,FOFTAU

COMPLEX*16 IM/(0.000,1.000)/

REAL*B [T

REAL+8 [MTHP

REAL+4 PLOTX(3000),PLOTY1(3000),PLOTY2(3000),PLOTY3(3000)
REAL+4 PLOTYA4(3000)

INTEGER P,Q

COMMON. ONE/XMTR

COMMON, TWO/RCVR

CUMMON / THREE CHNL

COMMON,/ FOUR, A(4),GAM(4), TAUP, TAUV,VO

COMMON FIVE, GA,OVMEGA1 ,0OMEGA2,P,Q

COMMON,/SIX/MODE(15,50)

COMMON, SEVE'N FREQ(50).,XTRMAG(15,50), XTRANG(15,50) ,RETHP(15,50),
$ IMIHP(15,50),ATT(15,50),PHVOC(15,50),NFVF ,NF ,NM

COMMON, NINE  RHO

COMMON ELEVEN, KK(15)

DIMENSION TMIN(3),TINC(3),NUMTS(3)

DIMCNSION XX(50),YY(50),B(50),C(50),D(50)

DIMENSION NEVF(6),X(2049),Y(2049)

DIMENSION LABELT(10),LABELR(10),LABELC(10)
NAMEL1ST/DATUNM/A,GAM, TAUP,TAUV,VO,GA,CMEGA1 ,OMEGA2,P,Q ,NM,NEVF N,
$ FU,FL,NF RHO,S,INTPRT,IPLOT, TAUMAX
$ L TMIN,TINC,NUMTS

DATA P1,/3.14159265358979324D0/

READ(S,901) LABELT

PRINT 902,LABELT

READ(5,901) LABELR

PRINT Q03,LABELR

READ(5,901) LABELC

PRINT 904,LABELC

READ(S,DATUM)

WRITE (6,DATUNM)

TWOPI = P1=2.0D0

DTR = P1/1.80D2

DO 25 KF=1 ,NF

DO 25 M=1,NW

MODE (M, KF)=0

PRINT 920

DO 92 KF=1,NF

M=0

NMS =0

M=M+1

READ(S,11) NMF RETHP(M KF),IMTHP(M KF) ,XTRMAG(M,KF) ,XTRANG(M,KF),
$ FREQ(KF),ATT(M,KF),PHVOC(M,KF)
WRITE(6,12' NVF FREQ(KF),RETHP(M,KF),IMTHP(M,KF) ,XTRMAG(M,KF),
$ XTRANG(M,KF ) ,ATT(M,KF),PRVOC(M,KF)
IF (NMF .NE. 0) NMS=NMF

IF(NMS . EQ. 0) NMS=NM

RETHP (M, KF)=RETHP(M,KF)*DTR

IMTHP (M,KF)=IMTHP(M,KF)*DTR

e e S
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92

"

‘ 74

5

50

S1

59

68

10

MODE (M, RF )=\
IF(M LY. N3I5) GOTO9Y
FREQ(RF)I=FREQ(KRF)*1000.00
FL=FL+1000.00
FU=FU+1000.00
DO 76 M=1 NN
AMODE = 0
KMODE Y = 8
DO 71 KF =1 NF
LEAMODE (M, RE ) UNE. 0) RMODE =KNODE «1
00 74 KF=t N
LEAMODE(M, Rt ) UNE. 0) MODE (M, KRF)=nMODE
DO 7H WF=y NF
LE(VMODE (M, RE) LEQ. O) WMODE!'=hMODE1+1
KR(M) = KMOODE Y
1F(NMODE(M,RF) NE. 0) GO TO 76
CONTINUE
DO 65 MD=1 NM
LF=0
=0
L=l e+t
NFVE =L
IF (NEVF(L) .EQ. 1) GO TO 59
LF=lF+t
CALL FUNSPL (MD,LF,xX,YY,8,C,0)
IFiL .LT. 6) GO TO 50
CONT INUE
NN=Q
NP =2 oN
NP1 NP+
DLY = (FU-FL) NP
PRINT 01§
NUMPTS = 0
DO 10 W=t N
Fe(R-t s (FU-FL) NPeFL
CALL TRXMIR (F)
CALL RECVR(!)
CALL CMANEL (F)
X(R)= AMITRSRUVRCHNL
Y(R) e = IMeNUITReRCVRSCHNL
TF(F LT, FREQ(Y) .OR. F .GT. FREQ(NF)) GO YO 68
NUMPTS = NUMPTS+
PLOTXINUMPTS) = F
PLOTY L (NUMPTS) = 20.0+0DLOGIO(CDARS(XMTR))
PLOTY2(NUMPTS) = 20.0s0LOGIO0(CDABS(RCVR))
PLOTY J(NUMPTS) = 20.0<00L0GTQ(COABS(CHNL))
PLOTYA(NUMPTS) = 20.0*DLOGIO(DSQRTIN(K)*e2+Y(R)+*2))
[F(R .GE. 20 JAND. MOO(K,INTPRT) .NE. 0) GO TO 10
PRINT 900,F,A\MTR,RCVR,CHNL,X(R),Y(R),K
CONTY INUE
1F tPLOY «EQ« 0) GO TO 250
CALL INKR('PEN 2 = BLACKS')
CALL BGNPL(1)
CALL OPNPLT
CALL XLABEL( 'FREQ(HI)',8)
CALL YLABEL( '20*LOGI0(ABS(XMTR))',19)
CALL XLGPLT(PLOTX,PLOTY! ,NUMPTS)

]




CALL MESSAG( 'TRANSMITTER SPECTRUM:' 21,2.0,8.5)
CALL MESSAG( LABELT ,40,2.0,8.3)
CALL ENDPL(Q)
CALL BGNPL(2)
CALL OPNPLY
CALL XLABEL('FREQ(HZ)',B)
CALL YLABEL( "20*LOG10(ABS(RCVR))',19)
CALL XLGPLT(PLOTX,PLOTY2,NUMPTS)
CALL MESSAG( 'RECEIVER SPECTRUM:' 18,1.0,9.6)
CALL MESSAG(LABELR,40.1.0,9.4)
CALL ENDPL(Q)
CALL BGNPL(3)
CALL OPNPLT
CALL XLABEL('FREQ(HZ)',8)
CALL YLABEL('20+LOG10(ABS(CHNL))',19)
CALL XLGPLT(PLOTX,PLOTY3 ,NUNMPTS)
CALL MESSAG( 'CHANNEL SPECTRUM:',17,1.0,8.4)
CALL MESSAG(LABELC,40,1.0,8.2)
CALL ENDPL{O)
CALL BGNPL(4)
CALL OPNPLT
CALL XLABEL('FREQ(HZ)',8)
CALL YULABEL('"20%LOG10(ABS(XMTR*RCVR*CHNL)) ',29)
CALL XLGPLT(PLOTX,PLOTYd,NUNMPTS)
CALL MESSAG( 'PRODUCT SPECTRUM',16,0.5,10.0)
CALL MESSAG( 'TRANSMITTER:',12,0.5,9.6)
CALL MESSAG( LABELT ,40,2.0,9.6)
CALL MESSAG('RECEIVER:',9,0.5,9.4)
CALL MESSAG(LABELR,40,1.7,9.4)
CALL MUSSAGH 'CHANNEL:',8,0.5,9.2)
CALL MESSAG(LABELC,40,1.6,9.2)
CALL ENDPL(0)
250 CONTINUE
TEMPF= X(1)+IMeY (1)
TENMPL = X(NP1)+IMeY(NP1)
CALL NLOGN(N,X,Y,S,FL,FU) !
PRINT 905
NUMPTS=0
DO 20 K=1,NP
TAU=(K=1)/(FU-FL) '
OM = TWOPIsTAU
IF(k .NE. 1) GO 10 2 \

GB = DLT/2.000 It
Go 10 3
2 GB = DLT (S« IMsOM )+(1.0D0-CODEXP(=IMsS*OM *DLT))/ (OMOM)
GB = GB/DLT
3 FOFTAU = COEXP(IMsS+QOM AEL)S(X(K)+IM*Y (K)-TEMPF*GR+
$ TEMPLSGB«COEXP(IMOM *Se(FU-FL))) ]

RFOFT = 2.0D0+DREAL(FOFTAU)
IF(TAU .GT. TAUMAX) GO TO 24 '
NUMPTS = NUMPTS+1
PLOTX(NUMPTS)Y = TAU+*1.0E3
PLOTY 1 (NUMPTS) = RFOFT !
24 CONTINUE 3
IF(K .GE. 20 .AND. MOD(K,INTPRT) .NE. 0) GO TO 20
PRINT 910,TAU,FOFTAU,RFCFT
20 CONTINUE

e ——
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40

45

a1

46

42

IF(IPLOT .EQ. O) GO TO 260

CALL BONPL(S)

CALL OPNPLT

CALL XLABEL('TAU(MILLISECONDS)',17)

CALL YULABEL('QUTPUT WAVEFORM-G(V/M)',22)
CALL LINPLT(PLOTX,PLOTY!1 NUMPTS)

CALL MESSAGL 'QUTPUT WAVEFORM' [15,0.0,8.8)
CALL MESSAG( 'TRANSMITTER:',12,0.0,8.4)
CALL MESSAG( LABELT ,40,1.5.8.4)

CALL MESSAGI 'RECEIVER:',9.0.0,8.2)
CALL MESSAG(LABELR,40,1.2,8.2)
CALL MESSAG( 'CHANNEL:',8,0.0,8.0)
CALL MESSAG(LABELC,40,1.1,8.0)
CALL ENDPL(O)

CALL BGNPL(D)

CALL INTAXS

T = TRIN(1)

DO 45 J=1,NUMTS(1)

17T = 0.0D0

D0 40 K=1,4

IT = IT+A(K)*DEXP(=T*GAM(K))

CONT INUE

PLOTX(J) = T+1.0E6

PLOTY1(J) = IT

T = T+«TINC(1)

CONTINUE

CALL PHYSOR((C.8,2.0)

CALL TITLE(' ',=1,'TIME(MICROSECONDS)',18,
$ 'INPUT CURRENT PULSE(AMPS)',25,3.0,5.0)
CALL GRAF(D..20.,100.,0.,3000.,15000.)
CALL CURVE(PLOTX,PLOTY1,NUMTS(1),0)

CALL ENDGR(0)

T = TMIN(2)

DO 46 JU=1.NUMTS(2)

IT = 0.000

DO 41 k-1,4

IT = IT+A(K)“DEXP(=T*GAM(K))

CONTINUE

PLOTX(J) = T+1,.0E6

PLOTYY(J) = IT

T = T+TINC(2)

CONTINUE

CALL PHYSOR(4.25,2.0)

CALL TITLE('" ',=t,'TIME(MICROSECONDS)',18,"

CALL GRAF(0.,200.,1000.,200.,400.,2200.)
CALL CURVE(PLOTX,PLOTY!1 ,NUMTS(2).,0)
CALL MESSAG LABeLT,40,1.0,5.6)

CALL ENDGR(0)

T = TMIN(3)

DO 47 J=1,NUMTS(3)

iI¥ = 0.000

D0 42 Kk=1,4

IT = IT+A(K)*DEXP(=T+«GAM(K))
CONTINUE

PLOTX(J) = T+1.0E3

PLOTYI (V) = IT

T = T+TINC(3)

37
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a7

260

12

900
901
902
903
904
905

910
9 1%

920

999

CONTINUE

CALL PHYSOR(7.70,2.0)

CALL TITLE(" *',=1,'TIME(MILLISECONDS)',18,' ',1,3.0,5.0)
CALL GRAF(O.,2.,10.,100..100. ,600.)
CALL CURVE(PLOTX,PLOTY),NUMTS(3),0)
CALL ENDGR(0Q)

CALL ENDPL(O)

CONTINUE

FORMAT (15,2¢10.5,D015.6,4F10.5)
FORMAT (' ',2%x,15,3F10.5,D15.6,3F10.5)
FORMAT (' ',1CX,9D12.5,16)

FORMAT (10A4)

FORMAT('1',10A49)

FORMAT (' ',1044)

FORMAT (' ',1044,//)

FORMAT('1"' 30X, 'TIME' ,7X, "RE(FFT) "' ,5X, ' IM(FFT)"',4X, 'G(RHO,T)-v/M',

$ 45X, ' (SECONDS) ')

FORMAT (' ',42Xx,4D12.5)

FORMAT('1',13X, 'FREQ(HZ)',4X, 'XMTR R',6X,'XMTR I',6X, 'RCVR R',6X,
$ "RCVR 1',6X,'CHNL R',6X, 'CHNL I',8X,'XMTR*RCVR*CHNL',

$ 10X,'K',/,' ',98X,'REAL',8X, 'IMAG')
FORMAT('1',28X, 'NMF' ,4X, 'FREQ',3X, 'THETAR',4X, 'THETAI',7X,
$ XTRMAG',7x,'XTRANG',7X,'ATT',6X,'PHVOC',/,36X, 'KHZ',K4X,
$ 'DEGREES',3X,'DEGREES',19X,'RADIANS',6X,'DB')

RETURN

END

38
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SUBROUTINE FUNSPL(MO,LF,XX,YY,B,C,D)
IMPLICIT REAL~B(A=-H,0-2)
REAL+ 8B IMTHP
COMMON,SIX WNODE(15,50)
COMMUN,/ SEVEN. FREQ(50) ,XTRMAG(15,50), XTRANG(15,50) ,RETHP(15,50),
‘ $ IMIHP(15,%0),ATT(15,50),PHVOC(15,50).,NFVF ,NF NM
T COMMON/ETGHT /LM
COMMON TEN/YC(6,15,50),BC(6,15,50),CC(6.,15,50).D0C(6,15,%0)
DIMENSTION XX (%0)
OIMENS JON: YY (50) .,
; $ B(H0),C(50),0(50)
4 CALL FUNCVF(MD,XX,YY)
CALL SPLINE(XX,YY,B,C,D,LM)
DO 46 =1, Nt
YC(LF,MD,1)ayy (!l
BC(LF MD,1)=8B(1)
CC(LF ,MD,I)=C(1)
DC(LF,MD,1)=D(1)
46 CONTINUE
RETURN
END

)
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SUBROUTINE FUNCVF (MD, XX, YY)
IMPLICIT REAL*B(A=-M,0-2)
REAL -8 IMTHD

COMMON, SIX MODE(15,50)

COMMON . SEVEN FREQ(H0) , XTRMAG(15,50), XTRANG(15,50) ,RETHP (15,50,
IMITHP (15, 50) ,ATT(15,50) ,PHVOC(15,50) ,NFVF NF ,NM

CONVAON ETGHT (M

CONVJON ELEVEN nKh(15)

DINMENSTON XN(S0),YY(50)

GO 1O (30,40,50,60,70,80) (NFEVE
DO 3% 1=1, Nt

1F(MODE(MD, 1) .EQ. 0) GO TO 35
JU = T=RR(ND) 1

YY () = XTRAMAG(MOD, 1)

XX(Jd) = FREQ(ID)

LM = NMQDE(MD,1)

CONT I NUE

GO TQ v

DO 4% l=1,NF

IFE(MODE(MD, 1) (EQ. 0) GO TO 45
JJ 5 TR (MDD )1

YY () = XTRANG(MD, 1)

XX(Ju) = FREQ(I)

LM = MODE(MD,1)

CONTINUL

GO TQ 99

DO 55 D=1 NF

IF(MODE(MD, 1) (EQ. 0) GO TO 55
Jdos TERR(NMD) 1

YY(JJ) = RETHP(MD, 1)

XX(JJd) = FREQ(I)
LM = MODE(MD, 1)
CONT INUE

GO T v

DO &85 1=1.N}

TE(MOOE (MD, 1) LEQ. 0) GO TO 6%
Ju | AR |

YY () = IMIHR(MD, T)

XX () FREQ(D)

LM MODE (MO, 1)

CONTINUE

o) 1o aa

DU 7% 1=1,NI

LE(MODE(MD, 1) (EQ. 0) GO TO 7%
Jd o= T=RK(MD) 41

YY(JJ) = PHMVOC(MD,T)

XX(JJ) = FREQ(D)

LM = MODE(MD, 1)

CONTINUE

GO 10 9v

DO 8% =1 Nt

1F(MODE(MO,1) LEQ. 0) GO YO 8%
o= T=RR (MO ) +1

YY(JUJ) = ATT(MD,I1)

40
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2 XX(JJ) = FREQ(I) :

LM = MODE(MD,1)
85 CONTINUE
99 RETURN
END
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SUBROUTINE SPLINE (X, Y, B, C, D, N)
IMPLICIT REAL*B(A-H,0-2)
DIMENSION X(1), Y(1), B(1), C(1), D(1)

SPLINE DETERMINES THE COEFFICIENTS B, C, D,

OF A CUBIC SPULINE INTERPOLATING THE GIVEN
CURVE (XCL),Y(I))y L=, c.0elNe 1F
X(I).LE.XX.LE.X(I41) AND H = XX = X(1I),

THEN THE INTERFOLATED VALUE AT Xxx IS

F(XX) = Y(I) 4 B(I)sH 4 C(I)*H*+2 + D(I1)*Hes3,
THE INTERPOLATED VALUE CAN BE EVALUATED

WITH THE FUNCIION SP EVAL.

B,C,D, MUST HAVE LENGTH AT LEAST N.

IF (N.GT.2) GO TO 050

Cc(t) = 0.0

D(1) = 0.0

B(1) (Y(2) = Y(1)) / (X(2) = Xx(1))
RETURN

N 2 N =

8 = 0

DO 100 I = 1,NN

wonon

IF (X(I+1).LE.X(1)) GO TO 800
D(I) = X(I+1) = X(1I)
TA = (Y(I+1) = Y(1)) / D(I)

C(l) = TA - 18
™8 = TA
CONTINUE

C(n) 0

C(N) 0

[

S o~ -
cCx >

W oW~ AW W

I = 2,NN
(I) = TA « C(I-1)

Ctl1 C
2.0 ¢+ (D(I) + D(I-1)) -~ TA « 1B
(1

B(I
6 )
TA '8 / 8(1)
CONTINUE

o
TOn W OO O

C(NN) = C(NN) / B(NN)

[F (NN.LT.3) GQ TO 350

DO 300 1 = 3,NN

J = NN + 2 - |

CedY = (CLJ) = D(J) * C(J+1)) / B(V)
DO 400 I = 1,NN

B(I) = (Y(I+1) = Y(I)) / D(I)

$ = (C(I) + C(1) + C(I+1)) * O(1)

D(I) = (CCI+t) = C(1)) / O(I)
€{1) = 3.0 & ¢L1)

CONTINUE

RETURN

PRINT 900

PRINT 901, I,X(1),Xx(I+1)




RETURN
901 FORMAT (1x,' I el 15"

END

x(I)
900 FORMAT (' ERPOR IN SPLINE',/,
$ ' X-COORDINATE VALUES ARE NOT IN INCREASING ORDER')

43
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SUBROUTINE TRXMTR(F)
IMPLICIT REAL+8(A=-H,0-2)
COMPLEX*16 1M/(0.000,1.000)/
COMPLEX*16 XMIR
i COMMON, ONE/XWTR i
i CONMMON/FOUR, A(4),GAM(4), TAUP, TAUV,VO
DATA P1/3.1415926535897932400/
TWOPL = PI+2.0D0
XMTR=(0.0D0,0.0D0)
OMEGA = TWOPI+F
00 30 1=1,4
30 XMTR=XMTR+A(1)/((GAM(I)+IM*OMEGA)#*+2)*(1,DO~-CDEXP
: $ (~TAUP+(IM+OMEGA+GAM(I)))/(1.0D0+TAUV*(IM*OMEGA+GAM(1))))
s XMTR=XMTR=VO
RETURN
END




SUBROUTINE RECVR(F)

INPLICIT REAL*B(A=H,0-2)

COMPLEX*16 IN/ (0.000,1.000)/
COMPLENX*16 RUVR

INTEGER P,Q

COMMON . TWO/RCVR

CONNON, FIVE GA,OMEGA1 ,OMEGA2,P,Q
DATA P1,/3.1415926535897932400/

TWOPL = PI+2.000

OMEGA=TWOP]I+F

RCVR=GA* (IM+OMEGA/OMEGA1 )*eP/ ((1.D0+IMeOMEGA/
$SOMEGA 1 )»ePe(1.DO+IM+OMEGA/OMEGA2)*+Q)
RETURN

END




$

23

25

33
35

45

SUBRQUTINE (HANEL(F)
IMPLICIT REAL*B(A=-H,0-2)
COMPLEX*16 CONST
COMP LEX*16 IM/(0.0D0,1.0D0)/
COMPLEX*16 NSUM,CPXSIN,EXC,CHNL
REAL-8 IMTHY
COMVON  THREE  CHNL
COMMON, SIX NODE(15,50)
COVMON SEVEN FREQ(S0) XTRMAG(15,50), XTRANG(15,50) ,RETHP(15,50),
IMTHE(15,50) ,ATT(15,50),PHVOC(15,50) ,NFVF,NF ,NM
COMMON, NINE. RHO
COMMON TEN Y((6,15,50),BC(6,15,50),CC(6.,15,50),DC(6,15,50)
COMVON ELEVEN KKR(15)
OIMENSION XX(50),YY(50),B(50),C(50),D0(50),E(6)
DATA VLITE/2.8979250%/
DATA Pl 3.1315926535857932400/
DATA ERAD/L.371D3
TWOPL = Pl+«2.0D0
CONST - Q 02D~ 14ds (IMesF)wet .5
SNRHO =DSIN(RHO ERAD)
SNRHO =DSQRT( SNRHO)
MSUM = (0.000,0.000)
DO 45 MD=1,NM
LF=0
INIT=0
LF=LF+1
D0 25 I=1,N
IF(MODE(MO,1) .EQ. 0) GO TO 25

Jd
MF

T=-RR (MDY 4
MODE(MD, 1)

XX(JJ) = FREQ(I)
YY(JU) = YC(LF,MD,JUy)

B(JJ) = BC(LF,MD,Jy)
C(JJ) = CC(LF,MD,Jy)
D(JJ) = DC(LF,MD,Jy)
CONTINUE

IF (F.GE.XX(1)) GO 10 30
GO 10 45
[F(F.LE.XX(MF))GO TO 33
GO TO 4%

CONTINLUE

E(LF)=SPEVAL(F,XX,YY,B,C,D,MF,INIT)
IF(LF.LT.4) GO 0 23
CPXSIN=CDSIN(E(I)+IM«E(Q))
EXC=E(1)*{DUOS(E(2))+IM*DSIN(E(2)))
CAY=TWOPI*F VLITE

MSUM=MSUM+ENC*CDEXP (=IM*CAY*RHO* (CPXSIN=-1.D0))

CONTINUE
CHNL=CONST+MSUM/SNRHKO
RETURN
END
46
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FUNCTION SHEVAL (XVAL, X, Y, B, C, D, N, INIT)
INPLICLIT REALS8(A-H,0-2)
DIMENSION X(t), Y(1), B(1), C(1), D(1)

SP EVAL EVALUATES THE INTERPOLATING CuBIC SPLUINE
FOR THE DATA (x(1),v(l)), I=t,.. . N AT X = XVAL.
IT IS ASSUMED THAT THE CUBIC FOLYNCWMIALS GIVEN

IN B(1), C(!), D(1) HAVE BEEN PREVIOUSLY
CCMPUTED BY THE SUBROUTINE SPLINE OR PSFLIN.

INIT IS AN ESTIMATE OF THE INTERVAL WHERE XVAL
LIES, XCINIT).LE.AVAL.LE.X(INIT+1), BUT NEED

NOT BE USED. SET INIT=0 IF THERE IS NO ESTIMATE,
ON RETURN, INIT WILL CONTAIN THE INTERVAL NUMBER.

FN = N = 1

EPS = 1.0E~3 » (X(N) = X(1)) / FN
IF (XVAL.LT.X(1)-EPS) GO TO 800

IF (XVAL.GT.X(N)+EPS) GO TO 80O

IF (INIT.LE.O0) GO 71O 200

IF (INIT,.GE.N) GO TO 200

[F (XVAL.LT.X(INIT)) GO TO 150

100 IF (XVAL.LT.X(INIT+1)) GO TO 300

IF (INIT+#1.GE.N) GO TO 300
INIT = INIT + 1
GO TO 100

150 INIT = INIT - 1

IF (INIT.LE.O) GO TO 200
IF (XVAL.GE.X(INIT)) GO TO 300
GO 1C 150

200 INIT = 1

GO 1O 100

300 H = XVAL = X(INIT)

SPEVAL = Y(INIT) +
$ ((DUINIT)sH + C(INIT))sH + B(INIT))*H
RETURN

800 PRINT 900

PRINT 90t, XVAL,X{(1),X(N)
RE TURN

900 FORMAT (' ERROR IN SP EVAL',/,

$ ' XVAL OUT OF INTERPOLATION RANGE')

901 FORMAT (5X,' XVAL =', 1PE12.5,' X(1) =',1PE12.5,"'

END

47
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SUBROUTINE NLOGN (N,X,Y,SIGNT,A,B)
INPLICIT REALB(A-H,0-2)
DIMENSION X(1), Y(1), M(15)
LX = 2+sN

FLX = LX

FLXI1=(B=-A) FLX
P12:=6.283185307

PI24 (=P12 4.0 )
00 1 = 1N
M(I) 2% (N-1)

00 4 = 1,N
NBLOCK 2es (L=1)
LBLOCK LX, NB8LOCK
LBMALF LBLOCK 2
KO = 0
DO 4 IBLOCK = 1, NBLOCK
ISTART = LBLOCK*(IBLOCK - 1)
Fn = WO

V = (SIGNT«P12FK),/FLX
Z21=DC0S(V)

22=0DSIN(V)

IF (DABS(V - P124) - 1,0D0-6) 11, 12,
2 -1.0
ONTINUE
02 1 = 1, LBHALF
ISTART + 1
Jo+ LBHALY
Q1 = X(R)*J1 = Y(K)e22
Q2 = Y(R)sl1 + X(K)*22
X(J)y = QY

Y(J) = Q2

X(J) « Q1
Y(J) + Q2

CONT INUE
PO 3 I = 2, N

3 a }
kL. & AND(M (1) ,K0O)
IF(LL) 4,4,3

KO = KO = NM(1)

KO = KO + N(I11)

KO = 0
PO SO K = 1, LX
K1 =n0 + 1

IF (R1=R)55,55,69

M1 = X(Kh1)
H2 = Y(K1)

X(Rh1) = X(K)

Y(K1) = Y(K)

X(R)=H1
Y(K)=H2

CONT INUE
PO 85 I = 1, N

Ir =1

LL = AND(M(1),KO)
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85
75
50

10

100

IF (LL) 75,75,.8B5
KO = KO - M(1)

KO = KO + M(11)
CONT INUE
DO 100 K=1,LX
OV=P[2¢(h=1) (B-A)
ITF(R NE¢ 1) GO0 TO 9
G=FLX I
GO 10 10

G=( 3. (OSIN(OM*FLXI1/2.))*+2),/(0OM=0OM)
G=G FLXI

CONT INUE
X(K)=X(K)*G
Y(K)=Y(K)*G
CONTINUE

RETURN

END
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